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Editorial on the Research Topic
 Advanced Therapies for Cardiac Regeneration



Cardiovascular diseases (CVDs) are the leading cause of death worldwide, accounting for ~18 million deaths annually (WHO data). The term CVD gathers a group of different disorders involving the heart, its constituent structures, and the blood vessels. Among CVDs, coronary heart disease and stroke are responsible for four out of five CVD-related deaths, and one third of these deaths occur prematurely in people aged 70 or younger. The progressive or sudden obstruction of the coronary arteries is responsible for the onset of myocardial infarction which initiates a detrimental cascade of events finally leading to heart failure. More in detail, heart failure results from the continuous remodeling of the scar tissue replacing the beating heart muscle in the infarcted region, and represents a chronic condition in which the heart muscle progressively loses its ability to pump enough blood to fulfill the needs of all the body's compartments. Heart failure thus represents the main cause of morbidity and mortality of myocardial infarcted patients in the long term. Within this context, cardiac tissue engineering/regenerative medicine (TERM) strategies could arise as cutting-edge therapies in the management of myocardial infarcted patients, opening the way to the possibility to replace the damaged heart tissue and recover its functionality. Such an approach could effectively represent a valid alternative to the gold standard heart transplantation, encompassing all issues related to donor shortage and the need for life-long administration of immunosuppressive therapies. Among other common cardiovascular diseases, we also recall valve heart diseases and cardiomyopathies. It must be highlighted the strong associations existing between different cardiovascular diseases, such as coronary heart disease and valvular heart disease, cardiomyopathy and heart failure. This observation indicates that a multiple regenerative medicine approach, which considers different diseases, could be an effective strategy in the management of CVDs. The Research Topic “Advanced Therapies for Cardiac Regeneration” aims at presenting a series of articles summarizing the latest research updates on cardiac TERM approaches which combine cells, biomaterials, hydrogels, tissue engineered scaffolds/patches and physico-chemical stimuli to achieve the ultimate goal of regenerating the injured heart tissue. The issue is comprised of 19 peer-reviewed manuscripts (nine reviews, two perspectives, seven original research articles, and one Brief Research Report) derived from the many fields involved in the topic, namely (bio)materials science and engineering, biology, biotechnology, and biomedical engineering.

To better contextualize the Research Topic, the review by Montero et al. presents an in-depth overview of the specific characteristics of the myocardium that determine the needs and requirements cardiac TERM has to meet, with particular emphasis on heart tissue components, architecture and biophysical properties. The authors also briefly revise the key components required to design new cardiac TERM approaches, namely cells, materials, maturation stimuli, and scaffold fabrication techniques. Given the central role of biomaterials in the establishment of cardiac TERM therapies, Bar and Cohen focus their review on the current application of biomaterials in the field of cardiac regeneration, mainly discussing their use as forming materials for nano-carriers and matrices for cardiac regeneration induced by biomolecule release, injectable hydrogels for cell delivery, and cardiac patches. Further and more detailed insight on the use of specific biomaterials in cardiac TERM are provided by Cattelan et al. and Gonzalez De Torre et al., with particular emphasis on their application as hydrogel constituents. Being three-dimensional highly hydrated networks showing mechanical properties similar to soft tissues, hydrogels hold great promise in cardiac TERM. Cattelan et al. elucidate the promising properties of alginate in cardiac regeneration strategies and the outcomes of clinical trials in which this material has been tested to treat myocardial infarcted patients. An additional demonstration of the suitability of this material for cardiac TERM is provided by Bloise et al. who develop alginate hydrogels for the controlled release of immunomodulatory and reparative cytokines (anti-inflammatory interleukins 4/6/13 and colony-stimulating factor) to direct immune cell fate and control the wound healing process in the ischemic heart. The therapeutic ability of the proposed treatment has been proved in rat models by macrophage polarization toward healing and the improved global cardiac functionality. Differently, Gonzalez De Torre et al. discuss on the potential of elastin-based biomaterials as constituents of hydrogel scaffolds, injectable systems, or complex devices (e.g., heart valves, stents) to treat CVD-affected patients. In this regard, Fernàndez-Colino et al. investigate the use of elastin-like recombinamers as forming materials of small caliber compliant vascular grafts. The authors describe material processing into macroporous three-dimensional structures favoring cell homing, extracellular matrix (ECM) deposition and endothelium development, while exhibiting non-thrombogenicity and elastic properties mimicking the native elastin. Graft textile components are finely designed to confer proper suture retention, long-term structural stability, burst strength and compliance. The proper selection of the biomaterials used as constituents of cardiac scaffolds/patches/devices or hydrogels thus represents the first step toward the engineering of successful regenerative strategies for the management of CVD-affected patients. Indeed, biomaterials strongly affect the possibility to provide the resulting devices with proper biological signals and physical stimuli to achieve the final goal of recovering the initial organ/tissue functionality. In this regard, Belviso et al. report on the potential of decellularized human skin as scaffold to restore the native ECM which plays a pivotal role in guiding heart compliance, cardiomyocyte maturation, and function. The authors argue that a dermal matrix could effectively represent a viable alternative biological scaffold in cardiac TERM, with the key advantages of being autologous, easily accessible, and cost-effective. On the other hand, decellularized organ-derived ECM (dECM) can also be exploited to design hydrogels, thus combining the ECM characteristic pro-regenerative properties with the possibility to shape the material according to specific requirements. Liguori et al. investigate the differences among dECM hydrogels prepared starting from cardiovascular tissues of different origin, namely left ventricle, mitral valve, and aorta. The authors demonstrate that the source of dECM plays a pivotal role in determining cell differentiation and vascular network formation, because of the different molecular and biomechanical cues provided to cells. For instance, ventricular dECM hydrogels exhibit more robust vascular network formation, while aorta-derived dECM drives adipose-derived stromal cell differentiation toward a myogenic phenotype in the absence of TGF-β1 supplement to the culture medium. The readers can also find a thorough survey on the use of decellularized cardiac ECM as biomaterial for cardiac TERM in the review by Maghin et al. Besides the physical stimuli provided by the designed cell-culture platforms through their architecture and their mechanical properties, the possibility to mechanically stimulate cellularized constructs by mimicking the native milieu also promotes the development and maturation of cardiac tissue analogs, as described by Massai et al. The authors develop an automated bioreactor platform for tuneable cyclic stretch of cellularized samples coupled with a specific set-up for the in situ monitoring of the mechanical response of in vitro engineered cardiac tissues. Another key form of stimulus playing a central role in cardiac regeneration is represented by biochemical cues, as thoroughly surveyed by Cassani et al. Particularly, the authors mainly gather their attention on the crucial need of specific carriers (e.g., nanoparticles) to deliver such biochemical cues, which would ensure an efficient delivery of the therapeutic cargo, inhibit its metabolic inactivation, and avoid potential side effects. According to a different approach, proper biochemical stimuli driving cardiac repair and regeneration can be also applied by cell-secreted soluble factors. The literature review by Maghin et al. reports on the therapeutic profiling of stem cell secretome, with regard to the cardio-active ability of cell-released extracellular vesicles, including exosomes carrying cardioprotective and regenerative RNA molecules. An in-depth analysis of the potential and the mechanisms of action of miRNAs as mediators of cardioprotection is provided by Nazari-Shafti et al. The authors highlight the crucial need to identify all miRNAs involved in cardioprotection and remodeling, as well as their composition and exact mechanism of action in view of their application in clinical practice. A class of miRNAs has also been reported to drive the direct reprogramming of fibroblasts into cardiomyocyte-like cells. In the perspective of a clinical translation of this approach, Paoletti et al. test the capability of miRcombo (i.e., a combination of four microRNA mimics) to guide the direct reprogramming of adult human cardiac fibroblasts into induced cardiomyocytes, as previously observed with murine fibroblasts. Other repair and regenerative strategies currently explored in literature target different aspects of the cascade initiated by myocardial insults. For instance, Seclì et al. concentrate on the different role exerted by chaperone proteins in the healthy and injured heart. In detail, in the healthy heart chaperone proteins contribute to the regulation of myocardial physiology, while under stress conditions or during cell damage events, they are secreted by myocardial cells and induce inflammation and cardiomyocyte apoptosis. Blocking chaperone activity has been already demonstrated to produce beneficial effects on heart function in preclinical models. Hence, combining the release of specific antibodies blocking extracellular chaperones with TERM approaches may represent a future innovation to treat infarcted patients. Differently, Bigotti et al. discuss the possible exploitation of agrin as mediator of cardiac regeneration. Recently published works have demonstrated that agrin can promote heart regeneration in murine models through cardiomyocyte de-differentiation and proliferation. Moving from these data, the authors survey the currently available literature on this topic, and critically discuss on the potential clinical translation of agrin-based therapies.

Last but not least, a new chapter in the TERM field has been opened over the last two decades with the discovery of induced pluripotent stem cells (iPSCs). These cells offer the advantage of being of autologous origin, while retaining the proper characteristics of embryonic stem cells, thus completely overcoming both ethical issues and rejection risks. Mazzola and Di Pasquale provide an overview on the differentiation potential of iPSCs toward cardiomyocytes and their application in cell-based therapies, highlighting the typical drawbacks of such approaches in terms of poor cell retention and risks of occurrence of adverse effects (e.g., arrhythmias). A possible route to overcome these issues consists in combining the use of iPSCs with bioengineering technologies which can retain cells in the therapeutic target while favoring their phenotypical maturation and integration in the host tissue. iPSCs can also be successfully used as cell source in the establishment of cardiac tissue models. In addition, their autologous origin can be exploited to recapitulate in vitro human cardiac pathophysiology. In this regard, Jelinkova et al. report the design of an in vitro human model of the cardiac tissue of Duchenne muscular dystrophy (DMD)-affected patients. DMD is a severe genetic disorder associated with progressive dilated cardiomyopathy which culminates with heart failure onset, finally leading to patient death. The authors demonstrate that the designed cardiac models effectively recapitulate DMD-induced functional defects and cardiac wasting, thus offering a promising tool for a better understanding of DMD-associated cardiomyopathy and its treatment.

Finally, to complete our survey on the topic, Taghizadeh et al. exhaustively review the different types of biomaterials applied in the treatment of valvular heart diseases which represent another CVD with high incidence in developed countries, and in particular among the elderly. In the U.S. about 28,000 deaths are due to heart valve disease every year, with approx. the 60% of deaths due to disorders involving the aortic valve (data from the Centers for Disease Control and Prevention). Strict requirements in terms of material physico-chemical properties should also be fulfilled when vascular stents are engineered. Learning from a recent FDA report dealing with the adverse cardiac events and thrombosis observed at the 2-year follow-up on the first FDA-approved bioresorbable vascular stents, Pacharra et al. characterize a series of polyethylene glycol-functionalized poly-L-lactide-co-ε-caprolactone copolymers as a new generation of stent-forming materials, with improved cyto- and hemo-compatibility. As an outcome of the research work, the authors identify promising candidates for cardiovascular implant fabrication, with the additional advantage of being suitable for an easy translation of the synthesis procedure (a one-step synthesis strategy) toward industrial practice.

The reader can easily appreciate from the brief summaries of the contributions comprised in this issue that the addressed Research Topic is broad in nature and represents a still open question in the TERM field. The definition of regenerative approaches to fight the detrimental consequences of CVDs is still in its infancy. However, the cross-contamination of new ideas coming from complementary but not overlapping fields, as highlighted in the papers published within this issue, will likely lead in the future to the effective and successful repair and regeneration of injured myocardial tissue.
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Vascular disease is a leading cause of death worldwide, but surgical options are restricted by the limited availability of autologous vessels, and the suboptimal performance of prosthetic vascular grafts. This is especially evident for coronary artery by-pass grafts, whose small caliber is associated with a high occlusion propensity. Despite the potential of tissue-engineered grafts, compliance mismatch, dilatation, thrombus formation, and the lack of functional elastin are still major limitations leading to graft failure. This calls for advanced materials and fabrication schemes to achieve improved control on the grafts' properties and performance. Here, bioinspired materials and technical textile components are combined to create biohybrid cell-free implants for endogenous tissue regeneration. Clickable elastin-like recombinamers are processed to form an open macroporous 3D architecture to favor cell ingrowth, while being endowed with the non-thrombogenicity and the elastic behavior of the native elastin. The textile components (i.e., warp-knitted and electrospun meshes) are designed to confer suture retention, long-term structural stability, burst strength, and compliance. Notably, by controlling the electrospun layer's thickness, the compliance can be modulated over a wide range of values encompassing those of native vessels. The grafts support cell ingrowth, extracellular matrix deposition and endothelium development in vitro. Overall, the fabrication strategy results in promising off-the-shelf hemocompatible vascular implants for in situ tissue engineering by addressing the known limitations of bioartificial vessel substitutes.

Keywords: biohybrid scaffolds, elastin-like recombinamers, textile technical components, vascular grafts, off-the-shelf implants


INTRODUCTION

Cardiovascular disease is the most common cause of death worldwide (Townsend et al., 2016). The progressive constriction and stiffening of the blood vessels requires, in complex conditions, bypass surgery (Townsend et al., 2016). Native autologous vein and artery segments remain the gold standard as grafts for this procedure, but they are not always available due to a previous harvest, anatomical variability or disease progression. Furthermore, the failure rate of saphenous vein grafts, the most widely used conduits for coronary artery bypass, reaches 25% during the first 12–18 months after surgery, clearly showing the need for better solutions (Hess et al., 2014). The synthetic vascular prostheses available today are made of expanded polytetrafluoroethylene (GORE-TEX®), poly(ethylene terephthalate) (Dacron) or polyurethane. These vascular prostheses lack the remodeling and growing capabilities of living tissues and are not suitable as small-diameter substitutes (<6 mm) because of poor blood compatibility and compliance mismatch that lead to thrombosis and intimal hyperplasia (Salacinski et al., 2001; Zilla et al., 2007).

Tissue engineering (TE) approaches have the potential to provide alternative solutions to current underachieving artificial replacements. Vascular TE strategies are increasingly moving from a classical to an in situ approach also known as directed endogenous regeneration. Here, cell-free scaffolds are implanted to be colonized and remodeled endogenously, resulting in autologous vessel substitutes (Wissing et al., 2017). Off-the-shelf availability, lower regulatory burden for clinical translation and no need for tissue harvest for cell isolation are major advantages of in situ TE with respect to the classical cell-based approach. On the other hand, this strategy places strong demands on the implant's material and fabrication method as the graft has to perform adequately upon implantation, which means it has to be able to withstand the systemic circulation, be hemocompatible, and provide a microenvironment suitable for cell infiltration and tissue generation (Billiet et al., 2012).

Electrospinning is a widely employed technique to obtain biodegradable grafts (Park et al., 2019), which has been in some cases combined with surface functionalization to promote endothelialization and improve hemocompatibility (Zhao et al., 2019). However, electrospun scaffolds typically suffer from poor cellular infiltration because of the dense fibrous network (Zhong et al., 2012). Salt leaching (Lee et al., 2011) and freeze drying (Sugiura et al., 2016) techniques have been used to create interconnected porous architectures which are advantageous in term of cellular colonization and matrix deposition. However, the initial poor mechanical properties of the porous scaffold might compromise a safe implantation (Lee et al., 2011). Despite encouraging results demonstrating the potential of in situ TE (Wissing et al., 2017), control over the properties of the developed grafts remains at best partial.

The development of vascular grafts that combine both the elasticity to allow an energy-efficient transmission of the pulsatile blood flow with the strength to withstand the blood pressure is particularly challenging, as burst strength and compliance are often inversely related (Sarkar et al., 2007). While compliance mismatch can lead to intimal hyperplasia, low patency and consequent graft failure (Abbott et al., 1987; Trubel et al., 1995; Ballyk et al., 1998; Salacinski et al., 2001; Kannan et al., 2005; Sarkar et al., 2006), compliance as endpoint in vascular graft design has been many times overlooked in the literature (Pashneh-Tala et al., 2015). Additionally, because of the variability of this property between different vessels, vascular TE should ideally aim at developing compliant vessel substitutes with mechanical properties tailored to the intended implantation site. The ability of cardiovascular structures to deform elastically with the pressure pulse is crucial to maintain their function over time and relies on the high percentage of elastin in the native vessel wall, accounting for 50% of the dry weight of major arteries (Rosenbloom et al., 1993). The lack of functional elastin synthesis by the cells is a major drawback of tissue-engineered vascular grafts (TEVGs), which results in aneurysm formation as a major failure mechanism (Wissing et al., 2017). This makes elastin and elastomeric materials highly attractive for the engineering of vessel substitutes.

Our approach is to develop a platform that enables an ad-hoc vascular fabrication according to the specific target by combining the elastic properties provided by the elastin-like recombinamers (ELRs) with the mechanical support of technical textile components. The ELRs are a family of artificial polymers bioinspired by the pentapeptide VPGVG present in the natural elastin (MacEwan and Chilkoti, 2010; Girotti et al., 2011). They are positioned midway between natural products and synthetic polymers, as they are engineered in a controlled and highly reproducible way while still maintaining inherent properties of the natural elastin such as elastic mechanical behavior, hemocompatibility, and bioactivity (Arias et al., 2014). The textile components consist of a warp knitted polyvinylidene fluoride (PVDF) mesh to confer suturability, long term stability and, in combination with an electrospun polycaprolactone (PCL) mesh, burst strength and tunable compliance.

Evaluation of the obtained biohybrid vascular grafts included burst strength, compliance, suture retention, cell infiltration, hemocompatibility, extracellular matrix (ECM) deposition, and endothelialization.



MATERIALS AND METHODS


Complement Convertase

Complement activation was measured using the Complement Convertase Kit (CCA, HaemoScan, Groningen, Netherlands), which follows the international standard ISO 10993/Part 4 to evaluate the biocompatibility of biomaterials and medical devices. The assay was performed according to the manufacturer's protocol. Briefly, 1 cm2 samples of different materials (i.e., the click-ELR test material, and MS (medical steel) and PDMS (polydimethylsiloxane) reference materials provided with the kit as internal controls) were incubated first with plasma for 15 min, and then with a chromogenic C5 convertase substrate for 24 h. Cleavage of the substrate by C5 convertases present on the surface of the tested materials was quantified by measuring the optical density at 405 nm in a microplate reader (Infinite M200, Tecan).



Thrombogenicity

Blood (12 mL) was drawn from healthy volunteers and mixed with 3.2% sodium citrate using an S-Monovette CPDA1 device (Sarstedt, Germany) at a volumetric ratio of 1:9. Six mL of blood were centrifuged at 270 × g for 15 min while the other 6 mL were centrifuged at 2,000 × g for 15 min. The resulting supernatants were mixed at a volumetric ratio of 1:1 to obtain platelet-rich plasma (PRP). Each sample was placed in a 96-well plate, and 100 μL of PRP was added and incubated for 1 h at 37°C. The samples were then gently washed with PBS and fixed in 3% glutaraldehyde in 0.1 M Sorenson's buffer (pH 7.4) for SEM. Evaluation of platelet adhesion was carried out based on the SEM images by assessing images from three independent experiments, and for each experiment, three fields of 350 μm2 each were analyzed.



Scaffold Fabrication

We used two ELRs, namely VKVx24 and HRGD6. VKVx24 is a structural recombinamer with no bioactive sequence, whereas HRGD6 is a recombinamer containing a RGD adhesion sequence (Table 1). The lysine residues of each ELR were chemically modified as previously reported (Gonzalez de Torre et al., 2014) to introduce cyclo-octyne and azide groups, resulting in VKVx24-cyclo-octyne and HRGD6-azide, respectively.


Table 1. The amino acid sequences of each recombinamer and the corresponding reactive groups used for click chemistry.
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For the fabrication of the macroporous ELR-based scaffolds, we used the salt leaching/gas foaming technique that we recently developed (Fernandez-Colino et al., 2018). Briefly, each ELR component was dissolved to a concentration of 75 mg/mL in a 1:1 (v/v) mixture of PBS and ethanol. NaHCO3 particles (diameter <100 μm) were added to each ELR solution at a recombinamer/salt weight ratio of 1:10. Each preparation was loaded into a syringe, and injected into the mold using a dual chamber syringe applicator. The mold consisted of a gas-permeable outer silicone tube (inner diameter = 6.4 mm; Ismatec) and an inner metal cylinder (outer diameter = 3 mm) placed coaxially to the silicone tube. A PVDF mesh was positioned in the annular space between the cylinders. The mesh was produced at the Institute of Textile Engineering (Institut für Textiltechnik) of the RWTH Aachen University (Aachen, Germany). The space between cylinders was then filled with the ELR components. After incubating for 30 min at 37°C, the mold was removed, and the click-ELR scaffold was released and placed in 3 M citric acid for 30 min in an ultrasound bath (Martin et al., 2009). The scaffolds were washed with aqueous phosphate-buffered saline (PBS) to eliminate residual ethanol, salts and acid, and then they were enclosed in an outer PCL sheath by directly electrospinning on the graft. The PCL (GMP grade, Purasorb PC12, Corbion Purac Gorinchem, Netherlands) was dissolved at a concentration of 14% in a 1:3 (v/v) mixture of methanol and chloroform, which was infused through a 27-gauge needle at a constant flow rate of 3 mL/h. A voltage difference of 24 kV was applied between the needle and the collector, which were placed 18 cm apart. The temperature and the humidity were set at 32°C and 20%, respectively. Finally, the vascular grafts were sterilized by washing with 70% ethanol for 30 min and stored in fresh 70% ethanol overnight. The scaffolds were then incubated in PBS for 2 × 30 min and 1× 16 h.



Scanning Electron Microscopy (SEM)

Samples were fixed in 3% glutaraldehyde in 0.1 M Sorenson's buffer (pH 7.4) at room temperature for 1 h. They were rinsed with 0.2 M sodium phosphate buffer (pH 7.39, Merk) and dehydrated in 30, 50, 70, and 90% acetone, and then three times in 100% acetone, for 10 min each. After critical point drying in CO2, the samples were sputter-coated (Leica EM SC D500) with a 20 nm gold–palladium layer. Images were captured using an ESEM XL 30 FEG microscope (FEI, Philips, Eindhoven, Netherlands) with an acceleration voltage of 10 kV. The pore size was determined using ImageJ software by analyzing three different regions, with 50 measurements taken in each region. Some of the SEM images were colored with MountainsMap SEM software courtesy of Digital Surf, France.



Burst Strength

Burst strength values were measured in a custom-made burst strength chamber equipped with a pressure sensor (Jumo Midas pressure transmitter; JUMO GmbH & Co. KG) and a peristaltic pump (IPC Ismatec, IDEX Health & Science GmbH). Samples (n = 3) with areas of 1 cm2 were placed in the burst chamber and exposed to increasing pressure by pumping PBS at a constant rate of 5 mL/min until the structural failure of the sample was detected as a sudden drop in the pressure recorded by LabVIEW (National Instruments). The highest pressure measured before failure was defined as the burst strength value.



Suture Retention

Suture retention strength was measured by inserting a 7–0 prolene suture 1 mm from the edge of each graft. The suture was fixed on the upper hook of a Z2.5 Zwick/Roell tensile tester (Zwick GmbH & CO. KG; Ulm; Germany) and the grafts were immobilized on the lower hook. The system was then strained at a speed of 50 mm/min (in accordance with ISO guidelines) to pull the suture away from the graft, and the required force was recorded. Three samples were measured for Elastingraft_eM, and six for the ElastinGraft_0.



Compliance and Stiffness Index

The vascular grafts were placed in a bioreactor system that comprised a custom-made chamber made of polyoxymethylene (POM; Licharz GmbH, Buchholz, Germany) with transparent poly(methyl methacrylate) (PMMA) sides and an optical micrometer [model LS-7030(M), Keyence Deutschland GmbH, Neu-Isenburg, Germany] to measure the diameter of the vascular graft by emitting a parallel beam of green light to the graft and assessing its shadow. Additionally, the system featured silicone tubes (Ismatec), a flow sensor (SonoTT™ Flowcomputer, em-tec GmbH), an adjustable resistance to control the flow within the system, a pressure sensor (Xtrans, Codan pvb Medical GmbH), and a small centrifugal pump (702-6882, RS components), which was controlled by a custom-developed control unit (Wolf et al., 2018).

The flow-loop was filled with phosphate buffer solution (Gibco, pH: 7.4). The mean pressure was created by a continuous flow generated by the centrifugal pump, in combination with an adjustable resistance. The pressure pulses (20/60, 30/70, 40/80, 50/90, 60/100, 70/110, 80/120, 90/130, and 110/150 mmHg) were created by modulation of the pulse-free flow, due to changing the constant input voltage, using a sinusoidal function. The values of pressures and corresponding graft diameters were recorded with a custom-developed LabVIEW program (LabVIEW 7.1; National Instruments). The average values of the compliance were estimated from such values, using the following equation
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where P1 is the lowest internal pressure, P2 is the highest internal pressure, D1 is the diameter at the pressure P1 and the D2 is the diameter at the pressure P2. Pressure–diameter measurements were also used to calculate the dimensionless stiffness index (Soletti et al., 2010):
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Ultrasound Monitoring

The stretching and recoiling capability of the vascular grafts was also visualized with an ultrasound system, Vivid-I (S/N 3642VI General Electric), with a linear probe (8L-RS, General Electric).



Cell Isolation and Culture

Smooth muscle cells (SMCs) were isolated from the veins of human umbilical cords as previously described (Moreira et al., 2015). Briefly, the vein was washed with PBS (Gibco) before endothelial cells were removed using 1 mg/mL collagenase (Sigma) and the adventitia was stripped off. To isolate SMCs, the digested vein was minced into 1-mm rings and then bathed in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% FBS and 1% antibiotic/antimycotic solution (all reagents from Gibco). To obtain a sufficient cell number, the cells were serially passaged using 0.05% trypsin/0.02% EDTA (Gibco) and cultured at 95% humidity and 37°C in a 5% CO2 atmosphere. SMC phenotype was verified by the presence of alpha-SMA positive cells and the absence of von Willebrand factor expression by immunocytochemistry. Cell passages 4–7 were used for all experiments. To study the interaction between the SMCs and the click-ELR vascular grafts, the ElastinGrafts were coaxially introduced in a silicone tube clamped at one end. One mL of the cell-suspension at 3 × 106 cells/mL was then introduced into the silicone tube and the other end was also clamped. The system was attached to a mandrel connected to the head of a roller pump (MCP Process; Ismatec), and rotated along the longitudinal axis for 6 h following a cycle of 20 s in rotation at 1 rpm and 200 s in static to allow cell attachment. The remaining cell suspension was then removed, and the graft was placed in fresh culture medium. Cell behavior and ECM deposition were investigated after 12 days of static culture by SEM and immunohistochemistry.

Endothelial progenitor cells (EPCs) were isolated from human adult peripheral blood mononuclear cells. Anticoagulated blood of healthy donors was carefully added to the separating solution Histo-Paque-1077 (Sigma-Aldrich, St. Louis, Missouri), and centrifuged at 400 × g at room temperature for 30 min. The layer containing mononuclear cells was washed twice by gently mixing with PBS, and subsequent centrifuging at 250 × g for 10 min. The cell pellet was resuspended with 15 mL of endothelial cell growth medium (Endothelial Cell Growth Medium MV2; PromoCell, Heidelberg, Germany), containing epidermal growth factor (5 ng/mL), basic fibroblast growth factor (10 ng/mL), insulin-like growth factor (20 ng/mL), vascular endothelial growth factor 165 (0.5 ng/mL), ascorbic acid (1 μg/mL), and hydrocoecisone (0.2 μg/mL), and transferred into T-75 culture flask pre-coated with human fibronectin (1 mg/cm2, Sigma-Aldrich, St. Louis, MO). The cells were incubated at 37°C in a humidified atmosphere containing 5% CO2. When EPCs colonies were formed, they were trypsinized [0.05% trypsin/0.02% ethylenediaminetetraacetic acid solution (Gibco, Karlsruhe, Germany)] and transferred to T-25 culture flask pre-coated with type I rat-tail collagen (5 mg/cm2, BD Biosciences, San Jose, CA). When cells reached 70–80% of confluence, they were trypsinized and transferred into T-75 culture flasks. The phenotype of EPCs was corroborated by immunocytochemical staining for the markers vWF and CD31 and by flow cytometric analysis, which showed positive signals for the EC markers CD31 and CD144 and negative signals for the monocytic markers CD14 and CD45. Cells up to eight passages were used for all experiments.

To study the ability of the click-ELR grafts to support endothelialization, the scaffolds were incubated with a suspension of EPCs (3 × 106 cells/mL) while rotating at 1 rpm for 6 h as described for SMC seeding. Then, the scaffolds were cultured in static for 1 and 4 days and subsequent investigated by SEM and immunohistochemistry followed by confocal microscopy.



Immunohistochemistry

Native human umbilical cord and click-ELR scaffolds seeded with SMCs were fixed in Carnoy's solution and embedded in paraffin before sectioning. The sections were deparaffinized, non-specific sites were blocked and the cells permeabilized by incubating in 5% normal goat serum (NGS, Dako) in 0.1% Triton-PBS. The sections were incubated for 1 h at 37°C with the primary rabbit anti-collagen I antibody (R 1038, Acris) diluted 1:200. The sections were then incubated for 1 h at 37°C with a fluorescein-conjugated secondary antibody produced in rabbit (A11008, Molecular Probes) diluted 1:400. The native human umbilical cord served as a positive control. For negative controls, samples were incubated in diluent and the secondary antibody only. Tissue sections were counterstained with 4′,6-diamidino-2-phenylindole (DAPI) nucleic acid stain (Molecular Probes). Samples were observed under a microscope equipped for epi-illumination (AxioObserver Z1, Carl Zeiss GmbH). Images were acquired using a digital camera (AxioCam MRm, Carl Zeiss GmbH). Click-ELR scaffolds seeded with EPCs were fixed with methanol-free formaldehyde (Roth, Karlsruhe, Germany) at 4% for 1 h at room temperature. Non-specific sites were blocked and the cells permeabilized by incubating in 5% normal goat serum (NGS, Dako) in 0.1% Triton-PBS. The samples were incubated overnight at 4°C with the primary mouse anti-CD31 antibody (P8590, Sigma) diluted 1:100. The samples were then incubated for 1 h at room temperature with AlexaFluor 594 anti-mouse antibody produced in goat (A11005, Invitrogen) diluted 1:400. Images were acquired using a Zeiss LSM 710 confocal laser scanning microscope.



Statistical Analysis

Differences between three or more groups were assessed using one-way ANOVA with Tukey's post-hoc test. Statistical difference between two groups was evaluated by the Student's t-test. A significance level p = 0.05 was set for all the tests. In the figures, statistical significance is denoted as * for p-value ≤ 0.05, ** for p-value ≤ 0.01, *** for p-value ≤ 0.001.




RESULTS AND DISCUSSION


In vitro Hemocompatibility Testing

The concept of ready-to-use vascular grafts implies the absence of any in vitro seeding of the device prior implantation. Such device will be in direct contact with blood before a native endothelium covers its surface, and consequently, the first requirement that the base material has to meet is to be hemocompatible. Therefore, we first evaluated the hemocompatibility of the ELRs by assessing the activation of the complement system. For this purpose, we used a complement convertase assay that complies with the international standard ISO 10993/Part 4. Results and given thresholds to evaluate the activation are indicated in Figure 1A. The ELR hydrogels behaved as a complement non-activating biomaterial (<0.06 OD/24 h/cm2), giving the lowest value among all the tested materials (i.e., MS and PDMS).
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FIGURE 1. Hemocompatibility assessment. (A) Hemocompatibility of ELR-gels assessed using the C5 complement convertase activity. Control materials used for comparison: medical steel (MS) and polydimethylsiloxane (PDMS). (B) Evaluation of adhered platelets based on SEM images. Results are plotted as the mean of three different experiments ± standard deviation. (C) SEM images of (i,ii) ELR hydrogel, (iii,iv) GORE-TEX®, and (v,vi) fibrin-gel after 1 h in contact with platelet rich plasma. Activated and fully activated platelets were covering fibrin and GORE-TEX® surfaces, while ELR surfaces presented minimal platelet adhesion. In the images ii, iv and vi, the ELR and GORE-TEX® scaffolds were colored in blue, the platelets with a spread morphology in gold and the more rounded platelets in salmon. Scale bars: (i,iii,v): 10 μm; (ii,iv,vi) 2 μm.


The reaction of blood components to the presence of ELR was further studied by performing a thrombogenicity test. A high number of activated and adherent platelets were present on the GORE-TEX® and fibrin control after 1 h of PRP contact, whereas minimal platelet adhesion was detected on the surface of the ELR-samples (Figure 1B). Moreover, the platelets on the GORE-TEX® and fibrin samples presented either extended pseudopodia (colored in salmon Figure 1Civ,vi) or “fried egg” morphology (colored in gold in Figure 1Civ,vi), indicative of activated and highly activated states, respectively (Figure 1C), whereas the few platelets on the ELR samples presented a rounded morphology, with few pseudopodia (correlated with a lower activation state) (Goodman et al., 1989; Sorrentino et al., 2016). These results agree with previous studies which propose elastin and elastin-like polymers as excellent candidates for the fabrication of blood-contacting materials (Ito et al., 1998; Woodhouse et al., 2004; Jordan et al., 2007; de Torre et al., 2015) and support the use of ELRs for the fabrication of vascular grafts as cell-free implants which will be in direct contact with the blood before endothelialization.



Fabrication of the Click-ELR Vascular Grafts (ElastinGrafts)

Vessel substitutes were fabricated as schematically shown in Figure 2. Microscopic inspection of the ElastinGrafts revealed that (i) a highly porous structure was obtained throughout the whole construct, with a mean pore size of 33 μm, which has been indicated as adequate for the interaction with smooth muscle cells (SMCs) (Lee et al., 2011); (ii) the textile was well embedded within the ELR (Figure 2Biii) without any gaps in between the mesh pores (Supplementary Figure 1); and (iii) a fibrillar sheath enclosed the vascular graft (Figure 2C). The scaffold structure determines both the mechanical performance and the cell behavior of the implant (e.g., cell ingrowth and ECM formation), and ultimately its overall success. The porous microstructure should provide a template for cell ingrowth, whereas the textile reinforcement and the electrospun sheath should provide adequate mechanical properties. These aspects were addressed in the next set of experiments.
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FIGURE 2. Biofabrication scheme of the ElastinGrafts: textile-reinforced macroporous vascular grafts based on ELRs. (A) Procedure used to obtain the macroporous click-ELR vascular graft. (B) Images of the textile-reinforced macroporous vascular graft: (i) PVDF-textile reinforcement to provide mechanical strength. (ii) Elastin graft. (iii) Cross-sectional SEM image of the macroporous ELR-vascular graft. (C) Electrospun PCL-sheath. (i) Sketch of the electrospinning procedure. (ii) Macroscopic image of the ElastinGraft enclosed with a PCL-sheath. (iii) SEM images of the electrospun sheath around the ELR-scaffold. (iv) Different versions of the ElastinGrafts differing in the thickness of the electrospun PCL-sheath. Specifically, “0” refers to “no e-spun layer”; “eS” to “the smallest thickness of the e-spun layer,” “eM” to “the intermediate thickness of the e-spun layer” and “eL” to “the largest thickness of the e-layer.” Scale bars: (B) (i) 2 mm; (iii) 200 μm; (C) (iii) 50 μm.




Mechanical Characterization

A vessel substitute in vivo must withstand the pulsatile blood pressure and flow, and must display enough strength to provide a safe implantation, while maintaining the capability of recoiling after stretching. To confirm whether our fabrication approach achieved an implantable device, we carried out burst strength, compliance and suture retention tests.

The burst strength of the vascular grafts was proportional to the PCL-sheath thickness, as shown in Figure 3a, and ranged from 436 ± 76 mmHg (ElastinGraft_0, Figure 2vii) to 2181 ± 37 mmHg (ElastinGraft_eL, Figure 2vii), which approximates the value of human saphenous vein (2250 mmHg) (Sarkar et al., 2006). Notably, all grafts displayed adequate strength (4–12 times the physiological pressure of 120 mmHg) for implantation. Historically, vascular engineering has aimed at developing vessel conduits that overmatch the values of native vessels (L'Heureux et al., 2006; Zhang et al., 2006; Drilling et al., 2009; McAllister et al., 2009). These supraphysiological burst strengths are normally the result of a long bioreactor conditioning phase producing dense tissues mainly composed of collagen and lacking elastin. However, there is an increasing number of studies showing that vascular grafts with a less mature matrix and featuring burst strength values lower than those displayed by target native vessels are still adequate for a safe implantation in vivo (Koch et al., 2010; Lee et al., 2011; Fukunishi et al., 2016; von Bornstadt et al., 2018) while favoring a more extensive in situ remodeling. The necessity of evaluating the burst pressure is indicated in the ISO guidelines 7198, but no target burst pressure values are given, and the question on which threshold pressure is required for a safe implantation remains open.
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FIGURE 3. Mechanical characterization of the ElastinGrafts. (a) Burst strength. (b) Vascular graft chamber used for assessing the compliance. (c) Compliances of the different ElastinGrafts at low (50–90 mmHg), normal (80–120 mmHg), and high pressure (110–150 mmHg). (d) Comparison of stiffness (β-index) between the ElastinGrafts, native blood vessels [value of the human femoral artery taken from Emoto et al. (1998) and value of the human saphenous vein taken from Zhang et al. (2017)] and Dacron [value taken from Tai et al. (2000)]. Values taken from literature are marked with an asterisk (*). (e) Compliance-mean pressure curve for the ElastinGraft_eM, artery, Dacron, and ePTFE. The values from the human external iliac artery, Dacron and ePTFE were adapted from Tai et al. (2000), Sarkar et al. (2006). (f) Ultrasound images of the ElastinGraft_eM in the simulated systolic low pressure of 60 mmHg (i,ii) and diastolic low pressure of 20 mmHg (iii,iv). The complete videos for the low (20/60 and 50/90 mmHg), normal (80/120 mmHg), and higher pressure ranges (110/150 mmHg) are available as supporting information (Supplementary Video S1).


Matching compliance is of key importance to avoid hemodynamic flow changes across anastomosis, which have been associated with intimal hyperplasia, low patency, and consequent graft failure (Abbott et al., 1987; Trubel et al., 1995; Ballyk et al., 1998; Salacinski et al., 2001; Sarkar et al., 2006). Besides these effects at the graft site, the compliance miss-match can also lead to deleterious effects on the cardiac function. For example, the ascending aorta replacement with non-compliant grafts can result in aortic valve insufficiency and left ventricular hypertrophy (Spadaccio et al., 2016). The dynamic compliances of the vascular grafts at different pressure ranges are summarized in Figure 3. All the ElastinGrafts, except the ElastinGraft-eL, displayed higher compliances values than the commercially available grafts made of Dacron (1.9 ± 0.3% mmHg−1 × 10−2) and ePTFE (1.6 ± 0.2% mmHg−1 × 10−2) (Salacinski et al., 2001), which evidences the potential for energy-efficient transmission of the pulsatile flow provided by their elastic structure. Notably, the ElastinGraft_eM (4.11% mmHg−1 × 10−2) compares well with the compliance of human arteries [4.5–6.2% mmHg−1 × 10−2 (L'Heureux et al., 2006)] in the 80–120 mmHg range.

Importantly, the arterial tissue is anisotropic, that is, it does not obey Hook's law in response to cyclical blood pressure changes. As such, the relationship between the intraluminal pressure and the degree of radial deformation is not linear. The increased compliance found at lower physiological pressures is of key importance to preserve the pulsatile energy in situations of hemorrhagic shock (systolic blood pressure <90 mmHg) (Salacinski et al., 2001). However, this anisotropy is not displayed by prosthetic grafts, which typically present a constant compliance regardless the pressure, and they may, therefore, compromise patient-safety in case of a response of shock. The ElastinGrafts were able to recapitulate this anisotropic behavior, presumably because of the elastin-like structure, and specifically the ElastinGraft_eM mirrored the values of the native artery in the whole range of mean pressures tested (Figure 3e and Supplementary Video 1). The stiffness of the vascular grafts was also analyzed by calculating the β-index, which is a parameter less dependent on blood pressure (Mackenzie et al., 2002) and, therefore, facilitates the comparison among the performance of different grafts reported in the literature. The β-index of all but the ElastinGraft-eL was much lower than that of the human saphenous vein (45 ± 12.5) (Zhang et al., 2017) and Dacron (67.8 ± 32.3) (Tai et al., 2000), and importantly, the ElastinGraft_eM's β-index (24.6 ± 0.64) matched that of the femoral artery (23.7 ± 0.8) (Emoto et al., 1998).

The compliance of the ElastinGrafts can be tuned over a wide range of values encompassing those of native vessels, as shown in Figure 3. The mechanical properties of the implant can, therefore, be tailored in a vessel specific manner. Considering that later steps in the vascular grafts' evaluation will inevitably involve animal trials, the possibility of tuning the compliance accordingly to that of the target animal vessel may result in a more accurate evaluation of its performance. For example, the native carotid artery of the sheep, which is a broadly used implantation model for vessel evaluation, has a compliance of approximately 12–14% (Fukunishi et al., 2016), which compares better with our ElastinGraft_0 (9.6% mmHg−1 × 10−2) than with the ElastinGraft_eM (4.11% mmHg−1 × 10−2). Whether the initial compliance should match that of the target vessel is, however, an open question that only further in vivo testing can elucidate as the in situ remodeling of the graft after implantation may result in changes in the mechanical properties. Collagen deposition, for example, may lead to an increase in the stiffness of the graft and to a concomitant decrease in the compliance (Uchida et al., 1989; Zilla et al., 2007; Fukunishi et al., 2016). Under such scenario, the use of implants with initial compliance values higher than those of the target vessels may be recommended. However, how the scaffold degradation can additionally influence the compliance by, for example, counterbalancing the increased collagen amount, belongs as well to the gap of knowledge that represents a challenging aspect of the design of any implant based on the concept of endogenous tissue growth (Pashneh-Tala et al., 2015; Wissing et al., 2017). Nevertheless, the platform that we developed here enables to meet a desired compliance once defined as design endpoint (Ozolanta et al., 1998).

The suture retention force of the ElastinGraft_0 and the ElastinGraft_eM was 2.1 ± 1.4 and 2.8 ± 1.8 N, respectively. These values compare well with the human internal mammary arteries (1.4 N) and human saphenous veins (1.8 N) (Konig et al., 2009). The absence of statistical difference between both ElastinGrafts (p > 0.05) suggests that the PCL layer does not play a significant role in providing suture retention which is, therefore, attributable to the knitted mesh. The high standard deviation reflects the structure of the knit pattern of the PVDF mesh (Figure 2B). Overall, these results indicate that the newly developed grafts have a suture retention strength adequate for direct anastomosis (Wu et al., 2012). PVDF is one of the most popular polymers in textile biomedical engineering due to its processability, mechanical properties, biostability, and minimal tissue response (Klinge et al., 2002). The mechanical reinforcement provided by a knitted textile has been previously exploited in classically tissue-engineered cell-based vascular grafts implanted as arteriovenous shunts (Mertens et al., 2015) and as interpositional grafts in the systemic circulation of a large animal model (Koch et al., 2010; Wolf et al., 2019).



Cell Ingrowth and Extracellular Matrix Production

To determine whether the ElastinGrafts can support cell colonization and ECM deposition, we cultured them in vitro with SMCs. SEM and immunohistochemistry confirmed cell infiltration into the walls of the vascular grafts, and ECM deposition was shown after 12 days of static culture in vitro (Figures 4, 5). Specifically, the SEM images revealed the presence of fibrillar structures attributable to the secreted ECM in most of the pores along the cross-section of the vascular graft wall (Figure 4B).
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FIGURE 4. SEM evaluation of cell ingrowth and ECM production after in vitro culture of the ElastinGrafts with SMCs. (A) Luminal surface of the ElastinGraft; (i) overview and (ii) detailed view of the SMCs covering the luminal surface of the graft. (iii,iv) Detailed views of SMCs infiltrating the scaffold. In images (A) (ii–iv) the ELR-scaffold was colored in blue and the SMCs in salmon. (B) (i,ii) Porous structure of ElastinGraft visualized at a cross-section. (iii) Representative pore covered with deposited ECM. (iv) Zoomed-in view of the fibrillar ECM. In the images (B) (iii,iv) the ELR-scaffold was colored in blue and the fibrillar ECM was colored in gold. Scale bars. (A) (i) 200 μm: (B) (ii–iv) 20 μm. (B) (i) 200 μm; (ii) 50 μm; (iii) 20 μm; (iv) 2 μm.
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FIGURE 5. Immunohistochemical evaluation of cell ingrowth and ECM production after in vitro culture of the ElastinGrafts with SMCs. Analysis of the ElastinGraft and a native human artery from the umbilical cord, showing staining for alpha-SMA, collagen I, collagen III, fibronectin, fibrillin I, and elastin. Negative controls (absence of the primary antibody) for all markers showed undetectable levels of staining.


Immunohistochemistry revealed α-SMA positive-stained cells, which corroborated their SMC phenotype, besides the deposition of collagen I, collagen III, fibronectin and fibrillin I (Figure 5). Fibrillin I is an elastic matrix-forming protein, whose expression precedes that of elastin (Votteler et al., 2013) and guides elastogenesis (Mariko et al., 2011). There was also a positive signal for elastin, although it is not possible to assess whether this signal is solely attributed to elastin-like nature of the vascular graft, or to elastin newly secreted by the cells. The vast majority of the stained substrate has a smooth porous structure (Supplementary Figure 2, yellow asterisk), which fits with the appearance in the bright field of the elastin-like scaffold, and therefore, the elastin signal seems to correspond mainly to the ELR-scaffold. The intense fluorescence emission of the ELR can mask the signal from newly synthetized elastin, expected to be in lower amounts. The presence of small amounts of elastin cannot, therefore, be ruled out, and positive signal within the secreted ECM (indicated with arrows in the figure) seems to corroborate this (Supplementary Figure 2).

The presence of elastin (whether it is secreted or synthetic elastin) provides the basis for an adequate elastic response to pulsatile pressure. Despite the primordial role of the elastin in ensuring appropriate mechanical function of the vessels, the expression of mature elastin in arterial tissue engineering represents still a significant challenge (Patel et al., 2006; Lee et al., 2011). We circumvent here this problem by using the ELRs as a fabrication material of the grafts. Overall, these results confirmed that the fabricated ElastinGrafts can guide cell infiltration and tissue remodeling, resulting in vascular equivalents that emulate the composition of the native vessels.

The endothelium is the physiological and ideal blood-contacting surface, and additionally, it plays an important role in vascular biology, e.g., blood vessel tone, hemostasis, neutrophil recruitment and hormone trafficking (Sandoo et al., 2010; Rajendran et al., 2013). Therefore, the ability of a vascular graft to support endothelialization is crucial for the success of the implant. While transanastomotic endothelialization in humans is restricted to the immediate perianastomotic region (Zilla et al., 2007; Talacua et al., 2015), circulating EPCs are increasingly recognized as important contributors to vascular prosthesis endothelialization, making them important mediators of implant compatibility (Yu et al., 2015; Melchiorri et al., 2016). In order to evaluate the ability of the ElastinGrafts to support endothelialization, we seeded them with EPCs from human peripheral blood. Endothelial cells attached to and spread on the surface of the ELR scaffolds (Figure 6), which agrees with the presence of the integrin-mediated adhesion epitope RGD in the ELR scaffold (Table 1). After 4 days, an increase in cell density on the implant was evident, and resulted in a confluent endothelial layer. Further analysis by CD31 immunostaining confirmed the endothelialization of the ELRs grafts (Figures 6c,d).
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FIGURE 6. Endothelial progenitor cell layer obtained after 1 day and 4 days of culture. (a,b) SEM images. (c,d) Confocal microscopy images after CD31 staining (red) with DAPI as nuclear counterstain (blue). Scale bars: (a,b) 50 μm; (c,d) 20 μm.





CONCLUSIONS

We fabricated small-caliber elastin-like vascular grafts featuring an open-porous structure while maintaining mechanical performance to withstand the arterial hemodynamic loads. Different from the clinically available prosthesis, the ElastinGrafts allow an energy-efficient transmission of pulsatile flow, and are able to match the compliance of a wide range of implantation targets. Moreover, the grafts promoted cell ingrowth and ECM deposition, which further supports their application as ready-to-use cell-free implants. Overall, these vascular grafts combine the reproducibility and off-the-shelf availability normally provided by synthetic grafts with the bioactivity, hemocompatibility and remodeling behavior of autografts, and represent a promising option for coronary artery by-pass surgery. The recombinant nature of the ELRs offers the potential to incorporate further biofunctionalities in an accurate and controlled manner, in order to tune the performance of the resulting grafts.
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Heart failure (HF) after myocardial infarction (MI) due to blockage of coronary arteries is a major public health issue. MI results in massive loss of cardiac muscle due to ischemia. Unfortunately, the adult mammalian myocardium presents a low regenerative potential, leading to two main responses to injury: fibrotic scar formation and hypertrophic remodeling. To date, complete heart transplantation remains the only clinical option to restore heart function. In the last two decades, tissue engineering has emerged as a promising approach to promote cardiac regeneration. Tissue engineering aims to target processes associated with MI, including cardiomyogenesis, modulation of extracellular matrix (ECM) remodeling, and fibrosis. Tissue engineering dogmas suggest the utilization and combination of two key components: bioactive molecules and biomaterials. This chapter will present current therapeutic applications of biomaterials in cardiac regeneration and the challenges still faced ahead. The following biomaterial-based approaches will be discussed: Nano-carriers for cardiac regeneration-inducing biomolecules; corresponding matrices for their controlled release; injectable hydrogels for cell delivery and cardiac patches. The concept of combining cardiac patches with controlled release matrices will be introduced, presenting a promising strategy to promote endogenous cardiac regeneration.

Keywords: biomaterials, cardiac patch, cardiac regeneration, drug delivery, myocardial infarction, tissue engineering


INTRODUCTION

Heart failure (HF) is a leading, growing public health problem, affecting millions of people worldwide (Laflamme and Murry, 2011). Most cases of HF are the result of a myocardial infarction (MI), defined as massive cardiac muscle death due to ischemia as a consequence of temporary or permanent blockage of blood supply to the myocardium, generally originated by thrombosis (Laflamme and Murry, 2005; Gaziano et al., 2010; Eng et al., 2014; Saleh and Ambrose, 2018). The cardiac cell death and blood vessel damage lead to extensive inflammatory responses followed by wound healing.

The human heart has only a modest capability to replace the damaged tissue and restore functionality after MI. Conversely, in the case of lower vertebrates, including some fish and amphibian species, regenerative capacity is retained throughout adult life without evidence of scarring (Matz et al., 1998; Poss et al., 2002; Cano-Martínez et al., 2010; Jopling et al., 2010). It was also shown that neonatal mammalian hearts, including mice (Porrello et al., 2011, 2013), rats, and even humans (Haubner et al., 2016), can exhibit the ability to regenerate and functionally recover in several injury models, in a limited time window immediately after birth. Genetic fate mapping in zebrafish and neonatal mice revealed that endogenous heart repair was achieved by the proliferation of pre-existing cardiomyocytes (CMs), not by the mobilization of undifferentiated precursors (Jopling et al., 2010; Kikuchi et al., 2010). However, the human adult heart consists mostly of terminally differentiated CM, excluding a small subpopulation of cardiac stem cells involved in maintaining cellular homeostasis (Torella et al., 2006). In light of these differences, following injury the damaged portions are vastly replaced by a rigid, collagenous fibrotic scar to avoid cardiac rupture (Mercola et al., 2011; Ong et al., 2018). The outcome of the wound healing process is a mechanically inferior cardiac muscle, unable to function sufficiently and mostly followed by sequential HF. Other pathologies may also impair the heart’s ability to function sufficiently and lead to HF, including valvular disease, hypertension, genetic cardiomyopathies, or aging, which cause slow functional cell loss over time.

Currently, the most common clinical intervention after MI resulting from blood vessel occlusion includes rapid re-perfusion to minimize CM death (Gerczuk and Kloner, 2012). Primary percutaneous coronary intervention (PCI) is the preferred procedure to treat narrowing or blockage of coronary arteries (stenosis). Nonetheless, a quick diagnosis (<90 min from first medical contact) of acute MI symptoms is required in order to make this strategy effective (Liem et al., 1998; Cannon et al., 2000). In the case of end-stage heart conditions, whole heart transplantation remains the only option for heart function regeneration. However, the insufficient number of donors (approximately 4000 patients on a waiting list in the US as of April 2018) and abundant post-transplantation complications limit the implementation of this strategy (Benjamin et al., 2019).

In this review, the intrinsic restraints behind endogenous cardiac regeneration following cardiac injury will be presented, defining five main target processes for therapeutic interventions. Next, cardiac regeneration strategies and limitations, namely cell-based therapies and exogenous administration of bioactive molecules will be discussed. Finally, the biomaterial-based tissue engineering approach will be introduced, focusing on current therapeutic applications of endogenous cardiac regeneration, remaining challenges and future perspectives.


Endogenous Cardiac Regeneration Limitations

The main obstacle on the way to recovery from myocardial injury is the poor endogenous regenerative capacity of the adult mammalian heart. Cardiac regeneration is limited mainly since the majority of adult CMs do not proliferate. Shortly after birth, the cardiac tissue mechanism of growth shifts from hyperplasia to hypertrophy, meaning cell enlargement (Foglia and Poss, 2016). A major aspect of this transition is that most CMs in the mammalian myocardium withdraw from the cell cycle and grow 30–40 times in mass (Li et al., 1996). Proliferating cell populations were found to present negligible turnover rates (<1% per year and decreasing with age) (Bergmann et al., 2015). Even though there are evidences for cardiac progenitor cells (CPCs) or stem cells (CSC) residing in the adult myocardium, these subpopulations are considered minuscule (approximately 1 cell per 13,000 myocytes) (Torella et al., 2006). Even though these cell populations were observed to increase dramatically in number after MI, almost 50% exhibited a senescent phenotype, incapable of cycling and differentiating (Urbanek et al., 2005). In addition, recruitment and activation of these cells is inadequate to lead to cardiac repair due to physical barriers and lack of appropriate signaling (Ruvinov et al., 2012). Overall, these attributes result in insufficient intrinsic regenerative potential, unable to compensate for the extensive loss of heart muscle cells.

Consequently, the adult myocardium responds to MI by two main mechanisms: (a) The formation of a fibrotic scar through a wound healing process and (b) hypertrophic remodeling of the surviving myocardium (Sutton and Sharpe, 2000; Eng et al., 2014). These structural changes markedly increase the mechanical stress on the ventricular wall and promote progressive contractile dysfunction, eventually leading to HF (Ruvinov et al., 2012).



Major Target Processes to Promote Cardiac Regeneration

Considering the poor intrinsic capability of the adult heart to properly regenerate, key hallmarks of adult heart post-MI must be overcome. Achieving effective cardiac regeneration should include tissue recovery following injury (meaning cell survival), overturn or attenuation of tissue remodeling and fibrosis, and myocardium renewal via formation of new myocardium and blood vessels. Therefore, the therapeutic strategy could target each or all the following five major processes associated with MI:


(a) Cardioprotection – prevention of resident CMs massive death (up to 1 billion cells) post-MI, by inhibition of apoptotic signaling pathways and/or induction of pro-survival signals (Garg et al., 2005; Abbate et al., 2006).

(b) Inflammation – in response to ischemia, necrotic CM signaling initiates a pro-inflammatory response, in order to remove remaining cell debris. The second phase includes an anti-inflammatory response, the purpose of which is to allow wound healing and scar formation. The shift between each of these responses is tightly regulated by multiple interactions between cellular myocardium components and the immune system. Manipulation of the time frames of the pro-/anti-inflammatory response after MI by changing the chemokine/cytokine profile or cellular responses may allow proper tissue repair to occur rather than the undesired results of an excessive inflammation, including cell death and scarring (Frangogiannis et al., 2002; Ong et al., 2018).

(c) Extracellular matrix (ECM) remodeling and cardiac fibrosis – attenuation of the fibrotic response, meaning ECM composition changes and scar formation, by altering pro-fibrotic signaling pathways. This includes inhibition of matrix metalloproteinases (MMPs) or changes in balance between MMPs and tissue residing inhibitors, in order to slow down scarring in favor of desired tissue healing (Leask, 2007; Francis Stuart et al., 2016).

(d) Angiogenesis and vascularization – formation of new blood vessels to allow appropriate nutrient supply to the ischemic regions. This could be achieved by induction of pro- angiogenesis signals, including proteins, endothelial cell (EC) recruitment, and altering inflammation and scarring (Renault and Losordo, 2007).

(e) Cardiomyogenesis – To fully restore cardiac function, it is essential that the infarct zone will be replaced by regenerated myocardium, which could involve proliferation of CPCs/CSCs, proliferation of adult CMs via induction of cell-cycle re-entry, and/or exogenous transplantation of CMs/CPCs (Mohamed et al., 2018).





CARDIAC REGENERATION STRATEGIES AND CHALLENGES


Cell-Based Therapies

Several approaches to repair or replace injured cardiac tissue were suggested over the last two decades. One of them is the cell-based therapy, namely injection of a cell suspension. The concept is to use an engraftment of cardiac cells to reconstruct the lost muscle tissue. Injection of these suspended cells directly into the myocardium could attenuate myocardial deterioration and dysfunction.

This application requires the use of cell sources capable of yielding mature and functional CMs. Furthermore, the transplanted cells should be of autologous origin or immunotolerated by the host. Several cell sources were suggested for this purpose. CPCs/CSCs, assumed to naturally occupy the adult myocardium, are one subpopulation capable of self-renewal and differentiation. Yet, harvesting these cells requires their isolation from a myocardial biopsy, followed by cell expansion, thus limiting their availability for transplantation when treating acute MI (Torella et al., 2006).

In the last decade, human embryonic stem cells (hESCs) and induced pluripotent stem cells (iPSCs) have been considered the most attractive stem cell types as a source for de novo, mature CM production. Both cell types can be differentiated into CMs in vitro (Passier et al., 2005; Lian et al., 2013), while also having limitless cell division capability. Yet, both hESCs and iPSCs present some limitations. For instance, the origin of hESCs from blastocyst inner cell mass raises some ethical issues, along with a risk of eliciting an immune response due to their allogeneic nature (Barad et al., 2014). iPSCs are considered less immunogenic since these cells are derived from somatic cells, which potentially could be autologous to the patient. Another concern regarding the use of both types of these cells for transplantation is their pluripotency. Incomplete differentiation or ineffective isolation of the desired cell population could eventually lead to the formation of teratomas after transplantation (Nussbaum et al., 2007).

Nonetheless, this strategy alone presents very limited clinical impact due to low cell survival and retention rates inside the injected heart, resulting in only up to 10% of the delivered cells surviving 24 h after transplantation. Hence, to become clinically relevant, this kind of strategy demands the injection of an enormous number of cells (Menasché et al., 2014; Guo et al., 2017; Yanamandala et al., 2017). Besides cellular retention, cells injected within a suspension are lacking an optimal microenvironment, provided naturally by surrounding ECM. In order to reconstruct tissue organization and functionality, it is essential to supply the cells with appropriate mechanical support, topographical guidance, and proper biochemical signaling to allow desired tissue organization, differentiation, and maturation in situ (Frantz et al., 2010; Hubmacher and Apte, 2013; Frangogiannis, 2017).

On another note, the exact role of the injected cells in inducing cardiac regeneration is still not fully understood – do these cells act as a substitute at the injured portions of the myocardium, or perhaps, as some researchers suggest, injected cells mainly act in a paracrine manner, introducing secreted ECM and signaling molecules to surrounding host myocardium, a theory also known as “the paracrine hypothesis” (Menasché, 2008). Mesenchymal stem cell (MSC) therapy is a predominant example for this mechanism of action (Gnecchi et al., 2006; Wehman et al., 2016). MSCs, which present only limited ability to trans-differentiate into CMs in vivo (Silva et al., 2005), were shown to secret signaling molecules improving cell survival, modulating immune response, and even inducing angiogenesis (Pittenger and Martin, 2004; Thakker and Yang, 2014; Wehman et al., 2016). Although this approach was already examined in several clinical trials, evaluating different aspects of MSC delivery and their origin, it still presents major concerns limiting its efficacy. From the technical point of view, use of autologous MSCs requires their isolation and further expansion in order to be transplanted, which limits their applicability in an acute setting (Singh et al., 2016). Some clinical trials, but not all, have also highlighted safety issues, including the possibility of malignant tumor formation (Jeong et al., 2011) and paracrine proarrhythmic effects (Askar et al., 2013) post transplantation.

Recently, it was demonstrated in an ischemia mice model that the marginally improved heart function after stem cell therapy is mostly attributed to the induction of acute immune response rather than proliferation of transplanted or endogenous CMs. Vagnozzi et al. (2019) showed that the functional benefit underlying this strategy is inflammatory-based wound healing and attenuation of fibrosis, suggesting that the moderate improvement in cardiac function observed in the past corresponds better with the paracrine hypothesis.



Bioactive Molecules

Assuming the “paracrine effect” is the engine behind cardiac regeneration, an opposing strategy to cell injection is based on the administration of bioactive signaling molecules. Three main classes of secretory factors were identified to induce cardiac regeneration, covering most of the targets specified above: growth factors (GFs) (i.e. cytokines/chemokines), non-coding RNA (i.e. microRNAs (miRNAs) and small interference RNA), and extracellular vesicles (EVs) (i.e. microvesicles and exosomes).


Growth Factors

Growth factors are signaling molecules, mostly proteins, which were identified to participate in various cellular processes. For example, insulin-like GF 1 (IGF-1) was previously shown to delay cellular aging and promote cell survival, while also benefit angiogenesis (Torella et al., 2004). Vascular endothelial GF (VEGF) is another cardiac-regenerating inducer; it was demonstrated to improve viability of cardiac tissue and reduce infarct size post-MI in multiple animal models through pro-angiogenic and cardiomyogenic effects (Ferrarini et al., 2006; Janavel et al., 2006). Activation of the ERBB2/ERBB4 signaling pathway by neuregulin 1 (NRG1) administration has also shown regenerative potential, driven by induction of CM proliferation (Bersell et al., 2009; D’Uva et al., 2015).

Nevertheless, the effect of systemic/local administration of GFs was inconsistent in clinical trials, showing no beneficial effects (Simons et al., 2002; Abdel-Latif et al., 2008). This could be explained by an insufficient amount of the therapeutic molecules at the target site, obligating usage of higher dosage of GFs or, alternatively, the use of a proper delivery vehicle to overcome issues of fast elimination, low protein stability, and unspecific delivery (Ruvinov et al., 2011a). Another concern is the pleiotropic functions that most cytokines have, which further encourage the use of a delivery system for their local and scheduled administration.



MicroRNAs

MicroRNAs are short (∼22 nucleotides long), non-coding, single stranded RNAs. Most commonly, these RNA molecules are inhibitors of protein expression, by interacting with specific mRNA in the cytoplasm, subsequently leading to mRNA cleavage or repression of translation (Lai, 2002). Numerous studies have connected miRNAs and various cardiovascular diseases, showing that miRNA expression levels were altered in MI, cardiac hypertrophy, and HF. Therefore, over the last decade miRNAs have become a therapeutic target for treatment of cardiovascular diseases (Barwari et al., 2016). For instance, Eulalio et al. (2012) performed a functional screening study to identify which human miRNAs can promote CM proliferation at neonatal stages. Two of these miRNAs, miR-199a-3p and miR-590-3p, were further demonstrated to induce cardiac regeneration in an adult mouse MI model.

Besides CM proliferation, miRNAs were shown to affect other target processes associated with MI, including miR-21, which could modulate inflammation processes and reduce CM apoptosis (Dong et al., 2009; Essandoh et al., 2016). Inhibition of miRNAs is also a possibility as demonstrated by Montgomery et al. (2011). By subcutaneous delivery of an antisense oligonucleotide they were able to inhibit miR-208a in the heart, improving cardiac function. In a preclinical trial, a catheter-based administration of a miR-92a inhibitor significantly reduced infarct size, while also excreting cardioprotective, proangiogenic, and anti-inflammatory effects (Rabea et al., 2013).

Even though miRNAs are normally detected outside the cell in body fluids, circulating miRNAs are at risk to be cleaved by RNases in these biofluids. Moreover, the strong negative charge of soluble nucleic acids results in inadequate cellular uptake (Remaut et al., 2007). Hence, it is essential to use proper vehicles to deliver miRNA, keeping it stable and protected from degradation in the extracellular environment (Chistiakov et al., 2012). Safety issues are also a concern when applying constitutive expression of miRNAs, as in the case of adeno-associated virus (AAV) delivery. Such a delivery strategy presents the risk of unwanted pathologies, such as uncontrolled heart growth (Gabisonia et al., 2019) or undesired, off-target transfection (e.g. in the liver) (Lovric et al., 2012). Therefore, it is required for miRNA delivery to be time-limited and controlled.



Extracellular Vesicles

Extracellular vesicles are emerging, natural carriers that could potentially deliver miRNA. These are small, membrane-enclosed vesicles that are generated and secreted by living cells. One class of EVs are exosomes, classified as double-membraned vesicles that range between 30 and 150 nm in diameter (Das and Halushka, 2015). Exosome content usually includes proteins, mRNA and miRNA.

It has been well documented that exosomes are used for communication between cells (Simons and Raposo, 2009); prominent examples can be found in cancer cells (Webber et al., 2010; Costa-Silva et al., 2015) and in the cardiovascular system (Emanueli et al., 2015). More recently, exosomes secreted by different sources of stem cells were compared to assess their potential for inducing cardiac repair in a MI model. Analysis of miRNA repertoire in exosomes secreted by iPS-derived CMs and hESCs-CMs revealed that miRNA content included some miRNAs that are known to be cardioprotective (Lee et al., 2017).

Exosomes from other cell types originating from the cardiovascular system were also shown to have potential to improve cardiac repair. For instance, monocyte-derived exosomes were shown to affect migration of ECs via exosomal transfer of miR-150, promoting angiogenesis (Zhang et al., 2010), while CPCs were demonstrated to stimulate regeneration and improve cardiac function via secretion of exosomes (Ibrahim et al., 2014; El Harane et al., 2018). The MSCs secretome was also widely investigated for its therapeutic potential, as the experience with clinical trials demonstrated only limited effects of MSC transplantation. Administration of MSC-derived exosomes contributed to cell survival, reduced inflammation, and decreased oxidative stress in vitro and in vivo (Arslan et al., 2013; Ferguson et al., 2018). Another possibility is loading exosomes with specific cargo (Luan et al., 2017), enriching them with either drugs (Sun et al., 2010), proteins (Jung et al., 2018), or miRNAs (Zhang et al., 2016). This approach could be used to manipulate exosome cargo and turn them into therapeutic agents, to be internalized by target cells and deliver desired molecules for treating different pathologies in these cells.

Even though exosome-based delivery eases the uptake by target recipient cells and is not considered toxic, it is still lacking the ability of having a long-lasting effect. Much like cytokines, exosomes have a short half-life, due to a rapid cellular internalization rate, therefore narrowing their effect to a limited time window (Kishore and Khan, 2016).



BIOMATERIAL-BASED TISSUE ENGINEERING APPROACH

The challenges presented by both cell-based therapies and cardiac regenerating agent delivery have set the stage for the emergence of cardiac tissue engineering (CTE). In general, TE strategies suggest using biomaterials, mostly in combination with bioactive molecules and/or a cell source for regeneration (Lanza et al., 2014). The rich repertoire of natural and synthetic polymers TE application could utilize for cardiac TE and the relevant criteria for such application were already reviewed in details elsewhere (Griffith, 2002; Christman and Lee, 2006; Chen et al., 2008; Nelson et al., 2011; Reis et al., 2016), therefore will not be addressed in the current review. Nevertheless, in the context of CTE, biomaterials can give solutions for both cell-based therapies and applications involving bioactive molecules (Figure 1).
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FIGURE 1. Biomaterial-based applications for cardiac tissue engineering. (A) Biomaterials can be injected alone into the infarcted regions in order to attenuate scar formation, (B) cell-delivery using injectable hydrogels can improve cell retention and survival after transplantation; (C) three-dimensional matrices can be fabricated with or without cells, then implanted as cardiac patches to improve cardiac function; and (D) biomaterials designed to release drugs and bioactive molecules may induce cardiac regeneration in a sustained effective manner.


The traditional applications of TE destinate biomaterials the role of a three-dimensional scaffold for cell retention (Langer and Vacanti, 1993). Biomaterial-based scaffolds provide the cells with needed mechanical, topographical, and biochemical stimuli, acting as ECM replacement (Yang et al., 2001). On that basis, biomaterial scaffolds were investigated in a plethora of studies for ex vivo cell cultivation, reviewed in Freed et al. (1994) and Shachar and Cohen (2003). These ECM properties, mimicked by biomaterials, are also of great significance when applying cell-based therapies (Leor et al., 2000).

Biomaterials, in the form of injectable hydrogel scaffolds, can be used as a vehicle to deliver cells to the target infarct zone (Yost et al., 2004; Wei et al., 2008; Ruvinov and Cohen, 2016). In parallel, the hydrogel provides the cells with the missing anchoring positions and biophysical cues, this until the cells produce their own ECM, reconstruct their microenvironments and guide their reorganization into a 3D tissue in situ (Dvir et al., 2005; Hubmacher and Apte, 2013).

Moreover, hydrogels embody an additional, important benefit for CTE strategies, as their injection alone into the infarct zone also reduces wall stress (Laplace law) by thickening the scar (Dai et al., 2005; Landa et al., 2008; Tsur-Gang et al., 2009). Mechanically weak, natural biomaterials are the most investigated hydrogels for this application, including collagen (McLaughlin et al., 2019), alginate (Landa et al., 2008; Sabbah et al., 2013), hyaluronic acid (HA) (Rodell et al., 2016), and decellularized myocardial matrix (Seif-Naraghi et al., 2013). In the case of the latter, it was postulated that myocardial hydrogels also have effect at the transcription level, inducing regenerative processes following their injection (Wassenaar et al., 2016). The application of mechanically strong, fully synthetic biomaterials was also beneficial (Dobner et al., 2009; Matsumura et al., 2019). Several studies, including those conducted in large animal models of MI, have shown that injection of hydrogel was effective at preventing negative tissue remodeling and improving left ventricular function post-MI, as evident by reduction in the degree of interstitial fibrosis and thickening of infarcted wall (Dobner et al., 2009; Leor et al., 2009; Rodell et al., 2016).

Biomaterials are also commonly used for the purpose of drug delivery vehicles (Koseva et al., 2015; Roy and Sahoo, 2015; Ho et al., 2016). Various polymeric materials could be used to encapsulate or entrap bioactive molecules, forming small dimension-particles (microns to sub-nano scale). Such particles enable the delivery of soluble and insoluble bioactive molecules to their target site, increasing stability, elongating drug shelf life, improving drug safety, and specificity (Roy and Sahoo, 2015).

Drug delivery platforms could also be fabricated from biomaterials, as a standalone application or incorporated with delivery vehicles. Biomaterial mechanical properties could be designed and tailored using different fabrication methods and by chemical formulation and modifications (Tibbitt and Langer, 2017; Zadpoor and Malda, 2017). Therefore, such matrices could release drugs through various mechanisms, depending on their degradation/erosion rate, exogenous triggers, or environment conditioning (Wong and Choi, 2015). This idea is an expansion of the microenvironment mimicry concept. Neighboring cells in the natural microenvironment communicate with each other by paracrine pathways, mediated by secreted proteins, small RNA species, and EVs. The ECM also acts as a reservoir system of signaling molecules (Hynes, 2009; Hinz, 2015). Incorporation of proteins and protein-binding features into biomaterials could resemble another ECM function and elicit desired cellular responses, such as cell proliferation, migration, and differentiation. Therefore, biomaterials originated (Shapira et al., 2016) or inspired (Freeman et al., 2008) by ECM components and biomechanical properties are potential candidates to perform as sophisticated drug delivery systems for spatial–temporal presentation and release of therapeutic agents, essential for endogenous tissue regeneration.

All these advantages are already implemented in biomaterial-based strategies meant to improve cardiac regeneration and restore functionality post cardiac injuries. In the following section, four main classes of biomaterial-based approaches will be reviewed: (a) bioactive nano-carriers; (b) hydrogel-assisted cell delivery, (c) cardiac patches, and (d) drug delivery platforms (Figure 2 and Table 1).
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FIGURE 2. Biomaterial-based applications for cardiac regeneration. (A) Natural or synthetic polymers can be used as nano-carriers for the delivery of cardiac inducing agents. This will assist their bioavailability, allow specific targeting to the infarcted region or destination cell population, and increase their half-life in the tissue, eventually improving treatment efficacy; (B) hydrogel systems can be utilized to protect transplanted cells from the hostile post-MI microenvironment. This strategy can improve cell retention and provide the transplanted cells and the infarcted tissue the mechanical support lost as a result of massive loss of muscle tissue; (C) biomaterials can be used to fabricate cellular or acellular cardiac patches, providing cell with ECM interactions, mechanical and electrical stimuli. Depending on their size and mechanical properties, cardiac patches can perform as temporary or permanent replacements for damaged tissue; (D) regeneration-inducing agents can be encapsulated or bound to biomaterial-based delivery platforms, allowing effective release of these agents in a spatial–temporal manner. Plus sign indicates benefits of the application, arrow indicates an attribute that improves.



TABLE 1. Summary of biomaterials-based applications, advantages, and limitations (selected studies).
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THERAPEUTIC APPLICATIONS OF BIOMATERIALS IN CARDIAC REGENERATION


Nano-carriers of Bioactive Molecules

Many efforts were invested to improve the delivery of regeneration inducing agents, mainly in the means of treatment safety, efficacy, and specificity. Nano-carriers can be generally divided into two classes: nanoparticles (NPs) and natural or bio-inspired biomolecule carriers.


Nanoparticles

Polymer-based NPs could come in many forms, including polymeric chains enveloping therapeutic drugs, polymer–macromolecule conjugates or drugs encapsulated in polymeric micelles (Duncan, 2003). These macromolecular structures are of great pharmaceutical importance when the delivered agent has a very short half-life in circulation, or its systemic delivery is accompanied with some cytotoxicity or undesired side effects (Roy and Sahoo, 2015). The advantages of such nano-carriers were demonstrated in the case of the antioxidant drug Puerarin (PUE), an FDA approved drug for various cardiovascular diseases, including MI (Liu et al., 2016). Dong et al. (2017) developed a micelle-forming polymeric vehicle, administered intravenously and modified with Arg–Gly–Asp (RGD) peptide to increase specificity to the ischemic region. The fabricated NPs were shown to improve PUE pharmaceutical properties, including a threefold increase in half life and drug absorbance, assessed by area under the curve (AUC). Moreover, this formulation was successful at reducing infarct size in a rat MI model, presenting an enhanced effect when RGD modification was added to its surface (Dong et al., 2017).

Nanoparticles were also shown to improve protein bioavailability and decrease their toxicity due to supraphysiological dosage (Vaishya et al., 2015). For example, affinity-binding alginate can form nano-scale polymer–protein complexes (Ruvinov et al., 2016). Sulfated alginate (AlgS) was previously demonstrated to interact with heparin-binding proteins with similar affinity to heparin (Freeman et al., 2008). Ruvinov et al. (2010) showed that AlgS can co-assemble with heparin-binding proteins to form injectable NPs that protect the proteins from degradation.

Nucleic acids delivered systemically (e.g. small RNA species, mRNA, and plasmid DNA) are subjected to fast elimination and/or degradation, while also facing difficulties to enter their target cells (Remaut et al., 2007; Jones et al., 2013). Even though viral vectors are effective for delivering these agents, their application also carries significant safety issues. Thus, non-viral vehicles have emerged as a promising alternative. One of the suggested strategies is using complexes of small RNA (i.e. small interference RNA and miRNA) and plasmid DNA with calcium ions, based on electrostatic interaction between them, resulting in the formation of mildly anionic NPs (Ruvinov et al., 2015; Goldshtein et al., 2019). When these components were mixed with alginate or hyaluronan sulfate, they also spontaneously assembled into NPs mediated by ion bridges (Korin et al., 2017). The incorporation of a polymeric material to the complex enabled the addition of surface features to the resulting NPs using chemical modifications, important for targeting. These NPs were tested in order to attenuate inflammatory response and promote cardiac regeneration in a small animal MI model. In this study, miR-21 mimic was delivered in these NPs, aiming to switch macrophage phenotype to a reparative one during the innate immune system response to MI (Bejerano et al., 2018). Following intravenous administration of the NPs delivering the miR-21 mimic, the particles were shown to target macrophages in the infarcted zone and change their phenotype, resulting in reduced cell apoptosis, fibrosis, and hypertrophy.



Bio-Inspired Carriers

The second class of nano-carriers utilizes natural existing delivery vehicles. One example for such carriers are liposomes, closed bilayer phospholipid systems, inspired by the cellular membrane. Liposomes have been investigated for over half a century, and have been applied in very sophisticated drug delivery systems for proteins and nucleic acids, reviewed in details by Allen and Cullis (2013). In a study looking for alternatives for the use of viral vectors for miRNA mimics delivery, Pierluigi et al. (2017) assessed the efficacy of different liposomes at inducing cardiac regeneration through CM proliferation mechanism. Since liposomes lack the intrinsic ability to specifically target the heart, they used a local, intracardiac injection to deliver the liposomes straight to the infarcted area, resulting in almost 40% reduction in infarct size.

Liposomes can be targeted to the infarcted region by conjugation of specific ligands overexpressed in infarcted hearts. Such strategy was demonstrated by Dvir et al. (2011), exploiting the change in angiotensin II type 1 (AT1) receptor expression levels after hypoxia to specifically target the MI zone. They modified PEGylated liposomes’ surface by addition of a short peptide, similar on one end to angiotensin II (a ligand of AT1 receptor). Then, they showed that the NPs specifically accumulated in the left ventricular wall 7 days post-MI, but not in healthy hearts. These findings were of great significance, since they indicated not only successful targeting that increases treatment efficacy, but also passively target the heart in case of future HF (Dvir et al., 2011).



Hydrogel-Assisted Cell Delivery

Improvement of cell retention is one of the key requirements in cell-based therapies (Menasché, 2018). Biomaterials support the transplanted cells, protecting them from the harsh environment of the infarcted region. We were among the first groups to report on a successful implantation of cardiac cell-seeded porous alginate scaffolds into infarcted rat hearts. We found that the seeded fetal rat cardiac cells retained viability within the scaffolds and within 24 h formed multicellular beating cell clusters. Following implantation of the cellular constructs into the infarcted myocardium, some of the cells appeared to differentiate into mature myocardial fibers. The graft and surrounding area were populated with a large number of newly formed blood vessels, consequently leading to attenuation in LV dilatation and improved heart function (Leor et al., 2000). An additional group demonstrated this concept using an injectable fibrin scaffold for myoblast delivery into infarcted hearts. An examination of cell location 5 weeks post injection indicated that cells injected in hydrogel were still present in the infarcted region, compared to cells suspended in BSA, which were located solely at the border zone (Christman et al., 2004). Another study demonstrated that cell viability was improved following cell administration using alginate and chitosan/β-glycerophosphate hydrogels compared to saline, showing a superior 50–60% cell retention, 24 h post transplantation (Roche et al., 2014). Since then, a variety of biomaterials and cell types were tested for cell delivery, reviewed elsewhere (O’Neill et al., 2016).

Hydrogel design criteria for cardiac cell delivery should include three key parameters: (a) mechanical stiffness of injected hydrogel; (b) physical and biochemical microenvironment suitable for encapsulated cells; and (c) duration of cell retention post transplantation. For hydrogels to withstand the mechanical demands required for myocardial applications, their stiffness modulus should be between 20 and 0.1 kPa (Reis et al., 2016). On the other hand, biomaterial elasticity could also have a role in stem cell fate determination, including differentiation (Engler et al., 2006). In case stem cells are delivered, it is mandatory to consider the use of a hydrogel system with mechanical properties resembling the myocardium in order to avoid differentiation into the wrong lineage.

Nevertheless, the microenvironment provided by the encapsulating matrix is also important in directing cell fate. Biochemical cues, including matrix-anchoring features, have a beneficial effect on cell survival and maturation. In a study aimed at enhancing engraftment of hESC-derived CMs, researchers developed a hydrogel system composed of self-assembling peptides, incorporated with RGD residue. This hydrogel not only increased cell retention in the infarcted heart, it also induced transplanted cells’ maturation and integration with the host, evident by expression of mature phenotype and formation of gap junctions with host CMs (Ban et al., 2014).

The duration of cell survival post transplantation depends on the mechanism by which the delivered cells promote regeneration. If cell transplantation aims to replace damaged tissue (e.g. CPCs, ESCs/iPSCs derived CMs), the degradation profile should allow cell integration into host myocardium (>10 days). However, if transplanted cells act by a paracrine effect (e.g. stem cells), the biomaterial should support cell survival for enough time to be effective (Levit et al., 2013). For example, the efficacy of MSC-based therapy is dependent on the number of cells surviving after transplantation (Afzal et al., 2015). Therefore, efforts have been made in order to protect cells upon delivery, using hydrogels to encapsulate MSCs, protecting them for a prolonged time from the hostile microenvironment of the ischemic region, including reactive oxygen species (Liu et al., 2012), phagocytosis, and inflammation (Gottipati et al., 2019).



Cardiac Patches


Cellularized Patches

The holy grail of CTE is the fabrication of a fully developed, three-dimensional (3D) functioning heart tissue, developed ex vivo and ready for transplant. In the context of cardiac malfunction, such patches could be used to replace large portions of the injured heart (Figure 3; Liau et al., 2011; Zhang et al., 2013, Zhang J. et al., 2018). Many cardiac patch designs place emphasis on providing engrafted cells with the proper microenvironment for tissue development and maturation. Besides the 3D architecture biomaterial-based matrices provided to the cells, it is essential to provide the cells with necessary ECM–cell interactions. For instance, one group suggested to use decellularized ECM of porcine origin for the fabrication of injectable hydrogels and cardiac patches, successfully demonstrating encapsulation and culture of cardiac cells (Shevach et al., 2015). Others suggested a composite of ECM components with synthetic, fibrillary, and elastic polymers, beneficial mostly at slowing the progression of scar formation and promoting angiogenesis (D’Amore et al., 2016). Similar ECM biochemical cues can be artificially added to semi-synthetic polymers. Sapir et al. (2011) suggested the covalent binding of RGD and HBP peptides to macroporous alginate scaffolds, promoting the striation and muscle fiber structure similar to that of a mature cardiac tissue. These scaffolds were further tested for their ability to promote cardiac regeneration from hESC-derived CMs, exhibiting improved functionality (Hayoun-Neeman et al., 2019).
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FIGURE 3. Cardiac patch after explant. (A) Representative image of a dissected rat heart, 30 days post-implementation of an alginate cardiac patch. The cardiac patch consists of a macroporous alginate scaffold, incorporated with magnetic nanoparticles. The construct was seeded with human embryonic stem cell-derived cardiomyocytes, and cultivated for 24 h prior to implementation on top of an infarcted rat heart. Dashed line denotes cardiac patch borders; (B) photomicrograph of Masson’s trichrome-stained section of the interface between implanted cardiac patch and host myocardium, 30 days post-transplantation. CP, cardiac patch; FS, fibrotic scar; HCM, host cardiac muscle. Scale bar is 100 μm. Images are courtesy of Mr. Edan Elovic.


Besides biochemical cues, anisotropic features were also shown to promote better tissue organization (Prabhakaran et al., 2011; Khan et al., 2015b; Margolis et al., 2018). Since both cardiac muscle and blood vessels are considered direction-oriented tissue constructs, different fabrication methods, including electrospinning of nanofiber structures, were investigated for influencing scaffold topography (Lutolf and Hubbell, 2005). For instance, polyurethane scaffolds were electrospun into aligned fibrous scaffolds, improving differentiation of murine ESC into CMs (Parrag et al., 2012). A more sophisticated design used a hybrid scaffold, consisted of a network of conductive nanofibers and gelatin-based hydrogel, promoting aligned and elongated CM maturation (Wu et al., 2017). Recently, our group described a method of creating a magnetically aligned, 3D tissue culture matrix for tissue engineering comprised of three distinct classes of structural anisotropy – anisotropic topographic features in the sub-micron scale, the directionality of the pore shape, and increased anisotropic stiffness in the direction of the magnetic alignment. Because magnetic forces govern the alignment phenomenon in the scaffold, all the anisotropic features shared a unidirectional structure that can synergistically benefit cultured cells (Margolis et al., 2018).

The advances in cardiac patch research are not limited to the microenvironment scale. Cardiac patch designs have demonstrated improved cellular delivery rates and feasibility to achieve a clinically relevant cardiac graft in means of size and function (Riegler et al., 2015; Shadrin et al., 2017; Ling et al., 2018). 3D bio-printing has also emerged as a strategy to assemble complex structures (Fleischer et al., 2017; Bejleri et al., 2018; Lee et al., 2019).

Other studies offer the use of exogenous stimuli to improve cardiac maturation and tissue organization ex vivo. After application of mechanical and electrical stimuli, iPSC-derived CMs were successfully forced to maturation and increased tissue contractility (Ruan et al., 2016). Another approach suggested to use a magnetically responsive scaffold to induce mechanical stimulation, promoting ECs organization into blood vessels (Sapir et al., 2012).



Acellular Patches

Even though the presence of cells contributes to cardiac recovery (either directly or in a paracrine manner), the benefits of a cardiac patch are not limited to cellular components. To date, the most investigated biomaterial used for acellular patches is decellularized ECM. Studies conducted in small (D’Amore et al., 2016) and large (Baker et al., 2019) animal models have revealed that ECM-based patches not only provide the infarcted tissue with mechanical support but also alter ventricular wall remodeling, demonstrated consistent conduction across the patch, and even promoted neovascularization. Decellularized ECM patches, originated from porcine small intestinal submucosa are already commercially available (CorMatrix®) (Mosala Nezhad et al., 2016). CorMatrix® patches remain flexible, exhibiting no calcification after 21 months post-implant; however, the formation of new CMs was not observed in these patches, suggesting this strategy mainly has a mechanical contribution (Nelson et al., 2016). Another kind of acellular patches is designated to withstand the mechanical demands of a contracting heart. To this end, a unique auxetic pattern design was applied, allowing the patch to be stretched in multiple directions simultaneously (Kapnisi et al., 2018). Using a chitosan–polyaniline composite to fabricate a conductive scaffold (Mawad et al., 2016), the auxetic patch remained intact and attached, while maintaining left ventricular mass, presumably as a result of reduced wall stress (Kapnisi et al., 2018). Further progress was recently achieved in applying acellular patches to restore cardiac function, as a first-in-man study was completed, demonstrating the feasibility of transendocardial injection of decellularized matrix (further discussed in the section “Clinical Trials of Biomaterial-Based Applications”).



Challenges Facing Cardiac Patch Implementation

The successful implementation of cardiac patches as a therapeutic strategy still faces several hurdles. In order to truly restore cardiac function, the cardiac patches must assimilate with the surrounding myocardium at three levels: physical and biochemical continuity, electrophysiological communication, and nutrient supply (Figure 4).
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FIGURE 4. Challenges in cardiac patch implementation. Cardiac patches must integrate properly with host myocardium to properly improve cardiac function. For cell-seeded patches, sufficient nutrient supply by blood vessels is crucial for cell survival; biomaterials, as foreign objects, induce immunogenic response immediately after their introduction, impairing integration and leading to patch rejection; improper electrical coupling of the patch with host myocardium may result in arrhythmias; and cellular continuum, translated into biomechanical integrity, is also important for patch assimilation.


Even though cardiac patches improve cell viability and retention, cells engrafted through such constructs or through intracardiac injection could still provoke an immunogenic response, which ultimately will lead to allograft rejection (Yanamandala et al., 2017). In addition, cardiac patch transplantation not accompanied with suppression of the host immune system will limit transplanted cell survival rate and therefore will result in failing integration (Malliaras et al., 2012).

It is also mandatory that designed scaffolds would be accessible for cell migration from areas close to the infarcted zones and allow the formation of blood vessels and nerves (Sachlos and Czernuszka, 2003; Muschler et al., 2004). Later, these networks must integrate properly with those of the host (Jackman et al., 2018).

To date, grafts still present inferior functionality, mainly in action potential conductivity (Wendel et al., 2013). Moreover, any graft transplanted would have to overcome the major restriction of integration. A graft not incorrectly integrated with the host heart tissue, both mechanically and electrically, could possibly lead to arrhythmia caused by unsynchronized electrophysiological signal transmission between the graft, the host myocardium, and the fibrotic interface in between (Chen et al., 2009). This problem was demonstrated in a study performed on primate hearts, using hESC-CM transplantation. Unlike smaller animal models, ventricular arrhythmias were observed consistently (Chong et al., 2014). This phenomenon could be related to the large distances the electrical and mechanical signals must travel, decreasing conductivity. Even in small animal models, cardiac patches were shown to fail at electrically integrating with the host, mainly due to the presence of a fibrotic scar barrier (Jackman et al., 2018). Thus, cardiac patch designs must address these limitations to be clinically relevant. Future designs must take into consideration not only the patch’s own functionality, but also its assimilation with host myocardium and synchronization over large distances.

Biomaterials, yet again, were recruited in order to overcome these hurdles. The main dogma suggests the use of porous scaffolds (Shapiro and Cohen, 1997; Dattola et al., 2019; Yang et al., 2019). Among previously mentioned advantages, such architecture also provides appropriate space and/or guiding routes for cells to penetrate the matrix. This principle could be exploited to dictate biomaterial degradation in a rate suitable for new tissue reconstruction (Bar et al., 2018). Nutrient supply and electrophysiological mediated integration could also be improved using smart biomaterial designs. For instance, VEGF containing scaffolds were designed to increase vascularization within the patch in vivo (Freeman and Cohen, 2009; Miyagi et al., 2011). Prevasularization of scaffolds was also suggested to improve mass transport into cardiac patches. To this end, ECM nanofibers and MSCs were used as a sheet designated to promote vascular constructs when co-cultured with ECs. They hypothesized that seeded MSCs will support the formation of microvessels and their structure through the secretion of angiogenic factors (Zhang L. et al., 2018). In order to improve electrical coupling, Shevach et al. (2014) suggested to decorate decellularized matrices with gold NPs and nanowires, presenting stronger contractile force and lowering excitation threshold.

Biomaterials were also suggested as an alternative for stitching. By using near-infrared (NIR)-stimulated gold nanowires incorporated within the scaffold, engineered tissue was positioned on the myocardium and successfully attached (Malki et al., 2018). Another scaffold design suggested the use of a microneedle array composed of poly(vinyl alcohol), integrated with CSCs encapsulated within fibrin hydrogel (Tang et al., 2018). The proposed design was strong enough to allow microneedle penetration into the ischemic region, while also enabling cell migration into the microneedle array acting mostly in a paracrine manner. Altogether, the overviewed approaches indicate that biomaterials, alongside smart scaffold designs could potentially lead to true functional integration with surrounding tissue.



Controlled Release Platforms

Platforms of controlled, sustained release are required for applications demanding local, time adjusted, and temporary delivery of bioactive molecules. Polymeric materials, capable of forming 2D and 3D matrices, have been superior candidates for this purpose for several decades (Langer and Peppas, 1981; Hubbell, 1999; O’Neill et al., 2016). Since endogenous cardiac regeneration strategies usually aim to act locally, delivery systems impregnated within injectable hydrogels and cardiac patches are very appealing.

Wang et al. (2017) illustrated the potential of a bioactive, injectable hydrogel to induce cardiac regeneration in situ. They developed an injectable hydrogel, based on high-affinity interactions between two oligosaccharides, modified with HA. This hydrogel system was capable of binding cholesterol with high affinity. For the application, miR-302 mimic, an identified CM proliferating inducer, was conjugated to cholesterol and mixed within the hydrogel. The resulting hydrogel exhibited a slow, sustained release profile over 3 weeks, thus demonstrating the potential to induce cardiac proliferation in the relatively long term. Indeed, they were able to show significant clonal expansion of CMs, following miR-302 releasing hydrogel injection into infarcted hearts of Confetti mice (Wang et al., 2017).

Injectable hydrogels were also used to improve cell survival and attenuate fibrotic responses immediately after MI. Ruvinov et al. (2011b) speculated that the release of two GFs – IGF-1 (considered cardioprotective) and hepatocyte growth factor (HGF; considered anti-fibrotic) will improve cardiac regeneration by targeting two key processes in scar formation. They used injectable alginate hydrogel consisting of affinity-binding AlgS, capable of binding both GFs. The injection of the proposed hydrogel into infarcted rat hearts had positive effects: reduced myocyte apoptosis and induction of CM proliferation attenuated infarct expansion and reduced fibrosis (Ruvinov et al., 2011b).

Cell-free cardiac patches were also demonstrated to be effective at inducing endogenous cardiac regeneration, based on the “paracrine effect.” It is quite acceptable that one of the mechanisms in which cell-based therapies improve cardiac regeneration is through the secretion of cardioprotective factors, signaling surrounding cells in the infarct area. In one study, the researchers hypothesized that EVs derived from iPS or iPS-CM would have a similar effect. Therefore, they isolated these EVs in vitro and analyzed their miRNA content, supporting their assumptions. However, as mentioned, EVs are rapidly consumed by recipient cells, therefore their effect is time limited. In order to increase treatment efficacy, the isolated EVs were encapsulated in a cell-free collagen hydrogel, serving as a patch. The collagen hydrogel allowed a prolonged release of EVs up to 7 days in vivo. When the patch was applied in a rat MI model, it was able to reduce scar formation and apoptosis of CMs, while also promoting recovery of contractile functions, without any signs for arrhythmias (Liu et al., 2018). This system’s main strength is its independence on any cellular component, reducing issues of immunogenicity and concerns regarding cellular viability and retention.



CLINICAL TRIALS OF BIOMATERIAL-BASED APPLICATIONS

Applications involving the use of biomaterials for cardiac regeneration have already entered clinical trials. The IK-5001 device, an injectable, bio-absorbable alginate hydrogel [also known as bioabsorbable cardiac matrix (BCM)], was tested for its safety and effectiveness for prevention of left ventricular remodeling (Bellerophon BCM LLC, ClinicalTrials.gov identifier: NCT01226563). This trial was conducted in a randomized, double-blind, controlled setup, treating 303 patients worldwide. The interventional procedure included the injection of BCM into the infarct-related artery, 2–5 days after primary PCI. Safety endpoints for this research show no significant difference from saline injections; however, the BCM treatment did not reduce LV remodeling or major cardiovascular events after a 6-month follow-up. Among the reasons for this observation, the researchers specified the large infarct sizes selected (around 30% of LV area), in which remodeling could not possibly be prevented (Rao et al., 2016).

Another acellular, alginate hydrogel formulation examined in clinical trials is the Algisyl-LVRTM device (LoneStar Heart Inc., Laguna Hills, CA, United States). Algisyl-LVRTM was tested for its safety and efficacy in two separate clinical trials: One aimed to quantify its effect when combined with coronary artery bypass grafting (ClinicalTrials.gov identifier: NCT0084796) and the second its employment as a method of left ventricular augmentation and restoration to treat patients with advanced chronic HF (ClinicalTrials.gov identifier: NCT01311791). In both trials the treatment included an open-heart procedure, followed by 10–15 implant injections into the left ventricular heart muscle. The first clinical trial showed remarkable improvement in cardiac function, including elevated ejection fraction (from 32 ± 8 to 47 ± 17% after 3 months), decreased end-systolic and diastolic volumes, and an increase in average wall thickness compared with control saline injections (Lee et al., 2013). In the second, randomized and controlled study, known as the AUGMENT-HF trial, effectiveness of treatment was assessed. Seventy-eight patients with dilated cardiomyopathy were selected as treatment group, and exhibited significant improvement in exercise capacity and symptoms (elevated Peak VO2 and longer distance in 6-min walk test) compared to control. However, these results should be considered with caution, as this trial was subjected to bias due to lack of blinding for the assignment of patients to the surgical procedure (Anker et al., 2015).

VentriGelTM (Ventrix, Inc., San Diego, CA, United States), an acellular, porcine-cardiac ECM hydrogel, was also examined in a recently published phase I clinical trial (ClinicalTrials.gov identifier: NCT02305602). In this study, researchers evaluated the safety and feasibility of VentriGelTM. The hydrogel was delivered trans-endocardially within a time window between 60 days to 3 years since the first, large ST elevation MI. The outcomes of this first-in-man trial highlighted the safety and feasibility of this treatment, while also showing improvement in exercise capacity examined by a 6-min walk test, even though this study was not designed to test effectiveness of treatment (Traverse et al., 2019). Even though the collective results of clinical trials involving injection of hydrogels alone highlight the feasibility and safety of this method at improving cardiac function after MI, there is still no sufficient evidence for the capability of pristine hydrogels to promote endogenous cardiac regeneration by themselves.

CorMatrix® ECM cardiac patches, which recently received FDA approval, were tested in clinical trials (CorMatrix Cardiovascular, Inc., ClinicalTrials.gov identifier: NCT02887768), claimed to promote endogenous cardiac regeneration. Pre-clinical studies with CorMatrix® patches for epicardial infarct repair in a pig model supported this claim, presenting neovascularization in the interface between the infarct and the patch (Mewhort et al., 2016). Yet, in a study performed in children with congenital heart disease, there was no evidence for endogenous ingrowth of native cardiac muscle within 21 months (Nelson et al., 2016). At the present time point, clinical trials using CorMatrix patches have been designed to evaluate safety only rather than their effectiveness.

Recently, the results of a phase I clinical trial were published, determining the safety and efficacy of transplanting cardiac-committed progenitor cells derived from hESCs, using a fibrin cardiac patch (ClinicalTrials.gov identifier: NCT02057900). The fibrin cardiac patch, 20 cm2 in size seeded with ex vivo differentiated cells, was inserted inside a “pocket” under the pericardium. The results of this trial mostly demonstrated the capability to produce highly purified hESC-derived cardiac progenitor cells, without evidence of tumor formation or arrhythmias (Menasché et al., 2018). Although the feasibility to produce clinical-grade hESC-CM for transplantation was demonstrated, clinical trials assessing efficacy were not yet conducted.



CONCLUSION, LIMITATIONS, AND FUTURE PERSPECTIVES

Biomaterial-based strategies offer a wide range of solutions and additives to various cardiac regeneration therapeutic approaches, making them more and more effective and clinically relevant. Biomaterials may be utilized as a vehicle for efficient delivery of regeneration-inducing small molecules and/or cells, to act as matrix guiding cell maturation (in vitro and in situ), and perform as a platform for sustained drug delivery, achieving cardiac regeneration based on the paracrine effect hypothesis. The common principle behind the use of biomaterials is their ability to function as potential mediators between the therapeutic agents and their target, while also having beneficial influence on their own.

Even though biomaterials were already tested in clinical trials for their safety, showing encouraging results and implying improvement in cardiac function, there are still some findings in pre-clinical and clinical trials that should not be overlooked. The most important issue regards foreign body response of the host to biomaterials used as medical devices. An adverse immunogenic response is common to all the biomaterial applications discussed in this review. In general, when a biomaterial, either natural or synthetic, is in contact with host tissue, it induces a response of the innate immune system, and later the adaptive immune system. Degradation products of implanted biomaterials also activate immune system components. The development of an excessive inflammatory response might severely impair the efficacy of biomaterial applications, since the endpoint of this process is fibrotic encapsulation of the device, thus minimizing its surface interplay with the host tissue and if the device is a drug delivery system, the encapsulation would affect the release profile of the drug from the device (Mariani et al., 2019). Therefore, it is extremely important to evaluate host response when applying biomaterial-based strategies for cardiac regeneration, mostly due to the adverse inflammatory response following MI. Some of the presented strategies are more susceptible to fibrotic encapsulation, mostly those involving synthetic biomaterials or containing allogeneic cellular components, thus these attributes should be taken into consideration. A possible strategy to make cellular biomaterials more tolerated is the application of immunosuppressive agents combined within the therapeutic approach (Orr et al., 2016).

Even though biomaterials are already established members in many therapeutic approaches for cardiovascular diseases, such applications have not yet reached their full potential, as there is still more room for improvements in means of mechanical stability, tolerance to immunogenic host responses, and proper integration and functional improvement with biomaterial applications. For example, the greatest challenge cardiac patches are still facing is associated with their assimilation with host myocardium. Based on the success of biomaterials to perform as drug delivery platforms and construct a highly sophisticated cardiac patch design, it is also possible that biomaterials could be the answer for that issue as well, by combining the two. For instance, incorporation of a biomaterial-based drug delivery system within a fully developed cardiac patch, acting simultaneously to treat the harmful consequences of MI while also having the potential to restore cardiac function by improving integration with the remaining, healthy cardiac tissue. Since none of the applications can fully regenerate an entire new muscle by itself, this combination could have a synergistic effect on cardiac regeneration.
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The complex and highly organized environment in which cells reside consists primarily of the extracellular matrix (ECM) that delivers biological signals and physical stimuli to resident cells. In the native myocardium, the ECM contributes to both heart compliance and cardiomyocyte maturation and function. Thus, myocardium regeneration cannot be accomplished if cardiac ECM is not restored. We hypothesize that decellularized human skin might make an easily accessible and viable alternate biological scaffold for cardiac tissue engineering (CTE). To test our hypothesis, we decellularized specimens of both human skin and human myocardium and analyzed and compared their composition by histological methods and quantitative assays. Decellularized dermal matrix was then cut into 600-μm-thick sections and either tested by uniaxial tensile stretching to characterize its mechanical behavior or used as three-dimensional scaffold to assess its capability to support regeneration by resident cardiac progenitor cells (hCPCs) in vitro. Histological and quantitative analyses of the dermal matrix provided evidence of both effective decellularization with preserved tissue architecture and retention of ECM proteins and growth factors typical of cardiac matrix. Further, the elastic modulus of the dermal matrix resulted comparable with that reported in literature for the human myocardium and, when tested in vitro, dermal matrix resulted a comfortable and protective substrate promoting and supporting hCPC engraftment, survival and cardiomyogenic potential. Our study provides compelling evidence that dermal matrix holds promise as a fully autologous and cost-effective biological scaffold for CTE.

Keywords: decellularized extracellular matrix, human dermal matrix, cardiac tissue engineering/regenerative medicine, human cardiac progenitor cells, biological scaffolds


INTRODUCTION

Accounting for more than 13% of all deaths, ischemic heart disease (IHD) is the single most common cause of death globally (GBD 2016 Causes of Death Collaborators, 2017). Although IHD is preventable by addressing behavioral risk factors such as tobacco use and harmful use of alcohol, unhealthy diet, physical inactivity, and obesity, it has remained the leading cause of death for the last 16 years worldwide (GBD 2016 Risk Factors Collaborators, 2017). IHD is most commonly caused by the formation of a thrombus on a ruptured atherosclerotic plaque in the wall of a coronary artery. Blocking the blood flow, the clot prevents the supply of oxygen and nutrients to the myocardium fed by the involved vessel and leads to the ischemic death of cardiac myocytes. Since the heart has very limited regenerative ability, the reparative process that takes place after myocardial damage is characterized by the replacement of dead myocytes and the microenvironment they reside with non-compliant scar tissue. The complex and highly organized environment in which cells reside in vivo consists mostly of the extracellular matrix (ECM) that results from a tissue-specific combination of structural and functional proteins, polysaccharides and soluble factors (Brown and Badylak, 2014). The composition of the ECM and the exact spatial orientation of its components is responsible for both the biological signaling delivered to resident cells and the generation and transfer of mechanical forces to which cells are exposed (Frantz et al., 2010; Wade and Burdick, 2012). Therefore, the profound changes in the ventricular wall structure and mechanics caused by the ischemic damage impact upon cardiac function. Currently, the only effective therapeutic option capable of restoring the physiological heart function is heart transplant. However, due to organ donor shortage and to the high incidence of IHD, alternative strategies are urgently needed. Cardiac tissue engineering (CTE) aiming at developing three-dimensional myocardium-like scaffolds for therapeutic use by combining cells, synthetic or natural biomaterials, and biomimetic signals is rapidly emerging as the most promising alternative to heart transplant (Vunjak-Novakovic et al., 2010; Massai et al., 2013; Feric and Radisic, 2016; Stoppel et al., 2016; Fujita and Zimmermann, 2017; Weinberger et al., 2017; Madonna et al., 2019). Among biomaterials, decellularized tissues are emerging as the most promising scaffolds for regenerative medicine, due to their potential to provide natural biological cues (Yaling et al., 2016). However, the regenerative capability of the substrate depends not only on its chemical properties, but also on its ability to recapitulate the mechanical behavior of the native tissue, providing physical signals essential for mechanotransduction pathways (Huang et al., 2004; O’Brien, 2011). Specifically, in native myocardium, heart compliance and cardiomyocyte alignment and differentiation are strictly dependent on the elastic properties of the tissue. In particular, the content of elastin, the dominant mammalian elastic protein and the main component of elastic fibers (Kielty et al., 2002; Li et al., 2014), has been related to cardiac myocyte differentiation and maturation as it progressively increases in the developing mammalian heart, but then decreases soon after birth (Hanson et al., 2013; Thimm et al., 2015). Interestingly, elastin-based biomaterials have been developed and used to enhance tissue biocompatibility and promote stem cell differentiation (Celebi et al., 2012; Ozsvar et al., 2015). In this perspective, due to its remarkable intrinsic elasticity and to the anisotropic mechanical behavior (Terzini et al., 2016), the skin ECM might recapitulate, at least partially, the mechanical properties of the myocardium (Gilbert et al., 2007). Furthermore, while in the native myocardium elasticity is essentially conferred by the cardiomyocytes themselves (Jacot et al., 2010) and, thus, the decellularization process leads to scaffolds with poor mechanical properties, skin elasticity is provided by the ECM rather than by the resident cells and, then, the decellularization treatment is unlikely to cause loss of elasticity (Hoganson et al., 2010; Krieg and Aumailley, 2011). On this basis, we hypothesize that dermal decellularized ECM (d-ECM) may represent an innovative and viable alternate biological scaffold to restore myocardial microenvironment for future in vitro cardiac tissue production. To test our hypothesis, we collected specimens of adult human skin from patients undergoing abdominoplasty and prepared scaffolds of decellularized human skin (d-HuSk). The composition of d-HuSk and its potential to deliver biological signals comparable to that of the cardiac native matrix were evaluated by histochemistry and immunohistochemistry analyses and by specific quantitative assays. Additionally, uniaxial tensile tests were performed to mechanically characterize d-HuSk. Finally, 600-μm-thick sections of d-HuSk were seeded with resident human cardiac progenitor cells (hCPCs) to test their ability to ensure hCPC engraftment and survival and to support hCPC retention of the expression of markers specific for cardiac myocytes.



MATERIALS AND METHODS


Tissue Specimens

Skin specimens were obtained from patients undergoing abdominoplasty (n = 8, mean age 42.25 ± 7.94). Upon receipt, subcutaneous tissue was removed, and multiple samples were cut marking Langer’s line orientation (Langer, 1978). Resulting specimens were then promptly processed for histological analysis or decellularization. Further, triplets of paired specimens weighting 20 mg each were collected for each patient for a comparative analysis between native and decellularized skin in terms of elastin and glycosaminoglycan (GAG) content, and the samples were snap frozen until use. Cardiac specimens were harvested from macroscopically uninjured areas of the left ventricle of explanted hearts of patients undergoing heart transplant (n = 10, mean age 49.5 ± 4.7) and snap-frozen or enzymatically digested to isolate hCPCs. Patients provided written informed consent and specimens were collected without patient identifiers, following protocols approved by the Hospital Ethical Committee and in conformity with the principles outlined in the Declaration of Helsinki.



Decellularization

Following the simple and effective protocol we recently described for the decellularization of human myocardial sections (Di Meglio et al., 2017), skin specimens and 600-μm-thick sections of human myocardium were incubated in decellularizing solution for 24 h. Decellularization of skin specimens was obtained by placing them in a beaker containing the decellularizing solution under constant stirring, while sections of human myocardium were decellularized (d-HuM) under constant agitation on an orbital shaker. The solution was replaced every 8 h. During the decellularization of skin specimens, and more often after 16 h, the epidermis detached from the dermis and was removed. d-HuSk and d-HuM samples were then rinsed for 24 h in antibiotic solution and then for an additional 30 min in sterile bidistilled water. After decellularization, samples of d-HuSk were either fixed in formalin for paraffin embedding and histological analysis or stored at −80°C until use for molecular analysis and cryosectioning. Sections of d-HuM were either stored at 4°C in Ham’s F12 medium (Sigma-Aldrich) supplemented with 10% FBS (Sigma-Aldrich), 5% horse serum (Sigma-Aldrich), 10 ng/ml basic fibroblast growth factor (bFGF) (Peprotech, Rocky Hill, NJ, United States), and 50 IU/ml penicillin G-streptomycin (Sigma-Aldrich) (F12K medium), or stored in dry conditions at −80°C until use.



Cryosectioning of Decellularized Dermal Matrix

As previously described for human myocardium (Di Meglio et al., 2017), frozen specimens of d-HuSk were mounted on a cryostat chuck using Tissue Freezing Medium (Leica Microsystems, Wetzlar, Germany) and sliced into 600-μm-thick sections by a Leica CM1950 cryostat (Leica Microsystems). Cryosections were collected in sterile cell culture dishes and stored at 4°C in the same medium described for d-HuM sections until use.



Quantitative Measurement of DNA Content

Genomic DNA (gDNA) was extracted from specimens of frozen native skin (n = 4) and d-HuSk (n = 6), using the AllPrep DNA/RNA Mini Kit (Qiagen, Hilden, Germany), according to the manufacturer’s instructions. DNA concentration was determined by measuring the absorbance at 260 nm using a Nanodrop1000 (Thermo Scientific, Waltham, MA, United States) and the gDNA band was visualized with agarose electrophoresis. Data were averaged and expressed as the mean ng of DNA ± SEM per mg of dry tissue.



Histochemistry and Immunohistochemistry

Specimens of native skin (n = 8) and d-HuSk (n = 8) were fixed in 10% neutral-buffered formalin, dehydrated in a graded series of alcohols, embedded in paraffin, then sliced into serial 5-μm-thick sections. Following standard protocols, after rehydration sections were stained with Hematoxylin and Eosin to evaluate the effectiveness of decellularization, and with Paraldehyde fuchsin Gomori or Alcian blue to detect elastic fibers or GAGs, respectively, by specific staining kits (both from Bio-Optica, Milan, Italy). For the immunodetection of collagen, fibronectin, tenascin, and laminin, sections of d-HuSk were deparaffinized, rehydrated, and immunostained using indirect immunoperoxidase technique. The presence and localization of antigen ⋅ antibody complexes were revealed by the UltraVision LP Detection System HRP Polymer & DAB Plus Chromogen (Thermo Scientific, Waltham, MA, United States), as previously described (Di Meglio et al., 2017). Stained sections were evaluated and documented by at least three independent observers using a light microscope DM2000 Led (Leica Microsystems) equipped with an ICC50HD camera (Leica Microsystems).



Quantitative Measurement of Elastin

Elastin was extracted from paired specimens of native skin (n = 5) and d-HuSk (n = 5) and from frozen specimens of d-HuM (n = 5), weighting 20 mg each before decellularization. Following manufacturer’s directions, elastin was extracted heating specimens at 100°C for three 1-h periods in 0.25 M oxalic acid. Tissue extracts were then assayed in the Fastin Elastin Assay quantitative dye-binding method (Biocolor, Ltd., Carrickfergus, United Kingdom), in accordance with manual provided by manufacturer. Briefly, samples were incubated with Elastin Precipitating Reagent to obtain the complete precipitation of α-elastin, to which Dye Reagent was then added. Elastin-Dye complexes that formed were treated with Dye Dissociation Reagent before proceeding with absorbance reading. All samples were tested in triplicate and the absorbance was read at 490 nm using the ELx800 Absorbance Microplate Reader (BioTek Instruments, Winooski, VT, United States), and analyzed with Microsoft Excel (Microsoft Corp., Redmond, WA, United States) to generate the calibration curve and calculate the final concentration of elastin for each absorbance reading. Data were averaged and expressed as the mean value ± SEM of μg of elastin per mg of dry tissue.



Quantitative Measurement of Sulfated GAGs (sGAGs)

As described for the Fastin Elastin Assay, frozen samples of 20 mg each of native skin (n = 5) and frozen samples of d-HuSk (n = 5) and d-HuM (n = 5) weighting 20 mg each before decellularization were assayed for the quantitative analysis of sGAG content in Blyscan Assay (Biocolor, Ltd.). All samples were tested in triplicate. Assay was performed according to previously published protocol (Di Meglio et al., 2017). Absorbance was read at 600 nm using the BioPhotometer (Eppendorf) and analyzed with Microsoft Excel (Microsoft Corp.) to generate the calibration curve and calculate the final concentration of sGAGs for each absorbance reading. Data were averaged and expressed as the mean value ± SEM of μg of sGAGs per mg of dry tissue.



Growth Factor Array

Frozen d-HuSk (n = 4) and d-HuM (n = 4) specimens were lysed as previously described (Di Meglio et al., 2017). Protein concentration was determined by a Bradford assay, and then 100 μg of each tissue lysate was assayed in the Human Growth Factor Array C1 (Raybiotech, Norcross, GA, United States). The assay and following analysis were performed as previously described (Di Meglio et al., 2017). Data were expressed as the mean ± SEM.



Mechanical Characterization

The mechanical behavior of d-HuSk was characterized by uniaxial tensile stretching. For three donors, 3 to 8 cryosections were cut along and across the Langer’s lines with a custom-made die cutter, and stored in 50 ml sterile plastic tubes in saline solution at 4°C. The specimens were measured by photogrammetry, using a digital camera (EOS 5D Mark II, Canon Inc., Tokyo, Japan), with an autofocus lens for macro photography (EF 100 mm f/2.8 Macro USM, Canon Inc.), mounted on a stand. The measuring process was performed by ImageJ software1. The average width of the specimens resulted in 4.80 ± 0.84 mm, while thickness, set during the cryosectioning, was assumed to be equal to 600 μm. To characterize the specimens in room-temperature and “wet-like” conditions, the plastic tubes were taken out of the fridge 1 h before the test, and each specimen was collected just before testing. Uniaxial tensile tests were carried out with a universal testing machine (QTest/10, MTS Systems Corporation, Eden Prairie, Minnesota, United States), and specimens were clamped in titanium grips with knurled-flat faces, specifically developed for preventing specimen slipping (TA Instruments, Inc., New Castle, DE, United States). The grips were placed at an initial distance of 5 mm, and the strain rate was set equal to 3.2% s–1 (Terzini et al., 2016). The results of uniaxial tensile tests were reported in terms of engineering stress and strain. The engineering stress σ was calculated as:

[image: image]

where F is the recorded applied force, and A0 is the original cross-sectional area of the specimen. The engineering strain ε, referred to the increasing distance between the grips, was expressed as:
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where ΔL is the change in length, and L0 is the original length of the specimen. From the engineering stress-strain curves, the stiffness of the specimens was measured as the elastic modulus at increasing levels of strain. In particular, considering the human left ventricular longitudinal strain range (Kuznetsova et al., 2008), the elastic moduli at 10% (E10%) and 20% (E20%) of strain were computed as the stress-strain curve slope at 10 and 20% of strain, respectively. The average values of the measured elastic moduli were then compared with literature data on human myocardium (Jawad et al., 2007; Chen et al., 2008; Bouten et al., 2011; Sommer et al., 2015; Terzini et al., 2016). In addition, to assess the tissue rupture behavior, the ultimate tensile strength (UTS, i.e., the maximum stress achieved by the stress-strain curve) and the ultimate strain (εUTS, i.e., the strain at which the UTS occurs) were investigated. The method applied to extract UTS and εUTS is described in detail in Section “Supplementary Material” and Supplementary Table S1.



Cell Culture

To isolate hCPCs, myocardial specimens were dissected, minced, and enzymatically disaggregated as previously described (Nurzynska et al., 2013). Briefly, samples were digested with 0.25% trypsin and 0.1% collagenase (both from Sigma-Aldrich) and the obtained cell population was depleted of fibroblasts by incubation with anti-fibroblast MicroBeads (Miltenyi Biotec, Bergisch Gladbach, Germany), to magnetically label fibroblasts, and then loading cells onto a MACS column (Miltenyi Biotec) placed in the magnetic field of a MACS separator (Miltenyi Biotec) to retain labeled fibroblasts within the column and allow unlabeled cells to run through. Hence, hCPCs were purified from the negative cell fraction by positive selection with anti-human-CD117 MicroBeads. The so obtained hCPCs were then collected and used for repopulating d-HuSk and d-HuM to evaluate d-HuSk cytocompatibility and ability to support hCPC engraftment and differentiation potential.



In vitro Assay of Decellularized Dermal Matrix Biocompatibility

Six hundred-micrometer-thick cryosections of d-Husk (n = 3) were cut and placed on sterile 96-well culture plates, sterilized by exposure to ultraviolet radiation for 40 min, then rehydrated for 7 days with F12K medium in an incubator at 37°C with 5% CO2. Successively, 5 × 104 hCPCs were seeded onto each d-HuSk bearing-well and cultured under standard static culture conditions using the same medium. Sterilized and rehydrated d-HuM (n = 3) sections were seeded and cultured in the same conditions and used as a reference. Beginning at 48 h after seeding, and then every day for 1 week, cell death rate was assessed using trypan blue exclusion assay following a previously described protocol with some modifications (Di Meglio et al., 2017). Specifically, every day cells were detached from a subset of wells in the multiwell plates by incubation with 0.25% trypsin-EDTA solution (Sigma-Aldrich) for 10 min. Detached cells were then stained with trypan blue stain (0.4% in PBS) (Lonza, Walkersville, MD, United States) for 2 min at room temperature and counted by three independent observers using a hemocytometer. Due to a damage of the plasma membrane, dead cells uptake the dye but are not capable of excluding it and stain blue. Alive cells, instead, exclude the dye and can be recognized among the dead blue cells as unstained cells. Therefore, such assay allows the computation of both cell death rate and cell viability. The percentage of dead cells and of alive cells over total cells for each time point was calculated and expressed as the mean percentages of the total number of cells ± SEM.



Scanning Electron Microscopy

Six hundred-micrometer -thick cryosections of d-HuSk placed in 35-mm culture dishes were sterilized, rehydrated and repopulated with 5 × 105 hCPCs as described above and cultured under standard culture conditions for 4 weeks. Surface ultrastructure was then studied by Scanning Electron Microscopy (SEM). Briefly, samples fixed in 10% neutral-buffered formalin were dehydrated with ascending ethanol series (30–100%), subjected to Critical Point Dryer (EMITECH K850), mounted on a stub and sputtered with platinum-palladium Denton Vacuum (DESK V). FESEM (Field-Emission SEM) Supra 40 (ZEISS; EHT = 5.00 kV, WD = 22 mm, detector in lens) was used for observation.



Gene Expression Analysis

Total RNA was extracted from hCPCs cultured on d-HuSk (n = 4) and on d-HuM (n = 4) for 4 weeks. RNA was dissolved in RNase-free water, and the final concentration was determined using a Nanodrop 1000 spectrophotometer (Thermo Scientific). Then, 100 ng of RNA extracted from each sample was reverse transcribed into cDNA using a QuantiTect Reverse Transcription Kit (Qiagen) and gene expression analysis for genes specific for cardiac program, like GATA4 and TBX5, and for cardiac myocytes, like CX43, CX37, TBX3, TBX5, MEF2C, ACTC1, MYH7 (Supplementary Table S4) was performed by real-time PCR as previously described (Di Meglio et al., 2010). All samples were tested in triplicate with the housekeeping gene (GAPDH). Comparative quantification of target gene expression in the samples was performed based on the cycle threshold (Ct) normalized to the housekeeping gene.



Immunofluorescence

Immunofluorescence experiments were performed on hCPCs cultured on d-HuSk for 4 weeks using primary antibodies specific for actin (α-sarcomeric) (Sigma-Aldrich), Connexin-43 (Abcam, Cambridge, United Kingdom), desmin and dystrophin (Sigma-Aldrich) following a previously published protocol (Castaldo et al., 2013; Nurzynska et al., 2013). Microscopic analyses were performed with a Nikon Eclipse Ti-E Microscope DS-Qi2 by NIS Elements software (Nikon Instruments, Tokyo, Japan). The expression of cardiac myocyte differentiation markers was also analyzed by confocal microscopy. To this aim, formalin-fixed samples were permeabilized for 3 h with a permeabilizing solution containing 1% BSA and 0.1% Triton in PBS, then blocked with 5% donkey serum and incubated overnight with primary antibodies. Then samples were extensively washed with PBS and incubated for 90 min with a fluorescein-conjugated donkey anti-mouse (Jackson ImmunoResearch Europe). Rhodamin-conjugated phalloidin was used to detect F-actin while TO-PRO3 iodide fluorescent dye 642/661 (Invitrogen) was used for nuclear staining. As a negative control, the primary antibody was omitted. Microscopic analysis and digital microphotography was performed by a Leica Confocal Microscope (Laser Scanning TCS SP2 equipped with Kr/Ar and He/Ne lasers) performing optical spatial series with a step size of 2 μm.



Statistical Analysis

Statistical analysis was performed using GraphPad Prism version 5.00 for Windows (GraphPad Software, San Diego, CA, United States2). Data obtained from the growth factor array, trypan blue exclusion assay and qPCR were analyzed using t-test, while data obtained from the analyses of Elastin and GAG content were analyzed using one-way analysis of variance (ANOVA) with Tukey’s post-test. Further, two-way ANOVA was adopted to determine how the response to uniaxial tensile tests was affected by the “donor” and the “orientation” factors. All experiments were performed in triplicate and all data were expressed as the mean ± SEM. A value of p ≤ 0.05 was used to identify any statistically significant differences.



RESULTS


Evaluation of the Decellularization Procedure

The first obvious change that occurred with the decellularization was macroscopic, as with respect to the brownish color of native skin (Figure 1A) the d-HuSk samples turned completely white (Figure 1B). Hematoxylin and Eosin staining, and quantitative measurement of DNA content were then used to evaluate the effectiveness of decellularization. When compared with native skin (Figure 1C), the noticeable absence of nuclei in d-HuSk (Figure 1D) emerged from the histological analysis while the residual dsDNA content in d-HuSk, as measured by quantitative analysis, resulted as low as 7.50 ± 2.162 ng per mg of dry tissue (Figures 1E,F). Therefore, d-HuSk fulfilled the requirements proposed for the evaluation of the effectiveness of decellularization procedures, which include the absence of nuclei as revealed by histology and a content of dsDNA per mg of dry tissue below the set threshold of 50 ng (Crapo et al., 2011). An overall well-preserved organization of the dermal connective tissue in d-HuSk was also apparent at the histological analysis (Figure 1D).
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FIGURE 1. Evaluation of the effectiveness of the decellularization procedure of adult human skin. Representative images of macroscopic examination of native human skin (HuSk) (A) and decellularized human skin (d-HuSk) (B) showing an obvious change in color after decellularization. Representative images of hematoxylin and eosin staining comparing HuSk (C) with d-HuSk (D) and showing the preserved tissue architecture and the absence of nuclei in d-HuSk (Scale bar: 50 μm). (E) Representative gel electrophoresis revealing an extremely low content of residual dsDNA in d-HuSk when compared with HuSk. (F) Quantification of dsDNA in d-HuSk showing a content well below that of HuSk and the proposed criterion of 50 ng.




Analysis of Decellularized Dermal Matrix Composition

Paraldehyde fuchsin Gomori staining and Alcian blue staining were used to evaluate the effects of the decellularization procedure on dermal architecture and to assess the retention and distribution of elastic fibers and GAGs in d-HuSk. Additionally, quantitative dye-binding assays were used to perform comparative analyses in elastin and GAG content between d-HuSk and native skin to confirm the effectiveness of decellularization in preserving matrix composition, and between d-HuSk and d-HuM to evaluate whether the content of the investigated components of the ECM in d-HuSk was comparable to that in cardiac matrix. Paraldehyde fuchsin Gomori staining clearly showed the presence of elastic fibers in native skin (Figure 2A) and in d-HuSk (Figure 2B), where the retention and distribution of elastic fibers resulted more obvious in the connective tissue surrounding well-preserved blood vessels (Figure 2B). Quantitative Fastin Elastin assay not only confirmed the presence of elastin in d-HuSk but also showed that elastin content did not differ significantly from that of native skin (34.205 ± 2.529 μg/mg of dry tissue in d-HuSk vs. 37.577 ± 2.561 μg/mg of dry tissue in native skin) (Figure 2C). Similarly, Alcian blue staining revealed the presence of GAGs in native skin (Figure 2D) and their retention in d-HuSk (Figure 2E), while quantitative Blyscan assay provided further confirmation of the effectiveness of decellularization procedure in producing a well-preserved dermal matrix containing amounts of GAGs that did not differ significantly from those of native skin (76.89 ± 14.22 μg/mg of dry tissue in d-HuSk vs. 100.70 ± 17.36 μg/mg of dry tissue in native skin) (Figure 2F). Conversely, while the elastin content of d-HuSk did not differ significantly from that of d-HuM (34.205 ± 2.529 μg/mg of dry tissue vs. 48.18 ± 9.629 μg/mg of dry tissue) (Figure 3A), quantitative analysis revealed in d-HuSk a significantly higher content of GAGs than in d-HuM (76.89 ± 14.220 μg/mg of dry tissue vs. 12.60 ± 2.30 μg/mg of dry tissue, p ≤ 0.001) (Figure 3B).
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FIGURE 2. Histochemical and quantitative analysis of elastin and GAG content in native human skin (HuSk) and in d-HuSk. Representative images of the histochemical analysis performed by Paraldehyde fuchsin Gomori staining showing the presence of elastic fibers in HuSk (A) and d-HuSk (B). Patent blood vessels surrounded by abundant elastic fibers are apparent in d-HuSk (yellow arrowheads). (C) Quantification of elastin by specific dye-binding assay showing comparable content of elastin in d-HuSk and HuSk. Representative images of the histochemical analysis performed by Alcian Blue staining and showing by the light blue color the presence of GAGs in HuSk (D) and d-HuSk (E). (F) Quantification of GAGs by specific dye-binding assay showing no statistically significant difference in content of GAGs in d-HuSk and HuSk. Scale bar is 50 μm.
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FIGURE 3. Comparative analysis of the content of elastin and GAGs in decellularized human myocardium (d-HuM) and d-HuSk. Graphs comparing the content of elastin (A) and GAG (B) between d-HuM and d-HuSk evaluated by specific quantitative dye-binding assays. Double asterisks indicate very significant difference (**p ≤ 0.01).


To further evaluate the suitability of d-HuSk as substitute for cardiac ECM, we evaluated by immunohistochemistry the presence and localization in d-HuSk of structural and functional proteins that are components of both cardiac and dermal ECM. Immunohistochemical analysis revealed that d-HuSk contained ECM proteins of critical importance for myocardium development and maintenance like the types I, III, and IV collagens (Figures 4A–C), and the non-collagenous proteins fibronectin, laminin, and tenascin (Figures 4D–F). Types I and III (Figures 4A,B) collagens along with fibronectin and tenascin (Figures 4D,F) were scattered throughout the dermis, where type I collagen (Figure 4A) and fibronectin (Figure 4D) were visible as thicker bundles, while type III collagen (Figure 4B) and tenascin (Figure 4F) formed a delicate texture. Type IV collagen (Figure 4C) and laminin (Figure 4E) were localized mostly in the basement membrane of vessels, instead. Since the ECM is known to function as storage for growth factors, we performed a comparative analysis of the growth factor profile of d-HuSk and d-HuM by protein array (Figure 5). The analysis revealed that the two matrices contained, to a large extent, the same growth factors, including hepatocyte growth factor (HGF), insulin-like growth factor (IGF), stem cell factor (SCF), platelet-derived growth factor (PDGF), and vascular endothelial growth factor (VEGF). Additionally, d-HuSk resulted enriched with growth factors that were virtually absent in d-HuM, like granulocyte-macrophage colony-stimulating factor (GMCSF) and transforming growth factor (TGF-beta), and contained significantly higher amount of growth factors like basic fibroblast growth factor (bFGF) and epidermal growth factor (EGF).
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FIGURE 4. Immunodetection of collagenous and non-collagenous ECM proteins in d-HuSk. Representative images of the immunohistochemical analysis showing the presence and localization in d-HuSk of type I (A), type III (B), and type IV (C) collagen, and of fibronectin (D), laminin (E), and tenascin (F). Scale bar is 50 μm.
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FIGURE 5. Comparative analysis and quantification of growth factor content in d-HuM and d-HuSk. The representative images of the protein array membranes showed that nine of the targeted growth factors were present both in d-HuM and d-HuSk without any significant difference (yellow solid squares), while bFGF, EGF, GM-CSF, and TGF-beta (black dotted squares) were present at a significantly higher concentration in d-HuSk, as confirmed by the quantification shown by the graphs. In the upper left corner, the array map is shown as a reference. Asterisks were used to report significance in each comparison as follows: significant (*p ≤ 0.05) and very significant (***p ≤ 0.001). O.D.: optical density.




Mechanical Characterization

To investigate the d-HuSk mechanical behavior, uniaxial tensile tests were performed on d-HuSk specimens oriented along and across the Langer’s lines. Focusing on the human left ventricular longitudinal strain range (Kuznetsova et al., 2008), specimens oriented along the Langer’s lines presented, at 10% of strain, average elastic modulus E10% values equal to 0.25 ± 0.13 MPa, and, at 20% of strain, average elastic modulus E20% values equal to 0.42 ± 0.26 MPa (Figures 6A,B). These values were comparable both with that reported in literature for native human myocardium at the end of diastole (0.2–0.5 MPa, dotted lines in Figures 6A,B) (Jawad et al., 2007; Chen et al., 2008; Bouten et al., 2011), and with human myocardium elastic moduli values measured by Sommer et al. (2015) along (0.26 ± 0.06 MPa) and across (0.15 ± 0.06 MPa) the fibers, calculated as the slope of the mean equi-biaxial engineering stress-strain curves at 10% strain on human myocardial tissue samples from 26 subjects (gray-colored bands in Figure 6A, respectively). Measured E10% and E20% values of specimens oriented along the Langer’s lines were higher (on average: +58.4% ± 12.1% for E10%; +69.9% ± 10.3% for E20%; p < 0.0001) than the average elastic moduli measured for the across-fiber specimens (0.12 ± 0.07 MPa for E10%, Figure 6A; 0.15 ± 0.09 MPa for E20%, Figure 6B). Moreover, specimens oriented along Langer’s lines showed a higher rupture resistance in terms of ultimate tensile strength UTS (Figure 6C), although the ultimate strain εUTS values did not present significant differences (Figure 6D). The only exception was represented by specimens from the third donor, characterized by higher UTS values in across-fiber specimens, however, this discrepancy was not statistically significant. Variance analyses are reported in Supplementary Tables S2, S3. Both the “donor” and the “orientation” factors were significant when considered individually (p < 0.05), with the only exception of εUTS which did not show significant differences.


[image: image]

FIGURE 6. Mechanical characterization by uniaxial tensile stretching of d-HuSk specimens oriented along and across the Langer’s lines. (A) Average values and ranges of variation of elastic modulus E10% measured at 10% of strain. The dotted lines delimit the range of elastic modulus values reported in literature for human myocardium at the end of diastole (0.2–0.5 MPa), while the gray-colored bands refer to human myocardium elastic moduli values calculated by Sommer et al. (2015) along and across the fibres. (B) Average values and ranges of variation of elastic modulus E20% measured at 20% of strain. (C) Average values and ranges of variation of ultimate tensile strength UTS. (D) Average values and ranges of variation of ultimate strain εUTS.




Effects of Decellularized Dermal Matrix on hCPCs in vitro

To evaluate the ability of d-HuSk to serve as a viable substitute for cardiac native microenvironment, we seeded and cultured hCPCs on d-HuSk and used as a reference hCPCs seeded and cultured on d-HuM in the same conditions. By binding the nuclear DNA, the DAPI staining showed the presence of hCPCs that engrafted onto d-HuSk (Figure 7A), while SEM analysis not only confirmed the engraftment of hCPCs on d-HuSk but also allowed to visualize the cell-to-cell contacts (Figure 7B) and to examine the cellular morphology. hCPCs engrafted on d-ECM appeared either as mesenchymal-like cells characterized by elongated irregular shape and multiple filopodia (Figure 7C) or as rectangular/polygonal-shaped cells resembling differentiating cardiomyocyte (Figure 7D).
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FIGURE 7. Microscopic analysis of hCPCs engraftment on d-HuSk. (A) Representative image of fluorescence and phase contrast microscope analysis showing by the nuclear staining with DAPI the presence of hCPCs engrafted onto d-HuSk. Representative images of SEM analysis showing two hCPCs that contact each other (B), one cell with elongated irregular shape characterized by multiple filopodia (C) and a cell with an elongated rectangular shape (D). [Scale bar: 50 μm for (A), 10 μm for (B), and 2 μm for (C,D)].


Cell death rate and cell viability of hCPCs cultured on d-HuSK or on d-HuM were quantified using a trypan blue exclusion assay. The death rate of hCPCs measured 48 h after seeding did not differ significantly between d-HuM and d-HuSk (9.814 ± 1.792% and 9.112 ± 1.532%, respectively) and on both matrices the hCPC death rate dramatically decreased with time, till it reached values well below 1% of total cells, without any statistically significant differences between the two matrices (0.257 ± 0.107% on d-HuM and 0.253 ± 0.104% on d-HuSk). Obviously, cell viability had an inverted trend and increased with time on both d-HuM and d-HuSk. Specifically, the mean percentage of live cells was 90.186 ± 1.792% and 90.888 ± 1.792% after 48 h on d-HuM and d-HuSk, respectively, but increased up to 99.743 ± 0.107% and 99.747 ± 0.107% after 7 days on d-HuM and d-HuSk, respectively (Figure 8). Finally, to assess the suitability of d-HuSk to serve as a cardiogenic environment for hCPCs, we analyzed the expression of cardiac myocyte differentiation markers, again using as a reference the expression of the same markers in hCPCs cultured in the same conditions on d-HuM. Gene expression analysis showed that not only hCPCs cultured on d-HuSk for 4 weeks retained the expression of markers typical of cardiac myocytes, but the transcription of all investigated genes was also significantly up-regulated (p ≤ 0.05) up to twofold in hCPCs cultured on d-HuSk (Figure 9). Moreover, the expression of cardiac myocyte specific markers by hCPCs engrafted onto d-HuSk was further evaluated by immunocytochemistry and the analyses at the fluorescence or confocal microscope showed the immunopositivity of hCPCs engrafted onto d-HuSk for the markers investigated. Clearly, the main cell population of hCPCs consisted of cells expressing alpha-sarcomeric actin and connexin-43 (Figures 10A,B), as well as desmin and dystrophin (Figures 10C,D) that are all markers of cardiac myocytes. The confocal microscope revealed as F-actin filaments distributed in approximately parallel rows, a pattern that suggests cardiomyocyte differentiation.
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FIGURE 8. Quantification of cell death rate and viability of hCPCs on d-HuM and d-HuSk. Mean death rate and mean viability of hCPCs cultured on d-HuSk or d-HuM, as measured by trypan blue exclusion assay. With time cell death rate dramatically decreased from around 9% to less than 1%, without any statistically significant differences between cells cultured on d-HuM or d-HuSk.
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FIGURE 9. Gene expression analysis of cardiac myocyte markers in hCPCs cultured on d-HuM and d-HuSk for 4 weeks. Real-time PCR analysis of the expression of genes characteristic of cardiac myocytes showing an upregulation of the transcription for all markers in hCPCs cultured on d-HuSk when compared with hCPCs cultured on d-HuM. Asterisks are indicators of the p value obtained in each comparison as follows: significant (*p ≤ 0.05), very significant (**p ≤ 0.01), and extremely significant (***p ≤ 0.001).



[image: image]

FIGURE 10. Immunofluorescence analysis of the expression of cardiac myocyte markers by hCPCs cultured on d-HuSk for 4 weeks. Representative images of confocal microscopy analyses showing the immunopositivity and distribution of alpha-sarcomeric actin (A), connexin-43 (B), desmin along with F-actin (C), and dystrophin (D) in hCPCs cultured on d-HuSk. The inset in (A) shows at higher magnification the expression of alpha-sarcomeric actin. (Scale bar: 50 μm in all pictures, 16.48 μm in the inset).




DISCUSSION

Projections show that by 2030 the prevalence of IHD will increase about 18% from 2013 estimates and almost 23.6 million people will die from CVDs, mainly from heart disease and stroke (Mozaffarian et al., 2016). Although not all coronary events are lethal, most of them lead to the formation of a permanent scar that, rather than merely be an inert region of the heart wall, holds the potential to complicate the clinical course by promoting reactive fibrosis in the uninjured myocardium (Schelbert et al., 2014). Indeed, reparative scar tissue, through pro-fibrotic signaling factors that induce transdifferentiation of fibroblast to myofibroblasts and ECM deposition (Frangogiannis, 2014; Talman and Ruskoaho, 2016), might eventually lead to heart failure. No current pharmacological therapy holds the potential to restore the histological integrity of the myocardium. Therefore, engineered cardiac tissue, developed through a combination of supporting scaffolds, cardiac specific cell lineages with regenerative ability, biological signals, such as growth factors and ECM components, and mechanical and electrical stimulation (Zimmermann et al., 2000; Radisic et al., 2004; Zhang et al., 2013; Tiburcy et al., 2017; Ronaldson-Bouchard et al., 2018), is rapidly and powerfully emerging as the only alternative therapeutic approach with the potential to accomplish the challenging task of reestablishing the structural, biomechanical and functional integrity of ischemic myocardium. Unquestionably, the best-performing scaffold in terms of both biological signaling and compliance with cardiomyocyte contraction is the native cardiac ECM. However, even though such simple and obvious consideration has triggered in the last decade a multitude of studies aimed at obtaining biological scaffolds for CTE from native matrix through the decellularization of the myocardium (Moroni and Mirabella, 2014; Oberwallner et al., 2014), the dramatically unbalanced ratio between demand and availability of healthy human hearts has forced the search for alternative scaffolds. Needless to say, the ideal scaffold should recapitulate the composition and the mechanical properties of the native cardiac environment (Ye and Black, 2011). Additionally, biocompatibility and biodegradability are key requirements needed for a scaffold to be considered of clinical value and, not of secondary importance, any scaffold should be cost effective to become commercially viable (O’Brien, 2011). Most of the aforementioned requisites needed for determining the suitability of scaffolds for CTE might be possessed by biological scaffolds produced by decellularization of tissues. However, to serve as substitute for the cardiac ECM the tissue/organ should have similarities with the cardiac environment and the decellularization process produce a thoroughly acellular scaffold without disrupting the ECM composition. Therefore, we explored the possibility of using d-HuSk as an autologous, cost effective and easily accessible scaffold for CTE and evaluated in vitro its capability to support resident CPC engraftment, survival and differentiation potential.

Following a recently described protocol for the decellularization of the adult human heart (Di Meglio et al., 2017), the adult human skin was easily and successfully decellularized to produce a scaffold that, being deprived of any nuclear remnants and residual dsDNA (Figure 1), met the criteria proposed to satisfy the intent of decellularization (Crapo et al., 2011). Nevertheless, although skin matrix consists of proteins that are also found in the cardiac matrix (Uitto et al., 1989; Lockhart et al., 2011) and is biocompatible by definition, thorough removal of resident cells is a necessary but not sufficient criterion to ensure safety and grant clinical use of d-HuSk. Indeed, the treatment with decellularizing detergents could cause biological impoverishment of the ECM, by disrupting crucial proteins of cardiac interstitium and removing soluble factors, and leave potentially harmful compounds that might impair scaffold recellularization and prevent its clinical use (Kawecki et al., 2018). Importantly, other than providing structural integrity and connecting muscle cells and blood vessels, the interstitial connective tissue of the myocardium is known to provide biological and mechanical cues that are responsible for directing stem cell fate (Ahmed and Ffrench-Constant, 2016) and cell behavior during cardiac development, adult myocardium maintenance and physiological response to pathological stimuli (Guilak et al., 2009; Gattazzo et al., 2014; Nakayama et al., 2014; Williams and Black, 2015). The investigated ECM components, namely collagens, elastin, GAGs, fibronectin, laminin, and tenascin, are the main structural and functional proteins of cardiac interstitial matrix (Li et al., 2018). The retention of these components in d-HuSk, as proved by histological and quantitative analyses (Figures 2–4), provides evidence to substantiate the ability of d-HuSk to deliver a combination of structural support and biological signals that act in cardiac microenvironment. Specifically, the fibrillar collagens types I and III are the major ECM components of the cardiac embryonic and mature connective tissue network and, together with elastin that is the dominant mammalian elastic protein of the ECM and the main component of elastic fibers (Green et al., 2014), are responsible for conferring tensile strength, resilience and elasticity to the cardiac matrix (Borg et al., 1996). Additionally, they ensure proper myocyte alignment, acting as an adhesive substrate for adjoining myocytes in both developing and adult myocardium (Weber, 1989). Due to their significant water-binding capacity, also GAGs contribute to mechanical stabilization of tissues (Nimeskern et al., 2016) and, as major constituents of cardiac jelly, are implicated in the acquisition of trabeculated wall architecture and septation during cardiac development (Camenisch et al., 2000, 2002). Cardiac jelly is the primitive cardiac ECM that mechanically connects the inner endocardial layer and the outer myocardium layer of the tubular heart and that forms a thick viscoelastic layer that mechanically supports the valveless pumping function of the embryonic heart (Garita et al., 2011). GAGs control the hydration of the cardiac jelly generating turgor pressure that is involved in the remodeling process of the ventricular tube that initiates trabeculation and formation of cardiac chambers (Farouz et al., 2015; Männer and Yelbuz, 2019). Further important components of d-HuSk that are also crucial components of the cardiac matrix, since its earliest form as cardiac jelly, include the non-collagenous glycoproteins fibronectin and laminin. Fibronectin is a fibrillar protein whose significant influence over mechanical properties of the matrix and behavior of adhering cells has been extensively documented in embryonic and adult heart. The profound implication of fibronectin in mesodermal migration, adhesion and differentiation as well as in embryonic cardiomyocyte proliferation is testified by the cardiovascular defects that develop at later stages of embryogenesis in fibronectin deficient embryos and that are incompatible with life (Little and Rongish, 1995; Rienks et al., 2014; Williams and Black, 2015). Although fibronectin decreases with developmental age, it is still required in the adult heart for providing structural support by linking the cardiac interstitium with the basement membranes of endothelial and muscle cells and for the reparative response following a myocardial infarction (Borg et al., 1984; Kim et al., 1999; Konstandin et al., 2013). Conversely, laminin expression is constant throughout life and, while heart organogenesis does not proceed in the absence of laminin, in the post-natal heart it is a major component of the basement membrane that surrounds mature cardiomyocytes and acts as an adhesive ligand (Castaldo et al., 2008). Furthermore, tenascin C is a matricellular protein highly but transiently expressed during the embryonic development of the heart that reappears in various pathological conditions. Its spatiotemporally restricted expression is critical to promote the differentiation of cardiomyocytes in the embryonic heart (Imanaka-Yoshida et al., 2003) and the recruitment of myofibroblasts in tissue remodeling during several heart diseases like myocardial infarction (Imanaka-Yoshida et al., 2014). It has also been reported that tenascin C is an elastic molecule that can be stretched to several times its resting length in vitro (Oberhauser et al., 1998; Marín et al., 2003) and contributes to tissue elasticity (Imanaka-Yoshida and Aoki, 2014). Additionally, other than holding the potential to provide cardiac-like biochemical cues, d-HuSk also has the added value of hosting very well preserved vessels, as shown by the histological analysis (Figure 2). Although its patency has yet to be verified, this residual vascular network can play a major role in the diffusion of nutrients that supports cell survival and differentiation.

However, along with the cardiac-like biochemical and structural behavior, the ideal scaffold for CTE should also recapitulate the resultant mechanical properties of the human healthy myocardium. Healthy myocardium is characterized by an anisotropic hierarchical structure and a non-linear viscoelastic mechanical behavior (Pislaru et al., 2014), for which both the cardiac matrix and mostly the cellular component are responsible. Elasticity, indeed, is an intrinsic property of cardiomyocytes largely conferred by sarcomere structure and critical for the contraction and relaxation during cardiac cycle (Janssen, 2010; Ait Mou et al., 2015). Obviously, muscle cells need a compliant matrix able to elastically deform during contraction-relaxation cycles (Hanson et al., 2013). Similarly, human skin reacts to loadings with a viscoelastic, anisotropic dual behavior, and it is characterized by a preferential collagen fiber orientation, referred to as Langer’s lines (Langer, 1978). At low strain values, elastin fibers are responsible for skin mechanical behavior, whereas at large strains collagen fibers become dominant (Terzini et al., 2016). To investigate the mechanical performance of d-HuSk, we performed uniaxial tensile tests on d-HuSk specimens oriented along and across the Langer’s lines. Applying a strain range typical of the human left ventricle (Kuznetsova et al., 2008), d-HuSk specimens oriented along the Langer’s lines presented average elastic moduli E10% and E20% comparable with literature data on native human myocardium (Jawad et al., 2007; Chen et al., 2008; Bouten et al., 2011; Sommer et al., 2015), and higher than elastic moduli values measured for the across-fiber specimens (Figure 6). Mechanical characterization of d-HuSk confirms that skin elasticity is mostly provided by the ECM rather than by resident cells, and the d-HuSk elasticity guarantees a mechanical behavior suitable for CTE application. Moreover, d-HuSk presents directionally dependent anisotropic behavior depending on the ECM protein fiber network predominantly oriented along the Langer’s lines (Demer and Yin, 1983) and similar with the structural organization of the myocardium (Gilbert et al., 2007).

Based on this intriguing resemblance between d-HuSk and cardiac ECM, it is tempting to speculate that d-HuSk might function as a scaffold to support and boost cardiac differentiation in a stem/progenitor cell-based cardiac regeneration approach. Nonetheless, to be considered suitable for regenerative medicine purposes, any scaffold must first be biocompatible (O’Brien, 2011). This implies that it must have the ability to attract cells and provide a comfortable environment capable to support or promote cell adhesion and survival. Tests of in vitro recellularization of d-HuSk with hCPCs proved that d-HuSk provided an environment as effective and safe as the native cardiac matrix in that it supported engraftment (Figure 7) and survival (Figure 8) of hCPCs. Additionally, the positive effect of a biological scaffold loaded with signals that direct and control cardiac development and homeostasis on the expression of markers specific for cardiomyocytes by hCPCs was somehow predictable. It was yet astounding that the expression of markers specific for cardiomyocytes in hCPCs cultured on d-HuSk not only persisted, but resulted also up-regulated, when compared with that of the same cell population cultured on d-HuM in the same conditions (Figures 9, 10). Such evidence, along with the morphology of cells observed at the SEM (Figure 7), supports the hypothesis that d-HuSk might constitute a myocardial-like environment that ensures the survival and sustains the differentiation of resident CPCs. Accordingly, when compared with d-HuM, d-HuSk also contained growth factors that are commonly stored in the native cardiac matrix, like HGF, IGF, SCF, PDGF, and VEGF, and was enriched with growth factors like bFGF, EGF, GM-CSF, and TGF-beta (Figure 5). These factors are involved in a variety of cardiac processes like cardiac development (Saetrum Opgaard and Wang, 2005; Deshwar et al., 2016), mobilization and proliferation of endothelial progenitor cells (Qiu et al., 2014), angiogenesis and neovascularization (Murakami and Simons, 2008; Beohar et al., 2010), cardiomyocyte proliferation and differentiation (Ma et al., 2017; Farzaneh et al., 2019), cardioprotection (Zhu et al., 2017), cardiac remodeling (Sala and Crepaldi, 2011), and repair (Vandervelde et al., 2005). Such abundance of growth factors in d-HuSk strengthens its suitability for CTE as a promising tool capable of providing alone two of the three pillars of tissue engineering (O’Brien, 2011), namely the scaffold and the signals, and whose potential to boost cardiac regeneration as stand-alone or cellularized scaffold is worth being further explored.

The presented work is affected by some limitations. Firstly, the biocompatibility of d-HuSk was evaluated exclusively in vitro and in static conditions. Nonetheless, the evidence that CPCs engrafted on a novel and more easily accessible biological scaffold of dermal ECM and retained their differentiation potential represents an important advance in CTE. Indeed, the use of d-HuSk overcomes problems related to the preparation of myocardial biological scaffolds and paves the way for in vivo studies that will provide more extensive insights into the clinical utility of d-HuSk. Moreover, to investigate the influence of cardiac-like cyclic stretch stimulation on the matrix and the developing construct, in vitro studies within a customized mechanical stretching bioreactor (Putame et al., 2019) are planned.



CONCLUSION

We developed a novel biological scaffold for cardiac regenerative medicine that we termed d-HuSk. Obtained from the adult human skin through a simple and effective decellularization procedure (Di Meglio et al., 2017), d-HuSk not only fulfilled the key requirements proposed for the evaluation of the effectiveness of decellularization, but also preserved the histological organization and composition of the native tissue, providing compelling evidence of a highly efficient decellularization method. Other than providing cell attachment sites ensuring cell adhesion, d-HuSk also retained well-preserved vessels that are critical to ensure diffusion of nutrients, thus addressing two serious problems that frequently affect the use of synthetic biomaterials. Furthermore, the biological nature of d-HuSk ensures a full biodegradability, making d-HuSk a powerful biomaterial. Indeed, a scaffold should be considered a temporary implant that provides support to cells that are, then, expected to replace it with a newly synthesized cardiac matrix. Based on evidence emerging from this work, d-HuSk is a myocardial matrix substitute characterized by myocardium-like biological and mechanical behavior that, despite its different anatomical site of origin, proved to be a suitable environment to support the engraftment, proliferation and differentiation potential of hCPC in vitro. If proven in vivo, such evidence could have a tremendous potential, as d-HuSk might be used as an autologous scaffold to promote and sustain cardiac regeneration by stem/progenitor cells. Finally, easy accessibility, cost-effective production and autologous origin are all additional groundbreaking features of d-HuSk. In fact, using d-HuSk as an auto-graft would imply transplanting a fully compatible scaffold capable of averting the immunological response and the risk of rejection that affect the heterologous and xenogeneic transplant or implant. Noticeably yet, it has been recently demonstrated that adult fibroblasts isolated from the abdominal skin can be reprogrammed with higher efficiency (Sacco et al., 2019) and that skin fibroblasts can be directly reprogrammed to cardiac mature cells (Cao et al., 2016). Therefore, the preparation of d-HuSk scaffolds holds the potential to eventually evolve into the development of a more complex therapeutic strategy aimed at constructing, with one single intervention of skin harvesting, a fully autologous engineered myocardium using cardiac direct reprogramming of fibroblast to restore the cellular compartment and the decellularized dermal ECM to replace the extracellular compartment.
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In the past 20 years, there have been several approaches to achieve cardioprotection or cardiac regeneration using a vast variety of cell therapies and remote ischemic pre-conditioning (RIPC). To date, substantial proof that either cell therapy or RIPC has the potential for clinically relevant cardiac repair or regeneration of cardiac tissue is still pending. Preclinical trials indicate that the secretome of cells in situ (during RIPC) as well as of transplanted cells may exhibit cardioprotective properties in the acute setting of cardiac injury. The secretome generally consists of cell-specific cytokines and extracellular vesicles (EVs) containing microRNAs (miRNAs). It is currently hypothesized that a subset of known miRNAs play a crucial part in the facilitation of cardioprotective effects. miRNAs are small non-coding RNA molecules that inhibit post-transcriptional translation of messenger RNAs (mRNAs) and play an important role in gene translation regulation. It is also known that one miRNAs usually targets multiple mRNAs. This makes predictability of pharmacokinetics and mechanism of action very difficult and could in part explain the inferior performance of various progenitor cells in clinical studies. Identification of miRNAs involved in cardioprotection and remodeling, the composition of miRNA profiles, and the exact mechanism of action are important to the design of future cell-based but also cell-free cardioprotective therapeutics. This review will give a description of miRNA with cardioprotective properties and a current overview on known mechanism of action and potential missing links. Additionally, we will give an outlook on the potential for clinical translation of miRNAs in the setting of myocardial infarction and heart failure.
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INTRODUCTION

Cardiovascular disease remains one of the most important challenges clinicians face today. Despite huge efforts in prevention and undeniable progress in acute and short-term survival, disease progression over long-term still burdens our health care system without a real curative approach. The reason: regenerative capacity of an adult human heart is quite limited due to the low turnover rate of cardiomyocytes and lack of a sufficient pool of tissue resident progenitors (Tzahor and Poss, 2017). This renders the human heart very susceptible to any form of acute or chronic injury with a critical loss of cardiomyocytes or their function, ultimately leading to the clinical manifestation of heart failure. For these facts, cardiac medicine has been identified as a promising field for application of regeneration technologies. In the past 20 years, cell-based therapies have aimed to either induce ‘de novo’ generation or stimulate tissue dormant progenitors to differentiate into mature cardiomyocytes (Behfar et al., 2014). The promising results from in vitro studies and pre-clinical trials have led to a large number of clinical trials that for the most part investigated the therapeutic effect of different bone marrow, adipose- or neonatal tissue derived progenitor cells (first generation cell therapy). With limited pre-clinical data available in hindsight, a rush into first clinical trials in the early and mid 2000s has largely failed to demonstrate any meaningful results for patients with cardiac disease. More recently, myocardium resident cardiac progenitor cells, iPSCs, and conditioned progenitor cells have also been investigated in that context (second generation cell therapy) (Cambria et al., 2017). However, they as well failed to reach respective primary endpoints in most clinical trials; that is to say reduction in scar size and stabilization or improvement of cardiac function (Moyé, 2014; Gyöngyösi et al., 2015). As a result, the idea of a regenerating heart has been abandoned by many scientists. Luckily, the failure of such clinical studies has also led to post hoc analyses of the mechanism of action by which various cell types exhibit cardioprotection in the injured heart. Today, there is consensus that paracrine mediators, released by transplanted cells upon injury signals, mediate protection and limit adverse myocardial remodeling (Madonna et al., 2019). There is evidence emerging, that mediators can limit the extend of cardiomyocyte loss during acute injury and positively impact adverse myocardial remodeling in the chronic setting. Within the past 10 years, microRNAs (miRNAs) have come into focus as the next generation “cell” therapy studies have demonstrated that the paracrine secretion of nano- and macrovesicles containing miRNAs are mainly responsible for the cardioprotective effect of cellular therapies. Preclinical trials were able to demonstrate that miRNAs or extracellular vesicles (EVs) containing miRNAs were capable to reproduce the cellular effects of cardioprotection (Behfar and Terzic, 2019; Madonna et al., 2019; Maring et al., 2019). Within the scope of this review, we intend to provide a general overview of the potential role of miRNAs in cardioprotection and elaborate on potential use of miRNAs as a therapeutic agent.



MICRO RNAS – ONE SHOE FITS ALL?

MicroRNAs play an important role in the inhibition of messenger RNA (mRNA) translation in the cytoplasm but have been also identified to regulate transcription in the nuclear compartment of mammalian cells (Bartel, 2004). The biosynthesis was long believed to be linear and universal for all miRNAs. However, recent functional studies demonstrated, that a multitude of alternate miRNA-specific biosynthesis pathways exist and that they require a plethora of regulatory mechanisms – many of which still need to be identified (Lee et al., 1993; Bartel, 2004) (Figure 1). miRNA are encoded within the entire genome and are usually arranged in clusters (Rodriguez et al., 2004). Most miRNA genes are located in the non-coding areas of the genome. In some cases, miRNAs are located within the introns of protein coding genes such as miR-103 which is located within in the intron of pantothenate kinase 1, 2, and 3 together with miR-107 (Rodriguez et al., 2004; Lin et al., 2006). miRNAs are transcribed by RNA Polymerases II and III into a primary miRNA (pri-miRNA). The pri-miRNA consists of a terminal loop region, a stem and two single-stranded flanking RNA regions up- and downstream of the hairpin (Cai et al., 2004; Lee et al., 2004). For the canonical pathway of miRNA maturation, the terminal single stranded RNA region is then spliced by the complex of Drosha and DGCR8 protein (DiGeorge critical region 8) (Lee et al., 2003). The DGCR8 protein has a binding and proof-reading domain that ensures the correct binding and identification of the cleavage site for the Drosha protein, a RNase III enzyme. For some miRNAs additional factors may be required for the correct splicing of the hairpin precursor (Guil and Cáceres, 2007; Davis et al., 2008; Michlewski et al., 2008) before the precursor miRNA (pre-miRNA) is transported from the nucleus into the cytoplasm by Exportin-5 (Yi et al., 2003). Exportin-5 not only acts as a transporter but also as an additional “proof-reader” only transporting correctly processed pre-miRNA (Zeng and Cullen, 2004). In the cytoplasm, the pre-miRNA – still consisting of the terminal loop and the double stranded stem – binds to the RNA-induced silencing complex (RISC) (Gregory et al., 2005). This protein complex contains RNase Dicer, double stranded RNA binding domain proteins (Tar RNA binding protein), PACT (protein activator of PKR), and Argonaute-2 (MacRae et al., 2008). The latter is the key component that mediates the miRNA inhibition of transcription of mRNAs (Diederichs and Haber, 2007). The terminal loop of pre-miRNAs is spliced off, whereas for some of the miRNAs both the guide and passenger strand can serve as individual mature miRNAs (Matranga et al., 2005). In general, the passenger strand is degraded after unwinding of the double stranded pre-miRNA by helicases (Leuschner et al., 2006). Similar to the processing of miRNAs in the nucleus some miRNAs are dependent on additional co-factors for maturation (Hutvágner et al., 2001; Diederichs et al., 2008). This highlights again, that miRNA biosynthesis is subject to an integrate regulatory machinery which we only just begin to understand. Upon maturation, miRNAs as part of the RISC complex either inhibit the translation of their target mRNA or they are packaged into EVs contained in multivesicular bodies to be released in the extracellular space (Turchinovich et al., 2012). The encapsulation of miRNAs does not happen at random and is also a highly regulated process (Turchinovich et al., 2012; Villarroya-Beltri et al., 2013). This allows for the dynamic response of cells in regard to which miRNAs are released upon microenvironmental cues. A study by Villarroya-Beltri et al. (2013) has shown that specific motifs within the sequence of miRNA determine their localization in either the cytoplasm or EVs. They have also identified heterogeneous nuclear ribonucleoproteins such as hnRNPA2B1 and hnRNPA1 that specifically bind to these motifs and are also present in EVs. Independent of their origin, all miRNAs have in common to alter gene expression via inhibitory mechanisms of posttranscriptional modification of mRNAs. The mechanism of inhibition depends on the complementarity of the miRNA sequence to its target mRNA. miRNAs with high complementarity direct the RISC to the mRNA and initiate the degradation. Lower complementarity can lead to inhibition of ribosomal translation of the target mRNA. It is overall hypothesized that the specificity of miRNAs is determined by the quality and stability of base pairing to their respective targets. Furthermore, miRNAs have also been identified to perform transcriptional silencing by targeting promotor regions within the heterochromatin. The aforementioned regulation of biosynthesis, maturation, and biological effects of numerous miRNA can be influenced by changes in the cellular microenvironment in a non-linear manner – posing a major challenge for scientists to predict possible effects of miRNA in vivo (Lee et al., 1993; Liu B. et al., 2014).
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FIGURE 1. Summary of the biosynthesis and the biological effect of miRNAs. The different stages of miRNA are schematically depicted next to the green description of miRNA. The biological effect of miRNAs is marked in red.




CARDIOPROTECTIVE MIRNAS – A TWO-SIDED SWORD

For some time now, it has been hypothesized that factors released by cells under stress can induce a protective effect in neighboring or remote tissues (Kharbanda et al., 2002; Chen et al., 2008; Hausenloy et al., 2015). We now know that the key player in transmitting these signals are miRNAs. In the extracellular compartment, miRNAs are usually transported via EVs or binding proteins to protect them from degradation by nucleases (Li et al., 2012; Boon and Dimmeler, 2015). Similarly, the effect of therapeutic cell preparations exhibits their protective effect via the transmission of EVs loaded with miRNAs. Over the course of the past 10 years the sera of patients undergoing an ischemic event as well as the secretory profile of most cells utilized for cardioprotective purposes have been characterized (Baglio et al., 2015; Barile et al., 2016; Barile and Vassalli, 2017; Shao et al., 2017; Bellin et al., 2019). Each year, an increasing number of pathways are identified that either hint toward protection or damage of the myocardium (Barile et al., 2014, 2016; Gallet et al., 2016; Ciullo et al., 2019). Many functional studies have preceded these in-depth analyses of miRNA as cardioprotective agents, remote ischemic pre-conditioning (RIPC) being one of the most prominent examples (Kharbanda et al., 2002; Hausenloy et al., 2015). Here, a different organ or the heart itself is exposed to brief, non-fatal ischemia/reperfusion. Pre-clinical models show that RIPC can increase the survival of cardiomyocytes upon injury and positively impacts the myocardial remodeling (Konstantinov et al., 2005; Wei et al., 2011). In RIPC, circulating miRNA and EVs play an important role (Frey et al., 2018; Spannbauer et al., 2019). Even though circulating miRNAs and EVs have been identified as key mediators of that cardioprotective effect, it is a rather crude and a non-targeted therapeutic approach. Most when RIPC was investigated in clinical trials, none of the primary endpoints predicted by preclinical studies were met (Brevoord et al., 2012). Similar to experience from clinical trials investigating cell therapies, the exact mechanisms of action of RIPC were not fully understood and may explain the failed translation. However, the data collected on miRNAs from these studies laid the groundwork for many functional studies investigating the cardioprotective effects of miRNAs.

In recent years, a plethora of mechanistical studies for the downstream effect of various miRNA were conducted. Here, miRNAs were either investigated as diagnostic markers or as potential targets for therapies (Barile et al., 2016). The in-depth analysis of regulation of the identified miRNAs and their downstream targets revealed that some miRNAs had contradictory effects in the myocardium (Table 1). Furthermore, to the best of our knowledge no study performed any concurrent analysis to identify potential targets that are not related to a cardioprotective effect. In this next section, we highlight a selection of miRNAs that have been associated with a cardioprotective potential but also bear the risk of adverse or off-target effects. Most of these miRNAs were identified either in EVs of therapeutic cell products or as biomarkers during acute and chronic myocardial injury. The knowledge of their exact mechanism of action is therefore highly recommended. The following miRNAs are only a small example of miRNAs that are commonly identified but not limited to their cardioprotective potential. The selection of miRNA should not be seen as a comprehensive summary of all known cardioprotective miRNAs which would be beyond the scope of this review. Others have provided more detailed lists of cardioprotective miRNAs (Varga et al., 2015; Wendt et al., 2018). The pre-clinical experience with the following miRNAs should highlight the potential and pitfalls we as scientist may face when designing therapeutic strategies with miRNAs.


TABLE 1. Summarizes a selection of miRNAs that have been identified with either a harmful or cardioprotective property in cardiovascular disease.
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MicroRNAs – The Good, the Bad, and the Ugly


Off-Target Effects of miRNAs

Especially studies investigating RIPC have identified clusters of cardioprotective miRNAs (Varga et al., 2015). In these studies as well as in those that used EVs, an undefined cocktail of miRNAs was systemically applied. In both cases, defining the mode of action is virtually impossible. Usually, hundreds of miRNAs can be identified in RIPC and even in EV preparations numerous miRNAs can be found, some of which taken by themselves have been identified as damaging to the myocardium. As an example, miR-665 has been identified in sera and serum exosomes of patients with heart failure (Li et al., 2016; Fan et al., 2019). MiR-665 directly targets the cannabinoid receptor 2 (CbR2) and adenylate kinase 1 (AK1) (Möhnle et al., 2014; Lin et al., 2019). In a rat heart Langendorff preparation, inhibition of CbR2 and AK1 leads to the upregulation of pro-apoptotic genes such as B cell lymphoma 2 (Bcl-2) and Bcl-2-associated X protein (Bax) and caspase-3 in H9c2 cells, a commonly used rat cardiomyocyte cell line (Yu et al., 2019). In a murine model of myocardial infarction, AAV9 transfection with miR-665 antisense miRNA led to improvement of cardiac function (Fan et al., 2018). Here, the group has identified glucagon-like peptide-1 receptor (GLP1R) as the target for miR-665. Inhibition of miR-665 expression led to increased cAMP signaling in the heart via the promotor GLP1R and reduced apoptotic events upon ischemia/reperfusion injury in the heart. Identification of harmful miRNAs like miRNA-665 in autologous exosome preparations from patients with heart failure could serve as quality markers and help prevent potential off-target effects. In some cases, off target effects or cardioprotective miRNAs have already been identified. miRNA-206, for example, has been associated with both cardioprotective, but also damaging effects upon overexpression (Table 1). Transcription of miR-206 can be induced via histamine release upon myocardial stress in mice (Ding et al., 2018). In vitro, miR-206 can prevent apoptosis in hypoxic conditions by targeting autophagy related protein 2 (ATG3) (Kong et al., 2019). In a murine model of acute myocardial infarction, this prevented ubiquitination of cytosomal proteins and apoptosis (Ding et al., 2018). By cardiac-specific overexpression of miR-206 is has been shown that forkhead box protein P1 induces hypertrophy of cardiomyocytes which during stress can prevent cardiomyocyte apoptosis (Yang et al., 2015). By inhibiting metalloproteinase inhibitor 3 (TIMP3), miR-206 has also been shown to attenuate cardiac fibrosis in the setting of chronic heart failure (Limana et al., 2011). However, two independent groups have also uncovered two mechanisms by which miR-206 increases the risk of cardiac arrhythmias. miR-206 targets connexin 43 (Cx43), an important component of gap junctions in the myocardium in a transgenic mouse model (Roell et al., 2007). Low expression of Cx43 has been associated with cardiac arrhythmias such as atrial fibrillation. Additionally, Wei et al. (2018) uncovered that miR-206 binds to GTP cyclohydrolase I (GCH1) in a canine model of atrial fibrillation (Afib). GCH1 is the rate limiting enzyme in de novo synthesis of tetrahydrobiopterin (BH4). Decreased expression of BH4 was associated with shortened refractory times in atrial cardiomyocytes in humans, which led to Afib (Wei et al., 2018). In this example, different groups were able to demonstrate a cardioprotective effect of miR-206. At the same time potential off target effects were uncovered that could impede the translation of important signal transduction proteins in the myocardium. These off-target effects were never investigated in the murine models that investigated the cardioprotective effects for this miRNA. It has also been shown that miRNA have species specific effects. A recently published large animal study demonstrated that the delivery of miR-199 via adenoviral transfer to the myocardium of pigs resulted in improved contractility and myocardial mass in the short term (Gabisonia et al., 2019). After 1 month, however, the pigs died of arrhythmias. Histological analysis revealed that the myocardium was infiltrated with proliferating cells displaying a poorly differentiated myoblastic phenotype. This off-target effect of miR-199 was not identified in small animal studies. Results like these raise the question whether results from murine models or even porcine models are really translatable into clinical applications without additional safeguards that can predict these off-target and adverse effects.



Neoangiogenesis – Good for Cardioprotection, Bad for Cancer Progression

Neoangiogenesis plays an important role in protecting the myocardium in the border zones from infarcts from myocardial remodeling. Therefore, many miRNAs such as miR-132, miR-126, and miR-210 have been investigated for their angiogenic potential (Table 1). The transcription of most of these miRNAs is dependent on the expression VEGF (Lei et al., 2015; Chodari et al., 2019). For instance, miR-132 expression is dependent in the promotor cAMP response element-binding protein as the transcription factor, which is induced by VEGF stimulation (Chodari et al., 2019). EVs from cardiac progenitor cells (CPCs) rich in miR-132 inhibit the translation of Ras GTPase activating protein (p120RasGAP) which promotes proliferation and sprouting of endothelial cells thus improving neovascularization in vivo and in vitro (Barile et al., 2014). In a murine model of acute myocardial infarction this led to improved left ventricular ejection fraction on a functional level and improved vascularization in the infarct border zone on a histological level (Barile et al., 2014). Similarly, EVs from adipose-derived mesenchymal stem cells (AT-MSCs) that overexpressed miR-126, also improved cardiac function and resulted in a denser microvasculature in the infarct border zone in rats (Luo et al., 2017). Functional studies have shown that miR-126 is highly depended on the activation of endothelial dicer RNA Polymerase III. Only the passenger strand miR-126-5p can bind to the Notch1 inhibitor Delta-like homolog 1 (Dlk1) (Zhou Z. et al., 2018). The notch signaling pathway is crucial to endothelial cell differentiation and endothelial sprouting (Mack and Iruela-Arispe, 2018). While there is no direct evidence linking the cardioprotective effect of miR-132 to cardiomyocytes, there is evidence that miR-132 can also reduce fibrosis in by targeting connective tissue growth factor (Zhang C.-J. et al., 2018). Furthermore, miR-132 has also been identified in a rat model of DCM to target phosphatase and tensin homolog (PTEN) (Ma et al., 2018). Suppression of PTEN activates the phosphoinositide 3-kinases/protein kinase B pathway (PI3K/Akt-pathway) which facilitates cardiomyocyte and endothelial proliferation alike (Zhang C.-J. et al., 2018). miR-210 has also been shown to promote angiogenesis in the myocardium (Mutharasan et al., 2011). In contrast to miR-126 and miR132, the expression of miR-210 depends on HIF-1alpha, which is also released under hypoxic stress (Barile et al., 2014). In both murine models of acute myocardial infarction and hind limb ischemia it has been shown that miR-210 encapsulated by EVs promotes angiogenesis in endothelial cells as well as suppresses apoptosis in cardiomyocytes by targeting Ephrin A3 (Barile et al., 2014; Wang et al., 2017; Besnier et al., 2018). While the upregulation or substitution of all aforementioned miRNAs are associated with a pro-angiogenic profile in the setting of myocardial infarction, they have also been identified in cancer biogenesis and metastasis formation. Also, in the field of cancer biology the data for these miRNAs is heterogeneous and in depending on cancer type they are both associated as a positive and negative prognostic marker. The heterogeneity of these results and their role in tumor progression could, however, pose an obstacle for their use as a cardioprotective agent. As a solution, patients susceptible to certain cancers that depend on overexpression of these miRNA need to be identified to prevent adverse effects from a hypothetical therapeutic miRNA.



How to Deal With Contradictory Results

miR-146a is part of a negative feedback loop in the canonical pathway of NFkB activation. miR-146a binds to the mRNA encoding for interleukin-1 receptor associated kinase 1 (IRAK1) and tumor necrosis factor receptor-associated receptor 6 (TRAF6). Both of this receptor bound factors are essential for the IL-1 and TNFalpha activation of NFkB (Fish and Cybulsky, 2015; Gao et al., 2015; Milano et al., 2019). As part of that negative feedback loop miR-146a is highly expressed in atherosclerotic plaques. However, the overexpression of this miRNA can also attenuate the inflammatory response as shown in gain and loss studies in ApoE deficient mice, where miRNA-146a plays an important part in the attenuation of atherosclerotic plaques (Fish and Cybulsky, 2015). In a rat model of AMI, EVs from AT-MSCs overexpressing miR-146a targeted the early growth response protein 1 in cardiomyocytes decreasing cardiomyocyte apoptosis, cardiac fibrosis and ultimately improving the heart function (Pan et al., 2019). Milano et al. (2019) demonstrated that the passenger strand miR-146a-5p reduced the inflammatory signaling pathways by directly targeting TRAF6, SMAD4, IRAK1, NADPH oxidase 4 (NOX4), and myeloperoxidase (MPO) in a model of doxorubicin/trastuzumab induced cardiomyopathy. Interestingly, another group showed that with treatment of doxorubicin alone an upregulation of miR146a occurs, targeting the receptor tyrosine-protein kinase erbB-4 (ErbB4). Here, a negative correlation between miR-146a and cardiac function was confirmed and explained by the suppression of the ErbB4 dependent neuregulin1/ErbB pathway, which is essential for adult cardiac function (Horie et al., 2010). It is, however, important to note that these results were only obtained from in vitro experiments. Both miR-21 and -22 have been associated with cardioprotective properties by reducing cardiomyocyte apoptosis and have been found in most EVs from therapeutic cell product isolates to date (Barile et al., 2016; Gallet et al., 2016). While there is evidence, that miR-22 also exhibits an anti-fibrotic effect during myocardial remodeling, overexpression of miR-21 is clearly associated with promoting cardiac fibrosis (Table 1). miR-21 directly targets jagged1 and SMAD7 in rat hearts when overexpressed via AAV9 (Zhou X.-L. et al., 2018). In the aforementioned experiment, jagged1 suppression activates cardiac fibroblast proliferation and facilitates cardiac fibroblast to myofibroblast transformation. In a murine model of AMI, suppression of SMAD7 via miR-21 led to an increased expression of Collagen 1 alpha, alpha-smooth muscle actin (alpha-SMA) and F-actin. In a similar model of AMI in rats, AVV9 mediated overexpression of miR-22 let to the inhibition of CBP-associated factor AP1 (Yang et al., 2014). Downregulation of this promotor leads to the activation of MMP9, which in turn can reduce cardiac fibrosis. Additionally, miR-22 binds to the mRNA coding for the TGFbeta receptor 1 (Hong et al., 2016). In mice, silencing of miR-22 led to increased expression of Collagen 1 alpha 1 and 3alpha1 and an overall increased amount of cardiac fibrosis after myocardial infarction. Regarding the anti-apoptotic effect of miR-22, there are contradictory results published to date. Gurha et al. (2012) and Du et al. (2016) both demonstrated that SIRT1 and PGC1alpha are both targeted by miR-22 in cardiomyocytes. In both experiments, overexpression of miR-22 lead to increased cell death and reduction in myocardial mass whereas in the studies published by Huang et al. (2013) and Hong et al. (2016) cardiac mass increased upon miR-22 overexpression and ischemia/reperfusion injury. Huang et al. (2013) also demonstrate the targeting of SIRT1 but in their hands, cardiomyocyte hypertrophy was the predominant finding. Hong et al. (2016) demonstrated decreased apoptosis levels in the myocardium and linked that effect to the inhibition of CREB. For miR-21 the anti-apoptotic effects is shown more robustly between different research teams (Table 1). miR-21 expression is under direct control of HIF1alpha but can also influence the expression of HIF1alpha itself in a positive feedback loop (Liu Y. et al., 2014). The miRNA targets programmed cell death protein 4 (PCDP4) and reduces cell apoptosis upon hypoxic stress. This effect has been demonstrated with EVs containing high levels of miR-21 from different cell types such as CPCs and MSCs (Xiao et al., 2016; Luther et al., 2018). Both miR-21 and miR-22 exemplify the various outcomes that can be seen when working with miRNAs in pre-clinical models. Even within one species there are variations and sometime contradictory results that can be elaborated by other groups on both ends of the aisle. Especially miRNAs that can promote fibrosis can have severe and unwanted effects in the injured heart and may lead to increase in scar mass. Here, patient screening and good patient selection may help to prevent these contradictory results. This can only be achieved by understanding all pathways that can be altered by each respective miRNA and tools to identify patients that may be susceptible to treatments with certain miRNAs.





SUMMARY

The data that has been collected on miRNAs targeting cardioprotection so far exemplifies the importance of knowing the relevant targets of miRNAs, since introduction of foreign miRNAs via exosomal transfer or other clinical relevant approaches may have some severe side effects. In this context, it is also worth noting that all of the aforementioned miRNAs are also involved in tumor biology. Especially miRNAs that impact neoangiogenesis in myocardial repair are important factors in tumor angiogenesis as well. In addition, most of the mechanistical studies have focused on the interaction of one miRNA on multiple targets. Upon ischemia/reperfusion or transfer of exogenous EVs the interaction of numerous miRNAs on multiple potential targets needs to be taken into account. With current methods, experimental data usually depicts a single linear arm in a complex matrix of interactions between miRNAs, mRNAs and transcription factors. Our current understanding of these complex matrices is only rudimental at best. And it may also be one of the main reasons why none of the clinical trials with cell-based therapies or RIPC have delivered the expected results we anticipated from pre-clinical experience. As repeatedly highlighted by numerous experts in the field, understanding the pathways by which a single- or a collection of miRNAs in an exosome, facilitate cardioprotection will be crucial for successful clinical translation (Madonna et al., 2016, 2019; Behfar and Terzic, 2019). Combined effort of computational models and artificial intelligence in merging and interpreting the acquired data, might help us in the future to achieve this goal. Identifying such ‘pathway’ matrices will be detrimental in defining quality standards for therapeutic exosome or single miRNA-based products. The past experience from cell-based therapies have taught us that preclinical data in the field of cardiac regeneration or cardioprotection does not necessarily translate into therapeutic success in the clinical setting. Going forward, we will have to deepen our understanding of miRNA interactions by strengthen our efforts to collaborate with bioinformaticians for more sophisticated predictive algorithms.
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Coronary artery disease is a severe ischemic condition characterized by the reduction of blood flow in the arteries of the heart that results in the dysfunction and death of cardiac tissue. Despite research over several decades on how to reduce long-term complications and promote angiogenesis in the infarct, the medical field has yet to define effective treatments for inducing revascularization in the ischemic tissue. With this work, we have developed functional biomaterials for the controlled release of immunomodulatory cytokines to direct immune cell fate for controlling wound healing in the ischemic myocardium. The reparative effects of colony-stimulating factor (CSF-1), and anti-inflammatory interleukins 4/6/13 (IL4/6/13) have been evaluated in vitro and in a predictive in vivo model of ischemia (the skin flap model) to optimize a new immunomodulatory biomaterial that we use for treating infarcted rat hearts. Alginate hydrogels have been produced by internal gelation with calcium carbonate (CaCO3) as carriers for the immunomodulatory cues, and their stability, degradation, rheological properties and release kinetics have been evaluated in vitro. CD14 positive human peripheral blood monocytes treated with the immunomodulatory biomaterials show polarization into pro-healing macrophage phenotypes. Unloaded and CSF-1/IL4 loaded alginate gel formulations have been implanted in skin flap ischemic wounds to test the safety and efficacy of the delivery system in vivo. Faster wound healing is observed with the new therapeutic treatment, compared to the wounds treated with the unloaded controls at day 14. The optimized therapy has been evaluated in a rat model of myocardial infarct (ischemia/reperfusion). Macrophage polarization toward healing phenotypes and global cardiac function measured with echocardiography and immunohistochemistry at 4 and 15 days demonstrate the therapeutic potential of the proposed immunomodulatory treatment in a clinically relevant infarct model.

Keywords: immune engineering, biomaterials, angiogenesis, revascularization, myocardial infarct, macrophages, cytokines


INTRODUCTION

Ischemic heart disease, or myocardial infarction (MI), is the leading cause of death globally, causing 1.8 million deaths per year in Europe (40% of all deaths) and 647000 deaths per year (25% of all deaths) in the United States (Wilkins et al., 2017; Benjamin et al., 2019). MI is typically caused by the formation of atherosclerotic plaques that occlude a coronary artery, resulting in cardiomyocyte death due to insufficient oxygen perfusion (Shimokawa and Yasuda, 2008; Frank et al., 2012). Despite decades of research, treatments for improving vascularization of the infarcted myocardium are still needed, and bioengineering approaches are starting to emerge (Kellar et al., 2005; Dvir et al., 2009; Fleischer et al., 2017). Recent studies have demonstrated the crucial role of reparative macrophage phenotypes for initiating angiogenesis and reparative processes in the heart and in other tissues of the body (Godwin et al., 2013; Aurora et al., 2014; Cattin et al., 2015). Cardiomyocyte death following an ischemic injury triggers the innate immune response, and a plethora of immune cells, including leukocytes, monocytes and macrophages, are rapidly recruited and activated in the injured site (Sica and Mantovani, 2012). In this early inflammatory phase, monocytes are polarized into pro-inflammatory subtypes that secrete inflammatory chemokines and are responsible for the phagocytosis of apoptotic cells and debris. After the acute inflammatory phase, a subpopulation of reparative macrophages initiates the healing process by secreting pro-angiogenic growth factors such as vascular endothelial growth factor-α (VEGF-α), platelet-derived growth factor (PDGF), transforming growth factor-β (TGF-β) and insulin-like growth factor-1 (IGF-1) (Sica and Mantovani, 2012; Butoi et al., 2016; Hesketh et al., 2017) to stimulate endothelial cell morphogenesis and activation (Kalucka et al., 2017). Macrophages are extremely diverse and plastic cells, and their phenotypic subset is determined by environmental signals (Murray, 2017). Beyond the pro-inflammatory and pro-healing subtypes, there is a continuum of functional states, with some macrophages displaying characteristics of both classically defined phenotypes (Mosser and Edwards, 2008). In the infarcted myocardium, the controlled recruitment and activation of monocytes and macrophages is required for orchestrating tissue repair and neoangiogenesis to limit excessive scarring and fibrosis (Frangogiannis, 2018; Swirski and Nahrendorf, 2018). Unbalanced or impaired activation of the cells of the immune system after myocardial ischemia results in maladaptive ventricular dilatation, systolic or diastolic dysfunction and myocardial stiffness (Frangogiannis, 2014).

With this study, we aim at exploiting immune-mediated mechanisms for stimulating wound healing in the ischemic myocardium by use of biomaterials designed for the controlled release of selected immunomodulatory cytokines. Colony-stimulating factor (CSF-1) and interleukin 4 (IL4) have been widely used to elicit human blood monocyte polarization into reparative macrophage phenotypes (Rovida et al., 2001; Boulakirba et al., 2018) and to modulate endothelial cell function (Bussolino et al., 1991). However, a potential involvement of CSF-1 and IL4 in atherosclerosis and other chronic inflammatory diseases has been identified (Smith et al., 1995; Qiao et al., 1997; von der Thusen et al., 2003; Shaposhnik et al., 2010), though the mechanisms by which these cytokines contribute to the development of these conditions remain unclear. In order to minimize risks of atherosclerotic activation of circulating CSF-1 and IL4 in vivo, a controlled and localized delivery of these factors after MI is necessary. Here we have designed an alginate-based biomaterial system for the release CSF-1 and IL4 to accelerate the polarization of blood monocytes into pro-healing macrophage phenotypes. Our hypothesis is that the activation of immune-mediated reparative mechanisms will promote wound healing and limit myocardial dysfunction after the infarct. We assess the ability of this new immunomodulatory treatment to revascularize ischemic wounds and to repair damaged tissues with clinically relevant predictive studies in vitro with use of human peripheral blood monocytes and in vivo with rodent models of ischemic skin flap and myocardial infarction.



MATERIALS AND METHODS


Isolation of Human Monocytes and Cell Culture

Peripheral blood was obtained from healthy donors (Centro Lavorazione e Validazione, Servizio di Immunoematologia e Medicina Trasfusionale, Fondazione I.R.C.C.S. Policlinico San Matteo, Pavia, Italy) according the following Italian Normative References: Decreto Ministero della Salute 2 novembre 2015 n.69 “Disposizioni relative ai requisiti di qualità e sicurezza del sangue e degli emocomponenti” and Accordo Stato-Regioni n.225/CSR 13 dicembre 2018 “Schema-tipo di convenzione per la cessione del sangue e dei suoi prodotti per uso di laboratorio e per la produzione di dispositivi medico-diagnostici in vitro.” Written informed consent was obtained from all the participants enrolled in this study. Peripheral blood mononuclear cells (PBMC) were isolated from buffy coat by density gradient centrifugation using Histopaque®-1077 (1.077 g ml–1; Sigma-Aldrich, St. Louis, MO, United States) as previously described (Kleiveland, 2015). Human CD14 + monocytes were then obtained by Monocyte Isolation Kit II (Miltenyi Biotec, Bergisch Gladbach, Germany) according to the manufacturer instructions. After isolation, CD14 + monocytes were counted by Trypan Blue assay (Sigma-Aldrich) and were plated in 24 well plates at a density of 1 × 105 cells/well. All cells were cultured in RPMI 1640 medium supplemented with 2 mM/L L-glutamine (Life Technologies, Frederick, MD), 10% heat inactivated FBS (Sigma-Aldrich), 100 U/ml penicillin (Life Technologies), and 100 mg/ml streptomycin (Life Technologies) at 37°C in a humidified incubator with 5% CO2.



Production and Characterization of Alginate Hydrogels


Production of Alginate Hydrogels

For the production of unloaded alginate hydrogels, alginate (Sigma, 180947), D-(+)-gluconic acid δ-lactone (GDL, Sigma, G4750) and calcium carbonate (Fisher Scientific, S25220A and 10617581) were used as received. Alginate hydrogels were produced from aqueous alginate solutions (2–6% w/v) mixed with 10 mg/mL GDL. Calcium carbonate (2.5–40 mg/mL) was suspended with distilled water and sonicated at room temperature for 10 min. The calcium carbonate suspension was then added to the alginate – GDL solution to produce different hydrogel formulations, named AC2.5 (Alginate 1%, CaCO3 2.5 mg/mL), AC5 (Alginate 1%, CaCO3 5 mg/mL), and AC10 (Alginate 1%, CaCO3 10 mg/mL). The gelling mixture was placed in 24 well plates (0.5 mL/well) and was left to gel at T = 37°C for 10–60 min. Gelling time was determined with the test-tube inversion assay, by tilting the plates containing the polymeric mixture every 2 min, until no flow was observed.



Swelling and Degradation Studies

Swelling and degradation studies were performed on hydrogel samples cut with a 6 mm biopsy punch and incubated in PBS at 37°C up to 14 days, by measuring wet and dry weight at each time point (t = 0, 1, 3, 7, and 14 days) to determine the% wet and dry weight variation (ΔWw and ΔWd), as previously described in Moreira et al. (2014).



Rheological Properties of Alginate Hydrogels

To evaluate the viscoelastic properties of alginate hydrogels, shear (0.01–100 s–1) and frequency (10–300 rad/s) sweep tests were conducted on AC5 and AC10 samples at T = 23°C by use of a rheometer (TA Instruments) equipped with an 8 mm plate-plate geometry.


Evaluation of Alginate Hydrogel Cytotoxicity

AC5 and AC10 hydrogel samples were incubated in RPMI medium (Life Technologies) at 37°C, 5% CO2 up to 10 days. At the end of the incubation period, the supernatant (containing the gel degradation products) was collected and added (undiluted or diluted 1:2 and 1:4 in complete culture medium) to isolated human CD14 + monocyte cultures, previously seeded at a density of 1 × 105 cells per well in 24-well plates. After 24 h, cell viability was assessed by the quantitative 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide (MTT) test (Sigma-Aldrich) as previously described (Gualandi et al., 2016).



Release Profiles of Bovine Serum Albumin (BSA) From Alginate Hydrogels

The release kinetics of alginate hydrogels were evaluated by loading the biomaterials with different amounts of a model protein, bovine serum albumin (BSA, molecular weight = 66 kDa; Sigma-Aldrich). The model protein was added to AC5 and AC10 gelling mixtures in the following concentrations: 0, 50, 100, and 150 μg/mL. After gelation, loaded and unloaded hydrogels were submersed in 1 mL of 1× PBS (pH 7.4) at 37°C. At selected time points (1–10 days) the incubation solution was completely collected and 1 mL of fresh PBS was added to maintain perfect sink conditions. The concentration of proteins in the supernatants was determined using the Bicinchoninic Protein Assay Kit (BCA assay, EuroClone S.p.A), according to the manufacturer protocol. Standard BSA curves were used to determine the protein concentrations in each sample.

Fluorescein isothiocyanate-labeled bovine serum albumin (FITC-BSA, Sigma-Aldrich) was immobilized in the hydrogels in order to evaluate the homogeneity of distribution of the protein by visual observation using a confocal laser scanning microscope (CLSM) model TCS SP8 (Leica Microsystems, Bensheim, Germany, Oil 40) at 24 h from loading.



Evaluation of the Immunomodulatory Effects of Colony- Stimulating Factor 1 and Interleukins 4/6/13 on Human Monocytes Isolated From Peripheral Blood

We have loaded AC10 hydrogels (0.5 mL final volume) with: (i) no cytokines (unloaded control); (ii) CSF-1 (150 ng/mL); (iii) CSF-1 (150 ng/mL) and IL4 (150 ng/mL, GenScript Corporation); and (iv) CSF-1 (150 ng/mL) with a combination of IL4, IL6, and IL13 (each cytokine at a concentration of 150 ng/mL, GenScript Corporation). Hydrogels were then maintained in monocyte culture medium for 10 days. Then, purified monocytes (1 × 105 cells seeded per well in 24-well) were incubated in the presence of the hydrogel extracts (1 mL) for 10 days. As control, human CD14 + monocytes were exposed for the same time to medium containing freshly prepared differentiation factors (20 ng/mL, alone or in combination), according to literature protocols (Zarif et al., 2016; Supplementary Figure S2).

Macrophage polarization toward pro-healing phenotypes was assessed after 10 days of culture by optical light microscopy (for morphology evaluation) and by immunofluorescence with specific antibodies for the expression of the haptoglobin–hemoglobin receptor CD163 and the mannose receptor CD206, strongly expressed on the reparative M2c and M2a macrophage subtypes, respectively (Yang et al., 2014), as described in the Supplementary Material. Quantification of CD163 or CD206 positive cells was determined by acquiring images with a confocal laser scanning microscope (TCS SP8, Leica Microsystems, Bensheim, Germany, Oil 40× and 63×), and processing them with ImageJ-Analyzer software (Schneider et al., 2012; van den Bosch et al., 2017). The number of CD163 + and CD206 + cells was expressed as total number of positive cells/total number of nuclei, analyzing five fields of view per sample.



Wound Healing Assessment in the Ischemic Skin Flap Model

The ischemic skin flap surgical procedure has been conducted according to the United States NIH Policy on Humane Care and Use of Laboratory Animals and the Brown University and Rhode Island Hospital Institutional Animal Care and Use Committee (IACUC protocol No. 1702000256). Male Sprague Dawley wild type rats, strain 001 (Charles Rivers), with an average weight of 310 ± 61 g, were sedated with 2.5–3% isoflurane, the skin of the back was shaved and four full-thickness excisional wounds were created with a 6 mm biopsy punch in the designated ischemic area. A bipedicled 4 cm × 6 cm skin flap was created, dissecting the panniculus carnosus muscle from the wound bed. A sterile 4 cm × 6 cm silicone sheet was inserted beneath the flap, to prevent perfusion of the flap from the underlying tissue. The flap incision was closed using surgical skin glue. A non-ischemic wound was created lateral to the bipedicled flap and used as non-ischemic control. Each animal received the following treatments in the four ischemic wounds: (i) no treatment, (ii) unloaded AC10, and (iii) AC10 loaded with 2 μg CSF-1 and 2 μg IL4. Alginate hydrogels (d = 6 mm) were inserted in the ischemic wounds and maintained in the defect with two 4-0 nylon loop sutures. A transparent film dressing was applied to keep the wound environment clean. Rats recovered with saline and analgesic (Buprenorphine SR, 1 mg/kg). Digital images of the ischemic and non-ischemic wounds were acquired up to 21 days, after light sedation of the animals (1.5% isoflurane). Measurement of the epithelial gap was conducted using Fiji software. Wound tissues were harvested post-euthanasia making a square- shaped incision around the wound to include some healthy tissue. Samples were fixed in 4% paraformaldehyde (PFA) overnight and processed for subsequent paraffin embedding. Histological analysis was conducted with hematoxylin/eosin staining, RECA-1 and CD68 for phenotypical assessment of the cell population present in the ischemic wounds (staining protocols are described in detail in the Supplementary Material).



Injection of the Immunomodulatory Biomaterials in a Rodent Model of Infarcted Myocardium

All experiments were performed according to United States. NIH Policy on Humane Care and Use of Laboratory Animals and the Brown University and Rhode Island Hospital Institutional Animal Care and Use Committee (IACUC protocol No. 1702000256). Ischemia/reperfusion surgery was performed on Sprague Dawley male rats, strain 001 (Charles Rivers), 317 ± 37 g of weight. Animals were anesthetized with intraperitoneal injection of ketamine (80–100 mg/kg) and xylazine (5–10 mg/kg), were intubated and ventilated (1.8–2.5 mL/cycle, 65–90 cycles/min) with oxygen. After opening the chest cavity and exposing the heart, the left anterior descending coronary artery was ligated with a 7–0 polypropylene suture for 1 h, followed by reperfusion and immediate injection of the therapeutics. Three types of injections were performed: (i) injectable saline, (ii) unloaded AC10, and (iii) CSF-1 (2 μg)- and IL4 (2 μg)- loaded AC10. For each animal, three injections were performed in three different regions of the infarct (apical, mid anterior and mid anterolateral). Echocardiographic measurements performed at 4 days post MI allowed for evaluation of the left ventricular function. Animals presenting small infarcts, with fractional shortening above 45%, were excluded from this study. Echocardiography was performed (using GE Vivid 7 with a 10S 4–10 MHz transducer probe) under light inhaled isoflurane (1–2%) prior to the MI (baseline) and at 4 and 15 days post MI. Measurement of dimensional parameters (cavity dimensions and wall thickness) was conducted in M-mode, and fractional shortening and ejection fraction were calculated.

After euthanasia, hearts were harvested and post-fixed in 4% PFA over night at 4°C. Hearts were then cut by use of a coronal heart matrix to obtain 2 cm-thick cross-sectional slices and put in paraffin blocks subsequently cut in 5 μm-thick sections. Picrosirius red/fast green, cardiac troponin T (cTnT) and CD68 staining were performed to assess infarct area cardiomyocytes and macrophages density in the injured site Immunohistochemistry with CD68/CD206/DAPI and CD68/CD80/DAPI allowed to detect specific macrophages subtypes in the infarct and border zone (staining protocols are described in the Supplementary Material).

Infarct size was evaluated at 4 and 15 days post MI using Fiji software. Infarct area was measured in picrosirius red/fast green stained heart slices by manual segmentation of the red-stained collagenous scar tissue. The infarct area was then normalized to the left ventricle area. At least two slices were analyzed per each heart at the apical to mid-papillary level (s1–s3) and n = 3 hearts were analyzed per each group.



Statistical Analysis

Statistical analysis was carried out using GraphPad Prism 8.0 (GraphPad Inc., San Diego, CA, United States). Analysis was performed using one-way and two-ways analysis of variance (ANOVA), followed by Bonferroni or Tukey post hoc test (significance level of 0.05).



RESULTS


Alginate Hydrogels Are Suitable Soft and Biodegradable Biomaterials for Cytokine Delivery

Soft alginate hydrogels have been produced by internal gelation, using calcium carbonate and glucono-δ-lactone for lowering the pH of the gelling mixture, allowing slow dissociation of calcium ions and homogeneous gel formation. Varying the final concentration of alginate (in the range of 1-4% w/v) and CaCO3 (in the range of 2.5–20 mg/mL), we were able to produce hydrogels characterized by different gelling time and rheological properties. Amongst the several formulations produced, alginate 1% - CaCO3 2.5 mg/mL (AC2.5), alginate 1% - CaCO3 5 mg/mL (AC5) and alginate 1% - CaCO3 10 mg/mL (AC10) exhibited a gelling time of 5–10 min at T = 37°C, ideal for the production of in situ-gelling injectable biomaterials (Figure 1A). Swelling/stability studies performed on AC2.5, AC5, and AC10 showed complete degradation of AC2.5 hydrogels in 1 day, while AC5 and AC10 formulations degraded in 14 days (Figures 1B,C). Rheological characterization of AC5 and AC10 hydrogels was performed within the linear viscoelastic region, determined with a strain sweep test ranging from 0.1 to 1%, at an oscillatory frequency of 10 rad/s. Storage (G′, Pa) and loss (G″, Pa) moduli, measured with a frequency sweep test at 0.5% strain, showed negligible differences between the AC5 and AC10 hydrogels (Figure 1D) and typical gel-like behavior, characterized by the predominance of the solid-like component (G′) over the viscous component (G”). Furthermore, AC5 and AC10 hydrogels exhibited a shear thinning behavior, manifested as a slight increase of shear stress (circles) and decrease of viscosity (triangles) at increasing shear rate at T = 23°C (Figure 1E). Comparing the results obtained in this work at T = 23°C with the results of other studies performed on alginate hydrogels at T = 37°C (Duan et al., 2017), we expect no or modest decrease in the viscosity and elastic modulus at physiological temperature.
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FIGURE 1. Soft and biodegradable alginate hydrogels are produced by internal crosslinking with calcium carbonate. (A) Images of AC2.5, AC5, and AC10 hydrogels, scale bar = 5 mm. (B) Wet weight variation (swelling) of hydrogels compared to their initial weight at day 0. (C) Dry weight variation (mass loss) of hydrogels compared to the initial dry weight at day 0. (D) Rheological characterization of storage (G′) and loss (G″) moduli of AC5 and AC10 by frequency sweep test at 0.5% strain and T = 23°C and (E) shear rate dependence of shear stress (filled circles) and viscosity (open triangles) at T = 23°C.


Cell viability test by the colorimetric MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay, detecting cell viability and metabolic activity, showed that the degradation products of hydrogels did not induce toxic effects in human CD14 + monocytes cultures. Indeed, after 24 h of co-incubation with AC5 or AC10 extracts, the average cell viability was in the 90–94% range, with no statistical difference in cell viability (p > 0.05) between all tested samples and in comparison with cells cultured in degradation products free-RPMI medium.



Immobilization of a Model Protein in Alginate Hydrogels Enables Controlled and Localized Release

A model protein (bovine serum albumin, BSA) was immobilized at different concentrations (50–150 μg/mL) in AC5 and AC10 hydrogels to predict the release kinetics of the immunomodulatory cytokines. Images of the hydrogels acquired at the confocal microscope showed homogeneous dispersion of FITC-labeled BSA in the hydrogels (Figures 2A,B). The release profile of BSA from alginate hydrogels, measured with the BCA assay, a colorimetric assay for quantitation of protein release, showed a gradual release of the protein over a period of 5 days. No statistical differences were detected when comparing the release of increasing concentrations of BSA at each time point from AC5 and AC10 hydrogels (Figures 2A,B).
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FIGURE 2. BSA is released from AC5 and AC10 in 5 days. (A) Representative confocal laser scanning microscopy images of AC5 (left) and AC10 (right) hydrogels loaded with BSA-FITC protein acquired after 24 h in phosphate buffered saline (PBS). Scale bar: 100 μm. (B) Quantification of BSA content in PBS supernatant collected from hydrogels at different incubation times. Data are represented as cumulative percentage release relative to the initial loading dose ± SD (n = 3).




Colony- Stimulating Factor 1 and Interleukins 4, 6, and13 Released From Alginate Hydrogels Stimulate Polarization of Human Monocytes Isolated From Peripheral Blood

Based on evidence in the literature (Mia et al., 2014; Holloway, 2018), we have induced polarization of CD14 + human monocytes (purified from peripheral blood and characterized by flow cytometry analysis, Supplementary Figure S1) into pro-healing macrophage phenotypes (the so-called M2 macrophages) by adding 20 ng/mL CSF-1 for 6–13 days directly to the culture medium.

Addition of anti-inflammatory interleukins (IL4, 20 ng/mL or a combination of IL4/IL6/IL13, 20 ng/mL each) notably improved the yield of polarization of monocytes toward reparative macrophage phenotypes, as confirmed by the increasing expression of CD163 and CD206 markers, associated to the M2c and M2a reparative macrophage phenotypes (Supplementary Figure S2).

The bioactivity and efficacy of the immune-modulating cytokines released from AC10 hydrogels were investigated by evaluating morphology and the expression of pro-healing macrophage markers expressed by treated monocytes by optical light microscopy and immunohistochemistry, respectively (Figure 3A). As showed in Figure 3B, CSF-1 extracts from AC10 induced the differentiation of reparative macrophage phenotypes in 10 days, with similar effectiveness compared to the addition of fresh cytokines to the culture medium (Supplementary Figure S2A). Striking differences were noted among the different media eluting from hydrogels groups. The percentage of small and rounded cells, associated with pro-inflammatory macrophage subsets, was significantly higher in cultures of untreated monocytes and monocytes treated with CSF-1 alone, compared to the more elongated morphology observed for cells cultured with CSF-1 and ILs released from AC10 hydrogels. Indeed, the typical reparative heterogeneous population, composed of round macrophages (identified with white arrowheads in Figure 3B) and cells presenting cytoplasmic extensions with an elongated cell body (identified with red arrows in Figure 3B; Ploeger et al., 2013) was widely represented in presence of ILs. Antibodies against CD206 and CD163 were used to assess polarization of monocytes toward reparative phenotypes (Yang et al., 2014; Kumar et al., 2016). Similarly to what was observed with the morphological assessment, confocal imaging confirmed that the percentage of cells positive for M2 surface markers was significantly increased in the presence of medium containing the differentiation factors released from the hydrogels in comparison with the control, represented by untreated monocytes (p < 0.05, Figures 3C,D). Monocytes exposed to extracts of AC10 hydrogels loaded with combinations of CSF-1 and IL4 exhibited a slight but not statistically significant increase in the level of CD163+ macrophages, compared to CSF-1 only (p ≥ 0.05), and a marked increase of CD206+ macrophage subtypes (∗∗p < 0.01) (Figures 3C,D). As expected, the addition of IL6 and IL13 cytokines induced both a strong CD163 and CD206 up-regulation at day 10 compared to the other test groups (∗∗∗p < 0.0001, Figures 3C,D). Overall, these data indicate that the immobilization and release of immunomodulatory cytokines from alginate hydrogels did not impair their biological activity, resulting in an efficient polarization of monocytes, comparable to the stimulation with fresh cytokines stock solutions added to the culture medium (Supplementary Figure S2).
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FIGURE 3. Optimized combinations of immunomodulatory cytokines released from AC10 hydrogels promote monocytes polarization toward healing macrophage phenotypes. (A) Isolated human CD14 + monocytes were cultured for 10 days in the presence of medium containing cytokines obtained from solid hydrogels after 10 days of incubation. (B) Representative optical light microscopy showing inflammatory macrophages phenotypes characterized by the round morphology (white arrowheads) and anti-inflammatory macrophage subsets with elongated morphology (red arrows). Scale bar = 50 μm. (C) Confocal images obtained from the specified conditions. Expression of M2-macrophage markers, CD163 (green) and CD206 (red) was evaluated. Scale bar = 50 μm. Nuclei were counterstained with Hoechst 33342 (blue). Rectangles in panel (C) represent cells in magnified area, where merged CD163/CD206/nuclei signals are shown (Scale bar = 20 μm). (D) Number of CD163 + or CD206 + cells was expressed as total positive cell per total nuclei number per analyzed field (ns = p > 0.05, **p < 0.01; ***p < 0.001, n = 3).




Wound Healing in the Rat Ischemic Skin Flap Model Is Enhanced With Delivery of CSF-1 and IL4

To evaluate the reparative potential of the combination of CSF-1 and IL4 released from the biomaterials in ischemic tissues, we have adapted a predictive model of ischemic skin wounds created with a bipedicle skin flap (Figure 4A). With this model, a silicon membrane is placed beneath the flap as an inert barrier to inhibit vascularization of the skin, thus creating an ischemic site. Four wounds were created in the ischemic skin, and the alginate hydrogels releasing immunomodulatory cytokines were implanted. Evaluation of digital images and histological sections of the skin near the epithelial gap by hematoxylin/eosin staining allowed measurement of the kinetics of wound healing and hydrogel degradation, which was typically observed at 3–5 days post ischemia (Figure 4B). Phenotypic evaluation of the immune cell population was conducted by immunohistochemistry with CD68 (pan-macrophages marker) and CD206 (reparative macrophages marker) antibodies at 4 days post ischemia. Results show little or no differences among groups. The extensive co-localization of CD68 and CD206 markers, which can be associated with the presence of reparative macrophages subsets in the ischemic and non-ischemic wounds, indicates initiation of the healing process via a shifted macrophage polarization (Figure 4C). The limited presence of CD68 + CD80 + cells, associated with inflammatory macrophages phenotypes, at 4 days corroborates with the evidence of a rapid onset of the reparative process (Supplementary Figure S3).


[image: image]

FIGURE 4. The efficacy of the immunomodulatory biomaterials is tested in a predictive ischemic skin flap model. (A) Digital images of ischemic wounds at 0, 3, 7, and 14 days. Wounds received (1 and 2) no hydrogels, (3) unloaded alginate hydrogels, or (4) alginate hydrogels loaded with 2 μg CSF-1 and 2 μg IL4. Tissue necrosis is visible at day 14 in wounds 1 and 2. Scale bar = 5 mm. (B) Representative hematoxylin/eosin staining of wound tissues treated with AC10 hydrogels unloaded or loaded with 2 μg CSF-1 and 2 μg IL4 at 1, 4, 7, and 14 days post ischemia (scale bar = 1 mm). Hydrogels are identified with a blue circle. Some of the hydrogels detached from the slides during the histological processing (for example, wound image at day 1). The black squares on the H&E staining of loaded AC10 hydrogels indicate the area represented at higher magnification on the right of each sample (scale bar = 200 μm. (C) Immune cells stained with CD68 (pan macrophage marker) and CD206 (reparative macrophage phenotypes) at the wound edges at 4 days post ischemia, scale bars = 20 μm. A 30 μm × 45 μm magnified area is shown in the bottom-left inset of each image. (D) Kinetics of wound closure for the four experimental conditions show increased wound healing in presence of cytokines. N = 4–9 wounds were analyzed at different time points for each group. (E) Fraction of healed wounds for the tested groups at different time points (I = ischemic, NI = non-ischemic). At 21 days, all wounds were completely healed.


A significant delay in wound healing was observed for the ischemic wounds compared to the non-ischemic controls, as shown in Figure 4D (p < 0.05 at days 7 and 14 for ischemic wounds that received no hydrogels or unloaded AC10 compared to non-ischemic control wounds). Importantly, accelerated healing trends were observed with delivery of CSF-1 and IL4 (2 μg each) from AC10 alginate hydrogels, compared to sham control and to wounds treated with unloaded alginate hydrogels (Figures 4D,E). Faster wound healing is obtained with the new therapeutic treatment compared to the unloaded controls (12% increase in the healed wound area at day 14). A chi-squared test performed on the fraction of healed wounds at 1, 7, 14, and 21 days (Figure 4E) showed statistical differences in the healing kinetics between cytokine-loaded AC10 hydrogels compared to the untreated ischemic wound (p < 0.001) and the unloaded AC10 hydrogels (p < 0.05).



Injection of Immunomodulatory Biomaterials in the Infarcted Heart Induce Recovery of Cardiac Function at 15 Days Post Myocardial Infarction

Injectable formulations of AC10 hydrogels were introduced into the infarcted myocardium of wild type rats to evaluate their regenerative potential. Fully immunocompetent rats received MI by 60 min of ischemia then reperfusion, followed by intramyocardial injection of either (Wilkins et al., 2017) saline, (Benjamin et al., 2019) unloaded AC10, or (Shimokawa and Yasuda, 2008) AC10 loaded with CSF-1 and IL4 (2 μg each). Measurements of the infarct area on picrosirius red/fast green stained heart sections showed no difference in the size of the infarcts for the three groups at 4 and 15 days post MI; however, a significant increase in scar size from 4 to 15 days was visible for the group treated with saline injections (Figure 5A). Results from echocardiographic examination showed a decrease in cardiac function (measured as a 29.6 ± 1.0% decrease in fractional shortening and 18.3 ± 0.7% decrease in ejection fraction, averaging all groups) at 4 days post MI compared to the baseline (Figure 5B). A higher fractional shortening at day 15 between the group treated with the biomaterials loaded with the immunomodulatory cues versus sham treatment suggests the therapy improves functional outcomes (Figure 5B). Histological assessment with CD68, pan macrophage marker, and cardiac Troponin T (cTnT), cardiac marker, shows a broad presence of macrophages in the infarct area with few surviving cardiomyocytes (Figure 5C). The presence of inflammatory versus reparative macrophages was evaluated in the infarct area by use of CD68, CD206 (reparative macrophage phenotypes), and CD80 (inflammatory macrophages phenotypes). CD206
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FIGURE 5. Infarcted rat hearts receiving the immunomodulatory therapy show improvement in cardiac function and polarization of macrophages in the ischemic wound. (A) Cross section of a heart labeled with picrosirius red/fast green allow identification of the infarct area in red (I) and of the remote healthy tissue (R). Quantification of infarct area relative to the left ventricle area for all groups is shown on the right. Data are represented as mean ± standard deviation. N = 3 hearts were evaluated for all groups except AC10 unloaded- 15 days (n = 2) and AC10 loaded- 15 days (n = 10). (B) Cardiac function evaluated by fractional shortening (%) and ejection fraction (%) over 15 days. Each symbol represents the fractional shortening or ejection fraction of an individual rat. Data are expressed as mean ± standard deviation. (C) CD68 and cTnT staining for assessing macrophages and cardiomyocyte morphology in the infarct and remote area of the heart at day 15, scale bars = 100 μm.


expression is specific for the M2a macrophage sub-phenotype, that is known to be induced in vitro by IL-4 or IL-13 (Ma et al., 2018), and is therefore the marker selected for assessing the healing-type macrophages stimulated in vivo with our therapeutic. The significant decrease of CD80 positive macrophages in the infarct area of rat hearts receiving AC10 loaded hydrogels compared to the other treatment groups suggest possible transition away from inflammation and toward healing/repair (Figure 6). Presence of CD68 + CD206 + healing macrophages appears elevated in the infarct region of animals treated with either unloaded and cytokines-loaded injectable biomaterials, but with no statistical difference among groups, likely due to the high biological variability between animals.


[image: image]

FIGURE 6. Identification of macrophage subtypes in the infarct area shows the presence of reparative phenotypes in hearts treated with CSF-1 and IL4 loaded alginate hydrogels. Representative images of the infarct scar treated with unloaded AC10 hydrogels (A) or cytokine-loaded AC10 hydrogels (B) show macrophages stained with antibodies against CD68 (pan macrophage marker: left column), CD80 (inflammatory subsets: top row of A,B) and CD206 (reparative subsets: bottom row of A,B), scale bars = 20 μm. A 25 μm × 35 μm magnified area is shown in the bottom-left inset of each image. (C) Quantification for the macrophage phenotypes normalized to CD68 + cells was performed on n = 198 ± 47 CD68 + cells per group (*p < 0.05).




DISCUSSION

In this study, we evaluate an innovative approach to address the need of an effective treatment for repairing damaged myocardium after an infarction, which uses biomaterials for the localized release of immunomodulatory cytokines. Previous works have explored immunomodulatory strategies for treating the infarcted myocardium, primarily by preventing excessive inflammation with anti-inflammatory or immunosuppressive agents targeting select pathways, initiators of inflammation (such as reactive oxygen species), inflammatory cytokines or immune cells, including B and T lymphocytes (Panahi et al., 2018). Here, we use CSF-1 and anti-inflammatory interleukins IL4, IL6, and IL13 to target monocytes and macrophages for initiating healing, repair and revascularization processes in the ischemic myocardium. In corroboration with results obtained in vitro in previous studies (Rovida et al., 2001; Mia et al., 2014; Boulakirba et al., 2018; Holloway, 2018), we were able to obtain a phenotypic switch of human blood monocytes toward pro-healing macrophage subtypes by treating cells with a combination of CSF-1 and IL4. Further, we have demonstrated that the efficacy of polarization increases with the use of a cocktail of anti-inflammatory interleukins, including IL6 and IL13 in vitro. Previous works in the literature show that CSF-1 is required for enhancing the final activation status of reparative macrophage phenotypes when cells are treated with a cocktail of anti-inflammatory cytokines (Mia et al., 2014; Zarif et al., 2016). Based on this evidence, we selected a combination of CSF-1 and IL4 for in vivo assessment as the most simple delivery system that elicits polarization of monocytes toward reparative macrophage sub-populations (Figure 3).

We used this acellular biomaterials system for the minimally invasive treatment and the localized delivery of “repair-instructive” cytokines in the setting of ischemic skin tissue and acute MI.

Soft alginate biomaterials are specifically designed (1) to gel at 37°C in 5–10 min, being optimal carriers for in situ gel formation; (2) to optimize timing and location of the treatment, tailoring their release to target the circulating monocytes and macrophages during the acute infarct phase (0–4 days) and prior to the formation of granulation tissue (4–14 days) (Ferrini et al., 2019); and (3) to rapidly biodegrade in vivo after releasing the therapeutics to avoid biomaterial-induced arrhythmias (Hernandez and Christman, 2017; Figures 1, 2).

The efficacy of the developed immunomodulatory therapeutic has been evaluated in vitro (Figure 3) and in the ischemic skin flap model, a reliable model to study the effects of tissue ischemia on wound healing (Figure 4). This in vivo model recapitulates the pathology of ischemic wounds, with impaired vascularization and delayed wound healing (Schwarz et al., 1995; Gould et al., 2005; Trujillo et al., 2015; Patil et al., 2017), offering a convenient predictive model to optimize the immunomodulatory biomaterials prior to further testing in the infarcted myocardium. By measuring the epithelial gap (the distance between the wound margins) up to 21 days in ischemic and non-ischemic wounds, we demonstrate an accelerated healing of the ischemic wounds treated with the immunomodulatory biomaterials. Indeed, ischemic wound repair with CSF-1 and IL4 delivery was different from the non-treated ischemic wound and the unloaded control healing kinetics (Figure 4E). The promising healing trends obtained in this work with the delivery of immunomodulatory cytokines in ischemic rat skin wounds (Figure 4) show similar regenerative potential with the results of previous studies investigating topical applications or subcutaneous injections of exogenous pro-angiogenic growth factors, including vascular endothelial growth factor (VEGF) (Zhang et al., 2003), fibroblast growth factor (FGF) (Fayazzadeh et al., 2016) and platelet-derived growth factor (PDGF) (Chin et al., 2002). The beneficial effects of the immunomodulatory treatment observed in the skin flap model of ischemia provided the rationale for evaluating the immunomodulatory treatment in the MI, a more complex, non-healing wound generated by ischemia in the heart. We performed MI by ischemia/reperfusion injury, which is an established model to assess cardiac regeneration after MI (Lindsey et al., 2018). Compared to a permanent ligation procedure, the I/R model is more clinically-relevant, as it recapitulates reperfusion injury as observed in human patients, thus enabling a more appropriate study of the immune system response in an animal model due to the onset of inflammation (Chimenti et al., 2004).

Cardiomyocyte death following ischemia activates the innate immune response, and monocytes and inflammatory macrophages are rapidly recruited into the infarcted wound bed to remove dead cells and tissue debris. However, if a rapid polarization toward reparative macrophage phenotypes is not achieved within a few days, the heart progresses rapidly through left ventricular remodeling, accompanied by deposition of collagenous scar and more severe functional decline, that can lead to heart failure (Ferrini et al., 2019).

Our therapeutic intervention aims to leverage the native immune cell population in the infarct during the acute inflammatory phase to alter the course of remodeling through pro-angiogenic processes. The soft alginate hydrogels produced in this study are designed as injectable carriers for the immunomodulatory cytokines and are not aimed at providing mechanical support to the infarcted area. The rheological properties of AC10 hydrogels are appropriate for intramyocardial injection via small needles (30G), and the viscoelastic behavior of AC10 hydrogels is comparable to that of other injectable biomaterials described in the literature (Oliveira et al., 2010; Munarin et al., 2014). Other acellular biomaterials have been injected in the myocardium with minimally invasive procedures for biomaterial-alone approaches or using biomaterials as carriers of growth factors, microribonucleic acids (miRNAs) or exosomes (Hernandez and Christman, 2017). However, to the best of our knowledge, this is the first study that reports the injection of biomaterials loaded with a cocktail of CSF-1 and IL4 as immunomodulatory cues for improving cardiac repair. Our study suggests that the cytokine-loaded hydrogels induce changes of the immune cell population in the infarct environment that reduces inflammatory phenotypes to tip the balance toward that results in improved heart function at 15 days post-MI. These results warrant further investigation of this injectable therapeutic system for advancing the healing process in the acute phase potentially via macrophage-driven revascularization that may reduce chronic ischemia for surviving cardiomyocytes and support subsequent long-term treatments of the infarct.
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The research for heart therapies is challenged by the limited intrinsic regenerative capacity of the adult heart. Moreover, it has been hampered by the poor results obtained by tissue engineering and regenerative medicine attempts at generating functional beating constructs able to integrate with the host tissue. For this reason, organ transplantation remains the elective treatment for end-stage heart failure, while novel strategies aiming to promote cardiac regeneration or repair lag behind. The recent discovery that adult cardiomyocytes can be ectopically induced to enter the cell cycle and proliferate by a combination of microRNAs and cardioprotective drugs, like anti-oxidant, anti-inflammatory, anti-coagulants and anti-platelets agents, fueled the quest for new strategies suited to foster cardiac repair. While proposing a revolutionary approach for heart regeneration, these studies raised serious issues regarding the efficient controlled delivery of the therapeutic cargo, as well as its timely removal or metabolic inactivation from the site of action. Especially, there is need for innovative treatment because of evidence of severe side effects caused by pleiotropic drugs. Biocompatible nanoparticles possess unique physico-chemical properties that have been extensively exploited for overcoming the limitations of standard medical therapies. Researchers have put great efforts into the optimization of the nanoparticles synthesis and functionalization, to control their interactions with the biological milieu and use as a viable alternative to traditional approaches. Nanoparticles can be used for diagnosis and deliver therapies in a personalized and targeted fashion. Regarding the treatment of cardiovascular diseases, nanoparticles-based strategies have provided very promising outcomes, in preclinical studies, during the last years. Efficient encapsulation of a large variety of cargos, specific release at the desired site and improvement of cardiac function are some of the main achievements reached so far by nanoparticle-based treatments in animal models. This work offers an overview on the recent nanomedical applications for cardiac regeneration and highlights how the versatility of nanomaterials can be combined with the newest molecular biology discoveries to advance cardiac regeneration therapies.
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GRAPHICAL ABSTRACT. Learning from heart development and diseases to develop novel nano-therapeutics.
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INTRODUCTION

For the last decades, cardiologists and researchers in the field have been fascinated by the idea of treating cardiomyopathies by inducing adult cardiomyocytes (CMs) to proliferate and generate new contractile force (Hashmi and Ahmad, 2019). The regenerative potential of mammalian heart is an age-dependent process and is already limited in newborns (Porrello et al., 2011b). After a few studies reported the limited potential of CMs to regenerate in human hearts during physiological aging and after injury (Bergmann et al., 2009; Senyo et al., 2013), a consensus was recently reached that their capacity is insufficient to restore heart function in case of injury (Eschenhagen et al., 2017). Also, cardiac muscle regenerative potential remains elusive due to the poor understanding of the biology of resident progenitor cells (Tzahor and Poss, 2017).

When damage occurs, rather than producing new functional muscle mass, the human heart is prone to protect its integrity by depositing a non-compliant scar, while inducing cardiomyocyte hypertrophy. Consequently, these two processes lead to the insurgence of arrhythmias and eventually to heart failure (HF). Therefore, overcoming this limitation would revolutionize the good clinical practice by finding a measure to counteract HF (Foglia and Poss, 2016).

To date, several clinical trials have been proposed to test cardiac repair stimulation in adults. However, no satisfactory outcomes were achieved (Banerjee et al., 2018), mainly due to either the poor understanding of resident cardiac progenitor (CPCs) biology in adult heart or by the lack of appropriate delivery tools (Smith et al., 2014; Vicinanza et al., 2017; Cianflone et al., 2018; Marino et al., 2019).

The proposed therapies entailed the transplantation of CPCs or the application of human induced pluripotent stem cells (hiPSCs), mainly delivered through cell injections (Bartunek et al., 2017; Butler et al., 2017), cell-matrix inoculation (Traverse et al., 2019; U.S. National Library of Medicine, 2019a), cell sheets (Miyagawa et al., 2017) and cell patches (Dolan et al., 2019). Despite the amount of work done in this direction, the lack of robust pre-clinical mechanistic studies remains the main hurdle for the failure of cardiac treatment (Menasché, 2018).

In this context, the design of nanoparticles (NPs) targeting the contractile component of the heart may offer interesting solutions to overcome the limitations of current therapeutics, by selective modulation of developmental pathways in cardiac cells. Currently, nanoparticles properties can be tuned and designed opportunely for different medical applications, thus offering the possibility for loading and delivering different kinds of cargos, according to the desired therapy. In this work, the current state-of-the-art of NP-based system for cardiac therapy and their therapeutic cargos such as microRNAs (miRNAs), cardioprotective drugs or growth factors is reported and critically discussed.

In conclusion, we point at Hippo pathway, a recently discovered intracellular axis being involved in fetal heart growth and cardiomyocyte proliferation (von Gise et al., 2012; Heallen et al., 2013), as a promising target for nanoparticle-based therapies.



THE BIOLOGY OF CARDIOMYOPATHIES

Heart failure is either determined by a primary cardiac event, such as in myocardial infarction (MI), or is chronically reached over a long time in non-ischemic cardiomyopathies (Tanai and Frantz, 2015). The treatment options for MI range from anti-inflammatory, anti-coagulants and analgesic drugs to angioplasty, coronary bypass or electronic implants, up to heart transplantation in the most severe cases (Lu et al., 2015). However, if the ischemic event persists for prolonged period, the damage to the heart muscle can be irreversible, and cardiac remodeling, achieved by myocardial fibrosis, results in impaired cardiac function (Briceno et al., 2016). Non-ischemic cardiomyopathies refer, instead, to muscle diseases affecting heart size, shape and structure, that eventually reduce the pumping function of the organ (Chan et al., 2018). They – in fact – proceed to heart blood pump dysfunction, followed by the consequent remodeling of cardiac structures and eventually heart failure (Vikhorev and Vikhoreva, 2018). Based on structural and functional heart changes, several types of cardiomyopathies, having a non-ischemic basis, can be identified. Among them, hypertrophic (HCM), dilated (DCM), restrictive (RC), and arrhythmogenic right ventricular (ARVC) cardiomyopathies are inheritable, and caused by mutations in a single gene (Braunwald, 2017).

HCM is caused by single mutations on different specific genes encoding for proteins from the cardiac sarcomere and it is transmitted as a dominant trait (Alfares et al., 2015). Thus, direct relatives of affected people have 50% probability of acquiring the disease. Nevertheless, due to its incomplete penetrance at very young ages, diagnosis of the disease might be delayed till adulthood (Velzen et al., 2018). HCM is characterized by an inappropriate left ventricular hypertrophy (LVH) developed in the absence of pressure overload or infiltration, and, generally, it results in asymmetric septal hypertrophy, but any LVH pattern can be associated with the disease (Mazzarotto et al., 2019). Similarly, gene mutations can result in very distinct LVH patterns in terms of myocardial fibrosis and susceptibility to arrhythmias. Several genes that bear pathogenic mutations causing HCM have been identified. Among them, the combined cardiac myosin binding protein-C (MYBPC3) and b-myosin heavy chain (MYH7) account for up 50% of the clinically recognized HCM cases (Lopes et al., 2015). Histologically, HCM is defined by interstitial fibrosis, myocyte enlargement and microstructure disarray (Figure 1, middle panel).
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FIGURE 1. HCM and DCM as the most common cardiomyopathies. (A) Schematic representations of the anatomy of normal (left), hypertrophic (hypertrophic cardiomyopathy, HCM, middle) and dilated (dilated cardiomyopathy, DCM, right) heart. HCM is characterized by left ventricle thickening, while DCM is defined by the dilation of the left ventricle. AO, aorta; SVC, superior vena cava; MPA, main pulmonary artery; RA, right atrium; RV, right ventricle; TV, tricuspid valve; PV, pulmonary valve; LA, left atrium; LV, left ventricle; MV, mitral valve; AOV, aortic valve; IVC, inferior vena cava. (B) Hematoxylin-eosin (H&E, top) staining in longitudinal and transversal (inset) sections of the cardiac muscle. Normal heart shows the organized and parallel alignment of cardiomyocytes (dashed black line) with preserved cell body and sarcomeric structures. Disorganized cellular structures are highlighted in HCM and DCM sections. Nuclei appear in violet, cytoplasm in pink. Masson’s trichrome (MT, bottom) staining in longitudinal and transversal (inset) sections of cardiac muscle. The homogeneity, the continuity and organization of the healthy tissue (pink) is perturbed by the accumulation of fibrotic non-contractile tissue (blue) in HCM and DCM hearts. Missing scale bars were not provided in the original article. H&E healthy: Reprinted and adapted from Marian and Braunwald (2017) under the terms of the Creative Commons Attribution License. MT healthy: Reprinted and adapted from Wang et al. (2014) under the terms of the Creative Commons Attribution License. H&E HCM: Reprinted and adapted from Jain et al. (2017) under the terms of the Creative Commons Attribution License. MT HCM: Reprinted and adapted from: Guo et al. (2017) under the terms of the Creative Commons Attribution License. H&E DCM: Jain et al. (2017) under the terms of the Creative Commons Attribution License. MT DCM: Reprinted and adapted from: Mitrut et al. (2018) under the terms of the Creative Commons Attribution License.


DCM is the most common cardiomyopathy and a leading cause of heart failure, transplantation and death (Hershberger et al., 2013). It is caused by the pathological dilation of the left ventricle, followed by progressive contractile failure. It is histologically characterized by cardiomyocyte hypertrophy, loss of myofibrils, and interstitial fibrosis (Figure 1, right panel) (Cahill et al., 2013). DCM is a progressive disease that can originate from various factors (acquired or inherited) such as ischemia, infection, autoimmune disease, collagen vascular disease, toxins and drugs, nutritional deficiency, and genetic disease (Watkins et al., 2011; Schultheiss et al., 2019). Although patients with DCM may be initially asymptomatic, progressive heart failure or arrhythmia are often responsible for sudden death cases. DCM has a diverse array of familial or sporadic genetic causes, where mutations can be found in sarcomeric proteins and other structural protein genes (Burke et al., 2016). Mutations in the titin gene (TTN) are the most common causes of pathogenicity (∼25–27.6% of familial and 11.6–18% of sporadic cases) (Schafer et al., 2016). Other frequent mutations affect MYH7 (Colegrave and Peckham, 2014), tropomyosin a1 chain (TPM1) (England et al., 2017), and the genes of cardiac troponins (TNNT2) (Hershberger et al., 2009).

ARVC is characterized by a progressive replacement of right ventricular myocardium by fibro-fatty tissue leading to ventricular arrhythmias and sudden cardiac death (Xu et al., 2017). Pathogenic mutations in 13 genes have been identified for patients with ARVC with genes encoding the cardiac desmosome accounting for more than 50% of the cases (Xu et al., 2017). The later include plakoglobin (JUP), plakophilin-2 (PKP2), desmoplakin (DSP), desmoglein-2 (DSG2), and desmocollin-2 (DSC2) (Xu et al., 2017).

Analogously to DCM, RC – the least common of the cardiomyopathies – may result from acquired or inherited predispositions. The most significant inherited mutations include TNNT2, troponin I (TNNI3), α-actin (ACTC), and MYH7 (Muchtar et al., 2017). RC results in increased myocardial stiffness that ultimately leads to impaired ventricular filling (Muchtar et al., 2017). Usually RC is manifested from infiltrative processes, i.e., sarcoidosis, hemochromatosis and amyloidosis, for which tailored interventions and precise diagnosis are required to reveal the disease cause (Muchtar et al., 2017).

Other acquired disorders such as stress-induced and myocarditis cardiomyopathies have been identified. The first one is defined, according to the World Healt Organization (WHO) classification of cardiomyopathies, as an inflammatory disease often resulting from viral infections (Pollack et al., 2015). Clinically it is manifested by acute heart failure, ventricular arrythmias or cardiogenic shock, being associated with significant rates of morbidity and death (Pollack et al., 2015).

Stress or Takotsubo cardiomyopathy is a reversible disorder associated with transient left ventricular dysfunction and affects predominantly post-menopausal women (Nef et al., 2010). It mimics a myocardial infarction but in the absence of coronary artery occlusion and it is manifested by systolic apical ballooning (Dhulipala et al., 2018).

Currently available treatments for cardiomyopathies are mainly focused on the mitigation of the most severe symptoms instead of solving the pathology and in most cases the only resolutive intervention is the heart transplantation (U.S. Department of Health & Human Services).

Conversely, cardiac regeneration therapy looks for the complete remission of the disease to improve the patient’s life quality, aiming to re-establish the lost heart functionality by stimulating the activity of cardiomyocytes.



NOVEL THERAPEUTIC APPROACHES TO TREAT CARDIOMYOPATHIES

Over the years, different kinds of therapies have been used to repair or regenerate the damaged heart. These include: (1) cell-based therapies (Behfar et al., 2014; Madonna et al., 2016); (2) direct reprogramming of resident cardiac fibroblasts into contractile cells (Fu et al., 2015; Engel and Ardehali, 2018); (3) endogenous cardiomyocyte proliferation induction via modulation of cardiomyocyte cell cycle regulators, e.g., the Hippo signaling pathway (Mohamed et al., 2018); (4) gene therapy via adeno associated viruses (AAVs) (Chamberlain et al., 2017). Since most of these approaches have been exploited when using nanoparticles for cardiac repair, we will briefly introduce them in the following paragraphs.


Cell-Based Therapies

Cell-based therapies envision the transplantation of cells to restore cardiac function. Implanted cells need to be able to engraft and differentiate into functional cardiomyocytes in vivo (Sanganalmath and Bolli, 2013). Several types of cells including skeletal myoblasts (Gavira et al., 2010), bone marrow-derived cells and mesenchymal stem cells (MSCs), cardiac progenitors and pluripotent stem cells [i.e., human embryonic (hESCs) and human induced pluripotent (hiPSCs) stem cells], have been proposed as suitable candidates for cardiac cell therapies (Psaltis et al., 2010; Müller et al., 2018). Despite the promising in vitro results and the beneficial short-term outcomes in in vivo tests, controversial evidence regarding long term side effects, like arrhythmias or possible tumor growth due to ineffective differentiation, together with inconsistencies in the reported cell engraftment rate and differentiation, have impaired the translation of such approaches into clinics (Rikhtegar et al., 2019). Nevertheless, different clinical trials featuring the delivery of cells, deemed to be beneficial to the heart, are currently undergoing. Most of these studies are based on the direct injection of different preparations of bone marrow-derived cells and are either in the recruitment phase – with estimated completion dates on May 2020 (NCT02032004) and March 2030 (NCT02503280) (Borow et al., 2019; U.S. National Library of Medicine, 2019b, 2020a) – or with completion dates expected on June 2021 (NCT02438306), January 2023 (NCT02408432) and July 2023 (NCT02962661) (Raval et al., 2018; U.S. National Library of Medicine, 2019c, d). The outcomes of these clinical trials are likely to clarify the potentiality of cell-based therapy and mark the future direction for the application of this technique in cardiac regeneration.



Direct Reprogramming of Resident Cardiac Fibroblasts

Recently, the possibility that cardiomyocytes can be generated by direct cardiac reprogramming of non-contractile cells has gained momentum (Isomi et al., 2019). This approach consists in converting fully differentiated fibroblasts into cardiomyocytes. It combines the beneficial potential of increasing the contractile workforce of the heart with the reduction of the scar tissue formation (Ieda et al., 2010). The protocols currently in use utilize the forced expression of cardiac-specific transcription factors (e.g., GATA4, HAND2, MEF2C, TBX5) (Song et al., 2012) and relevant cardiac miRNAs to hijack the genetic program of non-contractile cells (Jayawardena et al., 2012). Several studies, both in vitro and in vivo, have reported the use of different combinations of transcription factors, miRNAs or chemical compounds to engineer mouse or human cardiac fibroblasts into cardiomyocyte-like cells, proving functional improvements in MI models (Nam et al., 2013; Wada et al., 2013; Cao et al., 2016). However, problems like inadequate reprogramming efficiency, uncertainty of the molecular mechanisms involved, and the heterogeneous population of induced cardiomyocyte-like cells still need to be addressed before the clinical application of this methodology can be foreseen (Engel and Ardehali, 2018). More details on the use of transcription factors used in cardiac repair have been reported in the literature (Hashimoto et al., 2018).

In the following paragraph, we will describe the role of miRNAs, growth factors and other cardioprotective drugs, in connection with their use as cargos in nanoparticle-driven cardiac regeneration.



Endogenous Cardiomyocytes Proliferation Induction


miRNA Regulation

Because of their regulatory role in cell fate, miRNAs are considered interesting molecular tools and new potent drugs for a number of diseases (Raso and Dirkx, 2017). miRNAs are small endogenous non-coding RNAs (∼23 nucleotides) that play gene-regulatory roles in plants and animals by directing the post-transcriptional repression of protein-coding mRNAs (Bartel, 2009). Over the last two decades, different cardiac miRNAs have been described. Here we refer to heart-specific microRNAs known together as myomiRs (myo = muscle + miR = microRNA), such as mir-128, miR-19a/19b, and other miRNAs with known effects on the heart. They were recently found to play a role in pivotal cell functions involved in cardiac regeneration, i.e., proliferation, reprogramming and differentiation (Huang et al., 2018; Gao et al., 2019).

Additionally, high throughput screening analysis recently performed by different laboratories identified a handful of miRNAs (Table 1) able to induce cardiomyocyte proliferation and stimulate cardiac regeneration in mice and rats (Giacca and Zacchigna, 2015). Following on these studies, miRNAs have also been found to be involved in the cardiac regulation of Hippo pathway, an evolutionarily conserved signaling pathway known for its role in proliferation and apoptosis control during organ development (Meng et al., 2016). This pathway and its impact on cardiac regeneration are described later in this review.


TABLE 1. Cardiac function associated miRNAs with references to heart human orthologs.
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Growth Factors

Biologically active compounds (i.e., growth factors, cytokines) that act at different levels of regulatory processes can be exploited for cardiac repair. They can, for example, (1) activate resident progenitors to attract and differentiate them at the injury site, (2) induce cardiomyocyte dedifferentiation and proliferation, or (3) induce circulating progenitor cells to trigger neovascularization (Hastings et al., 2015). Unfortunately, growth factors and cytokine have usually pleiotropic effects and very short half-life in vivo.

A number of growth factors has been recently conjugated to nanoparticles for a controlled delivery at the heart (Table 2). Vascular endothelial growth factor (VEGF) and fibroblast growth factor (FGF) are among the most potent regulators of neo-vascularization and their efficacy has been tested in pre-clinical applications for improving cardiac function after heart failure (Unger et al., 2000; Simons et al., 2002; Henry et al., 2003). However, neither of them has been yet successfully used in clinical practice (U.S. National Library of Medicine, 2020c; Taimeh et al., 2013), due to their pleiotropic effects and limited half-life in vivo (Epstein et al., 2001; Henry et al., 2001).


TABLE 2. Drugs and small molecules as cardioprotective agents in nanomedicine applications.

[image: Table 2]Furthermore, insulin-like growth factor I (IGF-1) regulates contractility, metabolism, hypertrophy, autophagy, senescence, and apoptosis in the heart and its deficiency in humans and animal models has been associated with an elevated risk of cardiovascular disorders (Troncoso et al., 2014). More specifically, low levels of circulating IGF have been related to the development of heart diseases in patients diagnosed with ischemic heart (Juul et al., 2002). These evidences on the roles of IGF-1 explain the interest on developing new IGF-1-based treatments for heart repair.

Noteworthy, two drugs have been approved by food and drug administration (FDA) for the treatment of IGF1 deficiency: mecasermin (Increlex1) and mecasermin rinfabate (IPLEX1) (Table 2; Troncoso et al., 2014). Nevertheless, the safety of chronic systemic IGF-1 therapy is still open to debate due to the possibility of severe adverse effects such as cancer risk (Troncoso et al., 2014). In order to solve these problems, scientists have selectively overexpressed IGF-1 in the heart, revealing that IGF-1 in cardiomyocytes protects the heart from oxidative stress and promotes functional recovery after MI (Troncoso et al., 2014).

Despite the promising evidence supporting the use of growth factors for cardiac therapy, the development of delivery strategies able to increase the biocompatibility, the circulation time and the release efficiency of these molecules at the injured site must be considered before foreseeing their clinical translation (Rebouças et al., 2016).



Selective Regulation of Hippo Pathway to Promote Adult Cardiomyocyte Proliferation

The Yes-associated protein one (YAP) is the core downstream effector of Hippo pathway. The role of Hippo signaling pathway will be discussed further in the present section. For a more detailed review in cellular mechanobiology, see the review from Martino et al. (2018). The activation of the Hippo pathway results in YAP phosphorylation at Ser127 by upstream LATS kinases (LATS1/2 in human) (Varelas, 2014), which further leads to cytoplasmic sequestration of YAP according to ubiquitin-mediated protein degradation. Conversely, repression of Hippo kinases induces YAP reactivation and accumulation in the nucleus (Boopathy and Hong, 2019) (content Box 1). In the adult organism, YAP is involved in numerous key biological processes where it acts either as repressor or activator in combination with context-specific transcription factors (Figure 2A). From the analysis of almost four hundred direct protein interactors of YAP, it is clear that many biological effects remain unexplored (thebiogrid.org, 2019). Among the most studied functions YAP exerts are stemness maintenance and tumorigenesis (Chen et al., 2019), cell mechanic control via focal adhesions (Nardone et al., 2017) and the regulation of organ size (Watt et al., 2015). The Hippo–YAP pathway regulates heart growth during prenatal life and is considered important for adult heart homeostasis (Figure 2B; Wang et al., 2018). Noteworthy, overexpression of YAP was proven to be sufficient for stimulating proliferation of post-natal rat cardiomyocytes (von Gise et al., 2012). In particular, inducible YAP overexpression in rat embryos and new-born individuals caused an increase in cardiomyocyte proliferation leading to hyperplasia and 20% gain in heart weight in 10 days. This happened due to the increase in cell number, whereas cell size remained unchanged.


Box 1. Hippo pathway overview.

Like every tissue of the human body, the heart tissue is subjected to either constant or temporary mechanical stimuli. The cell-extracellular matrix (ECM) interactions dynamically remodel the mechanical properties of the myocardium, and actively respond to extrinsic mechanical cues. Hippo pathway is a mechanosensitive signaling pathway transducing external mechanical stimuli into biochemical responses. The pathway functions as a negative regulator of the effectors YAP/TAZ, two paralog proteins acting as transcriptional co-activators. Here are the main components of Hippo pathway and their role in brief: ∙ YAP: Yes-associated protein. The effector of the pathway. It acts as a transcriptional co-activator (Boopathy and Hong, 2019);

• TAZ (WWTR1): WW domain-containing transcription regulator protein 1. Together with YAP, is the effector of the pathway. It acts as a transcriptional co-activator (Boopathy and Hong, 2019);

• LATS1/2: Large Tumor Suppressor Kinase 1. It is a serine/threonine protein kinase directly phosphorylating YAP/TAZ. The phosphorylation inhibits YAP/TAZ translocation to the nucleus (Tang et al., 2019);

• MOB1: MOB Kinase Activator 1A. It functions as a co-factor of LATS1/2 (Kulaberoglu et al., 2017);

• MST1/2 (STK3/4): Mammalian STE20-Like Protein Kinase 2. It acts upstream of LATS1/2 (Qin et al., 2013);

• SAV1 (WW45): Salvador Family WW Domain Containing Protein 1. It forms a heterodimer with MST1/2 (Bae et al., 2017);

• TAOK1: TAO kinase 1. It is a serine/threonine protein kinase acting upstream of MST1/2 (Plouffe et al., 2016);

• B -TrCP: Beta-Transducin Repeat Containing E3 Ubiquitin Protein Ligase (Fuchs et al., 2004);

• TEAD: transcription factor family forming an active transcriptional complex in association with YAP/TAZ (Boopathy and Hong, 2019).
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FIGURE 2. The role of Hippo pathway in heart development and homeostasis. (A) When Hippo pathway is on, the mammalian MST1/2 (STE20-like protein kinase 1/2) and SAV1 (protein salvador homolog 1) complex activates LATS1/2 (large tumor suppressor homolog 1/2) that phosphorylates, in association with MOB1 (MOB kinase activator 1), YAP (Yes-associated protein 1) and TAZ (WW domain-containing transcription regulator protein 1), thus promoting their degradation. Conversely, when Hippo signaling is off, YAP and TAZ shuttle into the nucleus where they bind TEADs (TEA domain transcription factor family members) and regulate the transcription of genes involved in cell proliferation, survival and migration (Henry et al., 2001). By regulating the activity of YAP and consequently the proliferation of prenatal cardiomyocytes, Hippo pathway regulates heart size during development. YAP inhibitory kinase TAOK1 (TAO kinase 1) and E3 ubiquitin ligase β-TrCP (β-transducin repeats-containing protein) are involved in YAP degradation. Their silencing has been reported to increase YAP activity in cardiomyocytes (Torrini et al., 2019). (B) Increased YAP activity has been associated with several pro-regenerative effects in developed heart to prevent cardiac diseases or promoting restoration after MI, as indicated in the table (Watt et al., 2015).


Similarly, blocking the Hippo pathway upstream components MST1/2, LATS2 or SAV1 (WW45) enhanced cardiomyocytes proliferation during heart development (Heallen et al., 2013). Odashima et al. (2007) reported the occurrence of several “pro-regenerative” effects able to inhibit the development of heart failure after myocardial infarction in transgenic mice overexpressing MST1 dominant negative (resulting in downregulation of endogenous MST1 and subsequent YAP upregulation). These effects promoted the reduction of contractile cell apoptosis, intensification of proinflammatory cytokines, inhibition of cardiac dilation, and attenuation of cardiac dysfunction without inhibiting compensatory hypertrophy.

Although progresses in myocardial regeneration in Hippo-deficient heart was reported by Tao et al. (2016), restoration of overall cardiac function by tuning Hippo-pathway components seems to be a more complex task, which requires additional research and validation. In fact, Ikeda et al. (2019) described that long term activation of YAP facilitates the progression of heart failure, in response to pressure overload, in transgenic mice model lacking WW45 Hippo component. Despite homozygous knockout of WW45 (WW45cKO) in mice exhibited greater cardiomyocytes cell cycle re-entry, adverse effects such as interstitial fibrosis, partial increase of infiltrating inflammatory cells and reduction in contractility were also observed.

Considering the very different effects Hippo pathway has on the contractile and structural components of the heart, pros and cons of targeting such a pathway in the whole organ need to be balanced. Also, the crosstalk with other regulatory pathways such as WNT/β-catenin signaling should be considered (Wang et al., 2018). In fact, β-catenin heterozygous mutation (the major effector of WNT pathway) in SAV1 KO mice was able to normalize the proliferation rate of ventricular cardiomyocytes and myocardial thickness, thus confirming the crucial role of WNT pathway in cardiac overgrowth induced by Hippo inactivation (Heallen et al., 2011).

Regarding cardiomyocyte homeostasis, the group of Mauro Giacca lately demonstrated that some miRNAs work in a network that preside over cardiomyocyte homeostasis by converging in the activation of nuclear translocation of YAP (Torrini et al., 2019). In particular, the authors proved that miR-199a-3p, miR-302d, miR-373, miR-590-3p, and miR-1825 can target the TAOK1 and β-TrCP (content Box 1), thus driving E3 ubiquitin ligase-mediated YAP degradation.

These results highlight the crucial role of Hippo pathway in cardiomyocyte homeostasis and the possible cardiac therapy horizons emerging from the regulation of YAP activity in the contractile figures of the heart.



Adeno-Associated Viruses (AAVs) for Targeted Gene Therapy

Another methodology proposed to treat the failing heart relies on the use of engineered viruses as vectors for transfection, given their natural ability to deliver nucleic acids into replicating host cells (Chen et al., 2017). In this direction, the intra-cardiac administration of miRNA-199a through adeno-associated viral vectors restored contractility and increased pig muscle mass by sustaining cardiomyocyte proliferation and de-differentiation (Gabisonia et al., 2019). Nevertheless, the long-term uncontrolled expression of the miRNA resulted in arrythmia events which led the animals to premature death, most likely due to the proliferation of poorly differentiated cardiac cells.

AAV technology is being used in clinics for several applications. A quick look at the website www.clinicaltrials.gov returns three clinical studies employing AAVs aiming to improving the function of the failing heart in patients with HF with reduced ejection fraction (HFrEF). The studies (CUPID and MYDICAR) relied on the intracoronary or the anterograde epicardial coronary artery infusion delivery of AAV1-encoding sarcoplasmic reticulum Ca2+-ATPase (SERCA2a). Although encouraging, with favorable safety profile in terms of immunogenic responses and arrhythmias, the efficacy of the CUPID trial was not confirmed by the larger CUPID 2 study (Penny and Hammond, 2017).

As a general consideration, the use of AAVs still faces important limitations. In particular, several issues remain unsolved, such as (1) long manufacturing processes and scalability; (2) strictly defined cDNA packaging capacity (∼5 kb) that dramatically limits the number of genes that can be carried; (3) the demanding screening of AAV variants suitable for the specific aim; (4) pre-existing immunological sensitivity along with the insurgence of immune response after repeated administrations (Chamberlain et al., 2017).

As an alternative to the use of AAVs, NPs, which can be “custom-made” by using different nano-constructs carrying therapeutic/regenerative drugs/miRNAs, have been proposed, thus opening the way to the application of nanomedicine in the cardiac regeneration field (Amezcua et al., 2016).



NANOPARTICLES DESIGN FOR CARDIAC REGENERATION

Generally, the term nanomedicine is applied to a number of innovative therapeutic approaches entailing the use of precisely bioengineered nanostructured materials (Figure 3A), with at least one dimension in the 1–100 nm range (Zhang et al., 2008). However, a broader definition is now accepted for structures above the 100 nm, such as sub-micrometer and nanostructured microparticles, which are commonly regarded as nanomaterials and used for nanomedical applications (Boverhof et al., 2015). Nanomedicine can be defined as the application of nanotechnology to medicine for diagnosis and therapy (Pelaz et al., 2017). It aims to minimize the side effects of therapeutic drugs while increasing their selective accumulation, thus enhancing the efficacy of the treatment in clinics (Davis et al., 2008). Conventional therapies are – in fact – often associated with tremendous side effects due to the intrinsic toxicity of the drugs, their broad spectrum of activity and the poor control over delivery (Jabir et al., 2012). Due to their tunable properties that potentially allow any kind of application, NPs can overwhelm the design limitations associated with AAVs described above. To date, various types of NPs have been loaded with miRNAs and drugs and used to vehiculate therapeutic agents via different administration routes, providing several advantages when compared to the standard therapies (Figure 3B). Remarkably, a major limitation in the therapeutic use of miRNAs is their fast clearance and rapid degradation in blood circulation and cellular cytoplasm mainly by ribonucleases, resulting in a short half-life (Sioud, 2005). Furthermore, these molecules cannot freely penetrate into the cell efficiently (Zhang et al., 2007). Extracellular miRNAs are physiologically carried inside the cell by membrane-derived vesicles, lipoprotein and ribonucleoprotein complexes (Boon and Vickers, 2013). Among these systems, exosomes are the main effectors of miRNA carriage and exosome miRNA-loaded release has been found to be involved in intercellular communications (Valadi et al., 2007). Therefore, the use of engineered miRNA nanocarriers represents a nature-inspired approach overcoming the previously described limitations. Several NP-based systems for miRNA delivery were so far developed, as recently reviewed in (Lee et al., 2019).


[image: image]

FIGURE 3. Therapy at the nanoscale. (A) Representation of the nanosize, scaling down from the organ size (swine heart) to single cells and intracellular organelles, the latter being the group in which NPs are included. (B) Illustrative scheme of the different modalities of drug delivery. NPs as drug delivery systems have plenty of advantages if compared to systemic drug administration, such as targeted release and dosage reduction, thanks to the combination of several functional blocks within the same tool.


Along with the miRNA delivery, the use of bioengineered nanocarriers can enhance the circulation time, biodistribution and bioavailability of different drugs and proteins, as well as protecting them from degradation and inactivation (Patra et al., 2018). Indeed, many of the drugs currently available are lipophilic and their systemic administration is challenged by their scarce aqueous solubility, with consequent poor delivery and therapeutic efficiency (Kalepu and Nekkanti, 2015). Consequently, the encapsulation of these molecules inside amphiphilic systems may enhance their efficacy and promote their long lasting and sustained release at the desired site (Din et al., 2017).

Protein therapy offers higher specificity, greater activity, and less toxicity compared to standard drugs. However, the maintenance of their structural complexity and activity, which are crucial for achieving high therapeutic performances, can be challenged by (1) their enzymatic degradation/inactivation, (2) their short circulation half-lives and (3) their poor membrane permeability (Yu et al., 2016). Therefore, the use of nanoparticles may also protect therapeutic proteins from proteolysis while improving their delivery efficiency and sustaining their release at the target site (Zhao et al., 2016).

As a result, the use of nanotechnology to deliver cardioprotective drugs and assist the prolonged release of growth factors has arisen in the last years as a promising tool to restore compromised heart function, as it will be discussed below. Different administration routes, based on the physico-chemical properties of the drug/nanoparticle, on the predicted effect and desired target have been pursued for obtaining an optimal delivery of NPs to treat cardiomyopathies. Intravascular, including intra-cardiac (i.c.) and intravenous (i.v.) injection, and extravascular like inhalation (Figure 4A) are the most common administration routes used for this purpose. They all provide different advantages, and intrinsic disadvantages (Figure 4B; Dib et al., 2011; Yildirimer et al., 2011; Chenthamara et al., 2019), for the treatment of several pathological conditions, such as compromised vascularization, fibrosis and inflammation, while attempting to improve cardiac functionality (Figure 4C). However, despite the encouraging premises, the use of NP-based system for direct cardiac repair is still lagging at the preclinical stage.
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FIGURE 4. NPs for cardiac diseases. (A) The administration routes currently evaluated for delivery therapy at heart include inhalation (in.), intra-cardiac injection (i.c.) and intra-venous injection (i.v.). (B) Table showing advantages and disadvantages of the different administration routes. (C) The infarcted area typically shows loss of vessels and various degrees of fibrotic scar formation with limited contractility and functionality that dramatically compromise heart functions. NPs can be conceived to help restoring vascularization by promoting angiogenesis (1), locally transdifferentiating fibroblasts into CMs, resolving the fibrotic scar (2), and promoting the anti-inflammatory polarization of immune system cells, like macrophages (Mφ) and monocytes (Mo). The main text provides detailed discussion for each of the points here briefly described.


In the next chapter we will provide an overview of the state-of-the-art in the field of nanomedicine for cardiac regeneration, and revise the main properties of the NPs – and their cargos – used to this aim (Table 3).


TABLE 3. NPs for cardiac regeneration.
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POLYMERIC NANOPARTICLES

Polymeric NPs have recently caught attention by virtue of their versatility and higher tunable properties, which make them extremely interesting tools for controlled drug encapsulation and release (Figures 5A,B). Indeed, their physico-chemical properties (i.e., surface charge, surface functionalities, hydrophobicity) can be finely tuned for accommodating nucleic acids, drugs and proteins to promote their efficient release inside the cells (Patil and Panyam, 2009; Fortuni et al., 2019). This large class of NP-based system include amphiphilic micelles, vesicles, dendrimers and polymersomes possessing unique structures and properties, which can be efficiently adjusted during synthesis for hosting different kind of cargos (Chandarana et al., 2018). Most of the designed polymeric NPs propose new synthetic copolymers able to combine different functionalities such as targeting and selective cargo delivery systems (El-Say and El-Sawy, 2017). Moreover, given the emerging use of miRNAs for cardiac regeneration, it is not surprising that many studies developed polymeric NPs as miRNA carriers, alone or in combination with targeting moieties or therapeutic drugs (see Table 2).
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FIGURE 5. Polymeric NPs for cardiac repair. (A) Schematic representation of polymeric NPs with overall composition and structure. The use of amphiphilic building block allows the formation of micelle-like structures in aqueous media. (B) Advantages and disadvantages associated with the use of polymeric nanoparticles in term of synthesis, long-term stability and clinical translation of the material. (C) Top. Polymeric nanoparticles carrying miRNAs (miNPs) are significantly less toxic for human embryonic stem cell-derived cardiomyocytes when compared to lipofectamine (lipo). Alpha-actinin (green) stains the contractile structure and Ki67 (red) accounts for the proliferation capacity. Nuclei are counterstained by DAPI (blue). Bottom. Picro Sirius Red ex vivo staining of heart transversal tissue sections showing a clear reduction of the scar size and fibrosis in left ventricle for the heart treated with miNPs (right) in comparison to the same particles carrying a scramble miRNA (left). (D) Left. miRNA-21 NPs myocardial infarction treatment causes increased levels of anti-inflammatory cytokine TGF-β both at infarction border zone (top) and in remote myocardium (bottom) when compared to saline-treated or control. Center. miRNA-21 NPs induce neovascularization in infarcted mouse myocardium, as shown by CD31 + blood vessels in cross-sections of the heart (dotted black box) and quantified in the graph by comparing it with saline and control NPs-treated groups *p < 0.05. Right. Histological analysis shows the presence of macrophages in infarcted heart treated with miRNA-21 NPs, as shown by CD11b-positive cells positive cells (black arrow), but no macrophage accumulation as compared to saline and control NPs as shown in the graph. Reprinted from: (C) (Yang et al., 2019) with permission from American Chemical Society; (D) (Bejerano et al., 2018) with permission from American Chemical Society.


Recently, Yang and colleagues have reported the use of polymeric NPs composed by a combination of poly(9,9-dioctylfluorene-alt-benzothiadiazole) (PBFT) and 1,2-distearoylphosphatidyl-ethanolamine-PEG-amino (DSPE-PEG-NH2), for the conjugation with miRNA molecules, or DSPE-PEG-maleimide for the binding of transactivator of transcription (TAT) peptide, in order to deliver therapeutic miRNA to the infarcted myocardium (Figure 5C) (Yang et al., 2019). The polymeric matrix provided by these miRNA NPs (miNPS) protects miR-199a against enzymatic degradation and facilitates the functionalization with TAT for improved cell uptake. In vitro experiments, performed by using hESCs-derived cardiac cells, revealed that the miNPs are less cytotoxic than commercially available lipocomplexes, while exhibiting comparable transfection efficiency, both in normoxia and hypoxia. Interestingly, miNPs were shown to selectively trigger the proliferation of both hESC-derived cardiomyocytes and endothelial cells, but not human cardiac fibroblasts (hCFs). This strategy was able to reduce scar size and maximize muscle and vessel restoration, giving good results in vivo when miNPs were injected into mice beating hearts in combination with an injectable hydrogel. Indeed, cardiac function of the neo-vascularized myocardium was restored for over 3 months, indicating the long-term therapeutic effects of this treatment.

In another study the authors pursued targeted delivery of NPs carrying a miRNA inhibitor instead of a therapeutic miRNA. In detail, Xue et al. (2018) developed a pegylated dendrigraft poly-L-lysine (PEG-DGL) dendrimer functionalized with an early myocardium targeting peptide (AT1) and an antisense oligonucleotide able to inhibit miR-1 (AMO-1) (AT1-PEG-DGL-AMO-1). In vivo results showed that the nanovector was able to target the infarcted mouse heart within 30–60 min after a single i.v. injection and significantly reduced the infarcted area. The inhibition of miR-1 successfully attenuated cardiomyocytes apoptosis, thus reducing cell death and promoting cardiac repair.

Other than targeting directly cardiomyocytes, immune system cells can be programmed to enhance cardiac repair. The myocardium is – in fact – the site of massive immune cell infiltration during the acute phase of the infarction. In this context, co-assembled miR-21, Ca2+ and hyaluronan-sulfate NPs (HASCa2+-miRNA) were used to target macrophages in the heart (Figure 5D) (Bejerano et al., 2018). After i.v. injection, NPs promoted the switch of macrophages from the pro-inflammatory to the reparative phenotype, thus promoting angiogenesis while reducing fibrosis and cell apoptosis. However, the poor understanding of the mechanism by which the interaction between NPs and macrophages occurs remains the major obstacle to the translation of this appealing procedure.

By using a different approach, Yokoyama et al. (2019) combined nanomaterials and stem cell therapy. The capacity of adipose-derived stem cell (ADSCs) for promoting neovascularization and inhibiting cell death after MI was exploited. The authors reported that simvastatin-conjugated PLGA NPs loaded in vitro on ADSCs induce spontaneous recovery of infarcted myocardium and increase vascularity. Indeed, statin-PLGA-NPs-loaded ADSCs were shown to be recruited to the ischemic myocardium to locally release the payload. This combined approach is bound to increase the cardiac regeneration potential of a very limited number of cells (10,000 cells per mouse), since the effect would be amplified by statin gradual release. This research work interestingly pointed out the therapeutic benefits emerging from the combination of NP-based and cell-based therapies for treating cardiac diseases.

Additionally, Oduk et al. (2018) described the use of PLGA NPs VEGF-loaded to restore the vascularization at the infarcted heart. The particles were able to continuously release VEGF for at least 31 days after injection in a mice model of MI, with improvements in cardiovascular system being still detected 4 weeks after the treatment. Noteworthy, the controlled release of the growth factor, due to the continuous biodegradation of PLGA matrix, effectively increased the delivery of VEGF at the target site, while reducing its systemic side effects.

In the context of cell reprogramming, spermine-modified acetylated dextran (AcDXSp) nanoparticles have been designed to encapsulate poorly water-soluble drugs (SB431542 – transforming growth factor β (TGFβ) inhibitor – and CHIR99021 – Glycogen synthase kinase-3 (GSK3) inhibitor) used to reprogram fibroblasts (Ferreira et al., 2018). These NPs were also tagged with a targeting peptide (atrial natriuretic peptide, ANP) specific for cardiac fibroblasts. The authors claimed the dual targeting and therapeutic effect might be exploited to circumvent the limitations of local injection. Nevertheless, in vivo experiments to prove this theory were not carried out so far.

Along with the efforts spent for developing therapeutic nanomaterials, NPs can also be designed as diagnostic tools allowing for superior performance in imaging cardiomyocytes in the failing heart or to monitor the progress of therapeutic protocols. Among the diagnostic techniques available at present, photoacoustic imaging (PAI) is a non-invasive diagnostic tool which provides high sensitivity and helps overcoming the limited depth penetration and spatial resolution of the conventional optical imaging (Wang and Hu, 2012). In order to increase the image contrast when using this technique, nanoparticles have been successfully employed as contrast agent material (Calcagno et al., 2019).

Qin et al. (2018) recently reported the use of NPs composed by a semiconductor polymeric contrast agent (PCPDTBT) encapsulated in a FDA approved lipid-based copolymer (DSPE-PEG-Maleimide). NPs functionalized with cell-penetrating peptide (CPP) were able to target and label hESCs-derived cardiomyocytes (hECS-CM). This labeling technique was suitable for cell detection using PAI both ex vivo and in vivo. In the latter case, the resolution obtained was as low as 2,000 injected cells, twenty-five times lower than what can be achieved with fluorescent imaging. Photoacoustic imaging was also successfully applied to monitor hECS-CMs transplantation in living mouse heart. Although being able to detect NPs-labeled cells, PAI sensitivity was lower for imaging the host myocardium, as recognized by the same authors. Nevertheless, this strategy holds great promises for monitoring cardiac regenerative processes and for live imaging of heart in the future. However, its application in monitoring cardiac disease and cardiac regeneration is still poorly investigated.

Despite the invaluable properties of polymeric NPs, their toxicity and biodegradability have to be carefully considered during their design. The use of non-biodegradable polymers has been associated with chronic toxicity and, as general warning, the long-term toxicity of these materials is still largely unknown (Banik et al., 2016). Consequently, the use of well-know and established biocompatible polymers is instead more likely to facilitate and improve the clinical translation of polymeric NPs (Ferrari et al., 2018).



LIPOSOMES

Another type of widely studied carrier for drug delivery/transfection applications is represented by liposomes (Figures 6A,B). Liposomes are artificial vesicles of phospholipids and cholesterol mixture, able to encapsulate drugs, proteins/peptides, and DNA (Akbarzadeh et al., 2013). Although they may face long-term stability issues in blood circulation, liposomes are extremely interesting for their cost-effective and scalable synthesis. These features have favored their clinical development (Doxil was the first FDA-approved nanodrug) as compared to other kinds of NPs (Sercombe et al., 2015). One of the first examples of liposomes applied to cardiomyopathy treatment was represented by anti-P-selectin-conjugated liposomes containing VEGF, as reported by Scott et al. (2009). The authors attempted to enhance neovascularization in a rat model of myocardial infarction. Targeted delivery through P-selectin antibody, overexpressed at the infarcted inflammatory site, promoted the selective and efficient delivery of VEGF, thus enhancing the fractional shortening and systolic function, with a 21% increase in anatomical vessels and 74% increase in perfused vessels in MI area. Conversely, systemic administration of VEGF resulted in no significant improvement in cardiac function.
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FIGURE 6. Liposomes for active targeting of infarcted heart. (A) Schematic representation of liposomes with overall composition and structure. (B) Advantages and disadvantages associated with the use of liposomes. (C) Top. In vivo bioluminescence images of infarcted mouse hearts injected either with AT1 or scrambled (S) liposomes and analyzed at the indicated timepoints indicate AT1-liposomes preferential accumulation in the tissue (orange/red signal). The graph shows the quantification of the fluorescence due to AT1- and scramble-liposomes accumulation at the given timepoints. (D) Top left. Dil-labeled-Platelet-like proteoliposomes (PLPs) selectively interact with RAW264.7 monocytic cell line and macrophages (Mϕ) but not with SVECs endothelial cells, as indicated by the red signal. Scale bar 10 μm. Dil = 1,1′-Dioctadecyl-3,3,3′,3′-Tetramethylindocarbocyanine Perchlorate. Bottom left. Intravenously injected PLPs accumulate in the heart more efficiently than liposomes 72 h post-infarction *p < 0.05, **p < 0.01. Right. The persistence of Dil-labeled PLPs in the infarction area in a mouse model of ischemia/reperfusion (I/R + PLPs, red square) as compared to Dil-labeled liposomes (I/R + Liposomes, white square) and sham control. Troponin I (TnI, green), stains the heart muscle, Dil (red) injected liposomes, cell nuclei are counterstained with DAPI (blue), Scale bar were not reported in the original article. Reprinted and adapted from: (C) (Dvir et al., 2011) with permission from American Chemical Society; (D) (Cheng et al., 2016) with permission from Wiley.


In another study, PEGylated liposomes containing a targeting ligand against angiotensin II type 1 (AT1), a receptor which is widely expressed in infarcted heart were reported (Figure 6C; Dvir et al., 2011). In vivo experiments have confirmed particles accumulation in the left ventricle after MI (48% within 24 h post-i.v. injection), thus revealing a specific delivery at injured myocardium. No detail on the functional therapeutic cardiac regeneration potential of the nanovector was given, as the main rationale of the authors was to demonstrate the targeting efficiency of NPs at the heart after MI. Nevertheless, this study provides crucial information for understanding the accumulation of NP-based system at the diseased heart, as discussed below.

The use of liposomes for targeting the immune system cells, which regulates the inflammatory response at the infarcted heart, has also been studied. Targeting the immune system cells at the site of inflammation can be indeed an alternative and effective solution for increasing the targeting and delivery of NP-based therapy, due to the natural tendency of the innate components to recognize and internalize external materials administered in the body such as nanoparticles (Fadeel, 2019). The group of Cohen S. reported the use of phosphatidylserine (PS)-presenting liposomes, mimicking the anti-inflammatory effects of apoptotic cells (Harel-Adar et al., 2011). The uptake of PS-liposome induced the secretion by macrophages of high levels of anti-inflammatory cytokines (i.e., TGFβ and interleukin 10, IL-10) both in vitro and in vivo. The i.v. injection in a rat model of acute MI promoted angiogenesis, while preserving small scars and preventing ventricular dilatation and remodeling.

More recently, an alternative approach was presented by Cheng and collaborators (Figure 6D; Cheng et al., 2016). The authors developed biomimicking platelet-like proteoliposomes able to interact with monocytes. This methodology foresees the interaction between the immune system cells and platelet membrane proteins (PMPs) for promoting the accumulation of liposomes at the injured heart, where monocytes are recruited. Proteoliposomes were loaded with therapeutic cobalt protoporphyrin IX (CoPP), a compound able to suppress the inflammatory activity of macrophages and were “dragged” by the monocytes to the infarcted zone. This system showed promising results in vivo when compared to systemic administration of free CoPP. However, the randomization of the surface coating may jeopardize the reproducibility of this synthetic technique, as raw material, i.e., the PMPs derived from different samples or batches, could give different results in term of composition and biophysical features of the final particles. Moreover, the poor understanding of the interaction with monocytes, which can reduce the effective control over this mechanism, makes the clinical translation of proteolioposomes unlikely.

Furthermore, the group of Schiffelers have developed a liposomal carrier for berberine delivery, a natural product which is known for its anti-inflammatory, anti-oxidative and cardio-protective functions (Allijn et al., 2017). In its free form, berberine is poorly soluble in aqueous medium and have a short half-life time in circulation. The liposomes encapsulated with the dug tested in vivo in C57BL/6J mice showed to preserve the cardiac function by 64% at day 28 post-MI, in comparison to control liposomes and free drug. Liposomes administered I.V. targeted the inflammatory site and release the drug after macrophage uptake, reducing both inflammatory damage and systemic adverse effects. This study appears particularly promising because of the reproducible synthesis of the liposome formulation and for its effective targeting and long-term stability.

So far, liposomes have been the most tested NP-based system in clinical trials, encountering several cases of successful clinical translation, and many liposome formulations are currently available on the market for several therapies (Bulbake et al., 2017). However, their application in heart diseases therapy is still limited and needs further investigation.



INORGANIC NANOPARTICLES

Inorganic NPs are known for exhibiting appealing physical properties that can be potentially exploited for simultaneous diagnosis and therapy (i.e. theranostic) of several pathologies (Figures 7A,B; Giner-Casares et al., 2016). They are generally composed by an inorganic core surrounded by an organic/inorganic shell, which aim to increase the biocompatibility of the system and the interactions of the NP with the biological environment (Conde et al., 2014). Recently, Popara et al. (2018) showed that SiO2-NPs passively interacted with human MSCs (hMSCs) mediating important molecular processes (Figure 7C; Popara et al., 2018). More specifically, the internalization of the SiO2-NPs affected focal adhesions by promoting cell adhesive phenotype both in vitro and ex vivo upon injection in the infarcted rat heart. In addition, NPs internalization contributed to cell cross-talk between transplanted cells and the host, which is essential for an effective engraftment and tissue regeneration. However, the transient inhibition of lysosomal function by SiO2-NPs was reported, pointing out the need for a thorough evaluation of NPs long-term toxicity and possible side effects due to their sustained intracellular accumulation (Croissant et al., 2017).
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FIGURE 7. Inorganic NPs for cardiac regeneration. (A) Schematic representation of inorganic NPs used for cardiac regeneration. (B) Table listing the advantages and disadvantages associated with the use of inorganic nanoparticles. (C) Representative hematoxylin/eosin (cell nuclei and cytoplasm) and Prussian blue (iron oxide nanoparticles) images of infarcted myocardium (MI) injected with endothelial progenitor cells loaded with iron oxide nanoparticles (Fe-EPCs) and exposed (+M) or not to external magnetic field. The graph quantifies the retention of EPCs and Fe-EPCs in the presence or not of magnetic field *p < 0.05. (D) Representative Masson’s trichrome staining of infarcted myocardium (MI) injected with endothelial progenitor cells loaded (Fe-EPCs) or not (EPCs) with iron oxide nanoparticles and exposed (+M) or not to external magnetic field. Blue color and black arrow identify the fibrotic area. The graph quantifies the infarction area as obtained by image analysis. *p < 0.05 versus the control Sham operated group (not shown), #p < 0.05 versus the other group shown in the graph. Reprinted and adapted from: (C,D) (Zhang et al., 2019) with permission of Wiley.


Biodegradable inorganic particles have been also proposed to improve myocardial function after heart failure (Miragoli et al., 2018). Miragoli and co-workers demonstrated that biodegradable negatively charged calcium phosphate NPs (CaP-NPs) accumulated at the myocardium 60 min after inhalation in a mice model. The NPs functionalized with a non-penetrating mimetic peptide (NPs-MP) were shown to cross the alveolar-capillary barrier in the lung and translocate to the myocardium where the loaded peptide can be release for therapy. Despite the great potential, there are still some limitations to the use of such therapy. One above all, the mechanisms through which the NPs cross alveolar-capillary barrier are still unclear and unlikely to be accepted for clinical translation.

Interestingly, also the exploitation of hybrid materials, i.e., NPs composed by different inorganic core-shell structures, have been reported. Zhang et al. (2019) described the use of silica-coated magnetic nanoparticles for labeling endothelial progenitor cells (EPCs) for their magnetic guidance at the ischemic heart (Figure 7D), since EPCs are the most used cells for cell therapy after MI due to their mobilization, homing, and angiogenic effects (Zhang et al., 2019). In this study the authors showed the increased retention of EPCs at the infarcted border zone and the consequent attenuation of myocardial apoptosis associated to improved remodeling and cardiac function. Nevertheless, the evidenced improvements only lasted for a very limited term, claiming for the necessity of multiple administrations of the NP-cell system and possibly limiting the advantages obtainable with a NP-based therapy in comparison with other treatments.

Iron oxide nanoparticles have also been investigated as cardioprotective agents, as shown by Xiong et al. (2015). The authors demonstrated the potential of maghemite NPs for protecting the heart from ischemic damage both in vivo and in vitro. More specifically, Fe2O3 NPs coated with dimercaptosuccinic acid (DMSA) were demonstrated to efficiently inhibit calcium influx, which is responsible for the reactive oxygen species (ROS) production, therefore decreasing the peroxidation injury of membrane lipids. In addition, these NPs were able to increase the level of S-nitrosothiols and then to participate in nitric oxide (NO)-mediated protection against ischemia and reperfusion injury. However, the mechanisms which regulate the crosstalk between ROS, NO and calcium influx pathways and NPs remain unknown and possible long-term side effects of this activity has not been elucidated.

Diagnostic tools were also developed using inorganic nanoparticles. In particular, gold nanoparticles have been demonstrated to be promising tools for computed tomography (CT), an X-ray-based image diagnostic technique able to exploit the differences in the absorption from different human tissues in order to produce images of body structures and tissues (Xi et al., 2012). In this context, Kee and Danila (2018) reported the use of gold nanoparticles coated with collagen-binding adhesion protein 35 (CNA35) for CT imaging of infarcted heart at molecular level. Thanks to their ability to target collagen I, abundant at myocardial scar, CNA35-Au NPs were able to enhance the signal from the infarcted site at 6 h after injection. Conversely, no detectable enhancement was noted when non-functionalized AuNPs was injected into rats with or without MI or CNA35-AuNPs in control rats without MI. These results highlighted the preferable use of gold nanoparticles as contrast agents compare to iodinated agents in terms of functionalization and blood circulation time, which ultimately could improve the in vivo targeting and detection of infarcted heart. However, some issues such as the relatively high amount of nanoparticles required and the inefficiency to enhance the contrast of the entire infarcted area may wane the application of Au NPs for CT-imaging, as stated by the same authors.

Currently, several clinical trials using inorganic nanoparticles are under investigation for applications in cardiovascular diseases (U.S. National Library of Medicine, 2020b). However, with regard to MI, only magnetic resonance imaging (MRI) applications were assessed, mainly via Ferumoxytol – a ultrasmall superparamagnetic iron oxide nanoparticles (USPION) formulation – and all of them were discontinued or did not provide acceptable outcomes (U.S. National Library of Medicine, 2013, 2014a,b). Indeed, as far as we know, the overall application of this kind of nanoparticles for MRI did not obtained the expected results and Ferumoxytol is now only used as iron replacement therapy for deficiency anemia in adult patient with chronic kidney diseases (Bobo et al., 2016).

Consequently, despite the long-dated use of inorganic nanoparticles in nanomedical applications, relatively few examples were reported for cardiac regeneration purposes and efficient clinical translation is still missing.



NANOMEDICINE IN CARDIAC REGENERATION: WHERE ARE WE HEADING TO?

Multi-therapies aiming to combine the regeneration potential of undifferentiated cells, the in situ reprogramming of cardiac fibroblasts and the simultaneous release of drugs appear promising, especially when fueled by the potential of cell-based therapies. Indeed, the use of different smart nanomaterials in combination with other technologies may lead to the development of advanced therapeutic strategies, which may strengthen the applicability of nanomedicine in the treatment of cardiac diseases.

As an example, hiPSC-derived cardiomyocytes (hiPSC-CMs) were recently combined with injectable nanostructured hydrogels loaded with erythropoietin (EPO), resulting in reduced cell death and increased remodeling post-MI (Chow et al., 2017). Also, injectable biomaterials have been used as stand-alone scaffolds for promoting endogenous repair or delivering therapeutics such as cells, growth factors or small molecules.

In this context, Nguyen et al. (2015) used matrix metalloproteinase (MMP)-responsive hydrogels that displayed the ability to be retained at the infarcted site upon enzymatically triggered bio-transformation, thus being potentially suitable for the sustained delivery of therapeutic molecules. Another recently developed strategy called THEREPI relies on the use of a biocompatible patch, which is placed epicardially at the border zone of the infarcted heart to achieve the sustained delivery of drugs, macromolecules and possibly cells for cardiac therapy (Whyte et al., 2018). Ideally, THEREPI can be efficiently used for the in situ administration of therapeutic nanoparticles, thus increasing their retention at the diseased site and improving cargo delivery.

In the case of ischemic cardiomyopathies, improved cargo delivery can be potentially obtained by relying on the enhanced permeability and retention effect (EPR). Similar to the blood vessels originated during tumor development, also those formed at the initial stages after MI are typically aberrant, marked by capillary sprouting, excessive vessels branching, abnormal levels of endothelial cell proliferation, distorted and enlarged vessels, resulting in weak and leaky vasculature (Paulis et al., 2012; Lundy et al., 2016). For those reasons, EPR phenomenon has been exploited for promoting the targeting of NPs at the diseased area, limiting their accumulation in healthy tissues (Golombek et al., 2018). However, while EPR occurring at tumor sites has shown poorly reproducible results, thus jeopardizing the applicability of NPs to cancer therapy (Danhier, 2016), the same phenomenon has been proven to be stable and reproducible following MI in the heart (Weis, 2008). Although mature fibrotic scar is known to be poorly vascularized (van der Meel et al., 2017) the exploitation of EPR phenomenon in the heart, soon after infarction, appears as a promising approach to be translated to the clinics in future for MI treatment (Kalyane et al., 2019).

Besides the pursue of innovative materials and strategies for enhancing therapeutics delivery, the investigation of new pathways involved in cardiac homeostasis is of utmost importance, due to the possibility to target their components for ultimately improving therapeutic outcomes, hence delaying or reversing cardiac dysfunction. In particular, the modulation of cardiac metabolism, gene expression, pharmacological therapy and miRNA-mediated regulatory network represent new and appealing opportunities for the treatment of cardiovascular diseases (Rochette et al., 2015).

In this direction, Hippo pathway has emerged as a possible switch in cardiomyocyte proliferation (Torrini et al., 2019), being tightly connected to the onset and progression of cardiomyopathies (Clippinger et al., 2019), as explained above. Its specific manipulation in the contractile figures of the heart may become a novel therapeutic option for treating cardiac diseases. Nevertheless, to the best of our knowledge, the only NP-based formulation for targeting YAP is at present represented by siRNA-lipid nanoparticles for silencing the protein expression in hepatocellular carcinoma cells and promote tumor regression (Fitamant et al., 2015). Therefore, research for developing NPs able to modulate the YAP activity in cardiomyocytes is at its infancy and may revolutionize the treatment of cardiac diseases and the applicability of NPs in the near future.

Furthermore, it is worth to highlight the potential held by gene editing in the restoration of cardiac function. The discovery that the clustered regularly interspaced short palindromic repeats (CRISPR)/CRISPR-associated (Cas) system could be used to introduce sequence-specific dsDNA cleavage in human cells has revolutionized the research worldwide (Jinek et al., 2012). CRISPR is involved in bacteria and archaea’s adaptative immune system against viruses and their engineering for biological applications has enabled their application in different areas of investigations (Doudna and Charpentier, 2014). Nanomedicine-related sciences are of course included in this development and different systems have been engineered for carrying CRISPR/CAS9 machinery components and guide the genetic reprogramming inside the cells, based on lipid and inorganic nanoparticles (Lee et al., 2017; Liu et al., 2019). Therefore, although the exploitation of this technique in nanomedicine applied to cardiac regeneration can be attractive in the case of genetically-determined cardiomyopathies, technical challenges connected to its specificity must be considered. Indeed, while few studies have already shown that cardiomyocytes can be edited in the post-natal murine heart by CRISPR/Cas9 system components, the efficiency and safety of this strategy is still far from being characterized (Carroll and Olson, 2017). Moreover, the carriage of multiple components (Cas9 ribonucleoprotein, donor DNA and guide RNA) required for this therapy need complex nanoparticle-based systems, hardly scalable and possibly expensive.

Finally, in developing new therapies it is important to consider more practically physiological-like tissue models, not only for a more effective in vitro to in vivo transition of pharmacological studies, but also for disease modeling and studying the potential toxicity of nanomaterials. Traditional pre-clinical screenings are either made with monolayer cells on top of two dimensional (2D) and often rigid substrates, or in animal models which may not always reflect the human physiology precisely. Instead, a promising strategy to overcome these limitations involves utilizing organ-on-a-chip technologies, where recent microfluidic advances are combined with complex three-dimensional (3D) cell biology that provides organ-like physiology and pathophysiological cellular and tissue level responses (Ergir et al., 2018; Rothbauer et al., 2019).



CONCLUSION

Despite any progresses based on healthier life styles, cardiovascular diseases remain the major cause of death globally, according to the WHO (World Health Organization, 2019). Therefore, the development of new therapies to induce cardiac protection and repair are required to help reducing undesirable drugs’ side effects and ultimately improving the life quality of the patient.

In this scenario, material scientists need to exploit the physico-chemical properties of nanomaterials to develop suitable nanotools for smart delivery, targeting proteins and pathways involved in cardiomyocytes protection, differentiation and/or proliferation. Notwithstanding the great progresses made in the direction of a clearer comprehension of the nanoparticles behavior in biological environments, major challenges remain (Heath, 2015). The bioavailability, accumulation at the desired site and efficient release of the therapeutic cargo are just a small part of the challenges nanodrugs must face once administered to the body.

The poor understanding of the biological barriers, the misinterpretation of drug delivery concepts, the cost-effectiveness, manufacturing, scaling up, and regulatory issues have affected the clinical translation of nanomedicine so far, as well as its application for cardiac regeneration purposes (van der Meel et al., 2017).

Different NP-based systems were developed aiming to restore heart function. However, it is still difficult to deduct general guidelines describing the type of material, the class of drugs, the targeting strategies that may be more promising for the given purpose. The successes liposomes obtained in clinical outcomes and in different applications, make them suitable candidates for the treatment of cardiac diseases. However, it is undeniable that polymeric materials display higher tunable properties combined to superior capability of accommodating cargos.

Therefore, nanotechnologists, together with cell/molecular biologists and clinicians, have the duty of finding a common ground with pharmaceutical companies in order to bring potential therapeutic nanomedical devices for cardiac regeneration closer to their clinical translation.
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Cardiovascular diseases, including myocardial infarction (MI), represent the main worldwide cause of mortality and morbidity. In this scenario, to contrast the irreversible damages following MI, cardiac regeneration has emerged as a novel and promising solution for in situ cellular regeneration, preserving cell behavior and tissue cytoarchitecture. Among the huge variety of natural, synthetic, and hybrid compounds used for tissue regeneration, alginate emerged as a good candidate for cellular preservation and delivery, becoming one of the first biomaterial tested in pre-clinical research and clinical trials concerning cardiovascular diseases. Although promising results have been obtained, recellularization and revascularization of the infarcted area present still major limitations. Therefore, the demand is rising for alginate functionalization and its combination with molecules, factors, and drugs capable to boost the regenerative potential of the cardiac tissue. The focus of this review is to elucidate the promising properties of alginate and to highlight its benefits in clinical trials in relation to cardiac regeneration. The definition of hydrogels, the alginate characteristics, and recent biomedical applications are herewith described. Afterward, the review examines in depth the ongoing developments to refine the material relevance in cardiac recovery and regeneration after MI and presents current clinical trials based on alginate.
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INTRODUCTION

The incidence of cardiovascular diseases (CVDs) accounts for most of non-communicable disease (NCD) deaths annually1 and has increased over the last few decades, primarily because of the expansion of the “modern” lifestyle in wealthy countries and the lengthening of life expectancy. However, despite improvements in its management, CVDs still remain the major cause of death worldwide claiming 17.9 million lives a year, with an estimated 31% of all deaths globally.

Among CVDs, myocardial infarction (MI) remains one of the leading cause of heart failure, which, in turns, represents the commonest driver for mortality and morbidity (Cahill and Kharbanda, 2017). At present, there is no definitive treatment for MI, although great effort has been made to find new therapies and permanent solutions (Mitter and Yancy, 2017). The available treatments for MI and consequent heart failure are drugs, medical electronic devices and, in the most severe cases, heart transplants (Ferrini et al., 2019). One of the main problems about infarcted heart is cardiomyocytes incapability of self-regeneration along with lack of treatments able to restore the lost parenchyma, thus the impossibility to reestablish normal pump function. Regenerative medicine, combining tissue engineering and drug delivery, aims to repair damaged or diseased tissues and organs, and plays an important role in restoring normal condition in the infarcted heart. Some evidence showed that once applied onto MI, three dimensional printed cardiac patches, and cardiac-tissue derived extracellular matrix (ECM) scaffolds seem to have the potential to improve cardiac functions, cardiac support, and tissue regeneration, improving angiogenesis and reducing the scar size (Kc et al., 2019; Yeung et al., 2019). The regenerative medicine approach can be cell-free (Domenech et al., 2016; McLaughlin et al., 2019), or cell-based, comprising stem cell therapy via injection or grafting into the infarcted area, e.g., resident stem cells (Forrester et al., 2003; Leor et al., 2007), myoblasts (Sekiya et al., 2009) or by reprogramming fibroblasts directly into cardiomyocytes (CMs) (Ieda et al., 2010). However, there are several intrinsic limitations in restoring a complete and functional heart: (i) cardiomyogenesis is very low and incapable to repair the damaged areas (Zacchigna and Giacca, 2014; Leitolis et al., 2019), and the infarcted area displays a hostile environment for cells due to high level of oxidative stress, poor nutrient supply, and it offers an open way for host immune system attack; (ii) the recovery of the cardiac tissue requires maturation and completeness in mechanical, electrical, and chemical function (Pena et al., 2018); (iii) the majority of stem cells used for therapeutic purposes in amending the infarcted heart are lost within 1 day after the injection without using any vehicle-matrix; (iv) the balance of cell-removal, ECM preservation, and recellularization is challenging due to the residual presence of detergent and endotoxin in the patch (Kc et al., 2019). Therefore it emerges the necessity of looking for appropriate biomaterials in a suitable form as cell preservation and delivery system (van den Akker et al., 2017; Weinberger et al., 2017; Zuppinger, 2019). Biomaterials should provide biological, mechanical, electrical, and chemical support for the myocardium and they should mimic its physiological and homeostatic conditions (Pena et al., 2018). Nowadays, the biomaterials that comprise cell-types and scaffold properties are evolving (Foresti et al., 2019), as well as the application strategies for these 3D artificial cardiac tissues. Recently, thanks to novel hydrogel formulations and 3D printing technology, it was possible to create ad hoc cardiac patches (scaffold) for myocardial repair (Chachques et al., 2020), drug or nanoparticles delivery (Bheri and Davis, 2019; Foresti et al., 2020b) or injectable hydrogel for mechanical stabilization of the repaired area (Seif-Naraghi et al., 2014; Kambe and Yamaoka, 2019).

Hydrogels are a network of polymers of different origin: natural, synthetic, or hybrid (a mix of natural and synthetic) (Ye et al., 2011), extensively described and detailed classified by Saludas et al. (2017) and Pena et al. (2018). Hydrogels have the capability to absorb water, maintain their shape, and dissolve in the body according to controlled kinetics Gauvin et al., 2012; Saludas et al., 2017). One of the principal qualities of the hydrogel is to be able to pass through a tiny syringe needle (27–30 G), turning from liquid state at room temperature to gel-state in the body at 37°C (Sepantafar et al., 2016; Ferrini et al., 2019; Milazzo et al., 2019).

Of note, hydrogels showed promising results in cardiac regeneration in both preclinical models (Saludas et al., 2017) and in some clinical trials as mechanical support in the infarcted heart (Tous et al., 2011). Hydrogels give a significant contribution to heart tissue regeneration being capable of simulating a temporary artificial ECM (Saygili et al., 2019) supporting cell infiltration, adhesion, proliferation, and differentiation (Hasan et al., 2015). The most widely used hydrogel (Lee and Mooney, 2012; Sun and Tan, 2013) is the natural biomaterial alginate, which, together with decellularized ECM [already extensively reviewed in Spinali’s work, (Spinali and Schmuck, 2018)], represents the most promising material in cardiac regeneration. Degradable and bioactive microstructures of alginate-based hydrogel showed a great promise on the recovery of left ventricular function as well as the release of cardioactive substances (Hynes, 2009) in the target tissue.



ALGINATE

Sodium alginate is a natural polymer found in brown algae cell walls, including Macrocystis pyrifera, Laminaria hyperborea, Ascophyllum nodosum (Sachan et al., 2009) and in several bacteria strains (Azotobacter, Pseudomonas) (Remminghorst and Rehm, 2006). Alginate’s hydrogels formed through physical crosslinking present highly tunable mechanical properties (Hecht and Srebnik, 2016), and thanks to its versatile and biological properties alginate is widely used in biomedical research Cheng et al., 2012; Ruvinov and Cohen, 2016; Saludas et al., 2017; Dhamecha et al., 2019). In this section, we intend to provide a brief insight into alginate characteristics.


Chemical Properties

Alginate is an anionic polysaccharide. It is a linear copolymer consisting of random sequences of 1,4-linked β-D-mannuronic acid (M) and 1,4 α-L-guluronic acid (G) residues (Hecht and Srebnik, 2016). Commercial alginate presents different ratios of M and G residues and block-length depending on its source; consequently, molecular weight (expressed as an average of all the molecules in the sample) is variable and changes in a range between 33,000 and 400,000 g/mol. Regarding polymer’s solubility, it is important to underline that whereas alginic acid is insoluble in water and organic solvents, alginate monovalent salts and esters are water-soluble and form stable viscous solutions (Szekalska et al., 2016).



Physical Properties

Alginate physical properties strictly depend on its composition and concentration, which makes its characterization difficult, but allows for a wide range of customization according to the desired application (implantation, ECM mimic, etc.). An increase of polymer concentration in the solution coincides with an increase of gel stiffness, particularly when using high-molecular weight alginates that maintain long-range interactions within the gel (LeRoux et al., 1999). Nevertheless, increasing polymer concentration also implies an increased viscosity of the pre-gelled solution, which makes this strategy less feasible when cells or active ingredients need to be included (Kong et al., 2003). In order to modulate the stiffness without altering the viscosity, a possible strategy is the combination of high and low-MW alginates in specific ratios (Kong et al., 2002) or alternatively, the formation of polyelectrolyte complexes through the addition of cationic poly-(ethyleneimine) that increases the resistance to de-crosslinking (Kong and Mooney, 2003).

Another relevant criterion that determines alginate physical behavior is the crosslinking reaction. Many methods have been described for alginate crosslinking, including ionic crosslinking, covalent crosslinking, phase transition (thermal gelation), “click” reaction, free radical polymerization (Sun and Tan, 2013) and lowering the pH value below the pKa of alginate monomers using lactones, such as d-glucono-δ-lactone (Sachan et al., 2009). However, among these strategies, the most widespread is ionic crosslinking since allows instantaneous and almost temperature-independent solution/gel transition in relatively mild conditions, in presence of multivalent cations, physical crosslinking is instantaneous and almost temperature-independent.

Moreover, several studies revealed that, in presence of divalent ions, alginate solution/gel transition occurred under physiological conditions, such as the acidic environment of the body fluids (Fu et al., 2011). In particular, many of the technological applications of alginate rely on the gelation in presence of Ca2+ in a two-step process that leads to the formation of inter- and intra-chain bridging. Calcium ions interact with the acidic sites on the G residues leading to chain-chain association; following, the tightly linked dimers form weak interdimer associations mainly governed by electrostatic interactions among the dimers with higher Ca2+ concentration. This ion-chain interaction involves the formation of a cage-shape association of chain regions rich in G, implying that poly M-blocks and alternating MG blocks display lower selectivity toward Ca2+ (Fu et al., 2011; Hecht and Srebnik, 2016). Therefore, gelling properties depend not only on alginate molecular weight, but are also strongly associated with its structure and composition in terms of M-, G-, and MG-blocks (Sachan et al., 2009). High G-blocks content determines low shrinkage during gel formation and renders alginate stiffer, mechanically stable and more permeable due to larger pores’ size (Martinsen et al., 1989), while high M-blocks content are required when alginate needs additional coating, such as enrichment of RGD sites to mediate cell adhesion (Kuo and Ma, 2001; Niekraszewicz and Niekraszewicz, 2009; Fu et al., 2011). Prevalence of MG-blocks, instead, give rise to alginate shrinkage and higher flexibility (Jorgensen et al., 2007; Szekalska et al., 2016).

Another relevant aspect to consider in the gelation process is the velocity of the reaction. Slow gelation provides uniform and ordered gel network structures with increased tensile properties and mechanical integrity (Kuo and Ma, 2001; Drury et al., 2004). One of the strategies to reduce the rate of gel forming process is the application of phosphate buffers (e.g., sodium hexametaphosphate); since the affinity of phosphate for calcium is higher compare to that of alginate, the presence of phosphate ions exert a chelating action and delay alginate gelation process (Dainty et al., 1986; Xu et al., 2007) alternatively, is possible to use calcium sulfate and calcium carbonate as Ca2+ sources: the lower solubility of these reagents prolongs gel formation. Lastly, another approach concerns the regulation of temperature: at lower temperatures, the reactivity of Ca2+ is reduced and allows the control of hydrogel formation (Augst et al., 2006; Zhao Y. et al., 2016).


Mechanical Properties

Alginate-based hydrogel mechanical properties strictly depend on the number and concentration of M and G residues (Augst et al., 2006). If G overcomes M, the hydrogel displays high mechanical stiffness. Therefore, by varying G and M content it is possible to change the elastic modulus. It was observed that elastic modulus homogeneity among 3D printing alginate-based scaffolds strictly depends on the gelation rate (Mahdi et al., 2016); slow processes result in greater homogenous scaffold (Kuo and Ma, 2001). Kaklamani et al. (2014) demonstrated how the gelation process can be modulated using divalent cations (Mg2+, Ca2+, and Sr2+), resulting in a tight controlled Young modulus of elasticity as a function of cations and alginate concentration.

Recently, it was demonstrated that xylitol, mannitol, or peptides can modify the gelation process increasing strength and elasticity (Ochbaum et al., 2018). The swelling properties of alginate are also modulators of mechanical strength. Swelling degree is inversely dependent on gelation time (bt Ibrahim et al., 2019). Sodium alginate films immersed in CaCl2 solution for 2 min denote a swelling degree of 51% compared to those immersed for 8 min (26%), suggesting that Ca2+ ions can penetrate into the film matrix and interact with sodium ions improving scaffold integrity and final geometry. In particular, in order to increase the volume of a given bio-based device it is necessary to increase the “surface-to-volume ratio” and engineering the structure (Elviri et al., 2017; Foresti et al., 2019) by jellifying every single deposed layer (Campisi et al., 2018).

Finally, it becomes imperative to characterize the alginate mechanical properties in light with the method of fabrication (simple deposition/injection or scaffold manufacturing via 3D printer) (Ozbolat and Hospodiuk, 2016) and for the final use as a biomaterial (Ravnic et al., 2017).



Biological Properties

Alginate is regarded as biocompatible, non-immunogenic, and non-toxic material (Sachan et al., 2009). Alginate cross-linked gels are not degradable in mammalian digestive tract but the elution of the multivalent ions eventually leads to its dissolution; moreover, a physiological concentration of sodium ions has been proved to alter alginate’s shear properties inducing a “softening effect” on the hydrogel’s matrix (LeRoux et al., 1999). Alginate biocompatibility was confirmed in vivo after ocular (Lin et al., 2004), topical (Coskun et al., 2014), local (Veriter et al., 2010; Chang et al., 2012), and oral administration (Sosnik, 2014). Moreover, Food and Drug Administration has categorized several alginate salts (calcium, sodium, ammonium, and potassium) as well as propylene glycol alginate derivative as generally regarded as safe (GRAS) ingredients for oral administration2 (Szekalska et al., 2016).

Besides being considered a safe polymer, alginate also presents some properties that enhance its attractiveness for biomedical applications, such as bio-adhesivity and antibacterial/-viral activity.

The presence of free carboxyl groups provides good mucoadhesive properties to alginate and allows its interaction with mucin by hydrogen and electrostatic bonding (Hecht and Srebnik, 2016; Szekalska et al., 2016). This property is strongly influenced by environmental factors such as pH, since only ionized carboxyl groups can interact with mucosal tissue. Moreover, different soluble formulations of alginate facilitate solvent penetration through its matrix, resulting in more viscous and cohesive gel structures that strengthen the mucoadhesive bonds; yet, an excessive hydration in physiological fluids might weaken mucoadhesiveness as a results of attenuation of the functional groups available for interactions (Taylor et al., 2005; Mythri et al., 2011; Haugstad et al., 2015). Ionized carboxyl groups also determine the reported antibacterial activity against a wide variety of species, including Pseudomonas, Escherichia, Proteus, and Acinetobacter (Khan et al., 2012; Pritchard et al., 2016), negatively charged alginate interacts with the outer bacterial cellular surface leading to its disruption (Yan et al., 2011; Benavides et al., 2012). Furthermore, the formation of a viscous layer around the bacterial cell prevents nutrient transport, decreases membrane function (Yan et al., 2011), and can exert chelation processes responsible for modulating the production of toxins, microbial growth and other crucial factors for microorganisms stability (Szekalska et al., 2016). Alginate antiviral activity relies on sulfated polysaccharides and alginic acid-containing fractions extracted from algae. The mechanism of action may be related to the strong anionic charge of sulfated alginate, capable of interacting with the positively charged host cell and, as a result, preventing virus contact with the host cell (Witvrouw and De Clercq, 1997; Sano, 1999; Meiyu et al., 2003). At present, antiviral efficacy has been reported against Flaviviridae, Togaviridae, Rhabdoviridae, and Herpesviridae viruses’ families (Son et al., 2003; Lee et al., 2011; Wang et al., 2014; Ahmadi et al., 2015). Other relevant properties concern the modulation of several responses to pathology, from immunostimulation to anti-oxidant and anti-inflammatory activities. It has been reported that alginate with high M-block content is able to activate macrophages and monocytes leading to the secretion of cytokines and cytotoxic factors (Son et al., 2001). The anti-inflammatory cytokines secreted by monocytes, eventually lead to attenuate the production of nitric oxide, reactive oxygen species (ROS), prostaglandin E2, and cyclooxygenase COX-2, determining therefore alginate anti-oxidant effect (Rocha de Souza et al., 2007; Yamamoto et al., 2007; Maciel et al., 2013; Namvar et al., 2013). Calcium alginate displays hemostatic efficacy through platelets activation and thrombin generation (Hattori et al., 2010), and it has been reported to lower blood pressure as a results of calcium antagonist activity, especially toward voltage-operated calcium channels (Chaki et al., 2007; Terakado et al., 2012).



Alginate in Biomedical Research

Alginate due to its versatile and biologically properties such as biocompatibility, (possible) non-immunogenicity, chelating ability, water solubility, flexibility (it can be easily modified in any form) and low-cost, is widely used in biomedical research (Sun and Tan, 2013). In particular, alginate is used in protein/drug delivery systems, tissue regeneration, and wound healing (Miao et al., 2018). To date, there are several preclinical and clinical studies (see paragraph below) using alginate as a cargo system to control delivery bioactive agents, e.g., growth factors (Pawar and Edgar, 2012), cytokines (Lee and Mooney, 2012), doxorubicin (Paques et al., 2014), paclitaxel (Wu et al., 2014). Moreover, alginate is also used as an excipient in several drugs due to its gel forming, stabilizing and thickening properties, e.g., Gaviscon®, Bisodol®, Asilone (Miao et al., 2018). Regarding tissue regeneration, unless big steps have been done, there is still a considerable gap between research and clinical application of alginate in tissue regeneration. More studies should be performed in terms of improving alginate characterization, functionalization, biodegradability, and mechanical properties in order to facilitate tissue and organ regeneration. To date, several studies have been done implying use of alginate in cardiac regeneration (Rodness et al., 2016; Foresti et al., 2020a), skin regeneration (Yang et al., 2019), osteo and cartilage regeneration (Venkatesan et al., 2015; Calasans-Maia et al., 2019; Yang et al., 2019), and neural tissue regeneration (Homaeigohar et al., 2019). Due to its hydrophilicity, capability to adsorb wound exudate and maintaining a moist microenvironment alginate is suitable for wound dressing. Alginate dressings can be prepared by ionic crosslinking (with calcium, magnesium, etc.) to form a gel, or followed by processing to form freeze-dried porous sheets in form of foams, and fibrous dressings (Aderibigbe and Buyana, 2018). At present, there are several alginate dressings commercially available including AlgicellTM, FibracolTMPlus, Hyalogran®, and Tromboguard®.



FUNCTIONALIZED ALGINATE

As mentioned in the introduction, the heart is a complex electromechanical organ. After MI, it occurs loss of CMs, lack of angiogenesis, and conductive connection disruption that brings to a malfunctioned heart. Lack of treatments to restore lost cardiomyocytes and cardiomyocytes incapability of self-regeneration brought scientists to think about regenerative medicine as a winner strategy to restore normal functionality of the infarcted heart. Alginate emerged as a promising natural polymer in cardiac regeneration, supporting heart vascularization, re-cellularization, and restoring electrical conductivity (Figure 1). In this section, it will be provided an overview of alginate’s roles in restoring normal functionality of infarcted heart; the studies took into consideration are summarized in Table 1.
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FIGURE 1. Alginate-based devices development in cardiac treatment. Alginate displays some physico-chemical and biological advantageous characteristics that, combined together, render this biomaterial suitable for further modification. Possible modifications and implementations are: the inclusion of different cell types, bioactive molecules, functional oligomers, and conductive materials to provide further functionalities to the pristine material addressing the main issues in cardiac regeneration field. Thanks to its functionalization, alginate can be implied either as a delivery system or as a support material in cardiac regeneration choosing the most efficient way of administration, in situ or not.



TABLE 1. Promising alginate-based systems in cardiac regeneration.
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Alginate in Support of Heart Vascularization

A crucial hurdle in the recovery post MI is lack of angiogenesis that leads to the irreversible loss of cardiomyocytes in the first 2–4 h of the onset (Thygesen et al., 2007), thus contributing to the progression of maladaptive ventricular remodeling, including scar formation and ventricular dilatation, that can eventually lead to heart failure (French and Kramer, 2007). To address this deficiency in neovascularization both delivery of factors and/or cells have been explored. Specifically, most works are focused on delivering of mesenchymal stem cells (MSCs) and vascular endothelial growth factor (VEGF). Beneficial effects of MSCs on MI were already reported in literature (Gnecchi et al., 2008); their impact was mainly related to an hypoxia-dependent secretion of several cytokines, chemokines, and growth factors, that not only exert a cytoprotective effect on cardiomyocytes survival (Gnecchi et al., 2005), but lead also to an increase in collateral perfusion through paracrine stimulation of proliferation and migration of endothelial cells (ECs) and vascular smooth muscle cells (VSMCs) (Kinnaird et al., 2004). Marrow-derived stromal cells express genes encoding a broad spectrum of arteriogenic cytokines and promote in vitro and in vivo arteriogenesis through paracrine mechanisms (Nagaya et al., 2004). VEGF, instead, is the most powerful and well-characterized proangiogenic cytokine (Maharaj and D’Amore, 2007) associated with improvements in cardiac vascularization (Oduk et al., 2018). Unfortunately, delivery and retention of cells or growth factors to the damaged area remains critical. Moreover, VEGF delivering may lead to severe side effects, such as hypotension, limb edema, and retinopathy, growth of tumors and/or metastasis (Zietz et al., 1998; Baumgartner et al., 2000; Gasparini, 2000; Lee et al., 2000; Freedman and Isner, 2002; Henry et al., 2003). Given these considerations, it becomes clear why so much effort is put into defining an appropriate cell or molecules delivery system in order to help vascularization in the infarcted heart. In this scenario, several studies demonstrated alginate suitability as support material. Rodness et al. (2016) developed a VEGF-loaded patch made of compacted alginate microspheres, retained by a chitosan sheet. In order to combine alginate with the growth factor, the authors mixed recombinant VEGF with Na+-alginate solution and produced microspheres using a water-in-oil-in-water double emulsion technique with pure olive oil and ddH2O, and CaCl2 crosslinking; microspheres were following compacted by centrifugation. From a certain point of view, this strategy seems to recall and overcome the approach of current clinical trials based on the mere injection of alginate in the ventricular wall. The rationale behind this approach relies on the highly tunable degradation of microspheres, that allows the controlled release of pro-angiogenic factors, and the restraint properties of a condensed microsphere patch reinforced with chitosan. After assessing the biological activity of VEGF-loaded patches in vitro, they were implanted on the epicardial surface of a MI-rat model. Both VEGF-loaded and control patches displayed similar functional outcomes in terms of fractional shortening, cell infiltration, wall thickness, scar area and length, to indicate that microsphere patch and chitosan sheet system may function as a ventricular restraint device that limits the extent of scar expansion post-MI. In addition, the team reported that VEGF-loaded patches maintained their biological activity in vivo up to 4 weeks after implantation, enhancing the spontaneous angiogenesis and vasculogenesis within the compacted alginate microspheres. An alternative approach to deliver VEGF to the infarcted area was proposed by Liu et al. (2017), who investigated the potential of MSCs as carriers of pro-angiogenetic factors. The team took advantage of MSCs natural tropism to the infarcted area (Lau and Wang, 2011) to deliver VEGF. They performed a layer-by-layer (LbL) self-assembly coating where alginate provided cohesion between two layers of gelatin embedded with VEGF. This tiny-film fabrication technique consisted in alternating steps of coating and washing, in which cells were progressively incubated with gelatin, alginate and gelatin. This strategy guarantees the maintenance of the metabolic activity of the encapsulated material and endows protection (Yang et al., 2011) without affecting cell viability, proliferation and differentiation (Li et al., 2015). Other interesting approaches to enhance vascularization involving cell delivery were successfully tested on muscle tissue, paving the way to possible transitions to the cardiac tissue. In the work of Nemati et al. (2017) HUVECs were encapsulated in a mixture of gelatin and alginate by the means of an electrostatic encapsulation method at high voltage rate (8kV) followed by extrusion through a 26G needle into a crosslinking solution of CaCl2. The composition of the microcapsules allowed cell adhesion and migration through the porous structures; furthermore, the authors observed, in vitro, an increased production of NO combined with a high rate of cell survival and an increased tubulogenic activity of encapsulated HUVECs compared to control cells. The superior angiogenic capability of encapsulated HUVECs was also confirmed in vivo by injecting cell-laden microcapsules in the muscular tissue of an immune-compromised mouse model. Whereas the direct injection of HUVECs determined an extensive cell spread resulting in the failure of microvascular formation, encapsulated cells promoted an increase of vascular density constituted of both large- and micro-size vascular structures with normal ECs alignment and epithelialization in the periphery. Bushkalova et al. (2019), instead, developed macroporous scaffolds made of alginate-chitosan polyelectrolyte complexes to deliver MSCs in soft tissues. This strategy exploits the association of alginate with a cationic polymer, chitosan, to form a polyelectrolyte complex of opposite charge that can be subsequently freeze-dried and crosslinked; in this way, chemically unaltered polymers preserve their initial biocompatibility while their rheological properties improve and adapt to the mechanical resistance of soft tissues. Instead of pursuing MSCs differentiation into a specific cell type within the scaffold, the main goal of this work was to ensure cells survival, retention, and paracrine activity in order to stimulate the vascularization. In vitro tests assessed cell viability and growth, besides an enhanced tendency to secrete FGF2. The most promising results concern the in vivo model, implantation in the pectoral muscle of healthy rats, where the team found a good engraftment of the scaffold in the target tissue within 28 days; the progressive degradation of the scaffold was followed by the increasing formation of small functional blood vessels and the reduction of the fibrous capsule. From these studies, it emerged the real possibility of treating MI through the combination of growth factors and a suitable cell source to promote angiogenesis. Undoubtedly, further work is needed to determine which cell source may be suitable in clinical applications, in order to avoid immune-response or off-target vascularization with consequent severe side effects (Epstein et al., 2001).



Alginate in Cell Delivery Systems

After supporting vascularization of the infarcted area, the second step is to repopulate the damaged area with cells. Mainly, two different cell populations can be implanted, stem cells that may form teratomas, or mature cardiomyocytes, which can cause an electromechanical mismatch within the heart (Chen et al., 2009; Liu et al., 2013). Recently, stem cell-based therapies emerged as possible candidates in treating MI. Unless many studies have been done, at present, only pluripotent stem cells (PCSc) have shown clear ability to differentiate into functional cardiomyocytes (Choe et al., 2019a). Furthermore, cells retention in the heart is very low (Sanganalmath and Bolli, 2013; Hirt et al., 2014); ischemic myocardium displays a hostile environment for cells due to high level of oxidative stress, poor nutrient supply and it offers an open way for host immune system attack. Alginate hydrogels, porous scaffolds, or alginate cell sheets/patches were enrolled to improve cell retention, survival, and function in the ischemic heart. Despite the continuous effort in developing less invasive procedures, the evidence that alternative administration strategies, such as intracoronary injection, may lead to a compromised cell retention (Follin et al., 2018) drove most of the research toward in situ application of the developed devices. Partially oxidized alginate was used in preparing an ASDC-loaded conductive H2S-releasing hydrogel system able to improve performances of the infarcted zone in rats (Liang et al., 2019). Specifically, alginate was oxidized through sodium iodate, and tetraaniline (TA) and 2-aminopyridine-5-thiocarboxamide (APTC) were employed to synthetize the multifunctional co-polymer; while TA guaranteed conductive properties, APTC was responsible for inflammatory response inhibition and angiogenic stimuli. Moreover, in a recent in vitro study, alginate functionalized with RGD sequence was employed to assess encapsulated cells resistance to oxidative stress. The immobilization of the RGD peptide to sodium alginate was performed utilizing the aqueous carbodiimide chemistry (Shachar et al., 2011), thus the peptide was conjugated to alginate via an amide bond between its terminal amine and the carboxylate on alginate. The results showed that human mesenchymal stem cells (hMSCs) encapsulated in raw alginate or in alginate enriched with RGD have higher resistance to hydrogen peroxide-induced cell death (Choe et al., 2019b). Partially oxidized alginate was also employed in a recent work where PSCs pre-differentiated into the early cardiac lineage were encapsulated into an alginate-chitosan micromatrix (ACM); to create the so-call micromatrix the authors took advantage of the electrostatic interactions among the positively charged chitosan and the negative charges of cell membrane and alginate, by successively soaking cell aggregates in the saline solution of the polymers. These aggregates were injected into hearts of mice showing an increase in cardiac function and survival of animals after MI (Zhao S. et al., 2016). In addition to the previous challenges, another point needs to be addressed, timing of stem cells injection; it was showed that injection of SCs after 4–7 days from the MI improves cells survival but, at the same time, significant injury is accumulated in the ischemic heart (Suzuki et al., 2004; van den Akker et al., 2013). Unless many steps should be done, alginate cell-based therapy seems to be a promising way in the treatment of MI.



Alginate in Restoring Electrical Conductivity

The last aspect to be taken into consideration about restoring the infarcted area is electrical conductivity. Alteration of the normal cardiac conductive system, resulting in the interruption of connectivity between ion channels and connexins (Huang et al., 2017), is another evidence occurring after MI. CMs death and scar tissue formation play a pivotal role in the conductive connection disruption (Ongstad and Gourdie, 2016). The development of a conductive injectable hydrogel can help transmission of the electrical impulses and maintaining of a stable cardiac rhythm, restoring the normal interchange between the synchronous contractions and the relaxation time (Guo and Ma, 2018). On the contrary, injection of non-electroactive hydrogels, results in an electrically isolated system (Shin et al., 2013), impeding the transmission of electrical impulses to all the infarcted tissue and thus reducing the percentage of success of the regenerative process. Natural hydrogels represent convenient starting substrate to obtain electroactive biomaterials; in particular, thanks to high water level retention, good biocompatibility and their structural resemblance to ECM that enables the diffusion of small molecules (Shi et al., 2016). Moreover, hydrogels can be loaded with conductive components, e.g., nanoparticles (NPs) such as gold nanoparticles (AuNPs), carbon nanotubes (CNT), oligomers or conjugated with conductive polymers, such as polypyrrole (PPy), polythiophene, poly(3,4-ethylendioxythiophene (PEDOT), and Polyaniline (PANi) (Shi et al., 2013; Huang et al., 2017). The main ways to obtain conductive materials are, crosslinking between two or more different materials (Zhang et al., 2014), chemical oxidative in situ polymerization with an oxidant to start the reaction (Shi et al., 2012), electrochemical polymerization where hydrogels are used as conducting electrodes (Shi et al., 2014), and post-polymerization/coating by two subsequently hydrogel immersions, the first into monomer solution of conductive polymer and, the second, into an oxidant solution (Wu et al., 2015; Yang et al., 2016; Distler and Boccaccini, 2019; Jiang et al., 2019). Dvir et al. (2011) modified the conductive properties of alginate through a calcium crosslinking strategy incorporating gold nanowires (Alg–AuNW) obtaining a patch where they seeded neonatal rat cardiomyocytes and measured electrical conductivity. In particular, they demonstrated an increased electrical conductivity of the material itself and an increase of electrical conductivity of seeded rat cardiomyocytes. Furthermore, they showed an improvement in cell organization and contraction when the length of gold nanowires surpass the thickness of alginate’s pores (Dvir et al., 2011). Kaklamani et al. (2014) demonstrated that alginate crosslinked with Ca2+ is more conductive than alginate crosslinked with Sr2+; Sr2+ displays a larger ionic radius compare to Ca2+, thus, it forms less ionic bridges with alginate hydrogel compared to Ca2+. For instance, a higher ions level is associated with larger charge density of the hydrogel (Kaklamani et al., 2014). Alginate has also been used for neural differentiation. The conductive hydrogel composed with polypyrrole and alginate (PPy/Alg) has ten times more electrical conductance compared to solely alginate hydrogel (Yang et al., 2016; DeVolder et al., 2017; Ketabat et al., 2017; Ren et al., 2019). The hybrid polymer is obtained by chemically polymerizing PPy within ionically crosslinked alginate: pyrrole monomers are allowed to diffuse into alginate hydrogels before starting their polymerization with a chemical oxidant (FeCl3); further stabilization is provided by the interactions among positively charged pyrrole oligomers and negatively charged alginate. PPy/Alg hydrogel promotes hMSC toward a neural differentiation, implying a possible use for neural tissue engineering (Yang et al., 2016). Interesting would be the evaluation of the same PPy/Alg hydrogel in the contest of cardiomyogenic maturity, or cardiovascular regeneration therapy as well, since the conjugation of these two materials provide an enhanced electrical conductivity, extremely necessary for the cardiac regeneration.

Although great efforts have been put into developing a conductive alginate, suitable to restore normal electrical conductivity in infarcted heart, the way to reach this goal is still very far. In order to restore a normal electromechanical homeostasis within the myocardium the perfect material should be capable to transmit electrical impulses with a proper conduction velocity. Only recently, it emerged the importance to study also the conductivity of injectable hydrogels for cardiac regeneration. To conceive an ideal injectable alginate hydrogel several strategies of manufacture should be combined together. Only the implementation of alginate with cells, vascularization factors and conductive elements would give a “complete material” that can be used for cardiac therapy. The synergy of these three players, together, might be the most successful treatment in heart healing.



CLINICAL TRIALS IMPLICATING ALGINATE IN CARDIOVASCULAR DISEASES

Food and Drugs Administration (FDA) approved alginate as GRAS in food, pharma, and medicine (wound, bone) applications already in 1970 (Frey et al., 2014; Lee et al., 2015). To date, there are four clinical trials implying alginate in treating heart failure; three of them are completed and the forth one is still recruiting. Algisyl-LVRTM is the most used and commercially available alginate hydrogel implied in sustaining the gradual remodeling of the ventricle in patients subjected to dilated left ventricle (LV), HF, and MI (Lee et al., 2013, 2015; Rao et al., 2016). Until now, two clinical trials have been reported implying Algisyl-LVRTM in restoring infarcted myocardium. Algisyl-LVRTM is conjugated with calcium and sodium (furnished respectively in an aqueous solution and insoluble particles in a 4.6% mannitol solution), reaching a final strength of 3–5 kPa (Lee et al., 2015). Algisyl-LVR is administered during a CABG procedure under general anesthesia. After the intramyocardial injection, it changes the status from liquid to gel remaining permanently in the human heart. Algisyl-LVRTM showed no immune system reactions or rejections, and, thanks to the ability to reduce cardiac tension and cell stress, it enables the natural healing of the heart blocking the disease progression.



SYM-08-001

The first clinical trial (NCT00847964) was published in 2015, in which Algisyl-LVRTM was administered to 11 patients with dilated cardiomyopathy underwent open-heart surgery with the aim of left ventricular wall augmentation. Only nine patients were able to complete the follow-up at day 8 and 3, 6, 12, 18, and 24 months later, showing promising results. Amelioration of LV size has been observed starting from the 3rd day after the injection procedure. At the last time point of the follow-up (24 months) no deaths occurred and the LV displayed a more ellipsoidal shape with a reduction in the LV end-systolic and LV end-diastolic dimension (LVESD–LVEDD) of respectively 9 and 12%. The ejection fraction (EF) improves of 28% over 24 months while the myofiber stress at the end-of-diastole/systole decreased for 35% over the same period. According to the New York Heart Association (NYHA) classification, the patients’ life quality improved showing a change to a less critical category for almost all patients (II or III class) (Lee et al., 2015). Based on these results, Algisyl-LVRTM has been considered feasible and safe for further clinical trials.


AUGMENT-HF and AUGMENT-HF II

The second clinical trial performed using Algisyl-LVRTM was AUGMENT-HF (N: NCT01311791). The study was conducted in five different countries with a 1-year-follow-up, where Algisyl-LVRTM was administered to 40 patients (plus 38 control patients for a total number of 78 subjects) aged between 18 and 79 years to modulate HF symptoms and improve heart functions (Anker et al., 2015). After 6 months from injections, the patients showed a progressive increase of the mean peak VO2 (the maximal quantity of O2 in blood that the heart is able to provide to muscles during a physical activity), while the six-minute walk test (6MWT) increased above 300 m threshold for the treated group but decreased in the control group. The 1-year-follow-up demonstrated further enhancement both in mean peak VO2 and in 6MWT in treated group compared to control group, where both conditions slightly worsen with time. These results are correlated with a return to the physical activity for the treated patients and the scaling up the NYHA functional class (I or II) (Mann et al., 2016). An increase in LVEF (16%) was observed after 12 months in the treated group, while LVEDD and left ventricle mass (LVM) resulted decreased for a total of 4 and 9%, respectively (none of the parameters are statistically significant but these findings are unexpected) (Mann et al., 2016). It is possible to deduce that the treatment for HF patients following the standard procedure with the additional Algisyl-LVR injections is a functional strategy to treat HF patients. This polymer lasts permanently in the heart bringing positive effects to the cardiac health (LV augmentation and reduction of LV stress) ameliorating the general mechanical support and life quality of all the treated subjects. To date another clinical trial is ongoing but not yet recruiting, AUGMENT-HF II (NCT03082508). It consists of evaluating the efficacy and safety of Algisyl in LV-augmentation and restoration in patients with dilated cardiomyopathy.



PRESERVATION-1

Frey et al. (2014) administered in the pivotal study NCT01226563 the so-called hydrogel IK-5001 (BioLineRx, Jerusalem, Israel) to 27 patients (aged between 18 and 75 years) trying to prevent or reverse left ventricular remodeling after a considerable MI (severe-acute) within 7 days from the attack. No control group is present in the study. IK-5001, an implantable bioabsorbable cardiac matrix (BCM) device, is made of 1% sodium alginate plus 0.3% calcium gluconate. IK-5001 hydrogel enters both in the heart and in the extracellular space. Subsequently, it crosslinks in a gel solution thanks to high ionized calcium concentration (characteristic of infarcted myocardium), creating a cardiac scaffold resembling ECM that is bioabsorbable by the tissue and is discarded by kidneys in 3–6 months after the injection (Rao et al., 2015, 2016). In parallel, in the animal model was shown that BCM reabsorption was followed and substituted by a network of capillaries, myofibroblasts and collagen fibrils (Sabbah et al., 2013; Ruvinov and Cohen, 2016). The subjects were controlled after 30, 90, and 180 days from the injections. No further myocardial damages, arrhythmias were observed (Frey et al., 2014). LV remodeling appeared mild recovered with a conservation of LV end-diastolic/end-systolic volume index (LVEDVI – LVESVI) and LVEF parameters. No adverse or serious events have been proven to be correlated with the injections; there was only one episode of syncope after 172 days of administration correlated with the treatment. The whole procedure was well tolerated by patients; in addition, the injections were performed under local anesthesia via percutaneous radial artery access and not undergoing an open-heart surgery under general anesthesia (Frey et al., 2014). This pilot study opened the window on a consecutive bigger clinical trial called PRESERVATION-1 (nr: NCT01226563) with the aim to prevent, after one severe MI, ventricle remodeling and heart failure congestion (congestive HF). Two hundred and one subjects were treated with IK-5001 and were compared with 102 healthy subjects. After 6 months, no significant results were obtained. LVEDVI and adverse events remained constant and similar between the two groups. No significant differences have been detected in the improvement of the 6MWT for the treated group; however, a positive and beneficial trend has been shown in the treated group. Severe adverse effects appear to be more frequent in treated subjects (5%) compared to control group (2.9%), on the contrary low rate of mortality and MI have been detected in the treated group compared to the control group. Given these results, neither impressive anatomical changes, nor progress of life quality has been demonstrated in MI subjects. It can be assumed that some results might be linked to the severe MI symptoms that affected some patients that, due to the severity of the damages, could not be treated (Rao et al., 2016).

So far, clinical trials demonstrated the feasibility and safety of treating MI with alginate. Nevertheless, is still necessary to identify the most suitable administration route to exert a therapeutic effect. Indeed, whereas the IK-5001 strategy has the appealing of providing a less-invasive administration, the lack of significant results and life-quality improvements in PRESERVATION-1 trial may indicate a poor specificity for the target area. The direct injection of Algisyl-LVRTM prevents this issue but at the same time underlines the passive role of the biomaterial, whose therapeutic effects seems to rely on providing physical support to the weakened area. Table 2 summarized the discussed clinical trials.


TABLE 2. Clinical trials using alginate as basic compound.
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CONCLUSION

Cardiovascular diseases are the number one cause of death globally. In particular, acute MI, according to WHO, causes 7.3 million deaths worldwide. Despite great strides have been done in the last decade prognosis is still unfavorable, and the search to find new and innovative treatments to heal the infarcted heart is still open. Recently, cardiac regeneration emerged as a promising solution to restore injured heart. The heart is a complex, conductive, and electromechanical organ, thus the necessity to find a durable and conductive material to resist and persist in the “harsh infarcted heart environment.” To date, there are no hydrogels able to mimic cardiac tissue. However, alginate, among all the biomaterials available, seems to be a good candidate for cardiac regeneration. On one hand alginate is a natural polymer, biodegradable, biocompatible, and already approved by FDA for human purposes; moreover, it can be easily modified, it is versatile, and it has affordable production costs. On the other hand, alginate contains many impurities and it is highly hydrophilic. Available results from clinical trials in patients showed that alginate only mildly ameliorates some cardiac parameters but seems to improve patient’s quality of life. To be noted that, until now, all these trials have been focused on the injection of pristine alginate in the damaged area. Despite promising results, so far, no experimentation provided a decisive outcome. Although data from literature show encouraging results, improving vascularization and cell retention in the infarcted area, in a clinical context their potential is limited to temporary solutions and does not show deep ameliorates. To date, all clinical trials imply alginate as mechanical support of the infarcted area, thus the possible premature degradation of alginate inside the organism, in parallel with the incapability of the resident cardiomyocytes to regenerate the infarcted area and the failure in restoring a proper cardiac conductivity, could be the reasons of the partial outcome of the clinical trials. In order to overcome this issue could be useful to complete the stage of cellularization of the alginate matrix in vitro with cardiomyocytes; nevertheless, it is well known the difficulty of handling mature cardiomyocytes in vitro and the ethical limitations. Moreover, particular attention should be paid to electrical conductivity to prevent arrhythmias, both inserting an alginate matrix capable of substitute the infarcted area and transmit the electrical signal or guiding the cardiomyocytes within the scaffold avoiding spontaneous beating activity. Furthermore, it is necessary to know better the mechanisms underneath the remodeling occurring in the infarcted heart in order to establish when, where, and how much material to inject. So far, the use of alginate in cardiac regeneration seems to be promising, even though a deeper characterization is needed for the eventual translation to the clinical field.
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ABBREVIATIONS

 ADSCs, adipose derived stem cells; CMs, cardiomyocytes; CVDs, cardiovascular diseases; ECs, endothelial cells; ECM, extracellular matrix; EDD, end-diastolic dimension; EF, ejection fraction; ESD, end-systolic dimension; FDA, Food and Drugs Administration; G, 1,4 α -L-guluronic acid; GRAS, generally regarded as safe; hMSCs, human mesenchymal stem cells; LV, left ventricle; LVM, left ventricle mass; M, 1,4-linked β -D-mannuronic acid; MI, myocardial infarction; mPSCs, mouse pluripotent stem cells; MSCs, mesenchymal stem cells; NCD, non-communicable disease; PSCs, pluripotent stem cells; rMSCs, rat mesenchymal stem cells; VEGF, vascular endothelial growth factor; VSMCs, vascular smooth muscle cells.

FOOTNOTES

1
https://www.who.int/news-room/fact-sheets/detail/noncommunicable-diseases

2
http://wayback.archive-it.org/7993/20171031063235/https://www.fda.gov/Food/IngredientsPackagingLabeling/GRAS/SCOGS/ucm260857.htm
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True cardiac regeneration of the injured heart has been broadly described in lower vertebrates by active replacement of lost cardiomyocytes to functionally and structurally restore the myocardial tissue. On the contrary, following severe injury (i.e., myocardial infarction) the adult mammalian heart is endowed with an impaired reparative response by means of meager wound healing program and detrimental remodeling, which can lead over time to cardiomyopathy and heart failure. Lately, a growing body of basic, translational and clinical studies have supported the therapeutic use of stem cells to provide myocardial regeneration, with the working hypothesis that stem cells delivered to the cardiac tissue could result into new cardiovascular cells to replenish the lost ones. Nevertheless, multiple independent evidences have demonstrated that injected stem cells are more likely to modulate the cardiac tissue via beneficial paracrine effects, which can enhance cardiac repair and reinstate the embryonic program and cell cycle activity of endogenous cardiac stromal cells and resident cardiomyocytes. Therefore, increasing interest has been addressed to the therapeutic profiling of the stem cell-derived secretome (namely the total of cell-secreted soluble factors), with specific attention to cell-released extracellular vesicles, including exosomes, carrying cardioprotective and regenerative RNA molecules. In addition, the use of cardiac decellularized extracellular matrix has been recently suggested as promising biomaterial to develop novel therapeutic strategies for myocardial repair, as either source of molecular cues for regeneration, biological scaffold for cardiac tissue engineering or biomaterial platform for the functional release of factors. In this review, we will specifically address the translational relevance of these two approaches with ad hoc interest in their feasibility to rejuvenate endogenous mechanisms of cardiac repair up to functional regeneration.
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DIVIDE AND CONQUER CARDIAC REPAIR AND TRUE HEART REGENERATION

Cardiovascular disorders significantly affect life expectancy; according to the World Health Organization (WHO), by 2030 about 23 million people annually will be severely affected by heart failure (Leone et al., 2015; Mozaffarian et al., 2015; Benjamin et al., 2018). Cardiac dysfunction may arise by significant loss of resident cardiomyocytes. Indeed, prolonged interruption of coronary blood circulation can cause myocardial infarction (MI) with consequent cardiomyocyte irreversible damage, leading to the development of fibrotic tissue that replaces the contractile myocardium. The injured heart can activate limited wound healing as life-saving mechanism to avoid cardiac rupture. This leads to maladaptive ventricle remodeling and compensatory cardiac hypertrophy leading to heart failure over time (Frantz et al., 2009). Despite significant improvements, interventional cardiology and prompt pharmacological treatments after MI cannot reverse cardiac damage, as they may only minimize cardiomyocyte death or delay heart failure onset (Ezekowitz et al., 2009). Thus, the most effective therapeutic approach is still represented by heart transplantation, with severe limitations due to donor organ availability and compatibility (Hsich, 2016). Since there is an unmet clinical need for current therapies to replenish loss of cardiomyocytes and vasculature, many efforts have been currently focusing on defining novel therapeutic strategies to implement myocardial repair and regeneration.

Notably, full regeneration of the injured heart is a well-established process in lower vertebrates, as opposite to the adult mammalian myocardium. The teleost fish has shown of functional cardiac reconstitution following injury, by means of replicating cardiomyocytes replacing a temporary scar within 1–3 months (Kikuchi et al., 2010; Han et al., 2019). Nevertheless, it has been recently reported that in adult humans de novo generation of cardiomyocytes can actually occur, although via very low self-renewal rate (ca. 0.5–1% per year), which is not therapeutically relevant per se (Bergmann et al., 2009; Senyo et al., 2013). Recent evidences that the neonatal rodent heart can still harbor significant cardiomyogenic potential has further driven the attention toward cardiomyocyte proliferation as bona fide regenerative mechanism. Within the first week of life, neonatal mice can almost entirely regenerate their heart after severe injury via renewal of surviving cardiomyocytes (Porrello et al., 2011, 2013; Mahmoud et al., 2014). After this short post-natal window, there is a clear transition from regeneration into scarring and fibrosis, as the typical molecular signature of the mature adult cardiac wound healing response (Aurora et al., 2014). Likewise, functional recovery of the myocardial tissue in a unique case of a human newborn undergoing severe MI by coronary artery occlusion has been recently reported; similarly to the neonatal rodent heart, the child showed rescue of cardiac function within weeks via putative cardiac regeneration (Haubner et al., 2016).

Evidences that the mammalian heart possesses some restorative potential have been supported by the identification of resident stromal mesenchymal cells, defined as cardiac progenitor cells (CPC). CPC were originally reported in 2003 when describing Lin–c-kit+ cardiac stem cells acquiring phenotypic features of cardiomyocyte-like cells (Beltrami et al., 2003). Since then, different populations of endogenous CPC have been described, such as c-kit+, Sca-1+, cardiosphere-derived CPC and epicardium-derived progenitor cells (EPDC). All such stem-like cell populations can be isolated from discarded tissue obtained during heart surgery or endocardial biopsy according to different protocols, as extensively reviewed in Bollini et al. (2011b). While some CPC, like EPDC, may harbor some degree of vascular and cardiomyocyte plasticity during embryonic development (Zhou et al., 2008), generally speaking they become quiescent soon after birth, unless stimulated by injury (Lepilina et al., 2006; Limana et al., 2010; Huang et al., 2012). Initially, great excitement was addressed toward these cells as stem-like progenitors with cardiac-specific differentiation potential within the adult heart. Yet, multiple independent lines of investigation have recently questioned the cardiomyogenic and/or cardiovascular commitment of several adult CPC subpopulations (i.e., c-kit- and Sca-1-positive ones, Sultana et al., 2015; Kanisicak et al., 2017; Li et al., 2018; Tang et al., 2018; Zhang L. et al., 2018) with serious expression of concerns and retractions of several studies (Estes Mark, 2019). Despite the ongoing controversy on CPC cardiomyogenic conversion, CADUCEUS and ALLSTAR clinical trials based on autologous and allogeneic cardiosphere-derived cell therapy proved to be safe and resulted into some degree of improved viable heart mass and contractility in patients with MI and left ventricle dysfunction (Makkar et al., 2012; Chakravarty et al., 2017). Therefore, it seems reasonable that adult CPC may still contribute to improve heart function – although unlikely via direct differentiation- and represent a therapeutic target to optimize cardiac repair. Additionally, activation of resident CPC following injury showed to be much stronger and responsive in the neonatal mouse heart compared to the adult (Jesty et al., 2012).

Being loss of myocardial tissue the main limiting factor for heart function, preclinical research has been lately focused on two biological strategies to improve endogenous mechanisms of cardiac repair and regeneration: (i) preservation of viable myocardium during injury or disease and (ii) replacement of cardiomyocytes to restore structural and functional integrity of the damaged heart (Broughton et al., 2018). The first one is based on enhancing cardio-protection so to counteract pathological remodeling; this can be mainly achieved via prompt in situ inhibition of cardiomyocyte apoptosis and/or their premature senescence, by quenching prolonged inflammation, while supporting de novo local angiogenesis and (re)activating endogenous CPC (Prabhu and Frangogiannis, 2016; Spath et al., 2016; Huang and Frangogiannis, 2018; Li et al., 2019). The latter, which specifically targets myocardial renewal, truly represents the sine qua non condition to conquer true cardiac regeneration via restoration of active cardiomyocyte cell division (Cahill et al., 2017; Eschenhagen et al., 2017; Wang et al., 2017; Vujic et al., 2020). Indeed, increasing efforts have been lately dedicated to define putative therapeutic strategies to resurge myocardial renewal in the adult heart. Yet, it remains quite controversial to provide satisfactory and reliable validation of true cardiomyocyte division by means of cytokinesis, over more limiting binucleation or polyploidy, as extensively reviewed in Leone et al. (2015) and Leone and Engel (2019). Moreover, microRNA therapy via viral vector has recently shown to successfully target cardiomyocyte de-differentiation and proliferation in a big preclinical animal model of MI, resulting in remarkable myocardial regeneration; nonetheless, de novo proliferating cardioblasts expressed an immature phenotype and caused lethal arrhythmia, indicating that their genetically induced constitutive stimulation may not be indicated, if timely control of such renewal mechanism cannot be provided (Gabisonia et al., 2019).

These evidences suggest that the mammalian heart can harbor some intrinsic regenerative capacity, based on reparative and renewal mechanisms; these are broadly active during embryonic development up to early neonatal stages. Such restorative program is transient, being lost after the first week of birth, suggesting a sort of “memory loss.” Therefore, preclinical cardiovascular research has lately focused on alternative strategies to “rejuvenate” the forgotten endogenous potential of adult heart, including (a) the stimulation with stem/progenitor cell-derivatives and (b) the innovative use of cardiac decellularized extracellular matrix (dECM, Figure 1). In this review, we will provide an overview of these two possible experimental approaches to resurge intrinsic mechanisms of cardiac repair and myocardial renewal.
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FIGURE 1. Cardiac regenerative strategies. Schematic representation of the main experimental cardiac medicine approaches suggested to address myocardial injury and aiming at stimulating endogenous mechanisms of repair and myocardial restoration by means of stem cell-derived paracrine effectors and biomaterials. Schematic was made using BioRender (https://app.biorender.com).




SAY IT RIGHT: AT THE HEART OF INTER-CELLULAR PARACRINE COMMUNICATION

Data from clinical and preclinical studies on stem cell-based therapy for cardiac disease have shown that cells transplanted into compromised myocardium are very unlikely to contribute to novel cardiovascular cells by means of differentiation (Murry et al., 2004; Noiseux et al., 2006; Langrzyk et al., 2018). Multiple independent analyses have also revealed that transplanted cells fail to engraft and survive in the long term (Freyman et al., 2006; Schachinger et al., 2008; Noort et al., 2010). Nonetheless, in most preclinical studies, they concurred to counteract worsening of cardiac function via beneficial paracrine effects acting on the local cardiac microenvironment, such as supporting resident cardiomyocyte survival and local angiogenesis, while modulating acute inflammation and limiting fibrosis (Gnecchi et al., 2006; Mirotsou et al., 2007, 2011). Indeed, there is common consent that different stem and progenitor cells secrete an extensive variety of trophic factors, as chemokines, cytokines, growth factors and extracellular matrix (ECM) molecules, which can influence and change the environment composition, thus modifying the neighboring cells behavior (Korf-Klingebiel et al., 2008; Baraniak and McDevitt, 2010; Hodgkinson et al., 2010; Albulescu et al., 2015). Such paracrine capacity may represent an appealing and useful tool for the development of innovative regenerative medicine strategies. As consequence, paracrine modulation of cardiac tissue by stem cell-secreted molecules has recently appeared as a promising tactic for boosting cardiac healing with rising attention toward the functional characterization of the stem/progenitor cell “secretome,” as the growth factors, chemo-attractant molecules and extracellular vesicles (EVs) released by paracrine secretion (Hodgkinson et al., 2010). In this perspective, several studies have been reported proof-of-principle cardiac paracrine therapy, via the administration of different cell-conditioned media recapitulating the cardio-active beneficial effects of the secreting cells, including also the reinstatement of endogenous stromal cardiac progenitor embryonic potential and the restoration of cell cycle activity in resident cardiomyocytes (Hatzistergos et al., 2010; Nguyen et al., 2010; Bollini et al., 2011a; Timmers et al., 2011; Hynes et al., 2013; Yang et al., 2013; Danieli et al., 2015; Rao et al., 2015; Hodgkinson et al., 2016; Lazzarini et al., 2016; Balbi et al., 2019).

From a translational point of view, the stem/progenitor cell secretome may represent an appealing ready-to-use advanced therapy medicinal product (ATMP) that could be manufactured via scale-up in vitro culture systems. Therefore it could offer the big advantage of being promptly accessible to cardiovascular patients, whenever needed; moreover, this strategy may overcome limits and concerns related to canonical cell therapy, including, for instance, donor cell engraftment, immune-compatibility and cost-effective, time-consuming procedures to provide an high amount of cells to be injected (Segers and Lee, 2008; Malliaras and Marban, 2011). Since paracrine therapy may represent a working tactic to resurge the neglected intrinsic potential of adult heart, the hunt is now on finding the most feasible stem cell source to be exploited for cardiac repair and regeneration. In such perspective, ease of isolation and proliferative potential, along with cardio-active secretory profile are strategic features for the ideal stem/progenitor cell candidate for paracrine therapy.

Different somatic stem cells have been investigated with studies mostly referring to mesenchymal stromal cells (MSC) as suitable source. MSC with relevant paracrine potential for cardiovascular disease have been described as isolated from either bone marrow or adipose tissue, which represent easily accessible cell options. Likewise, fetal and perinatal MSC obtained from extra-embryonic annexes such as placenta tissue (Chen et al., 2015; Danieli et al., 2015; Van Linthout et al., 2017; Bier et al., 2018), umbilical cord (Corrao et al., 2013; Jin et al., 2013; Lim et al., 2018; Zhao et al., 2019) and amniotic fluid (Bollini et al., 2011a; Lazzarini et al., 2016; Balbi et al., 2019) have been reported as endowed with interesting paracrine potential in the cardiovascular field, as extensively reviewed in Bollini et al. (2018a). More recently, endogenous CPC have also been broadly investigated as exploitable options. While general consensus on adult CPC debatable differentiation capacity has not been reached, multiple studies confirmed their modulatory beneficial effects; these seems to be mediated by secreted soluble factors improving cardiac repair, as main functional mechanism of action (Barile et al., 2017a; Sharma et al., 2017; Broughton et al., 2018; Micheu et al., 2018; Pagano et al., 2018; Rafatian and Davis, 2018; Mardanpour et al., 2019). All such cell populations present different advantages and/or limitations, due to their properties. For instance, human adult somatic sources may be affected by low yield, invasive sampling, in vitro controversial self-renewal and phenotypic drifting due to donor age. On the other hand, more developmentally immature stromal cells offer a suitable alternative. These include progenitors that can be obtained from fetal and perinatal leftover samples of prenatal diagnosis (i.e., villi and amniotic fluid) or clinical waste material at birth (placenta membranes, amniotic fluid and umbilical cord tissue); specifically, they are endowed with remarkable proliferative potential along with ease of isolation, while avoiding ethical issues, as extensively reviewed in Bollini et al., (2018a, b). Interestingly, CPC have been broadly described to act as paracrine master regulators of cardiomyocyte proliferation during embryonic cardiac development by releasing mitogens targeting the underlying developing myocardium (Smith and Bader, 2007; Lavine and Ornitz, 2008). As well, they showed to underpin restorative responses within the injured heart of regenerative preclinical models (i.e., zebrafish and the mammalian neonatal heart), by locally instructing neighboring cardiovascular cells (Lepilina et al., 2006; Jesty et al., 2012; Simpson et al., 2012; Hesse et al., 2014; Wehman et al., 2017). Yet, despite such appealing paracrine profile, mammalian adult CPC become almost completely unresponsive after birth and need substantial stimulation to be reactivated following injury, thus making their isolation and further in vitro amplification challenging (Smart et al., 2011; Dube et al., 2017; Balbi et al., 2019).


Stem and Progenitor Cell-Extracellular Vesicles as Functional Messengers

Within the stem cell paracrine scenario, increasing attention has turned toward cell-secreted EVs, as functional biological conveyors of modulatory influence. EVs are phospholipid micro- and nano-vesicles that act as key mediators of inter-cellular communication affecting cellular functions. EVs are very heterogeneous and can be further sub-classified based on their size: from nano-scaled exosomes (ranging from 35 to 150-200nm) to medium-sized micro-vesicles (from 200 to 500nm) up to apoptotic bodies (>500 nm) (Thery et al., 2018). EVs carry a molecular cargo enriched with different bioactive factors (i.e., proteins, biolipids), as well as genetic information (more commonly non-coding RNA, such as microRNA, miRNA) (Teplitz, 1990).

EVs are secreted by different sources including cardiac, endothelial and inflammatory cells, advocating their relevant function in the cardiovascular system, especially within the damaged heart (Barile et al., 2014; Sluijter et al., 2018). Stem- and mesenchymal stromal cell-derived EVs have been shown to influence the immune system by modulating natural killer (NK) cells, dendritic cells (DC), monocytes/macrophages, microglia, T and B cells (Xie et al., 2020); indeed, MSC-derived EVs containing anti-inflammatory interleukin-10 (IL-10) and transforming growth factor beta 1 (TGF-β1) reduced the NK release of interferon gamma (INF-γ) and tumor necrosis factor alpha (TNF-α) release, thus alleviating the inflammatory response in a graft-versus-host disease model (Kordelas et al., 2014). Stem cell-derived EVs have also demonstrated to influence the skewing of macrophages toward a pro-resolving phenotype (Hyvarinen et al., 2018), as well as by reducing their in vivo infiltration along with quenching of severe inflammation following skeletal muscle tissue damage (Balbi et al., 2017; Lo Sicco et al., 2017). Moreover, human CPC-EVs delivered locally to the injured murine myocardium, either during the acute or chronic inflammatory phase, resulted in significant reduction of pro-inflammatory macrophages, neutrophils and circulating cytokines (Cambier et al., 2017; Harane et al., 2020). Of note, stem and progenitor cell-derived EVs have been broadly described as positively influencing physiological pathways involved in cardioprotective and tissue regeneration mechanisms (Baraniak and McDevitt, 2010). Both MSC- and CPC-derived EVs exerted cardio-active beneficial effects in preclinical animal models of myocardial injury, by more sustained influence – over their secreting parental cells - in enhancing reparative mechanisms (Shao et al., 2017) (Figure 1). Indeed, EVs delivered to the injured heart demonstrated to trigger relevant pro-survival effects as preserving more viable myocardial tissue, while decreasing fibrosis via the activation of specific signaling pathways, including those regulated by Wnt/β-catenin and AKT (Barile et al., 2014; Cui et al., 2017). Moreover, small EVs isolated from human fetal amniotic fluid progenitor cells have recently showed to protect the cardiac tissue in a rat preclinical model of ischemia/reperfusion injury when administered systematically; although they did not show clear cardioprotective or angiogenic effects in vitro, they expressed significant chemotactic influence on endothelial cell migration via phosphatidylinositol 3-kinase (PI3K) signaling (Takov et al., 2020). CPC-EVs have been reported to reprogram dermal fibroblast to express antifibrotic, antiapoptotic, and pro-angiogenic potential and prime them toward a cardioprotective profile when transplanted into a preclinical rodent model of MI (Tseliou et al., 2015). Interestingly, proteomic profiling of human CPC-EVs indicated in the pregnancy-associated plasma protein-A (PAPP-A) a molecular candidate for their cardioprotective potential; PAPP-A was demonstrated to instruct vesicle release of insulin-like growth factor-1 (IGF-1) via cleavage of IGF-binding protein-4 (IGFBP-4), resulting in AKT and ERK1/2 phosphorylation in target cardiomyocytes, with marked pro-survival effect (Barile et al., 2018). The Notch pathway has also been indicated as potential mediator of MSC-EVs in exerting pro-angiogenic effects for the treatment of ischemia-related disease; EVs released by HIF-1α-overexpressing MSC were enriched with the Notch-ligand Jagged 1 and triggered angiogenetic responses on in vitro cultured endothelial cells (Gonzalez-King et al., 2017). Likewise, EVs secreted by Notch1-overexpressing cardiac stromal cells were highly cardioprotective and influenced resident cardiomyocyte cell cycle progression in a preclinical mouse MI model (Xuan et al., 2020).

A growing number of studies have also indicated a paracrine EV mechanism of action in the horizontal delivery of their RNA cargo to target cardiovascular cells. Y RNA fragment has been described as one of the most abundant RNA within cardiosphere-derived cells-EVs inducing a cardioprotective phenotype in target macrophage with secretion of anti-inflammatory IL-10 (Cambier et al., 2017). Similarly, several miRNAs have been associated with stem/progenitor-EV anti-apoptotic, proliferative and angiogenic effects, including – but not limited to - miR-210 and miR-146a (Barile et al., 2014, 2017b; Ibrahim et al., 2014; de Couto et al., 2017; Zhu et al., 2018; Milano et al., 2019). Stem cell-EVs, such as those isolated from immature amniotic fluid derived-MSC, also showed interesting “rejuvenating” effects, like in situ re-activation of endogenous CPC and the stimulation of resident cardiomyocytes progression within cell cycle stages after myocardial injury (Balbi et al., 2019). In particular, human amniotic fluid stem cell-EVs injected locally into the ischemic myocardium soon after MI, were able to trigger epicardium-derived progenitor cells to re-express the embryonic key gene Wt1 as master regulator of their developmental juvenile potential (Smart et al., 2011; Bollini et al., 2014). The reactivated resident epicardial CPC did not show any sign of commitment toward either cardiomyogenic or cardiovascular lineages and disappeared after 4 weeks from treatment. Nonetheless, further in vitro investigation revealed that human epicardial CPC primed with human amniotic fluid stem cell-conditioned medium (containing EVs), produced a pro-angiogenic secretome driving tubulogenesis in HUVEC cells (Balbi et al., 2019). These results confirmed previous findings describing how severe myocardial injury can induce epicardial CPC proliferation, without differentiation into cardiomyocytes or endothelial cells, but with restoration of their paracrine activity on local de novo vascular network expansion (Zhou et al., 2011; Dube et al., 2017). In light of these evidences, endogenous CPC may represent an appealing therapeutic target for stem/progenitor cell-EVs for improving endogenous (paracrine) mechanisms of cardiac repair, as suggested by independent investigators (Alibhai et al., 2018).

Despite future paracrine therapy holds appealing potential for cardiovascular disease and heart failure, it may be challenged by some technical key aspects. Paracrine effects are limited in time per se, as swiftly impacting on the tissue micro-environment when released; hence, to significantly sustain reparative/regenerative mechanisms, multiple follow-up administration may be required. EVs isolated from human amniotic fluid-progenitors have shown to be effective in quenching skeletal muscle damage in a preclinical mouse model of muscle atrophy; yet, their beneficial effect was highest within 24 h from administration to then rapidly decrease within a week (Balbi et al., 2017). Interestingly, the same EVs, when delivered locally via intra-myocardial injection into a preclinical MI mouse model immediately after coronary ligation, were able to provide beneficial long-term effects in supporting cardiac function and counteracting pathological remodeling. This may suggest that, they may instruct resident cells to activate long-lasting responses, by promptly acting in the acute setting (Balbi et al., 2019).

Another relevant aspect to consider for the clinical translation of EV biology is the need for standard operative procedure for EV isolation to improve their yield and purity. Indeed, independent EVs preparations have shown different immunomodulatory potential (Kordelas et al., 2014). Likewise, reference guidelines for their in vivo administration and dosing are strictly required (Balbi et al., 2020; Yang et al., 2020). The International Society of Extracellular Vesicles (ISEV), has been addressing safety and regulatory requirements that must be considered for EV clinical application, as extensively reviewed in Thery et al. (2018). While an elegant study has recently described a CRISPR-Cas9-based readout system to investigate the regulatory mechanisms underlying EV-mediated RNA transfer between cells (de Jong et al., 2020), further investigation is still required to better elucidate EV targeting mechanism(s), along their pharmacokinetics and pharmacodynamics.

Considering these key aspects, it would be critical to take advantage of a controlled-release system to prolong the local administration of paracrine factors (such as EVs) within the injured myocardium. Systemic delivery of putative therapeutic paracrine factor(s), as the less invasive and more clinically compliant option, may be significantly restrained by the meager homing of the treatment to the cardiac tissue, as likely rapidly sequestered by off-target organs/tissues; thus, optimization of local administration would offer significant improvements.



DECELLULARIZED EXTRACELLULAR MATRIX IN CARDIAC REPAIR AND REGENERATION

In order to implement heart regenerative strategies, devices made from ECM and other biomaterials were recently developed as systems capable of delivery therapeutic factors. These ECM-derived scaffolds, gels, and protein suspensions, are able to both convey cells and factors, and to enhance survival and regeneration of the heart. Importantly, significant therapeutic benefits were obtained when these ECM-derived scaffolds were used stand-alone in post ischemic models (Sarig et al., 2016). These studies have expanded the field of cardiac regenerative medicine, including preclinical therapeutic use of biomaterials and different ECM-derived formulations as reviewed in Spinali and Schmuck (2018), Tang-Quan et al. (2018), Xing et al. (2019).

Initially, tissue ECM was considered a biologically inert space, able to provide only a physical support to the attached cells. However, it is now clear that ECM is a dynamic and complex network of fibrous and adhesive proteins, serving as reservoir of different bioactive peptides and growth factors. Cell behavior is influenced by biochemical and biomechanical signaling present in the tissue microenvironment, including ECM, which is a dealer of cellular processes such as proliferation, differentiation, migration, and survival (Rao Pattabhi et al., 2014; Chen et al., 2018). In order to obtain ECM from a plethora of tissues and organs, decellularization protocols, by means of chemical/physical methods reaching the best compromise between the complete cell removal and the maintenance of the structural tissue proteins, are certainly the most used technique as reviewed in Gilbert et al. (2006), Song and Ott (2011), Keane et al. (2015), Taylor et al. (2017), Urciuolo and De Coppi (2018).

Within the cardiovascular scenario, a variety of naturally derived dECM sources have been investigated (with or without cells/factors) as cardiac patch or injected directly into the myocardium as hydrogel (Wainwright et al., 2010; Johnson et al., 2014). Since it was reported by the literature the importance of using tissue-specific derived biomaterials to obtain a precise and efficient organ regeneration, here we will specifically focused on heart-derived dECM.


Properties of Decellularized Cardiac Tissue

Application of decellularization technique in cardiac tissue engineering has rapidly progressed in the past 10 years. Ott et al. (2008) reported for the first time the development of decellularized rat whole heart perfusing different solutions through the coronary access. The so-treated decellularized heart preserved the complex ECM composition as well as deprived of genetic material (Ott et al., 2008). Following this pioneering research, several studies have reported that, after decellularization, cardiac dECM retains intact geometry and vascular network of native heart, which makes it a suitable physiological platform for producing engineered construct for cardiac repair (Song and Ott, 2011; Tapias and Ott, 2014; Taylor et al., 2014; Wang et al., 2014). For all tissues and organs of the body, and especially for those of musculoskeletal compartment, ECM structure, ultrastructure and composition are mandatory aspects to be considered before a therapeutic application. In the recent years, mechanical properties of biomaterial scaffolds have been recognized as important player in influencing tissue repair, especially in organs such as cardiac and skeletal muscles (Singelyn and Christman, 2011; Hasan et al., 2014; Piccoli et al., 2016). The preservation of structural and mechanical characteristics of dECM after in vivo implantation could allow improvement in the mechanisms of cardiac repair and regeneration. From one hand, dECM could provide the infarcted myocardium with incisive mechanical compensation. In fact, tissue mechanical properties are mainly determined by ECM. From the other hand, the structural, ultrastructural and mechanical characteristics of dECM could serve as physical messenger for the delivered cells or infiltrated host cells to augment cardiovascular differentiation and tissue regeneration. Together with the mechanical properties, preservation of biochemical cues within dECM could be desirable for cell attachment, proliferation and stem cell differentiation, both in vivo and in vitro, as demonstrated in many studies (Singelyn and Christman, 2010; Singelyn et al., 2012; Wang and Christman, 2016). Proteomic approaches evidenced the retention of ECM proteins after decellularization using human myocardium tissue (de Castro Bras et al., 2013; Johnson et al., 2016). Among all the major components, such as collagens, laminin, elastin and glycosaminoglycans, several studies have reported that cardiac dECM also holds the soluble growth factors after decellularization process (Methe et al., 2014; Ferng et al., 2017). Some of these peptides and cytokines within the decellularized myocardium tissue are involved in cardiac homeostasis and remodeling, angiogenesis, survival, proliferation, differentiation and cell recruitment in response to inflammation (Di Meglio et al., 2017). In particular, neonatal murine cardiac dECM obtained from 1-day-old pups has been shown to trigger in vitro turnover in unresponsive cardiomyocytes, as enriched with Agrin and Tgf - b1 which have been described acting like ECM-associated mitogens by inhibiting the Hippo effector Yap, via the dystrophin glycoprotein complex (Bassat et al., 2017; Eroglu and Chien, 2017). Differently from the mechanical cues, the component types and their amounts in the dECM are applicable for dECM patches as well as injectable dECM hydrogels.



Cardiac Extracellular Matrix-Derived Scaffolds and Hydrogels to Treat Cardiovascular Disease

Decellularized ECM-derived formulations, as alone or combined with cells/factors, have been described supporting cardiac repair in preclinical settings (Zisch et al., 2003; Seif-Naraghi et al., 2010; Sarig et al., 2016). One of the most remarkable obstacles in the classical cell-therapy vision is represented by the harsh cardiac environment following MI, which affects engraftment of transplanted cells and their capacity to de novo contribute to tissue repair. The fate of transplanted cells, in fact, is strongly affected by ischemic myocardium remodeling, including altered ECM anisotropy (Gupta et al., 1994; Carey et al., 2001). A promising therapeutic approach is represented by the inhibition of adverse post ischemic dilation to create a more suitable milieu that allows engrafted (or resident regenerating) cells to be functionally activated; myocardial or pericardial constructs are engineered to help preventing progression into heart failure and sustain cardiac function after acute myocardial impairment (Kameli et al., 2018; Zhang J. et al., 2018; Streeter and Davis, 2019).

Numerous experimental analyses confirmed that cardiac dECM may be considered an appealing source for the development of new myocardial repair strategies. First of all, thanks to the preservation of biomechanical properties, cardiac dECM patches could cope with the contraction/relaxation cycle of the heart, thus mechanically securing the infarcted area and counteracting fibrosis along with pathological remodeling (Carotenuto et al., 2019). Moreover, the important physical signals retained by the patches within their stiffness and texture are delivered to the resident cells while also sustaining diffusion of nutrients, and removal of pro-necrotic factors. It is important to stress, in fact, that stiffness and elastic modulus of pathological hearts are different from the healthy tissue (Arani et al., 2017), and that this aspect heavily influences cellular behaviors. In addition, since dECM is biocompatible and degradable, serves as a temporary scaffold that enables cell engraftment directly into necrotic and infarcted regions, overcoming the benefits of synthetic materials commonly used in the clinic. Indeed, evidences have been reported on cardiac dECM patch being able to support host tissue-driven reconstruction of a full-thickness right ventricular outflow tract defect in a rat model, after 16 weeks of treatment (Wainwright et al., 2012).

Given that dECM patches and scaffolds are delivered epicardially by exposed−chest surgery, better methods to enhance the therapeutic efficacy and reduce invasiveness are desirable. In this scenario, injectable cardiac-based biomaterials may be very appealing as exploitable by minimally invasive approach, with in vivo similar efficacy in respect to cardiac dECM patches (Seif-Naraghi et al., 2010; Toeg et al., 2013). For example, decellularized pericardium produced as a milled matrix, was injected into the cardiac left ventricle of healthy rats, demonstrating to form a fibrous, porous scaffold in vivo (Seif-Naraghi et al., 2010). When injected as stand-alone formulations in small animal model of MI, this biomaterial contributed to preserve cardiac function. Interestingly, on the basis of neonatal rodent increased ability to regenerate after myocardial injury, a recent research work showed that neonatal rodent cardiac dECM counteracted ventricular remodeling in adult mice following MI, underlining once again the importance of tissue specificity and the strong relationship between regeneration and cardiac tissue age also when considering the ECM (Wang et al., 2019). While most of the mechanisms behind the effectiveness of these injectable dECM-derived biomaterials in vivo have yet to be comprehensively examined, it is clear that porous scaffolds facilitate cell homing and neovascularization in ischemic regions. Seif-Naraghi et al. (2011) demonstrated that the variability within human cardiac tissue samples obtained after protein composition, glycosaminoglycan content, in vitro degradation, in vivo gelation, and microstructure analyses of 7 different human specimens, does not prevent them from being processed into injectable scaffold. Moreover, all these samples displayed similar fibrous and porous texture and cell infiltration after in vivo injection, prompting a possible application to limit detrimental remodeling after MI (Seif-Naraghi et al., 2011).



Engineered Cardiac Extracellular Matrix-Derived Devices

dECM formulations as delivery platform for cardiovascular repair and regeneration are attracting growing attention. One of the most promising approach is the combination in vitro of natural scaffolds with patient-derived progenitor cells, in order to re-create tissue substitute before in vivo application. Healthy and responsive cells, in fact, are mandatory players in the regeneration game, especially when big portions of tissue are damaged. Their presence in the engineered scaffold before implantation results in tenability of the construct. In addition, cells increased their active bound and primed the dECM construct, according to their needs and behaviors (Chi Ting Au-Yeung et al., 2017). These interactions ensure an increased resistance of the engrafted construct and give also a good stabilization to the injured native tissue, rising the beneficial effect of this tissue engineering approach. Enhanced effects could be obtain with a multiple strategy, involving the injection of tissue specific cells, following the classical cell therapy approach, and a stromal cell-loaded patch, in which the engineered construct provides a microenvironment that stimulates vascular regeneration through prolonged secretion of paracrine factors and simultaneously ameliorates the engraftment of cells delivered locally and contributing to the rescue of cardiac function (Park et al., 2019).

At the same time, the use of natural derived hydrogels for the therapeutic administration of cells and factors has shown great efficacy and allowed a less invasive approach. On top of using bioactive dECM hydrogels as vehicle for the administration of putative cardiomyogenic precursors to optimize their retention and engraftment within the myocardial tissue (Bejleri et al., 2018; Bai et al., 2019; Kim et al., 2019), dECM scaffolds are becoming increasingly attractive as in situ releasing reservoir for secreted paracrine factors. In this scenario, loading of growth factors into biomaterial scaffolds increased their stability and activity. Data from a preclinical work indicate that delivery of a specific fragment of HGF in an ECM hydrogel supported neovascularization and limited ventricle dilation following MI (Zisch et al., 2003). The prolonged presence and the enhanced stability of the exogenous factor entrapped in the matrix material probably support and foster the native tissue response. In addition, the ECM hydrogel may also represent a working system to deliver cytokines to target cells similarly to endogenous factors physiologically requisitioned in the native cardiac ECM. This approach of secreted factors reservoir could be also obtained starting from in vitro cell culture material: human adipose dECM hydrogels as controlled-delivery system of factors secreted by adipose-derived stromal cells has been recently tested in vitro to demonstrate that different cell-derived paracrine factors could be delivered concurrently through a controlled-release approach on target cells in an in vitro wound healing model (van Dongen et al., 2019).

Likewise, dECM could be also envisaged as bioink for the precise and custom-made 3D-printing of bioactive scaffolds to deliver cells and/or their paracrine factors to the injured myocardium; indeed, 3D-printed bio-patches composed of cardiac ECM, human CPC, and gelatin methacrylate have been shown to be retained on rat hearts and mediated vascularization within 14 days from delivery. Notably, conditioned media from the bioengineered patches provided angiogenic effects, as detected by increased endothelial cell tube formation (Bejleri et al., 2018). Hence, by fostering cardio-active stem/precursor secretome potential via enhanced dECM delivery, we could define ad hoc paracrine cardiac therapy as future strategy (Figure 1). Furthermore, since dECM still maintains specific bioactive paracrine content per se, their EV profile is also gaining attention. Indeed, significant amount of EVs has been described to be released by cardiac ECM, namely ECM-EVs. Notably, ECM-EVs showed to be enriched with the cardiomyogenic miR-199a-3p, promoting cell division in isolated neonatal cardiomyocytes, as well as supporting electrical activity (An et al., 2017).

Therefore, the combination of cell-based strategies, such as paracrine therapy via EV administration, with the functionalization of dECM formulations, may represent an innovative approach in cardiac regenerative medicine for the next future. The analysis of biopolymer/hydrogel formulations to deliver therapeutically relevant EVs is gaining increasing attention. Some critical aspects limiting the clinical translation of therapeutic use of EVs could be improved through the synergistic combination with hydrogel-based or injectable cardiac dECM formulations; these challenges include the need for sustained and controlled release of EVs within the cardiac tissue over time and their local delivery via compatible cardiac-specific formulations. To date, both xenogeneic and allogeneic dECM have been used in pre-clinical and clinical research with different results, but availability of donor tissues is often limited. From one hand, xenogeneic heart from big animals (e.g., porcine or bovine tissues) are easy to obtain, but may carry residual immunogenicity and may be contaminated with biological agents. On the other hand, human allogeneic tissues would be the ideal material to obtain dECM suitable for implantation or generation of hydrogel. Together with cadaver organ donation, human tissue Biobanks are important sources to augment organ availability (Porzionato et al., 2018), especially because the different formulations of cardiac dECM do not require all the stringent regulations necessary for the classic organ donation for transplant purposes. Moreover, general standard decellularization protocols should be set up before clinical application. Hence, in the next future, by exploiting EV biology with cardiac dECM technology we could envisage a possible novel ATMP (Figure 2). Currently, only a couple proof-of-principle studies have been performed on the functional encapsulation of EVs within dECM-derived hydrogels; porcine-derived dECM hydrogels have been tested as platform for sustained delivery of microRNAs and CPC-EVs to validate controlled release along with EV anti-apoptotic bioactivity in vitro (Hernandez et al., 2018). More recently, the feasibility of EV transport in hydrogels and a decellularized matrix has been demonstrated. Engineered biomaterials with specific matrix mechanical properties, as stress relaxation, showed to influence EV retention, while higher crosslinking density support their diffusion (Lenzini et al., 2020).


[image: image]

FIGURE 2. Optimization of EV-based paracrine therapy with dECM technology. Cardiac regenerative strategy based on the synergistic combination of EV-based beneficial effects and cardiac dECM formulations for putative future paracrine therapy, as ready-to-use and off-shelf advanced therapy medicinal product (ATMP); indeed, such innovative approach may overcome some of the major limits of EV-based strategy, such as tissue retention, tissue specific tropism and sustained, controlled release. Schematic was drawn using BioRender (https://app.biorender.com).




Future Perspectives: Translation Into the Clinical Scenario

When considering possible clinical translation of the most recent advances in cardiovascular research, there are relevant open questions that still need to be addressed. These include the optimal time point of intervention following injury/during disease, and the most suitable strategy to pursue in terms of enhancement of cardiac repair over stimulation of endogenous regeneration, according to the cardiovascular patient’s specific needs (i.e., acute MI or ischemic coronary disease versus chronic cardiomyopathy). In this scenario, innovative cardiac regenerative strategies, based on either paracrine or cell-therapy approaches, may be challenged by poor cardiac tropism of cells/factors injected systemically and may require local or intra-myocardial administration to enhance their effects. Novel bio-scaffold/hydrogel formulations can increase and enhance retention and release; yet they may depend on topical delivery, and thus being indicated as concomitant strategy during heart surgery or percutaneous coronary intervention/angioplasty. While not ideal for any kind of cardiovascular patient, they can still be therapeutically relevant for acute treatments, such as prompt intervention on patients experiencing MI. The functional combination of prompt EV modulatory effects with the tunable biological properties of dECM hydrogels may represent an ideal delivery platform to enhance intrinsic mechanisms of cardiac restoration. Another relevant cardiovascular scenario is then represented by congenital heart defects, which may affect up to ca. 35.000 newborns annually, significantly impacting on patient morbidity and mortality (Rossano et al., 2012). Palliative surgery with use of cardiac prosthetic devices is the elective options in these patients, although it does not offer a permanent solution, as follow-up interventions are required and may not be resolutive, with children ultimately developing heart failure. Moreover, constructs or supports have been often dispensed to the outer cardiac surface during open−chest surgery. Future efforts should provide less interfering systems based on implementing biomaterials as topical reservoir of bioactive factors, such as self-assembling tissue-specific hydrogels or other tunable and smart biomaterials. In this perspective, the use of cardiac dECM bio-printed platforms/bio-scaffolds to deliver cells/paracrine factors at the time of reconstructive surgery, could represent a synergic and implementing strategy, to provide endogenous repair and regeneration of the young cardiac tissue.
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Chronic or acute insults to the myocardium are responsible for the onset of cardiomyopathy and heart failure. Due to the poor regenerative ability of the human adult heart, the survival of cardiomyocytes is a prerequisite to support heart function. Chaperone proteins, by regulating sarcomeric protein folding, function, and turnover in the challenging environment of the beating heart, play a fundamental role in myocardial physiology. Nevertheless, a number of evidences indicate that, under stress conditions or during cell damage, myocardial cells release chaperone proteins that, from the extracellular milieu, play a detrimental function, by perpetuating inflammation and inducing cardiomyocyte apoptosis. Blocking the activity of extracellular chaperones has been proven to have beneficial effects on heart function in preclinical models of myocardial infarction and cardiomyopathy. The application of this approach in combination with tissue engineering strategies may represent a future innovation in cardiac regenerative medicine.
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INTRACELLULAR CHAPERONES

Sarcomere efficiency is a priority to maintain cardiac function. The impressive sarcomere structure depends on the rigorous association of hundreds of proteins, held together by non-covalent bonds in the challenging context of continuous contractions and relaxations. Indeed, the rhythmic mechanical stretch of the beating heart is, per se, a source of protein unfolding and a number of pathological factors, such as pressure overload, metabolic challenges, oxidative stress, may tip the balance toward dysfunction. An efficient quality control mechanism is essential for sarcomere maintenance and dynamic adaptation to new physiological conditions (Willis et al., 2009). Further, unfolded protein degradation through the ubiquitin–proteasome pathway and autophagy (Ranek et al., 2018) is crucial in protecting cardiomyocytes from the accumulation of dangerous protein aggregates. Chaperone proteins are in charge of carrying out these essential tasks and monitoring the efficiency of the entire contractile system. Chaperones have been originally discovered as induced by hyperthermia, whereby the name of heat shock proteins (HSPs) has been attributed to a number of chaperones (Schlesinger, 1990). Later, it became clear that several chaperones are induced upon different types of stress stimuli, including oxidative stress, pathogen infection, mechanical stress, hypoxic conditions, and ischemia (Sbroggio et al., 2008; Tarone and Brancaccio, 2014; Sorge and Brancaccio, 2016; Penna et al., 2018). Chaperones are divided in different subfamilies depending on their structure, molecular weight and on their ability to hydrolyze ATP (Macario and Conway de Macario, 2005; Kampinga et al., 2009). In this review, we will mention chaperones belonging to two subclasses: ATP-dependent chaperones and small heat shock proteins (sHSPs), lacking ATPase activity. The best known ATP-dependent chaperones are the heat shock proteins HSP90, HSP70, and HSP60 (numbers are indicative of their molecular weights). They bind to two classes of proteins: substrate proteins and co-chaperones. Chaperone binding allows substrate proteins, also called clients, to reach their functional conformation, to refold after denaturation and to be protected from degradation. Co-chaperones, instead, assist chaperones in their function, favoring client protein recognition and the transition toward the different structural states required for binding and release of clients. The family of sHSPs is characterized by the absence of ATPase activity, a lower molecular weight, the presence of a highly conserved α-crystallin domain, and their attitude to form oligomers (Carra et al., 2019; Haslbeck et al., 2019). Both ATP-dependent chaperones and sHSPs play a protective role in the myocardium thanks to their ability to cope with protein misfolding, to promote unfolded protein degradation and to support survival signaling in cardiomyocytes (Willis and Patterson, 2013; Tarone and Brancaccio, 2014).



EXTRACELLULAR CHAPERONES

Chaperones are conventionally considered intracellular proteins, prevalently located in the cytoplasm, in the endoplasmic reticulum, in mitochondria, and in the nucleus. In addition to their well-known roles inside the cells, some chaperones and co-chaperones have been found to be secreted in the extracellular milieu in response to cell stress, through an unconventional secretory pathway, and to exert different functions from the outside (Srivastava, 2002b; Calderwood, 2018; Pockley and Henderson, 2018). Among other activities, extracellular chaperones work as damage-associated molecular patterns (DAMPS). As for pathogen-associated molecular patterns (PAMPs), DAMPs are recognized by pattern-recognition receptors (PRRs), such as Toll-like receptors (TLRs), which, in turn, trigger inflammatory responses. In addition to chaperones, DAMPs include the high-mobility group box 1 (HMGB1), S100 family of proteins, RNA, mitochondrial DNA, uric acid, adenosine nucleotides, and others. These molecules may reach the outside by a regulated unconventional secretion induced by stress or may be released during cell damage. From the extracellular milieu, they bind to PRRs on different cell types, activate signaling pathways, and orchestrate cytokine production and immune cell recruitment (Asea et al., 2000; Asea, 2003; Bianchi, 2007). The release of DAMPs plays a role in different diseases in which the immune system is actively involved, including arthritis, multiple sclerosis, cancer, and cardiovascular diseases (Roh and Sohn, 2018). Nevertheless, the release of chaperones from stressed cells may represent an ancient and evolutionary conserved protection mechanism against pathogen infection (Srivastava, 2002a, b). Indeed, chaperones, by binding antigenic peptides and interacting with receptors on antigen-presenting cells, are crucial players in antigen internalization and processing, contributing to innate and adaptive immune responses. Stressful conditions and tissue necrosis, by mediating chaperone release, trigger a sterile inflammation that, besides clearing cellular debris, may extend organ damage and blunt reparative responses (Lai et al., 2019).

The myocardium is composed of different cell types, whereas cardiomyocytes and cardiac fibroblasts are the more represented, endothelial cells, vessel smooth muscle cells, and immune cells are also present in a relevant number. All these cell types express PRRs able to sense DAMPS and detect cardiac stress and damage. After myocardial infarction, the release of DAMPs from injured cardiomyocytes results primarily in the recruitment and activation of innate immune cells, causing endothelial damage and cardiomyocyte injury (Arslan et al., 2011). Accordingly, Toll-like receptor 2 (TLR2) and TLR4 null mice are protected from ischemia–reperfusion injury (Sakata et al., 2007; Arslan et al., 2010, 2011; Li et al., 2011). In addition, DAMPs promote fibroblast proliferation, extracellular matrix deposition, and secretion of metalloproteinases (MMPs) that may jeopardize the stability of the scar (Turner, 2016). Overall, TLR signaling in acute myocardial infarction has been convincingly associated to a maladaptive remodeling and with a decreased cardiac function (Shishido et al., 2003; Satoh et al., 2006b; Timmers et al., 2008; Turner, 2016).



HSP70

HSP70 is an ubiquitously expressed chaperone that, inside the cell, plays an essential role in mediating protein folding and exerts a protective activity against hypoxic and ischemic events (Hecker and McGarvey, 2011). Following different insults such as ischemia, hypoxia, and hemodynamic overload, HSP70 and its cognate protein HSC70 are upregulated in cardiomyocytes and secreted or passively released. Indeed, in mice subjected to abdominal aortic constriction, HSP70 accumulates on the cardiomyocyte plasma membranes and in the mouse serum in a time-dependent manner (Cai et al., 2010). Treatment of mice with doxorubicin, a chemotherapy drug known to cause cardiotoxicity, also induces HSP70 upregulation in the heart and its subsequent accumulation on cardiomyocyte membranes and mouse serum (Liu P. et al., 2019). Moreover, patients experiencing cardiac arrest (Jenei et al., 2013a), acute myocardial infarction (Dybdahl et al., 2005; Satoh et al., 2006a), or coronary artery bypass grafting with the use of cardiopulmonary bypass (Dybdahl et al., 2002) present a higher HSP70 level in the serum, compared to healthy subjects. In these patients, higher circulating levels of HSP70 correlate with increased serum levels of proinflammatory cytokines such as IL-1α, IL-6, TNF-α, IL-17, and TGF-β and myocardial necrosis markers, such as creatine kinase and cardiac troponin T, and are associated with an increased mortality during the follow-up period (Dybdahl et al., 2002, 2005; Satoh et al., 2006a; Jenei et al., 2013a, b). Primary isolated cardiomyocytes treated with recombinant HSP70 proteins show an increase in NF-κB activity, a decreased contractility and a raise in apoptotic death. Stimulation of the cardiac muscle cell line HL-1 with recombinant HSP70 promotes the expression of inflammatory markers downstream the p38 and the NF-κB signaling pathways. The activity of the recombinant HSP70 was totally impaired in TLR2 null cardiomyocytes and in cardiomyocytes deficient for the TLR signal adaptor protein MyD88 (Mathur et al., 2011). Similarly, treatment of mouse cardiomyocytes with recombinant HSC70 induces the phosphorylation of p38; increases the expression of mRNA coding for TNF-α, IL-1β, and IL-6; and depresses cardiac contractility, in a TLR4-dependent manner (Zou et al., 2008; Ao et al., 2009). Overall, these data suggest that once secreted, HSP70 and HSC70 bind to TLR2 and TLR4 expressed on cardiomyocytes and induce the p38 MAPK and the NF-κB signaling pathways (Figure 1). Due to the high expression of TLRs on immune cells, it is not surprising that HSP70 and HSC70 possess a potent immunomodulatory role in the myocardium, regulating immune infiltration after stress stimuli. For instance, binding of a recombinant HSP70 to TLR4 on peritoneal-derived macrophages induces the production of TNF-α (Figure 1), which, in turn, stokes chronic inflammation in the myocardium. In patients with myocardial infarction, HSP70 serum levels are positively correlated with the number of TLR4-positive monocytes in the heart, which favor heart failure progression. The presence of HSP70 in patients’ serum not only represents a reliable marker in heart failure (Jenei et al., 2013b), but may also be exploited as a target to treat cardiac pathologies. The functional antagonism of the extracellular HSP70 (eHSP70), using anti-HSP70 antibodies, significantly attenuates cardiac hypertrophy, fibrosis, and cardiomyocyte apoptosis induced by pressure overload. Moreover, the treatment with HSP70-neutralizing antibodies reduces pro-inflammatory M1 macrophage infiltration in the myocardium, blunting chronic inflammation (Cai et al., 2010; Liu P. et al., 2019). Injection of anti-HSP70 antibodies, after doxorubicin treatment in mice, significantly counteracts α-SMA and collagen-1 upregulation, two important markers of fibrosis in the myocardium, and reduces the production of IL-6, TFG-β, and IL-17A. At the same time, anti-HSP70 antibodies inhibit the expression of inducible NO synthase and cyclooxygenase 2, suggesting that the chronic inflammation in the hearts of doxorubicin-treated mice can be reversed by blocking eHSP70 activity (Liu P. et al., 2019). Similarly, treatment with anti-HSC70 antibodies in mice subjected to ischemia/reperfusion (I/R) improves post-ischemic cardiac functional recovery and reduces the expression of proinflammatory cytokines (IL-6, IL-1β, and TGF-β) (Zou et al., 2008), favoring cardiomyocyte survival. Neutralizing antibodies against TLR2 and TLR4 mimic the effect of HSP70/HSC70 blocking antibodies, preventing reduction in fractional shortening and increasing heart function (Mathur et al., 2011).
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FIGURE 1. Chaperone proteins are released by cardiac cells and bind to surface receptors on different cell types, activating specific signaling pathways and inducing apoptosis, chronic inflammation, and fibrosis.




BAG3

Bcl-2-associated athanogene 3 (BAG3) plays crucial roles in cardiomyocytes by inhibiting apoptosis and promoting unfolded protein degradation through macroautophagy. Indeed, mutations in the BAG3 coding gene are associated with dilated cardiomyopathy (Liu L. et al., 2019). Besides this important intracellular role, BAG3 has been found secreted by the rat cardiomyoblast cell line H9c2 and by primary adult human cardiomyocytes in response to stress stimuli and it is detectable in the sera of heart failure patients (De Marco et al., 2013; Gandhi et al., 2015). The extracellular BAG3 triggers the PI3K/AKT/eNOS pathway in endothelial cells, causing nitric oxide release and vasorelaxation (Carrizzo et al., 2016). Of note, BAG3 secreted by cancer cells may activate macrophages and promote IL-6 production, suggesting that BAG3 may regulate inflammation also in the myocardial context (Rosati et al., 2015). Further studies are awaited to define the impact of the extracellular BAG3 on cardiac function after myocardial damage.



HSP90

HSP90 is an essential and ubiquitous chaperone that exerts multiple roles inside the cells, ranging from protein folding, buffering protein denaturation, and assisting signal transduction protein conformational changes (Schopf et al., 2017). HSP90 is secreted in response to different stress stimuli and, from the extracellular milieu, it is able to bind to several cellular receptors, among them TLR2 and 4, and to unleash intracellular signal transduction pathways (Calderwood et al., 2007). The role of the extracellular HSP90 (eHSP90) has been extensively studied in the cancer microenvironment, where it regulates metalloproteinase activity (Baker-Williams et al., 2019) and fibronectin matrix assembly (Chakraborty et al., 2020) and promotes cancer cell survival, migration, and invasion (Calderwood, 2018). In this context, eHSP90 can also recruit and activate stromal fibroblasts (Bohonowych et al., 2014; Tang et al., 2019). Garcia and colleagues described cardiac fibroblasts as a primary source of eHSP90 in the myocardium subjected to pressure overload. Cardiac fibroblasts are activated by myocardial damage or stress and are responsible for matrix deposition. eHSP90 has been found to interact with the transforming growth factor-β receptor I (TGFβRI) on the surface of cardiac fibroblasts, inducing TGF-β signaling and promoting collagen production and fibrosis. Indeed, mice null for the inducible HSP90α isoform show reduced collagen deposition and cardiac fibrosis in long-term pressure overload (Garcia et al., 2016; Figure 1).



HSP60

HSP60 is a chaperone protein located both in mitochondria and in the cytosol, responsible for the folding of mitochondrial-imported proteins (Singh et al., 1990; Brinker et al., 2001). In mitochondria, HSP60 monomers assemble in a double heptameric ring, associated with a co-chaperone, HSP10, that caps the inner cavity and regulates substrate processing (Xu et al., 1997). Instead, in the cytosol, HSP60 is present as a monomer or bound to specific interactors, as the pro-apoptotic protein Bax (Kirchhoff et al., 2002). Several studies demonstrated that the expression and distribution of HSP60 is altered in cardiac diseases (Novo et al., 2011). In a rat model of heart failure, HSP60 was found upregulated after ligation of the left anterior descending artery, together with proinflammatory cytokines, brain, and atrial natriuretic peptides (Lin et al., 2007). In isolated cardiac myocytes subjected to ischemic insults, HSP60 translocates from the cytosol to plasma membrane lipid rafts and is secreted and released in exosomes (Gupta and Knowlton, 2002; Lin et al., 2007). HSP60 doubles in patients affected by ischemic disease, if compared with healthy controls (Knowlton et al., 1998), and its membrane translocation and release have been also demonstrated (Lin et al., 2007; Tian et al., 2013). Moreover, HSP60 circulating levels in patients with coronary artery disease and acute myocardial infarction correlate with the extent of the disease (Mandal et al., 2006; Novo et al., 2011).

The translocation of HSP60 to the plasma membrane and its secretion induce the release of Bax that can move to mitochondria and activate the apoptotic cascade (Gupta and Knowlton, 2002). In addition, HSP60 actively triggers apoptosis in cardiomyocytes from the extracellular compartment (Kim et al., 2009; Li et al., 2011). Indeed, in adult-rat cardiomyocytes or H9c2 cells, the extracellular HSP60 (eHSP60) binds to TLR4, but not TLR2, and promotes the expression of TNF-α, IL-6, and IL-1β (Kim et al., 2009; Tian et al., 2013; Figure 1). Pretreatment of cells with blocking antibodies against TLR4 or inhibitors for MyD88 significantly decreases cardiomyocyte apoptosis, while antibodies against TLR2 have no effect (Kim et al., 2009). Antibodies against TNF-α, but not against IL-1β, also block eHSP60-induced apoptosis (Kim et al., 2009). All these evidence suggest that extracellular eHSP60 specifically activates the TLR4-MyD88-NF-κB pathway, thus inducing TNF-α-mediated cardiomyocyte apoptosis. In vivo coronary artery ligation followed by reperfusion induces the activation of the interleukin receptor-associated kinase-1 (IRAK-1), a kinase critical for TLR signaling. The treatment of mice with anti-HSP60 antibodies, prior to the ligation, significantly attenuates IRAK-1 activation (Li et al., 2011). The absence of TLR4 or MyD88, but not TLR2, impairs IRAK-1 activation in response to I/R, confirming the specificity of eHSP60 in activating TLR4 signaling (Li et al., 2011). eHSP60 induces caspase-8-dependent apoptosis and the absence of TLR4, or the treatment of mice with anti-HSP60 antibodies, and attenuates I/R-induced cell death (Li et al., 2011).

In endothelial cells, HSP60 elicits the expression of E-selectin, ICAM-1, and VCAM-1, favoring the leukocyte trafficking within the vascular wall (Kol et al., 1999). In macrophages, it has been suggested that HSP60 binds to TLR2 and TLR4 and triggers an intracellular signal via MyD88 and TRAF6 (Vabulas et al., 2001), leading to the release of NO2–, the induction of TNF-α and IL-6 and the overexpression of IL-12 and IL-15 (Chen et al., 1999; Kol et al., 1999; Figure 1). HSP60 has also been found to localize in the atherosclerotic plaques, where it can provoke the production of TNF-α and MMP9 by macrophages (Kol et al., 1998). In addition, HSP60 can act as an autoantigen during chronic inflammation, as suggested by the presence of antibodies and T-cell responses to HSP60 in various inflammatory conditions (Nomoto and Yoshikai, 1991; Res et al., 1991), causing cardiac decline (Ohashi et al., 2000; Burian et al., 2001; Wysocki et al., 2002).



HSP27

HSP27 is a widely expressed chaperone protein belonging to the small HSP family, exerting a number of protective function in cardiomyocytes (Tarone and Brancaccio, 2014). Human and murine hearts release HSP27 in the circulation after myocardial infarction and I/R. Treatment of isolated mouse hearts with HSP27 recombinant proteins induces NF-κB activation and IL-6 production in the myocardium and causes a depression in cardiac function. Treatment with recombinant HSP27 activates an inflammatory response also in human and murine coronary vascular endothelial cells, promoting the overexpression of ICAM-1, MCP-1, IL-6, and IL-8 in a dose-dependent manner. All these effects are mediated by TLR2 and 4, since the treatment with HSP27 has no effect on cells derived from TLR2-null or TLR4-defective mice (Figure 1). Of note, neutralizing antibodies against HSP27 reduce myocardial NF-κB activity and IL-6 production and improve functional recovery after cardiac I/R (Jin et al., 2014).



CONCLUSION

All the evidence discussed above indicate that chaperones are actively secreted from stressed cells or released from damaged cells during chronic and acute cardiac insults or during clinical procedures like coronary artery bypass graft (Westaby, 1987; Levy and Kelly, 1993; Szerafin et al., 2008; Khan et al., 2014). Of note, the global inhibition of chaperone functions in heart using small molecules able to cross the plasma membrane would be seriously harmful, since chaperones are crucial in maintaining cardiomyocyte proteostasis and in sustaining heart function both in healthy conditions and during pathological insults (Willis et al., 2009; Willis and Patterson, 2013; Tarone and Brancaccio, 2014; Sorge and Brancaccio, 2016; Penna et al., 2018). A number of therapeutic antibodies have already been approved for clinical applications and many are in late-stage trials mainly to treat cancer and autoimmune diseases. Antibodies may block the activity of extracellular proteins, without affecting the intracellular counterparts (Redman et al., 2015). Consistently, antibodies able to blunt the detrimental activity of extracellular chaperones have been used successfully in preclinical models of myocardial infarction and cardiomyopathy (Zou et al., 2008; Cai et al., 2010; Li et al., 2011; Jin et al., 2014; Liu P. et al., 2019). Research in developing engineered heart tissues to improve myocardial regeneration is an active field in regenerative medicine. The identification of suitable biocompatible materials to be colonized with functional cardiomyocytes is a promising strategy to heal an organ with a very poor regenerative potential as the human heart (Madonna et al., 2019). Nevertheless, human cardiomyocytes subjected to stress locally activate innate and adaptive immunity through chaperone release (Levy and Kelly, 1993; Veres et al., 2002; Wysocki et al., 2002; Mandal et al., 2006; Szerafin et al., 2008; Novo et al., 2011). This chronic sterile inflammation in the damaged myocardium may represent an issue in engineered tissue engraftment, by promoting apoptosis in colonizing cardiomyocytes and increasing the probability of rejection. We propose that the inhibition of extracellular chaperones during the implant of engineered heart tissues may represent a new advance in improving grafting and heart regeneration (Figure 2).
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FIGURE 2. The administration of neutralizing antibodies against extracellular chaperones, in conjunction with the implantation of engineered cardiac tissues, may represent a new approach to dampen myocardial inflammation and improve the engraftment.
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Cardiovascular diseases represent the major cause of morbidity and mortality worldwide. Multiple studies have been conducted so far in order to develop treatments able to prevent the progression of these pathologies. Despite progress made in the last decade, current therapies are still hampered by poor translation into actual clinical applications. The major drawback of such strategies is represented by the limited regenerative capacity of the cardiac tissue. Indeed, after an ischaemic insult, the formation of fibrotic scar takes place, interfering with mechanical and electrical functions of the heart. Hence, the ability of the heart to recover after ischaemic injury depends on several molecular and cellular pathways, and the imbalance between them results into adverse remodeling, culminating in heart failure. In this complex scenario, a new chapter of regenerative medicine has been opened over the past 20 years with the discovery of induced pluripotent stem cells (iPSCs). These cells share the same characteristic of embryonic stem cells (ESCs), but are generated from patient-specific somatic cells, overcoming the ethical limitations related to ESC use and providing an autologous source of human cells. Similarly to ESCs, iPSCs are able to efficiently differentiate into cardiomyocytes (CMs), and thus hold a real regenerative potential for future clinical applications. However, cell-based therapies are subjected to poor grafting and may cause adverse effects in the failing heart. Thus, over the last years, bioengineering technologies focused their attention on the improvement of both survival and functionality of iPSC-derived CMs. The combination of these two fields of study has burst the development of cell-based three-dimensional (3D) structures and organoids which mimic, more realistically, the in vivo cell behavior. Toward the same path, the possibility to directly induce conversion of fibroblasts into CMs has recently emerged as a promising area for in situ cardiac regeneration. In this review we provide an up-to-date overview of the latest advancements in the application of pluripotent stem cells and tissue-engineering for therapeutically relevant cardiac regenerative approaches, aiming to highlight outcomes, limitations and future perspectives for their clinical translation.
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INTRODUCTION

Cardiovascular diseases represent the major cause of morbidity and mortality worldwide, accounting for 31% of all deaths (Organization WH 2016). Myocardial infarction (MI) is associated with necrosis of the cardiac tissue due to the occlusion of the coronary arteries, a condition that irrevocably diminishes oxygen and nutrient delivery to the heart (Thygesen et al., 2007). While effective therapies, including surgical approaches, are currently used to treat numerous cardiac disorders, such as valvular or artery diseases, available therapeutic treatments for the damaged myocardium are still very limited and poorly effective. Furthermore, after an ischaemic insult, the formation of fibrotic scar takes place, interfering with mechanical and electrical functions of the cardiac tissue (Talman and Ruskoaho, 2016). Indeed, presence of fibrotic scar tissue leads to a reduction of the ejection fraction, due to the altered compliance of the cardiac chambers and to the increased stiffness of the myocardial matrix, thus impairing electrical properties of the heart and consequently the cardiac output (Kim P. et al., 2018). Currently, none of the commonly used therapies are able to remove such fibrotic scar, replacing the lost heart tissue with new functional cardiac cells. Thus, all these pathological conditions result into adverse remodeling of the cardiac muscle and ultimately lead to heart failure (HF), which is associated with poor prognosis in patients who survive a heart attack. The major drawback of all the potential therapeutic strategies for HF is represented by the limited regenerative capacity of the cardiac tissue. In fact, the regenerative potential of the adult human heart is extremely low, with a renewal rate of cardiomyocytes (CMs) of approximately 1% per year (Bergmann et al., 2009). Hence, the ideal approaches to restore the damaged myocardium are to either promote proliferation of resident CMs in vivo (Tian et al., 2015; Hashmi and Ahmad, 2019) or to directly provide new CMs for the replacement of necrotic tissue.

In this review, we will particularly focus on those cell replacement therapies based on the use of pluripotent stem cells (PSCs), either embryonic (ESCs – embryonic stem cells) or induced from somatic cells (iPSCs – induced pluripotent stem cells). Indeed, over the last 15 years, the discovery of iPSCs has opened a new chapter in the field of regenerative medicine for the treatment of degenerative disorders, including HF (Takahashi and Yamanaka, 2006). Similarly to ESCs, iPSCs possess the unique ability to differentiate into all cell types of the body, and therefore are emerging as a promising source of cells for regenerative medicine purposes. Furthermore, being generated from patients’ somatic cells, iPSCs overcome the ethical limitations related to the use ESC derivatives and those related to immunological issues, providing an autologous source of human cells (Gonzales and Pedrazzini, 2009).

Pluripotent stem cell-based therapy has already demonstrated some beneficial effects, including the promotion of cell angiogenesis, increased vascularization, attenuation of cardiac cells apoptosis and the reduction of myocardial fibrosis (Gong et al., 2013; Sánchez et al., 2013; Sun et al., 2014; Traverse et al., 2014).

However, despite the initial enthusiasm generated this evidence, several issues have emerged over the years, limiting full application of PSCs to cell replacement-based therapeutic approaches for treatment of HF. Indeed, the low level of maturity of CMs generated from PSCs (PSC-CMs) and the related arrhythmogenic potential in vivo, together with the poor grafting of these cells into the heart after transplantation, are still major unsolved problems linked to the use of PSC-CMs for cell replacement therapy (Liu et al., 2018; Muller et al., 2018). Over the last years, research in the cardiovascular field has moved toward the implementation of bioengineering technologies to ameliorate both, survival and functionality of human CMs derived from iPSCs (iPSC-CMs). The combination between the bioengineering and stem cell biology fields has brought to light different technologies able to reproduce the three-dimensional (3D) environment of the heart, mimicking the real structure and function of cardiac tissue. In the same direction, the possibility to directly convert fibroblasts into CMs using microRNAs or small molecules, have recently emerged as a promising area for in situ cardiac regeneration.

This review aims to provide an updated overview on cell-based therapies and tissue-engineering, elucidating current applications and limitations, with a focus on future perspectives for their actual application in the clinics.



HISTORICAL VIEW ON PLURIPOTENT STEM CELLS: FROM DISCOVERY TO APPLICATION TO HUMAN DISEASES

There are two different types of pluripotent stem cells (PSCs): embryonic stem cells (ESCs) and induced pluripotent stem cells (iPSCs). ESCs were first isolated in 1981 (Evans and Kaufman, 1981; Martin, 1981) from the inner cell mass of a mouse blastocyst; more than a decade later, in 1998, Thomson et al. (1998) successfully derived ESC lines from humans. Both, mouse and human ESCs have shown the ability to spontaneously differentiate into various cell types when cultured in absence of the factors required to maintain pluripotency (i.e., LIF – leukemia inhibitory factor or bFGF – basic fibroblast growth factor). By using different protocols, researchers have been able to obtain several different cell types, including CMs and endothelial cells (ECs), and to demonstrate their potential therapeutic value in vivo in preclinical models of HF (Laflamme et al., 2007). However, use of ESCs for cell therapy applications in human is highly limited due to their potential immunogenicity and the ethical issues related to human embryo manipulation.

In 2006, the groundbreaking discovery of Takahashi and Yamanaka (2006) – the possibility to reprogram an adult somatic cell back to a pluripotent state – has given new hope to the regenerative medicine field, potentially allowing to overcome immunogenic and ethical limitations of ESCs to cell therapy. Reprogramming of somatic to pluripotent cells, namely induced pluripotent stem cells (iPSCs), has been first described in mouse fibroblasts by the retrovirus-mediated transduction of four transcription factors (c-Myc, Oct3/4, SOX2, and KLf4), now commonly referred as “pluripotency factors” (Takahashi and Yamanaka, 2006). A year later, iPSCs were also obtained from human cells (Takahashi et al., 2007; Yu et al., 2007). iPSCs share their main features with ESCs, showing the ability of self-renewal and the capacity to differentiate into derivatives of the three germ layers. Indeed, genome-wide analyses revealed that, with few exceptions, human iPSCs and ESCs are mostly similar from the transcriptional and epigenetic point of view (Yu et al., 2007). However, on this regard, an advantage of human iPSCs over their embryonic counterpart resides in their genetic background, which is identical to the donor cell they are derived from Figure 1. Therefore, use of iPSCs promptly became the strategy of choice for studying human diseases in vitro (Park et al., 2008; Moretti et al., 2010; De Santis et al., 2017; Salvarani et al., 2019), and their application to drug screening (Yoshida and Yamanaka, 2010; Elitt et al., 2018; Farkhondeh et al., 2019) and toxicity testing is exponentially growing (Egashira et al., 2011; Luz and Tokar, 2018). Indeed, patient-specific lines have been developed in many laboratories worldwide and employed to investigate both functional and molecular phenotypes of a specific disease (Park et al., 2008; Moretti et al., 2010; Sun et al., 2012; Gu et al., 2017; Salvarani et al., 2019). Of note, iPSCs have been successfully differentiated into functional cardiovascular-relevant cells, including cardiomyocytes (Batalov and Feinberg, 2015), endothelial (Orlova et al., 2014), and smooth muscle cells (Xie et al., 2008), and thus have brought new hope to cure cardiac diseases, in particular in the field of cardiovascular regeneration. Additionally, recent advancements in genome-editing strategies by CRISPR/Cas9 technology have greatly expanded the potential of investigation of iPSC-based models, allowing the generation of isogenic iPSC lines, in which a desired gene mutation is either introduced or corrected, and the development of model systems that can be used for modulating endogenous genes expression and for genetic screening of genes function (Hockemeyer and Jaenisch, 2016).
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FIGURE 1. Schematic representation of the workflow for iPSC generation and differentiation from patients somatic cells and major applications to human health.


However, the immature phenotype shown by cells differentiated from human PSCs still significantly limits their full applicability. Indeed, compared to adult human CMs, those derived from human PSCs display a fetal-like sarcomeric organization (i.e., absence of T-tubules and intercalated disks; shorter sarcomeres) and metabolism (i.e., less mitochondria; glycolysis-based energy production). Furthermore, hPSC-CMs exhibit distinct electrophysiological characteristics (diverse repertoire of ion channel densities and longer action potentials) and reduced force of contraction, due to an abnormal excitation-contraction coupling and calcium handling. In fact, in hPSC-CMs diverse components of calcium dynamic processes are missing, such as transverse tubules (T-tubules), invagination of the membrane in which channels and receptors key for impulse propagation and contraction are located (Figure 2). A comprehensive review on recent advances in the field of cardiomyocytes maturation and their implications for regenerative medicine is given by Karbassi et al. (2020).
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FIGURE 2. Maturation features of hPSC-CMs. The figure shows a schematic representation of structural and functional features of hPSC-CMs (left), mature hPSC-CMs (central), and adult human CMs (right). Some of the most relevant changes are listed (For a complete view, please refer to Karbassi et al., 2020). hiPSC-CMs (left) are mostly mononucleated, showing circular shape and a disorganized sarcomeres’ structure compared to their adult counterpart (right). The absence of T-tubules leads to the lack of organization of LTCC channel, which are not associated with the RyR complexes; such architecture generates slower calcium dynamics and abnormal excitation contraction coupling. Mature hiPSC-CMs (center) are still mostly mononucleated but start to exhibit some characteristic tipical of adult CMs: they show an elongated shape together with a more organized sarcomere structure and primordial T-tubule, which lead to physiological calcium handling. However, despite the increased level of maturation reached by mature hPSC-CMs, these cells still lack to achieve a complete functional maturation, as in the adult cardiac tissue. NCX, sodium–calcium exchanger; RYR2, ryanodine receptor 2; SR, sarcoplasmic/endoplasmic reticulum; LTCC, L-type calcium channel.


In the context of tissue repair, this immature state may lead to lethal arrhythmia after hPSC-CMs transplantation (Chong and Murry, 2014). Thus, strategies aiming to differentiate these cells toward a more mature adult-like phenotype would significantly improve their therapeutic value (Yang et al., 2014; Scuderi and Butcher, 2017; Machiraju and Greenway, 2019; Karbassi et al., 2020). Many approaches have been proposed so far, spanning from the maintenance in culture for an extended period of time (Sartiani et al., 2007; Lundy et al., 2013), to the use of biochemical (i.e., growth factors and co-culture strategies) (Yoshida et al., 2018; Selvaraj et al., 2019) electrical stimuli (Nunes et al., 2013; Hirt et al., 2014) and mechanical load (Leychenko et al., 2011; Haggart et al., 2014); among them, those combining 3D culture and bioengineering methods have been the most effective (Tiburcy et al., 2017; Ronaldson-Bouchard et al., 2018; Ulmer et al., 2018).



CELLS-BASED THERAPY FOR MYOCARDIAL INFARCTION

The potential to repair cardiac tissue by cell grafting has attracted the attention of the field, due to the scarce capacity of CMs to proliferate and replace the damaged tissue. The dispute over the existence of cardiac progenitors in the adult heart is still unsolved; on the same trail, the ability of immature cardiac progenitor cells to engraft with pre-existing CMs in vivo has not been irrefutably determined (Witman and Sahara, 2018). Due to their unique capacity to produce functional CMs, both, ESCs and iPSCs, are among the most promising sources for cardiac regenerative medicine application. The first approach that employed CMs derived from PSCs for cell replacement, was simply based on the injection of the cells directly into the infarcted area of the myocardium. Since 2007, iPSC-CMs were employed in numerous studies for inducing cardiac regeneration after myocardial injury in diverse animal models, including rats, mice and pigs (Caspi et al., 2007; Laflamme et al., 2007; van Laake et al., 2007; Nelson et al., 2009; Ye et al., 2014; Liu et al., 2018). Zwi-Dantsis et al. (2013) used CMs differentiated from human iPSCs derived from patients with HF and demonstrated that, when transplanted in rats hearts, these cells were able to survive and to engraft. More recently, Rojas et al. (2017) developed a genetic-based protocol to maximize purity of CMs obtained from iPSCs differentiation, showing an improvement of the engraftment within the myocardium of mice that have been subjected to left anterior descendant (LAD) coronary artery ligation; in this study the authors also reported a contribution of the transplanted cells to the recovery of the left ventricular function. In another recent study, Zhu W. et al. (2018) investigated whether overexpressing the cell cycle activator cyclin D2 in human iPSC-CMs could improve the graft size through the induction of proliferation of the transplanted cells. The obtained results supported the authors’ hypothesis, demonstrating that cell cycle progression induced by cyclin D2 overexpression was accompanied by a significant increase in heart repair.

Despite the encouraging results from these and other in vivo studies on the potential beneficial effects of iPSC-based cell therapy for HF, preclinical experiments in non-human primate models, using CMs derived from human iPSCs, have given controversial results (Chong et al., 2014; Zhu K. et al., 2018). Chong et al. (2014) showed that the injection of human ESC-CMs into failing myocardium of non-human primates was able to promote heart regeneration; however, they also reported the concomitant occurrence of ectopic arrhythmic events, most likely elicited by the immature phenotype of the injected cells. Indeed, as already mentioned above, CMs differentiated from human PSCs differ significantly from their adult counterpart, while possessing structural, molecular, metabolic and functional characteristics comparable to CMs at the fetal stage. Indeed, human PSC-derived CMs possess a spontaneous contractile activity (probably the main reason behind their arrhythmogenicity) and show a poorly organized contractile machinery due to, among others, the reduced sarcomere length and their immature organization, the low expression of beta adrenergic receptors, ion channels and calcium binding proteins. Hence all of these factors together make the electrical and mechanical integration of these cells within the adult cardiac tissue extremely difficult, and significantly increase the potential incidence of arrhythmic events. As a matter of fact, in order to be effective, the newly injected CMs should rapidly achieve the functional features of the host cells, including all of the components of the excitation–contraction coupling machinery, such as gap junctions and transverse T-tubules, which are crucial for the proper functioning of the heart. On this regard, in the trial MAGIC, Menasche et al. (2008) evaluated the effect of transplantation of autologous skeletal myoblasts into the heart after myocardial infarction and found that these cells failed to improve cardiac function, most likely because of their poor coupling with the host myocardial cells.

Another important issue to be considered to properly evaluate the success of heart cell transplantation, is represented by the time-points at which functional measurements are carried out; indeed, the outcomes of these analyses may significantly differ depending on whether they are carried out early (i.e., 4 weeks) or at later stages (i.e., 12 weeks) post intervention (Laflamme et al., 2007; van Laake et al., 2008). In particular, using echocardiography or magnetic resonance imaging, van Laake et al. (2008) reported a significant increase of cardiac functionality at 4 weeks after cell injection. However, such functional improvements faded 12 weeks after MI, despite the initial engraftment, indicating the need to perform analyses at later endpoints. Another variable that may impact the efficacy of cell replacement therapy approaches lies in the number of transplanted cells: the definition of the ideal amount of cells to be transplanted in order to improve heart function and repair without induction of side effects is indeed a critical step, on which a common view is still missing. An additional obstacle to cell-based therapy is represented by the extremely low rate of stem cell retention, a condition that influences the engraftment into the host cardiac tissue (Lemcke et al., 2018; Park et al., 2019). Thus, researchers have started to abandon those approaches based on the injection of isolated cells, moving toward the development of strategies that may optimize coupling with the host. The first attempts in this direction regarded the use of cell-patches (formed by fibrin gel or collagen), that showed an improvement of cardiac function (Hamdi et al., 2009; Vallée et al., 2012; Wendel et al., 2015). Menasché et al. (2015) reported the first clinical application of cardiac patches made using human ESC-derived cardiac progenitor cells in a patient suffering from severe ischemic left ventricle dysfunction, demonstrating the possibility to use cells combined with a tissue-engineered construct for cardiac repair. In detail, ESC-derived cardiac progenitor cells were embedded into a fibrin scaffold, which was surgically delivered into the failing cardiac tissue of the patient suffering from severe heart failure. Although results from this study were encouraging, a greater number of clinical cases is mandatory in order to establish a standard and safe therapy applicable to a higher number of patients. Another approach, proposed by Park et al. (2019), showed a substantial increase in terms of cell retention using a patch loaded with a combination of human iPSC-CMs and mesenchymal stem cell in rat models of MI. The patch was generated using a bioink formed by a mixture containing hiPSC-CMs and porcine heart-derived decellularized extracellular matrix in presence of 0.02% (w/v) of vitamin B2, that was then printed in a disk-shaped polycaprolactone.

However, despite the fact that many different types of stem cells and derivatives have been proposed as valuable candidates for regeneration of the myocardium, a general consensus on which cell type should be considered the gold standard for cell replacement therapy of the heart, remains elusive. This issue mostly arises from the complex structure of the cardiac muscle, that is formed by different types of cells (mainly cardiomyocytes, fibroblasts and endothelial cells), all contributing to the proper functionality of the heart. By now, the majority of preclinical studies have been conducted in two-dimensional culture systems, a condition that does not take into account the multiple interactions occurring in a three-dimensional structure, like the heart: this is among the major issues still limiting the application of cell therapy approaches into the clinics. Thus, in the last years, many studies have directed their efforts to identify the optimal structural and environmental conditions for the development of a three-dimensional (3D) structure able to functionally resemble the cardiac tissue and suitable for heart transplantation. Thanks to the combination of bioengineering methods and the advances in the cardiovascular stem cell biology field, in particular in the protocols for generating CMs from PSCs, significant progress has been made in the development of 3D-cardiac tissue-like structures and their application to cardiac regeneration. The intent of this review is to provide an up-to-date overview of the available technologies and the recent advancements in the field, particularly in relation to their potential applicability for clinical purposes.



3D-CULTURE SYSTEMS AND CARDIAC REGENERATION

The function of each organ of the human body is determined by both cellular and non-cellular components. Ideally, a cell culture system that aims at reproducing an organ in vitro should be able to replicate the complex interactions occurring between extracellular environment, cells and specialized tissues within the organ itself, as well as their specific functions. In particular, the cardiac tissue is composed by contractile and non-contractile cells (i.e., cardiomyocytes, fibroblasts, and blood vessel cells), that are organized as a complex 3D structure. The tightly regulated interaction among these diverse cell types plays a central role in the heart’s function. Although 2D-cell cultures have been – and still are – widely used in cardiovascular research, 3D cell-based systems have the potential to add a layer of complexity and to generate cardiac-like structures which faithfully recapitulate cellular interactions as those in vivo. Furthermore, 3D systems may also integrate scaffolds and biomaterials, mimicking the properties of the extracellular matrix present in the human heart. Thus, in the last years, 3D cell cultures are emerging as a new tool for both drug discovery and regenerative medicine applications. Indeed, the increased knowledge in the cardiovascular biology field boosted the development of 3D cellular systems, that progressively and faithfully reproduce the morphological and functional features of cardiac tissue, overcoming the maturation-related limitations of 2D cultures. A growing number of studies have indeed demonstrated that hPSC-CMs differentiated in 3D systems acquire structural, metabolic and functional properties similar to their adult counterparts (Fong et al., 2016; Correia et al., 2018). On this regard, it is worth mentioning the recent study from Ronaldson-Bouchard et al. (2018) in which the authors were able to obtain a level of maturation unprecedently seen in human iPSC-CMs through the combination of a fibrin 3D-hydrogel and physical conditioning with increased intensity (stretch and auxotonic contractions). Overall, several types of 3D cellular models have been developed in the last decade for their application in the cardiovascular field. Based on the presence of a supporting scaffold or not, these models can be broadly divided in two groups: (i) spheroids and organoids, which are formed by self-assembly (scaffold-free) and are able to recapitulate native tissue structure and functionality without the use of any exogenous support, and (ii) engineered cardiac tissue constructs which instead combine the use of different exogenous scaffolds with living cells and eventually electro-mechanical signals.


Spheroids and Organoids

Spheroids and organoids both refer to 3D culture systems with a specialized architecture and cell organization that typically form through self-assembling processes. Currently, a precise and universal nomenclature that clearly distinguishes between these two models is still missing; thus, these terms are often used interchangeably.


Spheroids

Spheroids were first obtained in 1970 (Sutherland et al., 1971; Freedman et al., 2015; Takasato et al., 2015) to mimic the functional phenotype of human tumor cells and test their response to radiotherapy. Since then, several spheroid culture systems have been developed starting from different types of stem cells. This methodology presents several advantages with respect to the monolayer cell culture, particularly due to the spheroids’ cell heterogeneity: these culture systems, in fact, include diverse cell-type populations that consume different kinds of nutrients and secrete distinct metabolites and soluble signals. One crucial point to consider in spheroid aggregation is their size, namely the number of cells per spheroid. In fact, if the number of cells is too high, it will result detrimental for cellular viability due to a reduction in the oxygen supply at the center of the spheroid (Tan et al., 2017). Tan et al. (2017) have recently described the use of human iPSC-CMs in the formation of cardiac spheroids; interestingly, the authors demonstrated that use of electrically conductive silicon nanowires (e-SiNWs) ameliorates self-assembly of the CMs during the spheroid aggregation process. Furthermore, the resulting construct displayed improved cardiac functionality, probably due to an increased cell maturation mediated by the electrical stimulus (Tan et al., 2017). Recently, Mattapally et al. (2018) also employed human iPSC-CMs to produce spheroids, demonstrating that such spheroids fused in culture, generating structures characterized by a uniform distribution of cells and electro-mechanical coupling. Relevantly, they also showed that such structures, embedded in a fibrin patch and transplanted in vivo, were able to engraft the infarcted area in a mouse model of myocardial infarction (MI), with an engraftment rate exceeding 25%, significantly improving cardiac function (Mattapally et al., 2018). Cardiac spheroids could also be generated by combining CMs with other cell types that typically compose the human heart, such as cardiac fibroblasts (CFs), attempting to recreate the heart microenvironment (Polonchuk et al., 2017; Hoang et al., 2018; Yan et al., 2019). On this regard, Choi and coworkers generated homotypic and heterotypic spheroid-derived cardiac microtissues, containing either CMs or CFs or both cell types together (Kim T. Y. et al., 2018). The authors evaluated the electrophysiological properties of these tissue-like microstructures, focusing their investigation on the role played by CFs in cardiac action potential propagation. Results emerged from this study support the hypothesis of a central role played by the “supporting” cells in mimicking heart environment, indicating CF sodium currents as key players in action potential conduction in CF/CM heterotypic spheroids. Importantly, this study also reported a delayed action potential propagation in spheroids composed by disproportioned distribution of CFs, as it occurs in the infarcted myocardium, further sustaining the role of CF engraftment in the arrhythmogenic defects associated MI and the utility of 3D hetero-cellular models for studying cardiac diseases and for the development of regenerative strategies. Altogether, these studies support the idea of using 3D structures made of iPSC-derived CMs and other cardiac cells as heart surrogates for cardiac repair.



Organoids

An organoid is defined as an organ-like tissue exhibiting multiple cell types that self-organize to form a structure not unlike the organ in vivo and functional (Lancaster and Knoblich, 2014). As already mentioned above, there is not a clear distinction between organoids and spheroids, and in the past, the two terms were often used as synonyms. However, even if sharing several features, such as self-assembly properties, multicellular composition and some functional cues, organoids and spheroids are characterized by few distinctive traits. In fact, while the latter are basically cell aggregates without a defined tissue-like structure, organoids typically exhibit a higher order of self-assembly and do show, at least in some cases, a distinctive tissue-like cellular architecture. Therefore, over the last few years, the concept of organoids has changed and researchers usually refer to organoids to indicate a 3D tissue-like structure generated through self-assembly, while use of the term spheroid is limited to indicating a “premature” stage of what will then become an actual organoid.

The signaling pathways that control organoid formation and development were found to be the same as those occurring during the development of the organ itself. For this reason, growth factors and small molecules were used to manipulate different signaling pathways in order to increase cell survival, cell specification and organization of tissue-specific organoids. The first organoid was created in 2009 and was used to build intestinal tissue in vitro, through the establishment of a long-term culture system able to create the crypt–villus organization and physiology. The induction protocol relied on the use of a cocktail of small molecules required for the growth of the intestinal epithelium, such as Wnt proteins, epidermal growth factor and Noggin, which lead to sequential morphological changes and the formation of crypt domains (more than 40 per organoid) with a central lumen and an epithelium containing microvilli structures (Sato et al., 2009). Since then, many organoids have been developed to reproduce several organ-like structures including brain, lung and liver (Huch et al., 2013; Lancaster et al., 2013; Chen Y.-W. et al., 2017), so that in the recent years, the use of organoids has rapidly grown in several fields of medical research.

Despite these advances, very few studies have focused on the development of human cardiac organoids, and the obtained structures are still far from resembling the actual heart. This is mainly due to the structural and functional complexity of the heart, which is formed, in addition to CMs, by other cell types, such as CFs, vascular and immune cells, finely organized and embedded in the extracellular matrix to create its functional compartments. Thus, recapitulation of the 3D-multicellular structure and function of the developing myocardium through the use of human cardiac organoids remains a challenge. Given their multiple developmental potential, iPSCs represent a cell source of selection for the creation of cardiac organoids: manipulation of iPSCs is feasible and protocols are now available for specifically differentiating all the aforementioned heart-relevant cell types. It is indeed clear that to create a functional human cardiac organoid, the simultaneous presence of CMs, endothelial cells (ECs) and CFs is highly desirable. On this regard, Richards et al. (2017) have devised a developmental-driven scaffold-free fabrication strategy to assemble a functional vascularized cardiac organoid: their approach was inspired by the events that guide myocardial cell organization during heart development and was based on the self-assembly of human iPSC-CMs, -CFs and -ECs, that ultimately acquired a well-defined structure, exhibiting both biochemical and functional properties typical of the myocardium and being able to respond to drug treatments. Recently, Wimmer et al. (2019) also developed human organoids of blood vessels as models for studying diabetic vasculopathy. To this end, they induced PSCs (either iPSC or ESC) to commit toward a mesodermal lineage and then vascular specification using specific growth factors, that resulted in the generation of 3D blood vessel organoids possessing morphological and functional properties of the human microvasculature. Similarly, use of co-culture systems with iPSC-derived ECs, vascular cells and pericytes have been also employed by other researchers to recreate the vascular network (Kusuma et al., 2013; Orlova et al., 2014; Chan et al., 2015).

However, while the self-organization property of the organoids allows generation of a high level of tissue organization, one that cannot be reached by the current tissue engineering approaches with the only requirements of external cues and growth factors cocktails, this characteristic also represents the main weakness of this approach. In fact, the self-assembly process is not subjected to pre-defined extrinsic patterning instructions, but is instead a stochastic event, leading to heterogeneity in shape, size and cell composition (Brassard and Lutolf, 2019). In addition to this, the fabrication method limits the size of the organoids to the millimeter scale, thus resulting poorly applicable to regenerative medicine approaches. Recently, the generation of advanced engineered cardiac organoids that overcome some of the aforementioned limitations, such as sample heterogeneity, has been reported. This strategy, proposed by the James Hudson laboratory, implies the combination of bioengineering methods to the classical self-assembly protocol to obtain human cardiac organoids (hCOs) from PSC-CMs. More in detail, hCO constructs consisted of a mixture of differentiated PSC-CMs, collagen, sodium hydroxide and matrigel, which was then allowed to self-assemble on polydimethylsiloxane (PDMS) poles. The generated constructs were then used for investigating their regenerative capacity in response to injury (Eder et al., 2016) and for drug screening applications (Mills et al., 2019). However, although very advantageous for screening purposes, allowing to simultaneously evaluate multiple phenotypic parameters such as proliferation and side effects on cell functionality (i.e., contraction), this system is not ideal for developing cells for cell therapy. On this regard, conventional tissue engineering strategies are probably a more suitable option.



Engineered Cardiac Tissue Constructs

Tissue engineering is an emerging and multidisciplinary field which aims at developing functional tissue substitutes for medical purposes, mainly replacement of damaged tissues/organs or drug screening applications. Tissue engineering involves the combinatorial use of cells, materials, biochemical and/or physical factors and engineering methodologies, and has thus far been applied to a large variety of human tissues (Vacanti and Langer, 1999). The bio-engineered scaffolds serve as structural support for cell seeding, while the addition of biochemical/physical factors determines distinct cell phenotypes and metabolic properties of the originated tissue. Clinical applications of tissue engineering approaches are highly relevant for repair of bone (Jones et al., 2002; Sepulveda et al., 2002), cartilage (Cao et al., 1997; Risbud et al., 2001), and pancreatic tissue (Niknamasl et al., 2014). In addition to these, given the limited regenerative capacity of the heart, tissue engineering approaches are also ideal for cardiovascular regenerative medicine applications. The main goal is to create a cardiac graft which can be implanted and restore the functionality of the myocardium without major side effects. To this aim, tissue engineering intends to recreate the microenvironment of the cardiac tissue, in terms of cell composition, stiffness, geometry, physical and electrical stimuli and, extracellular matrix.

The first engineered-based approaches simply implied the addition of cells to natural or synthetic biomaterials, that should mimic extracellular matrix providing mechanical support to the cells. Zimmermann et al. (2002) provided the first report on a 3D engineered heart tissue (EHT), developed using neonatal rat cardiac myocytes mixed with collagen I and matrix factors, added in a circular scaffold and subjected to phasic mechanical stretch. After that, many researchers applied similar methodologies using embryonic or neonatal/fetal rat cells embedded into polymer-based or extracellular matrix-like scaffolds, and showed the engraftment of these 3D-EHT constructs into rodent cardiac tissue (Li et al., 1999; Taylor, 2004; Ravichandran et al., 2013; Wendel et al., 2014). Many other cell types have been also used for generating 3D-EHT, that include adult and neonatal cardiomyocytes (Soonpaa et al., 1994; Li et al., 2000), bone marrow-derived stem cells (i.e., mesenchymal, endothelial, and hematopoietic stem/progenitor cells) (Janssens et al., 2006), cardiac stem cells (Barile et al., 2007), smooth muscle cells (Planat-Benard et al., 2004; Rehman et al., 2004), and skeletal myoblasts (Murry et al., 1996). In addition to these, in the last years, the use of CMs differentiated from PSCs exponentially increased, mainly because of their wide developmental potential and the rapid spread of iPSC technology in research laboratories worldwide. On this regard, Stevens et al. (2009) described, for the first time, a strategy to create macroscopic scaffold-free patches of human cardiac tissue exclusively composed of human CMs derived from ESCs. These patches showed synchronous calcium activity, which is indicative of proper electromechanical coupling. In addition, these patches were able to contract spontaneously and, by modulating the number of cells used for fabrication, it was also possible to tightly control the patch size. However, in order to generate constructs with an actual translational value, cardiac tissue engineering must take into account the native characteristics of the cardiac tissue. Indeed, the optimal engineered support should be formed by cardiac cell populations included into an extracellular matrix similar, in molecular composition, to that of the native tissue. Also, proper vascularization is key for long-term cell survival and function in vivo. Therefore, such complexity is not easy to achieve due to several limitations, mainly represented by the response of the host to biomaterials used to build the supports and the limited sources of suitable human cells.

The choice of the biomaterial is indeed key for developing effective cardiac regenerative strategies; biomaterials can indeed have different impacts on survival, proliferation and differentiation of a specific cell type, and allow specific scaffold anchoring to generate a functional tissue. Biomaterials used in tissue engineering can be either natural (e.g., collagen, alginate, fibrin, and natural ECM) or synthetic [e.g., poly(ethylene glycol), poly(ε-caprolactone), and poly(glycerol sebacate)]; both types of polymers may represent an optimal choice for fabrication of tissue-like cardiac structures and, depending on the specific application, have been alternatively employed to develop engineered constructs for cardiac regenerative purposes (Kai et al., 2014; Wendel et al., 2014).

Collagen is probably the most important “biomechanical” protein of the human body and it represents one of the most relevant natural polymers used in the field of cardiac regeneration. Indeed, due to its abundance in the ECM, collagen provides an optimal support for cell attachment and growth, and several studies in rodents have demonstrated positive effects of collagen-based scaffolds (Gaballa et al., 2006; Miyagi et al., 2011; Van Vlierberghe et al., 2011). Researchers have used collagen as a scaffold into the damaged myocardium, and found that this material was able to induce the formation of new vessels, resulting into a beneficial effect against cardiac remodeling (Shi et al., 2011). Masumoto et al. (2016) recently reported the generation of engineered cardiac tissue using collagen I, matrigel and human iPSC-derived cells. In detail, the authors generated a construct characterized by three cellular compositions – CMs, ECs and vascular mural cells, all derived from iPSCs – and showed a functional maturation of these cells, when assembled in this collagen-based tissue-engineered structure (Masumoto et al., 2016). Furthermore, they also demonstrated myocardial replacement after injection in vivo. However, despite the reported beneficial effects, collagen is a stiff material and this characteristic can impede its mechanical integration into the heart. To overcome this problem, several strategies have been proposed and demonstrated the ability to tune its mechanical properties; among these, Deng et al. (2010) showed that addition of chitosan is sufficient to increase the compression modulus of collagen fibrils (Geng et al., 2018). Indeed, the compression modulus of the collagen increases when combined with chitosan or elastin, whereas its tensile modulus is reduced, conferring greater stability to the heart and minimizing the ventricular wall dilatation (Fakoya et al., 2018). On this regard, it is worth mentioning the very recent work from Lee et al. (2019), who developed the FRESH methodology to 3D-bioprint collagen with improved mechanical properties, allowing the fabrication of cardiac components of different sizes.

Alginate is another natural material suitable for tissue engineering applications. It is an anionic polymer obtained from brown seaweed and it has been employed for numerous biomedical applications. In fact, alginate possess several characteristics – such as biocompatibility and low toxicity - that made it an ideal candidate for its medical use (Lee and Mooney, 2012). Alginate hydrogels can be produced by various cross-linking methods and the resulting structure is similar to the ECM, so that a positive effect on cardiac functionality has been reported with its injection in animal models after induction of MI, probably through a mechanism of reinforcement of the thickness of the scar (Landa et al., 2008). Despite these positive effects, the lack of integration between alginate and CMs is a major drawback of this biomaterial, limiting its full application for cardiac regeneration (Geng et al., 2018). However, a more recent study has reported the generation of a multi-cellular engineered construct containing alginate and iPSC-CMs (Maiullari et al., 2018). In this work, Maiullari et al. (2018) encapsulated iPSC-CMs into a hydrogel containing alginate and synthetic polyethylene glycol (PEG)-fibrinogen followed by custom bio-printing, and demonstrated an improved integration of this engineered support within the host tissue. As for the collagen, the combined use of alginate with chitosan has shown beneficial effects in a rat model of MI, mitigating ventricular remodeling.

Another natural biomaterial with some applicability in regenerative therapy is fibrin, an insoluble protein formed from fibrinogen. Use of fibrin has been reported to improve cardiac function by reducing infarct size (Deng et al., 2015). However, fibrin poorly tolerates the mechanical stretch generated during the contraction of the cardiac muscle and, for this reason, is usually used in combination with other materials such as chitosan or collagen (Christman et al., 2004). Likewise, hyaluronic acid, a polysaccharide present in the ECM, is a good candidate for regenerative medicine applications and has been shown to be involved in angiogenesis and tissue repair. Indeed, hyaluronic acid has been largely utilized to develop scaffolds for tissue regeneration in different research areas and many clinical trials have already started to evaluate the regenerative power of hyaluronic acid-based materials for treatment of different kinds of tissue lesions as ulcers, osteo-articular and bone damages (Bonafè et al., 2014). With regards to the cardiac field, hyaluronic acid-based constructs have been used so far in pre-clinical models where they showed a positive effect on regeneration after MI (Yoon et al., 2009). In agreement with this, Abdalla et al. (2013) reported a recovery of rat heart functionality after injection of hyaluronic acid into the peri-infarct area in a sub-acute model of MI. However, this positive effect on regeneration was lost in a chronic model of MI, indicating that the injection timing of the therapeutic agents is also a major determinant to drive cardiac repair (Yoon et al., 2014).

The use of a decellularized extracellular matrix (dECM) directly isolated from tissues represents another option to build scaffolds for cardiac tissue engineering and has been applied in several conditions, from myocardial infarction to orthopedic injures (Shen et al., 2011; Perea-Gil et al., 2016; Hernandez et al., 2018; Hussey et al., 2018). dECM contains adhesion proteins, such as laminin or fibronectin, able to promote cell attachment, and retains biochemical cues and mechanical properties of the native tissue; these characteristics are critical for the subsequent recellularization of the scaffold. On this regard, it has been shown that porcine-derived myocardial dECM-based hydrogels are able to promote infiltration of cardiac progenitor and endothelial cells (Singelyn et al., 2012). In addition, Hernandez et al. (2018) used an analogous dECM-based system to deliver microRNA and extracellular vesicles. More recently, Tsui et al. (2019) proposed a new hybrid scaffold fabricated by combining porcine-derived dECM and reduced graphene oxide (rGO), demonstrating that it provides a valid microenvironment for both cellular and tissue development when used to create EHT constructs. The authors also showed that such dECM-rGO-based EHT structures improve cardiac contractility of hiPSC-CMs. Likewise, Goldfracht et al. (2019) demonstrated that hiPSC-CMs embedded into a chitosan-enhanced dECM hydrogel possess a more mature phenotype than their 2D-cultured counterparts and form EHT constructs with an anisotropic muscle structure, in which phenotypes of inherited forms of arrhythmias can be reproduced and drugs can be tested. In particular, in the context of dECM-based materials, the injectable forms have gained much interest in the field, due to their ease of delivery to the host tissue (Hernandez et al., 2020). The first clinical trial was recently reported, testing an injectable ECM-hydrogel derived from decellularized porcine myocardium, called VentriGel (Traverse et al., 2019). The results obtained so far in a cohort of post-MI patients with severe left ventricular dysfunction support the safety of the trans-endocardial injection of the hydrogel.

A valid option to the use of natural biomaterials is given by synthetic polymers. The major advantage of synthetic polymers lies in the possibility to synthetize materials with the optimal physico-chemical and mechanical properties resembling at best those of the tissue of interest; on the other hand, low biocompatibility and potential toxicity may represent a limitation and must be excluded prior to their application in vivo. With respect to the cardiovascular field, the most popular synthetic polymers are represented by poly(ethylene glycol), poly(ε-caprolactone), poly(propylene), poly(vinyl alcohol), poly(N-isopropylacrylamide), poly(glycerol sebacate), poly(ester urethane)s (Chen et al., 2010; Martins et al., 2014; Zhou et al., 2014; Moorthi et al., 2017; Denis et al., 2019). The authors can refer to the following reviews for additional details (Arnal-Pastor et al., 2013; Cui et al., 2016). In addition to these, several synthetic materials with electroconductive properties have been also developed to improve cardiac conduction and maintain the electrical integrity of the heart. Electroconductive materials used for this purpose include: nanoparticles (Zhu et al., 2017), nanowires (Wickham et al., 2016), carbon nanotubes (Shin et al., 2014; Roshanbinfar et al., 2018), and polymers (Kaur et al., 2015; Mohammadi et al., 2017). Electroconductive polymers, such as polyaniline (PANi) (Hsiao et al., 2013) and polypyrrole (PPy) (Wang et al., 2016) could be incorporated into 3D-printed scaffolds and have been used for developing engineered tissue constructs, also in the cardiac field. Among the others, PANi and PPy are widely used in the context of cardiac repair, due to their environmental stability and electrical properties (Razak et al., 2015). Different studies have shown that application of these polymers leads to an increase of connexin 43, the most abundant isoform of gap junctions in CMs, critical for impulse propagation within the heart (Nishizawa et al., 2007; Wang et al., 2016). However, insolubility of these polymers in water represent a major limitation for their full application (Wang et al., 2017). Indeed, they are preferentially used in “classical” cell-seeding approaches, in which cells are seeded onto a pre-fabricated scaffold, rather than being simultaneously encapsulated with cells into inks for 3D bioprinting.

A valid alternative option is represented by polythiophene polymers, that are biocompatible and highly soluble in water (Hempel et al., 2017; Sinha et al., 2017). In particular, poly(3,4-ethy lenedioxythiophene):polystyrene sulfonate (PEDOT:PSS) is a promising candidate, able to support mouse stem cell-derived CMs attachment (Jiang et al., 2017). Using these polymers, Roshanbinfar et al. (2018) developed an electroconductive bio-hybrid hydrogel, which is able to enhance maturation and physiological properties of engineered cardiac tissues. In detail, the authors incorporated PEDOT:PSS in a collagen–alginate hydrogel creating an electroconductive construct structurally similar to the native ECM. In addition, hiPSC-CMs seeded on top of this polymer showed increased speed of contraction, high contraction amplitude, sarcomeric lengths more similar to adult CMs and synchronous rhythmic beating. More recently, the same research group developed a new construct able to mimic the native cardiac ECM in both structure and electrical activity (Roshanbinfar et al., 2020). For this purpose, they generated electrospun fiber mats using collagen, HA and PANi as synthetic polymer in different concentration. They used hiPSC-CMs to check the biocompatibility and the functionality of these supports, reporting an improved electrical coupling and contraction of the cells. Thus, within the last years, many biomaterials have emerged as good candidates for cardiac tissue engineering to fill the existing gap for their application to cardiac regeneration and treatment of MI. Notably, injectable materials, dECM and cardiac patches have been shown to be able to increase cell retention, improving cell survival and coupling with the host (Hastings et al., 2015; Cambria et al., 2017; Park et al., 2019). A summary of these biomaterials is provided in the Table 1, together with their pro and cons.


TABLE 1. Biomaterials used for cardiac tissue engineering.

[image: Table 1]Another determinant factor to be considered when assembling an engineered tissue construct regards the scaffolds’ assembly: many different methodologies have been developed to optimize their composition, structure and biocompatibility. Use of self-assembled monolayers (SAM) of different polymers by hydrogen bonds and hydrophobic or electrostatic interactions represents one of the proposed approaches to produce natural biomaterials (Mason and Shimanovich, 2018). This technique is particularly suitable to mimic the extracellular matrix (ECM) structure, which is important for cell adhesion and survival (Oh et al., 2003). Both synthetic and natural polymers may also be assembled in scaffolds by electrospinning, which is another, and widely used, methodology to produce nanofibers (Kitsara et al., 2017). Lastly, thermally induced phase-separation (TIPS) also represents a robust methodology for 3D scaffold production. This technique entails few crucial steps (polymer dissolution, a phase of separation, polymer gelation, extraction of the solvent from the gel and freezing after drying) that result in the production of a nanofibrous foam, very similar in size to the natural collagen present in the ECM (Nguyen et al., 2019). In this context, 3D-bioprinting is also emerging as another valuable technology to produce improved scaffolds that may include cells, matrices and bioactive molecules for cell growth. 3D-bioprinting refers to the generation of physical 3D platforms, made by deposition of materials with a progressive layered approach, which is regulated by custom digital designs (Ong et al., 2018). Bio-printed structures could be generated with different technologies, such as inkjet bioprinting, laser-assisted or micro-extrusion bioprinting; the choice among these strictly depends on the desired outcome (Murphy and Atala, 2014; Vukicevic et al., 2017). During the last decade, 3D-bioprinting has provided us with the possibility to create organized tissue-like structures, that contain living cells, including CMs (Gaetani et al., 2012). As a matter of fact, Gaetani et al. (2012) were able to generate a cardiac tissue in vitro by combining bioprinting techniques and human cardiac progenitor cells (hCPCs), demonstrating the applicability of bioprinting in this area of research. Specifically, they demonstrated that hCPCs can be printed in a scaffold containing alginate without affecting cell proliferation and viability; additionally they showed an improvement in the cardiac commitment of the “printed” cells, that exhibited a significant increase of the expression of both, early (i.e., Nkx2.5, GATA-4, and Mef2c) and late (i.e., cardiac troponin T - TnT) cardiac-specific markers (Gaetani et al., 2012). More recently, Noor et al. (2019) made an important step forward in the field by developing a 3D printing technique that employs patient-derived hydrogels as bioinks and iPSC-derived CMs and ECs: by specific combination of these acellular/cellular components, they reported the generation of thick and vascularized cardiac patches that match the immune-cellular properties of a specific patient. More in detail, the authors started from a biopsy of omental tissue from which they isolated cells and ECM: cells were employed to generate CMs and ECs through reprogramming and subsequent differentiation, while ECM was processed to a form a personalized hydrogel, used to blend the cell-specific bioink formulations. The cardiac patches described in this work are the result of the printing of these two distinct bioinks into superimposed layers, each containing parenchymal tissue (CMs) and blood vessel forming cells (ECs). In addition to vascularized cardiac patches, the technique was also applied to fabricate small-scale cellularized perfusable human hearts with a natural anatomical architecture and mechanical properties. Likewise, later in the same year, Lee et al. (2019) reported an improved methodology for collagen 3D-bioprinting, using freeform reversible embedding of suspended hydrogels (FRESH). Using this approach, the authors were able to engineer different components of the human heart, ranging from small capillaries, to the valves, and the whole organ (Lee et al., 2019). By finely tuning the collagen gelation process, it was possible to control the morphology and the size of the printed filaments, increasing the resolution power of the bioprinting process. Importantly, the authors showed that the cardiac components obtained using their improved FRESH-based 3D bioprinting accurately reproduce structural, mechanical, and biological properties of the native tissue.

However, regardless of the employed strategy, generation of tissue-like engineered structures suitable for regenerative medicine applications needs further considerations, specifically in relation to some aspects that may be critical for their efficacy and potential undesired effects in vivo. As already mentioned above, the choice of the biomaterial utilized for developing engineered cardiac constructs is one crucial aspect, since this material will constitute the support for the cells, and should guarantee the optimal conditions for their growth, differentiation and survival. Another important parameter to be considered is represented by the “structure” (or “shape”) of the engineered supports, which provide the geometrical patterned for cell organization and for the establishment of cell-cell communication and 3D-microenvironment. Although there is no clear distinction between the different types of engineered-based constructs, based on their geometry and the methodology used for cell assembly, we can mainly identify cell sheets, cardiac patches and actual 3D-engineered cardiac tissue models.


Cell Sheets and Cardiac Patches

One of the first examples of a tissue-like structure obtained through engineering-based methodologies is represented by cell sheets. Cell sheets are generated by detachment of monolayers of cells, grown at confluency, from the culture surface. Functional tissues can be then fabricated by layering the recovered cell sheets without the need of any scaffold or complicated manipulation. Cell sheets are also used to produce engineered cardiac patches containing aligned CMs. Compared to cell sheets, cardiac patches are thicker engineered supports, which recreate a functioning piece of “heart tissue” and can be used to replace the damaged area of a patient’s heart, to maintain its contractile properties.

However, also in this case, it is difficult to establish a clear distinction between the two typologies of constructs. Compared to injection of isolated cells, CM-formed cell sheets showed enhanced cell vitality, heart-like electrical and histological properties with contractile ability in vitro; when transplanted in vivo, they were functional and electrically coupled with the recipient myocardium (Sawa et al., 2012).

In terms of technology, detachment of intact cell sheets from the culture surface may be achieved using different approaches. On this regard, Sawa et al. (2012) proposed a novel protocol based on poly(N-isopropylacrylamide) (PIPAAm), which is temperature-responsive polymer. Under normal culture conditions (37°C), the surface of the dishes is relatively hydrophobic and cells efficiently attach and proliferate. In turn, when temperature decreases to about 32°C (the polymer’s lower critical solution temperature), the polymer becomes hydrophilic and a hydration layer forms between the surface of dishes and the cells, leading to their detachment from the culturing surface as an intact sheet, with no need of enzymatic treatments. Using the same approach, Masumoto et al. (2016) reported the use of cell sheets, formed by different cardiac cells generated through human iPSC differentiation in vivo, and demonstrated their ability to drive functional recovery after MI. More recently, Ishigami et al. (2018) demonstrated functional restoration of the failing myocardium also in a porcine model using human iPSC-derived cardiac sheets. In their work, the authors induced differentiation of iPSC into CMs, vascular cells and vascular mural cells and generated the cardiac sheets using 10 cm-sized temperature-responsive culture dishes. When transplanted in vivo, the generated cardiac sheets led to a significant reduction of the fibrotic area and an increase of the capillarity density in the border zone. However, the cell sheet layering methods still present some limitations mainly related to the number of cell layers that can be superimposed before incurring the decrease in oxygen and nutrients supply to the cells and thus leading to the necrosis of the transplanted patch after its implantation. On this regard, the recent work from Noor et al. (2019), already discussed above, gave a substantial contribution to the field, overcoming part of these limitations. By using 3D-printing techniques and iPSC-derived cardiac and endothelial cells encapsulated into tissue-derived hydrogels, they fabricated vascularized thick (2–7 mm) cardiac patches, that exhibit high cell viability and contractile activity. Future long-term in vitro studies and in vivo experiments will certainly establish the therapeutic potential of such cardiac constructs.



3D-Engineered Cardiac Tissue Models

Engineered cardiac tissue models have recently emerged as promising approaches to repair damaged cardiac tissue as well as suitable platforms for drug/toxicity testing and disease modeling (MacNeil, 2007). Through the use of the natural and/or synthetic biomaterials mentioned above, it is possible to generate implantable supports able to mimic the architecture and composition of the heart ECM, that are necessary to optimize cell growth, differentiation and survival in vivo. In fact, engineered cardiac tissue models are generated with the aim of recreating the heart environment, and to provide the proper electrical and mechanical support to the cell for their delivery into the heart. Eschenhagen et al. (1997) were the first to develop a method to culture chick cardiac CMs in 3D structures using a collagen matrix. The authors showed the possibility to measure the isometric force of contraction generated by CM-populated matrices, later referred as engineered heart tissue (EHT). In addition, this matrix was suitable for genetic manipulation, showing an efficient transduction rate to adenoviral-mediated gene transfer of the populating CMs. Zimmermann et al. (2000) reported the development of EHTs using rat CMs and 2 years later, they provided an improved version of this technique creating new EHT geometry (Zimmermann et al., 2002). Thus, such engineered cardiac tissues were first used to deliver CMs to the infarcted area after MI in preclinical animal models. In the first attempt, despite an initial improvement in cell survival, the engineered structures were unable to ameliorate cardiac function in vivo (Li et al., 1999). However, different results were subsequently obtained using cardiac engineered tissues with similar composition, that were instead associated to an increase in cell survival and ameliorated cardiac function (Leor et al., 2000; Akhyari et al., 2002; Eschenhagen et al., 2002; Kofidis et al., 2002). To give some examples, Eschenhagen et al. (2002) used collagen-based EHT to restore function of the damaged myocardium, demonstrating long-term survival and contraction of these structures in vivo (over 8 weeks after implantation). Similar results were obtained by Dar et al. (2002) using alginate-based scaffolds.

The improvement of protocols for differentiation of PSCs toward the cardiac lineage made the production of large amounts of human CMs feasible, bursting the development of human heart surrogates for disease modeling, drug testing and autologous cell therapy applications. On this regard, embedding CMs derived from PSCs into engineered structures has been shown to positively impact cell maturation to different extents, depending on the specific characteristics of the generated 3D-constructs. In fact, even if improved over time, use of both human iPSCs and ESCs still deals with an important issue of cell maturation following cardiac induction in vitro. One of the first evidence supporting the maturation of CMs in 3D-engineered constructs is given by the study from Schaaf et al. (2011), who developed a EHT using CMs derived from human ESCs and showed that, when included into the fibrin-based 3D-constructs, despite an immature electrophysiological profile, these ESC-derived CMs displayed a more organized sarcomeric structure compared to those cultured in 2D under conventional conditions. In the same year, the group of Charles E. Murry also developed collagen-based bio-engineered human cardiac tissue constructs using CMs derived from both ESCs and iPSCs, demonstrating an improvement in their alignment and proliferation (Tulloch et al., 2011). They also found that these engineered constructs were able to engraft into the heart establishing connections with the host vasculature. Similarly, Mannhardt et al. (2016) investigated morphology and function of EHTs built using human iPSC-CMs, and tested their suitability for drug screening. In detail, these EHT constructs were anchored to two flexible silicone supports that generated a preload against which the EHTs perform auxotonic contractile work. This process led to the formation of muscle bundles in which CMs showed a better alignment and an improved sarcomeric organization. Thus, altogether these studies strongly indicate that EHT constructs are excellent supports for maturation of CMs derived from human PSCs, since they provide a physiological-like environment and stimuli to cells.

On this regard, the recent work from Ronaldson-Bouchard et al. (2018) gave a substantial contribution to the field. In their work, the authors showed that exposure of early-stage iPSC-CMs to myocardium-like mechanical forces and electrical stimuli at increasing intensity (from 2 to 6 Hz in 4 weeks) enables cells to reach unprecedent levels of maturation. In fact, the authors reported an upregulation of late-stage cardiac-specific markers, the length of the sarcomeres (up to 2.2 μm), the presence of intercalated disks and T-tubules, the high density of mitochondria, the switch to oxidative metabolism and the establishment of a more mature functional phenotype. Indeed, even if still inferior to the adult myocardium, the generated cardiac constructs showed more mature electrophysiological characteristics and calcium handling, increased conduction velocity, complete responsiveness to β-adrenergic stimulation and a positive force-frequency relationship (FFR), which is a stringent indicator of maturation never seen before in other EHT models (Ronaldson-Bouchard et al., 2018).

Overall, thanks to these improved characteristics, EHTs may be used as a model platform for the in vitro study of human cardiac functions, in terms of the force, pacemaking activity, contractile properties and electrophysiological parameters (Hansen et al., 2010; Mannhardt et al., 2016), in addition to representing a promising resource for future cardiac regenerative therapies. With respect to cardiac regeneration, preclinical studies conducted in a guinea pig model of MI showed an improvement of the left ventricle function after transplantation of iPSC-derived EHTs; in some cases these 3D-EHT constructs were also shown to be coupled to the host cardiac tissue (Weinberger et al., 2016). Recently, another study by the same research team, also assessed the issue of the increased risk of cardiac arrhythmia secondary to EHT implantation (Pecha et al., 2019). This analysis was performed through the implant of telemetric devices following EHT transplant and the monitoring of the electric activity of the heart for 28 days: results demonstrated that in this case, the incidence of ventricular arrhythmias was not affected by EHT transplant. However, other reports showed discordant results, demonstrating a link between transplantation of iPSC-derived CMs and induction of transient abnormal beating, potentially leading to malignant ventricular arrhythmia (Chong et al., 2014; Shiba et al., 2016). Furthermore, despite the encouraging results obtained from using cardiac-engineered tissues for cell transplantation in vivo, other studies reported a limited effect of cardiac patches, dampening the initial enthusiasm on their potential translation to the clinic in the short time. To give an example, in a recent study Sugiura et al. (2016) employed tissue-engineered biodegradable patches [made of polyglycolic acid poly(l-lactic-co-ε-caprolactone) copolymer] seeded with iPSC-CMs and tested their applicability in vivo. Their results showed that, at 4 weeks post-implantation, no iPSC-CMs remained in the patch (Sugiura et al., 2016), warning about the need of punctual experimentations that take into account all the potential variables (biomaterial, type of cells, degree of cardiac injury) before application of such tissue substitutes in patients. In this context, Park et al. (2019) recently demonstrated that iPSC-CMs and human mesenchymal stem cell-loaded patches are able to increase cardiac regeneration in a rat model of MI, improving cell retention and engraftment within the myocardium. The presence of human mesenchymal stem cells into the patch is likely providing a favorable microenvironment for vascular regeneration (Park et al., 2019). Very recently, similar work from the group of Charles E. Murry contributed to the field adding an additional layer of complexity to such tissue engineered constructs, and highlighting the importance of vascularization. Indeed, insufficient vascularization is one of the major problem of application of EHT for cardiovascular regeneration (Redd et al., 2019). In this work the authors combined stem cell methodologies and advanced tissue engineering to develop an engineered perfusable microvasculature system; specifically, they assembled ECs generated from ESCs into patterned micro-channels and a collagen matrix and demonstrated that, in these engineered constructs, ECs were able to form de novo vasculature through neo-angiogenesis and vascular remodeling processes. Furthermore, when transplanted in vivo in a rat model of MI, such perfusable microvascular graft integrated with the host coronary with a greater extent compared to non-perfusable constructs. Interestingly, when CMs were also embedded into the grafts, these were shown to support their survival after implantation, further supporting the importance of vascularization in the design of engineered cardiac tissue constructs for regenerative purposes. Altogether these studies showed that cardiac engineered constructs enhance intercellular organization and crosstalk of iPSC-CMs, improving their maturation in vitro, and ameliorate cardiac performance after the transplantation in vivo, thus providing encouraging evidences for their future use to achieve cardiac regeneration in humans.



TRANSDIFFERENTIATION OF NON-CONTRACTILE CELLS: AN ALTERNATIVE APPROACH TO HEART REGENERATION

After myocardial infarction, the heart undergoes pathological remodeling, in order to preserve its function and the structural integrity of the cardiac muscle. During this process, necrotic cardiac tissue is replaced by non-CM components, mostly fibroblasts, that ultimately form fibrotic scar. The recent evidence that it is possible to directly induce the conversion of non-cardiomyocyte cells into CMs have emerged as a promising area to achieve in situ cardiac regeneration, by reducing the extent of the cardiac fibrotic scar (Talman and Ruskoaho, 2016). The first study dates back to 2010 and showed the direct reprogramming of postnatal cardiac or dermal murine fibroblasts into CM-like cells through the supply of a combination of three developmental transcription factors (i.e., Gata4, Mef2c, and Tbx5) (Ieda et al., 2010). In the same study, the authors showed the successful reprogramming into CMs when fibroblasts were transplanted in vivo. Subsequent studies further supported this evidence, showing the possibility to redirect the fate of cardiac fibroblasts (CFs) toward CMs in vivo through different strategies (Nam et al., 2013b; Doppler et al., 2015; Batty et al., 2016; Chen Y. et al., 2017).

Cardiac fibroblasts are abundantly represented in the adult cardiac tissue, where they play a crucial role both in physiological and pathological conditions: they are indeed crucial to maintain the normal cardiac function and are actively involved in cardiac remodeling leading to fibrosis and cardiac dysfunction (Batty et al., 2016). Local administration of the three cardiac transcription factors Gata4, Mef2c, and Tbx5 has been demonstrated to be sufficient to switch murine CFs toward a CM-like phenotype in vivo, and this was associated with a reduction of the infarct size and a modest mitigation of cardiac dysfunction after MI (Qian et al., 2012; Chen Y. et al., 2017). Along the same line, Fu et al. (2015) reported the induction of beating CMs from mouse CFs only by using a chemical cocktail, made of the GSK3β inhibitor CHIR99021, the inhibitor of the TGF-β type 1 receptor RepSox, Forskolin, valproic acid (VPA), the monoamine oxidase inhibitor Parnate, the analog of retinoic acid TTNPB, and the histone methylation inhibitor DZnep (3- deazaneplanocin A). These chemically induced cardiomyocyte-like cells (CiCMs) expressed CM-specific markers and exhibited evidence of sarcomeric organization (Fu et al., 2015).

Achievement of the simultaneous expression of all reprogramming factors in CFs is crucial for determining the efficiency of the reprogramming process. In fact, the reprogrammed fate is acquired within the first 48 h after Gata4, Mef2c, and Tbx5 administration, and represents a critical step to be improved in order to overcome the extremely low efficiency initially reported for CF/CM transdifferentiation (Bektik and Fu, 2019; Stone et al., 2019; Zhang et al., 2019). On this regard, several methodologies have been developed in the recent years to enhance the efficiency of the “classical” transcription factor-based cardiac reprogramming protocol, including epigenetic modulation and treatments with inhibitors or cytokines (Nam et al., 2013a; Chen Y. et al., 2017). Addis et al. (2013) described an approach to optimize the direct conversion of fibroblast to CMs, using a reporter system in which the calcium indicator GCaMP was driven by the CM-specific Troponin T promoter. In addition to Gata4, Mef2c, and Tbx5, the authors also administered Hand2 and Nkx2.5, showing that this new transcription factor combination was 50-fold more efficient than the classical three cardiac transcription factor protocol and was able to induce CMs expressing specific markers and with robust calcium oscillation and spontaneous beating, which persisted after the subsequent inactivation of the reprogramming factors.

Based on this evidence, the possibility to achieve direct reprogramming of CFs into CMs in vivo holds great promise for restoring cardiac function. Diverse strategies have been already proposed, exhibiting a certain rate of success. Among the others, one interesting strategy for directing reprogramming of CFs into CMs relies on the use of microRNAs (miRNAs) (Jayawardena et al., 2012). Synthesized miRNA could be easily administered to cells of interest by lipid-based transfection, showing a low toxicity for the host (Elmén et al., 2008). Jayawardena et al. (2012) demonstrated that in vitro mouse fibroblasts could be directly reprogrammed to a cardiomyocyte-like phenotype using a specific cocktail of miRNAs (miRNAs 1, 133, 208, 499) and JAK inhibition. The “newly” generated CMs showed sarcomere organization and expressed cardiomyocyte-specific genes. At the functional level, the authors reported calcium transient and mechanical contraction (Jayawardena et al., 2012). Likewise, Muraoka et al. (2014) found that miR-133 is able to potentiate cardiac reprogramming by directly repressing Snai1 (master regulator epithelial-mesenchymal transition) and silencing the fibroblast signature. In the same way, Christoforou et al. (2017) described the transdifferentiation of human CFs toward CMs via the delivery of miRNAs miR-1 and miR-133a and the induction of the expression of Gata4, Tbx5, Mef2C, Myocd, and Nkx2.5. However, although the initial excitement on the potential use of direct cell reprogramming to achieve cardiac regeneration, the approach is still rather immature and not sufficiently tested for its translation into the clinic. Indeed, cardiac reprogramming efficiency is still very low (about 20% of cells expressing cardiac markers, corresponding to 1–2% of cells with recordable action potential and functional) and give rise to cardiac cells with an immature phenotype.

In addition to that, we should consider that cardiac reprogramming of human cells is more difficult – and therefore less efficient – compared to the murine counterpart. Wada et al. (2013) reported that the addition of Myocd and Mesp1 to three classical factors (Gata4, Mef2c, and Tbx5) could increase the switch of human cardiac and dermal fibroblasts into CMs. Similarly, Fu et al. (2013) reported that addition of ESRRG and MESP1 genes was able to increase cardiac reprogramming from human cells, and to generate CMs showing sarcomere formation and cardiac-specific gene expression. Despite the low efficiency of the current protocols and the need of further studies to develop new and optimized direct reprogramming strategies, these reports are encouraging about the possibility to apply cardiac reprogramming to regenerative medicine in the future.



CONCLUSION AND FUTURE DIRECTIONS

Although different types of stem cells have been proposed as potential candidates for cardiac regenerative medicine, there is no consensus about which represents the best choice. Given the complexity of cardiac tissue, which is composed by diverse cell types, human PSCs – mostly iPSCs – are certainly among the most relevant sources. In particular, CMs differentiated from iPSC may represent a realistic option for the regeneration of the injured heart. During the last few decades, researchers have made substantial progress in generating iPSC-CMs which have led to a general better understanding the biology of these cells and, to the definition of highly efficient differentiation protocols. A significant number of different cell therapy strategies that employ iPSC-CMs have been proposed to restore cardiac function, ranging from injection of cells alone, to their combination with ECM-like biomaterials, and to more complicated engineered-based strategies, which aim to faithfully recreate the myocardium. The majority of these approaches have shown – at least to some extent – success in mimicking heart cells and improving cardiac function, providing new hope for the replacement of CMs after the irreversible loss of heart tissue occurring during myocardial infarction (Figure 3). Notably, as mentioned before, Menasché et al. (2015) reported the first clinical application of cardiac patches composed of human ESC-derived cardiac progenitor cells in a patient suffering from severe ischemic left ventricle dysfunction, demonstrating the possibility to use a engineered-based approaches for cardiac repair.


[image: image]

FIGURE 3. hPSC-based bioengineering strategies for cardiac regeneration. The panel (A) shows a schematic representation of the different hPSC-based methodologies used for regenerative purposes in the cardiac field. The panel (B) provides a time line that summarizes the key milestones reached in the field, starting from the simple injection of hPSC-CMs into the heart to the development of tissue-like structures with enhanced hPSC-CM maturation, more complex perfusable and personalized constructs and injectable hydrogels.


More recently, iPSC-based therapies are taking over ESCs, offering a solution that overcomes ethical issues related to the use of embryo-derived material and offering a source of autologous cells for transplantation. Few clinical studies using iPSC-derived cells have already started to treat patients suffering from different diseases, such as neovascular age-related macular degeneration and Parkinson disease (Barker et al., 2017; Mandai et al., 2017). Some progress in this regard is being made also in the cardiovascular field: in May 2018, Japan’s government approved the transplantation of cardiac sheets made of CMs derived from human iPSCs to treat three patients suffering from heart disease (Cyranoski, 2018). Regardless of the questions arising with respect to this decision and whether or not it was too early to jump into clinics for iPSCs in the heart, results from this clinical trial (not available yet) will surely be crucial to set the stage for this kind of treatment in the cardiovascular field.

In this scenario, tissue engineering has emerged in the last years as a new field of research applied to cardiac tissue repair for developing improved strategies to treat cardiac dysfunctions after injury. Advantages of tissue-engineering based methodologies rely on the possibility to provide CMs with the biological environment mimicking that of the heart tissue: tissue engineering allows the creation of suitable three-dimensional matrices resembling the physico-chemical properties of the myocardium in which cells are maintained viable and functional, and therefore with a higher chance to positively act on cardiac regeneration (Table 2).


TABLE 2. Overview of iPSC-based 3D cell culture approaches.

[image: Table 2]The progress made by tissue engineering technologies has been encouraging. Indeed, with currently available methodologies, it is feasible to create bio-supports able to incorporate the cells needed for the regeneration of cardiac tissue. However, besides the milestones reached thus far, significant improvements are still mandatory before we could consider their routine use in the clinical field for treatment of patients suffering from myocardial diseases. These improvements mainly regard scaffold production, through the careful analysis of biocompatibility and mechanical properties of the engineered constructs developed for the clinics. Also, further investigations on the interaction occurring between cells and the ECM and vascular integration with the host are highly desirable in order to further ameliorate tissue engineering-based supports, hopefully opening new doors for cardiac regeneration therapy via tissue engineering strategies. In this scenario, the possibility to directly convert fibroblast into CMs in vivo in the infarcted heart has emerged as potential option for cardiac regeneration. However, despite the promising results obtained by preclinical research, the approach is still rather immature for its clinical translation and further investigations are needed to develop effective and more efficient strategies to achieve cardiac regeneration in vivo.
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Decellularized-organ-derived extracellular matrix (dECM) has been used for many years in tissue engineering and regenerative medicine. The manufacturing of hydrogels from dECM allows to make use of the pro-regenerative properties of the ECM and, simultaneously, to shape the material in any necessary way. The objective of the present project was to investigate differences between cardiovascular tissues (left ventricle, mitral valve, and aorta) with respect to generating dECM hydrogels and their interaction with cells in 2D and 3D. The left ventricle, mitral valve, and aorta of porcine hearts were decellularized using a series of detergent treatments (SDS, Triton-X 100 and deoxycholate). Mass spectrometry-based proteomics yielded the ECM proteins composition of the dECM. The dECM was digested with pepsin and resuspended in PBS (pH 7.4). Upon warming to 37°C, the suspension turns into a gel. Hydrogel stiffness was determined for samples with a dECM concentration of 20 mg/mL. Adipose tissue-derived stromal cells (ASC) and a combination of ASC with human pulmonary microvascular endothelial cells (HPMVEC) were cultured, respectively, on and in hydrogels to analyze cellular plasticity in 2D and vascular network formation in 3D. Differentiation of ASC was induced with 10 ng/mL of TGF-β1 and SM22α used as differentiation marker. 3D vascular network formation was evaluated with confocal microscopy after immunofluorescent staining of PECAM-1. In dECM, the most abundant protein was collagen VI for the left ventricle and mitral valve and elastin for the aorta. The stiffness of the hydrogel derived from the aorta (6,998 ± 895 Pa) was significantly higher than those derived from the left ventricle (3,384 ± 698 Pa) and the mitral valve (3,233 ± 323 Pa) (One-way ANOVA, p = 0.0008). Aorta-derived dECM hydrogel drove non-induced (without TGF-β1) differentiation, while hydrogels derived from the left ventricle and mitral valve inhibited TGF-β1-induced differentiation. All hydrogels supported vascular network formation within 7 days of culture, but ventricular dECM hydrogel demonstrated more robust vascular networks, with thicker and longer vascular structures. All the three main cardiovascular tissues, myocardium, valves, and large arteries, could be used to fabricate hydrogels from dECM, and these showed an origin-dependent influence on ASC differentiation and vascular network formation.

Keywords: hydrogels, extracellular matrix proteins, tissue engineering, regenerative medicine, biocompatible materials, biomimetic materials, tissue scaffolds, tissue decellularization


INTRODUCTION

Decellularized organ-derived extracellular matrix (dECM) has been used for many years in tissue engineering and regenerative medicine (Conklin et al., 2002; Dahl et al., 2003; Schenke-Layland et al., 2003). Decellularization of the extracellular matrix can be achieved through different physical, chemical or biological processes, including freeze/thaw cycles, use of organic detergents, and mild treatment with proteolytic enzymes (Crapo et al., 2011; Hrebikova et al., 2015; Keane et al., 2015; Leonel et al., 2017; Kawecki et al., 2018). Commonly, different processes are combined or used sequentially, so as to decrease the damage caused by each of them to the extracellular matrix but, at the same time, to potentiate the decellularization protocol (Crapo et al., 2011; Kawecki et al., 2018). In dECM, both the structure and biochemical composition of the original tissue are largely retained which renders dECM a promising candidate for cell culture and tissue engineering (Hoshiba et al., 2010, 2016; Cigliano et al., 2012; Petersen et al., 2012; Poornejad et al., 2016). Also, regeneration-related processes such as recruitment of progenitor cells, induction of cell migration and proliferation, and M2 polarization of in macrophages appear to occur upon in vivo administration of dECM (Reing et al., 2009; Agrawal et al., 2011; Brown and Badylak, 2014; Dziki et al., 2017). In general, the large(r) macromolecules of ECM such as polysaccharides (glycosaminoglycans and proteoglycans) as well as constructive proteins (collagens, basement membrane proteins, and fibronectin to mention a few) remain after decellularization because of their size and their intermolecular crosslinks. Smaller ECM constituents such as growth factors, chemokines, and other small signaling molecules are largely washed out.

Originally, decellularization of whole organs was intended to reseed stem cells or parenchymal cells to recreate the organ. More recently, clinical interest shifted to use dECM, as powder or as hydrogel, for repair and regeneration purposes of organ damage more than as replacement therapy (Adam Young et al., 2011; Wolf et al., 2012; Mercuri et al., 2013; Fu et al., 2016; Ungerleider et al., 2016; Saldin et al., 2017). Hydrogels derived from dECM are tuneable with respect to biochemical parameters via loading with growth factors, stem cells while their physical parameters such as stiffness and viscoelasticity are tuneable too (Adam Young et al., 2011; DeQuach et al., 2012; Seif-Naraghi et al., 2012; Ungerleider et al., 2015; Wu et al., 2015). The use of 3D bioprinting, though in its infancy with dECM-derived hydrogels, enables to print predetermined shapes and geometries of factor and cell-loaded gels.

Traditionally, cardiovascular tissue engineering has focused on replacement tissue for coronary arteries, cardiac valves as well as left ventricular myocardium with no definitive success for any of these three (Singelyn et al., 2009, 2012; Seif-Naraghi et al., 2010, 2012; Duan et al., 2011; Johnson et al., 2011, 2014; O'Neill et al., 2013; Grover et al., 2014; Pok et al., 2014; Russo et al., 2015; Ungerleider et al., 2015, 2016; Kappler et al., 2016; Stoppel et al., 2016; Wassenaar et al., 2016a,b; Efraim et al., 2017; Fercana et al., 2017; Jang et al., 2017; Wang et al., 2017; Seo et al., 2018). Most of these efforts used collagen or single ECM molecule-based scaffolds besides a host of synthetic polymer materials. We reasoned that regeneration of damaged specific cardiac compartments (myocardium, valve, or arteries) would benefit from the use of dECM hydrogels derived from that same compartment. In other words, we hypothesized that dECM-derived hydrogels from myocardium, valves, and aorta would differ in biological and physical features.



METHODS

An illustrative overview of the methods used for the fabrication of dECM-derived hydrogels is presented in Figure 1. Detailed description is described below.


[image: Figure 1]
FIGURE 1. Illustrative overview of the methods used to produce hydrogels derived from decellularized extracellular matrix.



Extracellular Matrix Decellularization and Characterization
 
Decellularization Protocol

Porcine hearts (12-week old pigs) were bought from a local slaughterhouse (Kroon Vlees, Groningen, Netherlands) and dissected to separate the left myocardial tissue, the mitral valve, and the aorta. The tissues were washed at room temperature (RT) in phosphate buffer saline (PBS) and triturated in a commercial blender until pieces were smaller than 1 mm. Following a second wash in PBS, tissue material was sonicated for 1 min at 100% power, washed a third time and incubated in 0.05% trypsin (Gibco, Thermo Fisher Scientific, Waltham, USA) in PBS at 37°C for 3 h under constant shaking. After trypsin treatment, tissue material was washed again with PBS and frozen at −20°C overnight. After thawing, tissue material was incubated in demineralized water (dH2O) for 3 h and then in saturated sodium chloride solution (NaCl, 6M) for another 3 h, both steps at 37°C while shaking continuously. This followed by a wash with 70% ethanol for 10 min and dH2O for another 10 min. Afterwards, tissue material treated with 1% sodium dodecyl sulfate (SDS) (Sigma-Aldrich, St. Louis, USA) in water for 12 h, washed three times with dH2O, incubated with 1% Triton X-100 (Sigma-Aldrich, St. Louis, USA) in water for 12 h, washed three times with dH2O, incubated with 1% sodium deoxycholate (Sigma-Aldrich, St. Louis, USA) in water for 12 h and, again, washed three times with dH2O, all steps while shaking continuously. After these detergent treatments, tissue material was incubated for 24 h with DNAse solution [30 μg/ml DNAse (Worthington Biochemical Corporation, Lakewood, USA), 1.3 mM MgSO4, 2 mM CaCl2] at 37°C and continuous shaking. After DNAse treatment, the decellularized tissue remainder i.e., extracellular matrix (dECM) was washed three times with dH2O and stored at 4°C in 1% penicillin/streptomycin (#15140122, Gibco Invitrogen, Carlsbad, USA) in sterile PBS.

The dECM characterization was comprised of quantification of residual nuclei, genomic DNA, histochemical stainings (Hematoxylin/Eosin and Movat's Pentachrome), quantification of GAG contents and identification of proteins by mass spectrometry.



Residual Nuclei and DNA Quantification

For evaluating residual nuclei, native and dECM samples were stained with 4′,6-diamidino-2-phenylindole (DAPI) (4 μg/ml; #D9542-5MG, blue; Sigma-Aldrich, St. Louis, USA) and visualized with an Evos FL fluorescence microscope system (Thermo Fisher Scientific, Waltham, United States).

To isolate genomic DNA freeze-dried native and dECM samples (n = 3) were weighed and separated as samples of 10–15 mg in a 1.5 mL microfuge tube. Each sample was digested at 55°C in a solution containing 5 μL proteinase K (#3115828001, Roche, Basel, Switzerland), 50 μL 10% SDS, and 500 μL SE-buffer (75 mM NaCl; 25 mM EDTA; pH 8.0) overnight. Following the enzymatic digestion, 222 μL of 6 M NaCl and 777 μL chloroform were added and samples thoroughly shaken on a top-over-top rotator at room temperature (RT) for 1 h and centrifuged at 10,000 × g at 20°C for 10 min. After centrifugation, the upper layer was transferred to a new tube, and an equal volume of ice-cold isopropanol was added and gently mixed until DNA precipitated (if any). The DNA was collected by centrifugation at 10,000 × g at 4°C for 15 min. The DNA pellet was washed with 0.5 mL ice-cold 70% ethanol centrifuged at 10,000 × g at 4°C for 5 min. Upon removal of the supernatant, the pellet was left to air-dry in RT. The DNA was dissolved in 100 μL 10 mM Tris, 0.1 mM EDTA, pH 8.0 at 55°C and quantified with NanoDrop equipment (Thermo Scientific, Hemel Hempstead, United Kingdom).



Histochemical Analysis

For histochemical stainings, samples of native and dECM were fixed with 4% paraformaldehyde (PFA) in PBS for 1 h, washed with PBS twice, and embedded in paraffin. Five micrometer sections were mounted on glass microscope slides, deparaffinized, stained with Hematoxylin/Eosin (HE) or Movat's pentachrome stain, mounted with mounting medium and visualized with a light microscope (DM IL, Leica Microsystems, Wetzlar, Germany). All samples were stained simultaneously to rule out the influence of staining variations among groups.



GAG Quantification

The concentration of sulfated glycosaminoglycans (sGAG) was measured using the 1,9-dimethylmethylene blue (DMMB) assay, according to the protocol of Farndale et al. (1982). Briefly, dECM samples (n = 3) were weighed and separated as samples of 10–15 mg in a 1.5 mL microfuge tube. Each sample was digested at 55°C in a solution containing 5 μL proteinase K (#3115828001, Roche, Basel, Switzerland), 50 μL 10% SDS, and 500 μL SE-buffer (75 mM NaCl; 25 mM EDTA; pH 8.0) overnight. After digestion, DMMB staining solution (10:1 to the initial volume) was added to the samples and excitation was measured at 525 nm and 595 nm using a spectrophotometer. A titration curve of serially diluted chondroitin sulfate C (#C4384-250 mg, Sigma-Aldrich, St. Louis, USA) was used as control.



Mass Spectrometry

Samples (n = 3) of dECM from the three different types of cardiovascular tissue, resp. the left ventricle, mitral valve, and aorta, were submitted to mass spectrometry analyses to determine the protein composition in the decellularized tissue. Lyophilized dECM was milled to a fine powder and digested in pepsin (#P6887; >3,200 IU; Sigma-Aldrich, St. Louis, USA) solution. The digested solution was ultrafiltrated using centrifugal filter units (Millipore, Billerica, USA) to remove undigested tissue debris. Liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis was performed using an integrated system composed of nano-LC (Tempo nano-LC system, MDS SCIEX, Ontario, Canada) and a Quadrupole-TOF MS/MS spectrometer (QStar Elite, Applied Biosystems, Foster City, USA) equipped with a nano-electrospray ionization source at an ion spray voltage of 2.3 keV. Solutions containing pepsin-digested protein fragments were injected into the nano-LC-MS/MS system and then separated on a Zorbax 300SB-C18 capillary column (Agilent Technologies, Palo Alto, USA). The loaded samples were eluted with a 2–35% gradient of solvent B for 30 min, then a 35–90% gradient for 10 min, followed by 90% solvent B for 5 min, and finally 5% solvent B for 15 min at a flow rate of 300 nL/min. Solvent A consisted of water/acetonitrile (98/2 [v/v]) and 0.1% formic acid, and solvent B consisted of water/acetonitrile (2/98 [v/v]) and 0.1% formic acid. Data acquisition and processing were performed with Analyst QS 2.0 software (Applied Biosystems, Foster City, United States). Generated MS/MS data were compared to the UniProtKB database for Sus scrofa.




dECM Hydrogels Fabrication and Characterization
 
dECM Gelation

For dECM gelation, the decellularized extracellular matrices of the three cardiovascular tissues were lyophilized and milled to a fine powder. The resulting dECM powder was digested with pepsin (#P6887; >3,200 IU; Sigma-Aldrich, St. Louis, USA) in hydrochloric acid solution (20 mg/mL dECM, 2 mg/mL pepsin, 0.01 M HCl) for 6 h at RT and constant stirring. After digestion, the solution pH was raised with sodium hydroxide (1/10 of solution volume, 0.1 M NaOH) and the electrolytes equilibrated with PBS (1/10 of solution volume, 10x PBS). The resulting solution was stored in liquid form (pre-gel) at 4°C or transformed into hydrogel by warming to 37°C for 1 h.



Scanning Electron Microscopy of dECM Hydrogels

Hydrogels derived from all the three different tissues were gelated and freeze-dried in a lyophilizer for 3 days. Samples were, then, analyzed with a tabletop scanning electron microscope (SEM, Hitachi TM3000, Hitachi High-Technologies, Japan). Images were acquired using 5 kV and 100X augmentation. The same settings were used for all the three specimens.



Biomechanical Properties of dECM Hydrogels

Hydrogels derived from the left ventricle, mitral valve, and aorta were subjected to compressive loading using a low load compression tester (LLCT), as described previously with minor modifications (Sharma et al., 2011; Peterson et al., 2013; Nibourg et al., 2015). Two hundred microliter of the hydrogel was placed inside polydimethylsiloxane (PDMS) donut-shaped support on top of a microscope glass slide, which were both placed on the load cell. First, gel thickness was measured by letting the stainless-steel plunger (diameter, 25 mm) drop down till it touched the glass surface; this position was recorded as the bottom of the gel. Then the gel was placed under the plunger and the top of the gel was determined, the difference in position between the top and bottom of the gel was taken as the thickness. Plunger dropped at a speed of 5 μm/s until it experienced a counterforce of 0.0981N and this was defined as touch. Next, the gel was deformed by 20% (strain = 0.2) i.e., to 80% of its original thickness within 1 s (strain rate of 0.2 s−1) and the plunger was kept in this position for another 100 s. Gel stiffness was determined during the first second of experiment i.e., while the plunger was deforming the gel as the slope of the stress-strain curve. During the next 100 s the strain was kept constant (at 0.2) while the stress was observed to continuously decrease with time [σ(t)]. This stress relaxation at constant strain is proof that the gels are not elastic but viscoelasticity in nature. The viscoelastic properties were determined by dividing the decreasing stress with constant strain (0.2) to get E(t) (=((t)/0.2). A generalized Maxwell model was fit to E(t) in the form of Equation (1).
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Each Maxwell element corresponds to one [image: image] term in Equation (1) where i varies from 1 to n. A Maxwell element is characterized by its modulus i.e., Ei and relaxation time constant i.e., τi for which it remains active. Model fitting was performed with the Microsoft Excel 2016 Solver module, imposing positive values for physical relevance. Fitting started with one Maxwell element with an addition of a new element until the Chi-square (error function) kept on decreasing. Each element was assigned with a relative importance (RIi) within each experiment on the basis of the value of its spring constant, Ei, and calculated using (Equation 2).
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In order to average replicate measurements and compare different hydrogels based on their viscoelasticity, each Maxwell element was assigned to a relaxation time range. Four log scale-based relaxation time ranges were defined i.e., 0–1 s, 1–10 s, 10–100 s, and 100–1,000 s.




In vitro Influence of dECM Hydrogels on Mesenchymal and Endothelial Cells in 2D and 3D Cultures
 
Adipose Tissue-Derived Stromal Cell Culture and Differentiation on the dECM Hydrogels

Human ASC were isolated as described previously (Tuin et al., 2010). Briefly, human abdominal fat was obtained by liposuction, washed with phosphate-buffered saline (PBS) and digested enzymatically with 0.1% collagenase A (Roche Diagnostic, Mannheim, Germany) in PBS with 1% bovine serum albumin (BSA; Sigma-Aldrich, Boston, USA). The tissue was shaken constantly at 37°C for 2 h. After this, the digested tissue was mixed with 1% PBS/BSA, filtered, centrifuged and the cell pellet was resuspended in Dulbecco's Modified Eagle's Medium (DMEM; #12-604F, Lonza, Basel, Switzerland) with 10% fetal bovine serum (FBS; #F0804, Sigma-Aldrich, Missouri, United States), 1% penicillin/streptomycin (#15140122, Gibco Invitrogen, Carlsbad, USA), and 1% L-glutamine (#17-605E, Lonza Biowhittaker, Verviers, Belgium). Cells were cultured at 37°C in a humidified incubator with 5% CO2. The medium was refreshed every 2 days. Confluent cells were passed at a ratio of 1:3.

To assess the influence of hydrogel surfaces on the proliferation and differentiation of ASCs, wells of 24-well plates were covered with 200 μL of the pre-gel solutions from the three different ECM sources and allowed to gelate at 37°C for 1 h. ASC (P3 to 5) were seeded at 10,000 cells/cm2 on the dECM hydrogels. Cells were cultured in Dulbecco's modified Eagle's medium (DMEM, Lonza, Verviers, Belgium) supplemented with 10% fetal bovine serum (FBS) (Thermo Scientific, Hemel Hempstead, United Kingdom), 1% L-glutamine (Lonza, Verviers, Belgium), and 1% penicillin/streptomycin (Gibco Invitrogen, Carlsbad, USA) at 37°C in a humidified incubator with 5% CO2. As a control, ASC were seeded on tissue culture plastic in the same medium and at the same density. Seeded ASCs were stimulated with 10 μg/ml TGFβ-1 (PeproTech, London, United Kingdom) while non-stimulated cultures served as control. Stimulation was for 7 days and the medium was refreshed every 2 days.

Cells were washed with PBS and fixed with 2% paraformaldehyde in PBS for 30 min, washed with PBS twice, permeabilized with 0.5% Triton X-100 in PBS for 15 min and blocked with 1% BSA and 5% donkey serum solution in PBS for 15 min to avoid non-specific binding. Myogenic differentiation was assessed by staining with rabbit anti-SM22α primary antibody (1:800; Abcam, Cambridge, United Kingdom) for 2 h, washing with 0.05% Tween in PBS and detection with donkey anti-rabbit Alexa Fluor® 647 secondary antibody (1:800; red; Abcam, Cambridge, United Kingdom) for 1 h at room temperature. The cytoskeleton was stained by Phalloidin Alexa Fluor® 488 (1:400; green; ThermoFisher, Waltham, USA) and nuclei were stained with DAPI (4 μg/ml; #D9542-5MG, blue; Sigma-Aldrich, St. Louis, USA). SM22α expression was calculated by the normalized total cell fluorescence (CTCF) method as previously described (McCloy et al., 2014; Liguori et al., 2019), and plotted as the fold-change relative to the non-stimulated tissue culture plastic control. Briefly, the corrected total cell fluorescence (CTCF) is calculated as the integrated density (ID) subtracted of the product between the area covered by cells (A) and the mean fluorescence of background readings (B), i.e., CTCF = ID – (A × B).



Vascular Network Formation (VNF) in dECM Hydrogels

ASC and human pulmonary microvascular endothelial cells (HPMEC) were co-cultured inside the hydrogels to determine their 3D VNF potential. The HPMEC [HPMEC-ST1.6R (Krump-Konvalinkova et al., 2001), kind gift of dr. Unger, Johannes-Gutenberg University, Mainz, Germany] were seeded on gelatin-coated plates (1% gelatin solution in PBS) at a density of 35,000 cells/cm2 and cultured until confluency in endothelial culture medium composed of RPMI-1640 basal medium (#BE04-558F, Lonza, Basel, Switzerland) with 10% heat-inactivated fetal bovine serum (FBS; #F0804, Sigma-Aldrich, Missouri, United States), 1% penicillin/streptomycin (#15140122, Gibco Invitrogen, Carlsbad, USA), 1% L-glutamine (#17-605E, Lonza Biowhittaker, Verviers, Belgium), 5 U/mL heparin (LEO Laboratories Limited, Ballerup, Denmark), and 50 g/mL bovine brain extract (BBE, in-house preparation). Cells were kept at 37°C with a minimum relative humidity of 95% and 5% CO2.

For the determination of 3D VNF, ASC and HPMEC were seeded inside the three different pre-gels at a final density of 1 × 106 per mL, at an ASC:HMVEC ratio of 1:2. Pre-gels were prepared as described and adjusted to 1x DMEM by addition of 1/10th of the volume of 10x DMEM. After pre-gels were mixed with the cells, 200 μL of the suspension was pipetted inside wells of an 8-well Chamber Slide™ System (ibidi GmbH, Gräfelfing, Germany) and incubated at 37°C for 1 h. Upon gelation, 200 μL endothelial culture medium was added per well. Cells were cultured for 7 days and medium refreshed every 2 days.

After PBS washes, cell-loaded dECM hydrogels were fixed with 4% PFA in PBS for 1 h, washed with PBS twice, frozen in liquid nitrogen, cryosections (50 μm) were deposited on microscope slides. Samples were permeabilized with 0.5% Triton X-100 in PBS for 15 min and blocked with 1% BSA and 5% donkey serum solution in PBS for 15 min. To assess 3D VNF, samples were incubated overnight with rabbit anti-SM22α (1:400; #ab14106, Abcam, Cambridge, UK) for detection of ASC-derived pericytes (Hajmousa et al., 2018; Terlizzi et al., 2018) and mouse anti-human PECAM-1 (1:100, #M0823, Dako, Glostrup, Denmark) to detect endothelial cells, washed with 0.05% Tween in PBS and incubated with donkey anti-rabbit IgG (H+L) Alexa Fluor® 594 (1:400; #A-21207, Life Technologies, Carlsbad, United States) and donkey anti-mouse IgG (H+L) Alexa Fluor® 488 (1:400; #ab150105, Abcam, Cambridge, UK) at RT for 1 h. Nuclei were stained with DAPI (4 μg/ml; #D9542-5MG, Sigma-Aldrich, Missouri, United States). Confocal laser scanning microscope (TCS SP8, Leica Microsystems, Wetzlar, Germany) was used to acquire Z-stack images at 20x magnification. 3D vascular network formation was evaluated qualitatively in 3D reconstructed images post-processed using ImageJ 3D viewer plugin, and quantitatively by the fluorescence intensity of PECAM-1 labeling. In our experience, ASC do not express PECAM-1 when cultured in the endothelial culture medium, thus this marker solely visualized vascular-like structures in our system.




Statistical Analysis

All data were obtained from at least three independent experiments. Data are presented as the mean ± standard error of the mean (SEM). Graphs and statistical analysis were done using GraphPad Prism (Version 6.01; GraphPad Software, Inc., La Jolla, United States). Differences between and among groups were analyzed by Student's t-test, One-way ANOVA with Sidak's multiple comparison test or Two-way ANOVA with Holm-Sidak multiple comparison test.




RESULTS


Decellularization of Cardiac Tissue Efficiently Removed Cellular Constituents and Maintained Extracellular Matrix Structure and Components

Porcine cardiac components i.e., left ventricle, mitral valves, and aorta were subjected to a rigorous decellularization procedure to generate cell-free extracellular matrix (dECM). The presence of remaining DNA in the decellularized ECM was assessed both by detection of nuclei with DAPI and by quantification of residual genomic DNA. For all three tissues, only rare disperse nuclei could be detected after decellularization (Figure 2A). The same finding was corroborated in Hematoxylin/Eosin-stained sections (Figure 3A) and Movat's Pentachrome stainings (Figure 3B). Genomic DNA quantification showed a near 99% reduction (Figure 2B, n = 3), in all three types of ECM compared to native tissue. The dECMs contained <50 ng/mg of DNA per dry weight, the standard maximal value for decellularized tissues (Crapo et al., 2011).


[image: Figure 2]
FIGURE 2. (A) Residual nuclei. Fluorescence overlay on brightfield. (B) DNA quantification. **p < 0.01. The dotted line represents the maximum accepted DNA concentration for decellularized tissues. Data derived from three independent experiments.



[image: Figure 3]
FIGURE 3. Histological analysis. (A) H&E staining of the native and decellularized left ventricle, mitral valve, and aorta tissues. (B) Movat's pentachrome stain of the native and decellularized left ventricle, mitral valve, and aorta tissues; muscle in dark red, collagen and reticular fibers in yellow, nuclei and elastin fibers in black, GAGs in blue, and fibrin in bright red.


Hematoxylin/Eosin (Figure 3A) and Movat's pentachrome (Figure 3B) stained sections showed that the ECM organization was unaffected i.e., comparable to controls (native tissue, Figure 3). The original tissues, and consequently the dECM, presented diverse GAG content: mitral valves contained little more than 30 μg/mg of GAGs, aorta about 20 μg/mg and left ventricular myocardium about 15 μg/mg. The final percentage of GAGs content in the dECM was more than fifty percent of that present in the original tissue for all the three tissues (Figure 4).


[image: Figure 4]
FIGURE 4. GAG quantification in the native and decellularized left ventricle, mitral valve, and aorta tissues (μg/mg of dry weight). *p < 0.05 and **p < 0.01. Data derived from three independent experiments.




Decellularized Cardiovascular Tissues Differ in Protein Composition

The protein composition of the extracellular matrix from the three cardiovascular tissues (left ventricle, mitral valve, and aorta) was investigated with mass spectrometry. A total of 64 different ECM proteins was identified and their spectral percentage i.e., the proportional number of molecules of each ECM protein in the samples is given in Table S1. A summary of the results is in Figure 5.


[image: Figure 5]
FIGURE 5. Mass spectrometry analysis. Relative protein abundance (% of ECM spectra). The sum of the parts may be less than or greater than 100% because this graphical representation takes into account only the mean values, without standard deviations. Data derived from three independent experiments.


The proteomics analyses (n = 3) showed that all three tissues contained collagens as their main ECM component, representing around 76% of left ventricle dECM, 56% of mitral valve dECM, and 37% of aortic dECM. The detailed distribution of the 64 proteins, including collagen types, is described in Table S1. When different types and isoforms of collagens were analyzed separately, it was demonstrated that ventricular ECM presented higher amounts of collagen III alpha-1 chain, collagen IV alpha-1 chain, collagen IV alpha-2 chain, and collagen VI alpha-2 chain when compared to both valvar and aortic ECM. A significant difference was also demonstrated for collagen VI alpha-3 chain, such as it was more expressed in the valvar ECM, corresponding to the main ECM protein in this tissue. Elastin, in turn, was found in expressive quantity in the aortic tissue (~15%), but not in the other two cardiovascular ECM, in which it was found only in scanty amounts (<1%). Another fibrillar ECM protein found in mass spectrometry analysis was fibronectin, representing between 2.7 and 4.1% of all the ECM proteins for all the three tissues, without significant differences among them.

Laminins, a basement membrane constituent, were found in a less expressive, but still representative, amount. The ventricular ECM was the one presenting the higher quantity of laminins (5%), while the valvar ECM was the one presenting the less amount (0.4%), with an intermediate percentage for the aortic dECM (2.5%). The analysis of different isoforms of laminins showed significant differences for laminin subunit alpha-2 and for laminin subunit gamma-1, such as these isoforms were more expressed in the ventricle ECM than in the other cardiovascular tissues. Perlecan, another basement membrane constituent, was also found in a significant higher amount in ventricular (10%) and aortic (7.3%) ECM, when compared to the valvar (1.5%) ECM. Other main proteoglycans found in the three cardiovascular ECM were versican and biglycan. Versican was found in similar amounts in both the valvar (7.3%) and aortic (8.6%) ECM, but interestingly not found in the ventricular ECM. Finally, biglycan (a TGF-β co-receptor) was significantly more expressed in the aortic (5.7%) ECM than in the other two cardiovascular tissues, representing around 1% for the ventricle and mitral valve dECM.

Other ECM proteins found were fibulins, periostin, cartilage intermediate layer protein 2 (CILP-2), elastin microfibril interfacer 1 (EMILIN-1), latent-TGF-β-binding protein, and lysyl oxidase. Fibulins represented an important amount of the proteins found in cardiovascular ECM, particularly in the aortic tissue. The three types of fibulins found in mass spectrometry were fibulin-1, fibulin-2, and fibulin-5, such as the first two were found in lesser amount—and in similar distribution among the tissues—than the last. Fibulin-5, in turn, was expressed in a significantly higher amount in the aortic tissue (6.9%) when compared to both other cardiovascular ECM (<2% for both). Periostin was found in considerable amounts (8.2%) in the valvar ECM, but was almost non-existent in the other two ECM (<1%), although this difference did not reach statistical significance. CILP-2 was found in considerable quantity in the valvar tissue (3.7%), but not in ventricular or aortic ECM. EMILIN-1, a glycoprotein responsible for the interface between elastin and microfibrils, was only found in the aortic ECM, similarly to lysyl oxidase, an extracellular copper-dependent enzyme responsible for the cross-linking between collagen and elastin (and also between collagen fibers), which was found in greater amount in the aortic ECM (1.4%). Finally, latent-TGF-β-binding protein, which regulates TGF-β bioavailability, was also only found in the aortic ECM.



Hydrogels Derived From the Left Ventricle, Mitral Valve, and Aorta dECM Vary in Structural Morphology and Mechanical Properties

Scanning electron microscopy (SEM) demonstrated that the three hydrogels present considerably different structural morphology (Figure 6). The ventricle-derived hydrogel showed a pattern resembling a dense grouping of plate-like structures. Aorta-derived hydrogels, in turn, exhibited a network of honeycomb-like pores. Finally, mitral valve-derived hydrogels displayed another distinct pattern, with millefeuille-like sheets of extracellular matrix allocated in several very thin layers.


[image: Figure 6]
FIGURE 6. Scanning electron microscopy of the left ventricular, mitral valve, and aortic dECM hydrogels.


The stress vs. strain curves for the hydrogels derived from the three cardiovascular dECM were plotted for hydrogels with 5, 10, and 20 mg/mL dECM concentration and stiffness was calculated as the slope of the stress vs. strain curve (Figure 7, Table 1, n = 3). The stiffness increased, for all tissues, with the increase of ECM concentration (Two-way ANOVA, concentration factor, p < 0.0001). For 5 and 10 mg/mL ECM concentrations, no statistically significant differences were found among the hydrogels. For 20 mg/mL ECM concentration, however, hydrogels derived from aortic ECM proved to be significantly stiffer than both the ventricular and valvar hydrogels (Two-way ANOVA, hydrogel factor, p = 0.0002; Holm-Sidak multiple comparison test: left ventricle vs. aorta p = 0.0001, mitral valve vs. aorta p = 0.0001).


[image: Figure 7]
FIGURE 7. Stress vs. strain curves measured at a strain rate of 0.2 s−1 for the three hydrogels at different concentrations: (A) ventricle hydrogel, (B) mitral valve hydrogel, and (C) aorta hydrogel. (D) Hydrogels stiffness of the three hydrogels in different concentrations. ***p = 0.0001. Data derived from three independent experiments.



Table 1. Mechanical properties of the three different hydrogels.
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The stress relaxation over time was plotted and the generalized Maxwell model was fitted to the data. Each hydrogel was described according to their relaxation time constants (t), spring constants (Ei), and relative importance (Figure 8, Table 1, n = 3). The stress relaxation curves showed that left ventricular hydrogels started with a low stress value, but kept higher residual stress, while the aortic hydrogels started with a higher stress value and presented an important relaxation, reaching zero within the 100 s of follow-up. Mitral valve hydrogels, in turn, started with low stress values, relaxed quickly reaching zero within the 100 s. This indicates that ventricular hydrogel behaved more like viscoelastic solid, whereas the aorta and valvar hydrogel like a viscoelastic liquid.


[image: Figure 8]
FIGURE 8. Stress relaxation behavior of 20 mg/ml hydrogels and the average Maxwell model fitting output. (A) Hydrogels stress relaxation curves and their respective averaged Maxwell model equations. Relaxation time constants (t), spring constants (Ei), and relative importances (RI) are shown for the first (B,F,J), second (C,G,K), third (D,H,L), and fourth (E,I,M) Maxwell elements. *p < 0.05 and **p < 0.01. Data derived from three independent experiments.


Left ventricle hydrogel resolved in four Maxwell elements, while mitral valve and aortic hydrogels resolved in three Maxwell elements to fit to measured stress relaxation. For all the three hydrogels, the first Maxwell element presented the highest impact, representing around 37, 51, and 76% of the relaxation in, respectively, the ventricular, valvar, and aortic hydrogels. The relative importance of the second Maxwell element varied between 18 and 23% among the hydrogels, while these values were between 11 and 24% for the third Maxwell element. The fourth Maxwell element represented a significant relative importance for the ventricular hydrogels, of around 26%. The Maxwell elements, for all hydrogels, were defined according to their t values. The first Maxwell element showed different Ei and relative importance (RIi) values among the hydrogels. Ei values were higher for the aortic hydrogel when compared to both the left ventricular and mitral valve hydrogels (One-way ANOVA, p = 0.0005; Holm-Sidak multiple comparison test: left ventricle vs. aorta p = 0.0009, mitral valve vs. aorta p = 0.0009). The first Maxwell element had a stronger impact in aortic hydrogels compared to left ventricle hydrogels, with the valvar hydrogels showing a relative importance value in between (One-way ANOVA, p = 0.0087; Holm-Sidak multiple comparison test: left ventricle vs. aorta p = 0.0093, left ventricle vs. mitral valve p = 0.0492). The Ei or RIi of the second and the third Maxwell element did not differ.



Hydrogels Derived From the Left Ventricle, Mitral Valve, and Aorta dECM Differ in Bioactivity

After 7 days of culture, ASCs had formed confluent monolayers on tissue culture plastic (TCP), and on the left ventricle and aortic dECM hydrogels (Figures 7A,B,D). In these cases, the ASC had actin filaments throughout their cytoplasm. On mitral valve dECM hydrogel, ASCs had aggregated and formed long cytoplasmic protrusions (Figure 9C, arrows).


[image: Figure 9]
FIGURE 9. ASC cultured for 7 days on top of tissue culture plastic (TCP), left ventricular, mitral valve, and aortic dECM hydrogels stained for phalloidin. (A) TCP, (B) ventricle, (C) mitral valve, and (D) aorta.


Our earlier research showed that TGF-β1 stimulation efficiently differentiates ASCs into smooth muscle cells (SMC). Seven days of TGF-β1 stimulation, on TCP indeed differentiated ASC in SM22α-expressing SMC (Figure 10, n = 3), while only few ASC normally expressed SM22α. In contrast, TGF-β1 stimulation of ASCs on left ventricular dECM hydrogels differentiated the cells when compared to non-induced ASC, but appeared to be blocked when compared to SMC differentiation in TCP, as evidenced by the reduced expression of SM22α (One-way ANOVA, p = 0.0001; Holm-Sidak multiple comparison test: TCP + TGF-β1 vs. left ventricle + TGF-β1 p = 0.0108). Similarly, on mitral valve dECM hydrogels, TGF-β1-induced SMC differentiation of ASCs was also blocked and SM22α expression was reduced when compared to cells induced in TCP (One-way ANOVA, p = 0.0001; Holm-Sidak multiple comparison test: TCP + TGF-β1 vs. mitral valve + TGF-β1 p = 0.0400). In contrast, non-induced ASC differentiated to SMC on aortic dECM hydrogels (One-way ANOVA, p < 0.0001; Holm-Sidak multiple comparison test: TCP vs. aorta p < 0.0001). The additional stimulation with TGF-β1 had no measurable influence.


[image: Figure 10]
FIGURE 10. ASC myogenic differentiation on the hydrogels (concentration: 20 mg/mL). (A) SM22α staining. (B) Quantification of SM22α expression. *p < 0.05 and **p < 0.01. Data derived from three independent experiments.




Left Ventricular, Mitral Valve, and Aortic dEMC Hydrogels Differentially Influence VNF

Vascular network formation was evaluated in 3D by confocal microscopy in the three different hydrogels. After 7 days of co-culturing ASC and HPMEC (1:2) inside dECM hydrogels, VNF had occurred in the left ventricle, mitral valve and aortic hydrogels (Figure 11) albeit that the network morphologies differed. In left ventricle dECM hydrogels, vascular structures appeared to be both thicker and longer (Figure 11, red arrows) compared to both other hydrogels. In mitral valve and aortic dECM hydrogels, vascular structures were fewer and smaller (Figure 11). In all three gels, large aggregates of cells had formed as observed by nuclear staining with DAPI.


[image: Figure 11]
FIGURE 11. 3D vascular networking formation in the three different dECMs hydrogels. Stacked 3D image reconstruction of 50 μm sections. Blue, nuclei; green, HPMEC; red, ASC. Red arrows point to the vessel-like structures within each micrograph.





DISCUSSION

The main results of our investigations are that we optimized a procedure to reproducibly and reliably generate extracellular matrix hydrogels from decellularized, highly different cardiac components i.e., left ventricle, mitral valve, and aorta. We show that the left ventricle, mitral valve, and aorta dECM hydrogels differ in largely molecular composition, mechanical properties and bioactivity (Table 2). The major findings were that left ventricle dECM hydrogels (1) contained the highest content of basement membrane constituents; (2) had viscoelasticity comprising four Maxwell elements and around 3 kPa stiffness (20 mg/mL gel), (3) suppressed ASC differentiation, but (4) augmented VNF. Mitral valve dECM hydrogels, on the other hand, had (1) periostin as a major constituent; (2) a lower viscoelastic complexity (three elements) and also around 3 kPa stiffness (20 mg/mL gel); (3) suppressed ASC differentiation, and (4) had marginal VNF support. Finally, aortic dECM hydrogels differed from both others and (1) had the highest content of non-collagen constituents i.e., elastin, fibulins, and biglycan to mention a few; (2) a viscoelasticity of three elements with high stiffness, around 7 kPa (20 mg/mL gel); (3) caused non-induced ASC differentiation to SMC; and (4) marginally supported VNF.


Table 2. Molecular and biomechanical differences among ECM from different tissues and the respective biological response.
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These biochemical and biomechanical differences among the three different cardiovascular tissue-derived hydrogels correlates to the differences found in the physiological situation, i.e., the biochemical and biomechanical properties of the respective tissues. These differences, as shown in the present work, directly impact cell behavior and, thus, are of great relevance because they can be used to mimic the in vivo microenvironment during in vitro studies. In fact, the use of such tissue-specific microenvironments for tissue engineering has been proposed to reduce the use of animal models during drug development and pathophysiological studies, besides tissue-engineering for therapeutic purposes (Liguori et al., 2017).


Molecular Clues

In regard to the molecular clues, the first to be noted is the differences in GAG content. GAG are responsible for the binding of several growth factors that can stimulate cell response—such as fibroblast growth factors (FGF), hepatocyte growth factor (HGF)—chemokines as interleukins, enzymes (and their inhibitors), as well as several ECM proteins including fibronectin, laminin, and type V collagen (Varki et al., 1999; Esko et al., 2017). Although in ventricular tissue the reduced GAG content followed the reduced content of the versican core protein, in valvar tissue GAG expression was increased compared to the other matrices besides the reduced content of the perlecan core protein. This shows that not only GAG content may vary among the matrices, but also the types of proteoglycans which are present in different tissues, which might influence how these GAGs interact with the cells. Previously, it was shown that extrinsic perlecan suppressed adipogenic and promoted osteogenic differentiation in bone marrow mesenchymal stem cells (Nakamura et al., 2014). Although the influence of perlecan on myogenic differentiation was never investigated, it is known that this proteoglycan binds the latent form of TGF-β, increasing the growth factor bioavailability (Chen et al., 2007; Sengle et al., 2011). Versican, in turn, facilitates chondrocyte differentiation in vivo by binding to TGF-β and fixating it to the ECM, thus, favoring TGF-β signaling pathways in the surrounding cells (Choocheep et al., 2010). In vitro, versican was shown to induce myogenic differentiation of fibroblasts by increasing active TGF-β signaling (Carthy et al., 2015).

The second difference in the molecular composition of the ECM refers to the increased presence of collagens type III, IV, and VI in the ventricular tissue when compared to the valvar and arterial matrices. The absence of type III collagen was shown to be responsible for the myofibroblast differentiation in a mice model, suggesting that this type of collagen plays an important role in maintaining the fibroblastic phenotype (Volk et al., 2011). Interestingly, collagen VI—which was increased in both the ventricular and valvar matrices—was shown to be responsible for cardiac fibroblast differentiation into myofibroblasts in vitro (Naugle et al., 2006). Paradoxically, collagen VI was also shown to enhance MSC expansion while maintaining the stem cell phenotype (Smeriglio et al., 2017). One of the reasons why collagen VI seems to be involved in cell fate might be related to the biophysical modulation of the environment—either in the native ECM or in a hydrogel—since it was shown that collagen VI is crucial for the biomechanical integrity of the pericellular matrix in MSC (Twomey et al., 2014) and also that soluble fragments of collagen VI can mediate stimulation of DNA synthesis via tyrosine phosphorylation of paxillin, FAK, and p130CAS—proteins that associate with focal adhesions—in the absence of classical growth factors (Rühl et al., 1999).

Laminin family was another group of proteins which was differentially expressed among the matrices. Ventricular ECM presented increased levels of laminin subunit alpha-2 and laminin subunit gamma-1 when compared to the other two ECM types. Laminins have been shown to suppress chondrogenic, but to induce osteogenic differentiation of mesenchymal stem cells, contributing to bone tissue development, through an ERK-dependent pathway (Klees et al., 2005, 2008; Hashimoto et al., 2006; Mittag et al., 2012). Other effects of laminins on mesenchymal stem cells related to ERK pathways are the differentiation into insulin-producing cells (Lin et al., 2010), and the promotion of neurite outgrowth (Mruthyunjaya et al., 2010). In regard to myogenic differentiation, laminin-2 has been suggested to induces smooth muscle myogenesis by down-regulation of RhoA, but no other studies investigated the effect of laminins on myogenic differentiation (Beqaj et al., 2002). Herein, we did not find the expected myogenic differentiation supposedly promoted by laminins, in fact, the opposite was demonstrated. This might be related to the fact that several other factors were acting on the ASC and the strength of laminin influence was not enough to exercise any effect. On the other hand, laminin was shown to promote 3D vascular network formation in collagen scaffolds by regulating VEGF uptake (Stamati et al., 2014), what corroborates our findings. We demonstrated that ventricular dECM-derived hydrogel, which present higher laminin content than the other two matrices, was also the one showing better 3D vascular network formation.

Mitral valve extracellular matrix showed increased protein expression of cartilage intermediate layer protein 2 (CILP-2), which was absent in both other tissues, although cartilage intermediate layer protein 1 (CILP-1) was present in both the ventricular and valvar matrices. This is an interesting finding that coincides with the behavior of the adipose stromal cells in regard to differentiation upon TGF-β1 stimulation. Cartilage intermediate layer protein is a large secreted glycoprotein and its CILP-1 form has been shown to block TGF-β1 activity through direct interaction with TGF-β1 and inhibition of TGF-β1 signaling (Seki et al., 2005; van Nieuwenhoven et al., 2017; Zhang et al., 2018). Although there are no studies in regard to the CILP-2 interaction with TGF-β1, it may probably present a similar behavior to CILP-1.

The aortic dECM hydrogels, in turn, showed a series of proteins significantly higher expressed compared to the two other matrices, all of them being proteins constituents of elastic fibers. One of them was biglycan, a proteoglycan that forms complexes with collagen and elastic fibers components and binds to TGF-β1 (Hildebrand et al., 1994; Reinboth et al., 2002). This, per se, might justify the contribution of the aortic matrix to the non-induced myogenic differentiation of ASC. In fact, the use of the word non-induced was preferred over spontaneous because it is known FBS-containing culture medium contains 1–2 ng/mL of TGF-β1 (Danielpour et al., 1989; Oida and Weiner, 2010). Thus, what might actually be in course is the binding of serum-derived TGF-β1 to the hydrogel and, consequently, its presentation to the cells in a higher concentration than that found in the culture medium. Another protein highly expressed in aortic ECM was elastin microfibril interfacer 1 (EMILIN-1), a protein responsible for the formation of the elastic fiber and for cell anchoring. EMILIN-1 has been shown to inhibit TGF-β signaling in vivo (Zanetti et al., 2004; Zacchigna et al., 2006), what could be understood as paradoxical to our findings. However, it was demonstrated that the mechanism of TGF-β signaling inhibition by EMILIN-1 occurs through the binding with the precursors of TGF-β (proTGF-β), not allowing it to be converted into mature TGF-β (Zacchigna et al., 2006). A third protein which was more abundantly present in the aortic matrix was fibulin-5. Fibulin-5 is an ECM protein crucial for elastogenesis and also able to promote elastic fiber organization (Hirai et al., 2007). The role of fibulin-5 is closely related to the fact this protein contains several Arg-Gly-Asp (RGD) motifs (Albig and Schiemann, 2005), besides also presenting calcium-binding EGF-like domains (Timpl et al., 2003). While the RGD motifs bind the integrins of cells, the calcium-binding EGF-like domains of fibulin-5 were shown to bind latent TGF-β-binding protein 2 (LTBP-2) (Hirai et al., 2007), another protein we found in significantly higher levels in the aortic matrix. The LTBP-2, in turn, plays an important role in TGF-β availability in the cell microenvironment by the binding latent form of TGF-β which is, then, cleaved by proteases into mature TGF-β (Robertson et al., 2015). Since ASC produce TGF-β (Rehman et al., 2004; Du et al., 2016), released in the latent form, LTBP-2 may increase TGF-β availability by binding the latent TGF-β in the ECM, not allowing it to be diluted in the medium and, then, also increasing the concentration of the growth factor available to the cells. Finally, the last protein found to be overexpressed in the aortic matrix, when compared to the ventricular and mitral matrices, was lysyl oxidase (LOX), an enzyme that initiates the crosslinking in collagen and elastin. LOX is known to both bind TGF-β (Atsawasuwan et al., 2008), but also to have its expression upregulated by the growth factor (Gacheru et al., 1997; Shanley et al., 1997).



Biomechanical Clues

Besides the different molecular clues given by the three different matrices, we also investigated the influence of their biomechanical properties, which differs for each matrix and may play a role in cell behavior. In summary, the two main findings in this regard were a significantly higher stiffness found in the hydrogels derived from aortic dECM and viscoelastic solid nature of hydrogels derived from ventricular dECM, which is also manifested as a higher number of Maxwell elements. Stiffness is known to influence cell behavior, including cell differentiation and microvascular network formation, being extensively discussed in literature (Engler et al., 2006; Even-Ram et al., 2006; Wells, 2008; Califano and Reinhart-King, 2009; Park et al., 2011; Schaap-Oziemlak et al., 2014; Ye et al., 2015; Mao et al., 2016). Viscoelasticity, on the other hand, is a combination of influencing factors much less debated. In general, authors treat their hydrogel materials as elastic when, in fact, they are viscoelastic due to large water content. This means that, besides elasticity, which is generally represented by stiffness, these materials present another important biomechanical property which is viscoelasticity, represented by stress relaxation.

Hydrogels with specific stiffnesses were previously shown to promote mesenchymal stem cells differentiation into smooth muscle cells under TGF-β induction, although non-induced differentiation was not described (Park et al., 2011). In fact, stiffnesses ranging between 8 and 17 kPa are considered to promote myogenic differentiation (Engler et al., 2006), which is very close to our findings for the hydrogels derived from aortic dECM (6.9 ± 0.8 kPa). This might be a contributing factor for the behavior of ASC cultured on aortic dECM hydrogels, particularly when taken together with the previously discussed biomolecular clues found in this matrix. Hydrogels constituted of pure collagen exhibit lower stiffness values in comparison to dECM hydrogels, ranging from 30 Pa for 3 mg/mL to 1.8 kPa for 20 mg/mL (Cross et al., 2010). This difference might be related to the combination of collagen fibers with other ECM proteins, such as elastin, present in dECM hydrogels, which importantly improve their elastic modulus. In regard to vascular network formation, literature is limited but it has been shown that soft substrates facilitate endothelial cell network assembly (Califano and Reinhart-King, 2008, 2009), which corroborates with our findings.

In regard to the stress relaxation, to the best of our knowledge there is no more than a handful of studies in literature describing the effects of stress relaxation on cell behavior, particularly regarding cell spreading (Cameron et al., 2011; McKinnon et al., 2013; Chaudhuri et al., 2015, 2016; Bauer et al., 2017; Charrier et al., 2018), proliferation (Cameron et al., 2011; Chaudhuri et al., 2016; Bauer et al., 2017), and differentiation (Cameron et al., 2011, 2014; Chaudhuri et al., 2016; Charrier et al., 2018). Unfortunately, the order of magnitude in stress relaxation varies among the studies, from t1/2 (time until 50% relaxation) starting at 60 s (Chaudhuri et al., 2016) until t1/2 of more than 30,000 min (Cameron et al., 2011). Chaudhuri et al. demonstrated that while osteogenic differentiation requires fast-relaxing hydrogels (optimal when t1/2 = 60 s), adipogenic differentiation requires slow-relaxing hydrogels (optimal when 50% relaxation t1/2 = 2,300 s) (Chaudhuri et al., 2016). Probably, myogenic differentiation would require a relaxation time between these two. Although Cameron et al. showed improved myogenic differentiation in hydrogels presenting t1/2 = 250 min (15,000 s) when compared to hydrogels with even higher t1/2 (up to over 30,000 min) (Cameron et al., 2011), they also showed that both adipogenic and osteogenic differentiation were increased in these hydrogels with lower t1/2 values, what lead to questioning if the range of stress relaxation time used by the authors was not much above the ideal for cell culturing. The stress relaxation in our hydrogels, in contrast, was even faster than those reported by Chaudhuri et al., for all the three different matrices, with t1/2 lower than 1 s.

Another difference between the studies was the stiffness of these hydrogels. Although both authors kept the stiffness constant within their experiments, Chaudhuri et al. used hydrogels with 9 and 17 kPa (Chaudhuri et al., 2016), while Cameron et al. used hydrogels of 4.7 kPa (Cameron et al., 2011). Thus, there is also the combinatory effect of stiffness and stress relaxation, which is the whole point of the viscoelasticity theory. In our study, for instance, stiffness was not controlled, so that hydrogels could present high values of stiffness while presenting low stress relaxation time (aorta), low values of stiffness with also low stress relaxation time (mitral valve), or low values of stiffness with high stress relaxation times (left ventricle). This points to the need for a more robust descriptive reference for viscoelasticity than only looking at stiffness and stress relaxation separately, which we believe to be the Maxwell elements. As previously mentioned, these elements allow the dissection of several main components exerting the resistive forces during and after strain.

In the present study, we showed that the hydrogels derived from ventricular dECM, which led to the inhibition of ASC differentiation but supported the growth of robust and interconnected vascular networks in 3D, presented an extra Maxwell element. To define what component is being represented by each Maxwell element is a difficult task in natural materials (Peterson et al., 2013), particularly because it is not possible to control the components present in these materials. It is, however, well accepted that the first element, which tends to present a t-value smaller than 1s, represents water and soluble small molecules (Bausch et al., 1999; Cense et al., 2006; Peterson et al., 2013). The second element, with a t-value between 1s and 10s, could represent glycosaminoglycans, small proteoglycans, and other small ECM proteins (e.g., biglycan, EMILIN-1, fibulin-5) and water bound to GAGs and other hygroscopic molecules, while the third, with a t-value between 10s and 100s, could be large extracellular matrix proteins (e.g., fibrillar collagens, versican, perlecan, laminin). Finally, the fourth Maxwell element, which was only present in the hydrogels derived from ventricular dECM, should then be related to some component either only present in the ventricular ECM or at least increased in this matrix when compared to the other two. Thus, considering the increased expression and the percentual protein content in the ventricular ECM (see Table S1), the fourth Maxwell element should be collagen IV.

Differently from fibrillar collagens (e.g., collagens type I, II, and III), collagen IV is network-forming collagen (Muiznieks and Keeley, 2013). It was previously shown that while crosslinked meshes of synthetic polymers increase the time required for stress relaxation, linear chains lead to faster stress relaxation (Chaudhuri et al., 2016; Charrier et al., 2018). This behavior found in synthetic polymers could also explain the findings of our study so that the crosslinked meshes of collagen IV are leading to the prolonged time necessary for stress relaxation. To date, no other study investigated the effect of viscoelasticity on cell differentiation or vascular network formation under the lens of Maxwell elements, so that the present work is the first to do so. Previous authors, however, hypothesized on how the viscosity i.e., stress relaxation may influence cell behavior. In our opinion, the next step is relating cell behavior to the strength and relaxation time constants of individual Maxwell elements, which are in turn related to the hydrogel composition. Briefly, while in elastic matrices the forces exerted by the cell on the matrix (and consequently by the matrix on the cell) are kept constant over time, in viscoelastic materials the matrix relaxes over time so that the forces are decreased and the matrix is remodeled (Chaudhuri et al., 2016). Faster relaxation i.e., faster matrix remodeling would lead to increased RGD-ligand clustering, cell shape change, proliferation, and differentiation stimuli (Chaudhuri et al., 2016).




LIMITATIONS

A limitation of the study is the use of CTCF, i.e., fluorescence intensity, to quantify the myogenic markers. Ideally, the quantification of the number of cells expressing the marker would be a preferable alternative. However, the fact that, as demonstrated in Figure 9, the mitral valve hydrogel tended to lead cells to form clusters, precludes running a cell to cell analysis.



CONCLUSION

The three main cardiovascular tissues (myocardium, valves, and vessels) can be used to fabricate hydrogels from dECM. Different tissues, however, can lead to different cell behavior, in regard to differentiation and vascular network formation, by combining different molecular and biomechanical clues. Our results motivate further studies on how hydrogels derived from different matrices (beyond cardiovascular tissue) can guide the behavior of different cell types.
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Modulation of microRNA expression holds the promise to achieve direct reprogramming of fibroblasts into cardiomyocyte-like cells as a new strategy for myocardial regeneration after ischemic heart disease. Previous reports have shown that murine fibroblasts can be directly reprogrammed into induced cardiomyocytes (iCMs) by transient transfection with four microRNA mimics (miR-1, 133, 208, and 499, termed “miRcombo”). Hence, study on the effect of miRcombo transfection on adult human cardiac fibroblasts (AHCFs) deserves attention in the perspective of a future clinical translation of the approach. In this brief report, we studied for the first time whether miRcombo transient transfection of AHCFs by non-viral vectors might trigger direct reprogramming of AHCFs into cardiomyocyte-like cells. Initially, efficient miRNA delivery to cells was demonstrated through the use of a commercially available transfection agent (DharmaFECT1). Transient transfection of AHCFs with miRcombo was found to upregulate early cardiac transcription factors after 7 days post-transfection and cardiomyocyte specific marker cTnT after 15 days post-transfection, and to downregulate the expression of fibroblast markers at 15 days post-transfection. The percentage of cTnT-positive cells after 15 days from miRcombo transfection was ∼11%, as evaluated by flow cytometry. Furthermore, a relevant percentage of miRcombo-transfected AHCFs (∼38%) displayed spontaneous calcium transients at 30 days post-transfection. Results evidenced the role of miRcombo transfection on triggering the trans differentiation of AHCFs into iCMs. Although further investigations are needed to achieve iCM maturation, early findings from this study pave the way toward new advanced therapies for human cardiac regeneration.
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INTRODUCTION

Myocardial infarction (MI) remains one of the leading causes of death globally. After MI, the injured area of the heart undergoes a deep tissue remodeling: cardiomyocytes (CMs) death, extracellular matrix (ECM) degradation and increased myocardial fibrosis dramatically impair cardiac function, leading to heart failure (van den Borne et al., 2010). The only available therapeutic strategy against heart failure is heart transplantation. Hence, cardiac regeneration is still a major clinical challenge.

An ideal cardiac regenerative medicine strategy should replace lost CMs and recover myocardial contractility. Recently, efforts have been addressed at reducing the extent of cardiac fibrotic scar, as it reduces the contractile heart functionality (Talman and Ruskoaho, 2016). Direct reprogramming of fibroblasts into induced cardiomyocytes (iCMs) represents a new emerging strategy to convert cardiac fibrotic tissue into functional tissue (Bektik and Fu, 2019). Ieda et al. (2010) were the first to report direct reprogramming of mouse fibroblasts into beating iCMs through a simultaneous overexpression of GATA binding protein 4 (GATA4), Myocyte enhancer factor 2C (MEF2C), T-box 5 (TBX5) cardiac transcription factors (TFs) both in vitro and in vivo. Later, Song et al. (2012) added Heart and Neural Crest derivatives expressed 2 (HAND2) to the previous combination of cardiac TFs, increasing reprogramming efficiency of mouse fibroblasts in vitro and improving cardiac function of injured hearts in vivo. Since then, several other direct reprogramming strategies have been reported for mouse and human fibroblasts, generally based on gene therapy via viral overexpression of specific cardiac TFs (Chen et al., 2017).

Efforts are now addressed to develop a direct reprogramming method which is safe and free from ethical and technical concerns associated with genetic manipulation of cells. The use of microRNAs (miRNAs) may represent one valid strategy to induce direct reprogramming of human fibroblasts into iCMs, satisfying such requirements. miRNAs are short non-coding RNAs (of approximately 22 nucleotides) that regulate gene expression post-transcriptionally (He and Hannon, 2004). As cardiac tissue-specific miRNAs play pivotal role in cardiac development and functions, the regulation of their expression would aid in generating functional iCMs starting from human fibroblasts (Tian et al., 2017). Endogenous miRNAs can be easily overexpressed or downregulated through the administration of miRNA mimics or miRNA inhibitors, respectively (Peng et al., 2015). MiRNA mimics and inhibitors hold a great potential as therapeutic agents because of their cytoplasmic activity, relatively small size and ability to be administered systemically or locally by nanoparticle-based delivery systems, avoiding the use of viral vectors (Lee et al., 2019). Modulation of miRNAs for direct reprogramming was first proposed by Jayawardena et al. (2012), who demonstrated that a combination of four miRNA mimics (referred to as “miRcombo”: miR-1, 133, 208 and 499) promotes the direct reprogramming of mouse fibroblasts into iCMs both in vitro and in vivo. The selected miRNAs are highly conserved in cardiac and skeletal tissue and have been found to regulate developmental and physiological processes in the heart (van Rooij et al., 2009; Xu et al., 2011). Furthermore, this specific set of microRNAs was found to be expressed in human embryonic stem cells-derived CMs, whereas their expression was nearly undetectable in fibroblasts (Kitchener et al., 2010).

Although the potentiality of miRcombo in reprogramming mouse fibroblasts into iCMs has been demonstrated (Jayawardena et al., 2012, 2015), the translation of miRcombo-mediated direct reprogramming from mouse to human cells is not straightforward and deserves further investigation. Indeed, human adult fibroblasts are intrinsically more resistant to direct reprogramming than mouse fibroblasts, as demonstrated by those direct reprogramming strategies, first developed on mouse fibroblasts, which failed on human fibroblasts or required substantial adjustments (Ieda et al., 2010; Nam et al., 2013).

In this brief research report, we sought to determine if miRcombo transient transfection of AHCFs was able to initiate the trans-differentiation process of AHCFs toward cardiomyocyte-like cells. After initial assessment of efficient miRNA delivery to AHCFs, cells were transfected with miRcombo, showing increased expression of cardiomyocyte markers and down-regulated expression of fibroblast markers after 7–15 days post-transfection. Moreover, miRcombo treated cells exhibited spontaneous calcium oscillation after 30 days from transfection.

Early findings presented in this brief research report pave the way toward future new advanced approaches for human cardiac regeneration, through in situ direct reprogramming of cardiac fibroblasts populating post-infarct scar into cardiomyocyte-like cells.



MATERIALS AND METHODS


Cell Culture

Normal human atrial cardiac fibroblasts (AHCFs) were purchased from Lonza (CC-2903; batch number: 0000662121; donor characteristics: male; 48 years old; passage number: 2) and maintained in culture using Fibroblasts Growth Medium-3 (Lonza, CC-4526) containing 10% fetal bovine serum (FBS), 1% insulin, 1% human basal fibroblast growth factor (hFGF-B) and 1% gentamicin. Cells were expanded until passage four and then used for experiments.



MiRNA Transient Transfection

AHCFs were plated either in six-well plates at 10 × 105 cells/well (for RNA isolation and flow cytometry experiments), or in 35 mm μ-dish (Ibidi) at 9 × 105 cells/well (for calcium transient analysis) in Dulbecco’s Modified Eagle Medium (DMEM) High Glucose (Gibco) with 10% FBS (Sigma-Aldrich) and 1% glutamine (Sigma-Aldrich) 1 day before transfection.

To initially study miRNA internalization and mRNA target downregulation by AHCFs, cells were transfected using DharmaFECT1 (Dharmacon) with miR-1 (miR-1-3p, mirVana miRNA mimic, Life Technologies) or negmiR (Negative Control #1, mirVana miRNA Mimic, Life Technologies), at a final concentration of 25 nmol/L according to manufacturer’s instructions, in DMEM High Glucose with 10% FBS and 1% L-glutamine. After 24 h, the medium was replaced with DMEM High Glucose with 15% FBS, 1% glutamine and 1% penicillin/streptomyocin/ampicillin (Lonza). Culture was continued up to 48 h.

Then, AHCFs were transfected using DharmaFECT1 with miRcombo (miR-1-3p, miR-133a-3p, miR-208a-3p, and miR-499a-5p, mirVana miRNA mimic, Life Technologies) or negmiR (Negative Control #1, mirVana miRNA Mimic, Life Technologies), at a final concentration of 25 nmol/L according to manufacturer’s instructions, in DMEM High Glucose (Gibco) with 10% FBS and 1% glutamine. After 24 h, medium was replaced with DMEM High Glucose with 10% FBS, 1% glutamine and 1% penicillin/streptomyocin/ampicillin (Lonza). Culture was continued up to 30 days.



RNA Isolation and Droplet Digital PCR

Total RNA was extracted using QIAzol Lysis Reagent (Qiagen) according to manufacturer’s instructions. RNA concentration and quality were assessed using NanoQuant plate (Tecan Group Ltd). cDNA (200 ng) was obtained using High Capacity cDNA Reverse Transcription Kit (Applied Biosystems).

To study miR-1 uptake by cells, miRNA reverse-transcription PCR was performed using miRCURY LNA RT Kit (Qiagen) at 24 h (i.e., immediately after transfection) and 48 h (i.e., at 24 h from transfection) culture times. RNA samples were diluted to 5 ng/μl in nuclease-free water and the reaction was prepared following the manufacturer’s instructions. Droplet digital PCR (ddPCR, Bio-Rad Laboratories) was performed to assess the expression of miR-1 (Hsa-miR-1-3p miRCURY LNA miRNA PCR Assay) using EvaGreen supermix (Bio-Rad Laboratories). Droplet generation was performed according to manufacturer’s instructions. Thermal-cycling conditions were: 95°C for 5 min (1 cycle), 95°C for 30 s and 55°C for 1 min (40 cycles), 90°C for 5 min (1 cycle), and a 4°C infinite hold. PCR plate was loaded on Bio-Rad QX100 droplet reader for quantification of cDNA copies/μL. Analysis of the ddPCR data was performed by QuantaSoft analysis software (Bio-Rad Laboratories). No template control with water was included in each assay. Experiments were performed in triplicate and repeated three times.

Downregulation of TWF-1 target after miR-1 transfection was analyzed at 24 h (i.e., immediately after transfection) and 48 h (i.e., at 24 h from transfection) culture times. The expression of TWF-1 (ID assay: dHsaCPE5028122) was analyzed by ddPCR, using ddPCR supermix for probes without dUTP.

Similarly, after miRcombo or negmiR transfection, the expression of GATA4 (ID assay: dHsaCPE5050488), MEF2C (ID assay: dHsaCPE5050696), TBX5 (ID assay: dHsaCPE5048560), HAND2 (ID assay: dHsaCPE5049426) and NKX2.5 (ID assay: dHsaCPE5042098) was evaluated at 7 days post-transfection, while the expression of TNNT2 (ID assay: dHsaCPE5052344), TNNI3 (ID assay: dHsaCPE5050934), VIM (ID assay: dHsaCPE5032314), DDR2 (ID assay: dHsaCPE5048156) and FSP-1 (ID assay: dHsaCPE5042942) was assessed at 15 days post-transfection, using ddPCR supermix for probes without dUTP. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH; ID assay: dHsaCPE5031597) was used as a housekeeping gene to perform quantitative normalization.

For TWF-1 and cardiac markers analysis, droplet generation was performed according to manufacturer’s instructions. Thermal-cycling conditions were 95°C for 10 min (1 cycle), 94°C for 30 s and 55°C for 30 s (40 cycles), 98°C for 10 min (1 cycle), and a 4°C infinite hold.

In all ddPCR experiments, PCR plate was loaded on Bio-Rad QX100 droplet reader for quantification of cDNA copies/μL. Analysis of the ddPCR data was performed by QuantaSoft analysis software (Bio-Rad Laboratories). No template control with H2O was included in each assay. Experiments were performed in triplicate and repeated three times.

Results are reported as the concentration (cDNA copies/μL) of the gene of interest calculated on the concentration mean (cDNA copies/μL) of GAPDH.



Flow Cytometry

After transfection with miRcombo or negmiR, AHCFs were cultured for additional 15 days. Then, cells were trypsinized with 0.05% Trypsin/EDTA (Sigma Aldrich) and permeabilized with 0.5% v/v Tween 20 in phosphate buffered saline (PBS) for 5 min. Ice cold PBS with 10% FBS and 1% sodium azide (Sigma Aldrich) was used for washing between each step. Cells were incubated with Cardiac Troponin T primary antibody (cat #701620, Invitrogen) for 1 h at 4°C and Alexa Fluor 488-conjugated secondary antibody (ab150077, Abcam) for 1 h at 4°C in the dark. Cells were run on Guava EasyCyte (Merck) flow cytometer and data analysis was performed using GuavaSoft 3.2.



Measurements of Spontaneous Calcium Transients

Calcium transient was analyzed in AHCFs after 30 days post-transfection with miRcombo or negmiR. To record calcium transients, cells were loaded with 5μM of Fluo-4 AM (Invitrogen) in modified Tyrode’s solution (140 mM NaCl, 5 mM KCl, 1.8 mM CaCl2, 1 mM MgCl2, 10 mM glucose and 10 mM Hepes) with 0.1% bovine serum albumin (BSA) at 37°C for 20 min while shielded from light. Cells were washed in modified Tyrode’s solution at 37°C for 10 min. Calcium transient was recorded using Nikon Eclipse Ti2 spinning disk and NIS-Elements software (Nikon). At least 4 fields were observed for each sample. Data were analyzed using ImageJ software (NIH) and Ca2+ level was reported as F/F0 ratio, where F is the intensity of fluorescence emission recorded for each cell, while F0 is the background fluorescence.



Statistical Analysis

The results are shown as means ± standard error of the mean (SEM) of replicate experiments. Statistical analyses were performed with Student’s t-test, with p-value reported as ∗p < 0.05 considered statistically significant, ∗∗p < 0.01 considered highly significant and ∗∗∗p < 0.0001 very highly significant. All graphs were prepared using GraphPad software.




RESULTS

We initially studied the efficiency of DharmaFECT1 in delivering miRNAs to AHCFs, using miR-1 as a model miRNA, as compared to a non-targeting miRNA negative control (negmiR). DdPCR analysis of miR-1 transfected cells showed relative overexpression of miR-1, and knockdown of TWF-1 target gene in AHCFs, at 24 and 48 h culture times (Figures 1A,B).
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FIGURE 1. DharmaFECT1 mediated delivery of miR-1 and TWF-1 target downregulation in AHCFs. (A) Fold change of miR-1 expression (relative to untransfected control) in AHCFs transfected with negmiR or miR-1 using DharmaFECT1 at 24 h (i.e., immediately post-transfection) and 48 h (i.e., 24 h post-transfection) culture times, analyzed by ddPCR. Data are representative of three independent experiments. Stated p-value ∗∗∗p < 0,001 is reported versus negmiR control. (B) Fold change of TWF-1 mRNA target expression (relative to untransfected control) in AHCFs transfected with negmiR or miR-1 using DharmaFECT1 at 24 h (i.e., immediately post-transfection) and 48 h (i.e., 24 h post-transfection) culture times. Data are representative of three independent experiments. Stated p-value ∗∗∗p < 0,001 is reported versus negmiR control. CTRL, untransfected control.


Then, the effect of miRcombo transient transfection on AHCFs trans-differentiation into iCMs was evaluated at different time points by different analyses depicted in Figure 2A. As a negative control, AHCFs were also transfected with negmiR.
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FIGURE 2. MiRcombo-transfected AHCFs show increased cardiac transcription factor expression. (A) Representative scheme of experimental design. AHCFs were transfected with miRcombo or negative control (negmiR). The acquisition of cardiomyocyte-associated features was evaluated after 7 days (cardiac transcription factors), 15 days (cardiomyocyte and fibroblast markers) and 30 days (calcium transients). (B–F) Gene expression of cardiac transcription factors. The expression of GATA4, MEF2C, TBX5, HAND2, and NKX2.5 was evaluated by ddPCR 7 days post transfection in AHCFs transfected with miRcombo (red) or negmiR (blue). Data are representative of three independent experiments, each performed in triplicate. Stated P-value is versus negmiR controls.


DdPCR analysis showed that miRcombo transfected cells upregulated the expression of early cardiac transcription factors (TFs), with a significantly increased expression of GATA4 (p = 0.007), MEF2C (p = 0.0004), TBX5 (p < 0.0001) and HAND2 (p = 0.0001) cardiac TFs, compared to negmiR transfected cells, 7 days after transfection (Figures 2B–E). Additionally, the expression of NKX2.5 cardiac TF was increased in miRcombo transfected cells compared to controls, although not significantly (Figure 2F).

As a further step, the expression of mature cardiomyocyte markers was evaluated in miRcombo transfected AHCFs at 15 days after transfection. The expression of TNNT2, which encodes for cardiac troponin T (cTnT), was significantly increased in miRcombo-transfected cells compared to negmiR controls (p = 0.0004) (Figure 3A). Also, TNNI3 expression was slightly increased in miRcombo transfected cells compared to controls, although non-significantly (Figure 3B).
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FIGURE 3. Induction of cardiomyocyte markers in miRcombo-transfected AHCFs. (A,B) Gene expression of cardiomyocyte markers TNNT2 and TNNI3 in AHCFs transfected with miRcombo (red) or negmiR (blue) evaluated by ddPCR. Data are representative of three independent experiments, each performed in triplicate. (C) Representative flow plots (left panel) and percentage (right panel) of cTnT positive cells in AHCFs transfected with miRcombo (n = 3) and negmiR (n = 3) 15 days after transfection. (D–F) Gene expression of fibroblastic markers VIM, DDR2, and FSP-1 in AHCFs transfected with miRcombo (red) or negmiR (blue) by ddPCR. Data are representative of three independent experiments, each performed in triplicate. Stated P-value is versus negmiR.


The reprogramming efficiency of miRcombo-transfected cells was evaluated using flow cytometry. Notably, approximately 11% of fibroblasts were cTnT+ after 15 days culture time from miRcombo transfection, whereas very low percentage of cTnT+ cells (0.3%) was measured in negmiR transfected cells (Figure 3C).

Along with the upregulation of cardiomyocyte markers, ddPCR analysis showed that the expression of fibroblast markers, such as vimentin (VIM, p = 0,0003), discoidin domain receptor-2 (DDR2, p = 0,0004) and fibroblast specific protein-1 (FSP-1/S100A4, p < 0,0001) was significantly downregulated in miRcombo-transfected cells compared to controls after 15 days culture time from miRcombo transfection (Figures 3D–F).

Overall, the results suggested that, after 15 days from reprogramming induction, miRcombo-transfected cells started to display functional cardiomyocyte-specific markers along with a reduced fibroblast phenotype.

Finally, to determine whether miRcombo-transfected AHCFs exhibited functional cardiomyocyte properties after a long period of culture, we examined intracellular calcium oscillation at 30 days after transfection. Results showed that miRcombo transfection triggered calcium oscillation, lasting nearly 1 min, in ∼38% of total cells, while rare or no calcium oscillation was found in negmiR transfected control cells (Figures 4A–C).
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FIGURE 4. miRcombo-transfected cells exhibit calcium transients. (A,B) Representative image, recorded with fluorescence microscopy (A) and trace (B) of Ca+2 oscillations in AHCFs transfected with miRcombo (n = 3) and negmiR (n = 3) after 30 days from transfection. Scale bar: 25 μm. (C) Bar graph reports the percentage of cells showing Ca+2 transients after 30 days from miRcombo and negmiR transfection. Stated P-value is versus negmiR.


In conclusion, results demonstrated that miRcombo-transfection triggered transdifferentiation of AHCFs into cardiomyocyte-like cells, also increasing functional cardiomyocyte properties compared to AHCFs transfected with negmiR.



DISCUSSION

Direct reprogramming of human cardiac fibroblasts into cardiomyocytes represents an attractive approach to revert cardiac fibrosis and recover heart function after MI (Chen et al., 2017), avoiding the need for cell-based therapies to replace cardiomyocytes (Hashimoto et al., 2018). Cardiac fibrotic scar is mainly composed by activated fibroblasts (myofibroblasts), while the target healthy cardiac tissue contains 20% cardiac fibroblasts and 35% cardiomyocytes (Gray et al., 2018). Ideally, through direct reprogramming, a suitable number of fibroblasts in the scar would be converted into cardiomyocytes to re-establish cell-cell connections and functionality of healthy cardiac tissue.

Since the first evidence of direct reprogramming of fibroblasts into cardiomyocytes in 2010 (Ieda et al., 2010), several efforts have been performed to directly reprogram fibroblasts into iCMs, using combinations of cardiac transcription factors (Song et al., 2012), microRNA mimics (Jayawardena et al., 2012), and small molecules (Fu et al., 2015). However, most direct reprogramming methods have been generally optimized on mouse cells, which does not assure their efficacy on AHCFs (Chen et al., 2017). Indeed, AHCFs are known to be more resistant to cellular reprogramming than murine fibroblasts due to epigenetic barriers that hinder phenotypic changes (Talkhabi et al., 2017).

Successful direct reprogramming of AHCFs into iCMs was achieved by inducing the expression of cardiac TFs and miRNAs, through retroviruses or inducible lentiviruses (Nam et al., 2013; Muraoka et al., 2014), which cause stable and heritable integration of a specific nucleic acid sequence into the target cell genome (Chen et al., 2017). As an example, Nam et al. (2013) directly reprogrammed AHCFs into iCMs with an efficiency of ∼13% (measured by cTnT+ cells at 2 weeks) by retroviral overexpression of miR-1, miR-133 and specific cardiac TFs. On the other hand, Muraoka et al. (2014) found out ∼20% of cTnT+ cells after 1 week from simultaneous transfection of AHCFs with different TFs (by lentiviral vectors) and miR-133 (by Lipofectamine 2000), however, they used relatively young AHCFs (average age: 35 years old) and did not analyse cell functional properties. Overall, although effective, viral vectors suffer from potential risks which currently hinder an in situ clinical application (Labatut and Mattheolabakis, 2018).

MiRcombo, a combination of four miRNA mimics (miRs-1, 133, 208, and 499) has been previously demonstrated to successfully reprogram mouse neonatal fibroblasts into functional cardiomyocytes in vitro, and to regenerate cardiomyocytes in vivo after myocardial injury (Jayawardena et al., 2012, 2015). On the other hand, the effect of miRcombo transfection on human fibroblasts has never been tested. In the perspective of a future clinical application of miRcombo approach, preclinical studies should be carried out using human cells.

In this work, DharmaFECT1 was demonstrated to be an efficient agent for miRNA delivery to AHCFs (Figures 1A,B). Moreover, miR-1 delivery to AHCFs efficiently induced knockdown expression of TWF-1 (miR-1 target in cardiac fibroblasts), which was maintained up to 48 h culture time.

Then, DharmaFECT1 was employed for transfection of AHCFs with miRcombo or negmiR, and cardiac gene and protein expression of transfected AHCFs was investigated at different time steps. After 7 days from transient transfection with miRcombo, AHCFs showed upregulation of early cardiac TF expression, such as GATA4, MEF2C, TBX5, HAND2, respect to negmiR transfected cells (Figure 2). Early cardiac TFs are known to work in synergy, guiding cardiac cell fate and contractile protein expression (Olson, 2006). Nuclear localization of cardiac TFs was found in chemically induced cardiomyocytes from mouse fibroblasts (Fu et al., 2015). In the future, immunostaining of cardiac TFs in miRcombo-transfected cells could help in understanding their correct location in cell nuclei, ensuring their function in inducing mature cardiomyocyte marker expression.

Then, the expression of functional and structural cardiomyocyte markers in AHCFs at longer time from transfection was evaluated. Particularly, gene expression of TNNT2 was enhanced in miRcombo transfected AHCFs respect to negmiR transfected cells after 15 days from transfection (Figure 3A). These results were also confirmed by flow cytometry, showing a reprogramming efficiency – measured as percentage of cTnT+ cells - of ∼11% (Figure 3C), which was indeed higher than the value reported for miRcombo-transfected neonatal murine cardiac fibroblasts (∼3%) (Li et al., 2016). On the other hand, the measured reprogramming efficiency was similar to values reported in previous investigations on direct reprogramming of AHCFs into iCMs (∼13% after 2 weeks reported by Nam et al., 2013).

Additionally, a reduced expression of fibroblastic markers (VIM, DDR2 and FSP-1) was measured after 15 days of culture post-transfection (Figures 3D–F).

Notably, differently from previous studies on miRcombo transfection of mouse neonatal fibroblasts (Jayawardena et al., 2012; Dal-Pra et al., 2019), miRcombo-transfected AHCFs did not show sarcomeric organization after 15 days from miRcombo transfection, suggesting an immature phenotype (data not shown). On the other hand, previous studies reported early sarcomeric structure in AHCFs transfected with cardiac TFs and miRNAs, after at least 4–5 weeks from transfection (Nam et al., 2013; Muraoka et al., 2014). Compared to neonatal fibroblasts, AHCFs are more resistant to direct reprogramming, caused by their stable epigenetic program. For this reason, in the future, longer culture times and/or additional stimulating factors will be applied to transdifferentiate AHCFs into mature iCMs.

Upon maintaining miRcombo-transfected AHCFs in culture for 30 days, ∼38% of total cells exhibited spontaneous calcium oscillation, suggesting cardiomyocyte-like functionality (Figures 4A–C). This is a relevant result when compared to what reported by Nam et al. (2013) who found out a cell percentage of ∼15% exhibiting calcium transients induced by KCl stimulation, after 4 weeks from transfection. Although most of the previous studies on direct cardiac reprogramming analyzed calcium transient through stimulation with high KCl concentration or caffeine (Fu et al., 2013; Nam et al., 2013), a few authors reported the analysis of spontaneous calcium oscillation of iCMs as in our case (Smith et al., 2013). In the future, induced calcium oscillation through KCl or caffeine stimulation will be analyzed to confirm cardiomyocyte-like functionality.

In conclusion, results demonstrated for the first time that miRcombo transfection was able to activate a phenotypic switch of AHCFs toward cardiomyocyte-like cells. Although other methods are under study to directly reprogram AHCFs into iCMs (Nam et al., 2013; Muraoka et al., 2014), the advantage of miRcombo-mediated approach derives from the possibility for non-viral transfection, overcoming the hurdles associated with viral vectors, such as high cost, difficulties in large scale production and potential mutagenesis and immunogenic behavior (Labatut and Mattheolabakis, 2018). Indeed, safety represents one key requirement for perspective application of direct reprogramming to humans. In the present study, the overexpression of defined cardiac developmental factors and mature markers was achieved by transient transfection with miRcombo through a commercially available lipidic transfection agent. AHCFs transfected with miRcombo were able to maintain the expression of specific cardiomyocyte markers at the tested time points (7 and 15 days). Future studies will be addressed to thoroughly study miRcombo-mediated direct reprogramming of AHCFs at longer times and under different microenvironmental stimulations, and to develop non-viral vectors for in situ transfection with miRcombo, paving the way toward a clinical translation of direct reprogramming strategies (Muraoka et al., 2014; Li et al., 2016; Paoletti et al., 2018).



CONCLUSION

This brief report provides a preliminary study showing that a combination of four microRNAs (miRcombo) is able to drive a significant change in human fibroblast phenotype, starting their trans-differentiation toward cardiomyocyte-like cells. Despite further investigations are required to confirm and to enhance the functional activity of iCMs, the present work demonstrates that miRcombo transfection is effective in directly reprogramming AHCFs into cardiomyocyte-like cells with potentialities for future clinical application.
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After cardiac injury, the mammalian adult heart has a very limited capacity to regenerate, due to the inability of fully differentiated cardiomyocytes (CMs) to efficiently proliferate. This has been directly linked to the extracellular matrix (ECM) surrounding and connecting cardiomyocytes, as its increasing rigidity during heart maturation has a crucial impact over the proliferative capacity of CMs. Very recent studies using mouse models have demonstrated how the ECM protein agrin might promote heart regeneration through CMs de-differentiation and proliferation. In maturing CMs, this proteoglycan would act as an inducer of a specific molecular pathway involving ECM receptor(s) within the transmembrane dystrophin-glycoprotein complex (DGC) as well as intracellular Yap, an effector of the Hippo pathway involved in the replication/regeneration program of CMs. According to the mechanism proposed, during mice heart development agrin gets progressively downregulated and ultimately replaced by other ECM proteins eventually leading to loss of proliferation/ regenerative capacity in mature CMs. Although the role played by the agrin-DGC-YAP axis during human heart development remains still largely to be defined, this scenario opens up fascinating and promising therapeutic avenues. Herein, we discuss the currently available relevant information on this system, with a view to explore how the fundamental understanding of the regenerative potential of this cellular program can be translated into therapeutic treatment of injured human hearts.
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INTRODUCTION

The repair of damaged hearts represents one of the most critical challenges in cardiovascular medicine, since mammalian cardiomyocytes (CMs) lose their proliferative potential very early in life, after which point hypertrophic processes become responsible for most of the remaining heart growth. Therefore, upon injury, CMs are replaced by fibrotic tissue, often with deleterious consequences. Recent advances in understanding the endogenous program(s) regulating the proliferation of cardiomyocytes at the molecular level [reviewed in Deshmukh et al. (2019), Heallen et al. (2019), Ali et al. (2020)] hold great promise for the development of new approaches to heart regeneration based on cell cycle re-activation. Unfortunately, a full characterization of the developmental pathway(s) of the mammalian heart and specifically of CMs, is hindered by an intrinsic difficulty in understanding the exact timing and interchange of proliferation and differentiation events (Velayutham et al., 2019). Unlike certain fish and amphibian species (Zhang et al., 2013), mammalian CMs can follow a regenerative program only during a limited postnatal period. Due to important differences in the developmental milestones of specific mammalian species, the exact time frame of fetal/postnatal proliferative heart growth has however only been determined in few model systems. The best characterized of these is the mouse model, in which full proliferation of CMs lasts for only the first few days postnatally, possibly until postnatal day 2 (P2), with the regenerative program already shut down at P7, when CMs have stopped proliferating and switched to a hypertrophic program (Porrello et al., 2011; Notari et al., 2018). Some recent crucial findings in mice challenge in part the idea that this differentiation program cannot be somehow modulated, and proliferation re-activated (Bassat et al., 2017; Morikawa et al., 2017). Following previous work proving how the rigidity of the extracellular matrix (ECM) strongly influences heart development (Yahalom-Ronen et al., 2015), and specifically CMs maturation, Bassat et al. used a series of elegant experiments to identify the proteoglycan agrin as an ECM component that promotes cardiomyocyte proliferation. Interestingly, they found that this protein is involved in neonatal heart repair and is only enriched in the matrix in the very first postnatal days, while downregulated by the P7 stage. Crucially, administration of recombinant agrin to juvenile and adult infarct mouse models was sufficient to boost cardiac regeneration through reactivation of the CMs proliferative program.

Existing studies investigating the role of agrin in other biological organs and systems are invaluable for beginning to piece together the mechanisms of action of agrin in the heart. In recent years, agrin has been revealed to play an important role in cancer development. An increase in agrin has been demonstrated in cancerous cells, and studies using experimental models have shown that addition of agrin promotes cancer whilst agrin depletion slows tumor growth (Chakraborty et al., 2015, 2017; Lv et al., 2017; Rivera et al., 2018). It is now known that agrin forms a mechanotransductive link between the ECM and the transcriptional co-activators YAP (Yes associated protein) and TAZ (transcriptional activator with PDZ binding motif) [reviewed in Chakraborty and Hong (2018), Xiong and Mei (2017)]. YAP and TAZ activate the transcription of many pro-proliferative and anti-apoptopic genes and are themselves controlled by many upstream factors, including the Hippo signaling pathway which regulates growth via YAP phosphorylation, thus sequestering it in the cytosol and preventing its transcriptional activity (Figure 1A). Experiments using liver tumor cells suggest that the increase in ECM stiffness which is observed in at least some cancerous tissues results in increased levels of extracellular agrin (Chakraborty et al., 2017). Agrin binds to the cell via Lrp4 (low density lipoprotein receptor related protein 4), which in turn activates MuSK (muscle specific kinase 4). This results in activation of the FAK-ILK-PAK1 (Focal Adhesion Kinase—Integrin Linked Kinase—p21 Activated Kinase) signaling axis, resulting in inhibition of Hippo signaling and consequent nuclear localization of YAP/TAZ. YAP transcriptional activity itself is known to increase the ECM stiffness possibly due to enhanced agrin expression, and it has been suggested that a positive feedback loop thus exists between agrin levels (through ECM stiffness increase) and YAP transcriptional activity, in a functional mechanotransduction network that promotes uncontrolled proliferation (Calvo et al., 2013; Chakraborty and Hong, 2018) (Figure 1A). Similar signaling pathways exists in neuromuscular junctions, where agrin is responsible for recruiting acetylcholine receptors. Agrin secreted from nerve terminals activates YAP via Lrp4/MuSK signaling; this results in the aggregation of acetylcholine receptors on the postsynaptic muscle cells (Zhao et al., 2017; Chakraborty and Hong, 2018). Agrin has also been demonstrated to interact with dystroglycan (DG) at the neuromuscular junction; DG is a pivotal member of the large transmembrane complex connecting the ECM with the cytoskeleton [namely the dystrophin-glycoprotein complex (DGC)], which is necessary for stabilization of acetylcholine receptor clusters (Ervasti and Campbell, 1993; Jacobson et al., 2001). In line with these precedents, a role for agrin in similar pathways have been demonstrated to exist in the heart. Bassat et al. determined that agrin promotes heart regeneration by interacting with the DGC on the CMs cell surface, thus preventing its assembly into the stable adult form. Specifically, the interaction of agrin with the extracellular α-DG on CMs would influence the binding properties of the transmembrane/cytoplasmic β-subunit of DG, favoring its binding to dystrophin over that to YAP. Similarly to what described for cancer growth, YAP is known to be involved in heart growth through CM proliferation which, unlike in other tissues, is inhibited postnatally due to the activity of upstream kinases of the Hippo pathway (Von Gise et al., 2012; Xin et al., 2013). The view proposed by Bassat et al. was corroborated and complemented by equally important findings from the James Martin's laboratory which showed how, during heart maturation, YAP gets phosphorylated by the Hippo pathway and consequently establishes a stable interaction with the cytodomain of β-DG in the adult tissues (Morikawa et al., 2017). Such interaction would sequester YAP at the cell periphery, thus preventing it from exerting its proliferation-inducing activity in the nucleus. All this evidence has been put together to envisage a possible molecular mechanism linking the axis agrin-DGC-YAP to heart tissue proliferation, in which during development and very early after birth the interaction of agrin with α-DG would interfere with the proper assembly of β-DG into the DGC, ultimately preventing the tethering of YAP. During cardiac maturation, this arrangement would change since on one hand YAP would get actively phosphorylated by the Hippo signaling pathway, on the other agrin would be replaced by a different, yet unidentified, ECM component (see below), thus allowing for proper DGC assembly. These two events would lead to the locking of phospho YAP at the inner side of the cell surface through β-DG binding (Figure 1B). A series of evidences shows how, in this proposed mechanism, laminin represents a strong candidate to take over from agrin in the binding to the DGC axis during cardiac muscle development, at least at the later stages. It was in fact shown that embryonic stem cells carrying mutations in laminin 211, although differentiating normally in vitro into contracting myotubes, eventually undergo detachment and death (Kuang et al., 1998). Together with the evidence that mutations or complete lack of laminin 211 are known to cause severe forms of congenital muscular dystrophy (CMD), these results stress the important role of laminin for adult skeletal muscle stabilization (Yurchenco et al., 2018) and cardiac muscle stability (Nguyen et al., 2019). Other laminins too (including laminin 511, 521, and 221) are known to play an important role for the differentiation of stem cells into cardiomyocytes (Wang et al., 2019; Yap et al., 2019; Chanthra et al., 2020). Recent evidence from studies in Drosophila suggests the possible involvement of β-DG in the Hippo signaling pathway as a mechano-receptor within muscle cells (Yatsenko et al., 2020), thus it is worth noting that the DG-Hippo pathway axis might have an evolutionarily conserved role in mediating muscle growth and regeneration. Although it is well-known that the composition of cardiac ECM, and thus its mechanosensing properties, play a fundamental role in heart development (Parker and Ingber, 2007; Garoffolo and Pesce, 2019), whether agrin regulates cardiac ECM stiffness, similarly to its role in hepatic cancer cells, is unknown. It will be certainly worth to investigate this point further, in order to understand whether, irrespective of the ECM receptors involved, agrin employs a similar strategy to stimulate proliferation of CMs and cancer cells.
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FIGURE 1. (A) Role of agrin and YAP in carcinogenesis. In healthy tissue, the Hippo signaling pathway regulates transcription via phosphorylation of YAP, which results in its confinement out of the cell nucleus. In cancerous tissue an increase in ECM stiffness is associated with increased levels of extracellular agrin. Agrin binds to the receptor Lrp4, which activates MuSK, eventually promoting a signaling cascade involving the FAK-ILK-PAK1 axis. This results in the inhibition of the Hippo pathway that in turn leads to an increase in unphosphorylated YAP. The activity of YAP in the nucleus promotes not only cell-cycle and division but also a further increase in ECM stiffness, possibly following enhanced agrin expression, in a positive feedback mechanism that leads to uncontrolled proliferation. (B) Schematic of the role of agrin in mouse cardiomyocyte (CM) proliferation as proposed in Bassat et al. (2017). In neonates, binding of agrin to the α-subunit of dystroglycan (DG) interferes with its correct assembly within the dystrophin-glycoprotein complex (DGC), and ultimately prevents the β-subunit from binding the transcription factor YAP, whose activity in the nucleus promotes CM proliferation. With maturation, replacement of agrin with a different protein (probably laminin) of the extracellular matrix (ECM) allows for a stable assembly of the DGC, so that β-DG can bind and sequester phosphorylated YAP out of the nucleus, thus eventually hindering CM proliferation. The timing and mechanism of YAP phosphorylation, as well as of α-DG glycosylation, have to be determined yet, and might have a role in the molecular pathway. The dashed arrow between the two panels indicates the potential re-activation of CM proliferation induced by controlled delivery of exogenous agrin to injured cardiac tissue.




A NEW HOPE FOR CARDIAC REGENERATION IN MAMMALS?

Aside from the fact that several aspects of the proposed mechanism remain unclear (see some of the points below), the fundamental question arising is whether a similar mechanism is employed also by human heart. A pretty tricky question indeed, in the face of the complex and still elusive task of establishing a correlation between the developmental stages of different mammals that has to be added to the intrinsic challenge posed by development studies of the human heart. With a focus on the molecular aspects and on the therapeutic translational potential of agrin in human medicine, we have tried to highlight and discuss some of the open points (summarized in Box 1).


BOX 1. Open questions on the cardiac regenerative role of the agrin-DG-Yap axis.

Open questions:

• How is the balance between agrin and laminin in binding to their receptor α-DG controlled/modulated?

• What is the impact of this agrin-dependent mechanism on CM proliferation during mouse heart growth?

• Does a similar pathway exist in human cardiac development?

• If so:

1. What is the exact timeframe of the switch in humans?

2. What is the contribution of the agrin-driven pathway to CM proliferation and to the overall development of human heart?

3. Can we harness this pathway therapeutically to treat cardiac injury in humans without deleterious effects?




Role of ECM in Cardiac Regeneration: Agrin vs. Laminin, how Would Molecular Specificity Be Controlled?

The data collected by Bassat et al. (2017) using mouse models led them to propose that the regenerative program of CMs is directly linked to the levels of agrin in the ECM, which decrease over time to a minimum reached by P7 (likely earlier), when CMs have already switched to the hypertrophic program. Following this line of enquiry, the time window was revealed to be even shorter. Recent mouse experiments employing heart apical amputation as a tool to analyze possible regenerative pathways (Notari et al., 2018) established in fact that the timing at which CMs full proliferative program(s) can be triggered is even tighter than the postnatal period P1-P7 previously reported (Porrello et al., 2011, 2013). Indeed, a high degree of regeneration was observed only at P1, with the speed lowering considerably at P2–P3. This would suggest that the window available for fully inducing massive CM proliferation could be as short as 24 h after birth. Based on an overall transcriptomic analysis, the same study proposes that extracellular matrix proteins, rather than intracellularly acting cardiac fibers or transcription factors, are the most likely to influence this process by affecting/regulating the mechanical degree of stiffness. This would point to a predominantly “outside-inside” nature of the overall proliferation program, similarly to what has been shown in cancer cells, although the molecular mechanisms underlying it are yet to be elucidated.

The work of Bassat et al. clearly shows that the levels of agrin in mice are halved at P7, although how the protein changes between P1 and P7 is still unknown. As a matter of fact, the exact timing at which agrin ceases to have a measurable effect on the regeneration program remains to be debated. The only available data on the very first days after birth are those of Notari et al., and show how the expression levels of agrin (and its receptor dystroglycan) do not change between P1 and P2 [see Notari et al. (2018), Figure S5C]. With regard to the role of the agrin axis, there are two possible explanations for the lack of regenerative potential already observed at P2: (i) if it is laminin that replaces agrin during heart maturation, it could become over-expressed by P2 and therefore make a take-over on agrin because they display a similar affinity toward α-DG [see Sciandra et al. (2013)], (ii) post-P2, additional factors could intervene that favor the binding of laminin to α-DG over agrin. Notably, western blots reveal the presence of laminin already at P1 but a slight raise (~1.3 times) of its levels at P2 (Notari et al., 2018), so not only could either hypothesis be correct, but the two mechanisms could coexist.

From the DGC receptor point of view, a specific molecular aspect that plays an important role in the binding to α-DG is the degree of glycosylation of α-DG itself. For example, in some dystroglycanopathies a significant reduction of α-DG glycosylation (hypoglycosylation) leads to a drop in laminin binding affinity, inducing severe muscular dystrophy phenotypes such as Walker-Warburg Syndrome or Muscle-Eye-Brain disease (Falsaperla et al., 2016; Brancaccio, 2019). It is known that cardiac α-DG is slightly less glycosylated than the skeletal muscle one (Brancaccio et al., 1995) and more glycosylated than brain α-DG (McDearmon et al., 2006). However, in chickens the affinity of cardiac α-DG to laminin-111 is still very high (Brancaccio et al., 1995), and agrin has only a slightly reduced affinity for brain DG relative to skeletal muscle, kidney, or lung (Gesemann et al., 1998). Overall, these data suggest that the effect of differential tissue glycosylation of α-DG on its interaction with both laminin and agrin might be small. Nonetheless, considering that the glycosylation shell of brain α-DG is similar to that of early embryonic α-DG (Leschziner et al., 2001), it may well be that agrin and laminin could display some minor although physiologically relevant differences in affinity toward α-DG tissue isoforms based on their differential degree of glycosylation at various stages of development. To the best of our knowledge no data on this are available in the literature, but if that was the case, it would be important to investigate with some direct protein analysis whether and when there is a transition from cardiac embryonic (less-glycosylated) to cardiac adult (more-glycosylated) α-DG in cardiac myocytes and fibers. From a translational point of view, such knowledge could guide the optimization of exogenous recombinant agrin that preferentially interacts with fully glycosylated α-DG over laminin in differentiated CMs, as to increase its regenerative potential upon administration to damaged hearts.

Although unlikely, a further scenario that should be considered is the possible presence of an additional “factor” that would be switched on after P2 to freeze/lock the system in a fashion in which agrin would not bind α-DG with the same affinity as before.



Agrin Exact Timing of Expression in the Human Heart

The regeneration potential of human cardiac muscular tissue is considered generally low, although a certain degree of cardiomyocyte renewal has been observed throughout life, with a peak reached at 10 years of age followed by a steady decrease throughout adulthood (Bergmann et al., 2015). The final number of CMs is reached already around 1 month after birth, but the exact timing (i.e., days or weeks) and molecular mechanisms by which the fully proliferative capacity of CMs would be substantially lost and replaced by a very low efficiency in cell division is unknown. No specific data have been collected so far on the transcription/expression levels of agrin or of other elements of the DGC within the first postnatal weeks, due to limitations imposed by obvious ethical concerns on the collection and use of human samples. Therefore, it is not known (i) how crucial is the role of agrin at different stages of human cardiac development and/or cardiomyocyte proliferation, (ii) whether exogenous agrin can exert on human hearts the same effect observed in mice. In this respect, some encouraging preliminary results have been obtained also in piglets, a model of MI more closely related to human cardiac physiology [see the preprint by Baehr et al. (2019)].

In order to fully grasp the possible therapeutic potential of agrin in heart regeneration, the levels of agrin in the human heart should be fully characterized as a function of time, from the embryonic to the childhood and through to the adult stage. This is undoubtedly a very challenging task, due to the limitations cited above that could, however, be at least partially overcome by analyzing (upon ethical approval and patient consent) peri-operative samples. Is agrin only expressed until early after birth, and then not expressed at all? In the light of what has been found in mice, it would be particularly important to collect data on the expression of agrin along all human developmental stages, which is a challenging task, mainly due to the intrinsic difficulties in collecting representative heart samples. Furthermore, is there a differential expression of agrin isoforms specific for each developmental stage? It seems likely that the A0B0 agrin isoform (the so-called muscle isoform, Gesemann et al., 1996) would be the most populated during development and neonatal growth, given that it has the largest affinity for α-DG, but this needs to be demonstrated yet. Ultimately, for a better therapeutic tailoring, it could be important to narrow down the expression profiles of other agrin splice isoforms in the human heart.



“Switching on” an Agrin-Driven Specific Regenerative Program?

Agrin knockout in mice results in death at birth, but no gross histological abnormalities have been recorded in cardiac tissues (Gautam et al., 1996; Burgess et al., 2000). Similar findings have been described for the only human case reported of an agrin-null variant leading to perinatal death, (Geremek et al., 2020). Such evidence strongly indicates that agrin is not essential for CM proliferation during embryogenesis. This means that the DGC could well be involved in the sequestration of phosphorylated YAP at the cytosolic side of sarcolemma but, although agrin can induce DGC disassembly when administered to postnatal heart, factors other than agrin (or complementary to it) could induce the DGC disassembly believed to be responsible for YAP release during development. What is certain is that administration of exogenous agrin promotes the activation of this specific CMs proliferation program in mouse and possibly in larger mammals, as proposed by Baehr et al. in a very recent preprint manuscript (Baehr et al., 2019) reporting the regenerative effect of intracoronary injection of agrin into porcine models of myocardial infarction.

To the best of our knowledge, there is a lack of evidence to show that in larger mammals the regeneration mechanism induced by agrin is an established and conserved genetic program rather than a “una tantum” effect induced upon administration of exogenous protein. Again, a thorough investigation to prove whether a similar agrin-induced mechanism is in place also in human cardiac tissues, whether during development or/and exogenously induced, is granted.



Translational Potential of Agrin for Heart Regeneration: Controlled Delivery of Agrin to the Damaged Tissues

From a translational point of view, a strategy based on an agrin-controlled proliferative program that can be triggered from outside CMs (i.e., within the ECM) should follow one of the basic principles of drug discovery and carefully consider the balance likely to exist between the beneficial and deleterious effects of an exogenous reactivation. In principle, any drug effective in raising the transcriptional levels of agrin could be appealing, but an estimate of the specific timing and dosage, as well of the most effective methods of administration, would be essential. If agrin is proven to be a competitor of laminin for binding to α-DG, important results could for example be obtained by reducing (temporarily) the expression of laminin. Another possibility would be to promote expression of a tailored agrin encompassing the α-DG binding site within the damaged tissues using retroviruses, that are commonly employed for delivering into cells nucleic acid sequences of interest to be integrated into the host cells genome. Indeed, a “mini-agrin” construct that binds to basement membranes as well as to α-DG has been already devised for use in skeletal muscle (Moll et al., 2001). Such construct is effective in attenuating the muscle pathology observed in a mouse model for congenital muscular dystrophy, through a mechanism that includes agrin-mediated stabilization of α-DG and the available laminin a5 chain. Retroviral strategies for a prolonged delivery of a series of therapeutic “mini-agrin” peptides (capable of binding both laminin and dystroglycan) have been recently proposed for the treatment of chronic pathologies such as congenital muscular dystrophies in available mouse model systems (Qiao et al., 2018; Yurchenco and McKee, 2019). In the case of agrin, “mini-agrin”, or truncated agrin delivery to diseased cardiac tissue, complementary strategies should be in place to make the re-activation highly controlled, as a prolonged delivery of agrin could induce undesired hyperproliferative effects.

Both in mouse (Bassat et al., 2017) and porcine (Baehr et al., 2019) models of myocardial infarction (MI), recombinant agrin injected locally in the damaged heart seems to have an overall cardioprotective effect, with anti-inflammatory and angiogenic components to add to CM protection and (mild) proliferation induction. As the authors suggest, agrin could then enhance heart healing via a series of pleiotropic effects, but the hypothesis that agrin may act through a promiscuous rather than a specific mechanism bears important implications/repercussions when trying to envisage regenerative strategies. As an example, administration of agrin has been shown to stimulate the production of blood vessels in both murine and porcine MI (myocardial infarction) models (Baehr et al., 2019), which draws an analogy with the recently discovered role of agrin in recruiting endothelial cells within tumors and its ability to overall promote tumor angiogenesis (Njah et al., 2019). Specifically, agrin has been found to act in endothelial cells (ECs) by an ECM stiffness based mechanism similar to that described in tumor cells, although the mechanotransduction axis would not involve the activation of YAP/TAZ but rather the stabilization of VEGFR2 (Vascular Endothelial Growth Factor Receptor 2), a master regulator of ECs migration, proliferation and angiogenesis. Whether agrin acts following a similar pathway also in cardiac angiogenesis is unknown, but since the agrin isoforms produced within growing tumors by cancer cells and ECs have a similar angiogenic effect (Njah et al., 2019), it could be speculated that this specific agrin axis could be the same acting in cardiac ECs. Paradoxically, even when administered locally, agrin could thus have beneficial effects on certain heart cells/tissues, but at the same time be dangerous for the surrounding ones not directly involved in the damage and healing process, where it could induce hyperproliferation. Considering the role of agrin in tumorogenesis and angiogenesis and the evidences collected on MI models, caution should be exercised when trying to envisage cardiac regenerative strategies involving this proteoglycan. In this respect, another crucial point to also consider in order to further assess the potential benefit of using therapeutic agrin would be to verify whether this protein is stimulating the hyperproliferation of human cardiac fibroblasts, or the activity of other factors involved in fibrotic tissue formation.



Protein Therapy, Dosage, and Cost

The idea that an in-situ agrin-injection could potentially prevent or reduce the formation of scar tissue in the injured heart and stimulate the regrowth of healthy cardiac tissue is undoubtedly powerful. From an exquisitely biotechnological point of view, a full biochemical and structural characterization of the interaction of agrin with its partners primarily on CMs would be fundamental for the optimization of a series of parameters typically considered in drug discovery, such as (i) the solubility and stability of the employed recombinant protein, (ii) its capacity to trigger the regenerative program with high specificity, and thus (iii) the most effective dosage (with the least adverse effects), (iv) the final cost of treatments involving a recombinant system for the production of full-length agrin, or of the agrin C-terminal peptides that harbor the α-DG binding site. To note, as an alternative to local injection more physiological methods of administration could be employed. A promising example is offered by cardiac patches made of natural materials with specific biodegradable and biocompatible properties emulating closely the myocardial microenvironment (Albertario et al., 2019; McMahan et al., 2020), to be implanted upon corrective cardiac surgery. Such patches could be used as a matrix for storage and controlled release of agrin with different modalities. As an example, collagen scaffolds have been used to deliver vascular endothelial growth factor (VEGF) either by modifying the protein to include a collagen-binding domain or by seeding the scaffold with cells that have been genetically engineered to express VEGF, thereby extending the delivery time and promoting vascular growth in infarcted myocardial tissue [reviewed by Ye et al. (2013)]. The last frontier would be that of employing the very latest technologies that created an acellular cardiac patch composed of synthetic microparticles containing secreted cardiac regenerative factors embedded in a scaffold formed by decellularized myocardial ECM (Huang et al., 2020), to allow release of agrin in the absence of the complications associated with cellular components. However, it remains to be determined whether any of the above patches would allow for the necessary time-restricted controlled delivery of recombinant agrin to the damaged heart, and local injection might still be the preferential and more efficient mean of administration, as recently shown in pig models of MI (Baehr et al., 2019).




CONCLUSIONS

Agrin might represent a new player in the race to find innovative treatments for the cure of damaged hearts. Although the preliminary results obtained show great promise, it is still too early to foresee whether exogenous agrin-induced heart regeneration could become a realistic therapeutic avenue for injured human cardiac muscle. A thorough investigation at the molecular level into the proposed mechanism and a characterization of the role played by all factors involved will be pivotal to fully uncover the translational potential of this regenerative pathway.
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Duchenne muscular dystrophy (DMD) is a severe genetic disorder characterized by the lack of functional dystrophin. DMD is associated with progressive dilated cardiomyopathy, eventually leading to heart failure as the main cause of death in DMD patients. Although several molecular mechanisms leading to the DMD cardiomyocyte (DMD-CM) death were described, mostly in mouse model, no suitable human CM model was until recently available together with proper clarification of the DMD-CM phenotype and delay in cardiac symptoms manifestation. We obtained several independent dystrophin-deficient human pluripotent stem cell (hPSC) lines from DMD patients and CRISPR/Cas9-generated DMD gene mutation. We differentiated DMD-hPSC into cardiac cells (CC) creating a human DMD-CC disease model. We observed that mutation-carrying cells were less prone to differentiate into CCs. DMD-CCs demonstrated an enhanced cell death rate in time. Furthermore, ion channel expression was altered in terms of potassium (Kir2.1 overexpression) and calcium handling (dihydropyridine receptor overexpression). DMD-CCs exhibited increased time of calcium transient rising compared to aged-matched control, suggesting mishandling of calcium release. We observed mechanical impairment (hypocontractility), bradycardia, increased heart rate variability, and blunted β-adrenergic response connected with remodeling of β-adrenergic receptors expression in DMD-CCs. Overall, these results indicated that our DMD-CC models are functionally affected by dystrophin-deficiency associated and recapitulate functional defects and cardiac wasting observed in the disease. It offers an accurate tool to study human cardiomyopathy progression and test therapies in vitro.

Keywords: duchenne muscular dystrophy, DMD, human pluripotent stem cells, cardiomyocytes, intracellular calcium, excitation-contraction coupling, adrenergic response, cardiomyocyte death
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GRAPHICAL ABSTRACT. Duchenne muscular dystrophy (DMD) is associated with progressive dilated cardiomyopathy eventually leading to heart failure as the main cause of death in DMD patients. A human cardiomyocyte (CM) model was developed from several independent dystrophin-deficient human pluripotent stem cell (hPSC) lines from DMD patients and hESC line with deletion of DMD gene generated by CRISPR/Cas9 technology. DMD hPSC were differentiated into CMs. DMD mutation-carrying cells are less prone to differentiate into CMs. DMD CMs further demonstrate an enhanced cell death rate. Ion channel expression was altered in terms of potassium (Kir2.1 overexpression) and calcium handling (DHPR overexpression). DMD-CMs exhibited mishandling of calcium demonstrated by increased time of calcium release. Further mechanical impairment (hypocontractility), bradycardia, increased beat rate variability, and blunted β-adrenergic response connected with remodeling of β-adrenergic receptors' expression was found in DMD-CMs (LTCC L-type calcium channel, cTnT - cardiac troponin T, Kir2.1 - potassium channel).




INTRODUCTION

Duchenne muscular dystrophy (DMD, prevalence 1/3,500–6,000 boys) is an X-linked genetic disorder which impairs striated muscles and results in severe disability and premature death in young men (Mah et al., 2014; Vry et al., 2016; Stehlíková et al., 2017). DMD is often associated with dilated cardiomyopathy (Manzur et al., 2008), which develops in affected patients during their teenage years. It is represented by a slowly progressing decline in diastolic function, systolic ejection fraction, and fractional shortening (Markham et al., 2006). Mechanical degeneration is associated with progressive cardiomyocyte (CM) wasting and spreading of fibrosis throughout the ventricular wall (Finsterer and Stöllberger, 2003; Panovský et al., 2019), which leads to intracardiac conduction disturbances, inducing atrial and life-threatening ventricular arrhythmias (Chenard et al., 1993; Himmrich et al., 2000). Gradual dilatation of the ventricle, thinning of the wall (Wagner et al., 2007), and consequent loss of contractility lead to repeated episodes of heart failure, which recently became the most frequent mortality cause in DMD patients worldwide (Finsterer and Stöllberger, 2003; Fayssoil et al., 2010).

DMD is caused by mutations in the dystrophin gene (DMD), which can result in a total lack of functional dystrophin or presence of a truncated inactive form of the protein (Blake et al., 2002). Dystrophin plays a major role in the organization of dystrophin glycoprotein complex (Clarac et al., 2009) responsible for sarcolemmal adhesion to the basal lamina and intracellular pathway regulations. Whereas, skeletal muscle degeneration is extensively studied, the cellular mechanisms of the cardiac pathophysiology are still unclear. Available studies point out the role of oxidative stress and DMD-induced Ca2+ mismanagement (Williams and Allen, 2007; Jung et al., 2008; Caluori et al., 2019), with subsequent cytosolic imbalance and cell damage (Gerke et al., 2005).

In DMD (muscular dystrophy on X chromosome, mdx) mice, we have shown that dystrophin deficiency caused post-translational remodeling of the cardiac ryanodine receptor (RyR2) macromolecular complex, due to S-nitrosylation and Calstabin2 (FKBP12.6) depletion, which leads to intracellular diastolic Ca2+ leak and ventricular arrhythmias (Fauconnier et al., 2010).

Intracellular Ca2+ leak from the sarcoplasmic reticulum (SR) was also associated with deregulation of stretch-activated channels (SAC) though reactive oxygen species (ROS)-mediated hyperactivity (Jung et al., 2008).

Further studies in animal models showed misregulation of other ion channels such as voltage-gated Nav1.5 and L-type calcium channel (LTCC) hyperactivation (Koenig et al., 2011), as well as upregulation of inflammation-related induced nitric oxide synthase (iNOS) (Fauconnier et al., 2010; Peterson et al., 2018). Such observations remain to be validated in human DMD. Furthermore, to this day, there are only limited studies of human DMD cardiac cell (CC) models, describing some of the discrepancies eventually leading to DMD-CM damage (Eisen et al., 2019; Pioner et al., 2020). In the present study, we thus focused, for the first time, on evaluating the impact of dystrophin-deficiency on some molecular properties of the excitation-contraction coupling (ECC) and flight-or-fight response in some patient-specific DMD human pluripotent stem cell-derived cardiac cells (DMD-hPSC-CCs) as well as in CRISPR/Cas9 engineered hPSC-CCs (summarized in Graphical abstract).



MATERIALS AND METHODS

A wide selection of methods was used for analysis of the model starting from generation of the hPSC lines to analysis of 3D contracting clusters and dissociated CCs; thus, the methodological approach has been summarized in Figure 1.
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FIGURE 1. Methodological approach. DMD-hiPSC lines from two Duchenne muscular dystrophy (DMD) patients were generated and analyzed compared to WT-hiPSC lines. DMD-hESC line was generated using CRISPR/Cas9 technology by targetted deletion of the DMD gene from a healthy WT hESC line serving as isogenic control. All hPSC lines were differentiated using 3D cell aggregates (embryonic bodies, EBs). These EBs were then used for molecular and mechanobiological analysis methods or were enzymatically dissociated into isolated cardiac cells, which were further analyzed using single cell specific analysis as protein localization and ion fluxes analyses.



Cell Lines, Cultivation, Reprogramming, and hPSC Differentiation Into Cardiomyocytes via Embryoid Bodies

Patient-specific DMD human induced pluripotent stem cell (hiPSC) lines (DMD02 and DMD03) and CRISPR/Cas9 dystrophin-deficient human embryonic stem cell (hESC) line (cDMD) were used (described in Jelinkova et al., 2019a,b). The fibroblasts of two DMD patients were derived from skin/muscle (for DMD02/DMD03, respectively) biopsies. Informed consents approved by Ethics Committee (Faculty of Medicine, Masaryk University) were signed by parents of the patients beforehand and the investigation conformed to the principles outlined in the Declaration of Helsinki.

Control human embryonic stem cell (hESC) line CCTL14 (serving as isogenic control for cDMD) as well as CCTL12 hESC line (further referred to as WT hESC) derived in Masaryk University, Brno, and previously characterized (International Stem Cell Initiative et al., 2007), were used. hiPSC control line UEFhfiPS1.4 (Qu et al., 2013) and cl.4 obtained from Majlinda Lako (NewCastle, UK) (further called WT-hiPSC) were used for comparison with DMD-hiPSC to reduce the effect of reprogramming on the CC phenotype.

All human pluripotent stem cell (hPSC) lines were routinely maintained on feeder layer of mitotically inactivated mouse embryonic fibroblasts (mEF) as previously described (Dvorak et al., 2005; Krutá et al., 2014; Jelinkova et al., 2019a).

Cardiac differentiation and eventual subsequent dissociation of hPSC-CCs were performed for confocal fluorescent intracellular Ca2+ measurements, patch-clamp, atomic force microscopy (AFM), and immunocytochemistry as previously described (Pesl et al., 2014) with minor modifications. Briefly, grown colonies were cut into pieces with a pipette tip and clumps were transferred into differentiating embryonic body (EB) medium (86% KnockOut Dulbecco modified eagle medium, 10% fetal bovine serum, 1% L-glutamine, 1% penicillin/streptomycin, 1% nonessential amino acids, 0,1mM 2-mercaptoethanol) with 10 ng/ml bone morphogenic protein 4 (BMP4, R&D) and 10 μg/ml ascorbic acid (Sigma Aldrich) where they formed EBs. After 2 days, the medium was changed into EB medium with 5 ng/ml basic fibroblast growth factor (FGF2, Peprotech), 10 ng/ml BMP4, 6 ng/ml Activin A (R&D) and 10 μg/ml ascorbic acid (Sigma Aldrich) and incubated for 4 days. The next 3 days consisted of EB medium supplemented with 10 ng/ml vascular endothelial growth factor (VEGF, R&D), 10 μM IWR1 (Sigma Aldrich), and 10 μg/ml ascorbic acid. The EBs were further cultivated in EB medium with 10 μg/ml ascorbic acid, 10 ng/ml VEGF, and 5 ng/ml FGF2 for 12 days with medium changed every 4 days, and then with EB medium with 10 μg/ml ascorbic acid until further analysis. The differentiation procedure was performed for 13 days in hypoxic conditions (5% oxygen). Then, the EBs were moved into normoxic conditions (20% oxygen) for further cultivation.



Immunodetection

Immunocytological analyses utilized [antibody specific against N-terminal (1:50 ICC/1:50-1:300 WB, Cat# NCL-DYSB, Leica Biosystems), and antibody specific against C-terminal (1:100 ICC/1:1000 WB, Abcam, Cat# ab15277)], for cardiac markers cardiac troponin T (cTnT; SantaCruz, Cat# sc-8121, 1:200) α-actinin (SigmaAldrich, Cat# A7180, 1:500) L-type channel (LTCC, dihydropyridine receptor DHPR alpha 2 subunit/CACNA2D1 antibody abcam, Cat# ab2864, 1:200), assays were performed as described previously (Krutá et al., 2013). For cTnT and α-actinin, cells were fixed using 4% paraformaldehyde at room temperature for 10-15 min. Cells for dystrophin labeling were fixed with 2% paraformaldehyde for 10 min at room temperature, then with ice cold methanol for 5 min, and incubated with pre-extraction buffer (25 mM HEPES, 50 mM NaCl, 1 mM EDTA, 3 mM MgCl2, 200 mM sucrose, 0.5% Triton X-100) before continuing to blocking steps.

The cells were permeabilized and blocked with blocking solution 1 (1% bovine serum albumin, BSA, 0.2% Triton X-100 in phosphate buffer saline, PBS, 15 min on ice) and blocking solution 2 (1% BSA, 1% NaN3, 0.05% Tween 20 in PBS, 60 min on ice). Primary antibodies were diluted in PBS/Tween (0.05%) and incubated overnight at 4°C. Samples were extensively washed with PBS/Tween (0.05%) and incubated with appropriate fluorescent secondary antibody for 1 h at room temperature. For nuclear counterstain, 4′,6-Diamidine-2′-phenylindole dihydrochloride (DAPI) was used. All fluorescent and confocal microscopy experiments were performed using Confocal LSM700 microscope and processed using Zen software (both Carl Zeiss, Oberkochen, Germany).

For dystrophin immunoblots, protein samples from cell lysates were run in 4–12% gradient polyacrylamide gel for 70 min/170V/400mA, blotted at 100 V/300 mA for 2 h, and labeled with antibody against dystrophin protein. After dystrophin detection, the membrane was incubated with antibody against lamin B as loading control (1:1000, Santa Cruz, sc6217). Adrenergic receptors (AR) were analyzed using β1 specific (Thermo Fisher, PA5-28808, 1:500) and β2 specific (abcam, ab137494, 1:500) antibody. Human heart atrial tissue was obtained as procedural surplus material, available during bicaval orthotopic heart transplantation from donor organs and was used as positive control as previously described (Pesl et al., 2020).



Quantitative Real-Time PCR

Cardiac EBs 30–50 days old and human heart samples (obtained as surplus material from donor hearts during cardiac transplantations) were lysed using RNA Blue reagent (Top-Bio, Prague, Czech Republic) according to the manufacturer's instructions, and the total mRNA was isolated using the RNeasy Micro Kit (Qiagen, Hilden, Germany). RNA concentration and purity were determined using NanoDrop (NanoDrop technologies, Wilmington, DE, USA). cDNA was synthesized by Moloney Mouse Leukemia Virus (M-MLV) reverse transcriptase (Invitrogen, Carlsbad, CA, USA) at 37°C for 1 h followed by 5 min at 85°C. For quantitative real-time PCR (qRT-PCR), LightCycler® 480 SYBR Green Master kit (Roche, Basel, Switzerland) was used according to manufacturer's instructions, and PCR was performed, with annealing temperature 60°C and 55 cycles on LightCycler LC480 Instrument (Roche). The PCR primers (Generi-Biotech, Hradec Kralove, Czech Republic) are shown in Supplementary Table 1.



Measurements of Intracellular Cytosolic Ca2+ Variations by Fluorescent Confocal Microscopy

The contracting EBs were dissociated to single CCs by incubation in Ca2+-free solution [120 mM NaCl, 5.4 mM KCl, 5 mM MgSO4, 5 mM sodium pyruvate, 20 mM glucose, 20 mM taurine, 10 mM HEPES (all Sigma Aldrich), pH6.9] at room temperature and enzymatically treated with 0.8 mg/ml type II collagenase (Gibco) and 0.037 mg/ml type XIV proteinase (Sigma Aldrich) in the same solution for 3 min at 37°C. The clusters were then incubated in dissociating solution (85 mM KCl, 30 mM K2HPO4, 5 mM MgSO4, 1 mM EGTA, 5 mM sodium pyruvate, 5 mM creatine, 20 mM taurine, 20 mM glucose, 2 mM disodium pyruvate, pH = 7.4) for 20 min at 37°C and plated on gelatin coated 35 mm glass bottom culture dishes (MatTek) in EB medium until the next day. On the day of measurements, cells were incubated in a Tyrode's solution (140 mM NaCl, 5 mM HEPES, 4 mM KCl, 1 mM MgCl2, 1.8 mM CaCl2, 10 mM glucose, pH 7.4) with 3 μM Fluo4-AM (Invitrogen, Carlsbad, CA, USA) for 20 min at room temperature. After the incubation with Fluo4-AM, the solution was replaced with the fresh Tyrode's solution and the cells were placed on the stage of an inverted microscope. Ca2+ images in line-scan mode were recorded with a laser scanning confocal microscope Zeiss LSM Exciter (Carl Zeiss), with 40x water immersion objective, in x–y mode, 1 image/0.495 s. Electrical pacing was set up with frequency 0.5, 1 Hz (20 V, 0.5 ms duration and 1 ms delay). The kinetic properties of intracellular Ca2+ variations including Ca2+ transients and diastolic events were analyzed by in-house developed PeakInspector software (https://asalykin.github.io/PeakInspector/) as previously described (Acimovic et al., 2018).



Electrophysiological Recordings Through Patch-Clamp

Electrophysiological recordings were obtained using whole-cell patch-clamp technique on an Axopatch 200B (Axon Instruments, Foster City, CA) at room temperature (22–24°C). The recording pipettes contained: 120 mM KCl, 8 mM EGTA, 10 mM HEPES, 6.8 mM MgCl2, 3 mM CaCl2, 4 mM ATPNa2, 0.4 mM GTPNa2 (pH 7.2). The bath solution contained: 130 mmol/L NaCl, 4 mM/L KCl, 1.8 mM/L MgCl2, 1.8 mM/L CaCl2, 10 mM/L HEPES, 11 mM/L glucose (pH 7.4). Action potentials (APs) were measured in the current-clamp configuration in response to brief (1–2 ms) depolarizing current injections at 1 Hz. The resting membrane potential, the amplitude and duration (APDs) at 20, 50, and 90% repolarization of the APs were measured (respectively indicated as APD20, APD50, and APD90). 7 DMD-hPSC-derived CCs (DMD-CCs) and 18 WT-hPSC-derived CCs (WT-CCs) were analyzed. Cells arrhythmogenicity was tested using application of successive 10 s runs in the current clamp configuration defined by 5 brief (1 ms) depolarizing current injections at 2 Hz followed by a resting period. Data were analyzed using the Clampfit 10.0 (Axon Instruments) software.



Atomic Force Microscopy Measurements

Atomic force microscope (JPK NanoWizard 3, JPK, Berlin, Germany), combined with an inverted light microscope (IX-81S1F-3, Olympus, Tokyo, Japan), was used to obtain mechanocardiograms of beating EBs as previously described (Pesl et al., 2014; Caluori et al., 2019; Pribyl et al., 2019). Drug response tests were performed after initial equilibration in Tyrode's solution, followed by addition of 70 μM metoprolol, 10 min of stabilization time, and then 10 min of measurement. Isoproterenol (1 μM) was subsequently added into the solution, and mechanocardiograms were measured after 20 min of stabilization. The mechanical properties of beating EBs were expressed as force of contraction in nN as previously described (Pesl et al., 2014); however, the values were relativized for final comparison.



Free Troponin Analysis

The EBs were formed and cardiac induction was initiated as described above. On day 18, individual EBs homogenous in size and shape were separated onto 12 well plate coated with gelatin and 1ml of proper induction medium was added. From day 21 to 51 with frequency of 4 days, medium sample was collected, spun, and the supernatant frozen in −20°C until all samples were harvested. The samples were then analyzed for free troponin T concentration using two epitopes based immunochemical system Cobas e602 (Basel, Switzerland) specifically high sensitive short turnaround time (STAT) kit Elecsys Tropo T hs STAT 100 (Roche diagnostics, Basel, Switzerland; Hess et al., 2008) according to the manufacturer's instructions.



Statistical Analysis

Statistical evaluation was carried out in GraphPad Prism 8.3 software (GraphPad Software, Inc., La Jolla, CA, USA). Available normality tests were performed for the obtained data, and Student's two-tailed t-test or ANOVA was used to assess statistically significant differences on normally distributed group pairs. Where normality tests failed, non-parametric tests were used. Individual statistical test used was specified in individual figure legends.




RESULTS


DMD-CCs Do Not Express Full-Length Dystrophin Protein

Three previously described patient-specific DMD-hiPSC and one CRISPR/Cas9-mediated DMD-hESC lines (Jelinkova et al., 2019a,b) were differentiated into CMs (Pesl et al., 2014). WT hESC [hESC CCTL12 (hPSCreg name MUNIe005-A, passages 15–61) and CCTL14 (hPSCreg name MUNIe007-A, passages 15–63) derived in Masaryk University, Brno, and characterized previously (International Stem Cell Initiative et al., 2007)] and WT-hiPSC [cl.4 (passages 43–84) obtained from Dr. Majlinda Lako (Newcastle University, UK) (Armstrong et al., 2010) and hfiPSC (passages 20–52) (Qu et al., 2013)] were used as controls. The obtained DMD-CCs were evaluated for dystrophin presence. The strategy for antibody detection is illustrated in Figure 2A. Dystrophin expression was evaluated using immunocytology with specific antibodies against high molecular weight isoform of dystrophin (antibody specific to N-terminus detecting the full-length 427 kDa isoform, Figure 2B, left panel), as well as shorter isoforms (antibody specific to C-terminus, which is present in various lower molecular weight dystrophin isoforms, Figure 2B, right panel). Dystrophin expression was observed with both antibodies in WT-CCs as membranous signal of the antibody (Supplementary Figure 2). No membranous/cytoplasmic protein signal was detected in any DMD-CCs (Figure 2B). Nuclear signal of dystrophin was detected by C-ter antibody (which can detect shorter dystrophin isoforms, most likely the Dp71 isoform), and no cytoplasmic/membranous signal was observed in CCs derived from either DMD-hPSC lines. Furthermore, western blot analysis with N-ter and C-ter antibodies showed expression of some shorter dystrophin isoforms (Dp140, Dp116, and Dp71) in the DMD cell lines, but none in the full high molecular band (Dp427) (Figure 2C, full membranes in Supplementary Figure 2).
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FIGURE 2. DMD-hPSC differentiate into cardiac cells (CCs), which do not express dystrophin. (A) Antibodies against dystrophin N-terminal (N) aminoacid (a.a.) residues 321–494 and C-terminal aminoacid residues 3558–3684 were used. (B) hPSC derived CCs were analyzed for presence of dystrophin (in green). WT hESC derived CCs dissociated from spontaneously beating EBs presenting with positive signal for cardiac troponin T (red) showed positive signal for dystrophin labeled by N-terminus specific antibody as well as by C-terminus specific antibody. None of the DMD-hPSC lines (DMD02, DMD03, and cDMD) derived CCs showed any signal for dystrophin. DAPI was used for nuclear counterstain. Ruler represents 50 μm. (C) The differentiated EBs were lyzed and western blot analysis was performed to identify the individual isoforms expressed. Both used WT-hPSC derived EBs show expression of various dystrophin isoforms including Dp427, Dp260, Dp140, and Dp71. The CRISPR/Cas9 generated cDMD-EBs show no expression of either isoform, while only shorter isoforms were identified in patient DMD-hiPSC-EBs with promoters downstream of the patient's mutations. Human heart tissue (HH) was used as positive control. LaminB was used as loading control.




Dystrophin Deficiency Leads to Cardiac Differentiation With Lower Yield of Spontaneously Beating EBs

Next, we aimed at characterizing the impact of dystrophin deficiency on the cardiac differentiation of hPSCs through the EB-based method as previously published (Pesl et al., 2014). We compared the yield of beating EBs upon differentiation of all DMD and WT-hPSC lines. First of all, we used the spontaneous beat in 3D EB clusters as a criterion to evaluate the cardiac differentiation success. The differentiation efficacy represented by the fraction of spontaneously beating EBs (detected at day 29 after cardiac differentiation start) was decreased in DMD-EBs compared to WT-EBs (Figure 3A, statistical evaluation in Supplementary Table 2). At the cellular level, the beating EBs from all tested cell lines contained CCs (Figure 3B) with striated pattern of cardiac troponin T (cTnT) and α-actinin. The differentiation efficacy was also measured in age-matched groups of DMD- and WT-EBs aged 25–29 days by qRT-PCR of well-known cardiac markers [NKX2.5 (p = 0.42), myosin heavy chain α (MYH6, p = 0.71), myosin heavy chain β (MYH7, p = 0.82), myosin light chain 2 (MYL2, p = 0.17), myosin light chain 7 (MYL7, p = 0.42), ryanodine receptor 2 (RYR2, p = 0.61), cardiac muscle alpha actin (ACTC1, p = 0.78), connexin43 (GJA1, p = 0.36)], showing no significant difference in relative mRNA expression. However, a tendency for lower yield of most of the markers in the obtained DMD clusters was observed, with the exception for MYH7 and GJA1 (Figure 3C). Inward rectifier potassium channels Kir2.1, Kir2.2, and Kir2.3 were also tested (KCNJ2, KCNJ4, and KCNJ12, respectively) with significant increase in Kir2.1 expression (p = 0.004); SERCA (ATP2A) shows no difference in mRNA expression.
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FIGURE 3. Differentiation efficacy is lower in DMD-hPSC lines. (A) All DMD-hPSC and WT-hPSC lines were differentiated into spontaneously contracting EBs containing cardiomyocytes and cardiac cells. The ratio of these spontaneously contracting clusters was evaluated and compared to wild-type (WT) controls (n = 36 for CCTL14 EBs, n = 8 for CCTL12 EBs, n = 13 for CCTL13, n = 12 for cl.4 EBs, n = 25 for DMD02 EBs, n = 6 for DMD03 EBs, n = 19 for cDMD-EBs). Lesser yields of beating EBs were identified in all DMD-hPSC lines. Statistical difference was calculated by one-way ANOVA and multiple comparison with Dunn's test. Significance (*p < 0.05, **p < 0.01, ***p < 0.01) is visualized as asterisks for the lowest values; for individual p-values, see Supplementary Table 1. (B) EBs were dissociated and cells labeled for cardiac markers α-actinin (in green) and cardiac troponin T (cTnT, in red) (DAPI is labeling the nuclei). WT and DMD-CCs presented similar level of typical striated pattern of sarcomeres. Line represents 50 μm. (C) Differentiation efficacy was evaluated by rt qPCR on mRNA levels of cardiac markers showing only non-significant differences in expression of various markers (MYH6, n = 7 for WT and n = 5 for DMD; MYL2, n = 8 for WT and n = 4 for DMD; MYL7, n = 8 for WT and n = 4 for DMD; RYR2, n = 8 for WT and n = 4 for DMD; ACTC1 n = 6 for WT and n = 5 for DMD; NKX2.5, n = 8 for WT and n = 4 for DMD, ATP2A2, n = 11 for WT and n = 17 for DMD) and non-significant increase in MYH7 (n = 8 for WT and n = 5 for DMD) and GJA1 (n = 7 for WT and n = 6 for DMD). Potassium channels were analyzed using Kir2.x isoforms mRNA expression (KCNJ2 – Kir2.1, KCNJ4 – Kir2.2 and KCNJ12 – Kir2.3, for all n = 11 for WT and n = 17 for DMD). Statistical significance on pooled DMD and pooled WT data sets was calculated using Mann–Whitney test; exact value for each is represented by • in each graph.




DMD-CCs Display Altered Electrophysiological Properties

Next, we tested whether dystrophin deficiency alters the cardiac electrophysiological properties and arrhythmogenicity of single hPSC-derived CCs. Action potential (AP) properties (resting membrane potential (RP), amplitude, and duration (APD) in DMD- (26–46 days old) and WT-CCs (36–41 days old) were recorded using the patch clamp technique. Age matching of the CCss was not possible in this instance due to technical reasons as only a limited number of CCs were analyzed. Both DMD- and WT-CCs mostly exhibited triangular-shaped APs with various APD90 durations ranging from 20 to 380 ms (Figures 4A,B) similarly to WT with measured APD90 ranging from 20 to 520 ms. More occasionally, plateau-shaped APs with longer (>300 ms) APD90 durations were observed (Figures 4A,B, Supplementary Figure 7). No significant difference was observed in RP, amplitude, and durations between DMD- (n = 7) and WT-CCs (n = 18) APs (Figure 4B). Occurrence of fast pacing induced delayed afterdepolarization (DAD) events was observed and quantified. No difference (p = 0.25) between DMD-CCs (50%; 1.2 ± 0.3 events/10 s, n = 7) and WT-CCs (35%; 1.9 ± 0.4 events/10 s, n = 18) in the occurrence of DAD was observed (Figure 4C).
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FIGURE 4. AP recordings showed no difference in WT and DMD-CCs. (A) Representative AP recordings obtained from WT and DMD-hiPSC derived CCs, under current clamp configuration. (B) Scatter plot of RP (mV) and amplitude (mV) (left) and APD 20, 50, and 90 durations (right) of WT (n = 18) and DMD (n = 7) hPSC-CCs are represented. No significant difference was observed among these parameters between WT and DMD-hPSC-CCs. Exact n value for each is represented by • in each graph. Mean ± SEM are represented. (C) Representative arrhythmic events recorded in WT-CCs (left) and DMD-CCs (right). Upper panels show representative recordings of non-arrhythmogenic cells from WT-CCs and DMD-CCs and bottom panels show representative recordings of arrhythmogenic cells showing extra events, such as DAD (Asterisks).




DMD-CCs Exhibit Abnormal Intracellular Ca2+ Handling

Intracellular SR Ca2+ handling has been shown to be affected in several DMD models, in particular through RyR2 mediated Ca2+ leak (Andersson and Marks, 2010; Fauconnier et al., 2010; Andersson et al., 2012). Using confocal fluorescent microscopy as we previously showed in hPSC-CCs (Pesl et al., 2014; Acimovic et al., 2018), we investigated the enzymatically dissociated single cell Ca2+ handling in DMD and WT-CCs matched between 40 and 50 days after differentiation. We chose this age as a safe timepoint to interpret the eventual differences as prevalently caused by the DMD mutation: it is in fact reported that calcium machinery in hPSC-CCs reaches a “stationary state” between 21 and 30 days after induction (Hwang et al., 2015). We acquired intracellular Ca2+ transients in resting state and under physiological pacing conditions (0.5 and 1 Hz). We analyzed spontaneous frequency of calcium transients, together with their time parameters, and occurrence of secondary small diastolic calcium events possibly triggering increased automaticity.

A lower frequency was observed in the major Ca2+ transients in DMD- compared to WT-CCs in resting conditions (1.262 ± 1.608 Hz vs. 2.416 ± 3.441 Hz respectively, p < 0.0001). Ca2+ transient dynamics resulted altered in DMD single CCs: either in resting or in paced conditions, the time to peak, dependent on the SR Ca2+ release properties, was significantly elongated in dystrophin deficient cells (p < 0.0001, Figure 5A). Ca2+ transient decay time, expression of the features of calcium reuptake, was increased in DMD in resting state (+59.24 ms average increase, p = 0.013, Figure 5B); this prolongation was non-significant in pacing conditions. Transient duration, which determines the contraction cycle and possible Ca2+-induced arrhythmogenicity, was also elongated in DMD-CCs (Figure 5C; 63.53 ms in resting state, p = 0.002, and 71.51 ms under 0.5 Hz pacing, p = 0.025). These data suggest that the lack of dystrophin affects DMD-CCs during spontaneous and triggered SR Ca2+ release, affecting overall calcium dynamic.
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FIGURE 5. The dynamics of Ca2+ release and re-pumping is affected by dystrophin deficiency. Release of Ca2+ transients was measured using Fluo4 dyes in enzymatically dissociated DMD (91 cells and n = 278 transients were analyzed for resting conditions; 20 cells and n = 83 transients were analyzed for low frequency paced at 0.5 Hz) and WT-CCs (30 cells and n = 262 transients were analyzed for resting conditions; 15 cells and n = 128 transients were analyzed for low frequency paced at 0.5 Hz) in the age 40–50 days of differentiation. (A) Time to peak, (B) decay time, and (C) contraction duration time were analyzed for the main Ca2+ transients. The DMD-CMs showed significantly higher Ca2+ amplitude and longer time to release and repump/extrude the Ca2+ back into the SR/out of the cell in comparison to WT. The exact values are plotted in the graphs; red line represents the median. Significance (*p < 0.05) is visualized as asterisks as calculated by Mann–Whitney one-sided test (*p < 0.05, **p < 0.01, ****p < 0.0001). The Ca2+ leakage is demonstrated by Ca2+ events of low-amplitude (arrows) among the main Ca2+ transients [D—the obtained data from microscope with line scanning (upper bar) and transferred into peak graph by PeakInspector (lower bar) with and without electrical pacing of 0.5 Hz]. The occurrence of these small events is increased in DMD-CCs transients (E) as analyzed by Mann–Whitney test (n = 54 and n = 35 analyzed cells, for DMD and WT, respectively). (F) L-type channel (DHPR subunit) expression was characterized, showing non-significant increase in protein expression in DMD-hiPSC compared to WT-EBs as calculated by one-way ANOVA (n = 4, n = 4, n = 4 and n = 8 for WT hESC, WT-hiPSC, cDMD, and DMD-hiPSC-EBs). HH was used as positive control, HFF (human foreskin fibroblasts) as non-CM cell sample. (G) CaV isoform's (CACNA1C and CACNA1D) mRNA expression of LTCC subunits were analyzed using rt qPCR showing no difference between the groups. The values were calculated for CMs using ACTC for normalization. At least three biological repetitions were used for the analysis with exact value for each represented by • in the graph. Statistical difference was calculated using one-way ANOVA. (H) ICC analysis showed stronger signal for LTCC (in red) in DMD-hiPSC CCs recognized by cTnT labeling (in green). Line represents 50 μm.


We then observed and quantified the occurrence of secondary small-amplitude Ca2+ release events occurring after a main transient during diastole (relaxation and baseline, Figure 5D) and found significantly increased frequency of these events in DMD-CCs (p = 0.0172, Figure 5E).



Aberrant L-Type Voltage-Dependent Ca2+ Channel Expression in DMD-CCs

To further understand how dystrophin deficiency affects Ca2+ homeostasis and ECC in DMD-CCs, we verified the expression pattern of LTCCs using dihydropyridine receptor (DHPR) α2 subunit/CACNA2D1 antibody. At the protein level, DHPR α2 subunit expression was increased in patient-specific DMD-CCs (DMD02 and 03, Figure 5F). No difference was observed on the mRNA level of the CACNA1C (encoding Cav1.2) or CACNA1D (encoding Cav1.3) between the WT and DMD groups (Figure 5G). We then tested the cellular localization of the L-type channels using DHPR immunostaining. In line with previous protein analysis, DMD-CCs (detected by cTnT labeling) showed stronger signal of the LTCC, and no other difference was detected (Figure 5H).



DMD-EBs Display Hypocontractility, Bradycardia, and Higher Heart Rate Variability

DMD-associated dilated cardiomyopathies is characterized by thinner left ventricle, reduced cardiac output, and hypo-contractility of the heart (Hajjar et al., 1993; Bondue et al., 2018; Amedro et al., 2019). We thus tested whether DMD-CCs contained in 3D cardiac clusters (EBs) exhibit weaker contractile properties by measuring the contraction force and beat rate by AFM as we previously published (Pesl et al., 2014, 2016; Acimovic et al., 2018). We observed weaker spontaneous contraction force in DMD-EBs (Figure 6A, p < 0.0001) while they exhibited similar overall beat rate compared to WT-EBs (Figure 6B, p = 0.139; for separate data of each line, see Supplementary Figure 6). We noticed a peculiar variability in the inter-beat interval (IBI, Figure 6C, p = 0.0039) (examples of AFM curves are shown in Supplementary Figure 6A) across the different samples. While WT-EBs showed consistent IBI with few exceptions, DMD-EBs showed high heterogeneity (Figure 6C, Supplementary Figures 5B–D). We observed not only different variability in recorded IBI but also prevalence in shorter IBI in WT-EBs compared to DMD-EBs (1 ± 1.0 s, and 0.96 ± 0.35 s for WT-hESC- and hiPSC-EBs respectively, 2.4 ± 1,6 s for DMD02-EBs, 2.1 ± 1.2 s for DMD03-EBs and 1.9 ± 1.2 s for cDMD-EBs, p-values in Supplementary Table 3) (Figures 6D–G).
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FIGURE 6. The spontaneously contracting EBs lacking dystrophin showed weaker contraction force and signs of arrhythmias. The EBs were analyzed by AFM-based methods. (A,B) Contraction force is decreased in DMD-hPSC derived EBs (n = 36 for WT, n = 29 for DMD-EBs), beat rate is not affected by DMD mutation (n = 38 for WT, n = 31 for DMD-EBs). The statistical difference was calculated by Mann-Whitney test (*p < 0.05, ****p < 0.0001). At least five biological repetitions were used in each differentiated line; exact value for each is represented by • in each graph. Beat rate variability was identified in DMD-EBs. Graph shows coefficient of variation analysis (C) of pooled control and DMD groups. The data were cleaned of outliers by ROUT test (q = 1%), and normality was tested by available tests showing non-normal distribution. Statistical difference was calculated using Mann–Whitney test. Representative IBI histograms of control (D, n = 712 peaks of the representative EB analyzed), DMD-hiPSC (E, n = 76 peaks of the representative EB analyzed), and DMD-hESC (F, n = 165 peaks of the representative EB analyzed) EBs and superimposed example of all three groups with normalized values (G). Superimposed representative inter-beat-interval (IBI) scatter plots of control hiPSC with DMD-hiPSC-EBs (n = 145 time points for each EB) (H) and control hESC with DMD-hESC-EBs (n = 334 time points for each EB) (I). Superimposed Poincaré plots of control hiPSC with DMD-hiPSC-EBs (J, same representative EBs as in H) and control hESC with DMD-hESC-EBs (K, same representative EBs as in I).


Moreover, DMD-EBs displayed more dispersed IBI scatter plot and histogram than WT-EBs (Figures 6H,I). Using representative Poincaré plots, a quantitative measure of the evolvement in time of the IBI, we found more scattered inter-contraction pattern in DMD-EBs compared to WT-EBs (Figures 6J,K) showing a higher beat rate variability.



Loss of Dystrophin Leads to β-Adrenergic Remodeling and Cardiomyocyte Wasting

Dystrophin-deficient mouse CMs have been shown to display aberrant response to β-AR stimulation (Li et al., 2014). Thus, we evaluated the β-adrenergic response in DMD-EBs to investigate the effect of stress. We monitored the mechanobiological properties of the contracting clusters upon a selective β1-AR inhibitor (metoprolol, METO) followed by a non-selective β-AR activator (isoproterenol, ISO). In presence of METO, the WT-hPSC-EBs exhibited a significant decrease in contraction force (p = 0.0042 for WT hESC, p = 0.0156 for WT-hiPSC) and beat rate (p = 0.0051 for WT hESC, Figures 7A,B). DMD-hiPSC-EBs showed no response in beat rate nor contraction force to modulation by ISO nor METO. cDMD-EBs showed a response in contraction force to METO application similarly to its isogenic control (p = 0.0003 for contraction force and p = 0.103 for beat rate). WT-EBs responded to subsequent β-adrenergic stimulation by ISO application (partially competing with METO) through marginally significant increase in relative contraction force (p = 0.0596 for WT hESC, p = 0.03 for WT hiPSC, Figure 7A), DMD-EBs did not show statistically significant responses to ISO nor METO. cDMD-hESC line, however, responded similarly to its isogenic WT control in contraction force increase (with significant change in response to modulation, p = 0.0039). The pharmacokinetic answer to ISO has been additionally tested by exclusion of METO response using division of Tyrode and ISO value still showing response in WT-EBs (p = 0.0021) with no significant change in DMD-EBs (p = 0.1309) (as shown in Supplementary Figure 4C).
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FIGURE 7. DMD-CCs show remodeled β-adrenergic response and increased death. The contraction force and beat rate were measured using an AFM-based method and tested for β adrenergic response with isoproterenol (ISO, activator) and metoprolol (METO, inhibitor) (A). WT-CMs show increase in contraction force (n = ISO/METO: n = 14/13 for WT hESC, n = 6/7 for WT-hiPSC-EBs, n = 6/10 for DMD02 EBs, n = 5/6 for DMD03 EBs, n = 17/17 for cDMD-EBs, exact value for each is represented by • in each graph) and (B) beat rate (n = ISO/METO: n = 6/11 for WT hESC, n = 14/8 for WT-hiPSC-EBs, n = 7/11 for DMD02 EBs, n = 5/6 for DMD03 EBs, n = 15/15 for cDMD-EBs, exact value for each is represented by • in each graph) after ISO treatment and decrease in both parameters under METO treatment. The DMD-hiPSC-EBs remained unresponsive to any of these stimulations. cDMD derived EBs show similar response in contraction force to its isogenic WT control. The red line represents the ratio of 1 for better orientation in change. Significance calculated by Wilcoxon test (*p < 0.05, **p < 0.01, ***p < 0.01, #p < 0.1) is visualized as asterisks. (C–E) Western blot analysis of β receptors shows higher expression of β1 in DMD-hiPSC derived EBs compared to WT-EBs; cDMD line shows similar expression to its isogenic WT control (calculates as β1 signal/actinin signal). β2 receptor showed increased levels in DMD-hiPSC-EBs. Human heart (HH) sample was used as positive control, human foreskin fibroblasts (HFF) as CM negative sample. Lamin B was used as loading control. Exact value for each is represented by • in each graph. Statistical difference was calculated by Mann-Whitney test for both β1 and β2 receptor expression. (F) CM death in the EBs was evaluated using free troponin level analysis in the medium. All DMD-EBs show significantly increased free cTnT levels compared to WT-EBs. Statistical difference was calculated using two-way ANOVA with uncorrected Fisher's post hoc test. ****p < 0.0001 according to cell line factor (WT vs. DMD) and ++++p < 0.0001 according to day of differentiation factor.


These mechanobiological data suggest that the DMD-EBs exhibit much weaker response to stress conditions in presence of β-AR modulation. Thus, we compared the expression of the β1, β2, and β3 AR at the protein level between DMD- and WT-EBs. While DMD-EBs derived from patient hiPSC showed increased β1 (p = 0.0103) and β2 AR expression (p = 0.0162) compared to isogenic WT-EBs, cDMD-EBs show similar or lower expression of both (Figures 7C–E). β3 expression was analyzed by quantitative rt qPCR showing no significant differences in between WT- and DMD-EBs (Supplementary Figure 4D).

A pathological overexpression of β-AR together with the blunted drug response and hypocontractility above described lead us to ask whether our derived CCs are already undergoing complex changes leading to their death, with consequential depletion and mechanical function deterioration in our 3D model. Thus, CC death was quantified, over time after differentiation, via cTnT concentration in the culture medium, originating from the dying CCs in the EBs. DMD lines showed from day 35 a significantly increased free cTnT level in their medium, compared to WT samples (Figure 7F, statistical evaluation in Supplementary Table 4). Interestingly, the DMD-EB kept beating even late after cardiac induction, even over the observed increased CM death (Supplementary Video 1).




DISCUSSION

Dilated cardiomyopathy, ultimately leading to heart failure, is the most common outcome in patients with dystrophin mutations (Kamdar and Garry, 2016; Papa et al., 2017), and it develops in DMD patients due to muscle wasting, but remains mostly unexplained in its dynamics. The DMD (mdx) mouse model has critical limitations since it develops only mild symptoms of heart failure with slow progression and unaffected lifespan compared to control mice (Carnwath and Shotton, 1987; Coulton et al., 1988; Shirokova and Niggli, 2013). In the present study, we provided a detailed description of patient-specific hiPSC-CCs and CRISPR/Cas9 engineered hESC-CCs. DMD-CC exhibited several molecular and functional abnormalities including an altered Ca2+ handling, irregular bradycardic beating, hypocontractility, and remodeling processes such as βAR alteration and CMs wasting. Our evidences on the alteration of ECC are in agreement with symptoms described in DMD patients.

Our results showed that dystrophin deficiency leads to lower efficacy in differentiating hPSCs into CCs. Interestingly, DMD-CCs exhibited a similar relative expression of known cardiac markers, and with trending increased Connexin 43 expression, similarly observed in mdx and mdx:utr CMs as a remodeling mechanism following functional dystrophin absence, with potential fatal arrhythmias in presence of β adrenergic stimulation (Patrick Gonzalez et al., 2015). Lower differentiation efficacy can point to cell fate errors: these can result from increased DNA damage caused by deregulated NOS activity (Jelinkova et al., 2019a). This process can lead to loss of stemness both at the commitment and self-renewal level (Rossi et al., 2007; Inomata et al., 2009). DNA damage can also affect multipotent stem cells division, rendering muscular differentiation ineffective (Dumont et al., 2015). Dystrophin loss was recently associated, in advanced CM in vitro models, with delayed contractile machinery formation, suggesting a mutation-derived impairment even at the latest stage of CM development (Pioner et al., 2020).

Then, we inquired whether and to what extent the mutation affected the single cell and EB ECC. We measured the electrophysiological properties and found similar AP features between DMD- and WT-CCs. While most of the recorded AP displayed atrial-like AP properties, our results suggested that dystrophin deficiency does not alter the electrophysiological properties of the derived hPSC-CCs. The AP durations we obtained indicate mixed population of various type of excitable cells from ventricular-like CMs (APD90 ≥ 300 ms), through atrial- and nodal-like CMs (APD90 ≥ 160 ms) and undefined/immature cardiomyocyte-like cells (APD90 < 100 ms) similarly to what others previously found (He et al., 2003; Zhu et al., 2016). Nevertheless, a significant increase of Kir2.1 mRNA expression level point to a possible alteration of APD, which results in reduced effective refractory period during diastole in vivo. Furthermore, regarding the voltage-gated ion channels expression, DMD-CCs exhibited increased expression of DHPRα subunit of L-type Ca2+ channels but no difference in Cav1.2 and Cav1.3 isoform expression. L-type Ca2+ channels presenting gain-of-function mechanism was reported in dystrophic hearts (Koenig et al., 2014). In a recently published work (Eisen et al., 2019), it was shown that prolongation of APD in DMD-CMs was caused by increased ICa, L density, which can be matched to prolonged diastole in DMD patients (Panovský et al., 2019). APD alterations, both at the potassium and calcium current levels, can lead to ventricular tachycardia (Choi et al., 2002; McNally et al., 2015), or premature ventricular beats, possibly degenerating into Torsades-de-Pointes ventricular fibrillations (Weiss et al., 2010).

Correlated with the mentioned calcium channels alterations, we measured the intracellular Ca2+ transients on dissociated CCs and observed a reduced spontaneous firing in DMD-CCs, with a significantly higher occurrence of small Ca2+ events in diastolic phase. For Ca2+ dynamics, DMD-CCs presented prolonged rising time under resting and paced conditions with high variability. The Ca2+ transient decay time mean was significantly longer in resting conditions for DMD-CCs, even if this difference was abolished during pacing. This led to a measured prolonged duration of the transients, except under the 1 Hz physiological pacing.

Altered Ca2+ transients dynamics correlate with cellular alteration of ECC, as previously shown in our work and others (Sato et al., 2007; Caluori et al., 2019; Pioner et al., 2020). In particular, longer rising time might be correlated to a state of calcium overload, derived from sarcolemmal tears (Danialou et al., 2001) and SR leakage by remodeling of RyR2 by S-nitrosylation (Fauconnier et al., 2010; Oda et al., 2015) or loss of the closed-state stabilizer calstabin2 (Fauconnier et al., 2010). RyR2 misregulation can explain also that the presence of small Ca2+ amplitude events by random firing is a state of overload. Prolonged cytosolic Ca2+, as expressed by increased duration of the transients, can contribute to arrhythmic events via inverse Na+-Ca2+-exchange activation (Voigt et al., 2012) and electromechanical dissociation. However, it should be noted that young DMD boys rarely exhibit arrhythmias (Villa Chet et al., 2015). We performed patch-clamp experiments and observed no difference in the number of arrhythmic events in WT- and DMD-CCs. In our previous work, we have shown how DMD-EBs are insensitive to positive chronotropic effect of high extracellular Ca2+ concentration, most likely due to low diffusion gradients in case of constant cytosolic overload (Caluori et al., 2019). Nevertheless, WT-EBs tolerated high levels of extracellular Ca2+ by modulating their contractile activity, while DMD-EBs presented an increased and erratic electromechanical coupling delay, together with an increased calcium reuptake time. In accordance with the presented evidences, we have previously shown how DMD-EBs are less sensitive to Verapamil L-type channels inhibition.

From the single cell electrochemical experiments, and previous results in the DMD-EB electromechanical alterations, we focused on the study of 3D mechanical behavior and its modulation. EBs showed that the overall spontaneous beat rate of WT and DMD groups did not differ at rest. However, we identified an increased heart rate variability though IBI analysis and its time-dependent correlation, similarly to Eisen et al.'s observations (Eisen et al., 2019), which also showed high heterogeneity in beat rate variability in dissociated DMD-hiPSC-CCs. Heart rate variability via L-type inactivation can be increased and even become pro-arrhythmogenic in case of spontaneous SR leakage (Johnson et al., 2013), a condition proven in the case of DMD models. The measured contraction force in DMD-EBs was significantly lowered compared to WT-EBs, as previously shown in single cell models (Pioner et al., 2020) and correlated to the ejection fraction decrease in reported patient's hearts (Corrado et al., 2002; Villa Chet et al., 2015; Panovský et al., 2019). Both lower contraction force and arrhythmic events occur in DMD patient's heart from a very young age and before dilated cardiomyopathy onset. In fact, 25% of pediatric DMD patients under 10 years old already showed decreased ejection fraction and have developed sinus tachycardia (Sadek et al., 2017). Overall, our model presents functional alterations of an early-stage cardiac manifestation of DMD.

For the first time, we further evaluated the ECC modulation abilities by pharmacological response in DMD-CCs through the β-AR response. We found an impaired response in DMD-EBs through lack of contraction force and beat rate modulation similarly to mdx hearts (Meyers et al., 2019). Our data showed visible changes in contraction force and beat rate in WT-EBs in the presence of isoproterenol (non-selective β adrenergic agonist) or metoprolol (β1 receptor inhibitor) but no change of both parameters in DMD-EBs. Surprisingly, the CRISPR/Cas9-induced cDMD-EBs reacted to β adrenergic modulation similarly to WT-EBs. The response might involve an unknown compensatory mechanism proper of the engineered line. As further confirmation, cDMD-CCs presented similar levels of β-AR with respect to its isogenic hESC-derived WT-CCs. In contrast, patient-specific DMD-EBs showed an increased expression in β1 and β2 receptors compared to WT-EBs. It has been previously shown that mdx CMs present lowered density of β1-AR (Li et al., 2014) with blunted β-adrenergic signaling pathway (Lu and Hoey, 2000; Li et al., 2014). Here, patient-specific DMD-CCs showed increased protein expression level of both, still with blunted response to adrenergic modulation.

That is also similar to non-DMD heart failure, where β1 overexpression is quite common (Engelhardt et al., 1999); trying to compensate for the weak contractility of the organ and the overactivation of the receptors then leads to receptor dysfunction in signaling, thus their insensitivity (Bristow et al., 1982; Rengo et al., 2009; de Lucia et al., 2018). The impaired contraction force observed in DMD-EBs can also be caused by β3 inhibitory function (Skeberdis, 2004). β3 normally acts as β-adrenergic break, but has been also shown to temper with mechanical properties of skeletal muscle together with nNOS expression increase leading to elevated ROS production (Puzzo et al., 2016). However, our results indicated that β3 expression was unchanged in DMD-CCs although we cannot exclude difference in β3 cellular distribution. The use of β-AR modulators has been shown to be challenging in management of cardiomyopathy in DMD patients due to severe hypotension events (McNally et al., 2015). Investigations using β blockers in DMD cardiomyopathy have turned up mixed results, with some studies demonstrating a clear benefit while others showed little effect of β-AR blockade on outcomes signaling lack of response to the modulation (Kajimoto et al., 2006; Matsumura et al., 2010; Viollet et al., 2012). The β-AR responsiveness might as well be linked to the type of mutation of the DMD gene, which might explain why one of our models lacked dystrophin expression yet was responsive to adrenergic modulation. Nevertheless, the beat rate and contraction force response to adrenergic modulation in patient-specific DMD-EBs suggested that the human DMD phenotype is accompanied by altered density of the β-AR on the sarcolemma and less sensitive β-AR pathway. The latter can involve a hampered lusitropic effect, resulting in a hypocontractile Ca2+-saturated sarcomere (Culligan et al., 2002; Asp et al., 2013).

As a further original contribution, we finally investigated whether ECC alterations and regulatory pathways remodeling were associated in the dish with CCs wasting. Serum concentration of cTnT is a routinely used marker of CMs death, especially for acute myocardial infarction, although with high sensitivity assays it is also a prognostic marker of non-ischemic cardiac diseases (Park et al., 2017). We have indeed observed how even in vitro early stage models of DMD undergo progressive CMs injury, with detected levels of free cTnT up to 10 times the one of age-matched control lines. Dystrophin mutations, with severe symptomatology like in Duchenne's or milder like in Becker's, are all characterized with progressive cardiac symptoms stemming from loss of CMs, remodeling of the cardiac tissue with substitutive fibrosis, and ventricular dilation leading to heart failure accompanied by non-CM cell population depletion (Pesl et al., 2020). CM death can be indirectly caused by high levels of cytosolic Ca2+, reportedly present in DMD through several mechanisms, which increases proteolysis and triggers mitochondrial dysfunctions with consequent ATP exhaustion (Meyers and Townsend, 2019; Tsurumi et al., 2019). Despite the fact that troponin levels measured by immunoassay methods in the media cannot define the mechanisms of cardiomyocyte injury, nor prove if the cell remains viable after such injury or became apoptotic, our findings confirmed that clinical assays can be used together with our model to follow subclinical stages of DMD cardiac involvement. Remarkably, this progressive CCs death is not correlated with loss of contractility. Pioner at al. demonstrated how up to 100 days of cultivation DMD models preserved their contractile function assuming a hypertrophic phenotype (Pioner et al., 2020). A similar mechanism could explain the similar evidence we observed in our 3D model, where CM depletion might be compensated by surviving CM hypertrophy. This evidence opens further uses of our presented model to study progressive cellular adaptation at different stages of the diseases.



LIMITATIONS OF THE STUDY

The reported study presents several limitations. The electrophysiological analysis via patch clamp lacks a proper age matching; therefore, the highly variable parameters might have masked mutation-related changes. Furthermore, no channel-specific study was performed to make a causative link between the presented channels overexpression to the calcium handling and contractile alterations observed. We did not directly characterize the age effect on calcium handling and contractility on hPSC-CC. However, we have relied on existent information on the topic to exclude a significant contribution of incomplete maturation to the reported differences.



CONCLUSIONS

The purpose of this work was to model some key cardiac molecular properties in DMD cardiomyopathy using DMD patient-specific and engineered CRISPR/Cas9 isogenic hPSC derived cardiac cells. Our results indicated that our DMD models in the dish are functionally affected by dystrophin deficiency and recapitulate functional defects and cardiac wasting observed in the disease. This work contributes to determine cardiac defects in DMD patients. It offers an accurate tool to study human cardiomyopathy progression and test therapies in the dish.
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Stroke and cardiovascular episodes are still some of the most common diseases worldwide, causing millions of deaths and costing billions of Euros to healthcare systems. The use of new biomaterials with enhanced biological and physical properties has opened the door to new approaches in cardiovascular applications. Elastin-based materials are biomaterials with some of the most promising properties. Indeed, these biomaterials have started to yield good results in cardiovascular and angiogenesis applications. In this review, we explore the latest trends in elastin-derived materials for cardiac regeneration and the different possibilities that are being explored by researchers to regenerate an infarcted muscle and restore its normal function. Elastin-based materials can be processed in different manners to create injectable systems or hydrogel scaffolds that can be applied by simple injection or as patches to cover the damaged area and regenerate it. Such materials have been applied to directly regenerate the damaged cardiac muscle and to create complex structures, such as heart valves or new bio-stents that could help to restore the normal function of the heart or to minimize damage after a stroke. We will discuss the possibilities that elastin-based materials offer in cardiac tissue engineering, either alone or in combination with other biomaterials, in order to illustrate the wide range of options that are being explored. Moreover, although tremendous advances have been achieved with such elastin-based materials, there is still room for new approaches that could trigger advances in cardiac tissue regeneration.
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INTRODUCTION

Cardiovascular diseases (CVDs), which are a group of illnesses that directly affect the heart and its normal function, including valve failure, stroke, aneurism of coronary vessels and other heart diseases, are the leading cause of death in the United States and Europe. Indeed, in the period 2014–2015, the annual direct and indirect cost of CVDs in the United States was an estimated 351.2 billion dollars, including 213.8 billion in expenditures and 137.4 billion in lost future productivity attributed to premature CVD and stroke mortality (Benjamin et al., 2019).

The use of new biomaterials with enhanced biological and physical properties has opened the door to new approaches in cardiovascular applications. Biomaterials, as defined by Williams (1999), have been used for many different purposes in the field of regenerative medicine, especially as artificial extracellular matrixes, vehicles for cell delivery and controlled delivery systems for bioactive molecules. It could be thought that a special tissue, such as cardiac muscle may require biomaterials with special characteristics, although basically they should present biocompatibility, adequate mechanical strength, bioresorption or biodegradation, adequate internal morphology and cell-friendly fabrication (Ruvinov et al., 2014; Salerno and Netti, 2014), as is also the case for biomaterials used in other biomedical applications.

Elastin, which is an elastomeric, insoluble and fibrous protein, is one of the principal components of the extracellular matrix (ECM) and is mainly found in those tissues in which high deformations are required. Indeed, elastin can undergo hundreds of millions of cycles with no memory effect while maintaining its original behavior. In the cardiovascular field, it is of paramount importance in blood vessels, heart valves and other cardiac tissues (Powell et al., 1992; Scott and Vesely, 1995; Vesely, 1997; Huang et al., 2018). Elastin is necessary from a mechanical point of view and is also involved in many cell-signaling processes (Almine et al., 2010a, 2012). It is formed by the crosslinking of tropoelastin, its soluble precursor, in a process known as elastogenesis, which has been excellently described elsewhere (Hinek and Rabinovitch, 1994; Brown-Augsburger et al., 1995, 1996; Daamen et al., 2007; Almine et al., 2010b; Vindin et al., 2019). As such, tropoelastin itself (either natural or recombinantly produced) has been widely studied and applied in tissue engineering (Clarke et al., 2006; Mithieux et al., 2009; Wise and Weiss, 2009; Annabi et al., 2017). Unfortunately, once elastin has been degraded or disrupted, it is not easy to repair, at least without markedly affecting the natural alignment and arrangement of the undamaged tissue (Rodríguez-Cabello et al., 2018b). Moreover, its turnover is very low in healthy adults, with elastogenesis primarily occurring during the late fetal and early neonatal periods (Uitto and Larjava, 1991). As such, elastogenesis, which is a complicated process that has already been described elsewhere (Indik et al., 1989; Brown-Augsburger et al., 1997), decreases with age (Vrhovski and Weiss, 1998; Miriam et al., 2013), and is difficult to achieve under in vitro conditions (Flanagan et al., 2009; Syedain et al., 2011; Driessen-Mol et al., 2014; Moreira et al., 2016). Given this lack of elastogenesis in adults and the crucial importance of elastin in cardiac tissues, some researchers have focused their efforts on the use of elastin-based biomaterials, or at least those based on the repetition of the amino acid sequence valine-proline-glycine-valine-glycine (VPGVG) that codes for the elasticity of the elastin molecule according to Urry's model (Urry, 2006). These five amino acids form a β-turn, with proline-glycine at the angle of the turn and a 4 → 1 hydrogen bond connecting the keto group of the first valine to the amino group of the fourth valine along the sequence. A helical arrangement is produced by repetition of these β-turns to form a so-called β-spiral in which the β-turns act as spacers between the turns of the spirals. Valine-glycine sequences allow large-amplitude, low-frequency vibrations. Reductions in the amplitude of these vibrations cause a marked decrease in the entropy of the segment, thus providing the driving force for a return to the relaxed state, which drives the elastic behavior of the protein (Tamburro et al., 1990, 1992, 2003).

Among these biomaterials, elastin-like polypeptides (ELPs) or elastin-like recombinamers (ELRs), depending on whether they are synthesized (Rodriguez-Cabello et al., 2017) by traditional chemical synthesis or by recombinant techniques, respectively, have been shown to be promising biocompatible candidates for use in tissue-engineering applications (Ibáñez-Fonseca et al., 2018). ELRs are based on the repetition of the five amino acids that confer the elastic properties to the elastin molecule, namely VPGVG, in which the V at the fourth position can be substituted by any amino acid except proline (Rodríguez-Cabello et al., 2018a). The use of recombinant techniques employing iterative-recursive methods ensures a high control over the amino acid sequence that forms the ELR and a very high monodispertsity, which is one of the principal problems of traditional chemical synthesis (Won and Barron, 2002; Chilkoti et al., 2006). This control allows the possibility to tailor ELRs with specific mechanical properties and include specific biofunctionalities for the target application or tissue (Figure 1).


[image: Figure 1]
FIGURE 1. Schematic representation of the design of the sequence and production of an elastin like recombinamer (ELR). Reproduced with permission from Rodríguez-Cabello et al. (2018b).


ELRs exhibit a thermoresponsive behavior in aqueous solvents, which means that above a certain temperature, known as the transition temperature (Tt) (Urry et al., 1992; Urry, 1997), they undergo a self-assembly process directed by electrostatic interactions that trigger a change in the conformation of the protein. This change consists of the exclusion of water, thus resulting in loss of the clathrate-like extended structure of the ELRs that leads to a viscoelastic state in which the governing structure is a β-spiral containing three units of the basic pentamer VPGVG, which form a type II β-turn per turn of the spiral, as mentioned. Previously. This change in conformation is accompanied by a shortening in the length of the ELR and release of a certain quantity of energy (Urry, 1993). The temperature (Tt) that defines this change is determined mainly by the amino acid sequence, the polarity of the amino acid present in the fourth position and the molecular mass of the ELR molecule (Urry, 1993).

Although one very optimistic goal in this field, at least currently, is to create a completely functional heart using tissue engineering, significant efforts are being dedicated to the three main sections into which this field can be subdivided, namely cardiac muscle, vasculature and heart valves (Zandonella, 2003; Sacks et al., 2009). In this review, we will focus on the latest results arising from the application of elastin-like materials in these three main areas.



CARDIAC MUSCLE REGENERATION AND ANGIOGENESIS

It is very important to understand the special characteristics of cardiac tissue. This muscle is mainly formed by cardiomyocytes, a kind of hypertrophied muscle cell, which are perfectly aligned and electrically synchronized with the surrounding cells. As they are permanently beating, a constantly high intake of nutrients and oxygen is required to meet their metabolic needs. These nutrients and oxygen are supplied by a dense and very well-organized vascular network, in which smooth muscle cells and endothelial cells are the main cell sources that form and maintain the vascular network (Eng et al., 2016).

Acute myocardial infraction (AMI) has traditionally been defined as a decrease or suspension of blood flow to a portion of the cardiac muscle leading to necrosis. It usually results as a consequence of a blood clot in an epicardial artery that supplies nutrients and oxygen to that region. However, the definition of this kind of event has been changed recently—not all cases now unavoidably involve a blood clot—to a discrepancy between the amount of oxygen that the cardiac muscle requires and the supply that it effectively receives. This discrepancy may lead to myocardial damage, usually in the left ventricle (Saleh and Ambrose, 2018). As in any other muscle tissue, the subsequent ischemia produces a necrotic wound and a reduction in the ability of the affected region to perform its normal function. Therefore, in the case of cardiac muscle, this reduction could compromise the pumping capacity of the entire organ. From a histological point of view, slight changes can be appreciated after the MI. In the first 12 h, hypereosinophilic changes to the myocyte sarcoplasm are present before neutrophilic infiltrates. Subsequently, coagulative necrosis begins and progresses over the next 3 days, resulting in loss of myocyte nuclei and neutrophilic infiltration. Myocyte fragmentation and early phagocytosis occur during the first week. After that time, granulation tissue evolves to form a denser region of collagen which, over the following few weeks, will produce a poorly populated scar tissue with dense and compact collagen. All these events, accompanied by wall thinning and ventricular dilation, impede the normal functioning of the affected region (Pasotti et al., 2006; Ruvinov et al., 2008; Seliktar and Shapira-Schweitzer, 2010). As can be seen, the steps after MI follow a similar path to the wound-healing process (Stroncek and Reichert, 2008) until the final scar is formed, although they are aggravated by what is defined as “infarct extension.” This “infarct extension” is characterized by a remodeling of the ECM in both the directly damaged region and in the viable borders and beyond, reaching the remote region of the ventricle. The limitations arising due to the wound healing process in the affected region are importance as regards rehabilitation of the lost functionality in the affected region, and the limited ability of adult cardiomyocytes terminally differentiated after a myocardial infarction to regenerate clearly affects the regeneration of the affected region (Huang et al., 2018). To overcome this low regeneration ability of adult cardiomyocytes, numerous research groups have attempted to create cardiac patches and injectable systems.

Scaffolds used in cardiac tissue engineering have to provide both an adequate environment to promote cell growth and an integrative system that allows perfect conjunction with the surrounding tissues which, ideally, should be replaced by a perfectly functional natural tissue. Regardless of whether an acellular or cellular approach is used, such scaffolds (injected or preformed) have to provide support to create the vascular network needed to supply the nutrients and oxygen needed by the new cells that will populate them. This vascular network can be pre-formed in vitro or induced in vivo but, in both cases, has to be integrated and well-connected to the pre-existing natural vasculature from undamaged regions. As such, this is one of the key issues that biomaterial scientists have to overcome when creating engineered tissues that can survive in the long-term. Indeed, the lack of appropriate vascular integration is one of the key problems of some approaches for the creation of cardiac patches (Ruvinov et al., 2008; Zhang et al., 2018).

In light of the above, biomaterials for cardiac patches must be biocompatible and must provide the correct mechanical stiffness, matrix density, and viscoelasticity to induce angiogenesis together with the appropriate biological clues (Crosby and Zoldan, 2019). In this regard, ELR/ELP-based scaffolds can be created with tunable mechanical properties that can be adjusted on-demand, depending on the final application, simply by varying the final concentration and/or amino acid composition of the polypeptides. Scaffolds based on elastin-like materials with stiffnesses ranging from a few hundred to some tens of thousands of Pascals have been described in the literature (González De Torre et al., 2014; Gonzalez De Torre et al., 2016; De Torre et al., 2015; Cipriani et al., 2018), thus highlighting the mechanical versatility of this type of biomaterials. Moreover, although mechanical and physical features are critical for tissue-engineering applications, the micro-topography of elastin-derived materials has a crucial impact on the alignment and fate of cardiac cells. Thus, micropatterned tropoelastin-based hydrogels have been shown to promote CM attachment, spreading and elongation. These micropatterned scaffolds also maintained the phenotype and contractile properties of the CMs, and can be electrically stimulated to induce or control the beating of the CMs seeded on them (Annabi et al., 2013).

Elastin-derived materials have proved to be suitable biomaterials for the creation of scaffolds that can trigger angiogenesis. Thus, Robinet et al. have shown that peptides containing the sequence VGVAPG (found in tropoelastin and elastin-like materials) can trigger the angiogenic phenotype of ECs from the micro- and macrovasculatrue (Robinet et al., 2005). This was corroborated by Reddel et al., who showed that exposed elastin sequences are able to increase the levels of matrix metalloproteinases (MMP-2), which contribute to the digestion of connective tissue growth factor (CTGF) and, together with transforming growth factor (TGF-β1), increase the amount of free vascular endothelial growth factor (VEGF) (Reddel et al., 2013), both of which are closely related to angiogenesis. An option to increase the angiogenic potential of the ELRs is to fuse them with this grow factor (VEGF). the Three VEGF genes, namely VEGF-1, VEGF-2 or VEGF-C and VEGF-3 or VEGF-B, VEGF-D, VEGF-E, have been identified in humans (Seandel et al., 2001; Vale et al., 2001). Although located in different chromosomes, all these genes share similar features and behaviors but have different actions in endothelial cells (ECs), affecting different endothelial-specific fms-like tyrosine kinases (VEGFR-1, VEGFR-2, VEGFR-3) and therefore producing different effects in ECs. For instance, VEGFR-1 is related to the assembly of ECs into tubes to yield functional vessels (Seandel et al., 2001), VEGFR-2 is involved in EC proliferation and migration (Shalaby et al., 1995; Carmeliet and Collen, 1997), while VEGFR-3 is more closely related to the lymphatic system (Jeltsch et al., 1997). VEGF can be incorporated into elastin-like scaffolds to provide a pro-angiogenic environment to increase the inherent angiogenic potential of the elastin-derived materials (Flora et al., 2019a) (Figure 2). Moreover, in some studies not related with the regeneration of the cardiac muscle but very related with vascular diseases, as for instance renovascular disease, this combination of ELR-VEGF have been tested in order to increase its angiogenic potential. Both, in vitro, and more importantly, in vivo experiments showed that this biomaterial was able to stimulate the cells related with vessel formation to produce tubular structures. Accumulations of ELRs-VEGF in stenotic kidneys triggered the newly formation of micro-vessels in the cortical and medullar area of the kidneys. ELRs-VEGF did not alter the potency of VEGF alone but this combination increased the half-life with respect to free VEGF resulting in a more effective at recovering the renal function (Chade et al., 2016). However, despite the evident angiogenic potential resulting from the incorporation of VEGFs into scaffolds for tissue-engineering applications (Testa et al., 2008), some studies have pointed out that the use of growth factors has some intrinsic drawbacks, such as low stability and, subsequently, a loss of bioactivity, as well as the possibility of immunogenicity (Lee et al., 2011). To overcome these possible disadvantages, synthetic peptides known as QK peptides, based on the 17–25 alpha region of VEGF165 that binds to the main VEGF receptors, such as VEGFR-1 and VEGFR-2, have been designed (D'Andrea et al., 2005). This QK peptide has shown excellent stability while maintaining its helical structure and bioactivity (Diana et al., 2008; Leslie-Barbick et al., 2011). QK peptides have been incorporated into ELRs in order to enhance their angiogenetic ability with the aim of obtaining better integration of the tissue-engineered scaffold into the natural surrounding tissue. An initial in vitro study showed that QK peptides anchored to the backbone of ELP-based hydrogels could enhance the adhesion and proliferation of HUVECs in 2D systems and could stimulate more sprouting in 3D environments (Cai et al., 2014). In a similar study, Flora et al. demonstrated that tethering QK to ELRs provided a proangiogenic environment in a similar manner to VEGF and that this ELR-QK combination enhanced the formation of new functional capillaries in vivo. This new microvasculature is essential for the survival of the cells colonizing the tissue-engineered scaffold, thus suggesting that this approach could be of great interest in a wide-range of cardiovascular applications that require the spatial-temporal control of growth factors (Flora et al., 2019a). Under the light of the previous lines, the inclusion of GFs into ELR based hydrogels for cardiac regeneration or even fused with the ELR molecules could be an interesting option. However, the use of free GFs entrapped on ELR based hydrogels could have some limitations, as for instance low effective time before their (GFs) degradation. Other key factor to be considered is the dose and how to obtain the optimal concentration from a GF loaded hydrogel. Such spatial-temporal control is still a great challenge even though many strategies have been followed (Martino et al., 2014, 2015). In the case of GFs fused to ELRs, the latency of the GF is clearly increased, as previously mentioned. Moreover, it has to be considered when designing a scaffold based on ELRs fused with GFs, that an increase on the half-life of the GF could be reflected in a lowering of the dose to avoid overdose issues.


[image: Figure 2]
FIGURE 2. H&E staining images of: (a) ELR factor-free hydrogel; and (b) ELR-QK hydrogel; (c,d) magnification 20× of image and (b), respectively. Black arrows indicate the presence of newly formed capillaries. Scale bar (a–d) images 100 μm. (e–j) CD31 immunofluorescent staining images: (e–g) factor free ELR hydrogel (ELR), (h–j) ELR-QK hydrogel. DAPI: nucleus staining (e,h). CD31: expression of CD31 protein (f,i). MERGED: merged channels (DAPI + CD31) (g,j). Scale bar: 50 μm. Reproduced with permission from Flora et al. (2019a).


In addition to the intrinsic benefits of elastin-derived materials, their tunable mechanical properties and the possibility of tethering pro-angiogenic factors, the option of incorporating selected bioactivities into the backbone of ELRs is essential to meet the precise requirements of specific applications. In this case, cardiac tissue requires a highly vascularized environment, therefore a precise combination of bioactive sequences that could trigger a specific response of endothelial cells compared with other cell types is of great interest. In this regard, Flora et al. have demonstrated that a correct choice of bioactivities (RGD and REDV, Arg-Gly-Asp, and Arg-Glu-Asp-Val, respectively), and the right proportion between them, could induce the selective adhesion of endothelial cells from a co-culture with human foreskin fibroblast (HFF-1) and human umbilical vein endothelial cells (HUVECs). Although the choice of a highly selective bioactive sequence for endothelial cells, such as REDV (Massia and Hubbell, 1992; Heilshorn et al., 2003), may not be sufficient in terms of adhesion and proliferation, in conjugation with other bioactive sequences this adhesion and proliferation can be enhanced without losing selectivity (Flora et al., 2018). In addition, the correct selection of bioactivities in terms of cell adhesion and proliferation properties is important. Thus, an appropriate degradation rate is paramount to synchronize the degradation rate of the scaffold and the regeneration rate of the damaged tissue. In this regard, a combination of protease-sensitive bioactive sequences that could harmonize the colonization rate of the cells and the degradation rate of the scaffold, or a cell-demanding degradable scaffold, could be the key to achieving complete and efficient regeneration with adequate vascularization (Trappmann et al., 2017).

Some successful attempts to introduce protease-sensitive sequences into elastin-like materials in order to modulate vascularization of tissue-engineered scaffolds in vivo have been performed. Thus, Staulbi et al. created a scaffold based on two different ELRs that combined cell-adhesion sequences, such as RGDs (general cell-adhesion sequence) and REDV (EC-specific cell-adhesion sequence) with an elastase-sensitive sequence, such as Val-Gly-Val-Ala-Pro-Gly (VGVAPG). A non-biofunctionalized ELR was used as control. These ELRs were chemically modified to bear chemically reactive groups that were used to create hydrogels under different conditions. The study aimed to evaluate the contribution of the gel structure and biofunctionalization on control of the angiogenic potential of this kind of material for use in cardiovascular applications. Stromal vascular fraction cells (SVF), a heterogeneous mixture of cells in which mesenchymal and endothelial/mural progenitor cells are the key cell types, were used in this study. To investigate the angiogenic potential of these scaffolds, several pro- and anti-angiogenic factors secreted by the SVF were evaluated in vitro. Scaffolds containing RGD, REDV, and VGVAPG sequences were prone to inducing cells to produce pro-angiogenic factors, such as monocyte chemoattractant protein-1 (MCP-1), insulin growth factor binding protein-2 (IGFBP-2), heparin-binding epidermal growth factor (HB-EGF), VEGF, interleukin-1b (IL-1b), and urokinase-type plasminogen activator (uPA). In contrast, with non-functionalized scaffolds, anti-angiogenic factors, such as insulin growth factor binding protein-3 (IGFBP-3), prolactin, angiostatin, or vasohibin, were mainly secreted by cells. Moreover, functionalized scaffolds showed higher endothelial cell infiltration than their non-functionalized counterparts. These findings were in agreement with those found in in vivo experiments, which showed a higher cell infiltration and better integration of the scaffold in functionalized scaffolds (Staubli et al., 2017) (Figure 3). As such, it can be concluded from this study that angiogenesis and host integration of these kinds of ELR-based scaffolds can be controlled by modulating the functionalization of the hydrogel alone, which may prove to be an excellent tool in cardiac tissue regeneration.


[image: Figure 3]
FIGURE 3. In vitro angiogenic potential of SVF cell-based ELR constructs. (A) Immunofluorescence staining for CD31 (green) of constructs generated by SVF cells in either non-functionalized (NF) or functionalized with REDV-RGD (RR-ELR) in static or perfusion-based culture at low (left) and high (right) magnifications. Nuclei were stained with DAPI (blue). High magnifications were provided only for the RR-ELR condition to distinguish between the formation of cell aggregates and cord-like structures. White arrowheads indicate the specific staining for endothelial cells. Scale bars = 100 and 20 mm, for low and high magnification, respectively. (B) Quantification of CD31+ cell aggregates formed in static or perfusion culture and cord-like structures in perfusion in areas proximal (channel) or distal (center) to the perfusion channels. Both aggregates and cord-like structures were distinguished by the number of endothelial cells included in them (3, 4, or 5, more than 5). (C) Pie graph representing all the upregulated factors in NF (left) or RR- (right) ELR constructs generated in perfusion culture, divided into pro- and anti-angiogenic factors. (D) Quantification of VEGF released by and entrapped in constructs generated in NF or RR-ELR in dynamic condition. Number of donors = 2 (duplicate samples for each donor) (B–D). Reproduced with permission from Staubli et al. (2017).


Other protease-sensitive sequences have been tested in ELRs to induce controlled biodegradability of the scaffolds and promote directed and guided cell infiltration. These sequences, namely YAVTGDRIRSASPASSA and YAVTGGTARSASPASSA (DRIR and GTAR, respectively), were based on the previously mentioned urokinase plasminogen activator (uPA) (Straky and Heilshorn, 2009). These two sequences were combined with the previously mentioned general cell-adhesion sequence RGD to create two different kinds of scaffold, namely one with a slow degradation rate containing the DRIR sequence and one with a fast degradation rate containing the GTAR sequence. In vitro experiments showed that the different degradation rates depended on the bioactive sequence selected. However, the appearance of new functional vascular vessels within the regenerated region is more relevant from a cardiac tissue-engineering point of view as this allows the creation of a quickly colonizable scaffold. This finding suggests that such a fast degradability induces a fast colonization that is supported by the creation of new functional vasculature (Flora et al., 2019b), which could be crucial for a rapid and functional regeneration of the damaged cardiac tissue.



VASCULAR GRAFTS (VGS)

The mismatch between the oxygen requirements of cardiac tissue and the amount that effectively reaches it is often caused by a failure in the blood supply due to the blockage or rupture of a blood vessel that must provide this oxygen. The first attempts at blood vessel substitution date back to the 1950s (Blakemore et al., 1952; Blakemore and Voorhees, 1954; De Bakey et al., 1958). However, in those days, the two main approaches for replacing damaged blood vessels, which are currently still the most widely used in surgical procedures, involved the use of an autologous (Brescia et al., 1966) or a synthetic graft (De Bakey et al., 1958). It is commonly accepted that the use of autologous vessels as grafts for bypass procedures is the best option even though limitations related to the availability of suitable autologous grafts could represent a problem. On some occasions, surgeons have to choose the synthetic route. However, this can lead to issues related to the small diameter of synthetic conduits, which have a particular propensity to re-stenosis and thrombus formation. Given these limitations, the field of vascular grafts is still relatively underdeveloped and new materials, concepts and approaches are being developed by materials and tissue engineering scientists in their search for the optimal conduit that fulfills all the requirements of this demanding application. Among the different options being studied, the use of tissue-engineered vascular grafts (TEVGs) is one of the most promising approaches to achieve the desired goal of a fully functional vascular vessel with a performance and biological properties similar to native ones. The leading principle in the field of tissue engineering for the creation of TEVGs is biomimicry. It is well-known that nature has served as the inspiration to recreate different structures, tools and devices (airplanes, helicopters, submarines, etc.). The same biomimicry, or imitation of nature, forms the basis for the generation of TEVGs. These TEVGs are intended to be more than mere tubes or conduits to channel blood without leaking as they must avoid immune rejection after implantation and should trigger the formation of autologous tissue that finally replaces the artificial implanted structure, thus forming a completely functional vessel. Basically, they have to accomplish a series of requirements or attributes, as discussed by Benrashid et al. in a nice review of TEVGs (Benrashid et al., 2016):

• Low risk of infectious complication

• Lack of an immune response

• Long-term patency

• Controlled degradation

• Suture integrity

• Suturability

• Ability to be remodeled by cells as a functional tissue

• Responsive to physiological stimuli

• Antithrombotic

• Internal structure that allows for cell migration/seeding

• Durability and mechanical strength

• Cost effectiveness

• Ready availability for use

The first TEVG was reported in 1986 and had a structure based on a multilayer collagen tube and a combination of endothelial and smooth muscle cells (SMCs) (Weinberg and Bell, 1986). Since this first approach, several other TEVGs have been created by varying the base biomaterial and/or cell type and source (Kannan et al., 2005; Buttafoco et al., 2006b; L'Heureux et al., 2006, 2007; Wang et al., 2007; Allen et al., 2014; Wystrychowski et al., 2014).

There are several fabrication techniques to obtain prosthetic VGs. Although it is not intended in this review to explore depply the different fabricating technologies to obtain prosthetic VGs (Wang et al., 2019). It is particularly interesting a novel method developed by Wang et al. in which sacrificial ice scaffolds are created by 3D printing and coated with different materials (tropoelastin alone or mixed with PCL or PDMS, and pure silk or silk/PMDS mixtures) to finally obtain scaffolds with the desired architecture after melting the inner ice core (Hiob et al., 2017).

Many synthetic plastic-based VGs have been designed and tested. Although all of these systems have different mechanical and biological properties, none of them are extensively used as substitutes for blood vessels in clinical practice (Liu et al., 2018). As such, we will not analyze them in this review as our focus here is on approaches that involve the presence of elastin or elastin-derived materials.

Elastin, which is one of the main components of the extracellular matrix in blood vessels, provides long-range deformability and resilience to these vessels, thus allowing a perfect adaptation and performance of the vessel to physiological demands. Elastin is a very stable molecule that rarely undergoes remodeling and exhibits high resistance to the action of degrading enzymes, with only elastase and metalloproteinases (MMPs) having some activity against this resistant molecule (Fornieri et al., 1992; Kielty et al., 2002; Chuang et al., 2009). Since elastogenesis is a process that rarely occurs in vitro (Hinderer et al., 2015), some approaches for generating TEVGs have focused their efforts on the use of elastin-derived materials to create these artificial blood vessels. One of the first such approaches involved decellularize and the removal of collagen from porcine arteries. The resulting structure, which mainly comprised the remaining elastin, was further stabilized by the use of penta-galloyl glucose (PGG). The stabilized constructs showed adequate mechanical properties and allowed cell repopulation of the scaffolds. In vivo experiments indicated a low calcification of the grafts (Chuang et al., 2009). This pathway, based on decellularized tissue scaffolds, has been widely studied, mainly starting from porcine tissues (Roy et al., 2005; Tillman et al., 2012; Syedain et al., 2014; Koobatian et al., 2016). Although all of them confirmed the feasibility of using TEVGs from decellularized animal vessels and their stable geometry, low thrombogenicity, and durable wall structure under in vitro and in vivo conditions none of them are being used clinically.

A second approach for obtaining tissue-engineered blood vessels (TEBVs) with some quantity of elastin in their structure involves the use of fibroblasts to create cell sheets that are subsequently rolled to obtain tubular constructs. These constructs are then dehydrated and decellularized to give a cylindrical structure comprising the extracellular matrix produced by the fibroblast. This acellular tubular substrate has two functions, namely as a barrier to avoid cell migration toward the lumen and as a substrate for endothelial cell seeding in order to obtain a complete endothelial layer covering the lumen of the tubular scaffold and mimicking the natural structure of blood vessels. This approach was developed by L'Heureux et al. (2006), who obtained TEBVs with two different internal diameters (4.5 and 1.5 mm) and a wall thickness of between 0.2 and 0.45 mm. These TEBVs showed good mechanical properties and performance and were found to integrate perfectly with the host vessel, at an anastomosis level, in in vivo experiments in primates. Unfortunately, the time required to create one of these TEBVs (more than 7 months) is too long to allow them to be used in emergency situations, such as stroke or aneurism.

Buijtenhuijs et al. prepared tubular constructs from a dilute acetic acid suspension of collagen I and elastin. These tubular constructs were tested in vitro by seeding smooth muscle cells, which were able to proliferate and colonize the scaffolds (Buijtenhuijs et al., 2004; Buttafoco et al., 2006a; Engbers-Buijtenhuijs et al., 2006). Similarly, combinations of different types of collagen and elastin cross-linked with glutaraldehyde scaffolds have been tested by several authors (van Wachem et al., 1994; Stitzel et al., 2006), although the presence of organic chemicals compromises the biocompatibility of the resulting scaffolds (Daamen et al., 2007). Electrospinning has been explored to process mixtures of collagen and elastin using poly(ethylene) oxide and NaCl as co-reagents. In vitro tests showed the proliferation of smooth muscle cells on these tubular scaffolds (Huang et al., 2001; Buttafoco et al., 2006b). Following on from the use of electrospinning, McKenna et al. developed a tubular vascular scaffold by dissolving recombinant tropoelastin in 1,1,1,3,3,3-hexafluoro-2-propanol and cross-linking with diusccinimidyl suberate. The resulting vascular scaffolds could be precisely designed in terms of length and diameter and exhibited adequate mechanical properties similar to those of native elastin, thus meaning that the use of organic solvents did not produce significant changes in the conformation of the recombinant tropoelastin. However, the presence of these organic compounds has to be controlled and limited to low values in order to avoid cytotoxic effects (McKenna et al., 2012).

Tropoelastin has been used as both a structural biomaterial for constructing VGs, as discussed above, and as an anti thrombogenic coating for VGs created from other materials. Thus, Sugiura et al. developed a bioresorbable VG made from a non-woven poly (glycolic acid) (PGA) fiber mesh coated with a copolymer sealant solution of poly(L-lac tic-co-e-caprolactone) (PLCL) and reinforced by electrospinning poly(L-lactic acid) (PLA) nano-fiber onto the outer side of the PLCL scaffold. This scaffold was functionalized with a monolayer of physisorbed tropoelastin molecules. These VGs were implanted in the infra-renal aortic position in mice and were shown to be able to control the proliferation of vascular SMCs, thereby reducing intimal hyperplasia. However, these authors pointed out that more acute thrombosis was found in the tropoelastin-treated group and that this could be attributed to occasional tropoelastin aggregation increasing the roughness of the luminal surface (Sugiura et al., 2017). On the contrary, some studies point that tropoelastin coated scaffolds inhibit intimal hyperplasia enhancing attachment and proliferation of endothelial cells and substantial reduction in platelet attachment (Wise et al., 2011; Kondyurina et al., 2017; Sugiura et al., 2017). Tropoelastin can be used to create electrospun vascular grafts and it seems that although tropoelastin retains its structural integrity mimicking the ECM and supporting cell growth, pure tropoelastin scaffolds lack of the sufficient tensile strength to be used as scaffolds for VGs (Wise et al., 2011; Hiob et al., 2017).

ELRs (or ELPs, depending their recombinant or chemical origin; Rodriguez-Cabello et al., 2017) are another large family of elastin-based materials that have been used to create VGs. In 2010, for example, Caves et al. published a study in which the procedure for manufacturing VGs from elastin-like proteins reinforced with collagen microfibers was described. This study showed how differences in fiber orientation, spacing and fraction affected the final physical and mechanical properties (burst pressure, compliance and suture retention) of the ELP-based VGs (Caves et al., 2010). ELRs alone have been used as biomaterials for electrospinning with the aim of forming an elastic and resistant mesh that can be used for tissue-engineering applications (Fernández-Colino et al., 2018; González de Torre et al., 2018) and, more specifically, for cardiovascular applications (Putzu et al., 2016, 2019). González de Torre et al. were the first to synthesize stable electrospun ELR fibers without the need for any additional crosslinking step after the electrospinning process. The scaffolds obtained showed a maximum percentage strain of 247.5 ± 36.08%, with a mean Young's modulus of 1.73 ± 0.95 MPa and excellent cytocompatibility in in vitro experiments. Similarly, Putzu et al. created tubular scaffolds from electrospun ELRs using a rotating mandrel as collector. The engineered VGs were formed by an inner layer mainly comprising ELRs containing REDV sequences (tetrapeptide specifically recognized by the integrin α4β1 present in endothelial cells) in order to selectively recruit endothelial precursor cells. The outer layers mainly comprised ERLs containing the general cell adhesion sequence RGD to induce the attachment of structural cells that could colonize the external part of the scaffold. The tubular scaffolds were cross-linked with 0.1% genipin/acetone solutions and subsequenty rinsed with PBS in order to eliminate any organic residues that could have cytotoxic effects (Putzu et al., 2016). In order to avoid the use of potentially cytotoxic crosslinking agents, the same group tried to electrospin a Silk-ELR copolymer containing amino acid sequences from silk (GAGAGS) and from elastin (VPGVG). This latter sequence was intended to provide elasticity and biocompatibility, while the silk sequence spontaneously self-assembled into β-sheets stabilized by hydrogen bonding. This combination was used to cover stents and catheter balloons to create fibrous scaffolds.

Recently, Fernandez-Colino et al. developed a small caliber multicomponent vascular substitute based on a combination of three components, namely a textile reinforcement, a macroporous ELR-based scaffold and an external layer of electrospun PCL. These multicomponent vascular grafts exhibited good mechanical properties in terms of burst pressure (up to 2,000 mmHg) and suture retention force (higher than 2.1 ± 1.4 N) while allowing an efficient transmission of pulsatile flow. The compliance of the grafts can be tuned by varying the thickness of the PLC layer. In vitro, these vascular substitutes promote the formation of an endothelial cell layer, which should increase the hemocompatibility of the grafts (Fernández-Colino et al., 2019) (Figure 4).
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FIGURE 4. Hemocompatibility assessment. (A) Hemocompatibility of ELR-gels assessed using the C5 complement convertase activity. Control materials used for comparison: medical steel (MS) and polydimethylsiloxane (PDMS). (B) Evaluation of adhered platelets based on SEM images. Results are plotted as the mean of three different experiments ± standard deviation. (C) SEM images of (i,ii) ELR hydrogel, (iii,iv) GORE-TEX®, and (v,vi) fibrin-gel after 1 h in contact with platelet rich plasma. Activated and fully activated platelets were covering fibrin and GORE-TEX® surfaces, while ELR surfaces presented minimal platelet adhesion. In the images ii, iv, and vi, the ELR and GORE-TEX® scaffolds were colored in blue, the platelets with a spread morphology in gold and the more rounded platelets in salmon. Scale bars: (i,iii,v): 10 μm; (ii,iv,vi) 2 μm. Reproduced with permission from Fernández-Colino et al. (2018). **p < 0.01, ***p < 0.001.


In 2015, Gonzalez de Torre et al. developed a system for hiding bare metal stents (BMS) from the immune system by embedding them in ELR-based hydrogels. The idea involved designing an endovascular device with high mechanical stability and physiological hemocompatibility that could act as a physical barrier for the atherosclerotic plaque. These devices were created by placing a BMS in an appropriate tubular mold and producing a chemically cross-linked hydrogel containing the stent by injecting a mixture of two different solutions containing complementary reacting ELRs. ELRs with different bioactivities (RGD, REDV and ELRs lacking any bioactive sequence) were used in order to evaluate the thrombogenicity and endothelization capacity of the finale ELR-biostents. The lowest platelet adhesion and lowest endothelial cell recruiting capacity were obtained using ELRs lacking a bioactive sequence. ELR-biostents containing REDV and RGD sequences showed a very low platelet adhesion and a good ability to trigger the formation of a continuous endothelial cell layer on the lumen of the ELR-biostent (De Torre et al., 2015).

Fernandez-Colino et al. have continued the approach of covering stents with ELRs. In 2019, this group published a study in which they developed a coronary stent covered with ELRs using a clickable layer-by-layer (LbL) technique. These coated coronary stents were tested in vitro under simulated implantation conditions, demonstrating an excellent elastic performance of the ELR-based coating. Moreover, these devices proved to be mechanically stable under high-flow conditions in vitro. From a biological point of view, only minimal platelet adhesion/activation was observed after in vitro blood exposure in a Chandler loop. Human endothelial progenitor cells were able to form a continuous and confluent endothelial layer over the ELR membrane covering the coronary stent (Figure 5).


[image: Figure 5]
FIGURE 5. Simulated in vitro ELR-covered stent delivery procedure and mechanical stability. (A) Balloon-expansion of the ELR-covered stent; (i) initial state before starting the expansion (stent diameter: 1.8 mm); (ii) intermediate state (balloon pressure 2 bar); (iii) final state (balloon pressure: 8 bar; stent diameter: 3.4 mm); (B) Deployed ELR-covered stent; (i) semi-frontal image; (ii) lateral image; (iii) detailed view of the ELR membrane; (C) SEM image showing the thickness of the layer (white arrows, ~30 μm); (D) Assessment of the dry-weight of the covered stent before and after high shear stress flow. Scale bars: (A) (i–iii) 5 mm; (B) (i) 2 mm, (ii) 5 mm, (iii) 100 μm; (C) 20 μm. Reproduced with permission from Fernández-Colino et al. (2019).


These latter two approaches based on covering BMS with ELRs seem to be promising alternatives for reducing the risk of re-stenosis and thrombosis after stent implantation and should be tested in vivo to confirm the potential non-inflammatory nature of the ELR-covered stents.



HEART VALVES

In the previous few pages we have reviewed the state-of-the-art as regards the tissue engineering approaches that are being explored by scientists for cardiac muscle and the vascular network that supplies it with nutrients and oxygen. However, the heart has another internal structure, namely heart valves (aortic and mitral valves), that is frequently affected by genetic malformations, stenosis or simply failure. Aortic stenosis (AS) is the most common type of aortic valve disease (AVD), with a prevalence of around 0.5% in the general population and 5% among people aged over 75 years. AS is a severe condition that reduces life expectancy to <10 years if untreated, with half of patients dying within only 2–3 years. Calcification of the aortic valve is characterized by fibro-calcific remodeling of the valve leaflets, which lose elasticity and mobility and leads, in severe cases, to blood obstruction. Currently available drugs are not effective at stopping or reverting the process of native aortic valve degeneration (Lindman et al., 2016; Baumgartner et al., 2017; Musumeci et al., 2018). As such, existing solutions are based on surgical repair, reconstruction and replacement. Since introduction of the first artificial aortic valve by Hufnagel et al. (1954), the field of prosthetic heart valves has experienced a continuous evolution, with improvement of the design and performance of both mechanical and biological and tissue-engineered heart valves. However, both kinds of prosthetic heart valve (mechanical and biological) have important drawbacks. Thus, although mechanical valves made from different materials (stainless steel, pyrolitic carbon, or ceramic) and with different architectures (caged-ball, monoleaflet, and bileaflet) were the most common type of implanted prosthesis for many years, the need for lifelong oral anticoagulation medication to prevent thrombus formation swiftly highlighted the need for biological prostheses (Arsalan and Walther, 2016; Søndergaard et al., 2018). Currently, some 87% of aortic valves that require replacement are substituted by bioprostheses, which are mainly obtained from porcine and bovine tissue (Beckmann et al., 2015). As in the case of vascular grafts, one of the first approaches for obtaining bioscaffolds for the creation of heart valve bioprostheses was to decellularize natural heart valves from human donors or from animals (Tedder et al., 2009). The latter are the most widely used due to the high availability of these tissues compared with those from human donors. Similarly, several physical, chemical and biological techniques can be used to obtain acellular scaffolds (Crapo et al., 2011). Bioprostheses are hemodynamically superior to mechanical valves, and amongst biological valves, bovine ones seem to have better hemodynamic performance than porcine valves, thereby reducing the structural valve deterioration (SVD) that usually appears at around 10 years post-implantation (Fries et al., 2000; Lehmann et al., 2007, 2011; Yap et al., 2013). As noted above, although bioprostheses have some advantages with respect to mechanical valves, they are not exempt from problems. In addition to SVD, which is mainly caused by calcification in the commissural and basal areas of the cusps, tearing of the leaflets, calcific degeneration, endocarditis, pannus (abnormal thickening of the valve tissue, mainly in the cusps) and thrombus are the main complications after implantation of a bioprosthesis (Musumeci et al., 2018). The two leading acellular TEHVs available on the market, namely Cryolife's SynerGraft® and AutoTissue GmbH's Matrix P plus N™, both exhibit high variability as regards the results post-implantation and can provoke strong inflammatory responses, conduit failure, pseudoaneurysms, and allograft dissection, with the need for graft replacement, and a pulmonary artery pressure similar to native valves in healthy subjects (Simon et al., 2003; Brown et al., 2011; Perri et al., 2012; Voges et al., 2013). All these factors mean that these artificial valves do not match the behavior and durability of their natural counterparts, with a new valve replacement being necessary 10–15 years after the first prosthetic valve implantation (Yacoub and Takkenberg, 2005) (Figure 6).
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FIGURE 6. Commercial biological (ovine or porcine tissue) heart valve prostheses. (A) Stentless prostheses. (B) Heart valve prostheses with stent support.


A completely different approach involves building a new valve by combining a degradable biomaterial with cells to create a living implant. This tissue-engineering approach is currently being studied by several research groups to obtain functional heart valves that can undergo cell remodeling in situ and even grow (in the case of pediatric patients). The base concept of heart valve tissue engineering (HVTE) relies on degradable artificial heart valve shaped scaffolds that are able to evolve into viable living tissues with growth potential following a “normal” inflammatory response. This inflammatory response should start just after implantation of the scaffold and colonization by immune cells recruited from the blood stream, followed by the arrival of macrophages, lymphocytes, and progenitor cells from surrounding tissues, attracted by the cytokines secreted by the immune cells (Bouten et al., 2018). Finally, the scaffolds should be remodeled or even completely degraded by the cells while new endogenous extracellular matrix is produced, replacing the scaffold structure and producing a completely functional living heart valve.

Many biopolymers have been explored as biomaterials for TEHVs. These biopolymers can be classified into two main families: synthetic biopolymers and biological protein-based polymers. Synthetic biopolymers, such as PGA, PLA, PCL, and poly(4-hydroxybutyrate) (P4HB), offer the possibility to be tailored to provide precise control over the mechanical and chemical properties and degradation rate (Filová et al., 2009; Pérez et al., 2013). Some limitations of these synthetic biomaterials include their initial stiffness and rigidity, which could lead to stenosis of the implant. Inappropriate degradation rates (faster or slower than needed) can lead to structural incompetency or chronic inflammation, which produces fibrosis, respectively (Sodian et al., 2000; Ghanbari et al., 2009). Biomaterials based on biological polymers, mainly proteins, such as collagen and fibrin, have been extensively used to design and create TEHVs. Collagen is the most abundant component of the fibrosa layer of natural aortic valves and fibrinogen—a fibrin precursor—can be obtained from the patient's own blood and used to generate autologous, molded fibrin heart valves.

The mechanical properties of collagen-based TEHVs were explored by Shy et al. in a study in which a mixture of solubilized collagen and neonatal rat aortic smooth muscle cells (NRASMC) was used to create mitral heart valves and their chordae. Constructs were stimulated in a specially designed bioreactor and the failure stress values (200 kPa) recorded and compared with non-stimulated samples (100 kPa). Biological parameters, such as the collagen and DNA content of the samples pointed to an increase in extracellular matrix deposition in stimulated samples (Shi et al., 2005). In a similar study, Chen et al. examined the impact of the composition of the collagen-based scaffolds used for TEHVs by evaluating the microstructure and, biological and mechanical properties of scaffolds made from mixtures of collagen, elastin and gycosaminoglycans. Depending on the composition, the tensile, compressive, and bending moduliranged from 39.8 ± 8.8, 10.2 ± 1.6, and 25.4 ± 5.1 kPa to 344.6 ± 42.6, 28.3 ± 4.6, and 78.3 ± 9.7 kPa, respectively. The cytocompatibility of the scaffolds was evaluated by culturing cardiosphere-derived cells (CDCs), which are able to differentiate into cells of the three cardiac lineages and are derived from the endogenous stem cell population in adults. These cells showed good cell proliferation on the collagen-based scaffolds (Chen, 2012).

The research groups of Tranquillo and Jockenhoevel have focused their efforts on designing and producing fibrin-based heart valves, using different approaches to obtain TEHVs that mimic the behavior of their natural counterparts (Jockenhoevel et al., 2001; Weber et al., 2014; Reimer et al., 2017). These TEHVs are based on a tubular leaflet design that can eventually incorporate a textile reinforcement to increase the mechanical properties of the fibrin gels used as biomaterials. These approaches comprise the use of several types of cell sources, such as ovine dermal fibroblasts, vascular cells isolated from ovine umbilical arteries or human vascular cells, amongst others. The resulting fibrin-based TEHVs exhibited similar mechanical properties, with a modulus about 4 MPa and performances similar to the native versions (Moreira et al., 2016; Reimer et al., 2017). Although fibrin-based TEHVs showed excellent hemodynamic performance in vitro and in vivo (Reimer et al., 2015), most of them exhibited shrinkage of the leaflets, which produces regurgitation and leads to their failure (Flanagan et al., 2009; Gottlieb et al., 2010; Syedain et al., 2011; Driessen-Mol et al., 2014; Reimer et al., 2017). One of the main causes of this shortening of the leaflets is the very low production of elastin required to provide elasticity in the leaflets in order to complete coaptation of the leaflet and closure of the valve and avoid undesirable regurgitation events. Moreover, this low elastin production and high extracellular matrix secretion, mainly collagen, by the cells colonizing the scaffolds produces a stiffening of the leaflets, thus enhancing their shrinkage and leading to a non-functional TEHV. These findings suggest that the role of elastin in the proper performance of heart valves is crucial. The aortic valve cusp is a three-layered structure (fibrosa, ventricularis, and spongiosa) with different proportions of collagen and elastin but with an average of about 13% elastin in healthy adults. During diastolic loading, the cusps extend with a strain of more than 50%, then recoil elastically. As collagen is not a highly elastic protein, this elastic behavior must be due to the presence of elastin. Taking into account this low percentage of elastin and its high importance in the elasticity of the leaflets, it is clear that the arrangement of the elastin fibers and their interaction with collagen must play a paramount role. Scott and Vesely suggested an interaction between collagen and elastin that could explain the mechanical behavior of the leaflets in aortic valves. This mechanism proposes that elastin may act as a return spring by establishing connections between different collagen fibers or between different regions of the same collagen fiber. Once the collagen fibers are stretched, they take up a great proportion of the load. The elastin in the aortic valve then restores the geometry of the collagen fiber to its original conformation between successive loading cycles and, consequently, is essential for proper functioning of the valve (Scott and Vesely, 1995). This close interaction between collagen and elastin is reflected in the mechanical properties exhibited by heart valves (Vesely, 1997). The authors conclude by introducing the idea that any biomaterial intended to emulate the micromechanisms of heart valves should take into account the close relationship between collagen and elastin.

To the best of our knowledge, there is no approach to building THEVs based exclusively on elastin or elastin-like biomaterials. Taking into account the findings regarding the composition of natural valves and the approaches based on collagen or fibrin mentioned above, it seems that the path to functional TEHVs is likely to involve the use of hybrid materials that combine the mechanical and biological properties of their individual components. In this sense, hybrid ELR-fibrin gels have been created and characterized mechanically and biologically. These ELR-FGs showed better mechanical properties than the pure fibrin gels used to create TEHVs as they combine the elastic properties of ELRs with the well-known cell-affinity of fibrin gels. Moreover, these ELR-FGs served as excellent materials to fabricate semilunar heart valves that could be colonized by ovine umbilical smooth muscle cells (OUSMCs). These cells were able to create their own extracellular matrix, forming collagen I and III as well as alpha-smooth muscle actin with some degree of alignment in TEHVs cultured in vitro for 21 days (Gonzalez De Torre et al., 2016). Following this hybrid ELR-FG based approach, Webber et al. developed TEHVs using a multi-step injection molding system, thus paving the way to the creation of TEHVs with a heterogeneous composition from a cell and scaffold material point of view. This system was intended to create TEHVs with different compositions for the walls and leaflets of the engineered valves without the need for suturing or gluing the different materials, thus ensuring that the leaflets are firmly attached to the wall of the TEHV. The functionality and integrity of the engineered valves were tested in vitro, with and without cells and with continuous stimulation for 2 weeks. Using this multi-step molding technique, different cell lines were embedded in different regions of the TEHVs and proliferated separately, generating their own ECM, which means that both the material arrangement and cell composition can be controlled and precisely placed in the desired region of the TEHV (Figure 7).
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FIGURE 7. (A) Mold parts: Ventricular and vascular stamp and shells. Molding procedure (Valve molded with colored fibrin gel to prove feasibility of molding design): (B) The components of the leaflets are inserted in the mold. (C) The leaflets are molded by placing the vascular stamp on top. Afterwards, the silicone ring is removed. (D) The components for the wall are inserted into the mold with a needle. (E) For demolding, the shells and then the stamps are removed carefully. (F) View from “vascular” side. (G) View from “ventricular” side. (H) Commissure area of a TEHV molded with live stained cells. The nuclei in the leaflet are stained blue with Hoechst 33258, the cytoplasm of cells in the valvular wall green with Calcein AM. (I,J) TEHV with leaflets made of an ELR-fibrin hybrid gel and the wall made of fibrin. (K) Leaflets made of two layers of fibrin (first layer blue, second layer green). Reproduced from Weber et al. (2014).




CONCLUSION AND FUTURE PERSPECTIVES

In light of the above, it can be deduced that elastin is a crucial component of the extracellular matrix in cardiovascular tissues, although it is not the major component in terms of dry weight. Despite its paramount role in cardiac tissues, biomaterials based on elastin or elastin-derived materials have mostly been used to create artificial vascular grafts. Elastin-derived materials have been processed, either alone or mixed with others, in several ways, including electrospinning and molding, to obtain artificial tubular constructs that can act as blood vessel substitutes. These different approaches have shown that elastin-derived biomaterials are non-thrombogenic and cell-friendly materials that are close to reaching preclinical and clinical stages after promising in vivo results. However, and although the research in ELRs started some decades ago, it can be seen that most of the studies and works in cardiovascular regeneration summarized in this review are from the last 5–10 years, a boom period in which we still are, and which is a short time for reaching preclinical or clinical trials.

Scaffolds for cardiac muscle regeneration is the second area of cardiovascular tissue engineering in which elastin-based materials have been applied. Recently, ELR-based scaffolds have started to gain importance as they can induce the rapid angiogenesis needed for cardiac muscle regeneration thanks to the introduction of angiogenic and specific protease sensitiveness. However, only a limited number of examples in which elastin-based scaffolds are used directly as cardiac patches can be found in the literature, and only a few of these have been applied in vivo.

Heart valves are the third big area explored in this review as regards cardiovascular tissue regeneration. As has been discussed, elastin plays a crucial role in the proper functioning of HVs and a lack therefore is possibly the main reason for shortening of the leaflets in TEHVs. Despite its obvious importance in this kind of structure, very few approaches have used biomaterials based on elastin or elastin-like materials.

It is worth pointing out that, under our knowledge, no clinical trials have been done with ELRs-based scaffolds for cardiac tissue regeneration although some preclinical test (Ibáñez-Fonseca et al., 2018) and patent based on ELRs have been registered (EP3124495A1; US9328154B2; WO/2010/092224; WO/2012/168532 and others). There are several reasons that could explain this fact but all of them fall under the speculation. The first one is the novelty of these biomaterials. It is important to understand that ELRs have gained importance in the last two decades, attending to the number of references that can be found in literature, and this is a short time for a biomaterial to reach clinical trials. The tailored design of these molecules is a double-edged sword, in one side it has enormous potential and benefits as for instance to design and precisely incorporate the desired bioactive sequences in the backbone of the polymer. However, in the other side, the possibility to create a huge variety of ELRs lead to another big challenge from the regulatory point of view. Many of the ELRs are more than mere polymeric materials without any bioactive property by themselves. They are more than scaffolds that offer support and mechanical properties; they can be designed to develop an active role during the regeneration process. This complexity in their design and functionality is transferred to regulatory aspects; actually, it is not easy to elucidate if these ELRs based materials should be classified as drugs, medical devices or even as advanced therapy medical products (if they are used with cells embedded).

Many improvements have been achieved in the field of tissue engineering for cardiovascular applications, including improvements in our understanding of the macro- and micromechanical performance of these tissues, improvements in the cell-ECM interaction and cell function, improvements in new biomaterials, improvements in processing technology, and in vitro experiments. However, unfortunately, these improvements are yet to produce a completely functional bioscaffold that could be implanted into patients and could mean actual regeneration of the damaged tissue. As such, there is still room for further improvements in the cardiovascular field, especially as regards biomaterials, in which elastin-derived materials should become more important and attract the attention of research groups focused on cardiovascular tissue engineering.
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In the past two decades, relevant advances have been made in the generation of engineered cardiac constructs to be used as functional in vitro models for cardiac research or drug testing, and with the ultimate but still challenging goal of repairing the damaged myocardium. To support cardiac tissue generation and maturation in vitro, the application of biomimetic physical stimuli within dedicated bioreactors is crucial. In particular, cardiac-like mechanical stimulation has been demonstrated to promote development and maturation of cardiac tissue models. Here, we developed an automated bioreactor platform for tunable cyclic stretch and in situ monitoring of the mechanical response of in vitro engineered cardiac tissues. To demonstrate the bioreactor platform performance and to investigate the effects of cyclic stretch on construct maturation and contractility, we developed 3D annular cardiac tissue models based on neonatal rat cardiac cells embedded in fibrin hydrogel. The constructs were statically pre-cultured for 5 days and then exposed to 4 days of uniaxial cyclic stretch (sinusoidal waveform, 10% strain, 1 Hz) within the bioreactor. Explanatory biological tests showed that cyclic stretch promoted cardiomyocyte alignment, maintenance, and maturation, with enhanced expression of typical mature cardiac markers compared to static controls. Moreover, in situ monitoring showed increasing passive force of the constructs along the dynamic culture. Finally, only the stretched constructs were responsive to external electrical pacing with synchronous and regular contractile activity, further confirming that cyclic stretching was instrumental for their functional maturation. This study shows that the proposed bioreactor platform is a reliable device for cyclic stretch culture and in situ monitoring of the passive mechanical response of the cultured constructs. The innovative feature of acquiring passive force measurements in situ and along the culture allows monitoring the construct maturation trend without interrupting the culture, making the proposed device a powerful tool for in vitro investigation and ultimately production of functional engineered cardiac constructs.

Keywords: bioreactor, mechanical stimulation, in situ monitoring, engineered cardiac tissues, cardiac tissue maturation, cardiac tissue engineering


INTRODUCTION

The native myocardium is a complex tissue composed of an anisotropic network of elongated, tightly interconnected cardiomyocytes (CMs) and cardiac fibroblasts (FBs) embedded in a collagen-rich extracellular matrix (ECM) with a dense supporting vasculature. Defined pacemaker cells and electrically coupled CMs are responsible for the coordinated and cyclic wringing contraction of the heart. Myocardial infarction can cause irreversible damage to the myocardium; indeed, its inability to regenerate together with consequent cardiac fibrosis and irreversible ventricular remodeling can significantly impair heart function over time (Murtha et al., 2017). In the past two decades, relevant advances have been made in the development of three-dimensional (3D) engineered cardiac tissues (ECTs) aimed to recapitulate the structural and functional properties of the native myocardium (Eschenhagen and Zimmermann, 2005; Ye et al., 2013; Zimmermann, 2013; Hirt et al., 2014b; Ogle et al., 2016; Fujita and Zimmermann, 2017; Weinberger et al., 2017). Although these approaches still did not attain complete functionality and immunosafety suitable for clinical translation, ECTs are widely used as in vitro models for basic cardiac research (Engelmayr et al., 2008; Tiburcy et al., 2011), for drug screening (El-Armouche et al., 2007; Hansen et al., 2010; Schaaf et al., 2011; Vunjak-Novakovic et al., 2014; Mannhardt et al., 2016; Marsano et al., 2016), and for investigating cardiac disease (de Lange et al., 2011; Hirt et al., 2012; Occhetta et al., 2018; Chen and Vunjak-Novakovic, 2019; Mytsyk et al., 2019), with the ultimate but still challenging goal to act as functional substitutes for replacement of damaged myocardium (Zimmermann and Eschenhagen, 2003; Zimmermann et al., 2006; Lesman et al., 2010; Menasché et al., 2015; Riegler et al., 2015; Weinberger et al., 2016; Miyagawa et al., 2017; Tiburcy et al., 2017; Frati et al., 2019; Belviso et al., 2020).

Successful strategies for the in vitro generation of functional ECTs require a synergistic combination of appropriate cells, scaffolds, and cardiac-like biochemical and biophysical signals (Bilodeau and Mantovani, 2006; Vunjak-Novakovic et al., 2010). In particular, it has been demonstrated that providing biomimetic mechanical stimulation within dedicated bioreactors promotes growth, maturation, and contractile function of ECTs together with the development of a myocardium-like anisotropic architecture (Massai et al., 2013; Liaw and Zimmermann, 2016; Parsa et al., 2016; Stoppel et al., 2016). In several studies, phasic mechanical stretch (isotonic load) was delivered to ECTs for mimicking the cyclic diastolic filling of the ventricles, leading to morphological and phenotypic changes, referred to as hypertrophy, accompanied by improved cell proliferation, organized matrix formation, and enhanced contractile performance (Fink et al., 2000; Akhyari et al., 2002; Zimmermann et al., 2002; Naito et al., 2006; Birla et al., 2007; Tulloch et al., 2011; Salazar et al., 2015). However, due to the absence of in situ monitoring, in these approaches ECTs were transferred to dedicated measurement devices to characterize their mechanical response. This made force measurements mainly used as end-point analyses, without a continuous characterization of the stage-specific maturation of the constructs. In parallel works, ECTs were suspended between load-adjustable mounts or flexible posts for mimicking the native auxotonic contractions against the hydrostatic pressure of the circulation (Zimmermann, 2013; Hirt et al., 2014a; Liaw and Zimmermann, 2016). Under auxotonic load, ECTs progressively induced the deflection of the posts by gradually adapting and increasing their contraction force, with consequent structural and functional tissue maturation (Zimmermann et al., 2006; Hansen et al., 2010; Schaaf et al., 2011; Boudou et al., 2012; Mannhardt et al., 2016; Tiburcy et al., 2017). This approach enabled culturing miniaturized ECTs in modular platforms designed for simultaneous individual control of culture environment and for automatic video-optical evaluation of contractile activity, crucial features in the perspective of automated high-throughput analyses for drug screening (Hansen et al., 2010; Schaaf et al., 2011; Mannhardt et al., 2016). Despite these advantages, auxotonic load requires long culture periods for tissue adaptation. Furthermore, flexible posts do not allow to either control the mechanical load imposed to the ECTs or adapt the load to the construct maturation stage, so that muscle training or pathological stimulation regimes cannot be applied (Liaw and Zimmermann, 2016).

In order to overcome these limitations and being inspired by the challenge to adapt the mechanical conditioning to the actual maturation stage of the cultured constructs, we developed an automated bioreactor platform for tunable cyclic stretch culture and in situ non-destructive monitoring of the passive mechanical response of the cultured ECTs (Pisani, 2016). To demonstrate the bioreactor platform performance and to investigate the impact that cyclic stretch has on maturation and contractility of engineered models of cardiac tissue, we produced 3D annular constructs based on neonatal rat CMs and FBs embedded in fibrin hydrogel (Bian et al., 2009; Black et al., 2009; Hansen et al., 2010). The hydrogel technique was adopted since it allows to define the ECT shape by using customized casting molds and to support cell spreading and connections throughout the constructs (Hirt et al., 2014b). Fibrin hydrogel was selected since it is easy to pour, tunable in stiffness, and FDA-approved (Jockenhoevel et al., 2001). Fibrin-based ECTs were subjected to controlled cyclic stretch within the proposed bioreactor platform, and their mechanical response was in situ monitored along the culture. The effect of cyclic stretch conditioning was analyzed in terms of cell organization, cardiac marker expression, collagen content, mechanical properties, and electrical functionality.



MATERIALS AND METHODS


Bioreactor Platform Design and Working Principle


Design Requirements

Specific requirements guided the design phase. The bioreactor platform should provide tunable uniaxial cyclic stretch in the range of physiological and pathological stimuli experienced by human cardiac tissue in vivo (strain = 5–100%, frequency = 1–4 Hz; Kuznetsova et al., 2008). Furthermore, the device should enable in situ monitoring of the passive mechanical response of the cultured constructs, using non-destructive methods. Modularity and customization requirements came from the need to guarantee versatility of the device, intended to be used with multiple and different constructs and for several cell/tissue applications. For Good Laboratory Practice (GLP) compliance, the bioreactor platform should be easy to use and to clean with standard tools and techniques commonly available in a cell biology laboratory, and the culture chamber components should be cytocompatible and autoclavable. In addition, the bioreactor platform should have an overall size suitable to be assembled under laminar flow hood and placed on a standard incubator shelf (40 cm × 30 cm × 40 cm).



Design, Components, and Working Principle

In order to accomplish all the abovementioned requirements, the proposed bioreactor platform consists of (1) a culture unit, for housing the constructs; (2) a monitoring unit, for in situ monitoring of culture environment and construct mechanical response; (3) a stimulation unit, for providing tunable uniaxial cyclic stretch; and (4) a control unit, for controlling the stimulation, acquiring and recording the sensor signals, and guaranteeing communications from and to the user (Figure 1A). In detail, the culture unit is composed of a polycarbonate culture chamber (140 mm × 80 mm × 75 mm with a priming volume of ∼100 ml, Figure 1B), in which interchangeable polyoxymethylene (POM) sample holders, designed for ring- or patch-shaped constructs (Supplementary Figure 1), can be mounted (Figure 1C). One sample holder is coupled to an AISI 316L stainless-steel through-shaft, externally connected to the motor, while the other sample holder is fixed and mounted on an AISI 316L stainless-steel through-shaft, externally connected to a load cell. This setup allows connection of the ECTs to the motor on one side and the force sensor on the other, while silicone bellows (J-Flex rubber, United Kingdom) fitted on the internal side of both through-shafts assure watertightness and sterility maintenance of the culture chamber. The polycarbonate lid, screwed on the vessel and sealed by a silicone O-ring, can accommodate up to four immersed sensors and is equipped with one medium sampling/replacement port and one air filter. A central optical access allows for the visual inspection of the constructs during culture (Figure 1D). The monitoring unit can include pH (InLab Ultra-Micro sensor, Mettler Toledo, Switzerland) and dissolved oxygen (MI-730 Micro-Oxygen Electrode, Microelectrodes Inc., United States) sensors inserted in the lid and a load cell with a 10-N full scale (XFTC300, Measurement Specialties TE Connectivity, United States) connected to the fixed holder through-shaft for in situ non-destructive monitoring of the mechanical response of the constructs (Figure 1D). The stimulation unit is based on a linear voice coil motor (GVCM-051-064-01, Moticont, United States), which is connected by a through-shaft to one sample holder and provides sinusoidal uniaxial cyclic stretch with strain values in the range of 5–100% for constructs of 2–15-mm length, with a stimulation frequency range of 1–6 Hz. A contactless linear position transducer (ONP1-A, Gefran, IT) is located under the motor to measure its displacement. An aluminum/POM chassis houses the culture chamber, the monitoring unit, and the stimulation unit (Figure 1B) to be placed within a standard cell culture incubator (37°C, 5% CO2, and 90% humidity). The control unit is composed of a laptop, with a purpose-built software, and hardware components contained in a customized control box. In detail, the CompactRIO-9075 real-time controller (National Instruments, United States) was selected to drive the monitoring and control of the bioreactor. The motor is controlled by a feedback-loop strategy based on the position transducer and a drive motion module (NI 9505 Full H-Bridge, National Instruments, United States). A numerical lumped-element model (MATLAB & Simulink, MathWorks, United States) of the control loop of the motor was developed and supported the tuning of the stimulation unit control (see details in Supplementary Material). A signal conditioner (ARD154, Measurement Specialties TE Connectivity, United States) amplifies the signal of the load cell and increases measurement resolution, improving the signal-to-noise ratio. The analog signals collected from the position transducer, the sensors, and the load cell are processed and digitalized by the NI 9219 acquisition module (National Instruments, United States). Finally, a user-friendly software interface, developed using the LabView® graphical system design platform (National Instruments, United States), allows the user to set the mechanical stimulation parameters (displacement mode, displacement value, frequency), to be guided during the sensor calibration protocols, and to monitor and save the data collected from the monitoring unit (Supplementary Figure 2). The bioreactor components were designed using the commercial computer-aided design (CAD) software SolidWorks (Dassault Systemes, France). Working prototypes of the sample holders were 3D printed (Stratasys uPrint SE Plus, Stratasys, United States) to test their functionality and ease of use. The final bioreactor components were manufactured by computer-controlled milling and drilling. Cytocompatible and autoclavable materials were selected for all components in contact with medium or constructs.
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FIGURE 1. Bioreactor platform and experimental plan. (A) Scheme of the connections among the bioreactor units: culture, stimulation, monitoring, and control units. (B) Lateral view of the bioreactor platform showing the chassis, the culture chamber, the sample holders, the position transducer, and the motor. (C) Top view of the sample holders within the culture chamber. (D) Top view of the bioreactor platform showing the load cell and, on the culture chamber lid, the sensors, the medium sampling/replacement port, the air filter, and the optical access. (E) Experimental plan of the ECT culture, showing the static pre-culture time up to day 5 (d5) and the following culture in either dynamic or static condition up to day 9 (d9).




Bioreactor Testing

Preliminary tests on the whole bioreactor platform were performed for assessing ease of assembling, watertightness, functionality, and reliability. The 3D-printed prototypes of the sample holders were tested in-house in terms of coupling with the culture chamber components, and their holding performance was verified using silicone samples. Concerning the monitoring unit, calibration protocols were defined for both the sensors and the load cell, which was then characterized (see details in Supplementary Material). Ease of use, functionality, and reliability of the bioreactor were preliminarily tested in a cell culture laboratory. Laboratory operators assembled the bioreactor under hood, filled it with culture medium, placed it in incubator, and ran explanatory cyclic stimulation tests (10% strain, 1 Hz frequency) without constructs for 1–2 weeks.



ECT Preparation and Culture

Annular silicone molds (external diameter = 16 mm, internal diameter = 10 mm, height = 3 mm, with a volume of approximately 400 μL) were manufactured for ECT casting. In each mold, a solution of 10 μL of thrombin (2.5 U/mL final, or 0.1 U/mL thrombin solution per mg fibrinogen, Sigma-Aldrich, United States) (Hansen et al., 2010; Morgan and Black, 2014), 23 μL of aprotinin (3000 KIU/mL, Sigma-Aldrich, United States) (Centola et al., 2013), and 116 μL of CaCl2 (40 mM, Sigma-Aldrich, United States) (Cholewinski et al., 2009) was injected. In parallel, freshly isolated neonatal rat cardiac cells (circa 80% CMs and 20% FBs) were isolated as previously described from 2–3-day-old Sprague Dawley rat hearts (Radisic et al., 2008), according to the Swiss Federal guidelines for animal welfare, and all procedures were approved by the Veterinary Office of the Canton Basel (Basel, Switzerland). Cardiac cells were suspended at a density of 18 × 106 cells/mL (Vunjak-Novakovic et al., 2010) in 150 μL of high-glucose (4.5 g/L) Dulbecco’s Modified Eagle Medium (DMEM, Gibco, United States) supplemented with 1% fetal bovine serum (FBS, HyClone, United States), 1% penicillin/streptomycin (Sigma-Aldrich, United States), 1% L-glutamine (Sigma-Aldrich, United States), and 1% HEPES (Sigma-Aldrich, United States) and mixed with 100 μL of fibrinogen (25 mg/mL, Sigma-Aldrich, United States). Fibrin hydrogels were obtained by pouring the cell-fibrinogen solution within each mold already containing the thrombin solution. After 45 min in incubator at 37°C for complete hydrogel polymerization, the annular ECTs were removed from the molds, placed into a 6-well plate with 4-mL/well culture medium, and pre-cultured in incubator at 37°C and 5% CO2 for 5 days under static conditions (Zimmermann et al., 2000). Thereafter, ECTs were transferred into the bioreactor culture chamber and subjected to unidirectional cyclic stretch (sinusoidal waveform, 10% strain, 1 Hz) for an additional 4 days. As control experiment, ECTs were cultured statically for the entire duration of 9 days (Figure 1E). The culture medium, changed twice a week, consisted of low-glucose (1 g/L) DMEM, supplemented with 10% FBS, 1% penicillin/streptomycin, 1% L-glutamine, and 1% HEPES. At day 3, tranexamic acid (tAMCA, Sigma-Aldrich, United States) at a concentration of 160 g/mL was added to each well to delay fibrin hydrogel degradation (Cholewinski et al., 2009).



ECT Assessments


Histology and Immunofluorescence Staining and CM Orientation Analysis

Cell distribution and tissue development and organization were evaluated by hematoxylin and eosin (H&E, Biosystems, Switzerland) staining on sample slices. Each construct was cut into two halves, and each part was fixed for 1 h in 1.5% paraformaldehyde (Sigma-Aldrich, United States), followed by an overnight treatment with 30% sucrose solution (Sigma-Aldrich, United States). Only the straight parts of the constructs (aligned to the stretch) were embedded in optimal cutting temperature compound (OCT, CellPath, United Kingdom) and successively cut in the longitudinal (parallel to the stretch) direction. Sections of 12 μm in thickness were cut in the cryostat by a microtome (Microm International GmbH, Germany) and stained with H&E according to standard protocols. Images were acquired with the Olympus BX63 microscope (Olympus, Japan). The most relevant cardiac markers, such as sarcomeric α-actinin, cardiac troponin I (cTnI), and connexin 43 (Cx43), were investigated by immunofluorescence analysis. The presence of cardiac FBs and cell proliferation were assessed by using anti-Vimentin and anti-ki67 antibodies, respectively. In detail, sections were incubated for 1 h in 0.3% Triton X-100 (Sigma-Aldrich, United States) and 2% normal goat/donkey serum (Sigma-Aldrich, United States) in PBS and successively for 1 h with the following primary antibodies: mouse monoclonal anti-sarcomeric α-actinin (Abcam, United Kingdom) at 1:400; mouse monoclonal anti-cardiac troponin I (Abcam, United Kingdom) at 1:100; rabbit polyclonal anti-Connexin 43 (Millipore, United States) at 1:100; goat polyclonal anti-Vimentin (Abcam, United Kingdom) at 1:100; and rabbit polyclonal anti-Ki67 (Abcam, United Kingdom) at 1:100. Sections were then incubated in the dark for 1 h with fluorescently labeled Alexa 488 and Alexa 647 anti-mouse and anti-rabbit antibodies (Invitrogen, United States) or Alexa 488, Alexa 546, and Alexa 647 anti-mouse, anti-rabbit, and anti-goat secondary antibodies (Invitrogen, United States) at 1:200. Nuclei were stained using 4′,6-diamidino-2-phenylindole (DAPI, Invitrogen, United States) at 1:50 for 1 h. Antibodies were diluted in 0.3% Triton X-100 and 2% normal goat/donkey serum in PBS. Images were taken by using an LSM-710 confocal microscope (ZEISS, Switzerland). The immunofluorescence staining images of statically (n = 3 biological samples) and dynamically (n = 4 biological samples) cultured ECTs collected at day 9 were then analyzed for quantifying the CM orientation. In detail, for each experimental group at least 5 immunofluorescence staining images of 3–5 constructs (from at least two independent experiments) were acquired using a 20X objective lens with the Olympus BX63 microscope (Olympus, Japan) and were analyzed using ImageJ software (NIH, United States). Cardiomyocyte orientation was quantified by calculating the angle between the primary axis of each troponin-positive cell and the x-axis of the image, corresponding to the direction of stimulation and considering the CMs aligned when the angle ranged angle ranged from 0° to 45° or from 135° to 180°. A two-way ANOVA statistical test was performed (p < 0.05). All data were represented as mean ± standard deviation.



DNA and Collagen Quantifications

To assess the amount of cells, DNA was quantified by CyQUANT® Cell Proliferation Assay (Invitrogen, United States). Statically cultured constructs and straight parts of the dynamically cultured constructs were weighed and digested overnight at 57°C in 500 μL of proteinase K solution (1 mg/mL proteinase K, 50 mM TRIS, 1 mM EDTA, 1 mM iodoacetamide, and 10 mg/mL pepstatin-A; Sigma-Aldrich, United States) in double-distilled water or potassium phosphate buffer (Sadr et al., 2012). Working solutions were prepared according to the manufacturer’s protocols. Fluorescence was measured by a SpectraMax Gemini XS Microplate Spectrofluorometer (Molecular Devices, United States), with excitation and emission wavelengths equal to 485 and 583 nm, respectively. Each sample was measured in triplicate. The quantification of the ECT collagen content was carried out by hydroxyproline assay. After digestion in proteinase K (the same used for DNA quantification), samples were mixed with 12 M HCl, hydrolyzed at 120°C for 24 h, and then dried (Cigan et al., 2013). Subsequently, samples were mixed with 50 μL buffered chloramine T reagent (63.5 mg of chloramine T dissolved in 1 mL water, and then diluted with 1.5 mL n-propanol and 2.5 mL acetate–citrate buffer (pH 6); made fresh daily) and incubated for 20 min at room temperature. Further, 50 μL of dimethylaminobenzaldehyde (DMAB) solution mixed with perchloric acid were added (0.45 DMAB in 2 mL n-propanol and 1 mL perchloric acid 20%). The mass ratio of hydroxyproline to collagen was assumed equal to 1:10. The mixture was heated at 60°C for 20 min and cooled, and the absorbance determined at 550 nm. The hydroxyproline concentration was determined from a standard curve (stock solution of hydroxyproline: 1 mg/mL) (Hofman et al., 2011). The total amount of collagen was also normalized by the corresponding wet weight (ww) of the sample.



Mechanical Characterization

During the cyclic stretch culture, the bioreactor load cell was used at day 5 (start of the bioreactor culture) and day 9 (end of the bioreactor culture) for in situ measurement of the ECT mechanical response. The constructs were then collected from the bioreactor and hooked within a standard tensile testing machine (MicroBionix system, MTS Systems Corporation, United States), using a 2-N load cell. For both the bioreactor and the testing machine force measurements, (1) ECTs were pre-tensioned at an initial load of 0.02 N; (2) using a digital caliper, the initial length L0 between the two hooks was measured and the cross-sectional areas A1 and A2 of the two straight parts of the constructs were estimated; and (3) a series of 10 cycles (0–10% strain based on L0, 1 Hz) was performed. Force measurements were converted in engineering stress σ, defined as
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where F is the recorded force.

Stress vs. time curves generated from bioreactor and testing machine measurements at days 5 and 9 were compared in terms of peak-to-peak stress amplitude. The stiffness of the constructs, measured in terms of linear elastic modulus (E), was calculated from the testing machine data as the slope of the engineering stress–strain curves at increasing physiologic levels of strain (from 0 up to 30%). Moreover, imposing a ramp rate of 5 mm/min, ECTs were stretched until failure to assess the ultimate tensile strength (UTS, i.e., the maximum stress that the constructs can withstand before failure).



Electrical Functionality

ECT spontaneous beating and contractile activity upon external electrical pacing were monitored at days 5 and 9. A bright-field microscope IX81 (Olympus, Japan) at 2X/4X magnification was used, and images of specimen were captured. In detail, to evaluate the response to external pacing under controlled temperature of 37°C, each construct was placed within a Petri dish, filled with 5 mL of medium, in between two carbon rod electrodes connected to a custom-built electrical stimulator (Tandon et al., 2009). Electrical pacing (rectangular pulses, 2-ms duration) was applied at a rate of 1 Hz starting with a 1-V/cm electric field amplitude. The excitation threshold (ET), defined as the minimum electric field amplitude at which constructs are observed to beat synchronously, and the maximum capture rate (MCR), defined as the maximum pacing frequency for synchronous contraction using an electric field amplitude of two times the ET, were determined (Radisic et al., 2004). With the adopted microscope magnification levels, it was not possible to record the image of the entire construct while pacing. To overcome this limitation, different randomly sampled regions of the constructs (from 3 to 4, depending on the specimen) were image-recorded and analyzed. Once the image acquisition system was focused on the region of interest, the electric field amplitude was increased by single steps of 0.5 V/cm until the ET was reached. The MCR was determined imposing the electric field amplitude set at two times the ET and increasing the stimulation frequency by steps of 0.1 Hz, until the paced contractions became irregular or desisted at all. To assess the regularity and the frequency of contraction under external pacing, a video analysis of the constructs was performed using a customized image-processing algorithm. Each stimulation sequence was image-recorded [frames per second (fps) set in the range 20–40], and image frames were analyzed with ImageJ 1.47 software (NIH, United States). To assess the capability of the ECTs to follow synchronously the imposed pacing, the center of mass of the image-recorded construct portion was identified and its displacement with respect to its position in a reference frame was calculated and tracked (see details in Supplementary Material).



Statistical Analysis

Statistical analysis was performed with GraphPad Prism software (GraphPad Software, Inc., United States). All data are presented as mean ± standard deviation. The one-way ANOVA multiple-comparison test was used to compare two different groups. In the figures, statistical significance is denoted as ∗ for p-value ≤ 0.05, ∗∗ for p-value ≤ 0.01, ∗∗∗ for p-value ≤ 0.001, and **** for p-value ≤ 0.0001.



RESULTS


Bioreactor Testing

Preliminary tests confirmed the bioreactor platform performance in terms of ease of assembling, watertightness, functionality, and reliability. In detail, the coupling and assembling/disassembling procedures of the mechanical components did not present any critical warnings, and the correct alignment of the culture unit, stimulation unit, and monitoring unit components was verified. Once assembled, the structural and electrical functionality of the bioreactor units was tested using the control unit user interface. In particular, the stimulation unit was tested in terms of accuracy and reliability, showing regular frequency and small oscillations in peak amplitude with no detectable drift from the imposed working parameters, while characterization tests confirmed the functionality of the load cell (see details in Supplementary Material). Thereafter, the bioreactor platform was preliminarily tested in a cell culture laboratory. The assembling procedure under laminar flow hood was easy and fast. Explanatory cyclic stimulation tests run for 1–2 weeks in incubator confirmed watertightness and sterility maintenance of the culture chamber.



ECT Assessments


Remodeling, Histology, and Collagen/DNA Content

The initial size of the ECTs was reproducible, but ECT shrinking was observed along the culture. In particular, the cross section of the constructs changed from an initial square shape with an estimated area equal to 5.2 ± 1.1 mm2 at day 1 to a circular shape with an estimated area equal to 4.0 ± 0.4 mm2 at day 5, and equal to 1.5 ± 0.7 mm2 and 0.9 ± 0.2 mm2 for static and dynamic culture at day 9, respectively (Figure 2). Representative images of the constructs stained for H&E at day 1 revealed that cells were homogeneously distributed within ECTs (Figure 3A). Concerning cell morphology, cells encapsulated within the fibrin hydrogel appeared round-shaped at day 1, and after 5 days of static pre-culture no appreciable differences in cell distribution and shape were observed (Figure 3B). At day 9, ECTs cultured under static conditions presented mostly round-shaped cells, sparsely distributed (Figure 3C). Differently, an increased cell density at the borders (at 50–200 μm from the edge) was observed in dynamically cultured ECTs, with the majority of the cells presenting an elongated morphology aligned with the construct edge, corresponding to the imposed stretch direction (Figure 3D). The amount of DNA was similar in the ECTs after 1 and 5 days; however, following 4 additional days, either in static or dynamic conditions the amount of DNA was reduced (Figure 3E). Construct remodeling and reorganization was investigated also by quantifying collagen deposition (Supplementary Figure 3) and collagen content per wet weight (Figure 3F). During static pre-culture (from day 1 to day 5), collagen content per ww did not significantly vary, while at day 9 it significantly increased (Figure 3F). This variation of the collagen content per ww along culture time is consistent with the observed remodeling of the constructs (Figure 2).
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FIGURE 2. ECT shape remodeling. Representative macroscopic pictures showing the top view of an explanatory ECT at the beginning (day 1) and at day 5 of the culture, and following either static or dynamic culture (day 9). Scale bar = 10 mm.
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FIGURE 3. ECT cell distribution and DNA and collagen content. Representative H&E staining showing cell distribution within an explanatory ECT at the beginning (day 1) of the culture (A), at day 5 (B), and following either static (C) or dynamic (D) culture at day 9. Scale bar = 100 μm. Graphs showing the DNA amount (E) and the collagen content normalized by ww (F) for ECTs at the beginning (day 1) of the culture, at day 5, and following either static or dynamic culture (day 9). For all groups n = 3, ∗∗p ≤ 0.01.




Cardiac Marker Immunofluorescence

Cardiomyocyte organization and maturation within the ECTs were assessed quantifying the cardiac marker α-sarcomeric actinin and the mature cardiac markers cTnI and Cx43. In particular, ECTs cultured in static conditions presented isolated and non-interconnected CMs both at day 5 (Supplementary Figure 4) and at day 9, with few cTnI-positive structures and absence of Cx43 gap junctions at day 9 (Figures 4A,B). In dynamically cultured ECTs, at day 9 most of the CMs close to the edges presented elongated and organized sarcomere units, positive for cTnI, typical of mature differentiation stage and Cx43 gap-junctional proteins (Figures 4C,D). In addition, the presence of striated α-sarcomeric actinin-positive structures was observed within ECTs cultured in dynamic conditions, where elongated cells exhibited the typical features of mature cardiac contractile units (Figures 4G,H). Such features were not detected in statically cultured ECTs, characterized by round-shaped cell morphology (Figures 4E,F). As concerns CM orientation, Figure 4I shows that in stretched ECTs almost 60% of CMs were aligned with the mechanical stimulation direction, while in statically cultured ECTs no significant differences were found. Cardiac FBs positive for DAPI and Vimentin, and negative for α-actinin, were observed in ECTs cultured under both dynamic and static conditions (Figures 4E–H). Notably, stretch stimulation promoted a significantly higher percentage of proliferating cardiac FBs (20% vs. 10% for dynamic culture and static control, respectively—Figure 4J), corresponding to Vim+ and Ki67+ cells. Furthermore, dynamic culture sustained the maintenance of the CM subpopulation, which resulted to be 1.2 times more than cardiac FBs, whereas in statically cultured ECTs cardiac FBs were two times higher in number than CMs (Figure 4K).
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FIGURE 4. ECT biological characterization. Representative immunofluorescence images of statically (A,B,E,F) and dynamically (C,D,G,H) cultured ECTs at low (A,C,E,G, scale bar = 30 μm) and high (B,D,F,H, scale bar = 10 μm) magnification, stained for cardiac markers connexin-43 (Cx-43, red), Troponin I (cTnI, green), and α-sarcomeric actinin (α-actinin, green); for FB marker Vimentin (red); and for proliferating marker Ki67 (cyan). Nuclei are stained with DAPI (blue). (I) Graph showing the percentage of CMs aligned and not aligned with the direction of the mechanical stimulation, for statically (n = 3) and dynamically (n = 4) cultured ECTs. (J) Graph showing the percentage of proliferating FBs in statically and dynamically cultured ECTs at day 9. (K) Graph showing the ratio of CMs and FBs in statically and dynamically cultured ECTs at day 9. For all groups, n = 3, ∗∗∗p ≤ 0.001; ****p ≤ 0.0001.




Mechanical Characterization

The mechanical response of ECTs undergoing cyclic stretch within the bioreactor was in situ measured at day 5 and at day 9, showing marked differences (Figure 5A). In detail, at day 9 ECTs exhibited a 2-fold increase in the root mean square (RMS) force magnitude and approximately a 4-fold increase in the peak-to-peak force amplitude in comparison with day 5 (n = 3, Figure 5B). For the sake of completeness, Supplementary Figure 5 shows an example of ECT passive forces measured in situ by the bioreactor load cell over 5 days of dynamic culture in a preliminary experiment. In accordance with data shown in Figure 5A, the magnitude of the measured forces increased along the culture (Supplementary Figure 5). As a check of consistency, stress vs. time curves obtained at days 5 and 9 from the bioreactor in situ monitoring and from the standard testing machine revealed comparable peak-to-peak stress amplitudes, thus confirming the reliability of the in situ monitoring setup (Figures 5C,D).
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FIGURE 5. ECT in situ bioreactor force monitoring. (A) Real-time force curves measured in situ by the bioreactor load cell at day 5 and at day 9 for an explanatory ECT undergoing cyclic stretch. (B) Graph showing the increase in the peak-to-peak force amplitude and in the root mean square (RMS) force magnitude at day 9 in comparison to day 5, respectively (n = 3). Comparison of the stress vs. time curves obtained at days 5 (C) and 9 (D) from the bioreactor load cell (solid line) and from the standard testing machine (dotted line) data.


Freshly casted ECTs, statically cultured ECTs, and dynamically cultured ECTs collected immediately after bioreactor force monitoring were then mechanically characterized by using the standard testing machine (Figures 6A,B): (1) freshly casted ECTs and statically pre-cultured ECTs at day 5 presented a similar mechanical behavior in terms of linear elastic modulus (E = 34.4 ± 5.4 kPa and E = 31.7 ± 3.1 kPa, respectively), with no significant difference in terms of ultimate tensile strength (UTS = 60.5 ± 17.6 kPa and UTS = 42.9 ± 8.4 kPa, respectively), while (2) a statistically significant increase of the linear elastic modulus and ultimate tensile strength was observed at day 9 for ECTs cultured in both static (E = 87.5 ± 9.2 kPa, UTS = 107.0 ± 21.3 kPa) and dynamic (E = 117.3 ± 13.0 kPa, UTS = 95.6 ± 15.3 kPa) conditions. In particular, dynamically cultured ECTs exhibited an almost 4-fold increase of the linear elastic modulus compared with statically pre-cultured ECTs at day 5 and a 1.3-fold increase with respect to statically cultured ECTs at day 9 (Figure 6A).
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FIGURE 6. ECT mechanical characterization. Linear elastic modulus (E) values (A) and ultimate tensile strength (UTS) values (B) of freshly casted ECTs (day 1), ECTs at day 5, and statically and dynamically cultured ECTs at day 9 collected immediately after in situ force monitoring and measured using a standard testing machine. For all groups, n ≥ 3, ∗p ≤ 0.05; ∗∗p ≤ 0.01; ∗∗∗p ≤ 0.001; ****p ≤ 0.0001.




Electrical Functionality

After 5 days of static pre-culture, ECTs did not spontaneously beat. When electrically paced starting with 1 V/cm electric field amplitude (rectangular pulses, 2 ms duration, 1 Hz), they reached the excitation threshold at 7.2 ± 3.3 V/cm (Figure 7A), even though from the analysis of contractility an irregular, not synchronous beating over time emerged (Figure 7B). Although the pacing frequency was increased, it was not possible to determine the MCR of statically pre-cultured ECTs (Figure 7C). At day 9, any spontaneous beating was observed neither in dynamically cultured ECTs nor in static controls. Exposed to electrical pacing at increasing electric field amplitude (rectangular pulses, 2 ms duration, 1 Hz), the control group did not respond to the stimulation, while dynamically cultured ECTs reached the ET at 3.6 ± 0.8 V/cm (Figure 7A), with a regular, synchronous contractile activity over time (Figure 7D and Supplementary Video 1). Furthermore, imposing an electric field value 2-fold the ET and increasing the pacing frequency, dynamically cultured ECTs exhibited a MCR equal to 5.2 ± 1.46 Hz (Figure 7C). Finally, the contractile response of dynamically cultured ECTs exposed to increasing pacing frequencies (1.5–5 Hz) is presented in Figure 7E, where the capability of cyclically stretched ECTs to tune the beating rate accordingly to the imposed pacing frequency variation can be appreciated.
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FIGURE 7. ECT electrical functionality. Graphs showing the excitation threshold (ET, A) and the maximum capture rate (MCR, C) of ECTs at day 5 and following static and dynamic culture at day 9 (NR = not responding to external electrical pacing, n = 3). Explanatory reconstructions from video-recorded images of the contraction amplitude waveforms (normalized to the maximum peak value) of ECTs exposed to electrical pacing at day 5 (B) and following dynamic culture at day 9 (D). (E) Explanatory reconstruction of the contraction amplitude waveform of day 9-dynamic cultured ECT exposed to electrical pacing at increasing frequency.




DISCUSSION

Biomechanics is a key player in governing and regulating myocardium development, homeostasis, and pathophysiology (Duscher et al., 2014; Voorhees and Han, 2015). During embryo development, CM contraction and blood flow exist within the primitive heart tube and influence the chamber curvature formation (Auman et al., 2007). Throughout neonatal development, myocardial stiffness increases together with an increase in heart contractility (Hopkins et al., 1973; Rodriguez et al., 2011). In cardiac disease development, alterations in cardiac function can be due to long-term changes in loading conditions, and in turn alterations in functionality and response of CMs and FBs can alter the mechanical properties of the heart with consequent maladaptive cardiac remodeling (McCain and Parker, 2011; Duscher et al., 2014; van Putten et al., 2016; Pesce and Santoro, 2017; Saucerman et al., 2019). As recently thoroughly investigated, cardiac cells are extremely sensitive to mechanical stimuli and react by activating defined mechanotransduction pathways, i.e., converting mechanical forces into biochemical signals that can lead to phenotypic changes (Lammerding et al., 2004; Sheehy et al., 2012; Lyon et al., 2015; Chimenti et al., 2017). For this reason, mechanical cues are paramount in vivo for the development of structurally and physiologically mature CMs and play a continuous, crucial regulatory role in cardiac growth and maintenance (Zhu et al., 2014). Moreover, in vivo physical forces are tightly regulated, or deregulated, not only in space but also in time (Valon et al., 2017). Thus, to promote in vitro a physiological-like maturation of cardiac tissue models, the provision of biomimetic physical conditioning with tunable intensity over time (Ronaldson-Bouchard et al., 2019), properly adapted to the actual maturation stage of the cultured constructs, is crucial.

Inspired by these arguments, we developed a bioreactor platform for biomimetic dynamic culture of cardiac tissue models and in situ non-destructive monitoring of their mechanical response. The rationale behind the design of the proposed bioreactor platform was to develop a unique, reliable, and versatile culture device able (1) to deliver tunable native-like or pathological-like cyclic stretch for the maturation of 3D cardiac tissue models or the development of diseased cardiac tissue models and (2) to in situ measure their passive mechanical response along the culture in a non-destructive manner, in the future perspective of continuously adapting the load to the actual maturation stage of the cultured constructs. In terms of mechanical stimulation, the adopted engineering and technological solutions led to the implementation of a displacement-controlled strategy allowing a wide range of well-defined physiological/pathological-like stretching and frequencies. In particular, the use of a linear voice coil motor enabled high displacement amplitude and frequency. Moreover, the adopted feedback-loop control strategy guaranteed high-fidelity tracking of the motor reference position with consequent high-displacement resolution even in case of variations of the environmental conditions (e.g., temperature, humidity, and pressure), which could induce unexpected friction. Further preliminary tests, carried out in a cell culture laboratory running explanatory stimulation tests without constructs, proved the bioreactor watertightness and sterility maintenance and confirmed that the bioreactor is an easy-to-use platform.

Proof-of-concept experiments were then performed on specifically developed fibrin-based annular ECTs, tested under static and dynamic conditions. These experiments had the dual aim of (1) testing the bioreactor performance in terms of cyclic stretching and in situ monitoring of the mechanical response of cardiac tissue models and (2) investigating the effect of cyclic mechanical stimulation on cardiac tissue organization, maturation, mechanical properties, and electrical functionality. In detail, ECTs were prepared, pre-cultured for 5 days in static conditions, and successively transferred into the bioreactor culture chamber to be cyclically stretched (sinusoidal waveform, 10% strain at 1 Hz) for an additional 4 days. In parallel, corresponding static control experiments were carried out. At the end of the culture, dynamically cultured ECTs presented increased cell density and elongated cells at the borders, parallel to the stretch direction (Figure 3D). This was confirmed by immunofluorescence analyses, which revealed a network of cTnI/sarcomeric α-actinin-positive CMs longitudinally oriented along the longitudinal cross section of the constructs (Figure 4I) and prevalently localized on lateral edges, expressing Cx43 electrical gap junctional proteins, all typical features of mature cardiac contractile units (Figures 4C,D).

Although the total amount of DNA decreased in both culture conditions at day 9 compared to day 5 (Figure 3E) and FBs proliferated more in dynamic than in static culture (Figure 4J), the number of CMs was still superior to FBs following stretching (Figure 4K), most likely due to a better CM survival under dynamic conditions. On the contrary, statically cultured ECTs presented round-shaped, isolated, non-interconnected CMs, with low or even lacking expression of mature cardiac markers (Figures 4A,B). Under static culture, although FBs proliferated less (Figure 4J), the final FB number was two times higher than the CM number (Figure 4K), possibly linked to the apoptosis of several CMs following prolonged static conditions. Mechanical stimulation might indeed have promoted the further maturation of CMs and the exchange of nutrients, oxygen, and waste products, which in static conditions was limited to the diffusion process.

Concerning ECT maturation in terms of matrix remodeling/generation and mechanical properties, the total amount of collagen did not vary significantly along the culture (Supplementary Figure 3), although it has to be considered that this information refers to the total amount of proteins and it does not take into account the fiber types, morphology, and organization, while the collagen content per ww increased with the time in culture (Figure 3F), consistently with the construct remodeling (Figure 2). In situ monitoring allowed measuring the ECT passive force response to cyclic stretch, showing a force increase in terms of both RMS force magnitude and peak-to-peak amplitude along the culture (Figures 5A,B). Moreover, stretched constructs presented increased mechanical properties (E and UTS) over culture time (Figures 6A,B). Since the total collagen content remained constant, it can be argued that the observed differences in mechanical properties are related to the remodeling of the constructs.

Finally, ECTs were tested in terms of electrical functionality by investigating their regularity and frequency of contraction under external electrical pacing. ECTs did not spontaneously beat, neither at the end of the pre-static culture (day 5) nor at day 9. When electrically paced, only stretched ECTs presented a decreasing ET and an increasing MCR over time (Figures 7A,C), and at day 9 they regularly and synchronously beat following the external pacing (Figure 7D), while statically cultured constructs did not respond. This observation is further evidence of the instrumental role of cyclic stretch in promoting the functional coupling and the development of adult-like CMs in cultured ECTs, able to respond synchronously to increasing pacing frequency (Figure 7E). Although our preliminary biological results are not representative of cardiac tissue models exhibiting uniform and complete cardiac cell maturation, with this study we confirmed the developmental effect of cyclic stretch on ECT organization and maturation, in accordance with previous studies (Liaw and Zimmermann, 2016; Parsa et al., 2016; Stoppel et al., 2016). Time in culture under mechanical stimulation longer than 4 days should be able to provide a more uniform maturation and organization of CMs.

The reliability of the bioreactor platform was thus verified both for the engineering design and for the feasibility of dynamically culturing 3D ECTs. Moreover, the comparison of the stress vs. time curves obtained using the bioreactor load cell and the testing machine (Figures 5C,D) confirmed the reliability of the in situ monitoring setup for non-destructive measurement of passive mechanical response of the constructs to cyclic stretch.

In the past, a plethora of studies used dynamic culture devices developed to expose ECTs to cardiac-like isotonic load by using actuators (Fink et al., 2000; Zimmermann et al., 2002; Naito et al., 2006; Birla et al., 2007; Tulloch et al., 2011; Salazar et al., 2015). However, the mechanical response of the cultured ECTs was not monitored along the culture in any of these studies, where the constructs were mechanically characterized only at the end of the culture by using, e.g., testing machines or organ baths, thus providing only end-point measurements. On the other hand, in other studies flexible posts were adopted to stimulate ECTs by auxotonic load (Zimmermann et al., 2006; Hansen et al., 2010; Schaaf et al., 2011; Boudou et al., 2012; Mannhardt et al., 2016). This made possible the implementation of automated methods for the evaluation of the contractile activity of the constructs along the culture but required long-term culture periods and led to ECTs characterized by structural and functional properties typical of postnatal myocardium. To our knowledge, only Kensah et al. (2011) combined cyclic stretch and in situ monitoring of mechanical behavior within a bioreactor, using a device designed for dynamically culturing and real-time measuring the contraction force of spontaneously beating miniaturized ECTs, based on a matrix of collagen and Matrigel.

Differently, our bioreactor platform was designed to stretch and in situ measure along the culture the passive mechanical response of macroscopic constructs, which can be of different shape and composition. By comparing the force measurements acquired along the culture, related to the mechanical properties of the constructs as shown, our device allows to monitor the construct maturation trend without interrupting the culture. This enables reducing the number of time-point analyses and thus of replicate samples. Furthermore, this bioreactor platform could be exploited for continuously adapting the stimulation to the actual development of the constructs. In principle, by equipping the platform with an additional feedback-loop control between the in situ force monitoring and the motor, this approach would enable the biomimetic adaptation of the mechanical load to the developmental stage of the cultured ECTs. Moreover, the integration of a compact digital camera and an autofocus lens for macro photography located perpendicularly to the bioreactor optical access would allow acquiring real-time images of the constructs during dynamic culture. This feature could be exploited for automatically in situ measuring the ECT geometry, ultimately providing real-time mechanical characterization of the constructs in terms of stress–strain curves.

In terms of versatility, in the future the proposed platform will be equipped with an electrical stimulation unit to provide individual, alternate, and/or combined mechanical and electrical stimulations to mimic the complex biophysical cardiac environment present in vivo. Furthermore, enabling a wide range of displacements and stimulation frequencies, this bioreactor could be used for several applications in different research fields, such as skeletal muscle or tendon/ligament tissue engineering or for disease modeling imposing pathological physical conditioning. In conclusion, the proposed bioreactor platform represents a powerful tool for in vitro investigation and ultimately production of functional engineered constructs.
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Cardiovascular disease is the number one killer worldwide, with myocardial infarction (MI) responsible for approximately 1 in 6 deaths. The lack of endogenous regenerative capacity, added to the deleterious remodelling programme set into motion by myocardial necrosis, turns MI into a progressively debilitating disease, which current pharmacological therapy cannot halt. The advent of Regenerative Therapies over 2 decades ago kick-started a whole new scientific field whose aim was to prevent or even reverse the pathological processes of MI. As a highly dynamic organ, the heart displays a tight association between 3D structure and function, with the non-cellular components, mainly the cardiac extracellular matrix (ECM), playing both fundamental active and passive roles. Tissue engineering aims to reproduce this tissue architecture and function in order to fabricate replicas able to mimic or even substitute damaged organs. Recent advances in cell reprogramming and refinement of methods for additive manufacturing have played a critical role in the development of clinically relevant engineered cardiovascular tissues. This review focuses on the generation of human cardiac tissues for therapy, paying special attention to human pluripotent stem cells and their derivatives. We provide a perspective on progress in regenerative medicine from the early stages of cell therapy to the present day, as well as an overview of cellular processes, materials and fabrication strategies currently under investigation. Finally, we summarise current clinical applications and reflect on the most urgent needs and gaps to be filled for efficient translation to the clinical arena.
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A PERSPECTIVE ON CARDIAC DISEASE AND REGENERATIVE MEDICINE

Organ transplantation is one of the greatest medical achievements of the 20th century. However, its applicability is hampered by donor shortage, life-long immunosuppression and its success rates are linked to the experience of the surgical team. It requires a well-coordinated national effort, which is sometimes hindered by ethical issues (Prabhu, 2019). The search for novel ways to approach organ repair inspired the field of regenerative medicine, with Stem Cell Therapy as one of the most representative examples. Since this began, stem cells have been discovered even in low turnover adult tissues, such as the central nervous system (Doetsch et al., 1999), the lung, (Rock et al., 2009; Barkauskas et al., 2013) or the heart, (Beltrami et al., 2003) and have been widely assayed in animal models of disease, quickly reaching clinical trials. This swift progression in general met with rapid failure, but on the bright side, it also enabled specialists to gain immense insights into their mechanisms and ways of action.

Nothing exemplifies this journey better than the cardiac field. Cardiovascular diseases are well recognised as the leading cause of death worldwide, accounting for almost 1 in 2 deaths in Europe and causing 3.9 million deaths per year (Townsend et al., 2016). Ischemic heart disease (IHD) is one shade on this spectrum. It is generally caused by the clotting of a coronary vessel, which in turn leads to the death of a portion of the myocardium and the subsequent functional impairment of the organ. Being mostly non-regenerative, the heart is chronically impaired (Eschenhagen et al., 2017). A real epidemic, IHD is the leading single cause of death globally, responsible for over 15 million deaths in 2016, ranking first in high- and lower-middle-income countries, and third in low-income countries (World Health Organization [WHO], 2018). As per 2015, over 22 million EU citizens were living with the disease, with approximately 3 million new cases yearly. IHD imposes an enormous burden on society as affected patients must be cared for by health systems, requiring lifelong highly specialised medical attention and multimedication. It also jeopardises the structure of the workforce and puts significant pressure on families. In terms of economic cost, the total burden of IHD for EU economies is estimated at €59 billion/year. Of these, €19 billion is directly related to healthcare costs, while €20 billion is linked to productivity losses and the remaining €20 billion to the cost of indirect care. Estimations sketch out a grim future. In the United States, heart attacks are projected to contribute more than $818 billion to annual healthcare costs and lost productivity by 2030, (Nowbar et al., 2019) while in the South Asia region, direct medical costs for CVD are estimated to reach US $16.6 billion in 2021 (Walker et al., 2018). Organ transplant cannot match this overwhelming demand and become a widespread therapeutic option (Stehlik et al., 2011).

It was hoped that cell therapy would provide new means to regenerate the scarred myocardium. Remarkable discoveries encouraged rapid progression towards clinical trials, with the first one launched in record time (Behfar et al., 2014). After the BOOST and REPAIR-AMI trials reported significant benefits in cardiac function, (Wollert et al., 2004; Schächinger et al., 2006) hundreds of patients were recruited often in individual efforts mostly based on local experience. This led to the first voicing of concerns. The primary initial objective, improvement of cardiac function, failed to be met in many cases. Although statistically significant benefits in cardiac function were sometimes found, their magnitude was not as great as had been expected (reviewed in Gyöngyösi et al., 2016; Menasché, 2018). This reversal of fortunes coincided also with a remarkable twist in our understanding of what basic science and animal models conveyed: no true regeneration of the myocardium was achieved by adult stem cells. The underlying effects were mostly due to the paracrine secretion of beneficial molecules (Hodgkinson et al., 2016). Although this general perspective is valid for most adult stem cells, use of their embryonic counterpart, although boosted by their capacity to give rise to new tissue once transplanted, was still marred by some common issues such as lack of proper engraftment, and crucially by safety concerns as teratoma formation and need for immune suppression, as well as ethical issues.

Did stem cell regenerative medicine approaches fail? They obviously did not achieve the initial aims, but looking back, those can no doubt be branded as overambitious (Pagano et al., 2019). It did succeed in gathering a whole new compendium of knowledge, which has led to renewed and better efforts in the regenerative direction and, importantly, has built a worldwide network of excellence encompassing not only different nationalities, but also very diverse scientific disciplines. One of the greatest and perhaps now evident realisations in the field is the notion that cells are not alone in a tissue, and that the extracellular matrix (ECM) has a predominant role, not only as a passive architectural element, but crucially as a signal transducer and determinant of functionality (Majkut et al., 2013; Crowder et al., 2016; Kumar et al., 2017). Specifically in the myocardium, the ECM is highly dynamic, changing during development and disease. This latter change is bidirectional, as disease induces pathological ECM deposition but an abnormal matrix is able to produce malfunction (Frangogiannis, 2019). In consequence, it is now recognised that a cell-based cardiac regeneration without an adequate ECM is not viable. Generating new myocardium thus requires the participation of the most promising cells, with a surrounding matrix able to replicate the conditions of the native tissue and the proper 3D architecture. This is precisely one of the main directions of cardiac Tissue Engineering.

Cardiac Tissue Engineering (cTE) is a highly interdisciplinary scientific discipline, aiming at reproducing as accurately as possible the function and biology of cardiac muscle, during development or maturity, health or disease. Although its first objective was focused on meeting the needs of cardiac regenerative Medicine, as knowledge and experience on how the ECM influences cardiac cell biology increased and the fabrication capacities widened, its scope has greatly expanded into areas such as disease modelling, drug testing and personalised medicine amongst others (Feric et al., 2019; Noor et al., 2019; Mastikhina et al., 2020). This review aims at presenting the reader with an overview of the specific characteristics of the myocardium that determine the needs regenerative cTE has to meet, as well as providing a non-exhaustive revision of what the field has delivered to attain this end, with a focus on human myocardium and human pluripotent stem cells.



THE HEART

The mammalian heart is an incredible organ. Its main role is to provide a continuous unidirectional supply of blood to the organism. This comes at a stringent metabolic cost, consuming the equivalent of 6 kg of ATP per day, with a complete renewal of its ATP pool every 10 seconds. Most of this energy is obtained through the oxidation of fatty acids in adulthood, though cardiac metabolism is dependent on glucose during embryonic stages, being able to employ lactate as a metabolic substrate (Neejy, 1974). Correct function is achieved through a specialised organ architecture, dividing the heart into 4 chambers: atria, which are smaller in size and muscular mass, receive blood and push it out into the ventricles, which in turn pump either towards the lungs or the body. In consequence, the left ventricle is larger and has a thicker muscular wall than its right counterpart. Chambers, inlets and outlets are separated by valves impeding back flow. The heart is the first organ to function, around day 8 in mice and the 4th gestational week in humans (Brand, 2003). It pumps continuously throughout life, efficiently ejecting blood through an exquisite 3D structure, (Buckberg, 2002) established by a complex set of embryonic movements, cellular growth and incorporation (Günthel et al., 2018). Disruption of this structure is seen in disease and can be in itself the cause of organ malfunction: cardiac congenital defects and malformation are a main cause of perinatal death, (Bressan et al., 2013) but also give rise to many cardiomyopathies (McKenna et al., 2017).


Cardiac Embryonic Development: A Brief Overview

The formation of the mammalian four-chambered heart encompasses a series of tightly coordinated morphological, cellular and molecular events (reviewed in Vincent and Buckingham, 2010; Meilhac et al., 2014; Ruiz-Villalba et al., 2016). Different pools of cardiac and extracardiac progenitors are involved, including the mesoderm-derived First, Second and Third Heart Fields (FHF, SHF and THF respectively) and the Cardiac Neural Crest Cells (CNCCs). Cells of the FHF contribute primarily to the left ventricle (LV) but there is also a small contribution to the atria; SHF will form the right ventricle (RV), outflow tract (OFT), atria and part of inflow tract (IFT); (Buckingham et al., 2005). THF cells contribute to the sinus node, some regions in the caval myocardium, and the Pro-Epicardial Organ (PEO) (Mommersteeg et al., 2010; Bressan et al., 2013). CNCCs arise from the dorsal neural tube, contribute to the parasympathetic innervation of the heart, valves and play a pivotal role in OFT patterning and optimal septation (Keyte et al., 2014).

Early precardiac progenitors from the lateral mesoderm have been mapped into the mid-anterior region of the primitive streak, characterised by the presence of both anterior Nodal/Activin and posterior bone morphogenetic protein (BMP) signalling at low levels, (Zhang et al., 2008; Vallier et al., 2009; Yamauchi et al., 2010; Yu et al., 2011) promoting the emergence of cardiogenic mesodermal MIXL1 + KDR + cells. As a result of these signalling gradients set in gastrulation, multipotent cardiovascular progenitor (M) expressing the cardiac master regulator MESP1 move in an anterior-lateral direction, forming a horseshoe-like region termed the cardiac crescent or FHF (Bondue et al., 2008; Chan S. S. K. et al., 2013). At a molecular level, MESP1 induces the expression of the minimal core of the essential cardiogenic transcription factors including ISL1, TBX5, NKX2.5, and GATA4, in combination with the chromatin remodeller SMARCD3 (BAF60C), which further drive cardiomyogenesis (Vincent and Buckingham, 2010; Meilhac et al., 2014; Meilhac and Buckingham, 2018). The cardiac crescent fuses at the midline, forming the linear heart tube, which consists of an interior layer of endocardial cells and an exterior layer of myocardial cells separated by an acellular, ECM-rich space, the cardiac jelly. Located central and dorsal to the FHF, SHF cells remain in contact with the pharyngeal endoderm and in a proliferative state as undifferentiated ISL1 + MEF2C + cells. As development proceeds, SHF cells are added to the poles of the heart tube, with the tube looping to position the different regions into place. Chambers balloon out as a result of the differential proliferation rates of CMs (Jong et al., 1997; Christoffels et al., 2004). As already mentioned, THF cells (TBX18 + NKX2.5-) contribute to the sinus node, caval myocardial cells and the PEO. PEO-cells give rise to the epicardium, and some cells of this layer undergo epithelial-to-mesenchymal transition to form epicardial derived cells (EPDC), which will differentiate into vascular cells (including the coronaries) as well as interstitial fibroblasts and valvular cells, being essential for compaction (Pérez-Pomares et al., 2002; Weeke-Klimp et al., 2010; Katz et al., 2012). Lastly, CNCCs originate by delamination from the neuroectoderm, (Hildreth et al., 2008) initially contributing to smooth muscle cells and CMs, (Mjaatvedt et al., 2001) and making a significant contribution to the innervation of the organ and to the OFT (Hildreth et al., 2008; Sizarov et al., 2012). We refer the reader to Table 1 for a full description of the mentioned gene abbreviations.


TABLE 1. Full description of genes names.
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Post-birth Cardiac Development: Foetal CMs vs. Adult CMs

Aside from the formation of the mammalian heart, CMs continue to develop postnatally (Guo and Pu, 2020). Embryonic CMs can beat spontaneously, express sarcomeric proteins and ion channels, and exhibit action potentials and calcium transients which are significantly distinctive from their adult counterpart (Vincent and Buckingham, 2010; Meilhac et al., 2014). Human and rodent embryonic CMs are around 30-40 fold less in size and feature an irregular shape, in comparison with adult CMs (Yang et al., 2014). These are characterised by an ultrastructural organisation with a large mitochondrial volume and specific mitochondria positioning between myofibrils. Sarcomeres in postnatal CMs are long and well-aligned, in contrast to shorter and disarrayed ones found in foetal CM. At a metabolic level, embryonic CMs rely on glycolysis, whereas adult myocytes preferentially consume fatty acids, a much more efficient energy source. Myofibrillar protein isoform undergoes switching, being myosin heavy chain 7 (MYH7), myosin light chain 2 ventricular isoform (MLC2v), cardiac troponin I3 (TNNI3) and a shorter and stiffer Titin isoform, preferentially expressed in adult CMs, in contrast to myosin heavy chain 6 (MYH6), myosin light chain 2 atrial isoform (MLC2a), and slow skeletal-type troponin I1 (TNNI1) on foetal CMs (Bedada et al., 2014). All these differences directly correlate with contractile capacity, with adult CMs able to generate more force than embryonic ones (Vincent and Buckingham, 2010; Meilhac et al., 2014; Tan and Ye, 2018). For example, strips of adult rat myocardium have been reported to produce a peak twitch tension of 56.4 ± 44 mN/mm2, (Hasenfuss et al., 1991) whereas collagen constructs with neonatal rat CMs generated 0.4-0.8 mN/mm2 (Zimmermann et al., 2002). The same difference in magnitude is believed to exist for human cells, as comparisons with primary foetal human CMs are rare (Yang et al., 2014).

The cardiac action potential and associated channels and currents also distinguishes adult and foetal CMs. In immature CMs, the expression of channels involved in repolarisation, including potassium transient outward channels, L-type calcium currents and the rectifying K + current (encoded mainly by KCNJ2), is lower than in adult cells resulting in a less negative resting membrane potential (−50mv ∼−60 mv in embryonic CMs) compared to normal (–85mv ∼ –90 mv in adult CMs) (Zhang et al., 2009). Also, the pacemaker current If is present in embryonic CMs but does not occur in adult myocytes (Sartiani et al., 2007). The distribution of the gap junction protein connexin 43 (Cx43) also plays an important role in regulating electrical activity. While Cx43 concentrates at the intercalated disc of adult CMs, it is circumferentially distributed in immature CMs, which is not optimal for longitudinal electrical propagation (Vreeker et al., 2014; Jiang et al., 2018). Adult CMs have a well-developed sarcoplasmic reticulum (SR) with a high level of SR-specific proteins like ryanodine receptor 2 (RYR2) and sarcoplasmic/endoplasmic reticulum Ca2 + ATPase 2a (SERCA2), (Ivashchenko et al., 2013) which, coupled with the presence of transverse tubules (t-tubules), leads to a highly coordinated Ca-induced-Ca-release and hence faster Ca transient kinetics and amplitude when compared to foetal CMs (Louch et al., 2015). Finally, where embryonic CMs are diploid, adult CMs present different degrees of polyploidy, achieved through DNA-synthesis without karyokinesis (Adler and Costabel, 1975; Herget et al., 1997). Understanding how an embryonic CM evolves into a mature cell is already proving fundamental in human cTE. As the bioartificial tissues developed so far resemble more their foetal counterpart, this insight is being incorporated into the effort of driving engineered tissues towards an adult-like functionality (Karbassi et al., 2020).



Heart Characteristics: What We Aim to Engineer

Generating human myocardial surrogates in the laboratory requires knowing what the natural composition and properties of the organ are. The following paragraphs provide an overview of what nature has achieved, specifically, what the main cellular and extracellular components of the heart are, how they are arranged in space, and importantly, what this means regarding the resulting material properties (Figure 1).
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FIGURE 1. Main components of the mammalian heart. The two main constituents of the myocardium, cardiac cells and the surrounding ECM, both contribute to and modulate the specific material properties of the tissue.



Cellular Composition

As already explained, most cells forming the structure of the heart are of mesodermal origin: CMs, vascular (endothelial and smooth muscle) cells and fibroblasts. Others reside in the tissue but are formed elsewhere, as immune cells, which play a significant role in organ surveillance and disease. Deciphering the cellular composition of the heart has been a very controversial subject, be it in rodents or humans (Zhou and Pu, 2016). Histology can determine that CMs are the largest fraction by volume. However, numbers vary, with reports of murine myocytes being the largest population by number [56/27/7 for CMs/fibroblasts/endothelial cells respectively (Banerjee et al., 2007)] and others attributing greater numbers to endothelial cells [43.6% vs 31% of CMs (Pinto et al., 2016)]. Human proportions are similarly contradictory, with some publications showing non-CM/endothelial cells are the most abundant (Bergmann et al., 2015) and others endothelial cells (Anversa et al., 1978). Furthermore, several studies have reported varying cell proportions throughout the anatomical regions of the organ (Sussman et al., 2002; Gaudesius et al., 2003; Camelliti et al., 2004, 2005; Kohl, 2004; Baudino et al., 2006). Things become more complicated if we take into account the age of the individual, as some claim the final number of myocytes is reached by one month, remaining constant over the lifetime of the individual (Bergmann et al., 2015) whereas others have reported a 3.4-fold increase in CM number between 1 and 20 years of age (Mollova et al., 2013). Other cell type numbers change dynamically over time, with a reported 6.5-fold increase in endothelial cells and an 8.2-fold increase for mesenchymal cells (including fibroblasts) during heart growth. Interactions between these cells are multidirectional and exert great influence over crucial aspects of cardiac biology. Both endothelial cells and fibroblasts are key for tissue function and homeostasis. Aside from delivering oxygen and nutrients to the metabolically demanding CMs, the endothelium is fundamental for tissue hypertrophy and post-disease remodelling, (Holopainen et al., 2015) and maturation, (Giacomelli et al., 2020) displaying a strong paracrine influence (reviewed in Leucker and Jones, 2014). Fibroblasts also affect organ function and cell maturity, (Woodall et al., 2016; Wang Y. et al., 2020) whilst other cell types, such as immune cells, have been reported to display direct and significant interactions with CMs, as is the case with the electrical coupling of macrophages with atrioventricular node cells (Hulsmans et al., 2017). All in all, the general consensus supported by unambiguous histological evidence is that CMs are the largest fraction by volume, each nurtured by a median of 3 capillaries, where fibroblasts constantly keep the ECM through a degradation-deposition equilibrium. This brings us to our next player: the cardiac ECM.



ECM Composition

The cardiac cell types discussed above are arranged within a glycoprotein matrix which supports and provides them with a structure. Moreover, the cardiac ECM also has an active role in transmitting contraction and avoiding hyper-stretching of CMs. Its principal component is collagen, which accounts for 2–5% of the total weight of the heart, mainly types I (89%) and III (11%). Collagen type IV is present in the basement membranes, and collagen type V is located in the pericellular space (Weber, 1989; Eghbali and Weber, 1990; Sommer et al., 2015a). The collagen matrix has classically been categorised depending on which elements it tethers together into endomysium (binds adjoining CMs), perimysium (aggregates myocytes into myofibrils) and epimysium (present at the epicardial and endocardial surfaces). Cardiac fibroblasts have been identified as the main cell type responsible for secreting and remodelling the collagen matrix, although CMs seem to contribute to collagen type IV deposition (Eghbali et al., 1988). Apart from the structural function, the collagen network makes an important contribution to the whole myocardial tensile properties (Fomovsky et al., 2010).

Another key element of the cardiac extracellular matrix is elastic fibres. These are composites, made of an elastin core surrounded by a myriad of microfibrils. They provide elastic properties, by stretching upon mechanical demand and going back to their original length once the load is removed. Hence the importance of elastic fibres in tissues which have to accommodate their structure, such as skin, arteries or lungs or the heart. However, although elastic fibres are paramount for the heart’s elasticity, other factors are known to have an influence upon it, namely the proportion of muscle bundles to fibrotic tissue, and the density of collagen crosslinking (Forrest and Jackson, 1971; Parmley et al., 1973). In fact, elastic fibres are found in most cases close to the collagenous network and in intimate association with it (Sato et al., 1983). Of note, mature elastic fibres show slight architectural differences depending on the tissue (Kielty et al., 2002). As aforementioned, elastin forms the core of elastic fibres. Unlike most matrix proteins, which undergo a constant/continuous deposition and turnover, in healthy conditions elastin is synthesised only until adolescence (Dubick et al., 1981; Burnett et al., 1982; Davidson et al., 1982; Myers et al., 1985; Sephel et al., 1987; Parks et al., 1988; Pollock et al., 1990; Ritz-Timme et al., 2003). Other fundamental components of the cardiac matrix include, to a lesser extent, laminin, fibronectin, proteoglycans and glycoproteins (Fan et al., 2012). Laminin molecules are part of the basement membrane and are thus in close contact with the cell, playing an active role in modulating cell behaviour, including migration, differentiation and phenotype stabilisation (Yap et al., 2019). Fibronectin, besides promoting cell attachment, acts as an ECM organiser and is involved in collagen deposition (Valiente-Alandi et al., 2018). However, all components are crucial for tissue integrity and function.

Many, if not all, cardiovascular diseases have repercussions for the cardiac ECM. The reverse is also true. For instance, infarction studies in pigs show that the collagenous network starts to become disarranged after just 20 min of coronary occlusion, whilst elastin begins to disappear after 40 min, and both components appear detached from the basement membrane after 120 min. The balance of collagens I and III has been widely studied, revealing a significant increase in type III collagen after myocardial infarction (MI) (Sato et al., 1983). Dilated cardiomyopathies, in which the shape of the cardiac cavity is abnormal, are at least partly related to aberrant collagen remodelling, with less thick collagen and thinner fibres, which results in weaker tensile properties, more muscle slippage and wall thinning (Weber et al., 1988; Weber, 1989). Ventricular hypertrophy consists of the thickening of the ventricular wall associated with some conditions like hypertension, and it is found together with overexpression of collagen in the form of interstitial fibrosis (Eghbali and Weber, 1990).



Cardiac Architecture

In most tissues, structure and function are closely intertwined, and the heart is no exception. However, certain aspects of this relationship are still under debate. The overall manner in which the heart contracts and pumps blood is known, as is the arrangement of the tissue microstructure. The gap lies in providing a theory that explains how the different architectural elements interact to produce the global behaviour. For example, there is an ongoing debate about whether the myocardium forms a single myocardial band, (Buckberg et al., 2015a, b) or the so-called myocardial mesh model is more accurate (MacIver et al., 2018a, b). The controversy has two aspects. On the one hand, there is no consensus on whether the basic functional unit is the CM, or groupings of this into bundles (groups of CMs), sheetlets (groups of bundles), sheets (groups of sheetlets) or even laminae (groups of sheets). On the other hand, although imaging techniques allow us to visualise phenomena across the whole myocardium, it is not feasible to ascertain the distinct contribution of the individual functional units to producing the global outcome. According to Buckberg et al., the CM can undergo six functional events: shortening, lengthening, narrowing, widening, twisting and uncoiling (Buckberg et al., 2015a, 2018). There are an estimated 2.5-10 billion cells (Bergmann et al., 2015) in the heart, each of them performing one or more of these six actions in the same or a different direction, and all we are able to see is the macroscopic effect: a torsion-contraction movement of the organ. Still under controversy, there are at least 7 proposed models to accurately describe cardiac architecture, (Gilbert et al., 2007) which is widely recognised to have a profound effect, whether at a mechanical (LeGrice et al., 1995; Zócalo et al., 2008) or electrical (Roberts et al., 1979; Taccardi et al., 2008) level. During disease, myocardial architecture is severely disarranged, leading to inefficient contraction (Roberts et al., 1987; Wickline et al., 1992). It is expected that the application of advanced technology like diffusion tensor MRI (DT-MRI), which can obtain highly detailed information on fibre architecture, will soon shed light on this debate (Scollan et al., 1998; Poveda et al., 2013).

At a simpler histological level, CMs (and CM bundles/sheetlets) are arranged in different orientations depending on their location in the organ, which in turn determines the direction of the stress produced. Myocytes are always in intimate contact with capillaries, which no doubt stems from the high metabolic demand of an ever-working muscular tissue: capillaries are located within 20 μm of CMs. Each CM is surrounded by a basement membrane containing laminin and collagen type IV, amongst others, and embedded in a highly structured ECM where collagen type I, as already discussed, is the main component (Figure 2). CMs connect to each other mainly by intercalated disks at their ends, but also through side branches, coupled to at least 2 CMs on the long axis and 1 laterally (Spach and Heidlage, 1995). Intercalated disks contain gap junctions, allowing fast current flow between neighbouring cells (Klabunde, 2012). As mentioned above, both individual CMs and groupings of these are surrounded by enveloping collagen. Fibroblasts do not participate in the electrical syncytium formed by the CMs, but rather lie in the interstitial space.
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FIGURE 2. Cardiac structure. The endocardial-to-pericardial structure is outlined, with the main cellular and extracellular components.




Cardiac Biophysical Properties

When attempting to engineer a tissue, it is essential to carefully recapitulate not only the cellular-extracellular components and their architecture, but also the resulting biophysical properties. These must reliably mimic those of their natural counterpart. In the heart, material properties are very complex: not only are they direction-dependent, but they also vary within the anatomical regions and the stage of the cardiac cycle. As an example, the literature reports variations in stiffness between the beginning and the end of diastole higher than an order of magnitude. For human LV, the reported values are 10-20 kPa at the beginning of the diastole, and 200-500 kPa at the end (Chen et al., 2008). Contraction itself results in a significant stiffening: from 0.5 to > 10 kPa. This magnitude is species-dependent, with a reported 3-fold increase in mouse, (Jacot et al., 2010) 2-fold in rat, (Prakash et al., 1999) and over 20 times in zebrafish (Krieg et al., 2008). Development also leads to a stiffening in the tissue, which arises from a relatively soft mesodermal layer (Krieg et al., 2008). Disease severely stiffens the organ, mostly due to the excessive deposition of collagen (scar for MI, interstitial in hypertension or other conditions), with values of over 50-100 kPa (Engler et al., 2008). Stiffness itself has a fundamental influence on how efficient CM contraction is, with CMs on softer- or stiffer-than-normal substrates doing little work or overstraining themselves, respectively (Engler et al., 2008). Reports on cardiac mechanical properties are extremely variable. This stems from a mix-up of animal vs human, fresh vs fixed, and healthy vs diseased data. In general, it is now accepted that most of the heart’s passive mechanical properties are due to the collagen in the matrix, (Sommer et al., 2015a) but at short sarcomere lengths the protein titin is the predominant contributor (Nguyen-Truong and Wang, 2018). Quoting Sommer et al., ‘results suggest that the passive human LV myocardium under quasi-static and dynamic multiaxial loadings is a non-linear, anisotropic (orthotropic), viscoelastic and history-dependent soft biological material undergoing large deformations’ (Sommer et al., 2015b). Or in simpler words: it is very complex and with multiple contributions from cellular/extracellular components. Added to this, scales differ, depending whether the tissue is macroscopically characterised using biaxial mechanical tests, (Sommer et al., 2015b) or whether isolated CMs are probed at a cell-relevant scale with Atomic Force Microscopy (AFM) (Andreu et al., 2014). Furthermore, some conflicting results have been reported, from reports showing force production from CMs to be increased with increasing stiffness, (Bhana et al., 2010) to stiffness having no influence at all (Jacot et al., 2008). In fact and as explained by Domian et al. (2017), it might even be the case that the material properties of cardiac tissue are not the main actor in the myocardial scenario, but this role is rather played by chamber pressure. More experimental and theoretical work needs to be done in this area before we reach a definitive conclusion.

Adding another layer of complexity, the heart has constant, potent and highly relevant electrical activity. Sparking at a small and specialised region called the sinoatrial node, the electrical wave travels through the auricles, reaching the atrioventricular node where it is delayed (allowing for the filling of the ventricles), and then spreads apex-to-base through the ventricles in a coordinated manner. All this process is controlled by a singular CM type, termed pacemaker cell, displaying disarrayed sarcomeres and low work generation capacity, but able to autonomously start the cardiac action potential. Ultimately, the action potential results in the entry of Ca+2 ions into the CM, releasing the sarcoplasmic stores of Ca+2 and freeing myosin of the inhibitory action of troponin I. CMs are also electrically connected through connexins, which form bridges between the cytoplasm of adjacent myocytes, effectively making the myocardium an electrical syncytium. However, it is an anisotropic one, with faster propagation in the direction of the fibres as opposed to the transverse direction (Chung et al., 2007). Conduction velocity is the speed with which the cardiac impulse travels from one point in the tissue to another. In adulthood, it lies in the range of 0.3-1 m/s, but developmental stage and disease will affect it (Yang et al., 2014). Achieving a similar value in any cardiac engineered tissue is paramount, given the fact that a mismatch between conduction velocities may give rise to potentially fatal electrical abnormalities such as arrhythmias (Kadota et al., 2013; Zhang et al., 2018). It is interesting that one of the foci in cTE is towards providing material-based electronic conductivity, although cardiac cells do not function by transmitting electrons but ions.

As mentioned already, both the mechanical and electrical properties exert a strong influence upon myocardial biology and function, in both health and disease. For example, increased fibrosis due to pathological conditions like MI or hypertension significantly stiffens cardiac muscle and affects CM contraction (Sessions and Engler, 2016). Ventricle loading induces CM elongation which, as explained by the Frank-Starling law, renders higher stroke with increase diastolic filling (Solaro, 2007). The coordinated conduction of the depolarisation wave throughout the organ, including the atrioventricular delay and the apex-to-base transmission, all contribute to optimal functionality and must be taken into account when engineering a human myocardium.



ENGINEERING CARDIAC TISSUE: THE BUILDING BLOCKS

cTE aims to generate tissue surrogates, either micro or macro, for various purposes, from developmental biology, (Young and Engler, 2011) to therapy (Miyagawa et al., 2018). In the following paragraphs, we will outline the main cells and materials, as well as the different fabrication technologies assayed in the field and the procedures for their maturation. Table 2 summarises some of the most relevant engineered myocardium examples, with a focus on human cardiac tissue.


TABLE 2. Summary of materials, cells and methods employed to engineer cardiac tissues, their biomimicry and resulting outcome.
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Cells

The capacity to obtain human cardiac cell phenotypes in the laboratory began with the derivation of human embryonic stem cells (hESC) by Thomson and colleagues in 1998, (Thomson et al., 1998) which was soon followed by the first protocols for differentiation towards CMs (Mummery et al., 2003; Kattman et al., 2006). In 2006, thanks to the breakthrough of the reprogramming technology (Takahashi and Yamanaka, 2006; Yu et al., 2007) it became possible to relieve the field of some of its most notorious encumbrances, including the ethical ones. Both, hESCs and human induced pluripotent stem cells (hiPSC) fall within the wider category of human pluripotent stem cells (hPSC). Current methods, including scaling up protocols, (Serra et al., 2011) have paved the way for their widespread use. In general direct, efficient and reproducible hPSCs differentiation methods try to recapitulate embryonic development, from the induction of cardiac mesoderm, to CM, endothelial cells (ECs), cardiac fibroblast (CFs) or smooth muscle cells (SMCs) in vitro specification and maturation (Figure 3) (Burridge et al., 2015).
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FIGURE 3. Cardiac differentiation of hPSC. hPSC differentiation in vitro mimics embryonic development. Induction signals, main molecular pathways and lineage markers are outlined.


According to the culture format employed, derivation of CMs, CFs, ECs and pericytes/SMCs from hPSCs can be categorised into 3 main approaches: (i) inductive co-culture with visceral endodermal-like cells, (ii) suspension aggregates such as three dimensional (3D) embryoid bodies (EBs) and (iii) two-dimensional (2D) cell monolayer differentiation (Mummery et al., 2003; Kattman et al., 2006; Laflamme et al., 2007; Moretti et al., 2010). Early reports showed that co-culturing hPSCs with the mouse endodermal cell line END2 was able to induce beating foci (MacIver et al., 2018a). The low efficiency of this method, as well as the need for xenogenic co-culture, precluded its widespread application. EBs are formed by culturing dissociated hPSC in non-adherent plastic dishes and partially recapitulate the 3D structure and interactions of a developing embryo. hESC-EBs differentiate to derivatives of the three primary germ layers, resulting in spontaneously contracting outgrowths of human CM (Kehat et al., 2001). Based on EB differentiation protocols, CM from a variety of hESC and hiPSC lines have been generated, usually with a purity of < 10% (Zhang et al., 2009). ECs can also be isolated from spontaneously differentiating EBs, at a similarly low yield (≈2%) (Levenberg et al., 2002). In both cases, early reports explored the addition of cardiac mesoderm-inducing growth factors, including FGF2, VEGF BMP4, Activin A, Wnt agonists (WNT3A) or antagonists (DKK1), amongst others (Yuasa et al., 2005; Kattman et al., 2006, 2011; Yang et al., 2008; Tran et al., 2009; James et al., 2010). In general, however, EB-based differentiations have lost ground to more advanced and defined procedures, as the former are generally inefficient and render a mixture of cardiac cells with other non-cardiac phenotypes, requiring additional purification.

Monolayer-based differentiation is nowadays the most usually applied method. Cytokine-based protocols were developed first (Taccardi et al., 2008). These have been progressively modified by the discovery of Wnt signals playing a biphasic role in cardiac differentiation in vivo, (Marvin et al., 2001; Ueno et al., 2007) with early signals directing hPSCs towards cardiac fate, whilst later inhibition of those signals is a prerequisite for CM specification. Almost 10 years ago, this concept was incorporated into the CM differentiation from hPSCs, (Lian et al., 2012) paving the way for the grounding of a chemically defined procedure (Burridge et al., 2014). Based on small molecules rather than cytokines, and thus less costly, this protocol is now widely applied, providing highly pure yields of hPSC-derived CMs when in combination with a metabolic-based selection (Tohyama et al., 2013). This means that complicated and inefficient EB-forming procedures or expensive and time-consuming immune-selection protocols have now been discarded (Burridge et al., 2007; Hattori et al., 2010; Elliott et al., 2011; Uosaki et al., 2011). However, even this latest protocol still requires a degree of set up to avoid inconsistent efficiencies amongst cell lines and experimental repeats, mostly related to different patterns of endogenous early canonical Wnt expression (Paige et al., 2010). In general, CMs obtained from these protocols consist of a mixture of pacemaker, atrial and ventricular myocytes, though some researchers consider that this is open to question, as hPSC-CMs are immature and intrinsically plastic (Du et al., 2015).

The derivation of other cardiac phenotypes has been also achieved, with a variety of protocols now available. Palpant et al. reported the generation of CMs, cardiac- or hemogenic-derived ECs as well as blood cells by finely dosing BMP4 and Activin A in order to pattern hPSC towards different mesodermal fates (Palpant et al., 2017). Others have employed a mixture of small molecules and cytokines to derive vascular cells from hPSCs in monolayer culture with high efficiency (Orlova et al., 2014; Patsch et al., 2015). Global gene transcription analysis has demonstrated low variability between ECs differentiated via cytokine-based methods from multiple lines of hPSCs (White et al., 2013). CFs, have been increasingly recognised as major players in cardiac development and homeostasis, having a similarly significant effect upon the capacity to build cardiac tissues in the lab. Recently, two independent groups have reported the generation of hPSC-derived CFs, giving also proof of their capacity to affect hPSC-CM function (Zhang H. et al., 2019; Zhang J. et al., 2019). Epicardial cells have similarly been derived, (Witty et al., 2014) demonstrating their ability to increase the therapeutic capacity of hPSC-CMs in vivo (Bargehr et al., 2019). Finally, sinoatrial node pacemaker CMs have been obtained from hPSC, and their capacity to pace tissues in vivo has been reported (Protze et al., 2017). Other approaches to the differentiation of cardiac lineages include the generation of CVPs, (Blin et al., 2010; Birket et al., 2015; Zhang Y. et al., 2016) or direct reprogramming strategies, (Mohamed et al., 2017) but they have rarely been explored in cTE.



Materials

In parallel to the way differentiation of hPSC mimics the natural embryonic development, the current view is that the more a material replicates the properties of cardiac tissue, the higher the chances of success. Development over the last 15 years has yielded a wide portfolio of materials and biomaterials. Classifications are numerous, be it by origin (natural, synthetic or hybrid), crosslinking (chemical vs physical), size (macro, micro or nano), polymerisation mechanism (enzymatic, light-triggered or pH-responsive) or whether they are or not reinforced with other structures like fibres. For specific insight into these classifications, we direct the reader towards some of the excellent latest papers (Peña et al., 2018; Liu et al., 2019; Xu et al., 2019). One of the most relevant classifications is, however, on the physical consistency of the applied material, where we can differentiate (i) injectable materials and hydrogels, (ii) solid or fibrous scaffolds and (iii) composite systems.

Hydrogels are probably the most widely explored type of material in cTE. Collagen, being the main component of the cardiac ECM, has been widely employed (see the following sections). It can be readily isolated from animal or even human tissues in sufficient quantities, extracted and solubilised, although it requires acidic pH for this. Therefore, a careful control over pH is needed for optimal polymerisation and embedded cell survival. Gelatin, being denatured/digested collagen, has also been intensely explored and the basis for the generation of some of the most applied semi-synthetic materials, such as gelatin methacryloyl (GelMA)(Yue et al., 2015) and several biorthogonal derivatives (Koshy et al., 2016; Bertlein et al., 2017). Alginate, a sugar-based natural hydrogel obtained from algae, (Orive et al., 2006) has been employed due to their tailorable mechanical properties and simple polymerisation, mediated by cations such as Ca or Mg, albeit lacking biological binding motifs. Silk and its derivatives have also been processed into hydrogels, (Holland et al., 2019) and modified to incorporate electrically active particles (Barreiro et al., 2019) or photocrosslinkable chemical groups (Cui et al., 2020). Allergic and anti-inflammatory side reactions have been reported with some silk derivatives, so care should be taken when incorporating them into an engineered tissue. Amongst natural hydrogels, decellularised ECM (dECM) has attracted significant interest since the breakthrough discovery of the process, as applied to the building of tissues (Ott et al., 2008; Belviso et al., 2020). In principle, dECM retains all components of the ECM of origin, thus creating a more complex and biomimetic environment. Garreta et al. obtained human dECM slices on which they cultured hPSC-CMs. The human CMs demonstrated enhanced conduction velocity and gene expression of related genes (SERCA, KCNJ2, CACNA1C or SCN5A amongst others) (Garreta et al., 2016). The group of Lior Gepstein employed dECM-chitosan mixtures in combination with hiPSC-CMs. The resulting engineered myocardium displayed enhanced maturity as compared with cells cultured in 2D, showing tissue-like drug responses. Their work also provided proof-of-concept of the capacity of this system to model human cardiac diseases (Long QT syndrome) and arrhythmias (Goldfracht et al., 2019). On the synthetic side, polyethylene glycol (PEG) and its several modifications have been extensively studied in the TE field (Iyer et al., 2009).

Most of the materials so far outlined in this section can be processed into fibres employing strategies explained in the next section. Thermoplastics have also been applied to cTE, mostly as fibrous scaffolds. Examples include poly-ε-caprolactone (PCL), (Woodruff and Hutmacher, 2010) or elastomers like poly (glycerol-sebacate) (PGS) (Kharaziha et al., 2013). Conductive polymers have only recently began to be applied to the field, though some of the most remarkable examples have not incorporated the use of cells and would therefore not qualify as engineered tissues (Mawad et al., 2016; Kapnisi et al., 2018). Finally, given the low mechanical properties displayed by most hydrogels, composite fibre-reinforced materials are also being developed, (Bas et al., 2015) with some examples explained in the following section.



Maturation Stimuli

Cells derived from hPSC are immature (see Karbassi et al., 2020 for a review). Although not the direct focus of this work, neonatal myocytes, which are another cell source commonly employed, also suffer from this drawback. cTE has long been aware of this limitation and has applied three main stimuli, namely physical, mechanical and electrical, and combinations thereof Parsa et al. (2016) and Stoppel et al. (2016). Perfusion is able to improve engineered tissues’ properties, as it will boost nutrient access and renewal, as has been shown for neonatal cells (Radisic et al., 2004b) as well as hiPSC-cardiac derivatives (Valls-Margarit et al., 2019). Materials’ physical properties (e.g., stiffness) are able to induce maturation features in these CMs, or at least preserve primary CMs from dedifferentiation (Amdursky et al., 2018). In general, most hydrogels are able to replicate the right myocardial-like properties. For example, Feaster and colleagues found that plating hiPSC-CMs on thick Matrigel induced a certain degree of molecular and functional maturation, in comparison to thin, diluted hydrogel coating, which essentially transmits the rigidity of the underlying plastic (Feaster et al., 2015). Herron et al. employed soft (albeit supra-cardiac) substrates and compared them with glass in their capacity to influence hiPSC-CMs, with a significant effect on maturation, showing improvement in the expression of Na and K channels, as well as on the degree of binucleation, cell cycle exit and hypertrophy (Herron et al., 2016). Although not purely based on engineered tissues, they and others give proof of the crucial role stiffness plays in cardiac maturation.

Mechanical stimulation has a leading role in cardiac development and aging (Happe and Engler, 2016; Sessions and Engler, 2016). It can be isometric, isotonic or auxotonic (Liaw and Zimmermann, 2016). In isometric stimulation, the construct is preloaded and must exert force against a static load. In isotonic stimulation, a device will cyclically exert active elongation on the engineered tissue. Finally, auxotonic stimulation occurs when the myocardial tissue has to contract against a resilient load. In principle, the auxotonic mode confers a more physiological stimulation, although all three are reported to deliver maturation upon engineered myocardium (Godier-Furnémont et al., 2015; Lux et al., 2016; Ruan et al., 2016; Ulmer et al., 2018). Although the exact mechanisms by which mechanical stimulation matures the cardiac engineered tissue are not known in depth, it is presumed that they will operate by the same ones occurring during cardiac development or physiologic hypertrophy (Nakamura and Sadoshima, 2018). After all, being a striated muscle, the myocardium can undergo hypertrophy if exercised (Kim et al., 2008).

As an electro-sensitive organ, the heart can be stimulated by electrical pulses, which can help maintain its function ex vivo (Watson et al., 2019). Electrical stimulation is known to have a relevant effect on hPSC-CM differentiation and maturation. Over 20 years ago, Sauer et al. established a relationship between this stimulation and mouse ESC differentiation to CM (EB method). They showed the effect was at least partly mediated by reactive oxygen species (ROS) generation and NF-κB, and could be replicated by ROS from H2O2 incubation (Sauer et al., 1999). Serena et al. analysed the effects of the type of electrode and stimulation length on CM differentiation via the EB method from hESC, finding a role for ROS, though the effect on the efficiency of differentiation was not determined (Serena et al., 2009). Hernández et al. employed brief (5 min) electrical stimulation, of hiPSC-EBs, finding an increase in the percentage of cardiac differentiation (% of beating EBs) after 14 days (Hernández et al., 2016). However, the use of the EB method complicates findings, as the effect could also be mediated by other cell types within the EB. Electrical stimulation has also been shown to enhance hPSC-CM maturation at the gene expression and functional levels (Ca transients), as well as promoting the ventricular phenotype (Chan Y. C. et al., 2013). Reasoning that exogenous electrical stimulation would act as an artificial pacemaker, Richards and coworkers evaluated the implementation of electrically conductive silicon nanowires in hiPSC-derived cardiac spheroids, showing that it was able to improve CM-to-CM communication (measured by staining for Connexin 43 and N-cadherin) and structural quality, though some of these quantifications might nowadays be regarded as debatable (Richards et al., 2016). The cTE field has implemented electrical stimulation to cardiac constructs with success. The group of Gordana Vunjak-Novakovic pioneered work in this area, showing the enhanced of contraction (synchronicity) and structure (alignment, ultrastructure) on neonatal rat CMs seeded on Ultrafoam collagen sponges and Matrigel (Radisic et al., 2004a). The group developed stimulation protocols as well as bioreactors, (Tandon et al., 2008, 2009; Massai et al., 2013) which have influenced the whole field. The group of Milica Rasidic built hPSC-based cardiac tissues by embedding hPSC-dissociated EBs in collagen type I and Matrigel. After electrical stimulation, they showed an increased myofibril ultrastructural organisation and improved function (conduction velocity and Ca handling properties) as compared to non-stimulated controls (Nunes et al., 2013).

Finally, some remarkable advances have been made when combining electrical and mechanical stimulation. Ruan et al. generated collagen-based cardiac engineered tissues containing hPSC-CMs, which were subjected to electromechanical stimulation and compared to static stretch or no stimulus. Results showed a positive Frank-Starling effect (increased force production with increased preload), a less negative force-frequency relationship (increased force production with increased pacing frequency) and maximum stress generation for the electromechanical stimulation group, which was correlated with increased expression of RYR2 and SERCA2, thus supporting the use of combined stimulation for enhanced maturation (Ruan et al., 2016). The group of Dr. Zimmermann employed auxotonic stimulation delivered through stretchers in combination with electrical pacing at 0, 2, 4, or 6 Hz (Godier-Furnémont et al., 2015). Results on tissues generated with collagen and neonatal rat cells showed that the 4 Hz regime was able to generate tissues with a physiological and positive force-frequency and enhanced functionality. Also, the presence of T-tubules was demonstrated. Finally, the group of Prof Vunjak-Novakovic generated hiPSC-CM-based collagen tissues on flexible stretchers (auxotonic mechanical stimulation) and supplied no stimulation (control), 2 Hz and 0.33 Hz/day progressive increase over 2 weeks (‘intensity training’). Their results demonstrated the effectiveness of this strategy, as shown by a physiological sarcomere length, increased density of mitochondria, T-tubules, a more mature metabolism and functional improvements at the level of Ca cycling and a positive force-frequency relationship (Ronaldson-Bouchard et al., 2018).



Fabrication Strategies

Materials confer cTE with significant options, not only due to the available range, but also through the application of different fabrication modalities, which can deliver different properties out of the same starting material. For example, collagen can be mould-casted, (Godier-Furnémont et al., 2015) extruded, (Araña et al., 2014) or bioprinted, (Lee et al., 2019) and the resulting properties will vary widely, with casted and bioprinted collagen having a stiffness in the range of kPa, whilst the extruded film will be significantly stiffer (MPa). In addition, structure will also differ. 3D printing and bioprinting have no doubt revolutionised our capacity to engineer cardiac tissues, however, other technologies can provide relevant features. The following paragraphs outline some of the most employed strategies, classified depending on their capacity to produce a controlled architecture (Table 3).


TABLE 3. Summary of fabrication methods, advantages and disadvantages.
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Techniques With No True Architecture Control


Mould casting

Probably the simplest and most widely employed fabrication mode, requires the generation of a mould of the desired shape, and is the fabrication technique of choice in many biomedical-based laboratories, where other methods could not be implemented due to lack of expertise or specific equipment. It does not provide much control over the resulting architecture, but can be combined with others, like porogen leaching, to add specifically selected features to the resulting tissue. The first reports on engineered cardiac tissues by Thomas Eschenhagen and coworkers in the late 1990s were developed by mould-casting a mixture of chick embryonic CMs embedded in a collagen solution. This was allowed to gel between two Velcro-coated glass tubes. The resulting tissues, later termed engineered heart tissues (EHTs), could be cultured in vitro and maintained over several days, responded to electrical stimulation, displayed a positive Frank-Starling relationship, were sensitive to levels of extracellular calcium, and could be modified with viral vectors (Eschenhagen et al., 1997; Zimmermann et al., 2000).

Since then, the technology has evolved enormously. It was expanded to neonatal rat cells, (Zimmermann et al., 2002) and refined, with the possibility of fabricating more complex and thicker EHTs, which functioned synchronously (Zimmermann et al., 2006). These stacked EHTs also showed promise as a therapy when transplanted in a rat model of infarction. EHTs have been employed by the groups of Eschenhagen and Zimmermann, either fibrin- or collagen type I-based, to study the effect of chronic stretch on CM hyperthrophy, (Fink et al., 2000) as a disease model of hypertrophic cardiomyopathy, (Stöhr et al., 2013) or to analyze the effect of electrical stimulation (Hirt et al., 2014). EHT technology has greatly benefited from the implementation of hPSC-derived cells, as the findings, models and application have gained greater impact, be it as a drug testing platform (Eder et al., 2016), an in vitro tool to study cardiac stimulation, (Godier-Furnémont et al., 2015) or as a potential myocardial regenerative therapeutic (Weinberger et al., 2016; Tiburcy et al., 2017). The Bursac group has also employed mould casting of rat and human (hiPSC-derived) cells to engineer cardiac tissues and explore different strategies to mature them in vitro (Jackman et al., 2016). They applied this strategy to fabricate tissues up to human scale, though thickness was limited by nutrient and oxygen diffusion. When assayed in a rat model of disease, their cardiopatches retained integrity after 3 weeks, showing extensive vascularisation by host-derived vessels and maintaining electrical activity, although they did not functionally integrate with the endogenous myocardium (Shadrin et al., 2017). The team of Milica Radisic employed PDMS moulds to form engineered cardiac tissues around a surgical suture, composed of hPSC-derived cardiac cells, collagen type I and 10% Matrigel (Nunes et al., 2013). By employing electrical stimulation, through carbon rods immersed in the culture medium, they were able to drive the hPSC-CMs towards a more mature phenotype and functionality. This system was later applied also to drug testing (Feric et al., 2019). Finally, one of the most advanced pieces of evidence for hPSC-CM maturation in vitro was provided by the group of Gordana Vunjak-Novakovic, as explained in the previous section (Ronaldson-Bouchard et al., 2018). They employed a 3:1 mixture of hPSC-CMs and dermal fibroblasts embedded in a fibrin matrix, cast into wells where flexible PDMS posts were also included. These conferred pre-tension on the generated engineered myocardium, thus adding physiological-like auxotonic stimulation (Mannhardt et al., 2019). A set of custom-made carbon electrodes delivered electrical stimulation. The resulting bioartifical myocardium displayed adult-like gene expression profiles, ultrastructural features such as M-bands and T-tubules, as well as oxidative metabolism and mature functionality. In summary, although mould casting cannot generate fine features, it is one of the most widely applied and highly evolved methods to obtain human mature cardiac tissue, and the one closest to translation.



Macro-to-micro pore-forming strategies

Cryogelation, based on freeze drying, is a common preservation strategy that is also applied to TE. The pre-crosslinked material is subjected to freeze-thawing cycles, which induces ice crystal formation. These crystals act as porogens, to be removed when pressure is decreased and the solvent sublimated. In general, pores are well inter-connected, as demonstrated early on by O’Brien and colleagues for collagen-glycosaminoglycans scaffolds (O’Brien et al., 2004). In addition, varying conditions make it possible to modulate material properties, as shown by Kim et al. (2015). In combination with gas foaming, Dattola et al. fabricated a poly(vinyl) alcohol scaffold with pores within the size of CMs, and Young’s Modulus similar to that of the native cardiac ECM. These substrates are able to support the growth and cardiac differentiation of hiPSC, albeit at apparently low rates as demonstrated by the immunostaining for cardiac proteins (Dattola et al., 2019).

Gas foaming has also been extensively applied to TE, though its use within the cardiac field is not extensive. This technique relies on the formation of bubbles, either by adding exogenous agents such as sodium bicarbonate or through the inclusion of enzymatic-driven reaction in the fabrication process (Mooney et al., 1996). As the solution polymerises, these bubbles are trapped inside. In consequence, the choice of foaming agent is crucial for the later survival of cells. Although relatively simple to implement, this technique provides no control over the degree of interconnection between the formed pores or their directionality.

Porogen templating is based on the inclusion of salt crystals in the pre-polymer solution. Similar to freeze drying, these crystals will act as templates, creating an empty space (pore) when the particles are leached out, in most cases by dissolving in aqueous solution, weak bases or heating, (Thomson et al., 1995) with sodium chloride being one of the most frequently employed porogens. On the down side, limitations are related to low architectural control and suboptimal processing of porogens, which might compromise biocompatibility as well as mechanical properties. Salt leaching has not been as widely employed in cTE as in other areas. Ganji et al. used table salt as a simple yet efficient way to generate defined pores in polyurethane-based scaffolds where gold nanotubes and nanowires were incorporated, thus combining 3-dimensionality with the additional benefit of electrical conductivity (Ganji et al., 2016). Biocompatibility tested with H9c2 rat cardiomyoblasts showed a positive effect on cell growth, though no hPSC-derived cells were tested. Other examples have employed porogen templating for the fabrication of porous polysaccharide-based vascular scaffolds and engineered heart valves (Lavergne et al., 2012; Masoumi et al., 2014).

Thermally induced phase separation is based on the use of temperature to induce the de-mixing of a homogeneous polymer solution. The controlled change in temperature prompts the formation of a polymer-rich and a polymer-poor phase, which can be used to obtain an interconnected porous structure (Nam and Park, 1999). Vozzi et al. synthesised the elastomer polyesterurethane, and used thermal phase separation to create a porous and biocompatible structure, which they functionalised with fibronectin by NHS-EDC chemistry. Although material properties were off the cardiac optimal range (in the order of > 0.25 MPa), neonatal rat cardiac cells attached and grew on the scaffolds, with specific modulation of gene expression. However, no use of human cells was reported (Vozzi et al., 2018).



Electrically produced

Solution electrospinning (SE), on the other hand, was one of the first and most employed fabrication modalities in the field. In this technique, a polymer solution is subjected to a relatively high electric field while it travels towards a collector plate. This electric field causes the polymeric jet to whip, producing very thin fibres of even sub-micron size, that can be collected randomly or in an aligned fashion. For a review see Sensini and Cristofolini (2018). In general, most SE applications produce low thickness mats of (semi-)randomly arranged fibres of different materials, though use of appliances such as a rotating mandrel can increase alignment (Han et al., 2016). Although relying on the use of potentially toxic solvents, SE has the advantage of being open to a wide range of materials, both natural and synthetic (Kitsara et al., 2017).

The concurrent use of SE with hPSC-derived cardiac cells has not been widely explored but some remarkable examples can be found. The group of Onnik Agbulut tested different crosslinking times of a clinical-grade collagen electrospun scaffold for the most suitable conditions for hiPSC-CM culture. The resulting mats had fibres of 0.6-2.2 μm, with pores in the range of 2-3 μm. After no deleterious effects were found after mat implantation in animals, the mats were seeded with hiPSC-CMs (106 per scaffold), and produced a significant benefit when transplanted in a dilated cardiomyopathy model. Importantly, scaffolds were compliant enough to allow the generation of macroscopic contractions by the hiPSC-CMs (Joanne et al., 2016). Sireesha et al. used a combination of the elastomer poly[1,8-octanediol-co-(citric acid)-co-(sebacic acid)] and fibrinogen to produce scaffolds with a sub-micron fibre diameter, whose mechanical properties laid on the upper end of cardiac elasticity (hundreds of kPa) and which showed good biocompatibility with human CMs. However, no further tests in animal models were performed (Sireesha et al., 2015). Khan and co-workers electrospun polylactide-co-glycolide (PLGA) as 50 μm-thick aligned nanofibrous scaffolds, seeded with hiPSC-CM, and compared the outcome versus conventional tissue culture plastic surfaces. Results showed the scaffolds were able to align the CMs, as well as inducing changes at the level of functionality (Ca transients) and gene expression, though the high stiffness of the mats (1-2 orders of magnitude above the cardiac tissue) could have a negative impact (Khan et al., 2015). On the other side of the coin, Han et al. assayed the capacity of aligned electrospun mats made of PCL coated with matrigel to induce hiPSC-CM maturation, showing a limited effect at the functional level, but with some differences in gene expression (Han et al., 2016).

Aside from employing different materials or combinations of natural and synthetic polymers, SE offers increased possibilities by modifying the properties of the resulting engineered tissue by combination with nanoparticles or other fabrication technologies. For example, the group of Tal Dvir built on his previous work on the electrospinning of albumin (Fleischer et al., 2014) to increase the anisotropy of the fabricated engineered tissue. To do this, they employed a double strategy: they used laser patterning to create micro-holes and unidirectional grooves, in order to increase mass transport and cell alignment respectively, and they stacked several layers of patterned mats, inspired by the anisotropy found across the ventricular wall. In this fashion, they also modulated the mechanical properties of the layers, getting closer to human myocardial values. They did not, however, test the stiffness of the resulting stacked construct, nor populate it with human cells, using rat neonatal cardiac cells instead (Fleischer et al., 2017). The group of Ali Khademhosseini used poly(glycerol sebacate):gelatin (PG) solution where gelatin-methacryloyl (GelMA)-coated carbon nanotubes had been incorporated to electrospun aligned nanofibrous mats with improved electrical properties, though at the cost of increased stiffness (Kharaziha et al., 2014). This is similar to their previous work with GelMA-embedded carbon nanotubes, (Shin et al., 2013) with a significant effect on gene expression, structure and functionality, but again no human cells were employed. Walker et al. employed bio-ionic liquids to modulate the electrical properties and adhesion strength of electrospun GelMA scaffolds, assaying their in vitro and in vivo regenerative potential, though no tissue was constructed (Walker et al., 2019). Again, mechanical properties were affected. Recently, the group of Felix Engel used SE to generate fibres combining the conductive polymer polyaniline (PANi) with collagen/hyaluronic acid, producing mats of suitable mechanical and electrical properties. Scaffolds supported the attachment of hiPSC-CMs, which displayed typical striations and contractions. Substrates incorporating PANi induced a faster beating rate on hiPSC-CMs, though this was not further explored (Roshanbinfar et al., 2020). All in all, SE is a very versatile fabrication technique, and this is also increased by the possibility of combining it with other materials and technologies. However, it faces limitations related to the thickness and dimensions of the final construct, as well as long-range alignment capacity.



Textile-based fabrication

Historically speaking, weaving is one of the oldest fabrication techniques and many (bio)materials can be processed by knitting, weaving or braiding, (Akbari et al., 2016) giving rise to new architectures and importantly, mechanical properties unattainable for individual fibres. Curiously, these have not been mainstream in the cTE field, with few studies combining these fabrication methods with hPSC-derived cells. Though their work cannot fully be categorised as textile-based, the lab of Kevin K. Parker employed pull spinning to generate nanofibrous scaffolds composed of PCL/Gelatin over an ellipsoidal mandrel, mimicking the shape of an idealised ventricle. After additional coating with the ECM protein fibronectin, they seeded either neonatal cardiac rat cells or hiPSC-CMs, generating scale-models of the heart with striking functional properties (Macqueen et al., 2018).



Techniques With True Architecture Control

Additive manufacturing, also known as 3D printing, is one of the technological revolutions of this century. It is based on the building of a volumetric object from a computer aided design (CAD), often in a layer-by-layer basis. Broadly speaking, we can distinguish between bioprinting, where cells are also printed, from the build & seed strategies, where the scaffold is first printed and the cells incorporated in a subsequent step, either as a standalone element or embedded in a hydrogel matrix. In any case, the degree of control over the resulting structure is orders of magnitude above what is achievable with the above-mentioned technologies, with the exception of filament dimensions, with SE being able to go into sub-micron diameter, albeit at the expense of thickness and architecture.


3D Build and Seed

In this category we have gathered those additive manufacturing technologies that do not allow the concurrent printing of materials and cells, be it because they employ high temperature, damaging lasers, toxic solvents or for other reasons. This section includes selective laser sintering (SLS), consisting of iteratively spreading layers of powdered materials and fusing it together to achieve the programmed shape, (Duan et al., 2010) stereolithography, where a bath with photosensitive resin is selectively cured layer by layer with a UV laser or similar power source, (Gauvin et al., 2012) or fused deposition modelling (FDM), by which the printed polymer is melted and deposited in layers in order to acquire the desired 3D architecture (Moroni et al., 2006). All these technologies have in common the need to first generate the architecture and in a second step add the biologicals, with the only exception of laser-curable materials in SLS. Although these technologies are in increased demand for the building of prosthetics, personalised solid implants or educational/surgery planning models, (Giannopoulos et al., 2016) their application to cTE is not widespread, especially in light of the increasing importance of bioprinting techniques (next section).

A special note however must be dedicated to Melt Electrowriting (MEW), a highly specialised additive manufacturing technology (Brown et al., 2011). It works on the same basis as SE, where a high voltage is applied between a syringe tip and a grounded collector. In this case however, the polymer is not dissolved, but melted. The superior stability of the jet allows a highly controlled deposition of fibres, which solidify in-flight or shortly upon collection. These, although bigger in diameter than those from SE, are at least an order of magnitude below what is usually attainable with 3D printing or bioprinting (tens of μm in diameter). The polymer of choice must be melted within the capacities of the printer, which limits the range of the available polymers. Another significant limitation is the achievable 3-dimensionality, which is usually below the mm-range. The groups of Paul Dalton and Dietmar Hutmacher have spearheaded its use (Bas et al., 2015, 2017; Hochleitner et al., 2018) and have developed methods to increase the thickness of the MEW scaffolds to almost one cm, but again these are far from mainstream (Wunner et al., 2018). The groups of Jos Malda and Joost Sluijter have been the first ones to apply MEW to cTE. In their first approach, they MEW-printed the hydroxyl-functionalised polyester, (poly(hydroxymethylglycolide-co-ε-caprolactone) in orthogonal patterns, and seeded them with human cardiac progenitor cells (CPC) embedded in a collagen type I hydrogel. CPCs survived well, with the scaffolds producing a significant alignment (Castilho et al., 2017). In a further optimisation of the system, Castilho et al. fabricated hexagonally patterned MEW scaffolds with superior compliance, and seeded them with hiPSC-CMs. Their results showed the superior biaxial mechanical properties of the hexagonal designs, and their significant, positive effect on cell alignment and gene expression. Moreover, these scaffolds could be transplanted in a large animal (pig) after passing through a catheter-like tube, paving the way for their future percutaneous transplantation (Castilho et al., 2018). Finally, an auxetic patch, that is, featuring a negative Poisson ratio, was recently fabricated with MEW, and the conductive polymer polypyrrole in situ polymerised on it, with electroconductive properties close to those of the human myocardium (Olvera et al., 2020).



Bioprinting

The capacity to print human tissues on-demand has roused the expectations of scientists, clinicians and patients alike, with a range of modalities available. Laser-assisted bioprinting (LAB) for example, features several methodologies. Laser-induced forward transfer of material/ink (LIFT)(Koch et al., 2010) allows printing with a single-cell resolution at high densities (up to 108 cells/ml) (Gaebel et al., 2011). However, it requires selected materials to gel relatively fast, which in practice restricts the range of available materials, and can be technically challenging. 2 photon polymerisation is a type of LAB with high spatial resolution (as low as 70 nm) without the need for support structures (Hu et al., 2017). Vaithilingam et al. employed this technique to fabricate electroactive 3D architectures by incorporation of multi-walled carbon nanotubes (CNTs). The mechanical properties were however highly deviated from what has been described for human cardiac tissue (GPa range). hiPSC-CMs were able to survive and, after the application of electrical stimulation, a significant effect on sarcomere length was found (Vaithilingam et al., 2019). There are other printing technologies based on LAB, such as Biological Laser Printing and Laser Guided Direct Writing, (Odde and Renn, 2000; Barron et al., 2004) but no reports on these include hiPSC-derived cardiac cells.

Extrusion-based bioprinting is probably the best-known bioprinting method: a bioink containing both cells and the biomaterial is extruded through a nozzle onto a motorised collector. The coordination between the gelation of the bioink and its deposition permits the generation of thick tissues. A range of nozzles, including pneumatic, screw- or plunger-based, as well as inks, is available. However, the material properties of the latter are fundamental, as shear stress generated upon printing highly impacts cell viability (Jungst et al., 2016). Some strategies, like in situ crosslinking of the bioink immediately prior to its deposition, (Ouyang et al., 2017) are being developed to overcome these and other limitations. Extrusion-based bioprinting has been extensively researched in the cTE field. Jang et al. employed a multi-nozzle printer to generate tissues with 2 decellularised cardiac ECM-based bioinks reinforced with a thermoplastic (PCL) backbone. One of the bioinks contained human CPCs (c-kit-positive), and the other mesenchymal stem cells (MSC) and pro-angiogenic factors (VEGF). The application of this patch in a rat model of disease demonstrated a rapid vascularisation as well as a significant benefit at the functional and histological levels. However, no new contractile tissue was formed (Jang et al., 2017). Zhang and coworkers employed a more advanced strategy, where they used coaxial printing to pattern human umbilical vein endothelial cells (HUVECs) in a ink containing alginate, GelMA and the UV-curable photoinitiator Irgacure. The mixture was quickly crosslinked by CaCl2 from the outer sheath, and further gelled by exposure to UV light (for alginate and GelMA respectively) (Zhang Y. S. et al., 2016). HUVECs migrated to the outer border of the printed structures, forming 3D vessel-like structures over a period of 15 days, after which neonatal rat CMs were added to complete the tissue. Izadifar et al. explored varying the electrical properties of the generated tissues by incorporating alginate-coated carbon nanotubes (CNT) to methacrylated collagen. The system displayed as expected enhanced electrical properties, once more at the expense of becoming stiffer, though within acceptable values, and was able to support the growth of human coronary artery endothelial cells. No CMs were employed (Izadifar et al., 2018). Maiullari and coworkers applied a different version of extrusion printing termed microfluidic printing, to generate vascularised engineered tissues combining HUVECs and hiPSC-CMs (Maiullari et al., 2018). The bioartificial myocardium was fabricated with a bioink combining alginate for a rapid crosslinking, and polyethylene glycol (PEG) monoacrylate-fibrinogen, for UV-curing and cell adhesion. These tissues were tested in vivo, were the presence of vascular cells was able to promote integration with the recipient vascular system. Zhu et al. formulated a bioink with capacity to electrically influence neonatal rat CMs by incorporating gold nanorods in GelMA. Thick constructs were generated, although cell viability was below 80% in most cases. This is extremely relevant if we take into account that CMs are non-proliferative cells, so no re-growth is likely to occur (Zhu et al., 2017).

Freeform embedding of suspended hydrogels (FRESH) is one of most exciting 3D bioprinting methods (Hinton et al., 2015). Here, the biomaterial ink or bioink of choice is printed within the support of another hydrogel serving as a temporary support. Noor and co-workers developed a personalised hydrogel ink from human decellularised omental tissue, which could be printed into complex structures using FRESH. They used it in combination with hiPSC which they differentiated within the matrix into beating, perfused cardiac mini-tissues (Noor et al., 2019). Lastly, the Feinberg group used FRESH to accurately (20 μm resolution) 3D print different components of the human heart with collagen, including a model of the left ventricle on the scale of the neonatal organ, incorporating hESC-CMs (Lee et al., 2019). These engineered tissues displayed synchronised functional activity.

Finally, some the applications build tissues without the use of biomaterials. This includes the additive manufacturing with spheroids, as demonstrated by Arai et al., where they combined commercially available hPSC-CMs with HUVECs and dermal fibroblasts to generate the spheroids, organised in a tubular 3D structure with a bioprinter (Arai et al., 2018). However, the authors used a needle array to provide initial transient support for their structures, which in the end played the role of a scaffolding material. Recently, Ayan et al. reported a novel strategy, termed aspiration-assisted bioprinting, relying on the aspiration of 3D spheroids and their precise deposition in 3D. This could also be combined with FRESH, but no use of hiPSC-derived cardiac cells was reported (Ayan et al., 2020).



CLINICAL TRANSLATION OF hPSC-BASED cTE STRATEGIES

Survival post-cardiac ischemia has raised with advances in the cardiology and cardiovascular surgery areas, as well as through the development of new drugs in the last decades. This includes the application of reperfusion by percutaneous coronary intervention, anticoagulants and antithrombotics, amongst others. Though cTE has potential to address different cardiac conditions, its main activity has been directed towards the loss of viable myocardium by supplying new one, engineered in the lab.

In stark contrast to the short time elapsing between the first reports on regenerative medicine with adult stem cells and their first in-human application (reviewed in Banerjee et al., 2018) cTE with hPSCs has scarcely reached the clinical arena. Be it because both scientists and clinicians have learnt from past experiences or because translation presents additional complications, (Desgres and Menasché, 2019; Ghaemi et al., 2019; Ke and Murphy, 2019) clinical application is yet to become a reality. The technology faces challenges in the area of regulation, where reprogrammed cells under GMP-conditions are not widely derived, in logistics, with the size of engineered tissues in most instances requiring open chest surgery, and in economic terms. However, progress is being made. Tiburcy et al., created an engineered human myocardium with advanced structural and functional maturation by combining hPSC-derived cells with collagen type I (Tiburcy et al., 2017). Their work, standing on the shoulders of decade-long progress, (Zimmermann et al., 2002, 2006) demonstrated the building of human-scale relevant tissues (3.5 × 3.4 cm, containing 40 million CMs) under defined conditions and their pre-clinical safety assessment in rats, though no large animal testing was performed. The group of Prof Bursac applied dynamic culture conditions to improve the maturation of a patch formed from hiPSC-derived cardiac cells in a fibrin matrix. Although they achieved human adult-like electrical properties (e.g., conduction velocity) and formed large grafts when transplanted into rodents, the use of matrigel in the forming mixture precludes further translation (Shadrin et al., 2017; Jackman et al., 2018). In addition, myocytes were mostly randomly arrayed, which added to the low thickness of the grafts precludes any efficient and substantial force generation, and therefore makes providing contractile support to diseased hearts difficult.

Menasche et al. performed the first clinical case of an hPSC-based patch in 2015, transplanting a 20 cm2 fibrin-based tissue. This patch contained 4 million hESC-derived Isl+ SSEA1+ CPCs and was implanted epicardially in a 68-year-old patient with advanced heart failure. Concomitant to the implantation of the patch, a coronary artery bypass was also performed. After 3 months, the patient had better symptoms, and there was improved evidence in the echocardiogram too (form akinetic to moderately hypokinetic). Moreover, no adverse effect was observed (Menasché et al., 2015). This was part of the first clinical trial carried out with six patients suffering from advanced IHD (NCT02057900), called ESCORT. The aim of the trial was to demonstrate the safety of the patch at 1 year. All patients improved symptomatically, with four showing an increased systolic motion. One died early in the post-operative period from treatment-unrelated comorbidities and another after in 22 months due to heart failure (Menasché et al., 2018).

Japan has made huge efforts to spearhead research in the hiPSC field, and has one of the most streamlined regulatory frameworks (see Cyranoski, 2019 for a comment). It has recently started the first clinical trial of hiPSC-CM transplant in ischemic heart dysfunction. The study will deliver 100 million hiPSC-CMs in the form of a cell sheet of 4 × 5 × 0.1 cm (Kawamura et al., 2017). The aim of the study is to evaluate efficacy and safety of the treatment in a total of 10 patients (Cyranoski, 2018).

Overall, clinical applications of hPSC-based cardiac engineered tissues, though scarce, are starting to emerge. However, the scientific and logistic/economic concerns mentioned above need addressing further before any of these technologies reach the clinical arena.



CONCLUSION AND OUTLOOK

The capacity to fabricate human myocardium in the laboratory is no longer restricted to science fiction. Recent breakthroughs such as cell reprogramming and 3D (bio)printing have shifted the question from ‘Can we do it?’ to ‘How do we want to do it?’. However, lessons from its predecessor in the area of regenerative medicine should teach us the value of caution. Crucial questions remain, some of which include the following:

-What are the most suitable components for building an engineered myocardium? Of course, this absolutely depends on the application/pathology we are targeting. If the objective is to reconstruct the post-disease myocardium, especially in cases when muscular mass has been loss (as IHD), this will require new CMs, alongside new vessels and support cells. Although not supplying new CMs might still be beneficial, it will not regenerate the tissue to pre-disease levels. So far, only hPSCs can produce the required cells in sufficiently large amounts, and whether it is better to use fully differentiated cells or progenitors is still an open question. Regarding the ECM-mimics, the current state can seem confusing. All reported (bio)material formulations seem to provide a benefit (Table 2). It is plausible that the most important factor is for the material to recapitulate the mechanical environment of cardiac tissue long enough for delivered cells to build their own structure. Also, although collagen type I has repeatedly been positioned as being the main component of the cardiac ECM, this does not account for all its mechanical capacities, nor it is as abundant as the levels supplemented in engineered tissues. Probably, cost and translation capacity will have much to say here. Lastly, regarding the fabrication mode, though 3D bioprinting has captivated both scientists and the wider public, its actual ability to deliver tissues able to withstand the mechanical forces in play in the human myocardium is far from optimal in most cases. Fibre reinforcement might be a solution to this, but remains to be fully tested in a human scale. In addition, recent technical developments such as 4D printing or cyborganics will certainly widen the scope of possibilities at hand (Tamay et al., 2019; Orive et al., 2020).

– How is translation going to happen? The hurdles are significant, (Desgres and Menasché, 2019; Ghaemi et al., 2019) not only due to the use of genetically modified cells (hiPSCs), exogenous materials and complex equipment, but also because in order to attain sufficient functional capacity, it is likely that some lengthy period of in vitro electromechanical maturation must be implemented. Also, no standard equipment currently exists to apply this to a human-scale tissue. In this area, it is crucial that biomedical researchers work alongside lawmakers. Cell therapy mostly relied on an autologous application of a non-cultured material, which smoothened its approval. Tissue engineering applications based on hiPSC products are highly promising but are impeded by stringent regulations. Japan has spearheaded hiPSC translation as a national flagship (Azuma and Yamanaka, 2016). Although some consider this too loose, it is clear that unless scientists provide a clear direction and get themselves involved in depth in the regulatory process, advances will be limited.

– Will costs be sensible? hiPSC culture and differentiation are expensive. Additive manufacturing is expensive. GMP-grade materials are expensive. hiPSC line derivation costs between €4000-8000 depending on the provider, multi-nozzle 3D bioprinters are usually budgeted above €30000, and some medical-grade materials as human collagen type I are prohibitive (> €200 per 100 μg). Highly trained personnel costs need to be added on top of this, as well as the cost of hiPSC expansion and differentiation. The cost of a heart transplant in the United States is above $150000 (including 120-day medical care), with Left Ventricular Assist Devices (LVADs), employed for patients with end stage heart failure as a bridge to transplant (and now trialled as destination therapy) are estimated to cost even more (see Miller et al., 2013 for a concise review). If economic issues are not addressed from day one, we run the risk of ending up with a highly effective therapy only that very few people can pay for. Large-scale production of hiPSC-derived cells has been demonstrated and will no doubt help decrease costs (Abecasis et al., 2017; Halloin et al., 2019; Buikema et al., 2020). Strategies to induce hiPSC-CM division would significantly improve the economics.

– Will the new therapy be safe? hPSCs have been marred by concerns related to persistence of pluripotent cells after differentiation and the subsequent risk of teratoma formation. But also, the new tissue must conform to the host’s electrical activity. Again, lessons from Cell Therapy call for caution (Menasché et al., 2008). Advanced genomics and other analysis tools not available 10 years ago will significantly enhance the safety analysis and help researchers and clinicians along the way (Wang Z. et al., 2020).

– Are the aims achievable? The objective of cTE is to generate new human myocardium whose properties and functionality are similar to its natural counterpart, but that might not be achievable within a sensible timeframe. Human cardiac maturation advances significantly after birth but continues throughout the first decades of life. Current advanced methods for maturation, like those based on electromechanical stimulation, do not achieve anything even close to adult properties. However, it is plausible that only a minimal maturity is needed in order to avoid lethal arrhythmias, as hPSC-CMs are reported to undergo maturation after transplantation in the heart (Kadota et al., 2017).

– What is the state of non-therapeutic applications? Though the aim of cTE within regenerative medicine is directed towards treatment, bioartificial human myocardium is becoming increasingly relevant with respect to other applications such as disease modelling and drug testing (Vunjak-Novakovic et al., 2014; Sharma et al., 2020), where the scale of the fabricated tissues is not an issue. In drug testing, the CiPA initiative has already pointed to the relevance of hiPSC-CMs, (Millard et al., 2018) especially given cardiac side effects are one of the main reasons for drug withdrawal, and there is no primary source of human CMs available (Laverty et al., 2011). Current efforts have already proven the capacity of cTE-based systems to better recapitulate physiological human drug response [reviewed in Kadota et al. (2017) and Millard et al. (2018), or to generate chamber-specific microtissues (Zhao et al., 2019)]. Translation towards industrial and clinical testing is envisioned to be more straightforward and immediate.

As can be seen, the challenges ahead are not minor. However, humankind has never been closer to achieving success in tissue fabrication. Whole functional heart generation in the laboratory, though frequently dreamt of, is still not achievable, as severe physiological and technical roadblocks remain in place. Challenges include ensuring adequate vascularisation, electromechanical coupling over long distances, atrioventricular delay, autonomous nervous system innervation or designing materials both biocompatible but capable of supporting the strong mechanics of a whole heart, amongst others. At this extraordinary moment, it is crucial for scientists, clinicians, and lay people to stay focused and deliver.
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Although the use of bioresorbable materials in stent production is thought to improve long-term safety compared to their durable counterparts, a recent FDA report on the 2-year follow-up of the first FDA-approved bioresorbable vascular stent showed an increased occurrence of major adverse cardiac events and thrombosis in comparison to the metallic control. In order to overcome the issues of first generation bioresorbable polymers, a series of polyethylene glycol-functionalized poly-L-lactide-co-ε-caprolactone copolymers with varying lactide-to-caprolactone content is developed using a novel one-step PEG-functionalization and copolymerization strategy. This approach represents a new facile way toward surface enhancement for cellular interaction, which is shown by screening these materials regarding their cyto- and hemocompatibility in terms of cytotoxicity, hemolysis, platelet adhesion, leucocyte activation and endothelial cell adhesion. By varying the lactide-to-caprolactone polymer composition, it is possible to gradually affect endothelial and platelet adhesion which allows fine-tuning of the biological response based on polymer chemistry. All polymers developed were non-cytotoxic, had acceptable leucocyte activation levels and presented non-hemolytic (<2% hemolysis rate) behavior except for PLCL-PEG 55:45 which presented hemolysis rate of 2.5% ± 0.5. Water contact angles were reduced in the polymers containing PEG functionalization (PLLA-PEG: 69.8° ± 2.3, PCL-PEG: 61.2° ± 7.5) versus those without (PLLA: 79.5° ± 3.2, PCL: 76.4° ± 10.2) while the materials PCL-PEG550, PLCL-PEG550 90:10 and PLCL-PEG550 70:30 demonstrated best endothelial cell adhesion. PLLA-PEG550 and PLCL-PEG550 70:30 presented as best candidates for cardiovascular implant use from a cytocompatibility perspective across the spectrum of testing completed. Altogether, these polymers are excellent innovative materials suited for an application in stent manufacture due to the ease in translation of this one-step synthesis strategy to device production and their excellent in vitro cyto- and hemocompatibility.

Keywords: poly-L-lactide, poly-ε-caprolactone, polyethylene glycol, bioresorbable, cytocompatibility


INTRODUCTION

Stents are used in percutaneous coronary intervention to restore blood flow in patients with coronary artery disease (CAD) which is characterized by the occlusion of a coronary artery due to plaque formation (Garg and Serruys, 2010; Li et al., 2010). Researchers are dedicated to the development of new biocompatible materials for use in stent devices, that on the one hand provide enough strength for vessel support during constrictive re-modeling while also allowing for good cyto- and hemocompatibility (Van Oeveren et al., 1999; Williams, 2008; Huang et al., 2014; Zhang et al., 2014; Blok et al., 2016). Complications still arise from stent placement, the main issues being in-stent restenosis and stent thrombosis resulting from inadequate mechanical properties or poor biocompatibility (Zhang et al., 2014). Drug Eluting Stents (DES) were successful in reducing the rate of in-stent restenosis (Khan et al., 2012), however, the requirement of longer dual antiplatelet therapy (DAPT) to prevent stent thrombosis means that they are not suitable for all patients. In addition, complications have arisen relating to DES with reported cases of late thrombosis, hypersensitivity and delayed healing (Al-Dehneh et al., 2010). A major disadvantage of BMS and DES stent devices is the permanence of the scaffold associated with adverse events including stent jailing, side vessel obstruction, impairment of vessel geometries and the need for long term anti-coagulant therapy (Waksman, 2006; Meraj et al., 2015).

Fully absorbable stent technologies are the freshest development in this sector and introduce a new paradigm in CAD treatment (Tenekecioglu et al., 2016). Scaffold resorption after vessel repair is thought to offer several advantages including a reduced risk of late stent thrombosis, facilitation of repeat treatments, restoration of vasomotion and freedom from side branch obstruction (Ormiston and Serruys, 2009). Realization has been hampered by material performance inferiority in comparison to permanent metallic counterparts. Two-year follow–up on patients treated with the Abbott ABSORB BVS stent showed an 11% rate of major adverse cardiac events (e.g., cardiac death, heart attack, additional procedures) in comparison to a 7.9% rate for patients treated with the metallic XIENCE drug eluting stent. Furthermore, an increased rate of thrombus formation was observed with the BVS compared to the XIENCE stent (1.9% in BVS versus 0.8% in XIENCE) (Maisel, 2017). The current state of the art absorbable polymer stent technologies (including ABSORB) rely on the polymer poly–L–lactide (PLLA) (Gupta et al., 2007; Iqbal et al., 2013; Verheye et al., 2014), which displays a relatively high elastic modulus with a low elongation at break. PLLA’s high crystallinity and glass transition temperature (Tg of 60°C) result in relatively brittle behavior in medical application (Fernández et al., 2012). Furthermore, polymers used in bioresorbable stent (BRS) technologies thus far have presented considerably lower ultimate tensile strengths (UTS) with respect to gold standard metals. Thus, the application is hampered by fracture risks, strut thickness limitations, recoil, deployment limitations and limited expansion among a host of new challenges arising with degradable devices including degradation profile, biocompatibility of by-products, shelf-life concerns, and reduction in mechanical strength as degradation proceeds (Khamis et al., 2014; Collet et al., 2016; Foin et al., 2016; McMahon et al., 2018).

Copolymers offer a potential solution to address many of the homo-polymer performance limitations in absorbable stent devices without significantly compromising relevant material properties that make PLLA such a useful candidate. Copolymerizing of lactide with small amounts of ε-caprolactone (Fernández et al., 2012) yielded a reduced Tg and crystallinity, thus improving the elongation at break and presenting a valuable performance tuning opportunity (Ugartemendia et al., 2015). In addition, polyethylene glycol functionalization offers potential to tailor the surface properties in terms of hydrophilicity and therefore control cellular adhesion and responses. PEG grafting techniques are typically multi-step approaches (Kingshott and Griesser, 1999; Lieb et al., 2003; Shin et al., 2009; Vasilev et al., 2010; Melchiorri et al., 2013) which are difficult to translate to the complex architectural design of stents post fabrication. Furthermore, there are significant challenges in stabilizing PEG grafts through the processes of crimping, sterilization, storage and expansion of a stent. With polymer-based stents, there is a new opportunity to solve these issues via incorporation of PEG in the raw materials chemical structure adding significant application potential and by-passing complex grafting procedures (Kim et al., 2011; McMahon et al., 2016). Short PEG end chains (Mw 550 Daltons) were carefully selected to ensure bioresorption of this PLCL solution is not compromised since low molar mass PEG may be eliminated from the body safely (Jeong et al., 2004; Webster et al., 2007).

Combining the two strategies (PEG copolymerization with PLCL copolymers) we have systematically created polymer series that allows refined control over a wider degree of material performance which will become an important biomedical device strategy in future. These polymers have been synthesized using a proprietary approach yielding a cleaner polymer lacking solvent residues therefore inherently reducing the risk of adverse inflammatory effects on the patient and removing the risk of solvent residue interactions with active pharmaceutical ingredients or therapy (Barnes and Harris, 2008).

Here, we present the results of in vitro biocompatibility assessment of these new chemically defined lactide/caprolactone/PEG copolymers using a panel of five cell-based tests. While in vitro biocompatibility evaluation of medical devices is described by a series of standards collectively under the ISO 10993 set, it does not include available assays that may be more relevant to a cardiovascular application. Therefore, we selected a panel of five in vitro tests to easily screen and thoroughly evaluate the cyto- and hemocompatibility of the new materials. On the one hand, we performed the tests required by ISO 10993-5 standard comprising material toxicity testing according to the multiplex assay format and hemolysis testing (ISO 10993-4) (Beuth Publishing, 2009, 2017). In addition, we analyzed the materials’ thrombogenic and inflammation inducing properties. Since ECs maintain a non-thrombogenic blood-tissue interface, regulate thrombosis, thrombolysis, vascular tone and blood flow in their basal state they are considered the ideal non-thrombogenic and non-inflammatory surface (Galley and Webster, 2004). We analyzed EC adhesion to the materials to assess their usefulness in facilitating fast and complete reendothelialization. Platelet adhesion and morphology was used to analyze thrombus formation risk and a leucocyte activation assay based on PMN elastase release was used to test for inflammatory induction. Together, these tests allowed a more in-depth view on all relevant properties of a cardiovascular device material which ideally should be non-toxic, non-hemolytic, non-thrombogenic, non-inflammatory and facilitate EC adhesion.



RESULTS


Polymers


Synthesis

PEG-functionalized PLCL polymers of varying composition (lactide to caprolactone of 90:10, 80:20, 70:30 and 55:45, see Figure 1 for synthesis scheme and Supplementary Table S1 for a list of all polymers used in this study) were synthesized using a proprietary polymerization approach. Molecular weight analysis by gel permeation chromatography (GPC) showed that all polymers presented medium to high relative molecular weights and relatively low polydispersity (PDi range of 1.5–2.4, see Table 1).
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FIGURE 1. Structural overview on each reaction for the synthesized PEG functionalized materials (A) PCL-PEG, (B) PLLA-PEG, and (C) PLCL-PEG.



TABLE 1. Results summary of GPC and 1H-NMR analyses of synthetic polymers.

[image: Table 1]The molecular weights were large enough to exceed a critical value for entanglement formation thus allowing comparison across the series. Relative fractions of lactide to caprolactone were confirmed by 1H-NMR to lie within an acceptable ± 2 molar fraction of the target molar ratios while polymer purity with respect to monomer residues was ≥98% for lactide monomer conversion and ≥96% for caprolactone monomer conversion (see Table 1). Furthermore, presence of PEG was confirmed by the appearance of a peak at a chemical shift of 3.65 ppm in all PEG-functionalized polymers.



Surface Properties of Polymer Films

For the analysis of in vitro biocompatibility films of PEG-functionalized polymers and non-functionalized controls were prepared and their surface properties examined via water contact angle (WCA) measurement, FTIR-ATR and SEM (see Table 2 for a summary on all film surface results).


TABLE 2. Summary of film surface properties.

[image: Table 2]Water contact angle analyses were conducted in order to get a first impression on film surface characteristics, especially hydrophilicity (see Supplementary Figure S2). Films of the controls PLLA and PCL exhibited contact angles of 80 ± 3° and 76 ± 10°, respectively while incorporation of PEG resulted in a significant reduction of contact angles for the PLLA-PEG550 and PCL-PEG550 films to 70 ± 2° and 61 ± 8°, respectively. Contact angles of the PLCL-PEG series films were lower than non-PEGylated controls while a slight but significant increase was observed with increasing caprolactone content from PLCL-PEG550 90:10 and 80:20 to 70:30 and 55:45.
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FIGURE 2. FTIR-ATR spectra of PCL (PC12) and PCL-PEG550, PLLA (PL38) and PLLA-PEG550 and the PLCL-PEG550 series. The figures show overview spectra (left side) and zoom-in spectra (right side) of the 650 – 1800 cm– 1 wavenumber region.
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FIGURE 3. Representative SEM pictures of material films in different magnifications.


Polymer film surfaces were analyzed by FTIR-ATR measurement (Figure 2) which clearly proved the presence of lactide and/or caprolactone in the films. The most prominent indicator of PCL presence was the band at 2945 cm–1 (asymmetrical stretching of CH2, see details on PCL-specific signals in Supplementary Table S3) while in case of PLLA a distinctive signal pattern was observed in the range from 1250 to 1000 cm–1 (particularly the symmetrical stretching mode C-CH3 at 1045 cm–1, see details on PLA-specific signals in Supplementary Table S4) (Schrader, 1995; Oliveira et al., 2013). Using these signals presence of polylactide could be shown in PLLA, PLLA-PEG550 and all candidates of the PLCL-PEG series while caprolactone presence was observed in PCL, PCL-PEG and the PLCL-PEG series. Here, the normalized signal intensities of the caprolactone specific 2945 cm–1 signal actually increased with increasing content of caprolactone in the polymer, while the main PLLA signal decreased. The stretching vibration of the carbonyl group was observed as a prominent peak at 1756 cm–1 for PLA containing polymers and at 1723 cm–1 for PCL. In the mixed polymers, the band at 1723 cm–1 for PCL could only be observed as a shoulder. A shift to lower wavelength also is indicative of increased crystallinity which is the case in PCL and PCL-PEG550. Also, in the two polymers with higher caprolactone content (PLCL-PEG70:30 and 55:45) the shoulder to lower wavelength indicates crystallinity which was more pronounced in PLCL-PEG550 55:45. Presence of PEG could not be shown using this method since PEG signals are overlapping with PLA and PCL signals (see details on PEG-specific signals in Supplementary Table S5).

SEM revealed a good surface quality for all polymer films as shown in Figure 3. In all cases, the films were flat and well-formed without presence of air bubbles or holes, whereas these polymers presented differences in terms of surface morphology and topography. Since all film casting was conducted using the same approach, changes in surface morphology can be accredited to the variance in polymer physical properties. In case of PLLA-PEG550, we observed a very smooth surface with no irregularity in terms of surface structuring. PLCL-PEG550 90:10, PLCL-PEG550 80:20, and PLCL-PEG550 70:30 were similar in surface quality showing mild deviation from the flat surface observed in PLLA-PEG550 although PLCL-PEG550 90:10 exhibited a slightly roughened surface. All of these polymers had large lactide fractions leading to relatively similar film formation and surface behavior. Whereas the PLCL-PEG 55:45 material yielded films that presented a more ordered surface morphology with slight elevations created in the form of rising ridges of approximately 1 μm diameter. This can be accredited to the highly elastomeric behavior of this polymer allowing it the flexibility to form these ridges (Fernández et al., 2012). PCL showed a very ordered surface morphology with obvious surface patterns of crystalline areas. PCL-PEG550 was the most crystalline, where the film surface presented spherulite structures.



In vitro Cell Compatibility

Films of PLCL-PEG copolymers were evaluated using a panel of different in vitro methods – according to ISO 10993 and beyond. Here, we were specifically interested in the effect the new materials had on cells present at a stent implantation site (especially different types of blood cells and endothelial cells).


Toxicity Testing With L929

First of all, we tested if the materials caused any adverse reactions in a standard cell line as suggested in ISO 10993-5 (Beuth Publishing, 2009). Since finally, cardiovascular implants will be in direct contact with the vessel wall we chose a direct contact multiplex assay format which allowed parallel determination of the amount of attached cells (“Viability”), the amount of dead cells (“Toxicity”) and the amount of cells undergoing apoptosis (“Apoptosis”). Cell attachment and proliferation on materials (“Viability”) was the same or only slightly reduced on film samples compared to the ideal surface of tissue culture-treated polystyrene (TCPS) (Figure 4). Since in addition, no material toxicity was observed all presented polymer films can be rated as non-cytotoxic. Also, none of the lactide/caprolactone materials led to significantly increased apoptosis induction compared to TCPS control.
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FIGURE 4. Lactide/caprolactone film cytocompatibility was analyzed in multiplex format using L929 cell line. L929 cells were seeded directly onto material disks and grown for 24 h. Cell viability of attached cells was measured using CellTiter-Blue assay and results are depicted in % compared to TCPS. Cytotoxicity was analyzed using CytoTox-ONE assay, whereby lysed cells were used as positive control (100% of cell lysis) and apoptosis induction was determined using ApoONE assay, by using staurosporine induced cells as positive control (100% of apoptosis). Measurements were carried out in quadruplicate.




Hemolysis

Hemolysis testing is required for the evaluation of biomaterials intended for stent devices according to ISO 10993-4 (Beuth Publishing, 2017). It is a sensitive indicator of the destructive degree of a material to erythrocytes. Among the tested biomaterials only PLCL-PEG 55:45 showed an elevated hemolysis rate of 2.5% ± 0.5 (Figure 5). All other materials showed rates smaller than 2%. However, the increase in hemolysis on the surface of the material PLCL-PEG550 55:45 compared to the other materials and in relation to the threshold value of 2% was significant after Bonferroni correction (for criteria see review by Van Oeveren, 2013).
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FIGURE 5. Hemolysis ratios of the tested biomaterials after 1 h of incubation with diluted whole blood at 37°C. Hemolysis of the empty well (PS) was set to 0 while lysis control equals 100%. PLCL-PEG550 55:45 exhibited significantly increased hemolysis with ∗p < 0.006 after Bonferroni correction.




Platelet Adhesion and Morphology

Platelet adhesion together with morphology of adhered platelets is a common indicator to evaluate hemocompatibility of newly developed biomaterials more precisely their thrombus formation potential. Based on their shape, adhered platelets can be classified into five categories (Supplementary Table S6), whereby only category V platelets might also form aggregates and are indicative of material thrombogenicity (Ko et al., 1993).

In our study clear differences in platelet adhesion onto the various materials were observed as can be seen in the representative micrographs in Figure 6. While most materials showed low platelet adhesion and spreading, PCL control, PCL-PEG550 and PLCL-PEG550 90:10 exhibited high platelet adhesion rate accompanied by spreading to a fully spread (category V) state and formation of aggregates which indicates potential thrombogenicity of these materials. Among these, the PCL control showed most adhesion with the formation of a complete carpet of spread platelets and the presence of many aggregate buds. Onto PCL-PEG550 and PLCL-PEG550 90:10 platelet adhesion occurred in a grouped order with free spaces in between. PLLA exhibited slightly more adhered platelets than PLLA-PEG550.
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FIGURE 6. Representative micrographs of platelet adhesion onto the lactide/caprolactone polymer films. Platelet-rich plasma was incubated for 1 h on film samples and adherent platelets were visualized using F-actin staining. Micrographs of 500x magnification give an overview (scale bar corresponds to 50 μm) while micrographs of 2500x magnification show platelet morphology in more detail (scale bar corresponds to 10 μm).




Leucocyte Activation

PMN elastase expression levels are an indicator for leucocyte activation since inflammatory stimulation of neutrophils – the most abundant leucocytes – results in the rapid release of high amounts of this proteolytic enzyme (Alam et al., 2012). Here, we analyzed PMN elastase release after 1 h of incubation between whole blood and material films (Figure 7). Most of the presented materials showed no significant increase in leucocyte activity. The PMN elastase value for PLCL-PEG550 90:10 was increased on average, but did not turn out to be significant compared to the control. In contrast, the value for material type PLCL-PEG550 55:45 showed a significant increase.
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FIGURE 7. Leucocyte activation during a 1 h blood/biomaterial interaction was analyzed using PMN elastase ELISA assay. The baseline PMN elastase expression in non-activated blood in an empty PS well was set to 100%. An exemplary induction of leucocyte activation was achieved by the addition of bacterial lipopolysaccharides (LPS). Measurements were carried out in quadruplicate, ∗p ≤ 0.05; ∗∗p ≤ 0.01.




Endothelial Cell Adhesion

Since re-endothelialization is thought to greatly improve anti-thrombotic and anti-restenotic properties of a surface we analyzed each material’s potential to facilitate endothelial cell adhesion using primary human cardiac microvascular endothelial cells (HCMECs). Representative micrographs of attached HCMECs 24 h after seeding onto the different materials and stained using live/dead staining are depicted in Figure 8 and average cell numbers are given in Figure 9. Although cells on PEGylated lactide/caprolactone films were viable indicating again that the materials are non-toxic, big differences in number of attached cells and cell morphology were observed. From the described materials PCL-PEG550 and PLCL-PEG550 90:10 showed highest cell adhesion accompanied by a high grade of spreading. While on PCL-PEG550 ECs appeared in ordered groups cell adhesion in case of PLCL-PEG550 90:10 the ECs seemed more evenly distributed. Although even more endothelial cells were able to attach onto PLCL-PEG550 70:30, cells had a rounder shape and cluster formation was observed. Among the tested samples PLLA-PEG550 and PLCL-PEG550 55:45 exhibited lowest cell numbers and nearly no spreading was seen.
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FIGURE 8. Representative micrographs of adherent endothelial cells on the different lactide/caprolactone materials stained with Live/Dead staining. The cells were seeded directly onto material films, incubated for 24 h and stained (green: cytoplasm of viable cells, red: nuclei of cells with damaged cell membrane). Bar corresponds to 100 μm.
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FIGURE 9. Number of viable endothelial cells attached to material disks. The cells were seeded directly onto material films, incubated for 24 h and counted after Live/Dead staining. At least 10 microscopic images were counted per material. Bar shade indicates cell morphology (from dark gray = good spreading, normal morphology to light gray = mostly non-spread); ∗p ≤ 0.01.




DISCUSSION


PLCL-PEG Copolymerization Strategy Resulted in Highly Accurate Composition

Copolymerizing lactide with caprolactone and incorporating a polyethylene glycol end chain has been successfully achieved. The intended molar ratios of lactide to caprolactone (100:0, 90:10, 80:20, 70:30, 55:45, 0:100) were achieved with high accuracy to an industrial standard and within ±2 moles of the target molar fractions (Table 1). The presence of PEG (Mn = 550 Da) was confirmed using 1H-NMR while all synthesized polymers presented low polydispersity indexes and outstanding control. Furthermore, copolymers were synthesized with high molecular weights (Mw = 128 – 348 kDa) which remains challenging with conventional polymerization procedures (Auras et al., 2004; Lasprilla et al., 2012). Polymerization reported herein is even more impressive considering that these polymers were produced entirely in the absence of toxic organic solvents yielding cleaner biomaterials that elicit lowered inflammatory response.



Film Surface Characteristics

Using WCA measurements, FTIR-ATR and SEM imaging we confirmed the high quality of our film preparation and analyzed the surface characteristics in more detail (see Table 2 for summary). While all films were flat without the presence of air bubbles and holes, differences in their surface morphologies and topographies were observed. Surface texturing was observed in PCL and PCL-PEG550 in form of spherulite crystallization as seen in SEM images (Figure 3) which was also confirmed by the presence of a typical band shift of the carbonyl peak in FTIR (Figure 2). This surface inhomogeneity also explains the higher variance in contact angle measurements. PLCL-PEG550 55:45 was shown to exhibit high grade of crystallinity which was represented in SEM in the formation of ridged structures and in FTIR by the existence of a lower wavelength shoulder of the carbonyl peak. These changing surface properties relate to the solvent casting process and material behavior. Since all films were cast using the same method, we believe that material behavior leads to the formation of a slightly varied surface quality. No clear trend was observed in the other PEG-modified films: While PLLA-PEG550 and PLCL-PEG550 70:30 exhibited smooth surfaces PLCL-PEG550 90:10 showed slight surface roughness and PLCL-PEG550 80:20 consisted of smooth areas and more roughened areas.

All PEG-containing materials showed lower water contact angles than the controls – although to different degrees – indicating that PEG addition increased hydrophilicity. This also proves that PEG groups were present at the surfaces of all sample films whereby hydrophilicity was highest in PCL-PEG550, PLCL-PEG550 90:10 and 80:20. The values for PEG functionalized PLCL films were significantly lower than values reported in the literature for non-PEGylated lactide-caprolactone polymers owing to the incorporation of PEG in the polymer structure (Lim et al., 2008; Inthanon et al., 2016).



In vitro Biocompatibility


Copolymerization Method Has No Negative Effect on Cells

General cytocompatibility testing as required by ISO 10993-5 (Beuth Publishing, 2009) was conducted in direct contact format – seeding the L929 cells directly onto film samples – because the materials are intended as cardiovascular materials that will directly be colonized in vivo. With L929 cell line no significant differences in number of viable adherent cells were observed among all tested materials. Thus, together with the results of absolutely no toxicity, we concluded that the presented copolymerization strategy generated completely non-toxic materials. In addition, no other adverse effects as measured by apoptotic induction were observed.

Hemolysis on the one hand is a measure of blood toxicity (Beuth Publishing, 2017) for example originating from residual solvent in the polymer. On the other hand, specific material surface structures might cause blood cell rupture. Here, we found that PLCL-PEG copolymers were non-toxic to blood erythrocytes although possibly topography related slightly elevated hemolysis was observed in case of PLCL-PEG550 55:45. As seen in SEM, this material exhibited a high degree of surface irregularity in the form of ridges of approximately 1 μm diameter that seem to be able to lacerate red blood cells. PEG incorporation was shown to prevent hemolysis in a hemolytic material (Wang et al., 2010) but the ridges presented by PLCL-PEG550 55:45 seem to be too sharp so that the presence of PEG was partially overcompensated by the topographic effect. Surface patterning is a well-known and important tool that can be used to enhance biocompatibility of these materials for medical applications while here we can also see the potential for adverse impact that an uncontrolled surface may have (Pacharra et al., 2019).



Cell Adhesion and Activation Can Be Fine-Tuned by Polymer Composition

In addition to mandatory testing required for every material intended for implant use, we wanted to obtain more information regarding a possible use of these materials as cardiovascular implants. Since stents and vascular grafts will be in contact to the vessel wall and the blood, we chose three additional direct contact assays to analyze thrombogenic and inflammatory properties, and endothelialization.

Platelet adhesion, as an indicator of possible material thrombogenicity, in general could be reduced by the presence of PEG chains on the films compared to controls without PEG – although the extent depended on the polymer type. It has already been shown that the presence of PEG on the surface of a material leads to the formation of more inert surfaces with reduced cell adhesion capabilities for various materials (Chuang and Masters, 2009; Noel et al., 2015) while Chen et al. (2011) found that the degree of adhesion reduction might vary depending on the type of PEG. In case of PCL-PEG550 substantial platelet adhesion and spreading but less aggregation was observed than on un-PEGylated PCL. From film characterization via SEM, we know that these polymer surfaces presented ordered spherulitic structures which may have caused an enhanced affinity for platelet adhesion. In addition, the high platelet adhesion on both PCL and PCL-PEG550 might be due to the partial presence of negatively charged carboxyl groups at the film surface as was already described for carboxyl presenting surfaces (Sperling et al., 2009). In contrast, the very smooth and uncharged surface of PLLA and PLLA-PEG550 offered little attachment points for platelets while the presence of PEG further reduced platelet adhesion and spreading. This indicates that PEG chains were presented to the solid/liquid interface of this material. In case of the PLCL-PEG550 series the observed differences in platelet adhesion and spreading originated in the different morphologies. As the caprolactone content increased in the copolymer samples PLCL-PEG550 90:10 to 55:45, we observed that the platelet adhesion and spreading decreased. In all samples the content of caprolactone was low, not enough to create a negatively charged surface similar to that of the pure PCL-PEG550 which furthered platelet adhesion.

Overall, the lactide/caprolactone materials did not lead to substantial leucocyte activation as tested on the basis of PMN elastase release from neutrophils in human whole blood. In contrast, PLCL-PEG550 55:45 showed a significant increase in PMN elastase levels. In the case of PLCL-PEG550 55:45, the effect of surface irregularities, which has already been described in hemolysis, may come into play again and seems to be responsible for the slightly increased hemolysis activity. So far, the mechanism of neutrophil activation by a material surface is not clearly understood but surface chemistry and topography have been shown to influence neutrophil behavior (Tan et al., 2000; Patel et al., 2006). Thus, PLCL-PEG550 55:45 might lead to partial activation of neutrophils because of its roughened or ridged surface structures, respectively.

Since rapid and complete endothelialization is thought to greatly improve cardiovascular implant biocompatibility we also tested endothelial cell adhesion using primary human cardiac microvascular endothelial cells (HCMECs) – a cell type actually present in the coronary vasculature. We found that EC adhesion and spreading gradually increased with increasing lactide content and decreasing crystallinity as did platelet adhesion and spreading. This suggests that PEG presentation is strongly affected by polymer chain orientation and alignment. In PLCL-PEG550 90:10 it seemed that PEG was not accumulated at the film surface possibly due to the random polymer orientation of this amorphous material allowing cell adhesion. In contrast, PEG chains seemed to be evenly enriched at the surface of the highly crystalline PLCL-PEG550 55:45 resulting in a cell-repellent more inert surface. Thus, the presented copolymerization of lactide/caprolactone/PEG allows gradual tuning of cell adhesion properties. On the smoother materials with a better presentation of PEG chains to the interface (e.g., PLLA-PEG550) cell adhesion of endothelial cells and platelets was much lower.

In vivo, a fast and complete endothelialization might greatly influence the hemocompatibility of materials. On the one hand, the presence of an endothelial cell layer can cover the foreign surface from direct contact with blood cells and thereby hinder blood cell activation. In addition, healthy endothelial cells can actively prevent thrombus formation and inflammatory responses (de Mel et al., 2008; Ren et al., 2015). Therefore, PCL-PEG550, PLCL-PEG550 90:10, and PLCL-PEG550 70:30, which showed good endothelial cell coverage, might be promising candidates for cardiovascular implant production. This will be studied in more detail in the future by more advanced in vitro testing (for example in a bioreactor under flow conditions) or in animal experiments.



EXPERIMENTAL SECTION


Materials

All customized polymer formulations (PLLA-PEG550, PLCL9010-PEG550, PLCL8020-PEG550, PLCL7030-PEG550, PLCL5545-PEG550, PCL-PEG550) were supplied by Ashland Specialties Ireland Ltd. (Dublin, Ireland). PL38 and PC12 with inherent viscosity of 3.8 and 1.2 dl/g respectively were used as controls and supplied from Purac (Gorinchem, Netherlands). Chloroform (CHCL3 and CDCL3) were supplied from Sigma Aldrich and used for all film casting, GPC and NMR testing.



Polymer Synthesis

PEG-functionalized PCL, PLLA and PLCL of varied composition were synthesized by Ashland Specialties Ireland Ltd. Briefly, these polymers were achieved through the Ring-Opening Polymerization (ROP) of the monomers L-lactide and ε-caprolactone using the catalyst stannous octoate initiated by the hydroxyl terminal group of the relevant initiation molecule (polyethylene glycol methyl ether). This resulted in polymers consisting of long chains of PLLA, PCL or PLCL connected to a singular PEG end group. In each polymerization reaction, pre-determined amounts of monomer, initiator and catalyst were added to the autoclave and were then heated to the reaction conditions. This reaction achieved good reaction control in terms of target molar mass, monomer conversion and a relatively low polydispersity polymer. A structural overview on each reaction is presented in Figure 1 and a summary of all materials used in this study is given in Supplementary Table S1.



Characterization of Polymer Composition

Gel permeation chromatography (GPC) measurements were performed using an Agilent triple detector system which was calibrated with polystyrene standards at a concentration of 10 mg/ml. Chloroform (CHCL3) was used as mobile phase with a flow rate of 1.0 ml/min. Weight average molecular weight (Mw), number average molecular weight (Mn) and polydispersity (PDi) data were collected using refractive index peak height in the range of <10 mV. For each polymer 3–7 mg powder was dissolved in 2 ml chloroform and filtered [0.2 μm pore size, 13 mm diameter, Millipore SLFG013NL, Fluropore PTFE (F) membrane]. An Agilent Technologies column (PLgel, 5 μm MIXED-C, 300 × 7.5 mm) was used for GPC analysis.

Proton nuclear magnetic resonance spectroscopy (1H-NMR) was utilized for identification of the polymer, confirmation of the polymer purity in terms of monomer conversion, molar ratio of relevant copolymer units and to confirm the presence of PEG in the chemical structure. A 300 MHz Bruker NMR machine was used to obtain the spectra which were analyzed and processed using MestReC software package. Deuterated chloroform (CDCl3) was used to dissolve the polymer which was then filtered using a Milnex (0.2 μm) into NMR sample tubes. Lactide methyl presented a signal centered around 5.16 ppm and caprolactone on 4.02 ppm while PEG presence was identified at a chemical shift of 3.65 ppm (Wu et al., 2010). These signals were taken as reference points for the determination of the polymer composition given in Table 2. From the 1H-NMR we observed the polymer conversion based on the CH3 and CH peaks for respective polymers and monomers introduced.



Polymer Film Preparation

Film casting was achieved by dissolving 0.5 g of polymer in 15 ml of chloroform. Each solution was dissolved until transparency and poured into a glass petri dish of dimensions 60 mm × 15 mm. Chloroform was evaporated overnight resulting in thin uniform films which were peeled from the glass surface once solvents had evaporated entirely.



Analysis of Film Surface Properties

Water contact angle was measured to analyze the wettability of the film samples. This study was carried out using KSV Cam 200 optical goniometer (Helsinki, Finland). Hundred μl of deionized water was dropped on the surface of the films using a micro-syringe. Images were captured with a frame interval of 1 s. KSV Cam software was used to analyze the images. This was done at Eastman Dental Institute, University College London, United Kingdom. For each material, the contact angles of three independent samples were measured with at least 10 measurements per sample.

Fourier transform infrared (FTIR) spectroscopy was performed as attenuated total reflectance (ATR) measurement. Spectral manipulations were performed by spectroscopy software OPUS provided by Bruker.

The ATR measurements were performed by a Tensor 27 FTIR spectrometer from Bruker, equipped with a VariGATRTM ATR accessory, with a resolution of 4 cm–1, for each sample using 50 scans. The spectra were acquired by a liquid N2 cooled mercury cadmium telluride (MCT) detector, in the range of 4000–600 cm–1.

Scanning electron microscopy (SEM) images were obtained using a Quanta 3D FEG scanning electron microscope (FEI). Samples were cut from the central part of the produced films and were fixed on a commercial aluminum stub with conductive carbon tape (Plano), in a way that a part of the film sample was overlapping and no contact to the stub or carbon tape occurred. This part of the sample has always been analyzed. The optimum in image quality was obtained with an acceleration voltage of 2 kV, a spot size of 4.5 and a working distance of around 10 mm. Under these conditions no or a minimum of degradation of the sample during imaging was observed.



Toxicity Testing With L929 (Multiplex Assay)

The mouse fibroblast cell line L929 was obtained from DSMZ (Leibniz-Institut DSMZ - Deutsche Sammlung von Mikroorganismen und Zellkulturen GmbH) and handled according to their manual. Briefly, L929 cells were grown in RPMI 1640 medium (PAN Biotech, Aidenbach, Germany) supplemented with 10% FBS (PAN Biotech) and a penicillin/streptomycin mixture (Thermo Fisher Scientific, Dreieich, Germany) in an incubator (37°C, 5% CO2). For subculturing cells were detached using 0.25% Trypsin solution (Thermo Fisher Scientific).

This multiplexed assay was adapted from Neuss et al. (2008). From each polymer film disks of 6 mm diameter were generated by punching. Disinfection was achieved by incubation in 70% ethanol followed by washing with sterile water and equilibration in medium. Material disks of 6 mm in diameter were placed into the wells of a 96 well polystyrene(PS) plate and fixed with Teflon rings. Tissue culture-treated polystyrene (TCPS, Nunc) plates were used as controls for ideal cell growth. L929 cells (2⋅104 cells per well) were seeded on top of the disks and grown for 24 h under standard cell culture conditions. Blank values were obtained from wells without material disks and cells. As a positive control for cytotoxicity cells grown on TCPS were lysed prior to assaying. As a positive control for apoptosis 100 nM staurosporine (Santa Cruz Biotechnology, Heidelberg, Germany) was added to cells grown on TCPS 6 h after seeding. Each sample was analyzed in quadruplicate.

After 24 h of incubation the cell culture supernatants were transferred into black 96 well plates and subjected to cytotoxicity analysis using the CytoTox-ONETM Homogeneous Membrane Integrity Assay (Promega, Mannheim, Germany) following the manufacturer’s protocol. After equilibration to ambient temperature assay reagent was added to each well in a 1:1 ratio and incubated for 10 min. The reaction was stopped by addition of Stop Solution and the fluorescence monitored (excitation: 560 nm, emission: 590 nm).

Directly after supernatant removal for cytotoxicity analysis cell viability was analyzed using the CellTiter-Blue® Cell Viability Assay (Promega) following the manufacturer’s protocol. After addition of the reagent/medium mixture plates were incubated for 2 h at 37°C, 5% CO2. Cell culture supernatant was transferred to black 96 well plates and fluorescence monitored (excitation: 560 nm, emission: 590 nm).

Directly after supernatant removal for viability measurement cells were subjected to apoptosis analysis using the Apo-ONE® Homogeneous Caspase-3/7 Assay (Promega) following the manufacturer’s protocol. After addition of the reagent/medium mixture plates were incubated for 2 h at ambient temperature. The supernatant was transferred to black 96 well plates, incubated for further 18 h and the fluorescence monitored (excitation: 485 nm, emission: 527 nm).



Blood Collection

Fresh human whole blood was obtained from healthy adult volunteers (no medication (e.g., aspirin) in the previous 2 weeks) by venipuncture into either S-Monovette 9 ml LH (Sarstedt, Nümbrecht, Germany). Blood was collected at the Centre for Translational Medicine, Medical Department I, University Hospital of the Ruhr-University Bochum, Herne, Germany according to appropriate legal and ethical guidelines. The participants provided written informed consent to participate in this study. The study was reviewed and approved by the Ethics Committee of the Medical Faculty of the Ruhr-University Bochum, Gesundheitscampus 33, D-44801 Bochum. The registration number of the study is 16-5649.



Hemolysis

Hemolysis testing was done based on the protocol by Wang et al. (2013) with slight modifications. Lithium heparin (LH) blood was diluted 4:5 in 0.9% (w/v) sodium chloride (NaCl) solution. Material disks of 14 mm diameter were placed into the wells of a PS 24 well plate (Nunc, Fisher Scientific, Schwerte, Germany) and fixed using silicone rings. After washing with 0.9% NaCl solution the disks were incubated for 30 min at 37°C with 980 μl NaCl solution. As negative control the bare PS was used and as positive control of complete red blood cell lysis 980 μl of distilled water was added instead of 0.9% NaCl. To each well 20 μl of pre-diluted blood was added, mixed and incubated for 60 min at 37°C with slow shaking. After centrifugation at 700 × g for 10 min 200 μl of supernatant were transferred to a 96 well plate and the absorbance was measured at 542 nm using 691 nm as reference wavelength. Measurements were done in quadruplicate. The hemolysis ratio (HR, in %) was calculated as follows HR = (A – Cneg) / (Cpos – Cneg) x 100%, where A is the absorbance of the sample, Cneg is the absorbance of the negative control and Cpos is the absorbance of the positive control.



Platelet Adhesion and Morphology

Platelet-rich plasma (PRP) was isolated from LH blood according to the description from Parnham and Wetzig (Parnham and Wetzig, 1993). Briefly, whole blood was centrifuged at 250 × g for 10 min and the supernatant (=PRP) was recovered.

Material disks of 14 mm diameter were placed into the wells of a 24 PS well plate and fixed using silicone rings. After washing with 0.9% NaCl solution three times the disks were incubated at 37°C for 1 h with 500 μl of PRP. Adhered platelets were visualized using F-actin staining. Briefly, disks were washed three times with PBS (PAN-Biotech), fixed with 4% formaldehyde (Life Technologies, Darmstadt, Germany) in PBS, permeabilized with 0.4% Triton X-100 in PBS and blocked using 2% BSA in PBS. After staining with PromoFluor 546 phalloidin (PromoKine) the disks were mounted using Fluoroshield with PPD. Fluorescence microscopy was done with the IX 51 microscope (Olympus, Hamburg, Germany). At least 2 independent samples were visualized per material and at least 5 images of different areas per sample were recorded.



Leucocyte Activation

Material disks of 14 mm diameter were placed into the wells of a PS 24 well plate, fixed using silicone rings and disinfected in 70% ethanol. After washing with 0.9% NaCl solution the disks were incubated at 37°C for 1 h with 500 μl of LH blood. 100 ng/ml lipopolysaccharides (LPS) from E. coli (Sigma-Aldrich, Schnelldorf, Germany) were used as positive control. From each sample, the plasma was isolated by centrifugation at 1400 × g for 15 min.

Leucocyte activation of these plasma samples was then assessed based on expression analysis of polymorphonuclear neutrophil (PMN) elastase using the PMN elastase ELISA (Demeditec, Kiel, Germany) according to the manufacturer’s protocol. Measurements were carried out in quadruplicate. The concentration of PMN elastase was determined from absorbance measurements by using the 4-parameter algorithm.



Endothelial Cell Adhesion

The primary human cardiac microvascular endothelial cells (HCMEC) were obtained from PromoCell (Heidelberg, Germany) and cultured according to the manufacturer’s protocol in endothelial cell growth medium MV. Medium was changed every 2–3 days while subculturing was performed at 70–90% confluence using the detach kit from PromoCell.

The polymer films disks of 14 mm diameter were generated by punching. Disinfection was achieved by incubation in 70% ethanol followed by washing with sterile water and equilibration in medium. Material disks were placed into the wells of a 24 well PS plate and fixed with Teflon rings. Cell-culture treated polystyrene (TCPS) plates were used as controls for ideal cell growth. Cells were seeded on top of the disks (5⋅104 cells per disk) and grown for 24 h under standard cell culture conditions. Staining was done using the Live/Dead Cell Staining Kit II (PromoKine, Heidelberg, Germany) followed by fluorescence microscopy using the IX 51 microscope. At least 2 independent samples were visualized per material and at least 5 images of different areas per sample were recorded and counted.



Statistical Analysis

Values are given as mean together with the standard deviation (number of replicates is given in each experimental section). Statistical significance was determined using independent sample t-tests. The Bonferroni method was used to adjust for multiple comparisons (Noble, 2009).



CONCLUSION

A logical series of new copolymers have been synthesized for application in a fully resorbable cardiovascular medical device consisting of a bulk polymer of lactide and caprolactone in systematic fractions and a polyethylene glycol end functional group. Poly-(L-lactide-co-ε-caprolactone) with lactide: caprolactone contents of 100:0, 90:10, 80:20, 70:30, 55:45, 0:100 have been successfully synthesized and evaluated. Polymer chemical properties were well controlled with respect to molar fractions, polymer purity, molar mass, PEG presence and polydispersity. Excellent control over material chemistry yielded a systematic spectrum of materials with tailored copolymer fractions and thereby allowed us to make comparisons between subsets of chemical compositions and to draw relevant conclusions.

Biological evaluation of material films revealed that all polymers were non-toxic, non-apoptotic and did not induce significant hemolysis while only the polymer PLCL 55:45-PEG550 induced a mild hemolytic and leucocyte (PMN elastase) response. This work indicated again that polymer chemistry is only one angle while surface morphology had a significant role to plan. From a hemocompatibility perspective, PLLA-PEG550 and PLCL-PEG550 70:30 (non-toxic, non-hemolytic, non-inflammatory and non-thrombogenic) presented the best candidates for use in cardiovascular implants while from a endothelialization perspective, PCL-PEG550, PLCL-PEG550 90:10, and PLCL-PEG550 70:30 showed best endothelial cell adhesion. In light of the overall application target, it might actually be more important in the in vivo situation to execute this improved endothelial cell adhesion over platelet repelling properties since a fully endothelialised surface is considered to offer ideal hemocompatibility.
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Valvular heart disease (VHD) occurs as the result of valvular malfunction, which can greatly reduce patient’s quality of life and if left untreated may lead to death. Different treatment regiments are available for management of this defect, which can be helpful in reducing the symptoms. The global commitment to reduce VHD-related mortality rates has enhanced the need for new therapeutic approaches. During the past decade, development of innovative pharmacological and surgical approaches have dramatically improved the quality of life for VHD patients, yet the search for low cost, more effective, and less invasive approaches is ongoing. The gold standard approach for VHD management is to replace or repair the injured valvular tissue with natural or synthetic biomaterials. Application of these biomaterials for cardiac valve regeneration and repair holds a great promise for treatment of this type of heart disease. The focus of the present review is the current use of different types of biomaterials in treatment of valvular heart diseases.
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INTRODUCTION

According to the American Heart Association’s 2019 report, cardiovascular diseases remain a major source of mortality and disease-related cost burden in the United States and worldwide (Benjamin et al., 2019). Some of the major heart and circulatory diseases include valvular heart disease (VHD), coronary heart disease, aortic disease, myocardial infarction, cardiac myopathy, and heart failure. All these conditions involve physical damage to the heart resulting in functional loss.

In particular, VHD occurs as the result of valvular malfunction. Left untreated, valvular diseases can lead to stroke, heart failure and death due to sudden cardiac arrest (SCA). Different treatment regimens are available for management of VHD, including medications and lifestyle changes, as well as surgical and interventional procedures. Although most of these treatments can be helpful in reducing the symptoms, the gold standard approach is to repair or replace the injured valve tissue in order to restore full cardiac function. On the other hand, some impaired cardiac valves cannot be repaired (in 70% of cases) and need to be replaced by biomaterials (Yacoub and Cohn, 2004). Although cardiac regeneration ability immediately after birth has been indicated in humans, adult valvular tissues lack self-regeneration capacity following injuries, which can eventually lead to heart failure and death (Rabkin-Aikawa et al., 2005; Uygur and Lee, 2016). Various surgical valve repair and replacement procedures are available in order to avoid these fatal consequences.

As life expectancy and access to screening methods has improved across the world, the number of VHD cases has increased considerably in the past few years. Many people with valvular defects have no symptoms and in most cases, this condition remains constant throughout the person’s life. However, for other people, VHD slowly progresses and the symptoms become worse. Estimations suggest that the prevalence of VHD may increase up to 122% by the end of 2056, creating a significant socio-economic impact on the society (D’arcy et al., 2016). Currently, mitral regurgitation and aortic stenosis are the most common types of VHDs worldwide (Nkomo et al., 2006).

In the last decade, along with the tremendous growth in biomaterials applications, there have been numerous successful implementation of biomaterials in the replacement and repair of body tissues, including cardiac valves. Biomaterials are simply defined as materials that either would interact with body’s tissues for medical purposes, as implanted medical devices or used to support, augment or replace injured tissues and/or organs or as drug carriers. The main characteristics of a biomaterial substance include bio-functionality, biocompatibility, bioactivity, sterilizability and bio-inertia.

Various synthetic and natural biomaterials have been used for replacement and repair of damaged valvular tissues (Ratner, 2013). These biomaterials must be blood compatible and be able to interact with the physiological environment of cells or tissues in which they are being implanted. The most important parameters of a biomaterial that need to be assessed prior to implantation are physical properties, mechanical strength, geometry as well as friction, flow and wear resistance. Except the aforementioned materials, other types of biomaterials have also been studied and used for this purposes. In the present review, we will discuss the most commonly used biomaterials in treatment of heart valve diseases.



VALVE HEART DISEASES (VHD)

Heart valve diseases are among the most common CVDs in the world, affecting nearly 2.5% of the US population (Brinkley and Gelfand, 2013). Potential risk factors related to VHD includes genetics, age, male gender, hypertension, hyperlipidemia, smoking, diabetes, and adrenal insufficiency, as well as rheumatic disease and infectious endocarditis. Despite challenges in identifying the underlying genetic basis of familial VHDs, mainly due to genetic and phenotypic heterogeneity of the disease, incomplete penetrance, and genetic modifiers, recent studies using genome-wide linkage analysis and transcriptomics approaches, transgenic animals, and microRNAs have been able to demonstrate genetic mechanisms of common VHDs, including bicuspid aortic valve (BAV) and mitral valve prolapse (MVP). Identifying these genetic cues can significantly improve treatment strategies for VHD patients and their at-risk family members (Lahaye et al., 2014; Helgadottir et al., 2018; Nagy et al., 2019; Chen et al., 2020).

There are two main classes of VHD—valvular stenosis and valvular insufficiency. Valvular stenosis occurs because of the stiffening and reduced elasticity of valve leaflets, which can lead to narrowing of the valve opening and subsequently, reduction of blood flow. Valvular insufficiency or regurgitation occurs as the result of incomplete closure of valve leaflets, leading to leakage or regurgitant flow development (Topilsky, 2018; Crousillat and Wood, 2019).

According to American Heart Association (AHA)/American College of Cardiology (ACC) guidelines, VHD progression can be categorized according to disease stage as follow (Nishimura et al., 2014):

Stage A: Patients who have the risk factors for development of VHD.

Stage B: Asymptomatic patients with progressive VHD (mild to moderate severity).

Stage C: Asymptomatic patients with severe VHD with either normal right or left ventricular systolic function (Stage C1) or decompensated ventricular function (Stage C2).

Stage D: Symptomatic patients with severe VHD.

VHD diagnosis might be challenging since patients may be asymptomatic or VHD might be accompanied by possible comorbidities. In this regard, precise patient evaluation in terms of family history and risk factors as well as careful physical examination (including intra- and extra-cardiac conditions and comorbidities) are mandatory.

VHD conditions can be congenital or acquired and may involve any of the four valves of the heart, however, when the aortic and mitral valves are involved, patient’s condition is often more serious. Age is another determining risk factor in VHD, in a way that the risk of VHD increases from less than 1% in people in the age of 18–44, to more than 13% in people over 75 years old (Brinkley and Gelfand, 2013).

Since the heart valve tissue cannot regenerate spontaneously, replacement (with biological or mechanical heart valves), repair (via reconstructive surgery) or interventional catheterization are the current treatment options for management of VHD. Abnormal valves that are not repairable are replaced with bio-prosthetic (i.e., biological) or mechanical (prosthetic) valves (Borer et al., 2004). Extensive research has been conducted on the design and development of biomaterials used in heart valves, with the aim of achieving the closest replica to natural human heart valves.

Generally, cardiac valve biomaterials should be biocompatible with good hemodynamics, high mechanical stability and resistance to degradation and calcification. Despite recent advances in valvular replacement, mechanical and bio-prosthetic heart valves, both share the disadvantage of remodeling and growth following implantation, which is considered a major limitation in their application—especially in children with congenital valve disorders, since the transplanted heart valve should be able to simultaneously grow along with the patient’s heart. Tissue-engineered heart valves (TEHVs) are possible substitutes for bio-prosthetic and mechanical valves, with the ability of remodeling and acquiring patient’s normal valve structure.



BIOMECHANICS OF HEART VALVES

Understanding the mechanical properties of natural heart valves is essential for successful design and fabrication of prosthetic valves so they can more closely resemble native valve’s structure and function. Cardiac tissue is composed of different cell types including cardiomyocytes, fibroblasts, endothelial, and smooth muscle cells. Fibroblasts are the most frequent cell types in the myocardium, which are responsible for the extracellular matrix (ECM) components deposition (Mackenna et al., 2000). Cardiac valve tissue is a mechanically active and a complex system of different cell types and their interactions with the components of ECM. The main valvular cell types are valvular interstitial cells (VICs) and valvular endothelial cells (VECs), which are responsible for synthesizing and maintaining the ECM, as well as maintaining the heart valve’s hemostasis, structure and integrity (Taylor et al., 2003). Cardiac ECM is a complex network of proteins involved in strength and elasticity—including collagen, elastin, fibronectin, glycosaminoglycans (GAGs), glycoproteins (GPs), and proteoglycans (PGs)—with collagen being the most common protein in the heart valve tissue (Schoen, 1997; Brand et al., 2006; Rienks et al., 2014). Excellent biomechanical features of heart valves is the result of close interactions between VECs and VICs, as well as their interactions with ECM, in response to biological and mechanical stimuli. In cellular level, VECs are the first valvular components on the leaflet’s surface that are exposed to hemodynamic shear stress of the blood flow. The biomechanical stimuli induced by shear forces result in gene expression alterations in these cells (Butcher et al., 2006). Valvular ECM functions as an organizing matrix for cellular support, which transmits biomechanical stimuli to the VICs, inducing subsequent VIC’s phenotypical changes as well as ECM remodeling (Rabkin-Aikawa et al., 2004). According to a study by El-Hamamsy and colleagues, the interactions between VICs and VECs seem to unify different components of valve tissue and brings mechanical integrity to the valve (El-Hamamsy et al., 2009).

Four cardiac valves provide unidirectional forward blood flow during each cardiac cycle. Two types of cardiac valves exist: semilunar valves (including pulmonary and aortic valves) with three identical leaflets or cusps and sigmoid or atrioventricular valves (including mitral and tricuspid valves). The sigmoid valves have a more complex structure compared to semilunar valves due to their asymmetrical geometry and unequal leaflet size (Sacks et al., 2009).

All the four heart valves lie on the basal plane of the heart, made from dense collagen fibers, which help maintain their constant position relative to the movements of other parts of the heart. While the mitral and tricuspid valves are responsible for regulating the blood inflow to the heart, the aortic and pulmonary valves control the blood flow from the left and right ventricles into the aorta and pulmonary artery, respectively (Hasan et al., 2014).

Each valvular leaflet is made of three different layers including fibrosa, spongiosa, and the ventricularis with their distinct ECM composition. All these layers are composed of VICs with their surrounding ECM, covered with VECs. Fibrosa is the main load bearing and the thickest layer of the valve leaflet, which is made of type I collagen fibers that can endure high tensile forces. Ventricularis is made of dense collagen and radially aligned elastin fibers and is responsible for reducing the radial strain during valve opening and maximum forward blood flow. The spongiosa layer provides lubrication during leaflet bending and pressurization and is composed of collagen fibers, hydrated PGs, and GAGs. Hydrated PGs and GAGs are also involved in oxygen and nutrient elements diffusion through the valve tissue, as well as growth factor sequestration and controlled release (Latif et al., 2005; Sacks et al., 2009; Li et al., 2019).

Heart valves undergo 30 million heart cycles a year, while operating under high dynamic and mechanical forces (fluid shear stress, hydrodynamics, flexural, and tensile forces) (Sacks et al., 2009; Butcher et al., 2011). These forces are induced and controlled by surrounding hemodynamic environment of the heart and are inflicted periodically; valve opening (flexural force), blood flow through the valve (shear stress and hemodynamic pressure), valve closure (flexural force) and prevention of blood back-flow (tensile forces). The trans-valvular pressure on each heart valve under physiological conditions is as follows: tricuspid valve = 25 mmHg, mitral valve = 120 mmHg, pulmonary valve = 10 mmHg, and aortic valve = 80 mmHg. The ability of heart valves to endure such mechanical forces throughout a person’s lifetime is due to their constant remodeling and adjusting their ECM.

Natural valve leaflets represent a dynamic biological material with a heterogeneous anisotropic structure and complex mechanical behavior. They present the optimum structure and geometry, which minimizes the shear stress resistance while maximizing the blood flow. Some of the most important features of heart valves include dynamic motion, complex surface geometry, anisotropic deformation, thin leaflets, and remodeling (Guyton and Hall, 1996; Sacks et al., 2006, 2009; Loerakker et al., 2013). The precise combination of all these multi-modal features ensure heart valve’s functionality throughout a person’s entire lifetime. Altogether, biomechanical valvular features are among determining factors that should be considered in biomaterial selection, as well as the design and engineering of bio-prosthetic or mechanical heart valves. According to CDC, 61% of VHD-related deaths are due to aortic valve diseases. Since aortic valve involvement leads to serious health complications, biomechanical behavior of healthy and abnormal aortic valve is particularly discussed in the following section.

The common aortic valve is a tricuspid valve responsible for maintaining the unidirectional blood flow from the left ventricle into the aorta. The leaflets does not have uniform thickness, their thickness increases toward free cusps margins (Ho, 2009). Similar to other heart valves, each aortic leaflet is composed of three layers (fibrosa, spongiosa, and ventricularis). Aortic valve stenosis is the most common aortic valve disease, which is caused by thickening and calcification of the cusps (Rajamannan et al., 2011). The peak velocity of the blood flow through aortic valve during each cardiac systole is approximately 1.35 m/s (Balachandran et al., 2011). When aortic leaflets become calcified, the blood flow velocity and the hemodynamic pressure on the aortic valve increases due to increased cusps thickness (velocity may exceed 4 m/s), which eventually leads to progression of valvular stenosis. The aortic valve also endures shear stress during cardiac systole (when blood flow passes the leaflets) and during diastole (when the blood pools into the sinuses). Valve closure induces flexural stress during diastole. As mentioned previously, biomechanical stimuli induce phenotypic and gene expression profile changes in valvular cells. Different hemodynamic forces are inflicted on the aortic and ventricular sides of the aortic valve during each cardiac cycle, which requires different mechanical features on each side of the cusps. The ventricular surface of aortic cusps are exposed to unidirectional shear stress while the aortic side is exposed to oscillatory shear stress (Sacks and Liao, 2019). This leads to side-dependent VEC biology, which means that VECs on different sides of the aortic leaflets have distinct phenotype and gene expression profiles. Based on previous reports, calcified aortic valve disease (CAVD) initiates from the aortic side of the leaflets while the spongiosa and ventricularis layers remain disease-protected (Yip and Simmons, 2011). Majority of patients suffering from aortic stenosis are presented with concomitant aortic regurgitation as well (Honda et al., 2012). Aortic regurgitation in these patients mainly occurs due to the loss of stretch in calcified cusps during diastole (Balachandran et al., 2011). A bicuspid aortic valve (BAV) with only two cusps instead of three is present in 1–2% of the population due to a congenital abnormality (Mordi and Tzemos, 2012). The normal aortic valve has circular ring whereas BAV has oval-shaped ring geometry. Oval geometry of BAV leads to high-frequency unsteady shear force on the cusps leading to early calcification and valve failure (Yap et al., 2012). Calcified valves in BAV, have reduced effective orifice area, which is associated with increased transvalvular pressure and subsequent elevated mechanical strain on the cusps (Chien et al., 2016). Major complications associated with BAV include aortopathy (thoracic aorta dilation) and aorta coarctation, both of which lead to early stenosis and valve failure. Due to severe complications associated with BAV, the ultimate treatment option for these patients is surgical. Surgical management of BAV patients is similar to those with tricuspid aortic valve disease.



APPLICATION OF BIOMATERIALS IN HEART VALVES


Prosthetic Heart Valves (PHVs)

PHVs or mechanical heart valves fabricated from synthetic materials (Table 1) have lifetime durability. However, patients who have received PHV transplants require lifetime consumption of anticoagulation medications, which can increase the chance of thromboembolism and hemorrhage (Russo et al., 2008; Chiang et al., 2014; Glaser et al., 2016). Synthetic materials are more advantageous compared to natural biomaterials, as their properties—such as degree of porosity, pore size, and 3D structure as well as mechanical strength and degradation time—can be controlled through the synthesis process (Kim and Mooney, 1998). However, issues related to their biocompatibility and subsequent inflammation, thrombosis or thromboembolism can cause limitations in their application. Moreover, prosthetic valve endocarditis (PVE) may also occur following prosthetic valve transplant, which may lead to surgical removal of the prosthesis (Wilson et al., 1982). Toxicity of synthetic materials, especially in the case of biodegradable materials, should also be considered.


TABLE 1. Commonly used natural and synthetic biomaterials in heart valve replacement and repair.

[image: Table 1]Fatigue and wear stress are two other major problems associated with valve prostheses failure (Klepetko et al., 1989). Generally, biomaterial’s fatigue is the result of body’s immune response to generated wear debris. This is why fatigue fracture and wear resistance of biomaterials should be addressed in PHV applications (Teoh, 2000). On the other hand, transvalvular pressure (following valve closure), is considered the heaviest burden on mechanical valves and can cause impact- and friction-wear stress (Legg et al., 2012). Since the first introduction of prosthetic heart valves, various models have been developed, each one made from different biomaterials and with specific geometry as well as mechanical and hemodynamic characteristics (Figure 1).
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FIGURE 1. Design and development of biomaterials used in heart valves.


The main types of PHVs include ball in cage, tilting disc and bileaflet valves. The first successful prosthetic heart valve implantation (ball in cage valve, Figure 1), dates back to 1960s by Dr. Hufnagel. The Hufnagel valve consisted of an occluder ball, fabricated from methyl methacrylate (Plexiglas), restrained by a metal cage attached to a sewing ring, which was placed in the descending thoracic aorta instead of the heart itself. Plexiglas was later replaced by a silicone-coated hollow nylon poppet to reduce valve noise (Butany et al., 2002). The Starr-Edwards (SE) valve, which consisted of a methacrylate cage and a silicone elastomer rubber-ball, showed first promising results, since it had smaller size and could be placed inside the heart itself. Due to various complications associated with ball in cage valve (including aortic necrosis, pannus formation, paravalvular or paraprosthetic leakage, thrombosis, and infection), its production was discontinued in 2007. Most of these complications were related to non-optimal hemodynamic characteristics of these valves, including relatively large size of the occluder ball, which could damage blood cells in the passing blood flow. However, there has been an interesting case of a patient who had mitral stenosis and received SE valve transplant in 1974, with no major complications until 44 years after SE valve implantation (Hirji et al., 2018). Despite its disadvantages, the caged ball valve represented a new beginning in the area of biomaterials application in VHD management. Following the introduction of cardiopulmonary bypass technique in the early 1960’s, the next generation of PHVs were developed. Tilting disc (or mono-leaflet) valves are composed of a circular occluding disc attached to metal struts. This type of prosthetic valve allows more natural blood flow and less blood cell damage during blood passage through the valve, which results in lower occurrence of thromboembolism compared to the ball in cage valves (Raj, 2005). The tilting disc opens in an angle range of 60–80°, which provides two orifice areas with different sizes (Pibarot and Dumesnil, 2009). The first tilting disc valve was fabricated from Derlin polymer and introduced in the late 1960’s. The Derlin polymer was replaced by pyrolytic carbon (pyrolyte) in the later designs, since water absorption by the Derlin polymer resulted in valve disfiguration (Bjork, 1981). The thromboresistant feature of pyrolytic carbon further improved functionality of the tilting disc valves (Raj, 2005). However, one of the major complications associated with this type of mechanical heart valves is struts fracture due to fatigue.

Bileaflet valves consist of two semilunar leaflets attached to a rigid ring with the opening angle of 75–90°, resulting in three orifices with different sizes. Blood flow through these two leaflets, resembles natural heart valves, making bileaflet valves superior to other prosthetic valves (Raj, 2005). Today, bileaflet valves has become the most widely implanted valves due to their improved hemodynamic characteristics. Pyrolyte is the most commonly used biomaterial for production of the inner orifice and the leaflets of this type of prosthetic valve. However, despite its improved hemodynamics, presence of backflow is considered an important shortcoming.

Nowadays, commonly used materials in PHVs include elastomers (mainly polyurethanes and silicones) (Parfeev et al., 1983), titanium (Phillips, 2001; Zhou et al., 2015), pyrolytic carbon (Cao, 1996; Ely et al., 1998; Phillips, 2001) and metal alloys (Akins, 1979; Buchanan, 2005; Table 1).

Elastomers (so called “rubbers”) are commonly used in the biomedical field, mainly due to their ability to sustain deformation under stress conditions without being ruptured and resuming their original state upon removal of the stress. Elastomeric materials exist as natural and synthetic (including silicones and polyurethanes) forms (Yoda, 1998). Polyurethanes (PUs) have been the subject of extensive research in fabrication of PHVs (Braunwald et al., 1960). PUs are a large family of synthetic elastomers with diverse compositions and properties, which makes them one of the most biocompatible materials that currently exist. Despite these advantages, PU’s stability and susceptibility to biodegradation and calcification (leading to prosthesis premature failure), remains the major challenge in their application. Toxicity of biodegradation products of PUs is a concerning problem as well, since some of these products have been shown to be carcinogenic (Schoental, 1968; Cardy, 1979). The most commonly used PUs in valve prostheses include polyester urethane, polyether urethane (PEU) and polycarbonate urethane (Zdrahala and Zdrahala, 1999). A mechanical performance study by Bernacca et al. revealed that calcification in heart valves made of PEU was lower than the biological valves under the same conditions. Since PEU leaflets have lower thickness compared to bio-prosthetic valve leaflets, they are more susceptible to accumulation of calcified debris, which can be simply detached and released into the bloodstream. On the other hand, PEU valves have shown durability problems, as they have failed after 7.5 years following implantation (Bernacca et al., 1995, 1997a; Mackay et al., 1996). Further studies on the performance of PEU valves compared to urea-containing polyetherurethaneurea (PEUE) valves showed higher resistance and durability (up to 10 years) of PEUE compared to PEU valves (Bernacca et al., 1997a).

Surface modification is a useful strategy for manipulation of PU’s resistance to biodegradation, thrombogenesis and calcification. Alves et al. (2014) used 2 hydroxyethylmethacrylate (HEMA) with UV or argon plasma treatment for surface modification of Elastollan® (a thermoplastic PU) and were able to improve surface hydrophilicity up to 30%, as well as enhanced antibacterial activity and hemocompatibility.

Bernacca et al. used heparin, taurine, 3-aminopropyltriethoxysilane and polyethylene oxide (PEO) to modify PEU and PEUE heart valves and to improved their fatigue resistance and durability (Bernacca and Wheatley, 1998). Many similar studies have reported the application of different materials to modify PU’s surfaces including sulfonated poly (ethylene oxide) (PEO) (Han et al., 2006) and poly (ethylene glycol) methacrylate (PEGMA) (Qiu et al., 1996). In one study by Stachelek et al. (2006) endothelial seeding of PU heart valve leaflets was accomplished by cholesterol modification of PU’s surface, promoting the resistance of the PU valve to thrombosis.

Flexibility of PU heart valves is obtained by using low modulus materials, however, low modulus PUs show poor durability due to high strain accumulation (Bernacca et al., 2002a). Since the first silicone rubbers used in PHVs fabrication tended to absorb lipids resulting in valve deterioration, they were later replaced by metal alloys. The strength, durability, and biocompatibility of metals have made titanium and stainless steel among the most common materials in PHVs fabrication (Van Putte et al., 2012; Loger et al., 2016; Figure 2A).
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FIGURE 2. (A) Schematic micro-structured Nickle-Titanium (NiTi) thin film as a matrix scaffold for tissue engineered hybrid heart valves. (a) Formation of 3D valve leaflets by a steel mold. (b) Fabricated NiTi film valve leaflets. Reprinted with permission from Loger et al. (2016). Copyright (2016), Springer Nature. (B) Leaflets and stents assembly for fabricating heart valves (left), Top view of each six HVs with different arch profiles. Reprinted with permission from Yousefi et al. (2017). Copyright (2017), Springer Nature.


Pyrolytic carbon’s excellent features including its strength, clot forming prevention, and wear resistance as well as tissue- and blood-compatibility, make it an interesting biomaterial for fabricating PHVs (Bokros, 1989; Karp and Sand, 1993). Low-temperature isotropic (LTI) pyrolytic carbon is the most commonly used form of pyrolytic carbon in commercially available PHVs.

Blood-flow hemodynamics near the heart valve as well as the interactions of blood cells and platelets with valvular structures are among the most important determining factors for prosthetic valve’s success or failure. Since thrombosis and thromboembolism, are two major complications associated with PHVs, novel mechanical valves with improved hemodynamic characteristics are needed to be developed. The blood flow mechanics of each prosthetic heart valve design, will determine PHV’s performance. For example, in the ball in cage model, presence of a low-velocity recirculating blood flow with high shear stress downstream of the cage’s apex, which extends throughout the forward blood flow, has been identified. The turbulent shear stress in this region is high enough to activate platelets and trap them inside the recirculating blood flow, which in turn promotes platelet-platelet contacts and leads to thrombose formation at the apex region (Chandran et al., 1985; Wurzinger et al., 1985). As for the tilting-disc PHVs, two blood flows with different velocities emerge from the large and small orifices. Mixing of these two flow jets leads to generation of a major recirculating turbulent blood flow with high shear stress in the sinus region (Chandran et al., 1983). As mentioned before, presence of such turbulent flows promote platelet activation and blood cell damage. In bileaflet valves, turbulent blood flow with high shear stress generates due to high velocity gradient between the flow jets emerging from lateral and central orifices (Chandran et al., 2012). In addition to mentioned turbulent flows, blood leakage and regurgitating flow generation during valve closure, is also common in PHVs, in the locations of the gaps between the leaflets and at disk peripheries or in the hinge region. These regurgitating blood flows can enhance blood cell damage. Trileaflet valve’s hemodynamics closely resemble the native trileaflet aortic valve. However, incomplete closure of the leaflets during valve closure phase may lead to regurgitation (Leo et al., 2005, 2006).

In an interesting study by Yousefi et al. (2017), effect of leaflet’s geometry on PHV’s performance and hemodynamic features is investigated. They studied two geometric parameters including stent profile and leaflet arch length in six valve models (Figure 2B). They used different height to diameter rations (0.6, 0.7, and 0.88) and three arch heights to stent diameter ratios (0, 0.081, and 0.116) in their model designs. They found out that higher stent profile and presence of arches, reduce regurgitating flow generation, peak systole downstream velocity, subsequent shear stress and prevents loss of energy due to earlier reattachment of the forward blood flow (Yousefi et al., 2017).

In a recent breakthrough, Hofferberth, and colleagues at the Harvard University introduced a geometrically adaptable bileaflet valve for children with congenital VHD, who need valve replacement. As mentioned earlier, currently the outcome of valve replacement in young children is not promising, since the patient will continually outgrow the replaced valve and need a new one. Since all the available prosthetic valves have fixed sizes and lack remodeling ability, developing novel PHVs with growth-accommodating ability is of particular importance. This group of researchers developed a biomimetic balloon-expandable PHV with adjustable size inspired from native human venous valves. They studied the performance and functionality of this new prosthetic valve via in vivo experiments in juvenile and adult ships, and used computational simulations to assess its stress-strain profile under physiological conditions. Three main geometrical factors were considered in the design of their prototypes including leaflet’s geometry, leaflets attachment and valve expansion geometries. A key parameter in geometrical consideration of their concept design was to fix the length of leaflet attachment, so that upon radial expansion, the valve’s height reduces. As a result, the valve shortens upon increasing the opening diameter, which fulfills valve coaptation without the need to increase leaflet’s surface. Expandable polytetrafluoroethylene (ePTFE) was used to fabricate the leaflets of the prototype, which were sewed to a stent made from stainless steel (Figure 3). In vitro experiments are performed in pediatric-specific hemodynamic conditions. In addition, they conducted computational modeling to study the stress-strain profile of the prototypes under physiological condition. Their results validated valve performance and durability. The adjustable dimensions of this valve allows it to be implanted at any age. Although, they used ePTFE for fabricating valve leaflets, the authors conclude that more research is needed to confirm that ePTFE is the ideal biomaterial for this purpose (Hofferberth et al., 2020).
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FIGURE 3. Expandable polytetrafluoroethylene (ePTFE) was used to fabricate the leaflets of the prototype, which were sewed to a stent made from stainless steel. (A) An arterial valve based on ePTFE located in the heart. (B) Photograph of implanted valve’s outflow surface. (C) The method of device sectioning after performing plastic embedding. (D–F) Valve expansion geometry for the primary valve geometry, X-ray images of laser-cut stainless steel functional valve prototypes being expanded via serial balloon dilation and representative right ventricular angiograms in a lamb. (G–I) Valve expansion geometry for the primary valve geometry and functional prototype, in vitro flow loop testing of functional prototype at two polar expansion states, and representative right ventricular and pulmonary artery pressures recorded at two states of valve expansion. Reprinted with permission from Hofferberth et al. (2020). Copyright (2020), American Association for the advancement of Science.


Material selection is of great importance in designing the heart valves, since the biocompatibility and durability of the fabricated valves directly relates to the material’s performance in biological conditions. Selected polymers should possess proper affinity for endothelial cells attachment as well (Table 2; Kidane et al., 2009; Zarrintaj et al., 2018). Surface topology and chemical/physical features—including stiffness and hydrophilicity/hydrophobicity—determine the polymer’s biological response in the body’s physiological environment. As mentioned above, surface modification is a favorable technique to improve the surface interactions with biological milieu without deteriorating the bulk features. For example, plasma treatment, peptide conjugation, and cholesterol modifications have been shown to improve cellular attachment and activity. Such modifications can also enhance the endothelialization process, which is essential for reducing the immune responses and enhancing blood compatibility (Table 3).


TABLE 2. Different types of polymeric valves.
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TABLE 3. Modifications of polymeric valves.
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Bio-Prosthetic Heart Valves (BPHVs)

Unlike PHVs, bio-prosthetic heart valves (or tissue valves), which are made partly or entirely from biological materials (derived from humans or animals), show good hemodynamic characteristics without necessary lifetime anticoagulation treatments. Natural biomaterials in BPHVs generally consist of ECM components or decellularized tissues such as arterial wall, pericardium, heart valve or small intestinal sub-mucosa (Schmidt and Baier, 2000; Hodde, 2002).

BPHVs can be classified as autografts (harvested from, and implanted into the same person), homografts or allografts (human heart valves removed post mortem), and xenografts. The Ross procedure (Switch procedure) is the autograft replacement of faulty aortic valve with patient’s own pulmonary valve. The pulmonary valve is then replaced with a homograft cadaveric pulmonary valve. This procedure was first introduced in 1967 and has been performed on young patients and children since (Ross, 1967). This durable BPHV will grow simultaneously with the patient’s heart, however, the procedure is complex and careful and proper young adult patient selection is necessary (Schaff, 2016). The growing shortage of available cardiac valves for transplantation has turned xenograft valves into valuable alternatives. Xenograft valves provide an unlimited source of valves prosthesis with different sizes, shapes, and anatomical configurations. Pericardial and porcine valves, made of cow’s pericardium and porcine aortic valve, respectively, are the most common types of xenograft BPHVs. The first successful xenograft valve transplant into a human was performed in 1965 (Binet et al., 1965). However, early attempts were accompanied with high rate of valve failure (nearly 60% failure in 1 year following the transplant), mainly due to host’s acute immune responses to xenograft tissue (Carpentier et al., 1969).

Different steps have been taken in order to increase xenograft valve’s stability and biocompatibility including; soluble protein removal by washing or electrolysis, sodium periodate denaturation of structural glycoproteins and mucopolysaccharides, neutralization by ethylene glycol and finally, glutaraldehyde treatment for cross-linking the remaining free amino groups of amino acids. Glutaraldehyde treatment is the most effective step in preserving and reducing the antigenicity of xenograft tissues (Manji et al., 2015). Despite increased functionality, biocompatibility, and mechanical strength of xenograft valves following glutaraldehyde fixation, occurrence of structural valvular deterioration (SVD) is still another major drawback (Manji et al., 2015). SVD is the result of host’s immune response to glutaraldehyde-treated tissue and subsequent calcification leading to valvular stenosis or regurgitation and eventual failure (Carpentier, 1989; Schoen and Levy, 2005; Manji et al., 2006). The rate of SVD occurrence is age dependent and is significantly higher in younger patients, mainly due to their robust immune system activity (Siddiqui et al., 2009) and accelerated rate of calcium metabolism (Simionescu, 2004). Nevertheless, glutaraldehyde-fixed BPHVs have limited durability of up to 15–20 years (Simionescu, 2004). Manufacturers have used different combinations of calcification-preventive agents in order to reduce SVD occurrence, including sodium dodecyl sulfate (SDS), α-amino oleic acid, toluidine blue by Medtronic (Minneapolis, MN, United States), ethanol by Epic (St. Jude Medical, Minneapolis, MN, United States) and ethanol with Tween-80 by Edwards Lifesciences Corporation, Santa Ana, CA, United States) (Simionescu, 2004).

Glutaraldehyde toxicity toward residual cells in xenograft valves is also associated with SVD, since dead resident cells cannot be removed from the tissue. These cells are not able to maintain calcium hemostasis and can initiate calcium nucleation leading to eventual SVD (Schoen and Levy, 2005).

Another issue that greatly affects BPHV’s durability is the expression of different antigenic epitopes (including α-Gal) in xenograft valves. The α-Gal epitope is not presented in the human body but it is preserved in non-primate mammals. However, the anti-Gal antibody constitutes 1% of immunoglobulins in the human body and is responsible for anti-gal reactivity and early rejection of xenograft BPHVs (Huai et al., 2016). Glutaraldehyde’s efficiency in inactivating or masking these epitopes is essential for successful BPHV preparation for clinical applications (Konakci et al., 2005). Naso et al. (2013) performed a quantitative evaluation of the number of α-Gal epitopes on seven commercially available glutaraldehyde-treated models of BPHVs. According to their results, the Epic valve was the only tested model that had completely masked α-Gal epitopes (Naso et al., 2013). They also suggested that α-Gal ELISA test can be applied as a quality control step for commercially available BPHVs. Decellularized tissues have also been prepared to minimize the possibility of immune rejection to xenograft valves. Decellularization mainly preserves ECM components to serve as a supporting scaffold in the process of damaged tissue repair (Byrne and Mcgregor, 2012). Decellularized tissues (such as decellularized aorta) brings major advantages including regeneration ability, ideal functional properties and biocompatibility (Wu et al., 2015).

More recently, the use of genetically modified animals expressing low levels of α-Gal epitopes have attracted researcher’s attention (Zeyland et al., 2014; Hryhorowicz et al., 2017). In this regard, Rahmani et al. (2019) have recently introduced a novel glutaraldehyde-fixed porcine pericardial BPHV obtained from transgenic pigs which showed excellent in vitro durability.

Three types of BPHV replacements exist: stented, stentless, and percutaneous (Figure 4). Stented BPHVs are generally made from glutaraldehyde-treated bovine pericardium or porcine aortic valve tissue sutured on a stent (polymeric or metal). Until early 2000s, bovine pericardium or porcine aortic valve tissue were the only options for fabrication of BPHVs. At that time, percutaneous transcatheter aortic valve implantation (TAVI) using equine pericardium as the biomaterial of valve leaflets, was introduced (Cribier et al., 2002). The first stented BPHV was developed in 1970s from glutaraldehyde-fixed bovine pericardium sewed on a flexible stent for obtaining a synchronous opening of the leaflets (Bartek et al., 1974). However, early SVD due to leaflet tearing within the stent was observed. Later BPHVs utilized thinner and more flexible stents in order to reduce valvular stress, allowing implantation of larger BPHVs. Patient-prosthesis mismatch (PPM) (due to small valvular effective orifice area) as well as stent-induced turbulent flow through the valve are important issues of current clinical practice. PPM puts patients at higher risks of postoperative mortality. Different modifications in stent architecture were proposed in order to overcome these problem, which eventually lead to development of stentless BPHVs in 1988 (David et al., 1988). Stentless BPHVs are made of porcine and bovine tissues without being sewed to a stent. They provide larger orifice area and reduced dimensions, both of which significantly affecting PPM. However, while the implantation of stented BPHVs is easier, especially through the small aortic root, surgical implantation of stentless valves is more difficult and time-consuming. In a recent study by Schaefer and colleagues, superior hemodynamic characteristics of stentless aortic valves in comparison to a stented aortic valve was confirmed, however, the rate of SVD occurrence and subsequent endocarditis was higher in patients who received stentless valves (Schaefer et al., 2018).
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FIGURE 4. Three types of bioprosthetic valve replacements: stented, stentless, and percutaneous.


Percutaneous or trans-catheter valve replacement is the most advanced alternative approach to open heart surgery for patients with high risk of complications. Transcatheter endovascular delivery of BPHVs requires the BPHV to be crimped, which reduces its dimensions to up to 3-fold without rupturing the leaflets. Throughout these years, different issues have been reported that can potentially limit the application of percutaneous valves including paravalvular leakage, vascular, and neurological complications as well as complete atrioventricular blockage. The development of first percutaneous valve dates back to 1965, which was an umbrella-shaped valve placed on a catheter that was implanted into a dog (Andersen, 2009). An early percutaneous heart valve model was fabricated with a construct of folded wires to accommodate the valve. The prepared construct was then folded into a balloon shaped dilation catheter (Andersen et al., 1992). The next designed percutaneous valve was based on the ball and cage model (Pavcnik et al., 1992). After that, a platinum-iridium balloon-based stent was introduced by Boudjemline and Bonhoeffer (2002). Professor Alain Cribier performed the first percutaneous valve implantation in a human in 2002 (Cribier et al., 2002). Cribier valve was made of equine pericardium with a frame made of stainless steel. Introduction of a polyethylene terephthalate fabric cover to this percutaneous valve lead to development of the first Edwards SAPIEN valve model.

Based on a study published in 2009, aortic valve stent devices fabricated from stainless steel, cobalt chromium, nickel and titanium for percutaneous implantation, were characterized and evaluated by finite element analysis technique to assess the effect of biomaterial properties on stent performance under high blood pressure conditions. Their results indicated that titanium had the greatest impact on device performance, with maximum displacement and minimum stress levels (Kumar and Mathew, 2009).



Prosthetic vs. Bio-Prosthetic Heart Valve Replacement

Current guidelines recommend using of MHVs for younger patients (<50 years of age) and BPHVs in patients over 70 years of age, and either type of these prosthetic valves can be used for patients in the range of 50–70 years old (Nishimura et al., 2017). The choice of valvular prosthesis is often made by evaluating the risk of re-operation and hemorrhage. In a recent study, Goldstone and colleagues evaluated the long-term post-operational complications including stroke, hemorrhage and mortality rate, in patients with severe valvular disease who underwent MHV or BPHV replacement, between 1996 and 2013 (Goldstone et al., 2017). According to their results, the risk of re-operation and mortality rate of patients who received MHVs was lower than those who received BPHVs. However, MHVs were associated with higher risk of hemorrhage and stroke. Similar results have been reported by Glaser et al. showing higher rate of long-term survival in patients who received MHVs than those who received BPHVs (Glaser et al., 2016). Other than that, several studies have reported higher risk of re-operation in patients aged 50–69 with BPHVs (Hammermeister et al., 2000; Oxenham et al., 2003; Chiang et al., 2014) which is mainly due to SVD and valve failure. Since valvular deterioration leading to re-operation limits the durability of BPHVs, this prosthesis is more suitable for older patients. Children will outgrow MHVs due to absent remodeling and will need re-operation. Younger patients can benefit more from BPHVs or TEHVs. Despite limited durability of BPHVs, application of these valve has increased compared to MHVs in older patients over the past few years, especially since the introduction of percutaneous transcatheter valve replacement. This approach is an excellent alternative for high-risk patients with similar safety outcomes as those of open-heart surgery (Makkar et al., 2020).

Children and young adults are not good candidates for mechanical heart valve replacement since they are at risk of complications due to long-term consumption of anti-coagulation medications and lack of implanted valve remodeling. On the other hand, they cannot fully benefit from advantages of BPHVs as well, due to early occurrence of SVD. Taken together, these patients are in need of suitable valvular prosthesis and extensive research in this area seems mandatory. α-Gal-free porcine pericardium obtained from transgenic pigs seems to be a promising biomaterial for increasing the durability of BPHVs, especially in younger patients. It should be noted that α-Gal is not the only antigenic epitope that can trigger immune responses in the recipient patients and evaluation of other xenogeneic antigenic epitopes might be essential for quality control assessment of BPHVs.



Tissue-Engineered Heart Valves (TEHVs)

The ideal approach in valve replacement is to provide a viable valve capable of self-regeneration and growth, with greater life span and better biocompatibility. Tissue engineering, which is the use of biomaterials and engineering in combination with cells, offers a new generation of cardiac valves aiming to overcome the shortcomings of existing biological and mechanical heart valves (Rippel et al., 2012). To achieve this goal, different natural and synthetic biomaterials are investigated for fabrication of tissue-engineered heart valves (TEHV).

Two strategies for fabricating TEHVs include: in vitro and in situ valve heart tissue engineering (Figure 5). The in vitro approach is based on the ex vivo formation of TEHV, which includes harvesting of autologous cells from the patient, cell seeding on a 3D scaffold, in vitro tissue generation and finally, implantation of the generated tissue into the same patient. Hockaday et al. (2012) introduced an engineered heterogeneous valve scaffold made from poly-ethylene-glycol-diacrylate (PEG-DA) hydrogel and alginate, supplemented with porcine aortic valve interstitial cells (PAVIC), fabricated by 3D-printing/photo-crosslinking technique (Figure 6). Their results demonstrated that this 3D scaffold supports cell engraftment and provides acceptable dynamics and mechanical heterogeneity (Hockaday et al., 2012). The in situ approach, on the other hand, involves using biological or polymeric heart valve scaffolds, which are seeded with patient’s autologous cells and upon implantation undergo subsequent cell attraction and tissue remodeling (Weber et al., 2012).


[image: image]

FIGURE 5. TEHV approaches comparison: in situ vs. in vitro.
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FIGURE 6. An engineered heterogeneous valve scaffold with poly-ethylene glycol-diacrylate (PEG-DA) hydrogels/alginate, supplemented with porcine aortic valve interstitial cells (PAVIC) by 3D-printing/photocrosslinking technique (a) 3D Printer setup of heterogeneous valve scaffolds. (b–f) Axisymmetric valve STL file of valve, micro-CT scan of aortic valve, the leaflet and root regions, the printable STL geometries of the threshold regions and the printing software sliced the geometries into layers and generated extrusion paths for each layer. Reprinted with permission from Hockaday et al. (2012). Copyright (2012), IOP science Publishing Ltd.


As mentioned earlier, endothelial and interstitial cells are responsible for forming and maintaining valvular integrity (Brody and Pandit, 2007). Since VECs show anti-thrombogenic properties, they are being used for surface cell lining, while VICs produce ECM components (Hoerstrup et al., 2000). Currently, patient-derived endothelial and interstitial cells are the main cell sources for TEHVs fabrication. The cell isolation process involves sacrificing healthy donor vascular tissues, while the isolated cell’s function could also be affected by risk factors including diabetes or atherosclerosis (De Vriese et al., 2000). To avoid these complications, stem cells from different sources are available, including non-hematopoietic bone marrow-derived stem cells (mesenchymal and mononuclear stem cells) (Hoerstrup et al., 2002; Sutherland et al., 2005; Schmidt et al., 2010; Weber et al., 2011), blood-derived endothelial progenitor cells (Schmidt et al., 2010), mesenchymal stem cells derived from adipose tissue (Colazzo et al., 2010), amniotic fluid (Schmidt et al., 2007), chorionic villi (Schmidt et al., 2006a) and the umbilical cord (Schmidt et al., 2006b; Sodian et al., 2010).

The scaffold provides a 3D structure for cellular attachment and tissue growth. Structural characteristics of the scaffold (including pore size, surface biochemistry and topology, biocompatibility and biodegradation as well as mechanical strength) can pre-determine TEHV’s performance (Nie et al., 2014). In general, two types of scaffolds exist for fabrication of TEHVs including decellularized ECM and synthetic biomaterials. Decellularized scaffolds are the most promising choices for TEHV fabrication, which can have allogeneic and xenogeneic sources or be tissue-engineered with intact ECM. Shortage of decellularized allogeneic valves limits their availability. In this regard, decellularized xenogeneic valves are the best alternatives. In hybrid scaffolds, an inorganic mesh with high mechanical resistance is exposed to valvular tissues. Loger et al. designed a 3D Nickle-Titanium (NiTi) hybrid scaffold for engineering thin, durable, and efficient valve leaflets for transcatheter implantation. Their fabrication process involved magnetron sputtering, lithography, wet etching, and a final step for shape setting the scaffold. The scaffold was exposed to cardiac smooth muscle cells. The performance of fabricated leaflets was studied under pulsatile condition in vitro and was compared to a porcine valve as a reference. Their results showed higher effective opening area, lower systolic transvalvular pressure due to increased cardiac output and low flow resistance. They suggest further design optimization with increased duration of cell seeding process as well as addition of cardiac fibroblasts and VECs could improve the durability of their NiTi thin film leaflets (Loger et al., 2016; Figure 2A).

Different techniques used for decellularization can be classified as physical, chemical (or enzymatic) or the combination of both. Each technique consists of the following steps: cell lysis and removal, genetic material removal (for lowering the immunogenicity) and preserving the composition and structure of the ECM (Gilpin and Yang, 2017). Chemical decellularization is usually performed by using surfactants (SDS and TritonX-100, Tween 20, TnBP, CHAPS), acids, bases, and enzymes (pancreatin and trypsin) (Nie et al., 2014). Despite their wide application, toxicity of these chemical agents, as well as damage to the structural proteins of the EMC are concerning. Physical techniques including freeze-thaw, ultrasonication, high hydrodynamic pressure (HHP) and supercritical carbon dioxide (CO2) treatment are alternative approaches. Due to specific advantages and disadvantages of each technique, combinatorial treatments may be performed in order to achieve the best results. For example, physical approaches are more successful in maintaining intact ECM, while they are unable to eliminate tissue’s immunogenicity. Chemical approaches on the other hand are not ideal for removing cellular debris. Combining these two approaches can yield an intact ECM with no debris. Ramm and colleagues in 2019 studied decellularized porcine pulmonary heart valves (dpPHVs), implanted in sheep. They used nine different techniques for generation of these dpPHVs. They evaluated the amount of residual SDS as well as DNA, GAGs and hydroxyproline content of dpPHVs and observed that addition of trypsin to Triton X-100 in the decellularization process results in efficient removal of cellular debris, while preserving the ECM. Trypsin- and Triton X-100-treated pdPHV’s performance was comparable to allogeneic decellularized valves. For DNA and N-linked glycans removal, they observed that the combination of PNGase F and DNase I with Triton X-100 and SDS improved the efficacy. However, the combination of trypsin and Triton X-100 resulted in lowest immunogenicity (Ramm et al., 2020). Among different chemical agents used for decellularization, SDS is more common, since it can almost completely remove caridac valve cells, while preserving the ECM. However, possible toxicity of these decellularized scaffolds due to leakage of the remained SDS within the valve’s tissue is a matter of concern. It is reported that following several washing steps, even when small SDS concentrations are used (0.01%), SDS is still present in the tissue (Naso and Gandaglia, 2018). Another limitation in the application of SDS is insoluble elastin degradation following SDS exposure, which negatively affects ECM’s tensile strength (Jordan et al., 1974).

The issue of decellularized valve’s immunogenicity should also be addressed. Hyperacute, acute and chronic rejection may occur following xenogeneic decellularized tissue implantation due to presence of xenoantigens. The process of decellularization can increase tissue’s immunogenicity, itself. For example, cardiovascular ECM is reach in hyaluronan (HA) polymers (Ding et al., 2019). Anti-inflammatory actions of HA provides cellular protection via inhibiting phagocytosis by macrophages, neutrophils and monocytes (Delmage et al., 1986). Despite their protective role, HA fragments (which are produced via HA filaments degradation by released proteases during the first step of decellularization), can be pro-inflammatory and lead to acute rejection of the implanted valve (Naso and Gandaglia, 2018). One of the most effective strategies for lowering decellularized tissue’s immunogenicity is targeted antigen removal of well-known xenoantigens (for example; targeted removal of α-gal by α-galactosidases) (Nam et al., 2012). Unknown xenogeneic antigens removal is performed through solubilization-based techniques. This strategy is based on the fact that all tissue components need to be solubilized in order to be removed from the ECM. The solubilization-based approaches do not require identification of specific graft’s antigens and are based on the xenoantigen’s solubility in a common antigen removal buffer (Wong and Griffiths, 2014). Another issue regarding the safety of decellularized cardiac valves is complete removal of cell debris. Although decellularized tissue is considered the most suitable substrate for fabrication of TEHVs, in terms of 3D structure, composition, and function, its limited availability and the risk of possible immunogenicity restrict its application (Schenke-Layland et al., 2003).

Natural polymesr including collagen, elastin (Chen et al., 2013), polyhydroxyalkanoates (PHA) (Sodian et al., 2000), polyethylene glycol (PEG) (Zhang et al., 2015), PEG-poly lactic acid (PEG-PLA) (Hinderer et al., 2014), and poly glycerol sebacate (PGS)-Polycaprolactone (PCL) (Masoumi et al., 2014), can be used as alternatives for decellularized scaffolds. One of the main challenges of long-term application of polymer-based 3D scaffolds is calcification or tearing. Several strategies have been used to prevent calcification, including local administration of bisphosphonates (Levy et al., 1985; Golomb et al., 1986, 1987), bisphosphonate-bound PUs (Alferiev et al., 2001) and ethanol pre-treatment of glutaraldehyde cross-linked bio-prosthetic heart valves (Vyavahare et al., 1997).

Ozaki et al. (2011) introduced a novel aortic valve repair procedure using glutaraldehyde-treated autologous pericardium, which could be an alternative for aortic valve replacement in older patients who are candidate for aortic valve replacement. As mentioned earlier, bioprosthetic valve transplantation is the preferred option for older patients, and valve repair is not routinely performed in these cases. Since the performance of biological valves is far from ideal, repairing patient’s own aortic valve becomes an interesting alternative. In Ozaki procedure, patient’s pericardium is harvested and treated with glutaraldehyde prior to be trimmed based on the measured value of the distance between each commissures. Treatment with glutaraldehyde can increase pericardium’s resistance and maintain tissue’s intrinsic elasticity. Trimmed glutaraldehyde-treated autologous pericardium is sewed into the native aortic valve’s annulus and root, following removal of the diseased valve leaflets. The Ozaki procedure is applicable to different types of aortic valve diseases and can be performed by using bovine or patient’s own pericardium (Ozaki et al., 2011). Although this procedure was primarily developed for treatment of aortic valve diseases in older patients, it has now become an attractive strategy for children with congenital valve disease since the new valve leaflets can expand along with patient’s heart growth.

Once the scaffold is ready and seeded, the new construct is placed inside a bioreactor in order to get adapted to the physiological biochemical and mechanical conditions. This process prepares the TEHV for implantation into the patient’s body. Bioreactors may also be used to study cellular functionality, cell-cell and cell-ECM interactions as well as cellular responses to physiological conditions of the valve prior to implantation. Various bioreactor designs have been developed for this purpose including cell-stretching bioreactors (Engelmayr et al., 2008; Syedain and Tranquillo, 2009), dynamic flexure bioreactors (Engelmayr et al., 2003), and flow bioreactors (Jockenhoevel et al., 2002; Ramaswamy et al., 2014). In addition, different commercial models of bioreactors are also available. By studying cellular and ECM responses to the physiological conditions of the target valve’s environment in the human heart prior to TEHV implantation, a wealth of information would be obtained, which could be very useful in choosing the proper cell types and biomaterials.



FUTURE CHALLENGES AND DIRECTIONS

Despite numerous attempts over the past decades in the area of design and development of biomaterial-based cardiac valves, this task remains extremely challenging. This is partly due to the difficulty of replicating biomechanical features of native heart valves, since cardiac valves are not merely passive systems and undergo constant on-demand adjustment and remodeling. One of the main purposes of studying valve biomechanics is to understand the mechanisms by which the biomechanical forces are transmitted to valvular cells and the ECM. This can be achieved by using mathematical modeling and computer simulations. The level of complexity of valvular micro and macrostructure should be considered in material selection for prosthetic heart valves. In this regard, more research toward better understanding of valvular biomechanics via accurate simulations and mathematical modeling can lead to significant advancements in the performance of designed valves. This task requires a thorough understanding of the biomechanics of healthy and diseased valvular tissue, and with help of state-of-the-art techniques (such as nanotechnology), biomaterials with adjustable characteristics can be obtained.

Both medical professionals and researchers strive to provide durable hemocompatible, anticoagulant-independent and thrombus-free heart valves with the ability of remodeling. While these attempts are not far from becoming the standard routine in clinical practice, novel biomaterials with adjustable properties and mechanized industrial processing techniques are currently under research, since biomaterial’s properties, cost and availability are among the most important determining factors in material selection for biomaterial-based valve prosthesis.

Biomaterials have shown great potential in management of CVD. Biocompatibility and biodegradation rates of most common biomaterials have been widely studied by various research groups. The optimum biomaterial-based heart valve should possess combined advantages of MHVs and BPHVs. It seems that the future of biomaterials-based CVD management is headed toward TEHVs. However, the optimum combination of cells and biomaterials for promotion of tissue regeneration is yet to be identified.

Another concern that needs to be addressed, is minimizing the immunogenicity of applied biomaterials or tissue constructs, as they may trigger immune responses which have negative impact on their efficacy and performance.

Despite these challenges, research in the field of biomaterials and tissue engineering for CVD treatment has achieved significant progress. However, the gold standard approach would provide the ability of using biomaterial scaffolds in combination with suitable cell types with good functionality, biocompatibility, and durability, with the aim of providing partial or whole heart regenerational capacity. Achieving this goal will ultimately eliminate the need for heart transplant in patients with heart failure, manage disease states in which irreversible functional loss has occurred and result in improved patient’s quality of life.
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Type

Spheroids

Organoids

Cell sheet cardiac
patches

Engineered
cardiac tissue
models

Bio-functional
properties

Self-assembling
multicellular
aggregates.

Self-assembling
organ-like tissue.

Transplantable
3D-constructs.

3D heart-like constructs
with higher level of
biological complexity.

Advantage

Scaffold-free technology without the use of any exogenous
support.

Composition with different cell-type populations.
Manipulation by pipetting and sedimentation.

Size allows the miniaturized multi-well formats compatible
with plate readers

Composition with different cell-type populations.

Mimics thicker tissues.

High level of tissue organization.

Size allows the miniaturized multi-well formats compatible
with plate readers.

Layering of CMs forming a tissue-like structure.
Easy to produce and to manipulate.
Precise control of cell sheet shape and structure.

Composition with different cell-type populations.
Linear cells alignment.

mproved maturation of hIPSC-CMs.

Direct measurements of electrical activity of the cells.

Disadvantage

Small size and heterogeneous composition of
multicellular aggregates.

No direct measurements of electrophysiological
properties.

Non-linear cell alignment.

Number of cells: detrimental for the cellular
viability.

Stochastic events for self-assembly:
heterogeneity in shape, size and cell
composition.

Size of multicellular aggregates.

Number of cells: detrimental for the cellular
viability.

Number of cell layers:

possible decrease in oxygen and nutrients
supply to cells; necrosis of the cells sheets after
implantation.

Coupling with the host tissue.

Vascularization.

Biocompatibility of the materials.
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Materials

Natural materials

e Collagen

o Alginate

o Fibrin

o Hyaluronic acid

o Decellularized extracellular matrices (AECM)

Synthetic polymers
o poly(ethylene glycol) poly(e-caprolactone), poly(propylene)

poly(vinyl alcoho

), poly(N-isopropylacrylamide), poly(glycerol

sebacate), poly(ester urethane)s

e Electroconduc
polymers

e Electroconduc

o Electroconduc

ive polyaniline (PANi) and polypyrrole (PPy)

ive Polythiophene polymers

ive PEDOT:PSS polymers

Advantages

Biocompatibility, biodegradability and
high cell proliferation rate
Biocompatibility and gelation capacity

Biocompatibility, high cell adhesion

Biocompatibility, high cell proliferation
rate

Biocompatibility and promotion of cell
attachment

Possibility to customize material
properties

Possibility to customize material
properties. Environmental stability and
electrical properties

Possibility to customize material
properties, soluble in water

Possibility to customize material’s
properties, support cell attachment,
hermal, electrical and chemical stability

Disadvantages

Stiffness makes difficult the integration within
the heart

Lack of integration with CMs

Poor resistance to mechanical stretch

Low mechanical properties

Batch-to-batch variability

Low biocompatibility. Poor cell adhesion and
proliferation.

Low biocompatibility and insoluble in water

Limited processability

Limited processability, need to be combined
with other supporting materials
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Fabrication technique Advantages Disadvantages

No true architecture Mould casting Mould casting (Janik and Marzec, — Simplicity and cost — Lowest architectural control
control 2015) — High cell survival — Limited thickness

— Range of compatible materials

— Mechanical properties

— Scale up feasible

Pore-forming Solvent Casting, Particle Leaching, — Control of pore size — Use of organic solvents
Cryogelation (Janik and Marzec, — No specialised equipment — Limited scaffold thickness
2015) — Cost — Mechanical properties

— Time consuming leaching
— Limited pore architecture

Electrically SE (Liang et al., 2007) — Nanometer features — Use of organic solvents
produced — Range of compatible materials — Limited scaffold thickness
— Scaling up feasible — Usually produces high stiffness
substrates
Textile- Weaving, Braiding, Knitting (Akbari — Simple — Specialised equipment (cost)
based etal., 2016) — Scaling up feasible — Not widespread
— Limited porosity

True architecture Build & seed SLA (Melchels et al., 2010) — High architectural control — Only photosensitive polymers
control — Self-supporting process — Remove supporting materials

— Use of UV light
— Toxicity of photoinitiator
— Specialised equipment (cost)

SLS (Mazzoli, 2013) — No solvents required — High temperature
— High architectural control — Materials in powder form
— Self-supporting process — Rough surface
— Range of compatible materials — Specialised equipment (cost)
MEW (Brown et al., 2011) — No solvents required — Limited thickness
— Control over porosity, pore sizeand  — Range of available material
fibre diameter — Specialised equipment (cost)
— High architectural control
FDM (Moroni et al., 2006) — No solvents required — Restricted to materials with good
— Speed of printing melt viscosity properties
— Good reproducibility — High temperature

— Filament required
— Limited resolution

Bioprinting LGDW, LIFT, BioLP (Koch et al., — Range of cells/biomaterials — Low cell viability
2010; Gaebel et al., 2011; Hu et al., - Single cell resolution — Limited 3D structure
2017) — Precise cell printing — Time consuming
3DbioP (Zhang et al., 2015) — Range of cells/biomaterials — Weak structural support
— High cell viability — Specialised equipment
— Process at room temperature — Multimaterial printing expensive
(multinozzle)

SE, Solution electrospinning; LGDW, Laser-guided direct writing; LIFT, Laser Induced Forward Transfer, BioLR, Bio-laser Printing; 3DbioFR, 3D bioprinting; SLA,
Stereolithography; SLS, Selective laser sintering; MEW, Melt Electrospinning Writing, FDM, Fused deposition modelling.
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REF Materials Fabrication Cellular mimicry Material mimicry Maturation Benefit of the selected approach?

Hydrogel Fibres CM EC SMC CF Mech. Elect. Align Mech Elec vs. Geneexp. Structure Function

Godier-Furnémont et al., 2015 Coll = ould casting Rat neonatal Yes No No 4 + N nd 4 +
Hirt et al., 2014 Fibrin . ould casting Rat neonatal Yes No No + + EHT + + +
Jackman et al., 2018 FGN - ould casting Rat neonatal Yes No No + — + + +
Amdursky et al., 2018 Albumin - ould casting Rat neonatal Yes No No e - 2D + + =
Nunes et al., 2013 Coll = ould casting  hPSC + = = = o + + +
Ruan et al., 2016 Coll = ould casting  hPSC + = = A + EHT + + =+
Tiburcy et al., 2017 Coll = ould casting  hPSC FK + i = + i D nd + +
Valls-Margarit et al., 2019 Coll + ELN - ould casting  hPSC FK + - - + + 2D nd + +
Zhang et al., 2013 Fibrin = ould casting  hPSC nd s - s s 2D + + +
Hirt et al., 2014 Fibrin . ould casting  hPSC + - - + + EHT + + +
Weinberger et al., 2016 Fibrin = ould casting  hPSC hPSC + - - + - N nd - -
Ulmer et al., 2018 Fibrin - ould casting  hPSC + - = + — 2D - + nd
Ronaldson-Bouchard et al., 2018 Fibrin - ould casting  hPSC DF + — - + + 2D + nd nd
Jackman et al., 2016 FGN - ould casting  hPSC + = = + — N nd + +
Shadrin et al., 2017 FGN - ould casting  hPSC hPSC  hPSC + — = + = N + = +
Dattola et al., 2019 PVA* - Foaming + FD  hPSC + = - = = 2D nd = nd
Han et al., 2016 - PCL SE hPSC - = + ~ = 2D + + -
Joanne et al., 2016 - Col | SE hPSC + i = = i N nd + +
Sireesha et al., 2015 - POCS-FGN SE hCM 4 - - - - 2D nd + nd

han et al., 2015 - PLGA SE hPSC - - + - - 2D - + -
Roshanbinfar et al., 2020 - Col I/HA/PAN SE hPSC + - - - - EHT nd + +

acqueen et al., 2018 = PCL/Gelat Pull spinning hPSC + = + = = 2D nd + +
Castilho et al., 2018 Col | PCL MEW hPSC - - - - - 2D + + nd
Vaithilingam et al., 2019 PETra + MWCNT 3DP-SLA hPSC No + + - - 2D nd + nd
Lee et al., 2019 Col | - 3DbioP hPSC CF + - - - - N nd + -

aiullari et al., 2018 FGN/PEG - 3DbioP hPSC HUVEC nd - - - - EHT nd + nd

oor et al., 2019 dECM - 3DbioP hPSC  hPSC + — = = = N nd + +
Araiet al., 2018 - - 3DbioP hPSC HUVEC DF nd - - - - EHT nd + nd

REF, Reference; CM, Cardiomyocyte; EC, Endothelial cell; SMC, Smooth muscle cell; CF, Cardiac fibroblast; Mech, mechanical; Elec, electrical; Gene exp., Gene expression; Col I, collagen type I; FGN, Fibrinogen; hPSC,
human pluripotent stem cell; FK, Foreskin fibroblast; DF, Dermal fibroblast; PVA, poly-vinil-alcohol; FD, Freeze-drying; *, foam; SE, Solution electrospinning; POCS, poly[1,8-octanediol-co-(citric acid)-co-(sebacic acid)];
hCM, primary human CM; PLGA, polylactide-co-glycolide; PCL, polycaprolactone; Gelat, Gelatin, PETrA, pentaerythritol triacrylate; MWCNT, Multi-walled carbon nanotubes; 3DR3D Printing; SLA, Stereolithography;
PEG, polyethylene glycol; ALG, Alginate; 3DbioR 3D bioprinting; nd, not described; dECM, decellularised extracellular matrix; ELN, elastin;, HA, Hyaluronic acid; PANi, polyaniline; NM, native myocardium; EHT,
engineered heart tissue.





OPS/images/fbioe-08-00955/fbioe-08-00955-t001.jpg
Abbreviation

MIXL1
KDR
MESP1
ISL1
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Mix Paired-Like Homeobox

Kinase Insert Domain Receptor

Mesoderm Posterior BHLH Transcription Factor 1
Islet-1 LIM Homeobox

T-Box Transcription Factor 5

NK2 homeobox 5

GATA Binding Protein 4

SWI/SNF Related, Matrix Associated, Actin
Dependent Regulator Of Chromatin, Subfamily D,
Member 3

T-Box Transcription Factor 18
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Application Biomaterial (formulation) Delivered component  Animal model  Advantages Limitations Study

Hydrogel-assisted cell  Alginate, chitosan/p-glycerophosphate MSCs Rat « Cell retentiont » Requires large cell quantities  Roche et al, 2014
delivery (Hydrogel)  Protection from harsh « Limited nutrient supply
microenvironment « Electrical coupling ith the
 Mecharical supportt host
« Tissus integrationt
Chitosan (Hydrogel) MSCs Rat Livetal, 2012
Fibrin (Hycroge) Skeletal myoblasts Rat Ghristman et al., 2004
‘Gelatin (Hycrogel) MSCs. Mouse Gotipati et al., 2019
RGD modified, self-assembiing peptide hESCs-CMs Mouse Banetal, 2014
(Hydroge)
Bioactive nano-carrers  Alginate/hyaluronan suifate (NPs) HGF, IGF-1 Rat o Halrifet « Requires high dosages. Ruvinov et ., 2011
« Drug absorbancet » Oytotoxicity and

« Protection from degradation  immunogenic response
« Specfcity andtargetingt  » Undesired accumulation
« Persistence and effectt

o Invasiveness)

Aginate sulfate (NPs) miR-21 Mouse Bejorano et al, 2018
Peptide modified, CSC-exosomes miRNAS, proteins. Rat Vandergif et al., 2018
mESC-exosomes miRNAS, proteins Mouse Khan et al, 2015a
Liposomes. miR-190a-3p, MR-690-3p  Adult mouse Pierligi et al, 2017
RGD modified, PEGylated ipid (NPs) Puerarin Rat Dong et al, 2017
Peptide modified, PEGylated liposomes - Mouse Dvir et al,, 2011
MMP-specific pepide - polynorbormene - Rat Nguyen et al, 2015
amphipiles (NPs)

Cardiac patches Aginate (Scaffold) Fetal carciac cells Rat « Celletentiont « Requires surgery Leoretal, 2000

« Protection from harsh » Immunogenic response
microenvironment « Limited nutient supply
 Mechanical supportt « Eectrical coupling through
« Provides complex 3D large areas
architecture
« Cellfate guidance
« Replacing large tissue
portions.
RGD-/HBP-modiied alginate (Scaffold) HESCs-CMs - Sapi etal, 2011
Decellarized cardiac ECM-gelatin CPCs Rat Bejeri et al, 2018
‘composite (Scaffold)
Fibrin (Scaffolc) hESCs-cardiac progenitors  Human Menasché et al, 2018
Fibrinogen (Scaffoid) hPSCs-CMs Swine Ling etal, 2018
Chitosan-polyariine composite (scafiold) = Rat Kaprisi etal, 2018
Polyurethane-ECM composite (Scaffold) - Rat D'Amore et al., 2016
Fibrinogen (Scaffold) hiPSCs-CMs Swine Ling etal, 2018
Chitosan-polyaniline composite (scaffold)  ~ Rat Kapisi et al, 2018
Polyurethane-ECM composite (Scaffold) - Rat D'Amore et al., 2016
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group

VKVx24-c  MESLLPVGVPGVGVPGKG(VPGVGs]zs Gyclo-octyne
VPGKGVPGVGVPGVGVPGVGVPGY

HRGD6-a  MGSSHHHHHHSSGLVPRGSHMESLLP(VPG ~ Azide
1G);(VPGKGYVPGIG)]AVTGRGDSPASS
[(VPGIG),(VPGKG)(VPGIG).]2

The reactive groups were incorporated by chemical modification of the lysine residues.
VKVx24-c refers to VKVx24-cyclo-octyne and HRGD6-a to HRGDG-azide.
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Material

PLLA

PLLA-PEG550

PCL

PCL-PEG550
PLCL-PEG550 90:10
PLCL-PEG550 80:20
PLCL-PEG550 70:30
PLCL-PEG550 55:45

Contact angle?

79.6° £ 3.2
69.8° +2.3
76.4° £10.2
61.2%£7:8
656.5° + 4.1
67.2%i8:1
75.5°+2.0
72.3%£611

PLAD

+ 4+ +

+

PCLD

+ o+ o+ o+

+

Crystalline®

No
No
Yes
Yes
No
No
Yes
Yes

SEM®

Flat and smooth

Spherulitic structure

Spherulitic structure

Flat but roughened

Alternating smooth and roughened areas
Flat and smooth

Homogeneous ridged structure

Water contact angles, presence of polylactide(PLA) and polycaprolactone (PCL) as determined by FTIR, FTIR evidence of crystalline surface and SEM appearance
are presented. ¥see Supplementary Figure S2; P’see Figure 2 for FTIR graphs and Supplementary Tables S3-S5 for FTIR peak summary; 9see Figure 3 for

SEM micrographs.
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Material M, /kDa M,, /kDa PDi® LA CL PLA PCL PEG

PLLA 374.2 584.6 1.62 0.99 = 1.0 = =
PLLA-PEG550 236.6 347.8 1.47 0.98 = 1.0 = +
PCL 61.6 1156.0 1.87 - 0.99 = 1.0 -
PCL-PEG550 77.8 175.4 2.26 & 0.99 = 1.0 +
PLCL-PEG550 90:10 116.7 279.8 2.40 0.99 0.99 0.88 0.12 +
PLCL-PEG550 80:20 91.0 164.5 1.81 0.99 0.98 0.80 0.20 +
PLCL-PEG550 70:30 101.3 177.3 1.75 0.99 0.96 0.68 0.32 +
PLCL-PEG550 55:45 83.4 139.8 1.68 0.99 0.99 0.56 0.44 +

Polymer number average molecular weight (Mn) and weight average molecular weight (Mw) were determined by GPC while polymer monomer purity (lactide: LA
and caprolactone: CL), copolymer molar fractions (polylactide: PLA and polycaprolactone: PCL) and presence of PEG were confirmed by 'H-NMR. @ Polydispersity
index = My/Mhn; The values for M and M,y resulted from individual determinations.
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Material Factors.
Agoate, goatn  VEGF

Aiginate, golatin

Aiginate-chitosan

Aigate-chitosan
micromearix

Agoate,chtosan  VEGF

cell type
MSCs.

HUVECS

mPSCs.
pro-difecentated
into early cardac
incage

Model Administration
Sprague-Davley  VEGF-encapsued
rats,loft coronary  ™MSCs injecton via
arteryblockand  tad vein
reperfusion after
ot
Immunocompromisediicrocapsues:
Babicmico njecton i
quadiceps musdle
Leis rats Implantaton ofa
‘macroporous.
scafidin the
pectorals major
muscle
C7BLB/ mice,  Thveo injoctions in
permanont LAD  the periphery of
igaton nfarcod tissve
Sprague-Davey  Microspheres
ats, permanent renforced with
LAD igation chitosan et and
appied on e Ly,
opcardial sufaco
Sprague Davey  Hydrogel injectons:
rats, LAD igation  adjacent to Mi area
Noonatalrat el wero soeded
cardomyocytes  ontothe
and foroblasts  nanocomposite
scalfold, and

cultured for 3 days

Treatment timing

2days ater
myocarcal nury

3days ater

njection
12 aterscatfold
Iycraton

sminafter
myocarcal nury

4 days ater
myocarcal nury

Immedatalyafter
myocardal njury

Monitoring time
Swosks

T wesk

1-4 weoks

4wosks

awosks

Results

Incroased vascuar density and
perfusion ate inthe border z0ne;
restored indexes of jecton raction
and ractonal shortering.

Increase of vascular densty; endothelal
el aignment; peripheral epihelzation.

Good engraftment and gradual scaftold
‘Gegradation; uncional Diood vessels
formaion: educton of the forous
capsude.

Increasod ool retenton, sunvval and
migraton nto M zone; improved
efecton racton, sioke vokme, cardac
output and lef venticke end-systoic
and enct-ciastoic volumes: reduced
fiovosis ad hypertrophy.

Bter fractional shortening; ighar cal
nfitation and vascuar ke stucures:
ncroasod scar thicknoss and
dacreased scararea and lengh.

Good cectroacty inviro; increased
el retention invio; improved efection
racton; decreased fbroic area and
wal thinning; increased expression of
VEG and Ang-1.

Increased cellalignment; higher lovels
of poteins imolved n contracton and
eletical couplng; synchronous.
contraction and cakium transients n
temporal sequence.

Referonces

Lueta, 2017

Nemai ot al 2017

Bushkalova et al.

2019

208 etal, 2016

Rodness et al
2016

Lang etal, 2019

Ovr etal, 2011
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1D number

NCT00847064

NCTO1311701

NCTO1226563

Tl name.

SYM.08.001

AUGMENTHF

AUGMENT eIl

PRESERVATION-1

Competed

Competed

Notyet recniting

Competed

nttps:/clinicaltrials. gov/ct2/ show/NCT03082508

Yoars

February
2008-November
2012

August 2012-May
2016

Estenatod August
2017~January

2012-December
2015

AgsyVR

AgisyVR

Agisyl

5001

Condition or
disease

Oiatea
cardomyopatry

Heartfalure; diated
cardiomyopaihy.

Hoart falure; dlated
cardiomyopathy;
heart faluro with
reduced ejction
fraction.

Acute myocardial
infarction;
congestive heart
failo; ST-olovation
myocardial
infarctin.

Participants.

1"

7

Estimated 240

Description

A piot study 1o evakate the saety and
feasiity of Aisy-LVR as a method of
eft venticuiar restoation i patients
with diated cariomyopathy
‘undergoing open-hoart surgery (Lo
otal, 2015),

Randomized, contoled study o
evakate the safty and cardiovascular
effcts of AlgisyHLVR s amethod of
Jeft ventriuiar augmentation i patints.
with diated carciomyopathy (Anker
otal. 2015; Man et ., 2016).

A pivota il 1 establsh th effcacy
and safety of Algisy-LVR i patiens
with moderate to sovere heart akure'

A placebo cortroled, mulicentes,
randomized doute bind il to
‘vakate the safty and eflctiveness of
K-5001 fo remodeing prevertion of
the ventrice and congestive heart
failuro after acute myocardal nfarction
(Froy et al. 2014; Rao et al 2016).
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MyomiRs gene family

mir-1

mir-133

mir-208

mir-499
mir-21

mir-15

mir-497
mir-126

mir-128

mir-19

mir-138

mir-143

mir-195

mir-218

mir-302

mir-367

mir-486

mir-25 (mir-92a family)

mir-34

mir-199mir-590

N.A., not assessed.

Stem-loop sequence
(human orthologs)

hsa-mir-1-1
hsa-mir-1-2
hsa-mir-133a

hsa-mir-208a
hsa-mir-208b

hsa-mir-499a

hsa-mir-21-5p

hsa-mir-15a

hsa
hsa
hsa
hsa-mir-497
hsa-mir-126

hsa-mir-128-1

hsa-mir-19a
hsa-mir-19b

hsa-mir-138-1
hsa-mir-138-2

hsa-mir-143

hsa-mir-195

hsa-mir-218-1

hsa-mir-302a
Has
Has

hsa-mir-367

hsa-mir-486-1

hsa-mir-25

hsa-mir-92a

hsa-mir-34a

hsa-mir-199a-1
hsa-mir-590

Mature sequence (human

orthologs)

hsa-mi
hsa-mi
hsa-mi

hsa-mi
hsa-mi

hsa-mi
N.A.

hsa-mi

hsa
hsa
hsa
hsa-mi
hsa-mi
hsa-mi

hsa-miR-128-1-5p

hsa-mi
hsa-mi

hsa-mi
hsa-mi

hsa-mi

hsa-mi

hsa-mi

hsa-mi
hsa
hsa

hsa-mi
hsa-mi

hsa-mi

hsa-mi

hsa-mi

hsa-mi

hsa-mi
hsa-mi
hsa-mi

R-1-3p
R-1-3p
R-133a-3p

R-208a-3p
R-208b-3p

R-499a-5p

R-15a-5p

R-497-5p
r-126-5p
r-126-3p

R-19a-5p

R-138-5p
R-138-5p

R-143-3p

R-195-5p

R-218-5p

R-302a-3p

R-367-5p
R-367-3p

R-486-5p

R-25-3p

R-92a-3p

R-34a-5p

R-199a-3p
R-590-5p
R-590-3p

R-19b-1-5p

Heart linked function

Regulators of cardiac muscle
growth and differentiation (Zhao
et al., 2005, 2007; Liu et al.,
2007, 2008; Callis et al., 2009;
Sluijter et al., 2010).

Enhancement of fibroblast
survival, interstitial fiorosis and
consequent myocyte
hypertrophy (Thum et al., 2008)

Persistence of CM mitosis
beyond the normal
development window of cell
cycle arrest and prolonged
cellular proliferation of mouse
CMs (Porrello et al., 2011a;
Botting et al., 2012)
Embryonic heart development
(Fish et al., 2008)

Regulator of cell cycle-related
genes (Huang et al., 2018)

Cardiac protection-mediated
expression induced in heart
failure (Gao et al., 2019)

Required to establish
appropriate chamber-specific
gene expression pattern,
contributes to CM maturation in
zebrafish (Morton et al., 2008)
Chamber morphogenesis,
heartbeat (Miyasaka et al.,
2011)
Ventricular
hypertrophy-regulated miRNA
van Rooijj et al., 2006)

Heart patterning during
embryonic development
Chiavacci et al., 2012)

Heart specific miRNA found in
human tissue screening (Lee
et al., 2008; Tian et al., 2015)

3

Heart specific miRNA found in
human tissue screening,
contributes to proliferation of
mouse cardiomyocyte (Tian
etal.,, 2015

Embryonic heart development
via PIBK/Akt signaling (Small
etal.,, 2010

A

N.A.

N.A.

N.A.

Cardiac pathology
associated function

Depletion induces myocyte
hyperplasia (Zhao et al., 2007)

Reduced in patients with
hypertrophic cardiomyopathy
Care et al., 2007)

Possible cardio protective effect
of miR-208 inhibition in heart
ailure patients (Kakimoto et al.,
2016)

A

A

N.A.

N.A.

Deletion promotes cardiac
regeneration in adults by
activating CM proliferation
(Huang et al., 2018)
Enhancement of
cardiomyocytes proliferation in
response to cardiac injury (Gao
etal., 2019)

N.A.

N.A.

Inhibition improves cardiac
contractility in the failing human
heart by boosting intracellular
calcium handling (Wahlquist
etal., 2014)

Inhibition of miR-25 in mouse
reactivates Hand2 that is crucial
for embryonic heart
development (Dirkx et al., 2013)
Reduces endothelial
inflammation and promotes
angiogenesis and functional
recovery in ischemic
myocardium (Bonauer et al.,
2009; Loyer et al., 2014)

Anti-apoptotic and telomere
protective effect after Ml in mice
(Boon et al., 2013)

Upregulation in rodent heart
upon myocardial infarction
re-induces mitosis that helps to
preserve cardiac function
(Eulalio et al., 2012)
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Molecule class Properties Heart repair Clinical trial References
properties

Simvastatin Statin Reduces LDL-C levels Reduced Heart failure Heart Protection Study
cardiovascular Collaborative and
morbidity and mortality Group, 2002; Feringa
in high risk patients et al., 2006; Cannon

et al., 2015
VEGF Growth factor Promoting Enhanced angiogenesis Ischemic heart disease Henry et al., 2001,
neovascularization and other cardiac 2003; U.S. National
conditions Library of Medicine,
2020c; Epstein et al.,
2001; Taimeh et al.,
2013
IGF-I Growth factor Regulates contractility, IGF-1in FDA approved drugs: Troncoso et al., 2014
metabolism, cardiomyocytes Increlex1 and IPLEX1
hypertrophy, protects the heart from
autophagy, oxidative stress and
senescence, and promotes functional
apoptosis in the heart. recovery after Ml.

AMO-1 Anti-miRNA Inhibition of miR-1 Reduce apoptosis of N.A. Xue et al., 2018

oligonucleotide cardiomyocytes

CoPP Anti-oxidant Suppresses the Reduces adverse heart N.A. Bulbake et al., 2017

inflammatory activity of remodeling by
macrophages by controlling the
induction of heme inflammatory activity of
oxyenase-1 (HO-1) macrophages
expression

SB431542 Inhibitor TGFB inhibitor Reduces fibrosis, N.A. Ferreira et al., 2018
decreases
hyperthrophy and
improves cardiac
function.

CHIR99021 Inhibitor GSK8 inhibitor Upregulates Wnt N.A. U.S. National Library of
signaling resulting in Medicine, 2020c
significant increase of
mature cardiomyocyte
proliferation.

Berberine Alkaloid Anti-inflammatory, Reduces rate of Ml Study showed to Zeng et al., 2003; Allijn

anti-microbial,
anti-diharreal,
anti-oxidative,
vasorelaxant,
cholesterol lowering

improve survival of CHF
patients when given
oral or intraperitoneal

et al., 2017

LDL-C, low density lipoprotein-C; CHF, congestive heart failure; Increlex1, mecasermin, a human recombinant IGF-1 analog; IPLEX1, mecasermin rinfabate, a binary
protein complex of human recombinant IGF-1 and human recombinant IGBP-3; IGBP-3, insulin-like growth factor binding protein-3; HO-1, heme oxygenase-1; TGFB,
transforming growth factor p; GSK3, glycogen synthase kinase-3. N.A., not assessed.
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NPs type

Polymeric

Liposomes

Liposomes

Inorganic

Composition

DSPE-PEG-NHj,
DSPE-PEG-Maleirmide,
PBFT

PEG-DGL

HA-sulfate

PLGA

PLGA

AcDXSp

DSPE-PEG-Maleimide,
PCPDTBT

HSPC, cholesterol,
DSPE-PEG-OH,
DSPE-PEG- Maleimide
DSPE-PEG-carboxy,
HSPC, cholesterol

PS, PC, cholesterol

PMPs

DPPC, DSPE-PEG-OH,
cholesterol

Core Shell
SiOy IRIS3-APTS

Cap(PO4)2 Citrate

Fex_10x,Si0p SiOp

FeoOs DMSA, APTs, Glu

Cargo

miR-199a

AMO-1

miR-21

Simvastatin

VEGF

SB431542 CHIR99021

N.A.

VEGF

N.A.

N.A.

CoPP

Berberine

N.A.

Hemagglutinin
or mimetic
peptide

N.A.

Au PEG-SH, OPSS-PEG-SVA N.A.

Hydrodynamic size
and surface charge

110 nm, ~15-20 mV

~200 nm, ~4 mV

130 nm, -10 mV

~160 nm, -4 mV
(referred in a different
work for similar NPs)

113 nm, -55 mV

~350 nm, ~10 mV

~50 nm

180 nm, N.A.

142 nm, N.A.

1.2 pm, -98 mV

100 nm, -2.256 mV

110 nm, N.A.

50 nm, -25 mV

~200 nm, ~31 mV

60 nm, N.A.

10/35 nm,
-43.1/28.9/-2.1 mV

80 nm, N.A.

Targeting
moiety

TAT

AT

N.A.

N.A.

N.A.

ANP

CPP

Anti-P-selectin

AT

PS

N.A.

N.A.

N.A.

N.A.

N.A.

N.A.

CNA35

Application

Targeted miR-199a delivery for
reducing scar size while
maximizing muscle and vessel
restoration and promote CMs
proliferation.
Targeted delivery of miR-1
inhibitor (AMO-1) to attenuate
cardiomyocytes apoptosis.
Delivery of miRNA-21 to
cardiac macrophages after Ml
for inducing their modulation
toward an anti-inflammatory,
reparative state.

Local recruitment of
statin-PLGA-NPs-loaded
AdSCs to the infarcted site and
gradual release of the drug to
improve neovascularization and
cardiac regeneration.

Local release of reduced
dosage of VEGF to favor
angiogenesis and reduce risks
associated with higher dosage
therapy.

pH-triggered delivery of
combined poorly water-soluble
small drug molecules for
promoting cardiac
regeneration.

Photoacustic imaging (PAI)

Targeted delivery of VEGF to
the infarcted site to enhance
vascularization.

Targeted delivery of NPs (48%
accumulation in 24 h) to the left
ventricle after MI.

Apoptotic cell-like treatment for
reducing inflammation at
infarcted heart and promoting
angiogenesis.

Promote biomimicked platelet
like proteoliposomes interaction
with monocytes, which serve
as vehicle for enhanced
liposome accumulation at the
injured area for local release of
therapeutic cargo.

EPR effect for liposome
accumulation and local release
of berberine after macrophage
uptake, reducing inflammatory
damage.

Promoting hMSCs engraftment

Accumulation of nanoparticles
at the myocardium via
inhalation for local therapy
aiming to restore heart
contractility.

Magnetic nanoparticles
internalization on endothelial
cells for their guidance to the
ischemic heart resulting in
improved remodeling and
cardiac function.
Cardioprotective activity via
inhibition of intracellular ROS
and decrease of peroxidation
injury.

Myocardial scar detection with
CT imaging

Stage of research

In vivo: Rat Ml model

In vivo: C57BL/6 mice Ml model

In vivo: C57BL/6 mice Ml model

In vivo: BALB/c nu/nu mice

In vivo: NOD/SCID MI mice

In vitro: primary cardiac cells
isolated from neonatal rats

In vivo: NOD/SCID mice

In vivo: rat MI model

In vivo: C57BL/6 mice Ml model

In vivo: Balb/c mice Ml model

In vivo: BALB/c mice

In vivo: C57BL/6 mice MI
model

Ex vivo: Wistar rat infarcted
hearts

In vivo: Landrace pigs

In vivo: rat MI model

In vivo: Sprague-Dawley
rats and Guinea pigs

In vivo: Sprague-Dawley rat
MI model

References

Yang et al., 2019

Xue et al., 2018

Bejerano et al., 2018

Katsuki et al., 2014;
Yokoyama et al., 2019

Oduk et al., 2018

Ferreira et al., 2018

Qin et al., 2018

Scott et al., 2009

Dvir et al., 2011

Harel-Adar et al., 2011

Cheng et al., 2016

Allijn et al., 2017

Popara et al., 2018

Miragoli et al., 2018

Zhang et al., 2019

Xiong et al., 2015

Kee and Danila, 2018

TAT, transactivator of transcription peptide; AT1, angiotensin Il type 1 ligand; ANR atrial natriuretic peptide; CPR, cell-penetrating peptide; AMO-1, Anti-miRNA-oligonucleotide; VEGF, vascular endothelial growth factor;
TGFB inhi, transforming growth factor B inhibitor; GSK3 inhi, glycogen synthase 3 inhibitor; DSPE-PEG, 1,2-distearoylphosphatidyl-ethanolamine-PEG; PBFT, poly(9,9-dioctylfluorene-alt-benzothiadiazole); PEG-DGL,

pegylated dendrigraft poly-L-lysine; HA-sulfate, Hyaluronan sulfate; PLGA, Poly lactic-co-glycolic acid; AcDXSp, spermine-acetalated dextran; PCPDTBT, Poly [2, 6- (4,4-bis- (2- ethylhexyl) — 4H -cyclopenta [2,1-b,3,4-
b’] dithiophene) —alt -4,7 (2,1,3 — benzothiadiazole)]; AT1, angiotensin Il type 1 ligand;, CoPPR, cobalt protoporphyrin IX; D-PE-PEG, 1,2-distearoylphosphatidyl-ethanolamine-PEG,; HSPC, L-a-phosphatidylcholine; PS,
phosphatidyl serine; MPs, platelet membrane proteins; IRIS3-APTS, aminopropyltrietoxysilane derivative of IRIS3 cyanine; DMSA, dimercaptosuccinic acid: PEG-SH, PEG-thiol;, OPSS-PEG-SVA, orthopyridyldisulfide-
polyethylene glycol-succinimidyl valerate; CNA35, collagen binding adhesion protein 35. N.A, not assessed.
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miRNA Disease model Releasing cell Experimental approach Experimental model Effect Identified Recipient cell Off-target PMID

type targets effects
miR-665 I/R CM Suppression of miR-665 via Rat heart Langendorff Improved LVDP during AK1, Cbr2 Cardiac cells Not investigated 31026731
dexmedetomidine preparation reperfusion
HF - |.m. injection with Rat model of HF Improved LVEF, reduced GLP1R Cardiac cells Not investigated 30666648
anti-sense MIRNA plasmids CM apoptosis, improved
Mg ultrastructure
HF Global l.v. injection of rAAV Murine model of LV Improved LVEF, reduced CD34 Global Not investigated 30243022
miR-665 inhb. pressure overload fibrosis, improved
vascularization
- Human CM In vitro gain and loss of Mechanistic model - Cbr1 and Cbr2 ~ Human CM - 25111814
function in human CM
miR-132 I/R - Loss of function in vivo, Murine hind limb ischemia  Slower perfusion recovery, Rasal and - Not investigated 25016614
gain of function in vitro less collateralization, Spred1
modulation of RAS-MAPK
signaling
Afib - In vitro loss and gain of Mechanistic model In human and dog with Afib CTGF CF - 28731126
function in CF decreased expr. miR-132 in
atrium
DCM - In vitro analysis of cardiac ~ DCM rat model Activation of PISK/Akt PTEN - - 30271437
cell isolates from DCM rats, pathway, CM apoptosis
overexpression of miR-132 down
AMI BM-MSCex I.m. injections with MSCex  Murine model of AMI Increased LVEF, enhanced Rasal HUVECS Not investigated 30216493
electroporated neovascularization in BZ
with miR-132
miR- DMap - Transfection of aortic rings  Endothelial sprouting in Decreased EC apoptosis,  Spred1 HUVECS, Ecs - 31179325
132 + miR-126 with miR-132, miR-126 aortic rings under high improved endothelial
glucose sprouting
miR- AMI CPCs l.v. injection with CPCex Murine model of AMI Less CM apoptosis, EFNAS, PTP1b - Not investigated 28731126
210 + miR- rich in miR-210, miR-132, enhanced angiogenesis in
132 + miR- miR-146a-3p vs. Fibex BZ, improved LVEF
146a-3p
miR-126 AMI AT-MSCs I.m. injection of AT-MSCex  Murine model of AMI Increased neoangiogenesis Not investigated - Not investigated 29241208
overexpressing
miR-126
miR-126-5p Endothelial injury - KO of EC Dicer and rescue  CA injury Endothelial Dicer processes Dlk1 ECs Not investigated 30213595
experiment with pre-mir-126 into
miR-126-5p transfection mir-126-3p (guide strand)
and the passenger
strand-5p. 5p is involved in
dendothelial repair and
proliferation by targeting the
Notch1 inhibitor Delta-like
homolog 1 (Dlk1)
mir-210 AMI - Observational study AMIin rats Increased levels of miR-210 — — = 31596148
AMI BM-MSCs BM-MSCs rich in miR-210  Murine model of myocardial Increase LVEF, increased EFNA3 - Not investigated 28249798
vs. BM-MSCs with infarction neoangiogenesis
miR-210 silencing
I/R BM-EPCs BM-EPCs gain and loss of  Murine hind limb ischemia ~ With miR-210 improved EFNA3 ECs Not investigated 29908843
miR-210 perfusion recovery and
collateralization
I/R - Loss and gain of function  In vitro in H9c2 cells, CXCR4 H9¢c2 - 29710553
mechanistic model
mir-206 Afib Lentiviral overexpression of Canine model of Afib Overexpression of miR-206 GCH1 - Not investigated 29436714
miR-206 in PVFP increased incidence of Afib
Afib - Overexpression of miR-206 Transgenic mouse model  Overexpression led to Cx43 - Not investigated 30322759
in murine hearts decreased lifespan and
arrhythmias
AMI - Cardiac specific expression Murine model of AMI CM hypertrophy and FBPP1 - Not investigated 26333362
of miR-206 increases survival under
AMI
HF - Increased expression of Murine model of AMI Increased collagenolytic TIMP3 CF Not investigated 21731608
miR-206 via HMGB1 activity, decreases
myocardial fibrosis
AMI - In vitro loss and gain of Murine model of AMI Reduced CM apoptosis, ATG3 H9c2 Not investigated 30551524
function, with in vivo improved LVEF
confirmation
miR- AMI - Via HDC gain and loss Murine model of AMI Targets Atg13 and reduces ATG3 - Not investigated 29880830
206 4+ miR- influence expression of autophagy upon hypoxia.
216b miR-206, miR-216b miR-206 is induced via
histamine
miR- DMap - In vitro loss and gain of In vitro in H9c2 cells, Increased CM apoptosis Hsp60 H9c2 - 20655308
206 + miR-1 function mechanistic model
miR-146a DCM CF, CM AAV9 mediated Murine model of LV Decreased myocardial SUMO1 CM Not investigated 30355233
overexpression of miR146a pressure overload contractility
in vivo and in vitro
AMI EPCs EPC injection in BZ AMI in rats Downregulation of - - Not investigated 30344699
miR-146a and reduced CM
apoptosis and increased
VEGF expression
- - Lentiviral overexpression of  In vitro in H9c2 cells, Increases MMP9, may FOS, AP1 CM N 26112171
miR-146a in H92¢c mechanistic model reduce fibrosis in injured
heart
Sepsis induced - Transfection of mice with Murine sepsis model Attenuation of sepsis IRAK, TRAF6 H9c2, J774 26048146
cardiac miR-146a, in vitro H9c2 induced myocardial macrophages
dysfunction and macrophages dysfunction
DoxDCM CM In vitro overexpression and  In vitro in H9c2 cells, Induction of cell death upon ErbB4 H9¢c2 . 20495188
suppression of miR-146a  mechanistic model Dox treatment
AMI AT-MSCs |.m. injections of AT-MSCex AMI in rats Decreased CM apoptosis, EGR1 H9c2 Not investigated 30362610
overexpressing  native and overexpressing decreased inflammation,
miR-146a miR-146a decreased fibrosis
miR-146a-5p  DoxDCM CPCs CPCex rich in miR-146a-5p DoxDCM model in rats Decreased CM apoptosis  Traf6, Smad4, - Not investigated 31098627
vs. Fibex Nox4, Mpo
miR- - DC Injection of endotoxin Murine model of endotoxin - miR-146a attenuates - - Not investigated 26084661
146a + miR- exposed mice with Dcex inflammation inflammation, miR-155
155 rich in miR-155 and increases inflammation
miR-146a
miR-22 AMI - AAV9 overexpression of AMI in rats Decreased CM apoptosis, CBP - Not investigated 24338162
miR-22 decreases infarct size
- - Overexpression of miR-22 - VEC EC Not investigated 28112401
in murine lungs, zebrafish
and ECs in vitro
AMI, HF - Gain and loss study on In vitro in CF, mechanistic ~ Overexpression limits TGFBR CF - 27997889
miR-22 model expression of Coltal,
Col3at
AMI - Gain and loss study on In vitro in rat CMs Overexpression prevented  p38a CM -
miR-22 autophagy and apoptosis in
CMs
AMI - I.m. injection of miR-22 AMI in rats Inhibition decreases infarct ~ Sirt1, PGC1a H9c2 Not investigated 27174562
inhib., loss and gain size, reduces CM apoptosis
function in vitro
DCM - miR-22 deficient mice and  Murine model of left miR-22 suppression led to  PReBPb H9c2 Not investigated 22570371
gain and loss function in ventricular pressure over left ventricular dilation
H9c2 load
DCM - Gain and loss of miR-22 in  Murine model of left Overexpression of miR-22  Sirt1, Hdac4 - Not investigated 23524588
mice ventricular pressure protected from DCM
overload
. - Gain and loss study in In vitro in H9c2 cells, Prevents the activation of ~ p65 H9¢c2 = 30504734
H9c2 mechanistic model NFkB/Caspase3 mediated
apoptosis upon stress
AMI - In vitro gain and loss study, Murine model of AMI In miR-21 KO mice KBTBD7 Macrophages 29991775
in vivo miR-22 KO mice decreased survival,
decreased LVEF, increased
scar size
miR-21 AMI - AAV9 overexpression of AMI in rats Promotes cardiac fibroblast Jagged1 - Not investigated 29808534
miR-21 activation and CF to
myofibroblast
transformation (CMT)
- Targets PDCD4 to reduce 29170412
apoptosis after HIF-1alpha
activated expression of
mir21
AMI - In vitro in CF, in vivo Murine model of AMI Increased fibrosis in the Smad7 CF Not investigated 28817807
induction of miR-21 via heart upon AMI
TGF-p1
- - Gain and loss study in In vitro in H9c2 cells, Inhibits autophagy and - H9c2 - 27680680
H9c2 cells mechanistic model apoptosis upon I/R partially
via the Akt/mTOR pathway
- - Exposure of H9c2 cells with In vitro in H9c2 cells, Targets PDCD4 when CDC -~ H9c2 - 27336721
CPC derived EVs rich in mechanistic model derived exosomes are
miR-21 added to CMs
- - Gain and loss study in In vitro in human PBMCs,  Via targeting SMAD7, Smad7 Human Tregs - 26383248
PBMCs mechanistic model mir-21 can reduce the
number of circulating Tregs
- N Gain and loss study in In vitro in H9c2 cells, Proof for a positive PTEN H9c2 - 24983504
H9c2 cells mechanistic model feedback loop between
mir-21 and HIF-1alpha
which reduces apoptosis
upon hypoxia and stress
miR-21-5p . = Gain and loss study in In vitro in H9¢c2 cells, Modulation of reliance on . H9¢c2 - 30657727
H9c2 mechanistic model glycolytic or fatty acid
oxidation in mitochondria
- BM-MSCs Exposure of H9c2 cells with In vitro in H9c2 cells, Reduction of CM apoptosis PDCD4, PTEN,  H9c2 - 29698635
BM-MSCex rich in mechanistic model upon stress. This was Peli1 an dFasL
miR-21a-5p identified in EVs from MSCs
(miR-21a-5p).

AAV, adeno-associated-virus; Afib, atrial fibrillation; AMI, acute myocardial infarction; AT-MSCex, AT-MSC exosomes,; AT-MSCs, adipose tissue derived mesenchymal stem cells; BM-EPCs, bone marrow derived
endothelial progenitor cells; BM-MSCex, BM-MSC exosomes; BM-MSCs, bone marrow derived mesenchymal stem cells;, CF, cardiac fibroblast; CPCs, cardiac progenitor cells; DCex, dendritic cell exosomes; DCM,
dilated cardiomyopathy; DCs, dendritic cells; DMap, diabetic myocardial microangiopathy; DoxDCM, doxorubicin induced dilated cardiomyopathy; ECs, endothelial cells; EPCs, endothelial progenitor cells; HF, heart
failure; HUVECs, human umbilical vein endothelial cells; I/R, ischemia reperfusion.
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