Homologous biomaterial cell patch for effective repair of infarcted myocardium
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1.  Abstract

Short Abstract

Homologous biomaterial patches seeded with stem/progenitor cells offer an innovative and effective approach for cardiac regenerative medicine in contrast to direct tissue injection of stem/progenitor cells. 

Long Abstract

Despite recent advances in pharmacological and surgical approaches to rescue injured myocardium, ischemic heart disease remains the leading cause of heart failure and death.1 The most common methods of cell delivery for myocardial therapy are intravenous2 or by direct intramyocardial injection into an infarcted area.3   It is difficult, however, to control deposition of grafted cells using these methods.4,5 Recent progress in myocardial cell patch techniques offers a potentially beneficial strategy for tissue engineering aimed at heart regeneration to reverse deleterious tissue effects following myocardial infarction (MI). 

Natural internal biomaterials, such as peritoneum, omentum, diaphragm, or pericardium represent an emerging substrate that has been demonstrated to promote wound healing and stimulate revascularization of ischemic tissues.6,7 O’Shaughnessy was first to report cardio-omentopexy procedures in which pedicled omental grafts were attached to the surface of the ischemic heart through the diaphragm in humans.8  Recently we developed and reported a method of gene manipulated cell patch using a homologous peritoneum substrate that we applied after myocardial infarction (MI) to repair scarred myocardium.9 Native biomaterials used as substrates are an attractive option when used in combination with stem/progenitor cells and have demonstrated complementary outcome features including improved cardiac contractility (via direct myogenesis or due to paracrine effects from stem cells), enhanced tissue nutrition (via angiogenesis), and enhanced cell survival (via anti-apoptosis), which combine to reduce myocardial remodeling, limit infarction size and improve heart mechanical performance.

Protocol

Surgical Procedures for Myocardial Infarction and Preparing Substrate biomaterial
2.1): Sprague Dawley (SD) female rats (200-250g) are anesthetized by spontaneous inhalation and maintained under general anesthesia with 1-2% isoflurane.  The animals are mechanically ventilated through an endotracheal tube using a rodent ventilator (Model 683, Harvard Apparatus, South Natick, MA). Core body temperature is monitored and maintained at 37°C throughout the surgical procedure.  

2.2): The heart is exposed by left lateral thoracotomy and the left anterior descending artery (LAD) is ligated with a 6-0 polyester suture 1 mm from tip of the normally positioned left auricle. An ischemic and eventually infarcted area is thereby created in the anterior wall of the left ventricle. Before closing the thoracic cavity, positive end-expiratory pressure is applied to fully inflate the lungs, and then muscle layers and skin are sutured separately. One week after LAD ligation, the left thoracic cavity is re-opened.  The cell-seeded side of the substrate biomaterial patch is applied to the surface of LAD distribution so as to overarch the MI area and be in contact with the surrounding viable myocardium.  Again, the chest is closed as noted above. 

2.3): To harvest substrate biomaterial, the abdominal cavity of additional SD rats is opened and abdominal contents are moved to the left side to expose the substrate.

2.4): A small diameter ring is inserted behind the substrate biomaterial under the detached portion of the substrate.  This ring is then covered with a larger ring on the surface of substrate biomaterial, such as peritoneum, omentum, diaphragm, or pericardium.  After rinsing blood with PBS, the harvested segment of substrate (diameter = 20mm) with rings is placed in a cell culture dish with DMEM medium at 37oC in a humidified atmosphere of 95% room air: 5% CO2.
2.5): Before preparing the substrate biomaterial, seeding cells must be prepared. For regenerative medicine applications, tissue-specific progenitor cells can be applied. We often use mesenchymal stem cells (MSC) obtained from male SD 8-week-old rats.  The donor animals are euthanatized and MSC are flushed from the marrow of long bones (e.g., tibia and femur). After washing, centrifuged cells are re-suspended in normal culture medium to a final concentration of 5 × 105 viable cells per milliliter in a T75 flask. Our normal culture medium (NM) consists of DMEM containing 10% (v/v) fetal bovine serum (FBS,) and antibiotics. The T75 flask is kept in a humidified 5% CO2 incubator at 37°C for 72 h. Culture medium is changed every 3–4 days and nonadherent cells are removed by changing the medium.

2.6):  Confluent primary cultures are washed once with PBS (Gibco). Typsin solution (0.25%) containing 0.01% EDTA (Sigma) is poured over the monolayer and incubated at 37 °C. After thorough detachment, cells are re-suspended in NM and seeded in three T75 flasks until they are 80–90% confluent. Subsequent passages are performed in similar fashion. Passage 2–4 MSC were used in the study. 

2.7): MSC (1×105) are seeded on the substrate in DMEM medium at 37oC in a humidified atmosphere of 95% room air: 5% CO2.  

Representative results:

The detailed procedure of biological substrate preparation and application for infarcted area is shown in Fig. 1(A-D) and has been previously reported.9 At 4 weeks after MSC-based biological substrate transplantation, the cell patch has become tightly adhered to the surface of recipient heart as shown in Fig. 1E.

Discussion

Repair of infarcted myocardium by cell-based patching is currently limited by the inability of most structural bio-degradable scaffold substrate materials to cultivate local tissue replacement.10   Polymers, the largest class of engineered biomaterials used today for myocardial tissue reconstruction, have many disadvantages such as poor elasticity, poor attachment, biodegradation, poor ECM formation and bio-toxicity.  As early as 1937, the use of omentopexy was abandoned as a treatment for ischemic heart disease because the procedure failed to produce sufficient myocardial revascularization10.  .  The method was soon thereafter replaced by coronary artery bypass grafting (CABG) and coronary revascularization was subsequently treated by percutaneous coronary angioplasty (PCTA).   
In developing this new approach to myocardial tissue repair, we have addressed earlier limitations by selecting a biocompatible tissue substrate that: (1) serves as an effective reservoir for cell delivery, (2) provides nutrition from outside the adjacent/adherent epicardium (new formed vessels in cell patch) and angiogenesis within the infarcted areas, (3) dampens systolic aneurysmal bulging over the ischemic area and prevents of aneurysmal stretching of peri-ischemic myocardium, (4) strengthens the myocardial wall, reduces LV collagen deposition and prevents or reverses further LV remodeling, (5) manipulates genes so that progenitor cells release cytoprotective factors which exert beneficial effects on angiogenesis, progenitor cells survival and migration into the scarred myocardium, and (6) allows MSC to become embedded in the matrix of the underlying myocardium resulting in a stronger, more adherent bond with the homologous peritoneum patch itself.  
Based on successful tissue engineering techniques used to replace or restore damaged heart function in mouse, rat, rabbit, canine, and pig models. Human clinical trials are now beginning to appear. Considering biological substrates for cell patches, a suitably sized greater omentum or peritoneum sample can be easily harvested in human, thus the reason we chose homologous peritoneum as culture substrate.  In addition, many laboratories have reported supporting results indicating that a cell patch is not only suitable for treatment of acute myocardial infarction (MI) but also is effective for use in heart tissue after chronic LV remodeling.  The benefits are considered to include increased LV wall thickness at the infarct region, attenuated LV dilation, and improved heart function.11 Unfortunately, the current surgical procedure is invasive and requires thoracotomy. This issue reduces enthusiasm and potential significance for some potential users. However, a novel device for minimally invasive transplantation of cell patches in endoscopic surgery with video-assisted thoracoscopic surgery is now available and offers an alternative minimally invasive approach to applying such tissue patches to regions of MI.12
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