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Abstract 
Cardiovascular disease is the leading cause of death in the developed world and is 
responsible for approximately 36% of Irish mortality. Myocardial infarction (MI), which is 
literally the death of cardiac tissue due to lack of oxygenation, accounts for the majority of 
deaths associated with cardiovascular disease. This death of cardiac tissue leads to a loss of 
cardiac function as the damaged area becomes a non-contractile scar. Reversal of this 
process is the main aim of regenerative cardiac strategies such as stem cell transplantation. 
While initial studies were promising, subsequent clinical trials yielded disappointing results. 
Stem cell therapy may be limited by the poor survival rate of the cells after implantation into 
the infarcted heart, which is likely due to the inflammatory response. Thus, anti-
inflammatory gene therapy with interleukin-10 (IL-10) was proposed as a method to 
modulate the inflammatory response due to MI, thereby promoting the survival of rat 
mesenchymal stem cells (rMSCs) seeded into a collagen scaffold delivery system. It was 
hypothesized that IL-10 gene therapy could be used to increase the retention rate of stem 
cells in a collagen scaffold when delivered to the ischemic myocardium. The primary 
objectives of this doctoral project were to develop a controlled release scaffold-based gene 
therapy system suitable for stem cell delivery to the infarcted myocardium. The efficacy of 
this system was evaluated by assessing stem cell retention, overall cardiac function and the 
inflammatory response. A crosslinked collagen-based biomaterial was developed and 
optimised for rMSC culture in vitro. Non-viral plasmid-dendrimer polyplexes were 
optimized for transfection in both two and three-dimensional culture. The release of these 
polyplexes from the scaffolds was assessed with a specifically developed fluorescent 
detection technique. When cells were seeded into polyplex loaded scaffolds, relatively high 
levels of transgene expression were observed for up to three weeks of culture. When the 
polyplex-loaded scaffolds were implanted in rat skeletal muscle, increased retention of 
rMSCs was observed. This increased rMSC retention was associated with decreased 
inflammation and a change in macrophage phenotype from cytotoxic to regulatory. 
Similarly, when the polyplex-loaded scaffolds were implanted over the surface of infarcted 
rat hearts, rMSC retention was increased, the inflammatory and remodelling responses were 
modulated and, most importantly left ventricular ejection fraction – a measure of cardiac 
function – was significantly improved. This is the first study to describe a biomaterial 
scaffold combined with gene and stem cell therapy capable of improving outcome after MI. 
There is significant potential for further development of the technique which could 
ultimately represent a step towards the realization of true cardiac regeneration.  
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1.1 Introduction 

Development of viable therapeutic systems requires extensive knowledge of the disease 
pathology, the therapeutic agent and its delivery. In most cases, the pathology of the disease 
is well defined in medical and physiological terms, but the pharmacology of the therapeutic 
agent is the main point of focus for the developers of any therapy. Extensive testing of 
release and bioactivity profiles, tissue-specific accumulation and dose-response is conducted 
before proposing any new therapeutic. However, the third component, the delivery 
technique, is sometimes overlooked at the early stages of development. Specifically, the 
body’s reaction to any type of exogenous material, (ie. cells, nucleic acids, or biomaterials) 
does not always receive the attention it is due. This ‘foreign body response’ can limit or 
completely compromise the therapeutic value of a therapy, as inflammation alters the 
pharmacology of the therapeutic and can alter the disease state.  The successful delivery of 
cells and gene therapy agents must consider the full spectrum of the treatment – the disease 
state, the pharmacology of the therapeutic and the body’s response to the therapy.  

The inflammatory response is a natural component of the body’s response to injury. Tissue 
damage causes histamine release, which leads to local vasodilation, clotting, and recruitment 
of various leukocytes and lymphocytes 1. However, in situations where inflammation is 
improperly controlled, a variety of pathological conditions can arise. In fact, over-active 
inflammation can be an important pathogenic factor in a variety of disease states, both with 
and without underlying pathologies 2. In patients with chronic heart failure, levels of certain 
pro-inflammatory cytokines have been observed to be elevated, while anti-inflammatory 
cytokine levels are depressed 3. Similar results have been observed after myocardial 
infarction (MI) 4-7. In fact, knockout mice deficient in interleukin-10 (IL-10), an anti-
inflammatory cytokine, had a significantly higher mortality rate after 30 minutes of 
myocardial ischemia (75% vs. 0%) than wild-type mice 4. Thus, poorly controlled 
inflammation has been hypothesized to be a major component in the pathology of MI. A 
variety of possible treatments for overactive inflammation in the myocardium have been 
suggested, including gene therapy and stem cell therapy. 

The former, cardiac gene therapy, has been under investigation for more than two decades. 
In the 1990s, trials established that cardiac tissue could be genetically modified with viruses, 
naked plasmids and liposomes 8-13. The late Dr. Jeffrey Isner and his colleagues were 
responsible for much of the ground-breaking work in the area of myocardial gene therapy, 
conducting a number of clinical trials starting in 1995, focusing on delivery of vascular 
endothelial growth factor (VEGF-A) plasmid 14-20. A variety of other genes have been 
investigated since, although no major breakthroughs in clinical studies have yet been 
reported.  

Stem cell therapy has emerged alongside gene therapy as another potential regenerative 
treatment for damaged cardiac tissue 21. Initial work with embryonic and bone marrow 
derived stem cells have yielded promising results 22, 23, but recent clinical trials have found 
marginal to modest benefits (MYSTAR 24, ASTAMI 25, 26, REPAIR-AMI 27, 28 trials) or no 
statistical differences (REGENT 29, 30, BOOST trial 31).  

One of the explanations that has been proposed for the limited benefits observed in large-
scale clinical trials is that there are very low survival rates of the implanted stem cells 32. The 
reason for this low survival rate is unclear, but may be related to the huge influx of 
inflammatory cells and factors associated with ischemia/reperfusion (IR) injury 4, 33-36. In 
whole-organ transplant cases, the inflammatory reaction is a major factor in organ rejection 
37-41. In fact, one of the reasons postulated for the beneficial effects of stem cell therapy in 
pre-clinical trials is the secretion of anti-inflammatory paracrine factors by the implanted 
cells 5, 42-45. Among the most potent of these is interleukin-10 (IL-10). IL-10, crucial both in 
the natural recovery from MI, and in the success of organ transplantation, may be a logical 
choice for promoting survival of stem cells implanted into infarcted myocardium.  
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1.2 Inflammation and MI 

1.2.1 Myocardial infarction 

Ischemic heart disease, which includes acute damage due to myocardial infarction (MI) and 
chronic damage due to atherosclerotic narrowing of vessels, accounts for 35% of deaths 
reported in the United States every year 46. Recent Irish statistics indicate that there are 
approximately 10,000 deaths annually due to cardiovascular disease (CVD), accounting for 
approximately 36% of total mortality 47. MI, which is literally the death of cardiac tissue due 
to lack of oxygen supply, results from occlusion of a coronary artery. In humans, this is 
generally due to blockage of an atherosclerotically narrowed coronary artery by a thrombus 
or clot. In animal models, this can be induced by ligating the left anterior descending 
coronary (LAD) artery 48. Within a few hours of interrupted blood supply, affected 
cardiomyocytes die. While the body has adaptive mechanisms such as hypertrophy of the 
undamaged cardiac muscle and the development of collateral blood supply to minimize the 
damage, ischemic heart disease remains the most common cause of death in developed 
countries 49.  

1.2.2 Inflammatory response to ischemia/reperfusion injury  

Permanent interruption of blood supply to the myocardium is lethal to the affected tissue. 
Transmural scarring and complete loss of contractility in the majority of the affected tissue 
can only be prevented by reperfusion of the tissue. However, reperfusion results in a 
different type of injury, generally considered to be associated with the generation of free 
oxygen radicals (ROS) 50. The combined effect is generally termed ischemia/reperfusion 
(IR) injury. The end result of IR injury is the activation of the inflammatory cascade.  

The overall natural response post-MI can be divided into three phases: 1) the inflammatory 
phase (in humans this occurs in the period 3-72 hours post MI); 2) the proliferative phase (2-
7 days post MI); and finally 3) the maturation or remodelling phase (7 days after MI and 
onwards) 51. In normal wound healing, a similar pattern is followed, with the highly 
inflammatory phase beginning almost immediately after the injury 1. This phase is 
characterized by the influx of polymorphonuclear leukocytes (PMNs), otherwise known as 
neutrophils 52. The neutrophil influx is accompanied by high levels of reactive oxygen 
species (ROS). In the following phase, monocytes and fibroblasts flood into the wound. The 
monocytes differentiate into macrophages, which may persist in the wound area throughout 
the remodelling phase as well. Finally, collagen deposition and remodelling occur. The 
remodelling phase in a normal wound can continue over the course of a year.  

The initiation of the inflammatory response may occur through activation of the complement 
cascade and/or toll-like receptor (TLR) pathways 51. The complement cascade is thought to 
be responsible for the recruitment of neutrophils and monocytes, and likely dominates the 
first phase of the healing response post-MI. TLR-related pathways are associated with the 
innate immune response. ROS, which have been observed for up to 3 hours post-reperfusion, 
may play important roles in activation of both pro-inflammatory pathways 50, and likely 
stimulate the production of chemokines and cytokines 51, 53.  

1.2.3 Over-active inflammation in prognosis 

Until very recently, wound healing dogma indicated that the inflammatory response was a 
critical component of wound healing. However, as highlighted in a recent review by Eming 
et al., evidence now exists to suggest that the inflammatory response is not necessarily a 
critical component of all types of wound healing, and in some cases may be responsible for 
unnecessary damage and scarring52. This applies primarily to chronic inflammation, but 
unresolved acute inflammation can lead to a chronic inflammatory response. This is 
supported by studies which show that suppressing the inflammatory response is beneficial in 
several conditions 3, 6, 54-57. In chronic wounds such as non-healing ulcers, high levels of 
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proteases have been postulated as a key underlying pathomechanism. These proteases appear 
to be induced by high levels of proinflammatory cytokines 52. Thus, modulation of the 
inflammatory response could be beneficial in healing certain types of injuries, including 
ischemic damage to the myocardium. 

In advanced heart failure patients, imbalances in cytokine levels correlate with prognosis. 
For example, patients with advanced congestive heart failure were observed to have low IL-
10 to TNF-α ratios 3. In another study, MI patients with lower serum levels of IL-6, a pro-
inflammatory cytokine, and decreased neutrophil infiltration had an improved long-term 
prognosis 58. Thus, overactive inflammation has been postulated to be associated with 
impaired recovery post-MI. Artificially modulating the inflammatory response might 
therefore represent a novel and potent treatment option for patients suffering from MI. One 
of the techniques proposed to accomplish this is gene therapy.  

1.3 Gene therapy 

The area of gene therapy is considered to have its roots in the early 1960s with the birth of 
genetic transformation of eukaryotic cells in vitro 59, although it could be argued that it was 
the transformation of pneumococcal cells in the 1940s that inspired the concept 60. Another 
critical leap was made in the early 1980s with the work of Spradling and Rubin in 
Drosophilia, where exogeneous DNA sequences were introduced into germ line cells in 
order to correct a genetic defect 61, 62. In the intervening years, gene therapy has been 
proposed for a variety of genetic diseases 63 as well as other, more organ-specific 
pathologies. Myocardial gene therapy, specifically, has been proposed as a treatment for 
conditions ranging from myocarditis to advanced congestive heart failure. The goals of 
cardiac gene therapy are essentially to minimize damage, to promote regeneration, or some 
combination thereof.  

While the administration technique and the actual gene therapy vector may seem less 
important than the gene being delivered, these factors can have a significant impact. Certain 
administration techniques are more effective than others. For example, viral vector-based 
therapies can have very high transfection efficiencies, but their disadvantages include 
immunogenicity, retroviral-mediated insertional mutagenesis and the expense and difficulty 
of manufacture. For these reasons, many researchers have focused on non-viral gene therapy 
as an alternative. 

1.3.1 Administration techniques 

The importance of the administration technique should not be underestimated, as the 
efficiency of transfection will partly depend on how the vector is introduced into the heart. 
Minimally invasive techniques are generally favoured due to the acceptable safety profile in 
patients recovering from myocardial infarction. However, there are many clinical trials that 
recruit “no-option patients” who are undergoing coronary bypass or other procedures 
requiring thoracotomy, in which case the delivery of the vectors is a relatively low impact 
addition to the overall surgery 

1.3.1.1 Cardiac delivery techniques 

Injection of plasmids or complexes directly into the heart tissue has been used in both pre-
clinical and clinical trials 64. Intramyocardial delivery requires direct injections into the 
ventricular muscle during open heart surgery, which is generally only acceptable if the 
patient requires surgical intervention. Delivery via catheters, and possibly thoracoscopic 
delivery are appealing alternatives, as they are minimally invasive and would be feasible for 
use in patients who do not require any sort of surgical intervention.  

The most straightforward method described in the literature for introducing exogenous genes 
to the myocardium is direct injection into the cardiac muscle. Many preclinical trials employ 
this technique, as other methods would be very difficult in small animals. Furthermore, if the 
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MI has been induced by coronary artery ligation, the heart is already exposed. This 
technique has definite advantages, as a physician can directly observe the beating heart and 
select areas in need of treatment 15, 65, 66.  

Catheter based gene delivery, whether via a coronary artery or via a ventricle, can be 
performed in a minimally invasive fashion. The procedure can be guided, like the 
EUROINJECT-ONE trial, which used the electrochemical mapping NOGA®-MyoStarTM 
system (Cordis Corp., Miami Lakes, Florida) to deliver plasmids to areas with low perfusion 
post-MI 67, 68. Advantages of this technique include that the plasmids can be delivered 
directly to the damaged areas without the need for invasive surgery 64. Improved therapeutic 
outcomes might be a result of this improved targeting of the therapy to the compromised 
areas.  

Another possible method of directly introducing the gene of interest to specific sites in the 
ventricular muscle would be via thoracoscopic surgery. Briefly, a small incision is made 
between two rib bones, and a catheter inserted to allow direct access to the heart. However, 
this technique has not been commonly described in the literature as of yet, and thus its full 
range of benefits and drawbacks is too early to review. 

Intracoronary delivery is the main alternative to intramyocardial delivery. As with catheter 
based  direct injection, it can be considered minimally invasive 64. However, the delivery is 
significantly less specific than direct intramyocardial injections, because the DNA is more 
likely to be carried through the bloodstream to other tissues. Furthermore, the transfection 
efficiency is quite low, even for viruses, and patients who have coronary artery disease or 
other complications have even lower transfection efficiencies due to plaque or other barriers 
to diffusion 64. Specificity can be of importantance, because overexpression of certain genes 
might be beneficial in heart tissue, but lethal in other organs. A modification of this 
technique employs a balloon that blocks the coronary artery downstream of the vector 
administration site, increasing the diffusion time and thus the transfection efficiency and 
specificity 69. However, this technique has an obvious flaw; inducing a second MI in the 
course of administering treatment may be acceptable in preclinical studies, but is unlikely to 
be approved for use in humans.  

1.3.1.2 Dose 

The dose of gene therapy agent will, in most cases, vary inversely with the transfection 
efficiency – vectors with high efficiency require very low doses to be effective, while 
inefficient vectors require significantly higher doses. Comparing the doses between non-
viral and viral techniques is difficult as the actual quantity of DNA is not directly related to 
viral transfection efficiency. For example, 50 μg of naked plasmid DNA 70 was reported as a 
optimal dose in one preclinical study but in a similar study, 3*108 pfu of adenovirus (which 
corresponds to less than 10 ng of DNA carried by the viruses) was delivered 71. The virus is 
thus capable of delivering less than three orders of magnitude of the dose of genetic material 
than the naked plasmids, and yet despite that significant decrease, the transfection efficiency 
is higher with the adenovirus system. Furthermore, even relatively non-toxic transfection 
agents can become toxic if the required dose is very high. However, it is likely that an 
inefficient gene delivery system may be adequate if the therapeutic gene is both potent and 
secreted from the transfected cell. 

Thresholds are a major consideration in drug delivery and design. It is well known that 
certain drugs, below a threshold dose, have minimal physiological effect. Above that 
threshold, the drug is able to perform the task it was administered to perform. Similarly, 
when gene therapy vectors transfect a certain percentage of cells which will then produce the 
transgene, the transgene levels must be above a threshold to have a therapeutic effect. 
Threshold values are also important in determining transfection, especially with non-viral 
vectors. It has been observed that the in vitro dose response to non-viral transfection is not 
linear but has both a low and a high threshold. Specifically, below a certain dose, no 
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transfection is seen. Above that dose, significant transfection is observed. At higher doses, 
no transfection is observed. This is especially true with transfection reagents such as 
polymers72.  

The threshold problem may actually be of significance, as it offers one possible explanation 
for the observed lack of efficacy in clinical trials that does not translate from the very 
promising preclinical studies. When considering the dose used, it may not be sufficient to 
consider only the amount of DNA delivered, because the differences in mass between 
humans, pigs, and rats, for example, is significant.  Table 1.1 details the average doses used 
in these three species, then the dose with respect to total mass, and the dose with respect to 
heart mass. There is no significant difference between the doses used in different species, but 
the dose/total mass used in rats is more than 300x the dose/total mass used in humans. It is 
possible that the threshold was reached in the rat studies, but not in the human trials, thus 
explaining the disparity in the therapeutic outcomes. However, the metabolic rates also differ 
between species, so dose response studies would be required in humans before definite 
conclusions could be drawn.  

1.3.2 Vectors for gene delivery 

The manner in which a gene is delivered is far more important than may be immediately 
obvious. The vector can have a significant influence on the therapeutic efficacy and costs. In 
addition, serious side effects (including death) can occur.  Viral vectors, in general, have 
significantly higher transfection efficiencies than non-viral vectors. However, there are many 
advantages to using non-viral systems.  

Regulatory hurdles, for example, are significantly greater for viral therapies compared to 
non-viral therapies. There have been few deaths directly linked to viral vector therapies 73, 
but these fatalities have highlighted the potential risks. Viral vector therapies also require 
more safety regulations in fabrication, requiring specialized laboratories and careful 
handling. Non-viral vector therapies, conversely, have not yet been associated with any 
safety risks and can be fabricated with relative ease. These considerations also translate into 
expense. Viral vectors, which require more specialized facilities, more highly trained 
personnel and have strict requirements for shipping and handling, are therefore significantly 
more expensive than their non-viral vector counterparts, which can be mass-produced, are 
reasonably stable at atmospheric conditions, and are relatively easy to handle. Furthermore, 
as there is less risk of negative side effects, the monitoring of the patient is less important, 
and the actual treatment procedures are more straightforward.    

1.3.2.1 Viral vectors 

While there may be other drawbacks associated with their use, viruses represent the most 
effective method for introducing exogenous DNA into eukaryotic cells. As early as the 
1960s, evidence existed that viruses could be used to genetically modify cells 59. By the mid-
1980s, evidence existed that nearly 100% efficiency could be obtained with available viral 
systems. Over the last few decades, a variety of different viruses are now relatively common 
tools that are cited in gene therapy literature. Retroviruses (such as Maloney murine 
leukemia virus, lentivirus and semliki forest virus) and DNA viruses (which include 
adenovirus and adeno-associated virus) have been used in both in vitro and in vivo gene-
therapy studies.  

1.3.2.1.1 Adenovirus  

The major advantages of adenoviral vectors compared to other viral vectors include ease of 
manipulation, relatively large transgene cloning capacity, and the ability to produce high 
titres 74. These vectors are relatively efficient, in vitro and in vivo, and capable of 
transfecting non-dividing cells 75. Adenoviruses were also the first viral vectors developed 
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for myocardial gene delivery 73. An additional advantage of adenoviruses is that they can be 
made replication deficient to improve safety and can be ‘gutted’ to increase the cloning 
capacity. As adenoviruses can transfect non-dividing cells, these vectors are among the most 
successful vectors for transfecting myocardium 75.  The major disadvantage of these vectors 
is the inflammatory and immune response seen upon in vivo delivery, as this limits the gene 
expression time and can induce further complications 74. Gutted adenoviruses have lower 
immunogenicity, but they still trigger a reasonably significant cellular immune response 75. 
Coating adenoviruses with polyethylene glycol (PEG) has been suggested as a strategy to 
reduce the immune response to the proteins in the viral capsid. Furthermore, this method 
allows control of targeting by controlling the masking and presentation of receptor-binding 
domains 49.  

A number of trials have demonstrated the capacity of adenovirus to transfect heart tissue. In 
a study published in 1993, recombinant adenoviruses were used to transfect myocardial 
tissue with a beta-galactosidase reporter gene 10. Adenoviral vectors have also been used 
successfully to transfect reporter genes in porcine models, which are more relevant to human 
models. The efficiency was far superior to injected naked plasmid, but significant cell-
mediated immune response was observed and cells were only transfected immediately 
around the injection site suggesting limited dispersion of the vector 11. 

A variety of cardiac disorders have been treated with adenoviral systems, including 
cardiomyopathy76, ventricular arrhythmia 77, and, most significantly, damage after 
myocardial infarction 78-81. Extensive use of adenovirus vectors to study calcium handling in 
the myocardium has been reported 77, 82-85. Increased expression of sarcoplasmic reticulum 
Ca2+-ATPase (SERCA2a) in a rat model of myocardial infarction using an adenoviral vector. 
Survival of rats treated with SERCA2a was significantly greater than rats treated with 
AdGFP (63% to 9%) 82, 83. Returning SERCA2a levels in senescent rats to the level of adult 
rats has also been reported using the same vectors. The therapy was associated with 
significant improvements in heart function 85. Gupta et al. also investigated SERCA2a gene 
delivery with adenoviral vectors, and reported that their therapy improved exercise capacity 
and overall cardiac function 86. 

Myocardial delivery of a variety of growth factors with adenovirus has also been 
investigated. Treatment with human hepatocyte growth factor (hHGF) for the myocardium 
after ischemia-reperfusion injury has been demonstrated to have significant cardioprotective 
and regenerative effects87. A placental growth factor (PlGF) encoded by an adenoviral vector 
was also found to improve angiogenesis and overall cardiac function a month after MI was 
induced in mice 88.  Human vascular endothelial growth factor (VEGF) was transfected into 
reperfused pig myocardium, also to improve angiogenesis, using a replication deficient Ad5 
vector. While cardiomyogenesis was observed, no significant benefits were observed with 
regards to infarct size or cardiac function 89.  

The adenovirus-based clinical trials with the acronym AGENT (Angiogenic GENe Therapy) 
were the largest and first myocardial gene therapy trials conducted on humans 90. In Phase I 
trials (AGENT-1) using replication deficient adenovirus serotype 5 (Ad5) FGF delivery to 
patients with chronic stable angina, only mild side-effects were observed. Treadmill exercise 
duration and stress-related ischemia were improved, and more patients receiving treatment 
than placebo reported complete cessation of angina symptoms 91. The AGENT-2 trials 
studied 35 subjects with documented reversible myocardial ischemia. A trend in reduced 
ischemia was observed, but the absolute effect was small. In the AGENT-3 trials, an Ad5 
carrying FGF-4 was delivered to patients with intractable stable angina. This trial was halted 
after no significant improvement in treadmill time was observed at an interim assessment 73. 
Interestingly, the treatment was found to be effective only in women 92.   

VEGF-A121 delivery via adenoviral vectors was demonstrated by Rosengart et al. to be safe, 
with clinically significant therapeutic effects 93. However, Phase II and III clinical trials in 
humans were largely inconclusive, failing to demonstrate significant improvements in 
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cardiac function or exercise time for patients suffering from ischemic angina. 5-8% of 
patients suffered fevers, and most patients suffered local inflammation due to the adenoviral 
vectors, but no long-term effects were reported and no malignancies were observed. 
However, poor study design resulted in lack of statistical significance73.  

Transfection with a hepatocyte growth factor was found to increase neo-vascularization, 
both in animals 94, and in early clinical trials. The results from these clinical trials were 
promising in that the treatment appeared to be well tolerated and significantly improved 
myocardial reperfusion 95. The REVASC trials used a replication deficient adenoviral vector 
to deliver VEGF to hearts of 32 patients with intractable stable angina. The patients in the 
treatment group had significantly improved symptom scores over the control, but there was 
no significant change observed in vascularization 73. In addition to these trials, adenoviruses 
have also been used to decrease the probability of cardiac allograft rejection 96, 97.  

1.3.2.1.2 Adeno-associated virus (AAV)  

AAVs are single-stranded DNA viruses (unlike adenoviruses which are double-stranded 
DNA viruses) 49. These viruses are somewhat analogous to gutted adenovirus in that they are 
usually incapable of replication in a host cell without the assistance of a helper-virus 75. The 
recombinant AAVs used in gene therapy lack the ability to integrate into host genome, 
persisting instead as episomal DNA in target cells 73. Thus, there is theoretically a negligible 
risk of mutagenesis although long-term preclinical studies and clinical trials would be 
required to confirm this. AAvs have demonstrated the ability to readily infect cardiac tissue, 
induce long-term gene expression and have lower immunogenicity than many other viruses 
74. Importantly, no AAV serotype has been found to cause human disease 75. However, AAV 
vectors do elicit immune responses in vivo and some researchers believe that these viruses 
can cause insertional mutagenesis 98 and their cloning capacity is also somewhat limited (4-5 
kb) 74, 75.  

Another feature, which could be advantageous or disadvantageous depending on the 
application, is that the expression kinetics of AAVs are relatively slow. Transgene 
expression generally peaks between 2 and 4 weeks after transfection 73. Self-complementary 
AAVs have higher transfection levels – sometimes reported as more than 100 times over 
normal AAVs – but the packaging capacity of the virus is necessarily halved (~2.3kb), 
which limits the applicability of such vectors 49. A final concern is that 20-40% of the human 
population has antibodies to AAV2 serotype and thus can neutralize the vectors, drastically 
reducing transfection. It is also possible that, with repeated treatment, patients could develop 
antibodies to the vectors and thus the treatment would lose effectiveness over time 73. 

A variety of AAVs have been used in both proof of concept and therapeutic gene transfer 
studies. In proof of concept studies, AAV8 was used for systemic gene therapy with a 
reporter gene, demonstrating the ability of the vector to transduce both skeletal and cardiac 
tissue in vivo 99. A recombinant AAV9 encoding a LacZ reporter was used to transduce a 
heart transplant, thus demonstrating the efficacy of AAV gene delivery to the heart after ex-
vivo reperfusion 100. Similarly, an AAV vector was used to transfect rat hearts in vivo with 
LacZ reporter gene 101.  A comparison between two serotypes revealed AAV6 to be more 
effective for cardiac transfection than AAV2, due to earlier and more widespread expression 
102. AAV1, AAV6, and AAV8 were found to be most effective in transducing cardiac tissue 
with a reporter gene in a separate study 103. Pressure-regulated retrofusion of AAV6 into a 
coronary artery was found to efficiently and selectively transfect the porcine heart, and co-
application of VEGF significantly increased transfection levels with AAV2104. 

In therapeutic studies, viral cardiomyopathy was treated with an AAV encoding a RNA 
interference sequence (siRNA) implying that AAVs could be effectively used for siRNA 
therapy in the heart 105. Duchenne muscular dystrophy (DMD) was treated in a neonatal 
mouse model with adeno-associated virus encoding microdystrophin. A single intravenous 
dose was reported to efficiently transfect the entire heart, and improve overall cardiac 
function 106. Another study, also using rAAV2/6 harboring microdystrophin, reported that 
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ventricular distensibility was improved, and the myocardium was protected from adrenergic-
induced pump dysfunction in vivo 107. Systemic delivery of IL-10 encoded by an AAV1 
vector was found to have significant protective effects in a rat model of hypertension 108. 
AAV1 was used for delivery of siRNA for knock-down of phospholamban, a molecule 
involved in calcium handling in the sarcoplasmic reticulum. Cardiac contractility and 
calcium handling appeared improved as a result of the therapy, although the therapy has not 
been tested in vivo yet 109. Recombinant AAV-antisense phospholamban gene therapy was 
reported to effectively decrease myocardial damage and enhance myocardial SERCA 
activity 110. A Phase I clinical trial using AAV2 to deliver SERCA2a to human hearts is 
currently being conducted by Celladon Corporation in the United States 111. The design of 
that study and the Phase II study is discussed by Hajjar et al. 112. As of March 2011, there are 
three ongoing clinical trials investigating SERCA2a delivery to the myocardium.  

1.3.2.1.3 Retrovirus 

Retroviruses, also known as RNA viruses, transfect cells by reverse-transcribing RNA into 
DNA and incorporating that sequence into the host genome. There are a few varieties of 
retrovirus cited in the literature, including Semliki Forest virus and lentivirus. Semliki forest 
virus (SFV) was used to transfect rat hearts with VEGF in an attempt to increase 
angiogenesis, but no significant improvements were observed. Indeed, the pathophysiology 
of the model indicated that caution should be used in any attempt to translate the therapy to a 
clinical setting 113. Lentivirus, on the other hand, has shown reasonable promise for cardiac 
applications because it can transduce non-dividing cells like cardiomyocytes 75. The 
sequence delivered by the lentivirus integrates into host genome, which means that 
transfection is ‘stable’ but also introduces the risk of mutagenesis, carcinogenesis, and 
immune response induction 114. Another disadvantage of lentivirus is that only low titres can 
be prepared 75. Furthermore, lentiviruses are less stable than other vectors and thus are more 
difficult to work with 75. A final drawback is that these vectors have very high efficiency in 
vitro (80-100%) but only up to about 30% efficiency in vivo 75.  

Studies using these viruses have been reasonably positive. Lentivirus encoding a GFP 
isoform demonstrated extended transfection periods in vivo. While peak transfection levels 
were 35% lower than titre matched adenovirus vectors, the adenovirus mediated expression 
was lost quickly while the lentivirus expression was stable 115. In a similar study, Bonci et al. 
tested an ‘advanced’ lentiviral vector, also encoding a GFP isoform, as compared to third 
generation lentiviruses. While they reported lower in vitro efficiencies, the in vivo data was 
very encouraging, showing significant expression levels five weeks after transfection 116. In 
a therapeutic trial, lentiviral transfection with angiotensin converting enzyme 2 (ACE2) had 
protective effects on the heart after myocardial infarction 117.  

1.3.2.2 Non-viral vectors 

Inarguably, viral vectors are the most effective and efficient transfection agents. However, 
non-viral transfection agents have begun to address the problem of the extremely low 
transfection efficiencies observed with naked plasmids. Gebhart et al. have reported on a 
relatively thorough comparison of a number of non-viral vectors in a variety of cell lines in 
terms of luciferase activity72, and Uchida et al. present a similar comparison in terms of 
percentage of cells expressing beta-galactosidase 118. In vitro efficiencies as high as 35% 
have been observed with polymer based vector systems in 10% serum118. Viruses, in 
contrast, generally have in vitro efficiencies between 40 and 90% depending on the type of 
virus and the cell line in question 119.  

Ultimately, a trade-off is made. Transfection efficiency can be maximized by using viral 
vectors, but at a higher risk of complications and higher cost. High doses of naked plasmid 
can be delivered to offset low transfection efficiency, but if the transgene expression levels 
are below threshold, the therapy may have no therapeutic value. The relative numbers of 
non-viral vectors used in preclinical trials are summarized in Figure 1.1. In a simplistic 
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classification, these vectors are: naked plasmids, lipid-based reagents (which includes 
liposomes of all varieties, microbubbles, linear lipids which hydrophobically interact with 
the DNA) and cell-mediated. Polymer-based vectors (which includes dendrimeric, linear, 
and hyperbranched polymeric systems) have also shown promise but have not yet been used 
in the myocardium.  

1.3.2.2.1 Naked plasmids 

Naked plasmids, despite having very low in vitro transfection efficiencies, have been widely 
investigated. This is due to a number of factors; plasmids are relatively inexpensive and 
simple to prepare, they pose a very low, if not negligible, health risk, and high doses have 
been observed to have therapeutic effects in vivo 75.  

1.3.2.2.2 Lipid-based vectors 

Other non-viral vectors were, essentially, developed to improve the transfection efficiency of 
the naked plasmids. Lipid-based vectors such as liposomes  are commercially available as 
transfection reagents (ie. lipofectamineTM and lipofectinTM from Invitrogen, HiFectTM from 
Lonza, TransPassTM from New England Biolabs)120. Liposomes exist in a variety of forms, 
from a single layer of lipids to large multilayered structures. Liposomes are like vesicles that 
can be used to encapsulate drugs, proteins, enzymes or plasmids. Liposomes form lipoplexes 
when they interact with DNA. These lipoplexes can be smaller than 100 nm to larger than 
1μm depending on their preparation method and the lipids used. The lipoplex must have an 
overall positive charge to be able to efficiently interact with the negatively charged 
phospholipids of the cell membrane. This positive charge also promotes interaction with 
negatively charged nucleic acids. The method of cellular internalization depends partly on 
the size and partly on the type of lipoplex 121-123.  

1.3.2.2.3 Polymer-based vectors 

Polymer-based vector systems are also widely used as transfection reagents. These polymers 
are cationic – a necessary condition to allow them to condense DNA. The basic interaction 
between polymers and DNA is electrostatic, as the positive groups on the polymer are 
attracted to the negatively charged phosphate groups in the nucleic acids. Linear polymers 
investigated include poly-L-lysine, poly-L-ornithine, polyethyleneimine (PEI), and poly(DL-
lactide-co-glycolide) (PLGA) 120, 122, 124. Dextrans and spermines have also been investigated 
as carriers and/or condensation agents 125-128. Branched polymers, including hyperbranched 
PEI and dendrimers – most commonly polyamidoamine (PAMAM) dendrimers – are 
currently being investigated. As DNA is a very large macromolecule, many polymer sub-
units are generally required to complex a single DNA molecule. Partially degraded 
dendrimers often give a very effective DNA-polymer complex. This may be because the 
hyperbranched structure allows high charge concentration in a small area and the 
degradation process improves the flexibility of the polymer. In general, polymer-nucleic acid 
complexation can be considered analogous to histone winding of DNA into chromosomes. 
The efficiency of polymers in condensing DNA depends partly on the polymeric structure 
and molecular weight, as well as the charge ratio between the negatively charged phosphate 
groups on the DNA and the positively charged groups in the polymer 124, 129-131.  

1.3.2.2.5 Sequence modifications 

It is possible to alter the sequence of the plasmid itself that may modulate the pattern of 
transfection. For example, plasmids removed from the capsids of adeno-associated viruses 
(pAAVs) have been used for transfection of cardiac allografts because the expression period 
observed with these plasmids is far longer than that of normal plasmids 132. Promoter 
sequences can also affect the effectiveness of gene transfer, as ‘powerful’ promoters like 
cytomegalovirus (pCMV) stimulate high transcription levels of the following gene 133, 134.  

1.3.2.2.6 Other considerations  



Literature Review 

11 

 

Various physical methods have been used to improve the effectiveness of gene transfer with 
a number of these vectors. These physical methods include ultrasound, hydrodynamic 
delivery, and electroporation. Some vectors are more or less effective in transfecting non-
dividing cells like cardiomyocytes, which should be a major consideration when selecting 
the gene delivery method. While a variety of methods have been shown to transfect cardiac 
tissue, the most effective method of transfecting is unclear. The lack of standardization in 
animal models further complicates comparisons.  

1.3.2.2.7 Comparisons 

A number of in vitro studies have compared different non-viral vectors. One of the most 
exhaustive of these was reported by Uchida et al. who tested a variety of liposome and 
polymer formulations, including Lipofectin® and SuperfectTM. The effectiveness of the 
various reagents was shown to be dependent on the cell type, suggesting each vector may be 
suited for a specific application. Maximum transfection levels also varied greatly 118. 
Considering these findings and the findings of a number of similar studies, there is no clear 
consensus on the best non-viral vector available for in vitro studies. Vector selection for in 
vivo applications is an even more difficult question, and one that remains to be 
comprehensively studied. However, it has been recognised that the use of complexation 
agents improves the efficacy of gene transfer both in vitro and in vivo as compared to 
treatment with naked plasmids.  

1.3.2.3 Genetically modified stem cells 

Cell-mediated gene transfer is unlike other methods of gene transfer. The cells are 
transfected ex vivo and then implanted or injected. This means that cells expressing 
transgene are not necessarily autologous. Furthermore, transfection efficiency is not really 
an issue because the cells that do take up the gene are selectively cultured and those that do 
not are eliminated. It is desirable that a vector used for in vitro transfection is efficient, 
though this may not be essential. Ex vivo genetic modification means that cells expressing 
high levels of the gene of interest can be prepared and implanted with minimal side-effects 
associated with the gene therapy vector. However, if the ex vivo manipulation is extensive, 
other alterations in the cell phenotype or proliferation characteristics may occur that limit the 
viability of the cells post-implantation.  

It is difficult to compare and contrast vector-mediated gene transfer with cell-mediated gene 
therapy, as there are significant conceptual differences between them. Vector-mediated gene 
therapy introduces exogenous genes into host tissue. The host cells then express the gene 
and release the resulting protein into the surrounding area. The protein may directly affect 
the local tissue, or it may be transported to a target area. Cell-mediated gene therapy 
essentially skips the first step. As the cells are already expressing the transgene, the 
transfecting agent will not be directly injected into the body (although it may remain inside 
the transfected cells), and thus is unlikely to cause adverse side-effects. Furthermore, cells 
expressing the target gene can be grown selectively so that all of the injected cells are 
transfected. However, the cells are implanted and thus may be rejected by the body or have 
reduced viability. The most common technique to address this is to use autologous cells, 
which adds a specialized isolation and culture component to the treatment protocol resulting 
in a more complex procedure. Furthermore, the issue of rejection is not completely 
eliminated.  

1.3.3 Choice of therapeutic gene 
A variety of genes have been investigated for the treatment of heart disease. Some of these 
genes address specific pathways that are known to be compromised in damaged hearts while 
others target a variety of pathways and thus can have more global effects. In fact, as 
myocardial tissue is a complex system and the electrochemical properties are closely linked 
to other metabolic factors, few genes will act exclusively on a single pathway. Genetic 
engineering of the heart requires detailed knowledge of the roles of many genes, both in 
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healthy and ischemic myocardium. Some of the genes used in clinical and preclinical 
studies, subdivided by their function, are discussed below. 

1.3.3.1 Pacemaking 
The sinoatrial node of the heart is responsible for generating electrical impulses that control 
contraction of the cardiac muscle. Irregularities in the generation of these electrical impulses 
or in their propagation can lead to irregularities in ventricular rhythm. Bradycardia 
(abnormally slow heart rates), cardiac arrest or damage to heart tissue can result. Electronic 
pacemakers are the most popular treatment for bradycardia, but biological alternatives, 
including implantation of cardiac pacemaking cells and genetic engineering of stem cells for 
implantation, may be far more effective alternatives 135, 136. One method used to generate 
pacemaking cells was to induce over-expression of the β-adrenergic receptor 78, 135, 137-139. 
Alternatively, delivering a voltage-gated channel protein, specifically the gene for 
hyperpolarisation-activated cyclic nucleotide-gated channels, can induce cells to act as 
pacemakers 136, 140, 141.  

Pacemaking genes can be delivered in vivo to induce native cells to act as pacemakers, or 
cells can be transformed ex vivo and then implanted. Furthermore, a variety of cells can be 
used, including fibroblasts, cardiac cells and stem cells 78, 135, 137-139. Table 1.2 provides an 
overview of preclinical studies investigating gene-therapy based cardiac pacemaking.  

1.3.3.2 Protection from ischemia/reperfusion-induced cell death 
Myocardial damage after MI is due to a combination of the actual ischemic event and the 
subsequent reperfusion of the tissue. The role of reactive oxygen species in ischemia-
reperfusion (IR) injury has been studied for more than 20 years 50. Oxygen-derived free 
radicals can cause injury to cardiomyocytes, which leads to contractile dysfunction. 
Reperfusion is the only viable treatment to prevent irreversible, transmural scarring after 
infarct, but reperfusion results in oxidative stress. The degree of oxidative stress, and hence 
myocardial damage, depends on the severity of the ischemic period 142. Reducing IR damage 
has been attempted via transfection with genes such as heat shock protein 70 34, 143, 144, heme 
oxygenase 145, 146 and nuclear factor κB (NFκB) 147. Antioxidant gene therapy has been 
attempted with genes like superoxide dismutase (SOD) 148, which were observed to attenuate 
the damage due to IR injury.   

Strongly anti-apoptotic genes, such as bcl-2 149, and adrenomedullin 150 are other relatively 
obvious targets for treatment of ischemic tissue, as a large fraction of cells will die via 
apoptosis in response to ischemia-induced factors. Many of these cells have recovered 
functionality, and in the case of cardiomyocytes, recovered contractility. Furthermore, 
implanted cells generally have low survival rates, due partly to the presence of inflammatory 
cells and partly to other stresses. Implantation of stem cells transfected with adrenomedullin 
was observed to both increase the lifetime of the stem cells and significantly improve overall 
myocardial function 150. 
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Table 1.1: Summary of naked plasmid doses used in selected preclinical and clinical 
studies 

Species Average Dose 
[mg] 

Dose/total mass 
[mg/kg] 

Dose/heart mass 
[mg/g] References 

Rat 0.77±0.65 2.486±1.89 0.91±0.66 
15, 16, 20, 151-156 
 

Pig 0.84±0.66 0.029±0.022 0.005±0.004 
66, 157-161 
 

Human 0.62±0.63 0.008±0.008 0.002±0.002 15, 18, 67, 68, 162-164  
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Figure 1.1: Distribution of non-viral vector systems used in cardiac studies 
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Table 1.2: Summary of reported in vivo studies in gene therapy for cardiac pacemaking 

Mode of Delivery Gene Lead Author Reference 

Cell-mediated hyperpolarisation-activated cyclic 
nucleotide-gated (HCN) channels Potapova 140 

Naked plasmid β2-adrenergic receptor Edelberg 139 

Naked plasmid β2-adrenergic receptor Tomiyasu 165 

Cell-mediated β2-adrenergic receptor Edelberg 166 
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Table 1.3 : Summary of reported in vivo gene therapies in reducing cardiac IR damage 

Mode of Delivery Gene Lead Author Reference 

Lipid-mediated HSP70 Suzuki 34 

Lipid-mediated HSP70 Jayakumar 143 

Lipid-mediated HSP70 Jayakumar 144 

Naked plasmid hHO-1 Tang 146 

Naked plasmid hHO-1 Tang 145 

Lipid-mediated cis element decoy against NFkB Sawa 147 

Naked plasmid SOD Palffy 148 

Cell-mediated AM Jo Ji 150 

Cell-mediated AM Nagaya 167 

Naked plasmid HIF-1α De Muinck 168 

Note abbreviations: Heat shock protein (HSP70), Human heme oxygenase-1 (hHO-1), 
Superoxide dismutase (SOD), Adrenomedullin (AM), Hypoxia inducing factor (HIF-1α) 
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1.3.3.3 Angiogenesis 
Another important component of the normal inflammatory response is the release of 
angiogenic factors, which promote angiogenesis in the acute and early healing phases. 
However, these vessels, if they survive the granulation tissue phase, are insufficient. Thus 
inadequate angiogenesis can be considered a major component of adverse cardiac tissue 
remodelling 169.  

1.3.3.3.1 VEGF isoforms 

There are four forms of VEGF reported in the literature for use in myocardial gene therapy. 
VEGF-A165 is the most common isoform found in the body, and is highly expressed in the 
brain, liver, kidneys, cartilage, and muscles 170. It is also the most commonly used gene in 
angiogenesis studies. VEGF-A121 is the only other of the six VEGF-A isoforms that has been 
reported in cardiac gene therapy studies. However, VEGF-A121 has been reported to have 10 
to 100 times lower endothelial cell mitogenic activity than VEGF-A165 171, so comparing 
studies with genes encoding different isoforms is difficult. VEGF-2 (also known as VEGF-
C) 18 and VEGF-D 161 have also been used. VEGF-C has demonstrated relative potency in 
stimulating angiogenesis in rabbit ischemic hind-limb models, among others, but there is not 
a significant body of evidence supporting the use of VEGF-C over VEGF-A165. VEGF-D is 
expressed in a variety of adult tissues, including the liver, lungs, and, of most relevance, in 
the heart 171. In a study on ischemic hind limb muscle, VEGF-D was reported to be the most 
potent angiogenic factor compared to a variety of other VEGF isoforms 172. Thus, the use of 
VEGF-D over VEGF-A165 seems valid, although it still makes it difficult, if not impossible, 
to compare different treatment methods, doses, or transfection reagents. Without the ability 
to compare studies, selection of optimal treatment parameters is very difficult, and progress 
is seriously hampered. Another factor that must be considered is the risk of serious adverse 
effects associated with VEGF gene therapy, specifically oedema around the heart, as 
observed in the GENASIS trial 173. 

1.3.3.3.1.2 Other factors and peptides 

In addition to the VEGF family, a variety of other growth factors with potent angiogenic 
properties have been used. These factors include human growth hormone (hGH), hepatic 
growth factor (HGF), insulin-like growth factor (IGF), platelet-derived endothelial cell 
growth factor, and stromal cell derived factor (SDF-1). Furthermore, angiopoietin-1 (Ang-1), 
endothelial nitric oxide synthase (eNOS), PR-39, a proline-arginine rich angiogenic response 
peptide, and pleiotrophin (PTN) all play roles in IR injury and subsequent revascularization.  

hGH is a very potent hormone, which is capable of direct action as well as promoting 
production of VEGFs and other angiogenic factors. Rong et al demonstrated significantly 
improved ejection fraction, increased angiogenesis, and decreased post-infarct damage after 
gene therapy with hGH 174. While the overall recovery of function is the ultimate focus of 
such studies, the ability of hGH to stimulate production of other factors makes it very 
difficult to separate the effects of the hormone itself with that of downstream effector 
molecules.  

HGF, while not the most obvious choice for use in cardiac gene therapy, has actually been 
demonstrated to be very effective. Aside from angiogenic action, it has anti-apoptotic effects 
via bcl-2 overexpression, can protect from oxidizing damage via neutralization of hydroxyl 
radicals, and may decrease the size of the fibrotic scar 87. A number of non-viral studies in 
the heart have demonstrated decreased scar area, increased capillary density and thus 
myocardial perfusion 157, 175 as well as improved left ventricular function 176, and decreased 
levels of apoptosis 177. HGF gene transfer has been demonstrated to be effective in human 
ischemia in a clinical study on patients with critical limb ischemia 178. While no studies in 
the heart have yet been approved, the success of HGF in pre-clinical myocardial studies 
recommends it as a very potent alternative to VEGFs. However, a properly matched set of 
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trials with consistent controls and dosages would be required to conclusively recommend 
one gene over the other.  

Without exhaustively examining the remaining factors, it is clear that a pattern emerges. 
IGF-1179, 180, PD-ECGF 181, and SDF-1 182 were all observed to have potent angiogenic 
potential in addition to other cardioprotective properties, but direct comparison between the 
studies is difficult.  

Ang-1 183, eNOS 151, PR-39 168, and PTN 152, sometimes in combination with other pro-
angiogenic factors, were also observed to have potent angiogenic effects. However, it is 
difficult to determine how the improvement in angiogenesis and overall cardiac function in 
the various studies compare, and how these results relate to studies using VEGFs or other 
growth factors. Table 1.4 shows a detailed overview summarizing the vectors and genes 
employed to enhance in vivo angiogenesis. As a number of clinical trials have been 
conducted in this area, the trial type is also specified.  

1.3.3.4 Attenuating the inflammatory reaction and reducing adverse remodelling 
One of the most obvious effects of ischemia is necrosis of the oxygen-starved 
cardiomyocytes 169. Factors released by the dying cells stimulate the complement cascade, 
which, turn, initiates the inflammatory response 184. Downregulation of the inflammatory 
response has been found to decrease damage post-MI. For example, gene therapy with an 
interleukin-1 receptor antagonist (IL-1RA) was found to improve overall survival rates. The 
same gene has also been used to decrease allograft rejection 185-187. Similarly, blocking the 
action of tumour necrosis factor α (TNF-α) with a soluble TNF-α receptor (sTNFα-R) 
significantly reduced the infarct size and improved overall cardiac function 188, 189. Thus, 
increased levels of inflammation, characterized by higher leukocyte infiltration and higher 
levels of pro-inflammatory cytokines can be correlated to decreased survival rates.  

Leukaemia inhibitory factor (LIF) delivery and treatment with anti-inflammatory cytokines 
has also been observed to decrease levels of inflammation and adverse remodelling. Indeed, 
for reducing immune and inflammatory reactions, obvious target genes would be cytokines 
with primarily anti-inflammatory properties like IL-10, IL-13, and IL-22. IL-10 is the most 
investigated of the group. IL-10 gene therapy has been used in a variety of applications, 
including treatment of collagen-induced arthritis 190, 191, lung-transplantation 71, 192, and 
pancreatic islet transplantation 193, among others. In heart transplantation, a variety of IL-10 
plasmids have been employed. Improvements in the allograft survival were observed in all 
cases, although the magnitude of the improvement was variable 40, 132, 194, 195. Combined gene 
therapy with IL-4 and IL-10 has been found to be an effective method for protecting cardiac 
allografts from rejection. A number of other cytokines produced by T-lymphocytes have 
been studied as well, including IL-13 and IL-22 196 197. Table 1.3 gives a detailed overview 
of the preclinical gene therapy studies attempting to down-regulate the inflammatory 
response – there have not been any clinical trials in the area yet.  

A major component of the adverse remodelling that follows MI is that the normal cardiac 
extracellular matrix is replaced with immature collagen type III, which matures to type I 
collagen 142. This collagen I matrix is mostly acellular and fibrotic. It is mechanically weaker 
than the surrounding tissue, and thus vulnerable to systolic stretch. The pumping ability is 
also reduced, as the function of affected cardiac muscle fibres is compromised 46. The 
changes in the extracellular matrix in the remodelled area may also contribute to the loss of 
contractile function 198. For example, delivery of a gene encoding human elastin has been 
found to improve overall cardiac function, reducing scar expansion and thus preventing 
ventricular enlargement after MI. This seems likely to be a result of changing the 
composition of the extracellular matrix 199. 

In the area of promoting allograft survival, cytotoxic T-lymphocyte antigen 4-
immunoglobulin (CTLA4) has also been demonstrated to be an effective gene therapy 200-202. 
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It is hypothesized that the beneficial effects rely on the decreased infiltration of T-
lymphocytes into the allografted tissue 200. Downregulation of the expression of the 
transcription factor E2F with a double-stranded decoy gene is another novel strategy that has 
been employed to improve allograft survival 203. Finally, transfection with MCH class I 
antigens was found to decrease hyperacute rejection of transplanted hearts, ultimately 
improving implant survival 132, 204. 

1.4 Inflammation 

As discussed in section 1.2, the inflammatory response plays a critical role in the 
pathogenesis post-MI. This response is comprised of everything from the initial histamine 
release triggered by an injury to the final stages of remodelling at the end of the healing 
process. The key signalling molecules in inflammation are cytokines like the interleukins, 
transforming growth factor-β (TGF-β), tumour necrosis factor-α (TNF-α), interferon-γ (IFN-
γ), etc. In a general sense, inflammation can be characterized by the predominant cell type 
present in the affected area. Neutrophils characterize the primary, most acute phase of 
inflammation. They are followed by macrophages and other mononuclear cells. Finally, 
fibroblasts infiltrate 1. In the overall scheme of wound healing, this entire process can be 
considered just the first phase of healing, which is followed by proliferation of fibroblasts 
and secretion of extracellular matrix and growth factors. The final phase of wound healing 
involves remodelling of the collagen and can continue for up to a year after injury 205.  

1.4.1 Pathological implications 
The primary function of inflammation, from a physiological point of view, is to minimize 
risk of infection and restore function as soon as possible. However, this results in high levels 
of inflammatory cells, which, in light of antiseptic practises, are unnecessary. In fact, as 
mentioned earlier, recent work suggests that the inflammatory response may not actually a 
critical component of wound healing, at least not in chronic wounds 52. Furthermore, in 
many cases, inflammation can become more problematic than the actual injury. Chronic 
ulcers, for example, are more a result of inflammation than tissue injury. There are a number 
of diseases that result from inflammation. These include Alzheimer’s disease, anaphylaxis, 
asthma, Crohn’s disease, multiple sclerosis, arthritis, psoriasis and ulcerative colitis among 
many others 2.  

1.4.2 Inflammatory signalling cascades 
Cytokines are the principal messenger molecules involved in inflammation. Pro-
inflammatory cytokines such as interleukin (IL)-1, IL-2, IL-4, IL-6, TNF-α, IFN-γ, etc. 
stimulate migration of neutrophils, macrophages, and other inflammatory cells into the 
wound area, and promote proliferation of these cell types. A positive feedback effect may be 
observed, as these inflammatory cells also secrete pro-inflammatory cytokines.  

Anti-inflammatory cytokines like IL-10 down-regulate the production of pro-inflammatory 
cytokines and may direct macrophages and T-cells down a regulatory lineage instead of a 
cytotoxic or phagocytic lineage 206. A simplified overview of a number of the cell types 
involved and their primary cytokine products is shown in Figure 1.2.  
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Table 1.4: Summary of in vivo cardiac angiogenic gene therapy studies 

Delivery Mode Gene Trial type Lead Author Reference 

Cell-mediated VEGF-A165, Ang-1 Preclinical Ye 207 

Cell-mediated VEGF-A165 Preclinical Suzuki 208 

Cell-mediated HGF Preclinical Miyagawa 209 

Cell- or Lipid-mediated VEGF-A165 Preclinical Yang 210 

Lipid-mediated eNOS Preclinical Iwata 151 

Lipid-mediated VEGF-A165 Preclinical Pelisek 160 

Lipid-mediated VEGF-A165 Clinical Hedman 163  

Lipid-mediated VEGF-A121 Preclinical Wang 153 

Naked plasmid HGF Preclinical Azuma 157 

Naked plasmid HGF  Preclinical Saeed 158 

Naked plasmid HGF Preclinical Shirakawa 211 

Naked plasmid IGF-1 Preclinical Serose 179 

Naked plasmid IGF-1 Preclinical Liu 180 

Naked plasmid PD-ECGF Preclinical Li 181 

Naked plasmid PTN Preclinical Christman 152 

Naked plasmid SDF-1 Preclinical Tang 182 

Naked plasmid VEGF-A121 Preclinical Ojalvo 66 

Naked plasmid VEGF-A165 Clinical Ripa 164  

Naked plasmid VEGF-A165 Preclinical Son 154 

Naked plasmid VEGF-A165 Clinical Gyongyosi 67  

Naked plasmid VEGF-A165 Preclinical Yoon 20 

Naked plasmid VEGF-A165 Clinical Kastrup 68  

Naked plasmid VEGF-A165 Preclinical Radke 159 

Naked plasmid VEGF-A165 Preclinical Sarkar 155 

Naked plasmid VEGF-A165 Preclinical Kloner 156 

Naked plasmid VEGF-A165 Preclinical Schwarz 16 

Naked plasmid VEGF-A165 Clinical Losordo 15 

Naked plasmid VEGF-A165 Preclinical Rutanen 161 

Naked plasmid VEGF-A165 Clinical Wang 162 

Naked plasmid VEGF-C Clinical Vale 18 

Note abbreviations: vascular endothelial growth factor (VEGF) (various isoforms), angiopoietin-1 
(Ang-1), hepatocyte growth factor (HGF), endothelial nitric oxide synthase (eNOS), insun-like 
growth factor-1 (IGF-1), pleiotrophin (PTN), stromal cell-derived factor (SDF-1) 
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Table 1.5: Summary of in vivo studies on reducing the inflammatory response and 
adverse remodelling post MI 

Mode of Delivery Gene Lead Author Reference 

Naked plasmid sTNFR1 Sugano 188 

Naked plasmid IL-1Ra Lim 185 

Naked plasmid IL-1Ra Liu 186 

Naked plasmid IL-1Ra Nakano 187 

Naked plasmid LIF Zou 212 

Cell-mediated Elastin Mizuno 199 

Cell-mediated Elastin Mizuno 198 

Lipid-mediated anti-ACE siRNA Kim 213 

Lipid-mediated IL-4 Furukawa; Furukawa 214, 215 

Lipid-mediated IL-10 
Sen, Hong, Oshima, 
Furukawa; Oshima; 
Furkawa; Oshima 

40, 194, 195, 214-216 

Naked plasmid IL-10 Chang, Doenecke, 
Palanyandi; Nakano;  

132, 187, 217, 218 

Naked plasmid IL-13 Elnaggar 196 

Naked plasmid IL-22 Chang 197 

Naked plasmid CTLA4 Takekubo 200 

Naked plasmid CTLA4 Abe 201 

Naked plasmid CTLA4 Matsuno 202 

Lipid-mediated anti-cdk2 Kawauchi 203 

Cell-mediated MHC-1 Geissler 204 

Naked plasmid MHC-1 Doenecke 132 

Note abbreviations: TNF-α receptor 1 (sTNFR1), IL-1 receptor antagonist (IL-1Ra), 
leukaemia inhibitory factor (LIF), anti-angiotensin converting enzyme siRNA (anti-ACE 
siRNA), interleukin-4 (IL-4), interleukin-13 (IL-13), interleukin-22 (IL-22), cytotoxic T-
lymphocyte antigen 4-immunoglobulin (CTLA4), Antisense cyclin-depended kinase cdk2 
(anti-cdk2), major histocompatibility complex class I (MHC-1) 
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Figure 1.2: Primary cytokines and cytokine-secreting cells involved in the 
inflammatory cascade 
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Figure 1.3: Summary of the effects of IL-10 on inflammatory cells and cytokine 
secretion 

 

 

 

 

  



Literature Review 

24 

 

 

 

 

 

 

 

Table 1.6: Summary of pre-clinical trials using IL-10 gene therapy for transplantation 
applications 

Condition Delivery Method Dose [μg plasmid or plaque 
forming unit (pfu)] 

Reference 

Lung transplant  Adenovirus 5 5x109 pfu 219 

Lung transplant Adenovirus 5 5x108 - 5x109 pfu 220 

Lung transplant Adenovirus 5 5x109 pfu 221 

Heart transplant Liposome 50 μg 222 

Lung transplant Naked plasmid 400-800 μg  223 

Corneal 
transplant 

Adenovirus 5 6.6x102 – 6.6x108 pfu 41 

Lung transplant Adenovirus 5 4x1010 pfu 192 

Corneal 
transplant 

Transferrin-mediated 
lipofection 

4 μg 224 

Lung transplant Electroporation-mediated 
gene transfer 

2.5 μg 225 

Heart transplant Adeno-associated virus 
plasmid (transfect liver 
prior to transplantation) 

125 μg 132 

Kidney 
transplant 

Recombinant adeno-
associated virus 

1.4x1010 viral particles/250g 
body weight 

226 

Lung transplant Adenovirus 3x108 pfu 71 

Pancreas 
transplant 

Adenovirus 5 unspecified 227 

Heart transplant Adenovirus or liposome 1x109 pfu/mL or 50 μg  216 
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Table 1.7: Summary of trials using IL-10 gene therapy to treat inflammatory disorders 

Condition Delivery Method Dose [μg plasmid or 
plaque forming unit (pfu)] 

Reference 

Experimental 
autoimmune 
thyroiditis 

Liposomes and poly-L-lysine 1 μg 228 

Experimental 
pancreatitis 

Cationic liposomes 100 μg 229 

Post-thrombotic 
embolism 

(vIL-10) adenovirus 7.5x107 pfu 230 

crescentic 
glomerulonephritis 

Naked plasmid 800 μg 231 

Venous thrombosis Naked plasmid 0.25 μg 232 

Global and focal 
brain ischemia  

Adenovirus 9x108 pfu 233 

Neointimal 
hyperplasia 

Adenovirus 1x1010 pfu 234 

Rheumatoid 
arthritis 

Electroporation with naked 
plasmid 

0.2 μg 235 

Experimental 
endotoxemia 

Adenovirus 2 1010 genomes 236 

Inflammatory 
bowel disease 

Gelatin nanoparticles in 
polycaprolactone microspheres 

100 μg  237 

Rheumatoid 
arthritis 

Cell-mediated 3x105 IL-10+ cells 191 

Acute myocarditis Electroporation of naked plasmid 800 μg total (delivered 
200 μg 4x) 

217 

Atherosclerosis  Hemagglutinating virus of 
Japan-liposome 

unspecified 238 

Experimental 
autoimmune 
thyroiditis 

Lipofectamine 2.5 μg 239 

Type I Diabetes Polyethyleneimine (PEI) 50 mg 240 

Viral myocarditis Electroporation with naked 
plasmid 

150 μg 187 

Autoimmune 
insulitis 

poly [alpha-(4-aminobutyl)-L-
glycolic acid] (PAGA) 

100 μg 241 
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Figure 1.4: Distribution of vector types used in cardiac gene therapy clinical trials 
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Interleukin-10 
Originally called cytokine synthesis inhibitory factor, the best characterized anti-
inflammatory cytokine is IL-10. It is also thought to be the most potent of the anti-
inflammatory cytokines. IL-10 was demonstrated to inhibit cytokine synthesis by 
macrophages and monocytes, and, indirectly, T cells and natural killer (NK) cells 206. A 
number of studies have used recombinant IL-10 or IL-10 gene therapy to control 
inflammation for a variety of applications including transplantation, ischemic injury, and 
inflammatory conditions. Detailed discussion of these studies is in section 1.8.  

The most potent effects of IL-10 are discussed in Figure 1.3. Briefly, IL-10 directs immature 
macrophages and T-cells towards a regulatory phenotype and inhibits the activation of 
neutrophils and natural killer cells. It also affects eosinophils and other pro-inflammatory 
cell types, but to a more limited extent.  

1.5 Anti-inflammatory gene therapy in a variety of applications 

1.5.1 Modulation of inflammatory response 
The inflammatory response is naturally controlled by a variety of feedback loops, both 
positive and negative, as is evident from Figure 1.3. Activated cytotoxic macrophages (M1) 
secrete a variety of pro-inflammatory factors, including IL-1, IL-6 and TNF-α. These factors 
promote differentiation of immature macrophages towards the M1 lineage in a positive 
feedback manner, thereby ensuring the generation of large numbers of M1 in a relatively 
short amount of time. The pro-inflammatory cytokines also promote the activation of 
neutrophils and natural killer cells and direct naïve T cells towards Th1 or Th2 lineages. 
Evolutionarily, this would once have been beneficial because untreated wounds are easily 
contaminated with microbes and an overwhelming inflammatory response minimizes the 
risk of infection. However, positive feedback loops can result in excessive responses and 
improperly regulated inflammation can become pathogenic.  Furthermore, certain types of 
injury require minimal cellular infiltration. Myocardial infarction, for example, is not 
associated with a significant risk of infection. There is a need for cellular involvement, as 
irreversibly damaged cardiomyocytes and other cells must be removed from the area, but the 
response generally observed is unnecessarily severe. In fact, serum cytokine level tests, 
which are used to estimate the level of this response, indicate that increased levels of pro-
inflammatory cytokines correlate with increased mortality 4-7, 242. 

Controlling or modulating the inflammatory response is a major area of interest in modern 
medicine. Initial work in the area was primarily in controlling the reaction associated with 
transplanted organs. This was doubly effective because down-regulation of the inflammatory 
reaction also down-regulates the immune response. In the case of transplanted organs, this 
reduced the incidence of acute rejection and the incidence of immune-associated rejection. It 
also has significant therapeutic potential in the treatment of a variety of inflammatory 
disorders. 

1.5.2 Transplantation applications 
While organ transplantation has become relatively commonplace in the developed world, 
there are still a number of concerns associated with it. In order to consider the procedure 
effective, both the organ and host must survive and the organ must be functional. This may 
sound simplistic, but graft rejection is a major problem. The Organ Procurement and 
Transplantation Network and Scientific Registry of Transplant Recipients (USA) contains 
detailed statistics on graft survival over the last two decades. Similar figures and reports are 
available from the National Health Service Blood and Transplant service (NHSBT) (UK). 
Depending on the organ, graft survival rates can vary from 78% to 96%. In the 1970s, when 
organ transplantation was first becoming accepted as a treatment option, one year cardiac 
transplant survival rates were around 40% 243. Cardiac transplant one year survival rates 
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from 2008 are around 88% (USA), 81% (UK) or 86% (International Society for Heart and 
Lung Transplantation). In Ireland, the one year survival rate by 2005 has been reported to be 
approximately 84% 243.  

The major improvement in survival rates over the last half-century is due primarily to the 
introduction of immunosuppressive drugs such as cyclosporine 244-246. While the 
improvement in graft survival is extremely beneficial, the side-effects of treatment with 
immunosuppressive drugs has significant impact on quality of life and increases the patients’ 
susceptibility to a variety of cancers and opportunistic infections. Furthermore, cardiac 
transplant rejection rates are still greater than 14% internationally. International lung and 
liver rejection rates are similarly high: 18% and 13% respectively. Thus, localized 
immunosuppression with improved specificity and greater efficacy could have significant 
clinical relevance. Gene therapy has been proposed as the treatment method as long-term 
immunosuppression could be provided by modifying cells within the graft to produce the 
immunosuppressive molecules. The most popular molecule studied for this application is IL-
10. 

A number of recent studies in using gene therapy with IL-10 to decrease graft rejection are 
summarized in Table 1.6. Significant benefits were found in association with the treatment, 
even when normal immunosuppressive treatments were used in the control animals.  

1.5.3 Other applications 
The use of IL-10 gene therapy has not been restricted to transplantation applications, 
however. A variety of inflammatory disorders have been targeted with IL-10 gene therapy, 
as summarized in Table 1.7. While no clear consensus has emerged as to the optimal 
delivery method or dose, therapeutic benefits have been observed in the majority of studies.  

1.6 Cardiac patch 

The concept of a cardiac patch has developed significantly over the last thirty years. Among 
the earliest uses of a cardiac patch for the treatment of the myocardium itself can be found in 
the work of Dors et al. who developed a method for left ventricular reconstructive surgery 
which involved, quite literally, cutting out the non-functional part of the heart and using a 
patch of material to replace it 247. This rudimentary patch has evolved over the years, 
incorporating drug delivery, cell therapy, growth factors, and more. Significant benefits have 
been observed with even simple biomaterials like DacronTM patches (the original patch used 
in the Dor technique) 247. More complex biomaterials such as decellularized extracellular 
matrix have yielded even more promising results, as they are naturally biodegradable and 
can slowly be resorbed by the host. A general list of the characteristics of an ideal tissue-
engineering material is given by Chen et al 248. Briefly, the ideal biomaterial should: be able 
to deliver and promote the viability of cells; be degradable by the host; have suitable 
mechanical properties for the tissue in question; have an interconnected porous structure; be 
easily fabricated; and be suitable for commercialization248. For clarity, the cardiac patch 
materials discussed in the following section are termed ‘scaffolds,’ which is a sufficiently 
general term to encompass everything under discussion. 

1.6.1 Scaffold 
As discussed, one of the earliest scaffolds used in cardiac tissue engineering was a knitted 
mesh of polyethylene terephthalate (PET), sold under the trade name DacronTM 249, 250. This 
scaffold was essentially an improvised alternative to autologous tissue grafts. As the 
synthetic scaffold was reasonably effective, its use quickly became common practise 248. 
Other materials have subsequently been investigated, and many are now marketed for use in 
cardiac repair. These polymers included different preparations of PET, polyester 251, 
polypropylene (PP) 251-253 and polytetrafluoroethylene (PTFE). PP, in the form of MarlexTM 
mesh, has mainly been used to restrain the expansion of the infarcted left ventricle 248. PTFE 
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sheets, which originally were used for repairing the pericardium, were also found to be 
effective as cardiac patches 254-256.  

While significant benefits to patient health and survival rate have been associated with these 
scaffolds, they have some major limitations. Firstly, these are not readily biodegradable and 
do not support native tissue in-growth 257. Secondly, their mechanical function is merely to 
limit the maximum volume of the ventricle. There is minimal viscoelasticity, unlike the 
native tissue. Finally, chronic inflammation in the form of the foreign body reaction may be 
provoked where the synthetic scaffold contacts the native tissue 254, 256, 258. To address these 
issues, a variety of biodegradable polymers have been investigated as scaffold materials, 
such as polyglycolic acid 259, polycaprolactone, poly(glycerol sebacate) (PGS) 260, 261, 
polycaprolactone-co-lactide 259 and polyester urethane urea (PUU) 262-265. As they can be 
more readily degraded, it is possible for the host tissue to slowly replace the patch with 
natural extracellular matrix. Some of these polymers, such as the PUU, also have good 
viscoelastic properties, which appeared to be associated with significant improvements in the 
pumping ability of the heart 262. Similarly, encouraging in vitro effects on the differentiation 
and phenotype of neonatal rat cardiomyocytes have been observed when cultured on the 
‘super-elastic’ polymer PGS 260, 261.  

While promising results have been observed with biodegradable synthetic polymers, they are 
not completely without drawbacks. Before they are degraded, they may stimulate the foreign 
body response, provoking unnecessary inflammation 254. Furthermore, their degradation 
products may be cytotoxic or antigenic 248, 266. Thus, the most advanced form of cardiac 
patch is generally considered to be derived from natural polymers. Simple scaffolds have 
been prepared and tested in cardiac applications using materials such as gelatin259, 
collagen267-269, fibrin270, collagen-glycosaminoglycan271 and alginate272. For the most part, 
these materials are used as gels, films, or freeze-dried sponges248. However, the mechanical 
properties of these naturally derived biomaterial scaffolds often lag behind those of the 
synthetic materials. They are more effective as carriers of various modes of biofunctionality 
than as mechanical replacements of tissue. Decellularized extracellular matrix (dECM), on 
the other hand, is a naturally derived biomaterial with mechanical properties more suitable 
for use as ventricular wall replacement255, 273. When compared to a DacronTM patch, dECM 
was found to be comparable in terms of mechanical function and developed pressure. In fact, 
the dECM patch significantly improved the overall regional wall function, both in systole 
and diastole 257.  

While even the earliest patch materials were therapeutically beneficial, significant 
improvements have been observed in preclinical testing of more advanced materials. These 
benefits have been observed without the added effects of growth factors, cells, or genes. 
Functionalizing these biomaterials further may yield even greater benefits. 

1.6.2 Functionalized scaffolds 
There are several possible goals associated with the functionalization of a scaffold. For 
example, encouraging cellular infiltration, down-regulating inflammation, or encouraging 
vascularisation. Cellular infiltration can be encouraged by functionalization with growth 
factors that stimulate recruitment and migration of endogenous mesenchymal stem cells 274, 

275, osteogenic cells 276-278, and a variety of other cell types 279-281. Inflammation might be 
controllable via functionalization with anti-inflammatory cytokines, such as interleukin-10 
282. Vascularization has been encouraged via treatment with angiogenic cytokines or 
angiogenic gene therapy in a wide variety of studies 283, 284. 

The techniques for functionalising the scaffold include loading it with drugs276, 285-287, 
growth-factors275, 288-290, cytokines126, 127, 282, 291-298, or transfection reagents126, 127, 292-300. The 
scaffold may thus act like a reservoir, carrying and delivering the therapeutic agents. Many 
studies describe modifications of scaffolds to modify their release and encapsulation 
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properties. Both synthetic and natural polymers can be functionalized, although natural 
polymers have the added advantage that a certain amount of biofunctionality is inherent.  

1.6.3 Cell seeded scaffolds 
The most complex variety of cardiac patch is based on cellular transplantation. For the 
therapy to be considered a patch and not an injection, the cells must either form a sheet (such 
as the cell sheets described by Sekine et al301) or be seeded onto a scaffold. In many cases, 
these scaffolds are also loaded with growth-factors or other cytokines to modulate their 
behaviour, differentiation, or promote their survival 284, 302, 303.  

Cell transplantation on a scaffold has been used to promote regeneration of a variety of 
tissues including cartilage304, bone278, spinal cord305 and myocardium306, 307. Focusing on 
myocardial studies, functionalised scaffolds have been used as carriers for a variety of cell 
types. These include cardiac cells267, mesenchymal stem cells271, 308, 309, fibroblasts310 and 
bone marrow cells311.  The observed benefits included significant improvements in ejection 
fraction310, 311, increases in infarcted wall thickness311, higher levels of angiogenic and 
cardioprotective factors309 and improved electrical properties308. 

The ultimate goal of some cardiac tissue engineering groups is to produce tissue that is 
essentially contractile, viable artificial myocardium267, 306, 307. While this goal does seem 
achievable, it is no longer universally accepted that this would benefit the infarcted heart. 
This concern stems from the fact that very few of the implanted cells actually seem to form 
functioning electromechanical connections with the native tissue, which could lead to the 
graft becoming dyskinetic or akinetic, potentially even triggering fibrillation. Furthermore, a 
functioning, contractile graft would need a significant blood supply which would add in 
another layer of complexity. Thus, while impressive progress has been made, significant 
challenges remain in the development of artificial myocardial tissue patches.  

1.7 Stem cell transplantation 

1.7.1 History 
The groundwork for bone-marrow transplantation, the precursor to stem cell therapy, was 
laid in the 1940s with studies on bone marrow transplants into lethally irradiated mice 312-314. 
In the following years, bone marrow transplantation was used as a treatment for severe-
combined immunodeficiency disorders (SCID) and leukemia 315-319. Till and McCulloch’s 
discovery of stem cells as the active component of bone marrow allowed more focused 
studies on the effects of the progenitor cells themselves 320. The seminal work in cardiac 
stem cell therapy was done in the late 1990s in Indiana 321-326, where transplantation of a 
variety of cell types was examined, and in Boston, where bone marrow cells were used to 
treat myocardial infarction 23, 327-333. An extensive review of myocyte and myogenic cell 
transplantation for cardiac repair was published in 2003 describing over 100 preclinical cell 
transplantation studies 334. These studies included transplantation of cardiomyocytes and 
skeletal myoblasts in addition to a variety of types of stem cells. In the years since that 
review was published, the field has continued to grow at a rapid pace 335. However, the aims 
of stem cell therapy in the heart have changed over the years. Initially, it was hypothesized 
that transplanted stem cells had therapeutic effects by differentiating into contractile 
cardiomyocytes 23. However, in more recent years, it has been suggested that the main 
effects of stem cell therapy are mainly paracrine 44, 45, 336-339. 

1.7.2 Targets of stem cell therapy 
A variety of diseases have been treated with cell-therapy. These disorders include 
degenerative conditions like diabetes or neural trauma 340-344 and ischemic conditions such as 
MI 23, 272, 324, 326, 335, 345-356, hind-limb ischemia 357-362 and stroke 342, 363-365. The main focus of 
this dissertion is on the ischemic conditions, specifically MI.  
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1.7.3 Preclinical cardiac studies 
Cell-based therapy for cardiac repair has been studied for more than a decade 345, 346, 349, but it 
is only within the last ten years that stem cell-mediated repair has been studied in detail.  The 
earliest work found significant benefits were associated with transplantation of bone marrow 
derived cells to the infarcted myocardium 23. These benefits were assumed to be associated 
with differentiation of the stem cells into cardiomyocytes which were capable of replacing 
the lost function in the damaged tissue 23. This encouraging study prompted a rapid 
expansion of the field. For example, within a few months of the publication by Orlic et al, a 
clinical case-study application of the concept was reported, where beneficial effects of 
autologous bone marrow injection into the heart were observed 366. A number of other 
studies investigated different techniques and applications of the concept in a variety of 
animal models 27, 137, 367-369. For the most part, significant benefits were observed on ejection 
fraction, wall thickness, and fibrotic area, among other hemodynamic parameters. 

Other groups investigated slightly more sophisticated approaches than simple injection of 
unmodified cells. For example, a number of groups have examined the possibility of creating 
functional cardiomyocytes from MSCs 334, 335, 350, 370. When beating sections of tissue were 
generated from stem cells, it was thought that they could have immediate clinical benefits. 
However, very little functional integration between implanted artificial myocardium and the 
native tissue was observed 371. In fact, while the artificial cardiac tissue was mostly 
functional, far greater benefits were observed with the cells genetically modified to increase 
secretion of other factors.  

However, as promising as many studies were, problems and obstacles to the clinical 
translation of stem cell therapy for cardiac repair have long been recognized 324. 
Furthermore, there are published studies that found no benefits associated with myocardial 
stem cell therapy 30, 372. In fact, clinical studies conducted to date have found negligible to 
modest benefits associated with stem cell injection into infarcted myocardium 24-31. A meta-
analysis that examined 18 different clinical studies and a total of 999 patients found stem 
cell therapy was associated with a small but statistically significant improvement in ejection 
fraction (3.66%, p<0.001), as well as a reduction in infarct size and a reduction in left 
ventricle end-systolic volume 373.  

In recent years, the focus of stem cell therapy for MI has been more on how the cells 
actually benefit the damaged myocardium. As there is very scarce evidence of actual 
engraftment or transdifferentiation of stem cells, the beneficial effects that have been 
observed in studies must be associated with some other property of the stem cells. Knock-
out animals or cells have been used to investigate the role of certain factors such as the anti-
inflammatory cytokine, interleukin-10. That particular study demonstrated the importance of 
IL-10 secretion by stem cells because significantly higher therapeutic efficacy was 
associated with wild-type stem cells than IL-10 knock-out stem cells44.  

Other research groups have investigated ways to modify cells to enhance their natural 
reparative mechanisms 21, 114, 374, 375. These modifications included up-regulation of pro-
survival genes such as Akt-1 and Bcl-2 374 and up-regulation of growth factors such as 
VEGF and SDF 114, 374. The studies with Akt-1, in particular, suggested a possible 
explanation for the therapeutic effects of stem cells 337, 339, 376. When media that had been 
‘conditioned’ by Akt-1 modified stem cells was injected into the myocardium, it had 
significant therapeutic effects – effects comparable to those observed after stem cell 
injection. Thus, the factors secreted by the stem cells were responsible for a large portion of 
the therapeutic benefit – not the stem cells themselves 337, 339, 377. Similar conclusions have 
been reached by a number of other groups 44, 335, 338, 355, 374. 

Thus, while stem cells do have remarkable potential for differentiation and proliferation, it 
would appear that their primary therapeutic benefit is derived from the factors that they 
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naturally secrete, especially in hypoxic conditions. Treatment of damaged hearts with stem 
cells is thus a viable technique, but it can only be effective if the cells are healthy enough to 
secrete the relevant factors. Unfortunately, a very low percentage of implanted cells are 
found within the injection area 24 hours after treatment – less than 10%, as quantified by 
Pons et al. 32. If so few stem cells remain, it is unsurprising that they would have limited 
therapeutic benefits, especially if the remaining cells are unhealthy.  

The next steps in stem cell therapy for treatment after MI should thus focus on the delivery 
of healthy, highly secretory cells which are protected from inflammatory or ischemia-
mediated damage. Cells that survive for longer are more likely to secrete higher levels of 
protective and regenerative factors, and thus are more likely to have beneficial effects on the 
overall health of the heart. Gene therapy to further up-regulate the survival of the cells, or to 
up-regulate the synthesis of anti-fibrotic, angiogenic, or anti-inflammatory factors would 
also be a logical choice for future studies.  

1.8 Cardiac clinical trials using gene or stem cell therapy 

As of the end of 2008, about 46% of the gene therapy clinical trials involving cardiac tissue 
used non-viral vectors. The breakdown of that fraction is shown in Figure 1.4. Naked 
plasmid is by far the most common non-viral technique, followed by lipid-based vectors and 
finally cellular vectors. Adenovirus and adeno-associated viruses have also been extensively 
investigated. No polymers have been used in clinical trials in the heart as of yet, although 
pre-clinical evidence suggests they may be very effective.  

Of the non-viral clinical trials, all of the genes investigated have had some relation to 
angiogenesis. More than 90% of these trials have used a VEGF isoform. HGF, FGF, and 
NOS have also been investigated. The EUROINJECT trials, one of the biggest non-viral 
gene delivery clinical trials, delivered VEGF-A165 intramyocardially 67, 68, 378. Perfusion 
appeared to be enhanced, anginal class improved, and exercise capacity extended 19. 
However, stress-induced myocardial perfusion abnormalities did not appear to be improved 
over placebo 68. Phase I clinical trials with HGF in patients with critical limb ischemia have 
thus far demonstrated safety 178, although further trials will be required to show therapeutic 
benefits. Furthermore, success in extremities does not necessarily correspond to success in 
the myocardium, which is a significantly more complex system.  

Viral gene therapy clinical trials have examined a host of other genes, including a variety of 
fibroblast growth factors (FGF-2 and FGF-4), and sarcoplasmic reticulum Ca2+ ATPase 
(SERCA2a) 83. While little attention has been given to these genes in non-viral gene therapy 
trials, either clinical or pre-clinical, they have significant therapeutic potential. Furthermore, 
most of the genes investigated in preclinical trials remain largely untested in humans despite 
promising results in a variety of animal models.  

While few clinical trials have established major benefits as a result of cardiac gene therapy, 
the safety of plasmid gene delivery has been comprehensively demonstrated. Several Phase I 
and II trials have been conducted (for example, the EUROINJECT-ONE trial). No acute 
complications were reported, and a one-year follow-up of a Phase I trial of direct delivery of 
pVEGF-C to the heart found no complications as a result of the treatment 65. In fact, no ill-
effects were reported as a result of non-viral gene therapy in any of the trials cited, either 
with naked or lipid-complexed plasmids 15, 18, 19, 67, 68, 162-164. As a result, most reports detailing 
Phase I/II trials recommend further trials, many of which are now on-going19. 

Results from clinical studies on cell-therapy for repair of ischemic myocardium have been 
similarly ambiguous 335. The TOPCARE-CHD trial, which treated chronic heart disease 
patients, reported that the absolute change in left ventricular (LV) ejection fraction (EF) at 3 
months was significantly greater among patients receiving BMCs than circulating progenitor 
cells or controls 379. The REPAIR-AMI trial, which targeted acute MI patients, found 
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positive effects after the 4 month follow-up (5.5 vs 3% increase in EF, with the greatest 
effect on patients with lowest initial EF) and the combined clinical outcome was 
significantly improved in the stem cell group 27, 28, 369. However, the ASTAMI trial, which 
also targeted acute MI patients, found no statistical evidence of any improvement on EF 
measured by three independent noninvasive imaging methods after 6 months 380. Similarly, 
the BOOST trial, which focused on patients with a specific type of MI (ST-elevation), 
showed an accelerated healing rate after stem cell transplantation, but after 18 months there 
was no statistically significant difference between the treatment and control groups 31. 

A systematic meta-analysis published in 2007 used the results of randomized controlled 
trials available on a variety of databases to study the effects of bone marrow transplantation 
to ischemic myocardium373. From the data available at the time, a modest but statistically 
significant improvement was observed. Thus, there is a therapeutic benefit associated with 
bone marrow transplantation but unless future studies overcome some of the hurdles 
associated with the therapy, the benefits are unlikely to be drastic. It should be noted that 
even a few percentage increase in ejection fraction can be correlated with improved clinical 
outcome and thus the small benefits thus far achieved may still be therapeutically relevant335. 

1.9 Project rationale 

This introduction has thus far discussed three interventions that are under investigation by 
the scientific community for the regeneration of ischemic myocardium: anti-inflammatory 
therapy, cardiac gene therapy and stem cell therapy. The project described herein uses 
elements of all three. A type I atelocollagen scaffold is proposed as a delivery device for 
both anti-inflammatory gene therapy and mesenchymal stem cell therapy. The anti-
inflammatory gene therapy will use IL-10 polyplexes composed of IL-10 plasmids 
complexed by partially degraded dendrimers. The survival of the implanted stem cells will 
be improved by the reduced levels of inflammation, thereby allowing them to secrete other 
pro-regenerative factors in addition to anti-inflammatory factors. As anti-inflammatory gene 
therapy has been shown to be effective in whole-organ transplantation, it should be 
efficacious in promoting the survival of cellular transplants. It may have the added benefit of 
decreasing the overall levels of inflammation in the infarcted heart, thereby further 
promoting recovery of cardiac function.  

1.9.1 Rationale for use of crosslinked type I atelocollagen 
Type I collagen was selected as the optimal scaffold because it is a well-characterised 
natural biomaterial that is commonly used in tissue engineering. Furthermore, many 
collagen-based biomaterial products are approved for medical use in humans by the FDA 
and EMA. Atelocollagen is a less immunogenic form of this material that can be prepared by 
removing the telopeptides from the end of the collagen fibrils. Type I collagen is also the 
principal constituent of native extracellular matrix (ECM), which promotes growth, 
attachment, and proliferation of a variety of cell types. Finally, collagen has been used as an 
effective gene delivery system by other groups, further recommending its use in this 
application 294, 296, 381, 382. 

1.9.2 Rationale for use of partially degraded dendrimer 
Non-viral polyplexes, composed of IL-10 plasmids and partially degraded dendrimers, were 
chosen as the optimal transfection agents for a number of reasons. While viral systems, as 
described in section 1.5.1, are among the most effective agents available for gene transfer, 
they have health risks, high production costs, and a variety of other drawbacks. Thus, a non-
viral gene delivery system was selected. Polyamidoamine dendrimers (PAMAM) are among 
the most commonly used and most effective non-viral transfection agents available 291, 383, 384. 
Partially degraded PAMAM dendrimers such as SuperfectTM (Qiagen) have been found to 
generate some of the highest transgene levels as well as have formidable DNA protection 
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and condensation properties 118. Furthermore, initial studies indicated that these partially 
degraded dendrimers are especially effective in transfection of progenitor and 
undifferentiated cell types. As the ultimate goal was the transfection of stem cells, this 
system seemed ideal.  

1.9.3 Rationale for use of interleukin-10 
Interleukin-10 is the most commonly cited cytokine used to modulate the immune response 
and it has been reported to be the most effective 206. IL-10 is known to have pleiotropic 
effects, modulating many different aspects of the inflammatory response as well as the 
immune response. Thus, gene therapy with interleukin-10 will address both inflammation-
related rejection and any immune-related rejection. In this project, the chance of immune-
related rejection was minimized by the use of syngeneic cells. 

1.9.4 Rational for use of rMSCs 
While a variety of different cell types have been used to treat infarcted myocardium, the 
majority of studies focus on bone marrow-derived cells. These cell types include 
hematopoietic stem cells, mesenchymal stem cells, embryonic stem cells and adipose 
derived stem cells 325, 368, 385, as well as fibroblasts, neonatal cardiomyocytes and skeletal 
myoblasts 322, 334, 368, 386. However, the majority of preclinical and clinical studies focus on 
stem cells isolated from bone marrow. Furthermore, in a recent comparison of the efficacy of 
MSCs from different sources, bone marrow-derived cells were found to be among the most 
potent for promoting myocardial regeneration 387. Thus, bone marrow-derived mesenchymal 
stem cells are the relevant type of stem cell in the cardiac field. 

1.9.5 Rationale for use of scaffold-based gene and stem cell therapy delivery  
Individually, each of the elements (scaffold, gene and cells) of the proposed combinatorial 
gene and stem cell delivery system have shown significant potential for use in tissue 
engineering applications. However, each component has limitations when delivered in 
isolation. For example, collagen scaffolds have relatively minor effects on ischemic tissue. It 
has been hypothesized that implanted collagen may play a minor role in modulating the 
production of tissue matrix metalloproteases as part of the foreign body response 282. As this 
role is quite minor, however, collagen scaffolds are unlikely to be therapeutically effective in 
treating extensive damage such as that observed after myocardial infarction. However, it is 
ideal as a delivery system as it induces minimal foreign body response, is biodegradable, and 
can be prepared, stored and sterilized with relative ease.  

As discussed, gene therapy for the treatment of myocardial infarction has been a relatively 
major area of interest over the last few decades. However, no clinical trials have yet reported 
major success. This failing may be due to side-effects from the vectors, incorrect transgene 
expression profiles, poor transfection efficiency and/or ineffective dosing regimes. As there 
is a lack of standardization between models and trials, it is difficult to compare the relative 
efficacies of doses and vectors. However, gene delivery via a scaffold-based reservoir 
system has not yet been investigated as a potential therapy for myocardial infarction. It is 
possible that the use of a non-viral gene delivery system will avoid the side-effects 
associated with viral vectors. The use of a scaffold-based reservoir system may allow 
improved control of the transgene expression profile and the inclusion of partially degraded 
dendrimer complexation may improve transfection efficiency. Analysis of the optimal dose 
in vitro and in vivo will result in more effective dosing regimens as well.  

Similarly, stem cell transplantation (as discussed in sections 1.7 and 1.8) also has therapeutic 
potential for myocardial infarction. However, clinical trials have reported limited success. 
One explanation for this disappointing result is that stem cell survival is very poor after 
transplantation into ischemic myocardium – less than 10% of stem cells remain in the 
infarcted tissue after 24 hours 32. A potential culprit is the inflammatory response, which is 
highly active in response to ischemic tissue damage. Thus, using gene therapy to down-
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modulate the inflammatory response could simultaneously improve stem cell survival and 
reduce inflammatory response-mediated damage to the infarcted area and also allow the 
stem cells to continue to exert their therapeutic benefits for a longer period of time.  

Delivering stem cells via a collagen scaffold may also improve the survival rate of the cells 
as scaffolds have previously been used to improve cell retention in the myocardium after 
implantation388.  Combining gene and stem cell therapy and delivering both via a collagen 
scaffold should furthermore improve the efficacy of the treatment by improving the uptake 
of the interleukin-10 polyplexes by the stem cells, thereby allowing them to secrete IL-10 
and protect themselves from destruction by the inflammatory system. This thesis reports a 
union of three major areas within the field of tissue engineering: scaffold, gene and cell 
therapy. These areas have each demonstrated preclinical potential, but, the lack of success in 
clinical translation suggests that further modifications are required.  

1.10 Objectives and hypotheses 

The overall hypothesis of this thesis is that incorporation of IL-10 plasmid complexes will 
enhance survival of stem cells in a biomaterial scaffold in a dose dependent manner. The 
specific objectives of the in vitro studies were to optimize complexation of plasmid with a 
partially degraded dendrimer and characterise the secretion levels of gaussia princeps 
luciferase (a reporter gene) and IL-10 over time. The in vivo studies aimed to investigate the 
effects of IL-10 gene therapy on the inflammatory response, and thus on the stem cell 
survival in an implanted scaffold in both a rat syngeneic skeletal muscle model and in a rat 
model of myocardial infarction.  

Objectives: Phase I (Chapter 2) 
• Optimize a scaffold based on type I atelocollagen to have minimal cytotoxicity, 

maximum cell metabolic activity and maximum proliferation  
• Optimize and characterize DNA polyplexes created by the combination of partially 

degraded dendrimers and plasmids for maximum transgene expression and minimal 
cytotoxicity 

Hypotheses: Phase I (Chapter 2) 
• A system comprised of a scaffold and polyplexes can be developed that has minimal 

cytotoxicity and acts as an effective reservoir for gene therapy polyplexes. 

Objectives: Phase II (Chapters 2 and 3) 
• Measure and characterize release of polyplexes from the scaffold over time using the 

Picogreen® assay or a specially developed fluorescent labelling technique. 
• Measure and characterize transgene expression from the system over time using 

luciferase assays or enzyme-linked immunosorbent assays (ELISA) 

Hypotheses: Phase II (Chapters 2 and 3) 
• The combination of the optimized scaffold and optimized plasmid polyplexes will 

allow extended release of the polyplexes and a longer window of transgene 
expression from cells seeded into the scaffold than from cells transfected on tissue 
culture plastic 

Objectives: Phase III (Chapter 4) 
• Determine effects of IL-10 gene therapy on the inflammatory response 

(inflammatory cell volume fraction, macrophage density, macrophage phenotype, 
levels of inflammatory cytokines) 

• Determine effect of IL-10 gene therapy on stem cell volume fraction and density 
• Evaluate stem cell retention and inflammatory response as a function of the dose of 

IL-10 complexes and measured IL-10 levels 
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Hypotheses: Phase III (Chapter 4) 
• Incorporation of plasmid polyplexes encoding the cytokine interleukin-10 into a 

crosslinked collagen scaffold will improve the survival rate of syngeneic rat 
mesenchymal stem cells seeded into the polyplex-loaded scaffold when the stem cell 
delivery system is implanted in normoxic skeletal muscle 

Objectives: Phase IV (Chapter 5) 
• Determine effect of IL-10 gene therapy on stem cell volume fraction and density 
• Determine effect of IL-10 gene therapy on cardiac function as measured via ejection 

fraction 
• Determine effects of IL-10 gene therapy on the inflammatory response (macrophage 

density, macrophage phenotype) 

 
Hypotheses: Phase IV (Chapter 5) 

• Incorporation of interleukin-10 polyplexes into a crosslinked collagen scaffold will 
improve the survival rate of rat mesenchymal stem cells seeded into the polyplex-
loaded scaffold when the stem cell delivery system is implanted in the ischemic 
myocardium 

• This improvement in stem cell survival will translate to an improvement in cardiac 
function when the stem cell and polyplex-loaded scaffolds are applied to an 
infarcted rat heart 
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Project overview: 

  

Delivery system for 
anti-inflammatory 

gene therapy and stem 
cells 

 

System development 

In vitro characterization 

In vivo characterization 

Cell response to scaffold 

Polyplex optimization 

Scaffold preparation 

Release profile of polyplexes over time 

Transfection profile of reporter gene 
from rMSCs seeded into system 

Skeletal muscle study – rMSC survival, dose 
optimization, inflammatory response 

Cardiac study – rMSC survival, inflammatory 
response, overall cardiac function 



Literature Review 

38 

 

1.11 References 

1. Ryan GB, Majno G. Acute inflammation: a review. American Journal of Pathology 
1977;86(1):183-276. 
2. Nathan C. Points of control in inflammation. Nature 2002;420(6917):846-852. 
3. Stumpf C, Lehner C, Yilmaz A, Daniel WG, Garlichs CD. Decrease of serum levels of the 
anti-inflammatory cytokine interleukin-10 in patients with advanced chronic heart failure. Clin. Sci. 
2003;105(1):45-50. 
4. Yang Z, Zingarelli B, Szabo C. Crucial role of endogenous interleukin-10 production in 
myocardial ischemia/reperfusion Injury. Circulation 2000;101(9):1019-1026. 
5. Ciulla MM, Montelatici E, Ferrero S, Braidotti P, Paliotti R, Annoni G, De Camilli E, Busca 
G, Chiappa L, Rebulla P, Magrini F, Lazzari L. Potential advantages of cell administration on the 
inflammatory response compared to standard ACE inhibitor treatment in experimental myocardial 
infarction. Journal of Translational Medicine 2008;6. 
6. Tabet JY, Lopes ME, Champagne S, Su JB, Merlet P, Hittinger L. Inflammation, cytokines 
and anti-inflammatory therapies in heart failure. Archives Des Maladies Du Coeur Et Des Vaisseaux 
2002;95(3):204-212. 
7. Kaur K, Dhingra S, Slezak J, Sharma A, Bajaj A, Singal P. Biology of TNFα and IL-10, and 
their imbalance in heart failure. Heart Failure Reviews 2008. 
8. Acsadi G, Jiao S, Jani A, Duke D, Williams P, Chong W, Wolff JA. Direct gene-transfer and 
expression into rat-heart in vivo. New Biologist 1991;3(1):71-81. 
9. Barnes PF, Abrams JS, Lu SZ, Sieling PA, Rea TH, Modlin RL. Patterns of cytokine 
production by mycobacterium-reactive human T-cell clones. Infection and Immunity 1993;61(1):197-
203. 
10. Guzman RJ, Lemarchand P, Crystal RG, Epstein SE, Finkel T. Efficient gene transfer into 
myocardium by direct-injection of adenovirus vectors. Circulation Research 1993;73(6):1202-1207. 
11. French BA, Mazur W, Geske RS, Bolli R. Direct in vivo gene-transfer into porcine 
myocardium using replication-deficient adenoviral vectors. Circulation 1994;90(5):2414-2424. 
12. Baru M, Axelrod JH, Nur I. Liposome-encapsulated DNA-mediated gene-transfer and 
synthesis of human factor-IX in mice. Gene 1995;161(2):143-150. 
13. Nabel EG. Gene therapy for cardiovascular disease. Circulation 1995;91(2):541-548. 
14. Isner JM. Arterial gene transfer of naked DNA for therapeutic angiogenesis: early clinical 
results. Advanced Drug Delivery Reviews 1998;30(1-3):185-197. 
15. Losordo DW, Vale PR, Symes JF, Dunnington CH, Esakof DD, Maysky M, Ashare AB, 
Lathi K, Isner JM. Gene therapy for myocardial angiogenesis - Initial clinical results with direct 
myocardial injection of phVEGF(165) as sole therapy for myocardial ischemia. Circulation 
1998;98(25):2800-2804. 
16. Schwarz ER, Speakman MT, Patterson M, Hale SS, Isner JM, Kedes LH, Kloner RA. 
Evaluation of the effects of intramyocardial injection of DNA expressing vascular endothelial growth 
factor (VEGF) in a myocardial infarction model in the rat - Angiogenesis and angioma formation. 
Journal of the American College of Cardiology 2000;35(5):1323-1330. 
17. Henry TD, Rocha-Singh K, Isner JM, Kereiakes DJ, Giordano FJ, Simons M, Losordo DW, 
Hendel RC, Bonow RO, Eppler SM, Zioncheck TF, Holmgren EB, McCluskey ER. Intracoronary 
administration of recombinant human vascular endothelial growth factor to patients with coronary 
artery disease. American Heart Journal 2001;142(5):872-880. 
18. Vale PR, Losordo DW, Milliken CE, McDonald MC, Gravelin LM, Curry CM, Esakof DD, 
Maysky M, Symes JF, Isner JM. Randomized, single-blind, placebo-controlled pilot study of catheter-
based myocardial gene transfer for therapeutic angiogenesis using left ventricular electromechanical 
mapping in patients with chronic myocardial ischemia. Circulation 2001;103(17):2138-2143. 
19. Losordo DW, Vale PR, Hendel RC, Milliken CE, Fortuin FD, Cummings N, Schatz RA, 
Asahara T, Isner JM, Kuntz RE. Phase 1/2 placebo-controlled, double-blind, dose-escalating trial of 
myocardial vascular endothelial growth factor 2 gene transfer by catheter delivery in patients with 
chronic myocardial ischemia. Circulation 2002;105(17):2012-2018. 
20. Yoon YS, Uchida S, Masuo O, Cejna M, Park JS, Gwon HC, Kirchmair R, Bahlman F, 
Walter D, Curry C, Hanley A, Isner JM, Losordo DW. Progressive attenuation of myocardial vascular 
endothelial growth factor expression is a seminal event in diabetic cardiomyopathy - Restoration of 
microvascular homeostasis and recovery of cardiac function in diabetic cardiomyopathy after 
replenishment of local vascular endothelial growth factor. Circulation 2005;111(16):2073-2085. 
21. Asahara T, Kalka C, Isner JM. Stem cell therapy and gene transfer for regeneration. Gene 
Therapy 2000;7(6):451-457. 



Literature Review 

39 

 

22. Min J-Y, Yang Y, Converso KL, Liu L, Huang Q, Morgan JP, Xiao Y-F. Transplantation of 
embryonic stem cells improves cardiac function in postinfarcted rats. Journal of Applied Physiology 
2002;92(1):288-296. 
23. Orlic D, Kajstura J, Chimenti S, Jakoniuk I, Anderson SM, Li BS, Pickel J, McKay R, 
Nadal-Ginard B, Bodine DM, Leri A, Anversa P. Bone marrow cells regenerate infarcted 
myocardium. Nature 2001;410(6829):701-705. 
24. Nyolczas N, Gyöngyösi M, Beran G, Dettke M, Graf S, Sochor H, Christ G, Édes I, Balogh 
L, Krause KT, Jaquet K, Kuck K-H, Benedek I, Hintea T, Kiss R, Préda I, Kotevski V, Pejkov H, 
Dudek D, Heba G, Sylven C, Charwat S, Jacob R, Maurer G, Lang I, Glogar D. Design and rationale 
for the Myocardial Stem Cell Administration After Acute Myocardial Infarction (MYSTAR) Study: A 
multicenter, prospective, randomized, single-blind trial comparing early and late intracoronary or 
combined (percutaneous intramyocardial and intracoronary) administration of nonselected autologous 
bone marrow cells to patients after acute myocardial infarction. American Heart Journal 
2007;153(2):212.e1-212.e7. 
25. Solheim S, Seljeflot I, Lunde K, Aukrust P, Yndestad A, Grøgaard HK, Aakhus S, Forfang 
K, Arnesen H. Inflammatory responses after intracoronary injection of autologous mononuclear bone 
marrow cells in patients with acute myocardial infarction. American Heart Journal 
2008;155(1):55.e1-55.e9. 
26. Beitnes JO, Hopp E, Lunde K, Solheim S, Arnesen H, Brinchmann JE, Forfang K, Aakhus S. 
Long-term results after intracoronary injection of autologous mononuclear bone marrow cells in acute 
myocardial infarction: the ASTAMI randomised, controlled study. Heart (London) 2009;95(24):1983-
1989. 
27. Schachinger V, Erbs S, Elsasser A, Haberbosch W, Hambrecht R, Holschermann H, Yu J, 
Corti R, Mathey DG, Hamm CW, Suselbeck T, Assmus B, Tonn T, Dimmeler S, Zeiher AM, the 
REPAIR-AMI Investigators. Intracoronary bone marrow-derived progenitor cells in acute myocardial 
infarction. New England Journal of Medicine 2006;355(12):1210-1221. 
28. Zeiher AM, Schachinger V, Dimmeler S. Improved clinical outcome after intracoronary 
administration of bone marrow-derived progenitor cells in acute myocardial infarction: final 1-year 
results of the REPAIR-AMI trial: reply. European Heart Journal 2007;28(17):2173-2174. 
29. Ripa RS, Kastrup J. REGENT trial-the end of cell therapy for MI? Nature Reviews 
Cardiology 2009;6(9):567-568. 
30. Tendera M, Wojakowski W, Ruzyllo W, Chojnowska L, Kepka C, Tracz W, Musialek P, 
Piwowarska W, Nessler J, Buszman P, Grajek S, Breborowicz P, Majka M, Ratajczak MZ, 
Investigators R. Intracoronary infusion of bone marrow-derived selected CD34(+)CXCR4(+) cells 
and non-selected mononuclear cells in patients with acute STEMI and reduced left ventricular 
ejection fraction: results of randomized, multicentre Myocardial Regeneration by Intracoronary 
Infusion of Selected Population of Stem Cells in Acute Myocardial Infarction (REGENT) Trial. 
European Heart Journal 2009;30(11):1313-1321. 
31. Meyer GP, Wollert KC, Lotz J, Pirr J, Rager U, Lippolt P, Hahn A, Fichtner S, Schaefer A, 
Arseniev L, Ganser A, Drexler H. Intracoronary bone marrow cell transfer after myocardial 
infarction: 5-year follow-up from the randomized-controlled BOOST trial. European Heart Journal 
2009;30(24):2978-2984. 
32. Pons J, Huang Y, Takagawa J, Arakawa-Hoyt J, Ye J, Grossman W, Kan YW, Su H. 
Combining angiogenic gene and stem cell therapies for myocardial infarction. The Journal of Gene 
Medicine 2009;11(9):743-753. 
33. Egdell RM, Siminiak T, Sheridan DJ. Modulation of neutrophil activity by nitric-oxide 
during acute myocardial ischemia and reperfusion. Basic Research in Cardiology 1994;89(6):499-
509. 
34. Suzuki K, Sawa Y, Kaneda Y, Ichikawa H, Shirakura R, Matsuda H. In vivo gene 
transfection with heat shock protein 70 enhances myocardial tolerance to ischemia-reperfusion injury 
in rat. Journal of Clinical Investigation 1997;99(7):1645-1650. 
35. Chen H, Mohuczy D, Li D, Kimura B, Phillips MI, Mehta P, Mehta JL. Protection against 
ischemia/reperfusion injury and myocardial dysfunction by antisense-oligodeoxynucleotide directed 
at angiotensin-converting enzyme mRNA. Gene Therapy 2001;8(10):804-810. 
36. Suzuki K, Murtuza B, Smolenski RT, Sammut IA, Suzuki N, Kaneda Y, Yacoub MH. 
Overexpression of interleukin-1 receptor antagonist provides cardioprotection against ischemia-
reperfusion injury associated with reduction in apoptosis. Circulation 2001;104(12):I308-I313. 
37. Sawitzki B, Bushell A, Steger U, Jones N, Risch K, Siepert A, Lehmann M, Schmitt-
Knosalla I, Vogt K, Gebuhr I, Wood K, Volk HD. Identification of gene markers for the prediction of 



Literature Review 

40 

 

allograft rejection or permanent acceptance. American Journal of Transplantation 2007;7(5):1091-
1102. 
38. Davidson C, Verma ND, Robinson CM, Plain KM, Tran GT, Hodgkinson SJ, Hall BM. IL-
13 prolongs allograft survival: Association with inhibition of macrophage cytokine activation. 
Transplant Immunology 2007;17(3):178-186. 
39. Inoue S, Hakamata Y, Kaneko M, Kobayashi E. Gene therapy for organ grafts using rapid 
injection of naked DNA: Application to the rat liver. Transplantation 2004;77(7):997-1003. 
40. Hong YS, Laks H, Cui G, Chong T, Sen L. Localized immunosuppression in the cardiac 
allograft induced by a new liposome-mediated IL-10 gene therapy. Journal of Heart and Lung 
Transplantation 2002;21(11):1188-1200. 
41. Klebe S, Sykes PJ, Coster DJ, Krishnan R, Williams KA. Prolongation of sheep corneal 
allograft survival by ex vivo transfer of the gene encoding interleukin-10. Transplantation 
2001;71(9):1214-1220. 
42. Kinnaird T, Stabile E, Burnett MS, Lee CW, Barr S, Fuchs S, Epstein SE. Marrow-derived 
stromal cells express genes encoding a broad spectrum of arteriogenic cytokines and promote in vitro 
and in vivo arteriogenesis through paracrine mechanisms. Circulation Research 2004;94(5):678-685. 
43. Dai W, Hale SL, Martin BJ, Kuang J-Q, Dow JS, Wold LE, Kloner RA. Allogeneic 
mesenchymal stem cell transplantation in postinfarcted rat myocardium: short- and long-term effects. 
Circulation 2005;112(2):214-223. 
44. Burchfield JS, Iwasaki M, Koyanagi M, Urbich C, Rosenthal N, Zeiher AM, Dimmeler S. 
Interleukin-10 from transplanted bone marrow mononuclear cells contributes to cardiac protection 
after myocardial infarction. Circulation Research 2008;103(2):203-211. 
45. Charwat S, Gyongyosi M, Lang I, Graf S, Beran G, Hemetsberger R, Nyolczas N, Sochor H, 
Glogar D. Role of adult bone marrow stem cells in the repair of ischemic myocardium: Current state 
of the art. Experimental Hematology 2008;36(6):672-680. 
46. Guyton AC, Hall JE. Unit IV: the circulation. In: Textbook of Medical Physiology. 10th ed. 
Philadelphia, Pennsylvania: W.B. Saunders Company; 2000:228-240. 
47. Facts on heart disease and stroke. Available at: www.irishheart.ie. Accessed March 18, 2011 
2011. 
48. Fishbein MC, Maclean D, Maroko PR. Experimental myocardial infarction in the rat: 
qualitative and quantitative changes during pathologic evolution. American Journal of Pathology 
1978;90(1):57-70. 
49. Gray SJ, Samulski RJ. Optimizing gene delivery vectors for the treatment of heart disease. 
Expert Opinion on Biological Therapy 2008;8(7):911-922. 
50. Kloner RA, Przyklenk K, Whittaker P. Deleterious effects of oxygen radicals in ischemia 
reperfusion-resolved and unresolved issues. Circulation 1989;80(5):1115-1127. 
51. Frangogiannis NG. Targeting the inflammatory response in healing myocardial infarcts. 
Current Medicinal Chemistry 2006;13(16):1877-1893. 
52. Eming SA, Krieg T, Davidson JM. Inflammation in wound repair: molecular and cellular 
mechanisms. The journal of investigative dermatology 2007;127(3):514-525. 
53. Frangogiannis NG, Entman ML. Chemokines in myocardial ischemia. Trends in 
Cardiovascular Medicine 2005;15(5):163-169. 
54. Cox G. IL-10 enhances resolution of pulmonary inflammation in vivo by promoting 
apoptosis of neutrophils. American Journal of Physiology-Lung Cellular and Molecular Physiology 
1996;15(4):L566-L571. 
55. Engles RE, Huber TS, Zander DS, Hess PJ, Welborn MB, Moldawer LL, Seeger JM. 
Exogenous human recombinant interleukin-10 attenuates hindlimb ischemia-reperfusion injury. 
Journal of Surgical Research 1997;69(2):425-428. 
56. Ruan SB, Tate C, Lee JJ, Ritter T, Kolls JK, Shellito JE. Local delivery of the viral 
interleukin-10 gene suppresses tissue inflammation in murine Pneumocystis carinii infection. 
Infection and Immunity 2002;70(11):6107-6113. 
57. Rivera-Chavez FA, Wheeler H, Lindberg G, Munford RS, O'Keefe GE. Regional and 
systemic cytokine responses to acute inflammation of the vermiform appendix. Annals of Surgery 
2003;237(3):408-416. 
58. Jaremo P, Nilsson O. Interleukin-6 and neutrophils are associated with long-term survival 
after acute myocardial infarction. European Journal of Internal Medicine 2008;19(5):330-333. 
59. Friedmann T. A brief history of gene therapy. Nature Genetics 1992;2(2):93-98. 
60. Avery OT, McLeod CM, McCarty M. Studies on the chemical nature of the substance 
inducing transformation of pneumococcal types. Journal of Experimental Medicine 1944;79:137-158. 



Literature Review 

41 

 

61. Rubin GM, Spradling AC. Genetic transformation of Drosophila with transposable element 
vectors. Science 1982;218(4570):348-353. 
62. Spradling AC, Rubin GM. Transposition of cloned P elements into Drosophila germ line 
chromosomes. Science 1982;218(4570):341-347. 
63. Friedmann T. Progress toward human gene therapy. Science 1989;244(4910):1275-1281. 
64. Quarck R, Holvoet P. Gene therapy approaches for cardiovascular diseases. Current Gene 
Therapy 2004;4(2):207-223. 
65. Fortuin FD, Vale P, Losordo DW, Symes J, DeLaria GA, Tyner JJ, Schaer GL, March R, 
Snell RJ, Henry TD, Van Camp J, Lopez JJ, Richenbacher W, Isner JM, Schatz RA. One-year follow-
up of direct myocardial gene transfer of vascular endothelial growth factor-2 using naked plasmid 
deoxyribonucleic acid by way of thoracotomy in no-option patients. American Journal of Cardiology 
2003;92(4):436-439. 
66. Ojalvo AG, Seralena A, Vispo NS, Silva R, Gonzalez N, Guevara L, Batista JF, Montequin 
JF, Chaos N, Gonzalez R, Reima C, Pena Y, Coca M, Perera A, Vazquez R, Puchades Y, Garcia-
Osuna T, Dominguez H, Reyes JL, Ali A, Herrera L. Intramyocardial gene transfer of vascular 
endothelial growth factor 121 improves myocardial perfusion and function in the ischemic porcine 
heart. Electronic Journal of Biotechnology 2004;7(3). 
67. Gyongyosi M, Khorsand A, Zamini S, Sperker W, Strehblow C, Kastrup J, Jorgensen E, 
Hesse B, Tagil K, Botker HE, Ruzyllo W, Teresinska A, Dudek D, Hubalewska A, Ruck A, Nielsen 
SS, Graf S, Mundigler G, Novak J, Sochor H, Maurer G, Glogar D, Sylven C. NOGA-guided analysis 
of regional myocardial perfusion abnormalities treated with intramyocardial injections of plasmid 
encoding vascular endothelial growth factor A-165 in patients with chronic myocardial ischemia - 
Subanalysis of the EUROINJECT-ONE multicenter double-blind randomized study. Circulation 
2005;112(9):I157-I165. 
68. Kastrup J, Jorgensen E, Ruck A, Tagil K, Glogar D, Ruzyllo W, Botker HE, Dudek D, 
Drvota V, Hesse B, Thuesen L, Blomberg P, Gyongyosi M, Sylven C. Direct intramyocardial plasmid 
vascular endothelial growth factor-A(165)-gene therapy in patients with stable severe angina pectoris 
- A randomized double-blind placebo-controlled study: The Euroinject One trial. Journal of the 
American College of Cardiology 2005;45(7):982-988. 
69. Kaye DM, Hoshijima M, Chien KR. Reversing advanced heart failure by targeting Ca2+ 
cycling. Annual Review of Medicine 2008;59:13-28. 
70. Minhyung Lee HPJYETOKKSKYP. Interleukin-10 Plasmid Construction and Delivery for 
the Prevention of Type 1 Diabetes. In; 2006:313-319. 
71. Okada Y, Zuo XJ, Toyoda M, Marchevsky A, Matloff JM, Oishi H, Kondo T, Jordan SC. 
Adenovirus mediated IL-10 gene transfer to the airway of the rat lung for prevention of lung allograft 
rejection. Transplant Immunology 2006;16(2):95-98. 
72. Gebhart CL, Kabanov AV. Evaluation of polyplexes as gene transfer agents. Journal of 
Controlled Release 2001;73(2-3):401-416. 
73. Lyon AR, Sato M, Hajjar RJ, Samulski RJ, Harding SE. Gene therapy: targeting the 
myocardium. Heart 2008;94(1):89-99. 
74. Vinge LE, Raake PW, Koch WJ. Gene therapy in heart failure. Circulation Research 
2008;102(12):1458-1470. 
75. Davis J, Westfall MV, Townsend D, Blankinship M, Herron TJ, Guerrero-Serna G, Wang 
W, Devaney E, Metzger JM. Designing heart performance by gene transfer. Physiological Reviews 
2008;88(4):1567-1651. 
76. Bathgate RAD, Lekgabe ED, McGuane JT, Su Y, Pham T, Ferraro T, Layfield S, Hannan 
RD, Thomas WG, Samuel CS, Du XJ. Adenovirus-mediated delivery of relaxin reverses cardiac 
fibrosis. Molecular and Cellular Endocrinology 2008;280(1-2):30-38. 
77. Prunier F, Kawase Y, Gianni D, Scapin C, Danik SB, Ellinor PT, Hajjar RJ, del Monte F. 
Prevention of ventricular arrhythmias with sarcoplasmic reticulum Ca2+ ATPase pump 
overexpression in a porcine model of ischemia reperfusion. Circulation 2008;118(6):614-624. 
78. Shah AS, White DC, Emani S, Kypson AP, Lilly RE, Wilson K, Glower DD, Lefkowitz RJ, 
Koch WJ. In vivo ventricular gene delivery of a {beta}-adrenergic receptor kinase inhibitor to the 
failing heart reverses cardiac dysfunction. Circulation 2001;103(9):1311-1316. 
79. White DC, Hata JA, Shah AS, Glower DD, Lefkowitz RJ, Koch WJ. Preservation of 
myocardial beta-adrenergic receptor signaling delays the development of heart failure after 
myocardial infarction. Proceedings of the National Academy of Sciences of the United States of 
America 2000;97(10):5428-5433. 
80. Gupta D, Molina EJ, Palma J, Gaughan JP, Long W, Macha M. Adenoviral beta-adrenergic 
receptor kinase inhibitor gene transfer improves exercise capacity, cardiac contractility, and systemic 



Literature Review 

42 

 

inflammation in a model of pressure overload hypertrophy. Cardiovascular Drugs and Therapy 
2008;22(5):373-381. 
81. Pleger ST, Boucher M, Most P, Koch WJ. Targeting myocardial beta-adrenergic receptor 
signaling and calcium cycling for heart failure gene therapy. Journal of Cardiac Failure 
2007;13(5):401-414. 
82. del Monte F, Williams E, Lebeche D, Schmidt U, Rosenzweig A, Gwathmey JK, 
Lewandowski ED, Hajjar RJ. Improvement in survival and cardiac metabolism after gene transfer of 
sarcoplasmic reticulum Ca2+-ATPase in a rat model of heart failure. Circulation 2001;104(12):1424-
1429. 
83. Miyamoto MI, del Monte F, Schmidt U, DiSalvo TS, Kang ZB, Matsui T, Guerrero JL, 
Gwathmey JK, Rosenzweig A, Hajjar RJ. Adenoviral gene transfer of SERCA2a improves left-
ventricular function in aortic-banded rats in transition to heart failure. Proceedings of the National 
Academy of Sciences of the United States of America 2000;97(2):793-798. 
84. Ruvinov E, Dvir T, Leor J, Cohen S. Myocardial repair: From salvage to tissue 
reconstruction. Expert Review of Cardiovascular Therapy 2008;6(5):669-687. 
85. Schmidt U, del Monte F, Miyamoto MI, Matsui T, Gwathmey JK, Rosenzweig A, Hajjar RJ. 
Restoration of diastolic function in senescent rat hearts through adenoviral gene transfer of 
sarcoplasmic reticulum Ca2+-ATPase. Circulation 2000;101(7):790-796. 
86. Gupta D, Palma J, Molina E, Gaughan JP, Long W, Houser S, Macha M. Improved exercise 
capacity and reduced systemic inflammation after adenoviral-mediated SERCA-2a gene transfer. 
Journal of Surgical Research 2008;145(2):257-265. 
87. Chen XH, Minatoguchi S, Kosai K, Yuge K, Takahashi T, Arai M, Wang NY, Misao Y, Lu 
CJ, Onogi H, Kobayashi H, Yasuda S, Ezaki M, Ushikoshi H, Takemura G, Fujiwara T, Fujiwara H. 
In vivo hepatocyte growth factor gene transfer reduces myocardial ischemia-reperfusion injury 
through its multiple actions. Journal of Cardiac Failure 2007;13(10):874-883. 
88. Roncal C, Buysschaert I, Chorianopoulos EK, Georgiadou M, Meilhac O, Demol M, Michel 
JB, Vinckier S, Moons L, Carmeliet P. Beneficial effects of prolonged systemic administration of 
PIGF on late outcome of post-ischaemic myocardial performance. Journal of Pathology 
2008;216(2):236-244. 
89. Guerrero M, Athota K, Moy J, Mehta LS, Laguens R, Crottogini A, Borrelli M, Corry P, 
Schoenherr D, Gentry R, Boura J, Grines CL, Raff GL, Shanley CJ, O'Neill WW. Vascular 
endothelial growth factor-165 gene therapy promotes cardiomyogenesis in reperfused myocardial 
infarction. Journal of Interventional Cardiology 2008;21(3):242-251. 
90. Kapur NK, Rade JJ. Fibroblast growth factor 4 gene therapy for chronic ischemic heart 
disease. Trends in Cardiovascular Medicine 2008;18(4):133-141. 
91. Grines C, Rubanyi GM, Kleiman NS, Marrott P, Watkins MW. Angiogenic gene therapy 
with adenovirus 5 fibroblast growth factor-4 (Ad5FGF=4): A new option for the treatment of 
coronary artery disease. Paper presented at: Workshop on Angiogenic Gene Therapy; Dec 13-15, 
2002; New York, New York. 
92. Flynn A, O'Brien T. Alferminogene tadenovec, an angiogenic FGF4 gene therapy for 
coronary artery disease. Idrugs 2008;11(4):283-293. 
93. Rosengart TK, Lee LY, Patel SR, Sanborn TA, Parikh M, Bergman GW, Hachamovitch R, 
Szulc M, Kligfield PD, Okin PM, Hahn RT, Devereux RB, Post MR, Hackett NR, Foster T, Grasso 
TM, Lesser ML, Isom OW, Crystal RG. Angiogenesis gene therapy - Phase I assessment of direct 
intramyocardial administration of an adenovirus vector expressing VEGF121 cDNA to individuals 
with clinically significant severe coronary artery disease. Circulation 1999;100(5):468-474. 
94. Yuan B, Zhang YR, Zhao Z, Wu DL, Yuan LZ, Wu B, Wang LS, Huang J. Treatment of 
chronical myocardial ischemia by adenovirus-mediated hepatocyte growth factor gene transfer in 
minipigs. Science in China Series C-Life Sciences 2008;51(6):537-543. 
95. Yuan B, Zhao Z, Zhang YR, Wu CT, Jin WG, Zhao S, Wang W, Zhang YY, Zhu XL, Wang 
LS, Huang J. Short-term safety and curative effect of recombinant adenovirus carrying hepatocyte 
growth factor gene on ischemic cardiac disease. In Vivo 2008;22(5):629-632. 
96. Dudler J, Simeoni E, Fleury S, Li JP, Pagnotta M, Pascual M, von Segesser LK, Vassalli G. 
Gene transfer of interleukin-18-binding protein attenuates cardiac allograft rejection. Paper presented 
at: 12th Congress of the European-Society-for-Organ-Transplantation; Oct 16-19, 2005; Geneva, 
Switzerland. 
97. Yu G, Dai H, Chen J, Duan LH, Gong M, Liu L, Xiong P, Wang CY, Fang M, Gong F. Gene 
delivery of indoleamine 2,3-dioxygenase prolongs cardiac allograft survival by shaping the types of 
T-cell responses. Journal of Gene Medicine 2008;10(7):754-761. 



Literature Review 

43 

 

98. Hacein-Bey-Abina S, von Kalle C, Schmidt M, Le Deist F, Wulffraat N, McIntyre E, 
Radford I, Villeval J-L, Fraser CC, Cavazzana-Calvo M, Fischer A. A serious adverse event after 
successful gene therapy for X-linked severe combined immunodeficiency. The New England Journal 
of Medicine 2003;348(3):255-256. 
99. Wang Z, Zhu T, Qiao CP, Zhou LQ, Wang B, Zhang J, Chen CL, Li J, Xiao X. Adeno-
associated virus serotype 8 efficiently delivers genes to muscle and heart. Nature Biotechnology 
2005;23(3):321-328. 
100. Miyagi N, Rao VP, Ricci D, Du ZJ, Byrne GW, Bailey KR, Nakai H, Russell SJ, McGregor 
CGA. Efficient and durable gene transfer to transplanted heart using adeno-associated virus 9 vector. 
Journal of Heart and Lung Transplantation 2008;27(5):554-560. 
101. Kaplitt MG, Xiao X, Samulski RJ, Li J, Ojamaa K, Klein IL, Makimura H, Kaplitt MJ, 
Strumpf RK, Diethrich EB. Long-term gene transfer in porcine myocardium after coronary infusion 
of an adeno-associated virus vector. Annals of Thoracic Surgery 1996;62(6):1669-1676. 
102. Kawamoto S, Shi Q, Nitta Y, Miyazaki J, Allen MD. Widespread and early myocardial gene 
expression by adeno-associated virus vector type 6 with a beta-actin hybrid promoter. Molecular 
Therapy 2005;11(6):980-985. 
103. Palomeque J, Chemaly ER, Colosi P, Wellman JA, Zhou S, del Monte F, Hajjar RJ. 
Efficiency of eight different AAV serotypes in transducing rat myocardium in vivo. Gene Therapy 
2007;14(13):989-997. 
104. Raake PW, Hinkel R, Muller S, Delker S, Kreuzpointner R, Kupatt C, Katus HA, 
Kleinschmidt JA, Boekstegers P, Muller OJ. Cardio-specific long-term gene expression in a porcine 
model after selective pressure-regulated retroinfusion of adeno-associated viral (AAV) vectors. Gene 
Therapy 2008;15(1):12-17. 
105. Fechner H, Sipo I, Westermann D, Pinkert S, Wang XM, Suckau L, Kurreck J, Zeichhardt H, 
Muller O, Vetter R, Erdmann V, Tschope C, Poller W. Cardiac-targeted RNA interference mediated 
by an AAV9 vector improves cardiac function in coxsackievirus B3 cardiomyopathy. Journal of 
Molecular Medicine 2008;86(9):987-997. 
106. Bostick B, Yue YP, Lai Y, Long C, Li DJ, Duan DS. Adeno-associated virus serotype-9 
microdystrophin gene therapy ameliorates electrocardiographic abnormalities in mdx mice. Human 
Gene Therapy 2008;19(8):851-856. 
107. Townsend D, Blankinship MJ, Allen JM, Gregorevic P, Chamberlain JS, Metzger JM. 
Systemic administration of micro-dystrophin restores cardiac geometry and prevents dobutamine-
induced cardiac pump failure. Molecular Therapy 2007;15(6):1086-1092. 
108. Nonaka-Sarukawa M, Okada T, Ito T, Yamamoto K, Yoshioka T, Nomoto T, Hojo Y, 
Shimpo M, Urabe M, Mizukami H, Kume A, Keda U, Shimada K, Ozawa K. Adeno-associated virus 
vector-mediated systemic interleukin-10 expression ameliorates hypertensive organ damage in Dahl 
salt-sensitive rats. Journal of Gene Medicine 2008;10(4):368-374. 
109. Andino LM, Takeda M, Kasahara H, Jakymiw A, Byrne BJ, Lewin AS. AAV-mediated 
knockdown of phosphotamban teads to improved contractitity and catcium handting in 
cardiomyocytes. Journal of Gene Medicine 2008;10(2):132-142. 
110. Zhao XY, Hu SJ, Li J, Mou Y, Bian K, Sun J, Zhu ZH. rAAV-asPLB transfer attenuates 
abnormal sarcoplasmic reticulum Ca2+-ATPase activity and cardiac dysfunction in rats with 
myocardial infarction. European Journal of Heart Failure 2008;10(1):47-54. 
111. First gene therapy clinical trial for heart failure. Molecular Therapy 2008;16(8):1353-1353. 
112. Hajjar RJ, Zsebo K, Deckelbaum L, Thompson C, Rudy J, Yaroshinsky A, Ly H, Kawase Y, 
Wagner K, Borow K, Jaski B, London B, Greenberg B, Pauly DF, Patten R, Starling R, Mancini D, 
Jessup M. Design of a phase 1/2 trial of intracoronary administration of AAV1/SERCA2a in patients 
with heart failure. Journal of Cardiac Failure 2008;14(5):355-367. 
113. Loot AF, Roks AJM, Westermann D, Orzechowski HD, Tschope C, Wischut JC, Tio RA, 
van Gilst WH, Henning RH. Cardiac overexpression of human VEGF(165) by recombinant Semliki 
Forest virus leads to adverse effects in pressure-induced heart failure. Netherlands Heart Journal 
2007;15(10):335-341. 
114. Haider HK, Elmadbouh I, Jean-Baptiste M, Ashraf M. Nonviral vector gene modification of 
stem cells for myocardial repair. Molecular Medicine 2008;14(1-2):79-86. 
115. Fleury S, Simeoni E, Zuppinger C, Deglon N, von Segesser LK, Kappenberger L, Vassalli 
G. Multiply attenuated, self-inactivating lentiviral vectors efficiently deliver and express genes for 
extended periods of time in adult rat cardiomyocytes in vivo. Circulation 2003;107(18):2375-2382. 
116. Bonci D, Cittadini A, Latronico MVG, Borello U, Aycock JK, Drusco A, Innocenzi A, 
Follenzi A, Lavitrano ML, Monti MG, Ross J, Naldini L, Peschle C, Cossu G, Condorelli G. 



Literature Review 

44 

 

`Advanced' generation lentiviruses as efficient vectors for cardiomyocyte gene transduction in vitro 
and in vivo. Gene Therapy 2003;10(8):630-636. 
117. Sarkissian SD, Grobe JL, Yuan L, Narielwala DR, Walter GA, Katovich MJ, Raizada MK. 
Cardiac overexpression of angiotensin converting enzyme 2 protects the heart from ischemia-induced 
pathophysiology. Hypertension 2008;51(3):712-718. 
118. Uchida E, Mizuguchi H, Ishii-Watabe A, Hayakawa T. Comparison of the efficiency and 
safety of non-viral vector-mediated gene transfer into a wide range of human cells. Biological & 
Pharmaceutical Bulletin 2002;25(7):891-897. 
119. Lundqvist A, Noffz G, Pavlenko M, Saeboe-Larssen S, Fong T, Maitland N, Pisa P. Nonviral 
and viral gene transfer into different subsets of human dendritic cells yield comparable efficiency of 
transfection. Journal of Immunotherapy 2002;25(6):445-454. 
120. Segura T, Shea LD. Materials for non-viral gene delivery. Annual Review of Materials 
Research 2001;31:25-46. 
121. Templeton NS. Liposomal delivery of nucleic acids in vivo. DNA and Cell Biology 
2002;21(12):857-867. 
122. Kodama K, Katayama Y, Shoji Y, Nakashima H. The features and shortcomings for gene 
delivery of current non-viral carriers. Current Medicinal Chemistry 2006;13(18):2155-2161. 
123. Zhdanov RI, Podobed OV, Vlassov VV. Cationic lipid-DNA complexes--lipoplexes--for 
gene transfer and therapy. Bioelectrochemistry 2002;58(1):53-64. 
124. Kawakami S, Higuchi Y, Hashida M. Nonviral approaches for targeted delivery of plasmid 
DNA and oligonucleotide. Journal of Pharmaceutical Sciences 2008;97(2):726-745. 
125. Hosseinkhani H. DNA nanoparticles for gene delivery to cells and tissue. International 
Journal of Nanotechnology 2006;3(4):416-461. 
126. Hosseinkhani H, Azzam T, Kobayashi H, Hiraoka Y, Shimokawa H, Domb AJ, Tabata Y. 
Combination of 3D tissue engineered scaffold and non-viral gene carrier enhance in vitro DNA 
expression of mesenchymal stem cells. Biomaterials 2006;27(23):4269-4278. 
127. Hosseinkhani H, Inatsugu Y, Hiraoka Y, Inoue S, Shimokawa H, Tabata Y. Impregnation of 
plasmid DNA into three-dimensional scaffolds and medium perfusion enhance in vitro DNA 
expression of mesenchymal stem cells. Tissue Engineering 2005;11(9-10):1459-1475. 
128. Hosseinkhani H, Yamamoto M, Inatsugu Y, Hiraoka Y, Inoue S, Shimokawa H, Tabata Y. 
Enhanced ectopic bone formation using a combination of plasmid DNA impregnation into 3-D 
scaffold and bioreactor perfusion culture. Biomaterials 2006;27(8):1387-1398. 
129. Boussif O, Lezoualch F, Zanta MA, Mergny MD, Scherman D, Demeneix B, Behr JP. A 
versatile vector for gene and oligonucleotide transfer into cells in culture and in-vivo: 
polyethylenimine. Proceedings of the National Academy of Sciences of the United States of America 
1995;92(16):7297-7301. 
130. Jo JI, Tabata Y. Non-viral gene transfection technologies for genetic engineering of stem 
cells. European Journal of Pharmaceutics and Biopharmaceutics 2008;68(1):90-104. 
131. Lampela P, Soininen P, Urtti A, Mannisto PT, Raasmaja A. Synergism in gene delivery by 
small PEIs and three different nonviral vectors. International Journal of Pharmaceutics 2004;270(1-
2):175-184. 
132. Doenecke A, Frank E, Scherer MN, Schlitt HJ, Geissler EK. Prolongation of heart allograft 
survival after long-term expression of soluble MHC class I antigens and vIL-10 in the liver by AAV-
plasmid-mediated gene transfer. Langenbecks Archives of Surgery 2008;393(3):343-348. 
133. Huang JH, Ito Y, Kobune M, Sasaki K, Nakamura K, Dehari H, Takahashi K, Ikeda K, 
Uchida H, Kato K, Hamada H. Myocardial injection of CA promoter-based plasmid mediates efficient 
transgene expression in rat heart. Journal of Gene Medicine 2003;5(10):900-908. 
134. Jeong JO, Byun J, Jeon ES, Gwon HC, Lim YS, Park J, Yeo SJ, Lee YJ, Kim S, Kim DK. 
Improved expression by cytomegalovirus promoter/enhancer and behavior of vascular endothelial 
growth factor gene after myocardial injection of naked DNA. Experimental and Molecular Medicine 
2002;34(4):278-284. 
135. Gepstein L. Stem cells as biological heart pacemakers. Expert Opinion on Biological 
Therapy 2005;5(12):1531-1537. 
136. Gepstein L. Experimental molecular and stem cell therapies in cardiac electrophysiology. In: 
Sideman SBRLA, ed. Control and Regulation of Transport Phenomena in the Cardiac System; 
2008:224-231. 
137. Caspi O, Huber I, Kehat I, Habib M, Arbel G, Gepstein A, Yankelson L, Aronson D, Beyar 
R, Gepstein L. Transplantation of human embryonic stem cell-derived cardiomyocytes improves 
myocardiol performance in infarcted rat hearts. Journal of the American College of Cardiology 
2007;50(19):1884-1893. 



Literature Review 

45 

 

138. Yankelson L, Feld Y, Bressler-Stramer T, Itzhaki I, Huber I, Gepstein A, Aronson D, Marom 
S, Gepstein L. Cell therapy for modification of the myocardial electrophysiological substrate. 
Circulation 2008;117(6):720-731. 
139. Edelberg JM, Huang DT, Josephson ME, Rosenberg RD. Molecular enhancement of porcine 
cardiac chronotropy. Heart 2001;86(5):559-562. 
140. Potapova I, Plotnikov A, Lu ZJ, Danilo P, Valiunas V, Qu JH, Doronin S, Zuckerman J, 
Shlapakova IN, Gao JY, Pan ZM, Herron AJ, Robinson RB, Brink PR, Rosen MR, Cohen IS. Human 
mesenchymal stem cells as a gene delivery system to create cardiac pacemakers. Circulation 
Research 2004;94(7):952-959. 
141. Boink GJJ, Seppen J, de Bakker JMT, Tan HL. Biological pacing by gene and cell therapy. 
Netherlands Heart Journal 2007;15(9):318-322. 
142. Ferrari R, Alfieri O, Curello S, Ceconi C, Cargnoni A, Marzollo P, Pardini A, Caradonna E, 
Visioli O. Occurrence of oxidative stress during reperfusion of the human heart. Circulation 
1990;81(1):201-211. 
143. Jayakumar J, Suzuki K, Khan M, Smolenski RT, Farrell A, Latif N, Raisky O, Abunasra H, 
Sammut IA, Murtuza B, Amrani M, Yacoub MH. Gene therapy for myocardial protection - 
Transfection of donor hearts with heat shock protein 70 gene protects cardiac function against 
ischemia-reperfusion injury. Circulation 2000;102(19):302-306. 
144. Jayakumar J, Suzuki K, Sammut IA, Smolenski RT, Khan M, Latif N, Abunasra H, Murtuza 
B, Amrani M, Yacoub MH. Heat shock protein 70 gene transfection protects mitochondrial and 
ventricular function against ischemia-reperfusion injury. Circulation 2001;104(12):I303-I307. 
145. Tang YL, Tang Y, Zhang YC, Qian KP, Shen LP, Phillips MI. Protection from ischemic 
heart injury by a vigilant heme oxygenase-1 plasmid system. Hypertension 2004;43(4):746-751. 
146. Tang YL, Qian KP, Zhang YC, Shen LP, Phillips MI. A vigilant, hypoxia-regulated heme 
oxygenase-1 gene vector in the heart limits cardiac injury after ischemia-reperfusion in vivo. Journal 
of Cardiovascular Pharmacology and Therapeutics 2005;10(4):251-263. 
147. Sawa Y, Morishita R, Suzuki K, Kagisaki K, Kaneda Y, Maeda R, Kadoba K, Matsuda H. A 
novel strategy for myocardial protection using in vivo transfection of cis element 'decoy' against 
NFkB binding site - Evidence for a role of NFkB in ischemia-reperfusion injury. Circulation 
1997;96(9):280-284. 
148. Palffy R, Gardlik R, Hodosy J, Halcak L, Celec P. Antioxidative gene therapy using 
superoxide dismutase in ischemia-reperfusion injury of testes in rats. Gene Therapy and Molecular 
Biology 2006;10A:55-59. 
149. Kutschka I, Kofidis T, Chen IY, von Degenfeld G, Zwierzchoniewska M, Hoyt G, Arai T, 
Lebl DR, Hendry SL, Sheikh AY, Cooke DT, Connolly A, Blau HM, Gambhir SS, Robbins RC. 
Adenoviral human BCL-2 transgene expression attenuates early donor cell death after cardiomyoblast 
transplantation into ischemic rat hearts. Paper presented at: 78th Annual Scientific Session of the 
American-Heart-Association; Nov 13-16, 2005; Dallas, TX. 
150. Jo JI, Nagaya N, Miyahara Y, Kataoka M, Harada-Shiba M, Kangawa K, Tabata Y. 
Transplantation of genetically engineered mesenchymal stem cells improves cardiac function in rats 
with myocardial infarction: Benefit of a novel nonviral vector, cationized dextran. Tissue Engineering 
2007;13(2):313-322. 
151. Iwata A, Sai S, Nitta Y, Chen M, de Fries-Hallstrand R, Dalesandro J, Thomas R, Allen MD. 
Liposome-mediated gene transfection of endothelial nitric oxide synthase reduces endothelial 
activation and leukocyte infiltration in transplanted hearts. Circulation 2001;103(22):2753-2759. 
152. Christman KL, Fang QZ, Yee MS, Johnson KR, Sievers RE, Lee RJ. Enhanced 
neovasculature formation in ischemic myocardium following delivery of pleiotrophin plasmid in a 
biopolymer. Biomaterials 2005;26(10):1139-1144. 
153. Wang ZG, Ling ZY, Ran HT, Hong R, Zhang QX, Huang AL, Qi L, Zhao CJ, Tang HL, Lin 
G, Peng ML, Pu SY. Ultrasound-mediated microbubble destruction enhances VEGF gene delivery to 
the infarcted myocardium in rats. Clinical Imaging 2004;28(6):395-398. 
154. Son MK, Choi DH, Lee DS, Kim CY, Choi SM, Kang KK, Byun J, Kim DK, Kim BM. 
Pharmacokinetics and biodistribution of a pGT(2)-VEGF plasmid DNA after administration in rats. 
Journal of Cardiovascular Pharmacology 2005;46(5):577-584. 
155. Sarkar N, Blomberg P, Wardell E, Eskandarpour M, Sylven C, Drvota V, Islam KB. 
Nonsurgical direct delivery of plasmid DNA into rat heart: Time course, dose response, and the 
influence of different promoters on gene expression. Journal of Cardiovascular Pharmacology 
2002;39(2):215-224. 



Literature Review 

46 

 

156. Kloner RA, Dow J, Chung G, Kedes LH. Intramyocardial injection of DNA encoding 
vascular endothelial growth factor in a myocardial infarction model. Journal of Thrombosis and 
Thrombolysis 2000;10(3):285-289. 
157. Azuma J, Taniyama Y, Takeya Y, Iekushi K, Aoki M, Dosaka N, Matsumoto K, Nakamura 
T, Ogihara T, Morishita R. Angiogenic and antifibrotic actions of hepatocyte growth factor improve 
cardiac dysfunction in porcine ischemic cardiomyopathy. Gene Therapy 2006;13(16):1206-1213. 
158. Saeed M, Martin A, Ursell P, Do L, Bucknor M, Higgins CB, Saloner D. MR assessment of 
myocardial perfusion, viability, and function after intramyocardial transfer of VM202, a new plasmid 
human hepatocyte growth factor in ischemic swine myocardium. Radiology 2008;249(1):107-118. 
159. Radke PW, Heinl-Green A, Frass OM, Griesenbach U, Ferrari S, Geddes DM, Alton E. 
Effects of intramyocardial pVEGF(165) delivery on regional myocardial blood flow: evidence for a 
spatial 'delivery-efficacy' mismatch. Gene Therapy 2004;11(16):1249-1255. 
160. Pelisek J, Fuchs A, Engelmann MG, Shimizu M, Golda A, Mekkaoui C, Rolland PH, Nikol 
S. Vascular endothelial growth factor response in porcine coronary and peripheral arteries using 
nonsurgical occlusion model, local delivery, and liposome-mediated gene transfer. Endothelium-
Journal of Endothelial Cell Research 2003;10(4-5):247-255. 
161. Rutanen J, Rissanen TT, Markkanen JE, Gruchala M, Silvennoinen P, Kivela A, Hedman A, 
Hedman M, Heikura T, Orden MR, Stacker SA, Achen MG, Hartikainen J, Yla-Herttuala S. 
Adenoviral catheter-mediated intramyocardial gene transfer using the mature form of vascular 
endothelial growth factor-D induces transmural angiogenesis in porcine heart. Circulation 
2004;109(8):1029-1035. 
162. Wang YZ, Ripa RS, Jorgensen E, Hesse B, Mortensen S, Kastrup J. Mobilization of 
haematopoietic and non-haematopoietic cells by granulocyte-colony stimulating factor and vascular 
endothelial growth factor gene therapy in patients with stable severe coronary artery disease. 
Scandinavian Cardiovascular Journal 2007;41(6):397-404. 
163. Hedman M, Hartikainen J, Syvanne M, Stjernvall J, Hedman A, Kivela A, Vanninen E, 
Mussalo H, Kauppila E, Simula S, Narvanen O, Rantala A, Peuhkurinen K, Nieminen MS, Laakso M, 
Yla-Herttuala S. Safety and feasibility of catheter-based local intracoronary vascular endothelial 
growth factor gene transfer in the prevention of postangioplasty and in-stent restenosis and in the 
treatment of chronic myocardial ischemia - Phase II results of the Kuopio Angiogenesis Trial (KAT). 
Circulation 2003;107(21):2677-2683. 
164. Ripa RS, Wang Y, Jorgensen E, Johnsen HE, Hesse B, Kastrup J. Intramyocardial injection 
of vascular endothelial growth factor-A(165) plasmid followed by granulocyte-colony stimulating 
factor to induce angiogenesis in patients with severe chronic ischaemic heart disease. European Heart 
Journal 2006;27(15):1785-1792. 
165. Tomiyasu K, Oda Y, Nomura M, Satoh E, Fushiki S, Imanishi J, Kondo M, Mazda O. Direct 
intra-cardiomuscular transfer of beta(2)-adrenergic receptor gene augments cardiac output in 
cardiomyopathic hamsters. Gene Therapy 2000;7(24):2087-2093. 
166. Edelberg JM, Aird WC, Rosenberg RD. Enhancement of murine cardiac chronotropy by the 
molecular transfer of the human beta(2) adrenergic receptor cDNA. Journal of Clinical Investigation 
1998;101(2):337-343. 
167. Nagaya N, Kangawa K, Kanda M, Uematsu M, Horio T, Fukuyama N, Hino J, Harada-Shiba 
M, Okumura H, Tabata Y, Mochizuki N, Chiba Y, Nishioka K, Miyatake K, Asahara T, Hara H, Mori 
H. Hybrid cell-gene therapy for pulmonary hypertension based on phagocytosing action of endothelial 
progenitor cells. Circulation 2003;108(7):889-895. 
168. De Muinck ED, Nagy N, Tirziu D, Murakami M, Gurusamy N, Goswami SK, Ghatpande S, 
Engelman RM, Simons M, Das DK. Protection against myocardial ischemia-reperfusion injury by the 
angiogenic masterswitch protein PR 39 gene therapy: The roles of HIF1 alpha stabilization and 
FGFR1 signaling. Antioxidants & Redox Signaling 2007;9(4):437-445. 
169. Jugdutt BI. Pleiotropic effects of cardiac drugs on healing post-MI. The good, bad, and ugly. 
Heart Failure Reviews 2008;13(4):439-452. 
170. Gengrinovitch S, Greenberg SM, Cohen T, Gitay-Goren H, Rockwell P, Maione TE, Levi B-
Z, Neufeld G. Platelet factor-4 inhibits the mitogenic activity of VEGF-a and VEGF-b using several 
concurrent mechanisms. Journal of Biological Chemistry 1995;270(25):15059-15065. 
171. Dai J, Rabie ABM. VEGF: an essential mediator of both angiogenesis and endochondral 
ossification. Journal of Dental Research 2007;86(10):937-950. 
172. Rissanen TT, Markkanen JE, Gruchala M, Heikura T, Puranen A, Kettunen MI, Kholova I, 
Kauppinen RA, Achen MG, Stacker SA, Alitalo K, Yla-Herttuala S. VEGF-D is the strongest 
angiogenic and lymphangiogenic effector among VEGFs delivered into skeletal muscle via 
adenoviruses. Circulation Research 2003;92(10):1098-1106. 



Literature Review 

47 

 

173. Jacobs J. Combating cardiovascular disease with angiogenic therapy. Drug Discovery Today 
2007;12(23-24):1040-1045. 
174. Rong SI, Lu YX, Liao YH, Wang XL, Wang YJ, Chang C, Wang YQ, Liu QY, Gao YZ, Mi 
SH. Effects of transplanted myoblasts transfected with human growth hormone gene on improvement 
of ventricular function of rats. Chinese Medical Journal 2008;121(4):347-354. 
175. Li XS, Wang ZG, Ran HT, Li XL, Yuan QY, Zheng YY, Ren JL, Su L, Zhang WF, Li Q, Xu 
CS. Experimental research on therapeutic angiogenesis induced by hepatocyte growth factor directed 
by ultrasound-targeted microbubble destruction in rats. Journal of Ultrasound in Medicine 
2008;27(3):453-460. 
176. Guo YH, He JG, Wu JL, Yang L, Dai SM, Tan XY, Liang LR. Locally overexpressing 
hepatocyte growth factor prevents post-ischemic heart failure by inhibition of apoptosis via 
calcineurin-mediated pathway and angiogenesis. Archives of Medical Research 2008;39(2):179-188. 
177. Jayasankar V, Woo YJ, Bish LT, Pirolli TJ, Chatterjee S, Berry MF, Burdick J, Gardner TJ, 
Sweeney HL. Gene transfer of hepatocyte growth factor attenuates postinfarction heart failure. 
Circulation 2003;108(10):230-236. 
178. Powell RJ, Simons M, Mendelsohn FO, Daniel G, Henry TD, Koga M, Morishita R, Annex 
BH. Results of a double-blind, placebo-controlled study to assess the safety of intramuscular injection 
of hepatocyte growth factor plasmid to improve limb perfusion in patients with critical limb ischemia. 
Paper presented at: 17th Annual Meeting of the Society-for-Vascular-Medicine-and-Biology; Jun 03, 
2006; Philadelphia, PA. 
179. Serose A, Prudhon B, Salmon A, Doyennette MA, Fiszman MY, Fromes Y. Administration 
of insulin-like growth factor-1 (IGF-1) improves both structure and function of delta-sarcoglycan 
deficient cardiac muscle in the hamster. Basic Research in Cardiology 2005;100(2):161-170. 
180. Liu TB, Fedak PWM, Weisel RD, Yasuda T, Kiani G, Mickle DAG, Jia ZQ, Li RK. 
Enhanced IGF-1 expression improves smooth muscle cell engraftment after cell transplantation. 
American Journal of Physiology-Heart and Circulatory Physiology 2004;287(6):H2840-H2849. 
181. Li W, Tanaka K, Morioka K, Takamori A, Handa M, Yamada N, Ihaya A. Long-term effect 
of gene therapy for chronic ischemic myocardium using platelet-derived endothelial cell growth factor 
in dogs. Journal of Gene Medicine 2008;10(4):412-420. 
182. Tang YL, Qian KP, Zhang YC, Shen LP, Phillips MI. Mobilizing of haematopoietic stem 
cells to ischemic myocardium by plasmid mediated stromal-cell-derived factor-1 alpha (SDF-1 alpha) 
treatment. Regulatory Peptides 2005;125(1-3):1-8. 
183. Liu X, Chen Y, Zhang F, Chen L, Ha T, Gao X, Li C. Synergistically therapeutic effects of 
VEGF165 and angiopoietin-1 on ischemic rat myocardium. Scandinavian Cardiovascular Journal 
2007;41(2):95-101. 
184. Lambert JM, Lopez EF, Lindsey ML. Macrophage roles following myocardial infarction. 
International Journal of Cardiology 2008;130(2):147-158. 
185. Lim BK, Choe SC, Shin JO, Ho SH, Kim JM, Yu SS, Kim S, Jeon ES. Local expression of 
interleukin-1 receptor antagonist by plasmid DNA improves mortality and decreases myocardial 
inflammation in experimental coxsackieviral myocarditis. Circulation 2002;105(11):1278-1281. 
186. Liu H, Hanawa H, Yoshida T, Elnaggar R, Hayashi M, Watanabe R, Toba K, Yoshida K, 
Chang H, Okura Y, Kato K, Kodama M, Maruyama H, Miyazaki J, Nakazawa M, Aizawa Y. Effect 
of hydrodynamics-based gene delivery of plasmid DNA encoding interleukin-1 receptor antagonist-Ig 
for treatment of rat autoimmune myocarditis - Possible mechanism for lymphocytes and noncardiac 
cells. Circulation 2005;111(13):1593-1600. 
187. Nakano A, Matsumori A, Kawamoto S, Tahara H, Yamato E, Sasayama S, Miyazaki J. 
Cytokine gene therapy for myocarditis by in vivo electroporation. Human Gene Therapy 
2001;12(10):1289-1297. 
188. Sugano M, Hata T, Tsuchida K, Suematsu N, Oyama J, Satoh S, Makino N. Local delivery 
of soluble TNF-alpha receptor 1 gene reduces infarct size following ischemia/reperfusion injury in 
rats. Molecular and Cellular Biochemistry 2004;266(1-2):127-132. 
189. Sugano M, Tsuchida K, Hata T, Makino N. In vivo transfer of soluble TNF-alpha receptor 1 
gene improves cardiac function and reduces infarct size after myocardial infarction in rats. FASEB 
Journal 2004;18(3):911-+. 
190. J.-J. Choi, Yoo SA, Park SJ, Kang YJ, Kim WU, Oh IH, Cho CS. Mesenchymal stem cells 
overexpressing interleukin-10 attenuate collagen-induced arthritis in mice. Clinical and Experimental 
Immunology 2008;153(2):269-276. 
191. Zhang N, Cui HD, Xue HX. Effect of local viral transfer of interleukin 10 gene on a rabbit 
arthritis model induced by interleukin 1 beta. Chinese Medical Journal 2008;121(5):435-438. 



Literature Review 

48 

 

192. Martins S, de Perrot M, Imai Y, Yamane M, Quadri SM, Segall L, Dutly A, Sakiyama S, 
Chaparro A, Davidson BL, Waddell TK, Liu M, Keshavjee S. Transbronchial administration of 
adenoviral-mediated interleukin-10 gene to the donor improves function in a pig lung transplant 
model. Gene Therapy 2004;11(24):1786-1796. 
193. Kim YH, Lim DG, Wee YM, Kim JH, Yun CO, Choi MY, Park YH, Kim SC, Han DJ. Viral 
IL-10 gene transfer prolongs rat islet allograft survival. Cell Transplantation 2008;17(6):609-618. 
194. Oshima K, Cui GG, Tung T, Okotie O, Laks H, Sen LY. Exogenous IL-10 overexpression 
reduces perforin production by activated allogenic CD8+ cells and prolongs cardiac allograft survival. 
American Journal of Physiology-Heart and Circulatory Physiology 2007;292(1):H277-H284. 
195. Oshima K, Sen L, Cui GG, Tung T, Sacks BM, Arellano-Kruse A, Laks H. Localized 
interleukin-10 gene transfer induces apoptosis of alloreactive T cells via Fas/FasL pathway, improves 
function, and prolongs survival of cardiac allograft. Transplantation 2002;73(7):1019-1026. 
196. Elnaggar R, Hanawa H, Liu H, Yoshida T, Hayashi M, Watanabe R, Abe S, Toba K, 
Yoshida K, Chang H, Minagawa S, Okura Y, Kato K, Kodama M, Maruyama H, Miyazaki J, Aizawa 
Y. The effect of hydrodynamics-based delivery of an IL-13-Ig fusion gene for experimental 
autoimmune myocarditis in rats and its possible mechanism. European Journal of Immunology 
2005;35(6):1995-2005. 
197. Chang H, Hanawa H, Liu H, Yoshida T, Hayashi M, Watanabe R, Abe S, Toba K, Yoshida 
K, Elnaggar R, Minagawa S, Okura Y, Kato K, Kodama M, Maruyama H, Miyazaki J, Aizawa Y. 
Hydrodynamic-based delivery of an interleukin-22-Ig fusion gene ameliorates experimental 
autoimmune myocarditis in rats. Journal of Immunology 2006;177(6):3635-3643. 
198. Mizuno T, Mickle DAG, Kiani CG, Li RK. Overexpression of elastin fragments in infarcted 
myocardium attenuates scar expansion and heart dysfunction. American Journal of Physiology-Heart 
and Circulatory Physiology 2005;288(6):H2819-H2827. 
199. Mizuno T, Yau TM, Weisel RD, Kiani CG, Li RK. Elastin stabilizes an infarct and preserves 
ventricular function. Circulation 2005;112(9):I81-I88. 
200. Takekubo M, Tsuchida M, Haga M, Saitoh M, Hanawa H, Maruyama H, Miyazaki J, 
Hayashi J. Hydrodynamics-based delivery of plasmid DNA encoding CTLA4-1g prolonged cardiac 
allograft survival in rats. Journal of Gene Medicine 2008;10(3):290-297. 
201. Abe S, Hanawa M, Hayashi M, Yoshida M, Komura S, Watanabe R, Lie H, Chang H, Kato 
K, Kodama M, Maruyama M, Nakazawa M, Miyazaki J, Aizawa Y. Prevention of experimental 
autoimmune myocarditis by hydrodynamics-based naked plasmid DNA encoding CTLA4-Ig gene 
delivery. Journal of Cardiac Failure 2005;11(7):557-564. 
202. Matsuno Y, Iwata H, Umeda Y, Takagi H, Mori Y, Miyazaki J, Kosugi A, Hirose H. 
Nonviral gene gun mediated transfer into the beating heart. ASAIO Journal 2003;49(6):641-644. 
203. Kawauchi M, Suzuki J, Morishita R, Wada Y, Izawa A, Tomita N, Amano J, Kaneda Y, 
Ogihara T, Takamoto S, Isobe M. Gene therapy for attenuating cardiac allograft arteriopathy using ex 
vivo E2F decoy transfection by HVJ-AVE-liposome method in mice and nonhuman primates. 
Circulation Research 2000;87(11):1063-1068. 
204. Geissler EK, Graeb C, Tange S, Guba M, Jauch KW, Scherer MN. Effective use of donor 
MHC class I gene therapy in organ transplantation: Prevention of antibody-mediated hyperacute heart 
allograft rejection in highly sensitized rat recipients. Human Gene Therapy 2000;11(3):459-469. 
205. Deuel TF, Kawahara RS. Growth factors and wound healing: platelet-derived growth factor 
as a model cytokine. Annual Review of Medicine 1991;42(1):567-584. 
206. Moore KW, de Waal Malefyt R, Coffman RL, O'Garra A. Interleukin-10 and the interleukin-
10 receptor. Annual Review of Immunology 2001;19(1):683-765. 
207. Ye L, Haider HK, Jiang S, Tan RS, Ge RW, Law PK, Sim EKW. Improved angiogenic 
response in pig heart following ischaemic injury using human skeletal myoblast simultaneously 
expressing VEGF(165) and angiopoietin-1. European Journal of Heart Failure 2007;9(1):15-22. 
208. Suzuki K, Murtuza B, Smolenski RT, Sammut IA, Suzuki N, Kaneda Y, Yacoub MH. Cell 
transplantation for the treatment of acute myocardial infarction using vascular endothelial growth 
factor-expressing skeletal myoblasts. Circulation 2001;104(12):I207-I212. 
209. Miyagawa S, Sawa Y, Fukuda K, Hisaka Y, Taketani S, Memon IA, Matsuda H. Angiogenic 
gene cell therapy using suicide gene system regulates the effect of angiogenesis in infarcted rat heart. 
Transplantation 2006;81(6):902-907. 
210. Yang JF, Zhou WW, Zheng W, Ma YL, Lin L, Tang T, Liu JX, Yu JF, Zhou XM, Hu JG. 
Effects of myocardial transplantation of marrow mesenchymal stem cells transfected with vascular 
endothelial growth factor for the improvement of heart function and angiogenesis after myocardial 
infarction. Cardiology 2007;107(1):17-29. 



Literature Review 

49 

 

211. Shirakawa Y, Sawa Y, Takewa Y, Tatsumi E, Kaneda Y, Taenaka Y, Matsuda H. Gene 
transfection with human hepatocyte growth factor complementary DNA plasmids attenuates cardiac 
remodeling after acute myocardial infarction in goat hearts implanted with ventricular assist devices. 
Journal of Thoracic and Cardiovascular Surgery 2005;130(3):624-632. 
212. Zou YZ, Takano H, Mizukami M, Akazawa H, Qin YJ, Toko H, Sakamoto M, Minamino T, 
Nagai T, Komuro I. Leukemia inhibitory factor enhances survival of cardiomyocytes and induces 
regeneration of myocardium after myocardial infarction. Circulation 2003;108(6):748-753. 
213. Kim WJ, Chang CW, Lee M, Kim SW. Efficient siRNA delivery using water soluble 
lipopolymer for anti-angiogenic gene therapy. Journal of Controlled Release 2007;118(3):357-363. 
214. Furukawa H, Oshima K, Tung T, Cui GG, Laks H, Sen L. Liposome-mediated combinatorial 
cytokine gene therapy induces localized synergistic immunosuppression and promotes long-term 
survival of cardiac allografts. Journal of Immunology 2005;174(11):6983-6992. 
215. Furukawa H, Oshima K, Tung T, Cui GG, Laks H, Sen LY. Overexpressed exogenous IL-4 
and IL-10 paradoxically regulate allogenic T-Cell and cardiac myocytes apoptosis through 
FAS/FASL pathway. Transplantation 2008;85(3):437-446. 
216. Sen L, Hong YS, Luo HM, Cui GG, Laks H. Efficiency, efficacy, and adverse effects of 
adenovirus- vs. liposome-mediated gene therapy in cardiac allografts. American Journal of 
Physiology-Heart and Circulatory Physiology 2001;281(3):H1433-H1441. 
217. Palaniyandi SS, Watanabe K, Ma ML, Tachikawa H, Kodama M, Aizawa Y. Inhibition of 
mast cells by interleukin-10 gene transfer contributes to protection against acute myocarditis in rats. 
European Journal of Immunology 2004;34(12):3508-3515. 
218. Chang H, Hanawa H, Yoshida T, Hayashi M, Liu H, Ding LM, Otaki K, Hao K, Yoshida K, 
Kato K, Toba K, Kodama M, Maruyama H, Miyazaki J, Aizawa Y. Alteration of IL-17 related protein 
expressions in experimental autoimmune myocarditis and inhibition of IL-17 by IL-10-Ig fusion gene 
transfer. Circulation Journal 2008;72(5):813-819. 
219. Boehler A, Chamberlain D, Xing Z, Slutsky AS, Jordana M, Gauldie J, Liu M, Keshavjee S. 
Adenovirus-mediated interleukin-10 gene transfer inhibits post-transplant fibrous airway obliteration 
in an animal model of bronchiolitis obliterans. Human Gene Therapy 1998;9(4):541-551. 
220. Fischer S, de Perrot M, Liu MY, MacLean AA, Cardella JA, Imai Y, Suga M, Keshavjee S. 
Interleukin 10 gene transfection of donor lungs ameliorates posttransplant cell death by a switch from 
cellular necrosis to apoptosis. Paper presented at: 82nd Annual Meeting of the American-Association-
for-Thoracic-Surgery; May 05-09, 2002; Washington, D.C. 
221. Fischer S, Liu MY, MacLean AA, de Perrot M, Ho M, Cardella JA, Zhang XM, Bai XH, 
Suga M, Imai Y, Keshavjee S. In vivo transtracheal adenovirus-mediated transfer of human 
interleukin-10 gene to donor lungs ameliorates ischemia-reperfusion injury and improves early 
posttransplant graft function in the rat. Human Gene Therapy 2001;12(12):1513-1526. 
222. Hong YS, Laks H, Cui GG, Chong T, Sen LY. Localized immunosuppression in the cardiac 
allograft induced by a new liposome-mediated IL-10 gene therapy. Journal of Heart and Lung 
Transplantation 2002;21(11):1188-1200. 
223. Itano H, Zhang WJ, Ritter JH, McCarthy TJ, Yew NS, Mohanakumar T, Patterson GA. 
Endobronchial transfection of naked viral interleukin-10 gene in rat lung allotransplantation. Paper 
presented at: 36th Annual Meeting of the Society-of-Thoracic-Surgeons; Jan 31-Feb 02, 2000; Ft 
Lauderdale, FL. 
224. Tan PH, King WJ, Chen D, Awad HM, Mackett M, Lechler RI, Larkin DFP, George AJT. 
Transferrin receptor-mediated gene transfer to the corneal endothelium. Transplantation 
2001;71(4):552-560. 
225. Pierog J, Gazdhar A, Stammberger U, Gugger M, Hyde S, Mathiesen I, Grodzki T, Schmid 
RA. Synergistic effect of low dose cyclosporine A and human interleukin 10 overexpression on acute 
rejection in rat lung allotransplantation. Paper presented at: 18th Annual Meeting of the European-
Association-for-Cardiothoracic-Surgery/12th Annual Meeting of the European-Society-of-Thoracic-
Surgeons; Sep 12-15, 2004; Leipzig, Germany. 
226. Chen B, Kapturczak MH, Joseph R, George JF, Campbell-Thompson M, Wasserfall CH, 
Atkinson MA, Tisher CC, Flotte TR, Agarwal A, Chen S. Adeno-associated viral vector-mediated 
interleukin-10 prolongs allograft survival in a rat kidney transplantation model. American Journal of 
Transplantation 2007;7(5):1112-1120. 
227. Ozden H, Kabay B, Guven G, Acikalin MF, Erbis H, Alatas O. Interleukin-10 gene 
transfection of donor pancreas grafts protects against rejection after heterotopic pancreas 
transplantation in a rat model. European Surgical Research 2005;37(4):220-227. 



Literature Review 

50 

 

228. Batteux F, Trebeden H, Charreire J, Chiocchia G. Curative treatment of experimental 
autoimmune thyroiditis by in vivo administration of plasmid DNA coding for interleukin-10. 
European Journal of Immunology 1999;29(3):958-963. 
229. Denham W, Denham D, Yang J, Carter G, MacKay S, Moldawer LL, Carey LC, Norman J. 
Transient human gene therapy - A novel cytokine regulatory strategy for experimental pancreatitis. 
Paper presented at: 109th Annual Meeting of the Southern-Surgical-Association; Nov 30-Dec 03, 
1997; Hot Springs, VA. 
230. Henke PK, DeBrunye LA, Strieter RM, Bromberg JS, Prince M, Kadell AM, Sarkar M, 
Londy F, Wakefield TW. Viral IL-10 gene transfer decreases inflammation and cell adhesion 
molecule expression in a rat model of venous thrombosis. Paper presented at: 85th Annual Meeting of 
the American-College-of-Surgeons-Surgical Forum; Oct 14, 1999; San Francisco, CA. 
231. Higuchi N, Maruyama H, Kuroda T, Kameda S, Iino N, Kawachi H, Nishikawa Y, Hanawa 
H, Tahara H, Miyazaki J, Gejyo F. Hydrodynamics-based delivery of the viral interleukin-10 gene 
suppresses experimental crescentic glomerulonephritis in Wistar-Kyoto rats. Gene Therapy 
2003;10(16):1297-1310. 
232. Myers DD, Hawley AE, Farris DM, Chapman AM, Wrobleski SK, Henke PK, Wakefield 
TW. Cellular IL-10 is more effective than viral IL-10 in decreasing venous thrombosis. Paper 
presented at: 36th Annual Meeting of the Association-for-Academic-Surgery; Nov 07-09, 2002; 
Boston, MA. 
233. Ooboshi H, Ibayashi S, Shichita T, Kumai Y, Takada J, Ago T, Arakawa S, Sugimori H, 
Kamouchi M, Kitazono T, Iida M. Postischemic gene transfer of interleukin-10 protects against both 
focal and global brain ischemia. Circulation 2005;111(7):913-919. 
234. Rectenwald JE, Minter RM, Moldawer LL, Abouhamze Z, La Face D, Hutchins E, Huber 
TS, Seeger JM, Ozaki CK. Interleukin-10 fails to modulate low shear stress-induced neointimal 
hyperplasia. Journal of Surgical Research 2002;102(2):110-118. 
235. Saidenberg-Kermanac'h N, Bessis N, Deleuze V, Bloquel C, Bureau M, Scherman D, 
Boissier MC. Efficacy of interleukin-10 gene electrotransfer into skeletal muscle in mice with 
collagen-induced arthritis. Journal of Gene Medicine 2003;5(2):164-171. 
236. Yamano S, Scott DE, Huang LY, Mikolajczyk M, Pillemer SR, Chiorini JA, Golding B, 
Baum BJ. Protection from experimental endotoxemia by a recombinant adeno-associated virus 
encoding interleukin 10. Journal of Gene Medicine 2001;3(5):450-457. 
237. Bhavsar MD, Amiji MM. Oral IL-10 gene delivery in a microsphere-based formulation for 
local transfection and therapeutic efficacy in inflammatory bowel disease. Gene Therapy 
2008;15(17):1200-1209. 
238. Namiki M, Kawashima S, Yamashita T, Ozaki M, Sakoda T, Inoue N, Hirata KI, Morishita 
R, Kaneda Y, Yokoama M. Intramuscular gene transfer of interleukin-10 cDNA reduces 
atherosclerosis in apolipoprotein E-knockout mice. Atherosclerosis 2004;172(1):21-29. 
239. Zhang ZL, Lin B, Yu LY, Shen SX, Zhu LH, Wang WP, Guo LH. Gene therapy of 
experimental autoimmune thyroiditis mice by in vivo administration of plasmid DNA coding for 
human interleukin-10. Acta Pharmacologica Sinica 2003;24(9):885-890. 
240. Lee M, Park H, Youn J, Oh ET, Ko K, Kim S, Park Y. Interleukin-10 plasmid construction 
and delivery for the prevention of type 1 diabetes. In: Immunology of Diabetes Iv: Progress in Our 
Understanding. Oxford: Blackwell Publishing; 2006:313-319. 
241. Koh JJ, Ko KS, Lee M, Han S, Park JS, Kim SW. Degradable polymeric carrier for the 
delivery of IL-10 plasmid DNA to prevent autoimmune insulitis of NOD mice. Gene Therapy 
2000;7(24):2099-2104. 
242. Nieminen MS, Mattila K, Valtonen V. Infection and inflammation as risk-factors for 
myocardial infarction. European Heart Journal 1993;14:12-16. 
243. Healy D, Akbar M, Baktiari N, Egan J, Mahon N, Veerasingam D, McCarthy J, Hurley J, 
Neligan M, Wood A. The first 20 years of heart transplantation in Ireland. Irish Journal of Medical 
Science 2006;175(1):5-9. 
244. Sharples LD, Caine N, Mullins P, Scott JP, Solis E, English TAH, Large SR, Schofield PM, 
Wallwork J. Risk factor analysis for the major hazards following heart transplantation - Rejection, 
infection, and coronary occlusive disease. Transplantation 1991;52(2):244-252. 
245. Matas AJ. Risk factors for chronic rejection - a clinical perspective. Transplant Immunology 
1998;6(1):1-11. 
246. Vanikar AV, Trivedi HL. Chronic rejection: An enduring enigma of transplantation biology. 
Transplantation Proceedings 2007;39(3):773-778. 
247. Dor V, Saab M, Coste P, Kornaszewska M, Montiglio F. Left-ventricular aneurysm: A new 
surgical approach. Thoracic and Cardiovascular Surgeon 1989;37(1):11-19. 



Literature Review 

51 

 

248. Chen Q-Z, Harding SE, Ali NN, Lyon AR, Boccaccini AR. Biomaterials in cardiac tissue 
engineering: Ten years of research survey. Materials Science and Engineering: R: Reports 2008;59(1-
6):1-37. 
249. Didonato M, Sabatier M, Toso A, Barletta G, Baroni G, Dor V, Fantini F. Regional 
myocardial performance of nonischemic zones remote from anterior wall left-ventricular aneurysm - 
effects of aneurysmectomy. European Heart Journal 1995;16(9):1285-1292. 
250. Athanasuleas CL, Stanley AWH, Buckberg GD, Dor V, DiDonato M, Blackstone EH. 
Surgical anterior ventricular endocardial restoration (SAVER) in the dilated remodeled ventricle after 
anterior myocardial infarction. Journal of the American College of Cardiology 2001;37(5):1199-1209. 
251. Enomoto Y, Gorman Iii JH, Moainie SL, Jackson BM, Parish LM, Plappert T, Zeeshan A, 
St. John-Sutton MG, Gorman RC. Early ventricular restraint after myocardial infarction: extent of the 
wrap determines the outcome of remodeling. The Annals of Thoracic Surgery 2005;79(3):881-887. 
252. Bowen FW, Jones SC, Narula N, Sutton M, Plappert T, Edmunds LH, Dixon IMC. 
Restraining acute infarct expansion decreases collagenase activity in borderzone myocardium. Annals 
of Thoracic Surgery 2001;72(6):1950-1956. 
253. Kelley ST, Malekan R, Gorman JH, III, Jackson BM, Gorman RC, Suzuki Y, Plappert T, 
Bogen DK, Sutton MGSJ, Edmunds LH, Jr. Restraining infarct expansion preserves left ventricular 
geometry and function after acute anteroapical infarction. Circulation 1999;99(1):135-142. 
254. Ozawa T, Mickle DAG, Weisel RD, Koyama N, Wong H, Ozawa S, Li R-K. Histologic 
changes of nonbiodegradable and biodegradable biomaterials used to repair right ventricular heart 
defects in rats. The Journal of Thoracic and Cardiovascular Surgery 2002;124(6):1157-1164. 
255. Badylak S, Obermiller J, Geddes L, Matheny R. Extracellular matrix for myocardial repair. 
Heart Surgery Forum 2003;6(2):E20-E26. 
256. Robinson KA, Li JS, Mathison M, Redkar A, Cui JH, Chronos NAF, Matheny RG, Badylak 
SF. Extracellular matrix scaffold for cardiac repair. Circulation 2005;112(9):I135-I143. 
257. Kochupura PV, Azeloglu EU, Kelly DJ, Doronin SV, Badylak SF, Krukenkamp IB, Cohen 
IS, Gaudette GR. Tissue-engineered myocardial patch derived from extracellular matrix provides 
regional mechanical function. Circulation 2005;112(9):I144-I149. 
258. Anderson JM, Rodriguez A, Chang DT. Foreign body reaction to biomaterials. Seminars in 
Immunology 2008;20(2):86-100. 
259. Ozawa T, Mickle DAG, Weisel RD, Koyama N, Ozawa S, Li R-K. Optimal biomaterial for 
creation of autologous cardiac grafts. Circulation 2002;106(90121):I-176-182. 
260. Radisic M, Park H, Martens TP, Salazar-Lazaro JE, Geng W, Wang Y, Langer R, Freed LE, 
Vunjak-Novakovic G. Pre-treatment of synthetic elastomeric scaffolds by cardiac fibroblasts 
improves engineered heart tissue. Journal of Biomedical Materials Research Part A 
2008;86A(3):713-724. 
261. Chen QZ, Bismarck A, Hansen U, Junaid S, Tran MQ, Harding SE, Ali NN, Boccaccini AR. 
Characterisation of a soft elastomer poly(glycerol sebacate) designed to match the mechanical 
properties of myocardial tissue. Biomaterials 2008;29(1):47-57. 
262. Fujimoto KL, Tobita K, Merryman WD, Guan JJ, Momoi N, Stolz DB, Sacks MS, Keller 
BB, Wagner WR. An elastic, biodegradable cardiac patch induces contractile smooth muscle and 
improves cardiac remodeling and function in subacute myocardial infarction. Journal of the American 
College of Cardiology 2007;49(23):2292-2300. 
263. Fujimoto KL, Tobita K, Janjun G, Keller BB, Wagner WR. Elastic, biodegradable cardiac 
patch implantation induces embryonic-like cellularization in the post-infarct ventricular wall. 
Circulation 2007;116(16):257-257. 
264. Fujimoto KL, Tobita K, Momoi N, Keller BB, Guan JJ, Wagner WR. Elastic, biodegradable 
cardiac patch induces contractile smooth muscle bundles in sub-acute myocardial infarction, 
improving cardiac remodeling and function. Circulation 2005;112(17):U68-U68. 
265. Fujimoto KL, Guan JJ, Oshima H, Sakai T, Wagner WR. In vivo evaluation of a porous, 
elastic, biodegradable patch for reconstructive cardiac procedures. Annals of Thoracic Surgery 
2007;83(2):648-654. 
266. Valentin JE, Stewart-Akers AM, Gilbert TW, Badylak SF. Macrophage participation in the 
degradation and remodeling of extracellular matrix scaffolds. Tissue Engineering Part A 
2009;15(7):1687-1694. 
267. Zimmermann WH, Melnychenko I, Eschenhagen T. Engineered heart tissue for regeneration 
of diseased hearts. Biomaterials 2004;25(9):1639-1647. 
268. Eschenhagen T, Zimmermann WH. Engineering myocardial tissue. Circulation Research 
2005;97(12):1220-1231. 



Literature Review 

52 

 

269. Kofidis T, Akhyari P, Wachsmann B, Boublik J, Mueller-Stahl K, Leyh R, Fischer S, 
Haverich A. A novel bioartificial myocardial tissue and its prospective use in cardiac surgery. 
European Journal of Cardio-thoracic Surgery 2002;22(2):238-243. 
270. Zhang G, Wang X, Wang Z, Zhang J, Suggs L. A PEGylated fibrin patch for mesenchymal 
stem cell delivery. Tissue Engineering 2006;12(1):9-19. 
271. Xiang Z, Liao RL, Kelly MS, Spector M. Collagen-GAG scaffolds grafted onto myocardial 
infarcts in a rat model: A delivery vehicle for mesenchymal stem cells. Tissue Engineering 
2006;12(9):2467-2478. 
272. Leor J, Aboulafia-Etzion S, Dar A, Shapiro L, Barbash IM, Battler A, Granot Y, Cohen S. 
Bioengineered cardiac grafts - A new approach to repair the infarcted myocardium? Circulation 
2000;102(19):56-61. 
273. Kelly DJ, Rosen AB, Schuldt AJT, Kochupura PV, Doronin SV, Potapova IA, Azeloglu EU, 
Badylak SF, Brink PR, Cohen IS, Gaudette GR. Increased myocyte content and mechanical function 
within a tissue-engineered myocardial patch following implantation. Tissue Engineering Part A 
2009;15(8):2189-2201. 
274. Zhao J, Zhang N, Prestwich GD, Wen XJ. Recruitment of endogenous stem cells for tissue 
repair. Macromolecular Bioscience 2008;8(9):836-842. 
275. Schantz JT, Chim H, Whiteman M. Cell guidance in tissue engineering: SDF-1 mediates 
site-directed homing of mesenchymal stem cells within three-dimensional polycaprolactone scaffolds. 
Tissue Engineering 2007;13(11):2615-2624. 
276. Porter JR, Ruckh TT, Popat KC. Bone tissue engineering: a review in bone biomimetics and 
drug delivery strategies. Biotechnology Progress 2009;25(6):1539-1560. 
277. Kon E, Delcogliano M, Filardo G, Fini M, Giavaresi G, Francioli S, Martin I, Pressato D, 
Arcangeli E, Quarto R, Sandri M, Marcacci M. Orderly osteochondral regeneration in a sheep model 
using a novel nano-composite multilayered biomaterial. Journal of Orthopaedic Research 
2010;28(1):116-124. 
278. Tasso R, Fais F, Reverberi D, Tortelli F, Cancedda R. The recruitment of two consecutive 
and different waves of host stem/progenitor cells during the development of tissue-engineered bone in 
a murine model. Biomaterials 2010;31(8):2121-2129. 
279. Davis ME, Hsieh PCH, Grodzinsky AJ, Lee RT. Custom design of the cardiac 
microenvironment with biomaterials. Circulation Research 2005;97(1):8-15. 
280. Liu LY, Ratner BD, Sage EH, Jiang SY. Endothelial cell migration on surface-density 
gradients of fibronectin, VEGF, or both proteins. Langmuir 2007;23(22):11168-11173. 
281. Lee SJ, Van Dyke M, Atala A, Yoo JJ. Host cell mobilization for in situ tissue regeneration. 
Rejuvenation Research 2008;11(4):747-756. 
282. van Putten SM, Wubben M, Hennink WE, van Luyna MJA, Harmsen MC. The 
downmodulation of the foreign body reaction by cytomegalovirus encoded interleukin-10. 
Biomaterials 2009;30(5):730-735. 
283. Borselli C, Ungaro F, Oliviero O, d'Angelo I, Quaglia F, La Rotonda MI, Netti PA. 
Bioactivation of collagen matrices through sustained VEGF release from PLGA microspheres. 
Journal of Biomedical Materials Research Part A 2010;92A(1):94-102. 
284. Hall H. Modified fibrin hydrogel matrices: Both, 3D-scaffolds and local and controlled 
release systems to stimulate angiogenesis. Current Pharmaceutical Design 2007;13(35):3597-3607. 
285. Biondi M, Ungaro F, Quaglia F, Netti PA. Controlled drug delivery in tissue engineering. 
Advanced Drug Delivery Reviews 2008;60(2):229-242. 
286. Kretlow JD, Klouda L, Mikos AG. Injectable matrices and scaffolds for drug delivery in 
tissue engineering. Advanced Drug Delivery Reviews 2007;59(4-5):263-273. 
287. Ramachandran S, Yu YB. Peptide-based viscoelastic matrices for drug delivery and tissue 
repair. Biodrugs 2006;20(5):263-269. 
288. Murphy WL, Mooney DJ. Controlled delivery of inductive proteins, plasmid DNA and cells 
from tissue engineering matrices. Journal of Periodontal Research 1999;34(7):413-419. 
289. Vasita R, Katti DS. Growth factor-delivery systems for tissue engineering: a materials 
perspective. Expert Review of Medical Devices 2006;3(1):29-47. 
290. Kim IY, Chung JH, Choi YJ, Cho CS. Protein and gene delivery in tissue engineering. Tissue 
Engineering and Regenerative Medicine 2008;5(4-6):671-677. 
291. Wang Y, Boros P, Liu J, Qin L, Bai Y, Bielinska AU, Kukowska-Latallo JF, Baker JR, 
Bromberg JS. DNA/dendrimer complexes mediate gene transfer into murine cardiac transplants ex 
vivo. Molecular Therapy 2000;2(6):602-608. 
292. Wang J, Lee IL, Lim WS, Chia SM, Yu H, Leong KW, Mao HQ. Evaluation of collagen and 
methylated collagen as gene carriers. International Journal of Pharmaceutics 2004;279(1-2):115-126. 



Literature Review 

53 

 

293. Storrie H, Mooney DJ. Sustained delivery of plasmid DNA from polymeric scaffolds for 
tissue engineering. Advanced Drug Delivery Reviews 2006;58(4):500-514. 
294. Sano A, Maeda M, Nagahara S, Ochiya T, Honma K, Itoh H, Miyata T, Fujioka K. 
Atelocollagen for protein and gene delivery. Advanced Drug Delivery Reviews 2003;55(12):1651-
1677. 
295. Liang D, Hsiao BS, Hadjiargyrou M, Chu B. Scaffolds with encapsulated DNA for non-viral 
gene delivery. Journal of Non-Crystalline Solids 2006;352(42-49):4394-4399. 
296. Hanai K, Takeshita F, Honma K, Nagahara S, Maeda M, Minakuchi Y, Sano A, Ochiya T. 
Atelocollagen-mediated systemic DDS for nucleic acid medicines. In: Oligonucleotide Therapeutics; 
2006:9-17. 
297. De Laporte L, Shea LD. Matrices and scaffolds for DNA delivery in tissue engineering. 
Advanced Drug Delivery Reviews 2007;59(4-5):292-307. 
298. Dang JM, Leong KW. Natural polymers for gene delivery and tissue engineering. Advanced 
Drug Delivery Reviews 2006;58(4):487-499. 
299. Keeney M, van den Beucken J, van der Kraan PM, Jansen JA, Pandit A. The ability of a 
collagen/calcium phosphate scaffold to act as its own vector for gene delivery and to promote bone 
formation via transfection with VEGF(165). Biomaterials 2010;31(10):2893-2902. 
300. Wang Y, Boros P, Liu J, Qin L, Bai Y, Bielinska AU, Kukowska-Latallo JF, Baker JR, 
Bromberg JS. DNA/Dendrimer complexes mediate gene transfer into murine cardiac transplants ex 
vivo. Mol Ther 2000;2(6):602-608. 
301. Sekine H, Shimizu T, Matsuura K, Yamato M, Takahashi M, Murakami T, Kobayashi E, 
Hagiwara N, Okano T. Cell sheet transplantation improves damaged heart function via more cell 
survival in comparison with dissociated cell injection. Circulation 2009;120(18):S851-S851. 
302. Chang Y, Lai PH, Wei HJ, Lin WW, Chen CH, Hwang SM, Chen SC, Sung HW. Tissue 
regeneration observed in a basic fibroblast growth factor-loaded porous acellular bovine pericardium 
populated with mesenchymal stem cells. Journal of Thoracic and Cardiovascular Surgery 
2007;134(1):65-U6. 
303. Maulik N, Thirunavukkarasu M. Growth factor/s and cell therapy in myocardial 
regeneration. Journal of Molecular and Cellular Cardiology 2008;44(2):219-227. 
304. Jin R, Teixeira LSM, Krouwels A, Dijkstra PJ, van Blitterswijk CA, Karperien M, Feijen J. 
Synthesis and characterization of hyaluronic acid-poly(ethylene glycol) hydrogels via Michael 
addition: An injectable biomaterial for cartilage repair. Acta Biomaterialia 2010;6(6):1968-1977. 
305. Hatami M, Mehrjardi NZ, Kiani S, Hemmesi K, Azizi H, Shahverdi A, Baharvand H. 
Human embryonic stem cell-derived neural precursor transplants in collagen scaffolds promote 
recovery in injured rat spinal cord. Cytotherapy 2009;11(5):618-630. 
306. Akhyari P, Kamiya H, Haverich A, Karck M, Lichtenberg A. Myocardial tissue engineering: 
the extracellular matrix. Paper presented at: 21st Annual Meeting of the European-Association-for-
Cardio-Thoracic-Surgery; Sep 16-19, 2007; Geneva, Switzerland. 
307. Jawad H, Ali NN, Lyon AR, Chen QZ, Harding SE, Boccaccini AR. Myocardial tissue 
engineering: a review. Journal of Tissue Engineering and Regenerative Medicine 2007;1(5):327-342. 
308. Potapova IA, Doronin SV, Kelly DJ, Rosen AB, Schuldt AJT, Lu ZJ, Kochupura PV, 
Robinson RB, Rosen MR, Brink PR, Gaudette GR, Cohen IS. Enhanced recovery of mechanical 
function in the canine heart by seeding an extracellular matrix patch with mesenchymal stem cells 
committed to a cardiac lineage. American Journal of Physiology-Heart and Circulatory Physiology 
2008;295(6):H2257-H2263. 
309. Wei HJ, Chen CH, Lee WY, Chiu I, Hwang SM, Lin WW, Huang CC, Yeh YC, Chang Y, 
Sung HW. Bioengineered cardiac patch constructed from multilayered mesenchymal stem cells for 
myocardial repair. Biomaterials 2008;29(26):3547-3556. 
310. Kellar RS, Shepherd BR, Larson DF, Naughton GK, Williams SK. Cardiac patch constructed 
from human fibroblasts attenuates reduction in cardiac function after acute infarct. Tissue Engineering 
2005;11(11-12):1678-1687. 
311. Chachques JC, Trainini JC, Lago N, Masoli OH, Barisani JL, Cortes-Morichetti M, 
Schussler O, Carpentier A. Myocardial assistance by grafting a new bioartificial upgraded 
myocardium (MAGNUM clinical trial): One year follow-up. Paper presented at: 3rd International 
Conference on Cell Therapy for Cardiovascular Diseases; 2007, 2007; New York, NY. 
312. Lorenz E, Congdon C, Uphoff D. Modification of acute irradiation injury in mice and 
guinea-pigs by bone marrow injections. Radiology 1952;58(6):863-877. 
313. Congdon CC, Uphoff D, Lorenz E. Modification of acute irradiation injury in mice and 
guinea pigs by injection of bone marrow - a histopathologic study. Journal of the National Cancer 
Institute 1952;13(1):73-107. 



Literature Review 

54 

 

314. Lorenz E, Uphoff D, Reid TR, Shelton E. Modification of irradiation injury in mice and 
guinea pigs by bone marrow injections. Journal of the National Cancer Institute 1951;12(1):197-201. 
315. Santos GW, Burke PJ, Sensenbr.Ll, Owens AH. Bone marrow transplantation in an adult 
with acute leukemia. Cancer Chemotherapy Reports Part 1 1969;53(1):93-&. 
316. Dooren LJ, Devries MJ, Vanbekk.Dw, Cleton FJ, Dekoning J. Sex-linked thymic epithelial 
hypoplasia in 2 siblings - attempt at treatment by transplantation with fetal thymus and adult bone 
marrow. Journal of Pediatrics 1968;72(1):51-&. 
317. Bach FH, Albertin.Rj, Joo P, Anderson JL, Bortin MM. Bone-marrow transplantation in a 
patient with Wiskott-Aldrich syndrome. Lancet 1968;2(7583):1364-&. 
318. Vanbekku.Dw. Present status of bone marrow transplantation following whole body 
irradiation. Oncologia 1966;S 20:60-&. 
319. Thierfelder S. Experimental bone marrow transplantation. Annals of Hematology 
1975;30(1):1-18. 
320. Till JE, McCulloch EA. Direct measurement of radiation sensitivity of normal mouse bone 
marrow cells. Radiation Research 1961;14(2):213-&. 
321. Field LJ. Atrial natriuretic factor-SV40 T antigen transgenes produce tumors and cardiac 
arrhythmias in mice. Science 1988;239(4843):1029-1033. 
322. Koh GY, Klug MG, Soonpaa MH, Field LJ. Differentiation and long-term survival of C2C12 
myoblast grafts in heart. Journal of Clinical Investigation 1993;92(3):1548-1554. 
323. Soonpaa MH, Koh GY, Klug MG, Field LJ. Formation of nascent intercalated disks between 
grafted fetal cardiomyocytes and host myocardium. Science 1994;264(5155):98-101. 
324. Strom TB, Field LJ, Ruediger M. Allogeneic stem cells, clinical transplantation and the 
origins of regenerative medicine. Current Opinion in Immunology 2002;14(5):601-605. 
325. Hassink RJ, Dowell JD, de la Riviere AB, Doevendans PA, Field LJ. Stem cell therapy for 
ischemic heart disease. Trends in Molecular Medicine 2003;9(10):436-441. 
326. Murry CE, Field LJ, Menasche P. Cell-based cardiac repair: reflections at the 10-year point. 
Circulation 2005;112(20):3174-3183. 
327. Orlic D, Kajstura J, Chimenti S, Li B, Anderson SM, Jakoniuk I, Pickel J, McKay R, Bodine 
DM, Leri A, Anversa P. Transplanted hematopoietic stem cells repair myocardial infarcts. Blood 
2000;96(11):943. 
328. Orlic D, Kajstura J, Chimenti S, Bodine DM, Leri A, Anversa P. Transplanted adult bone 
marrow cells repair myocardial infarcts in mice. In: Orlic D, Brummendorf TH, Sharkis SJ, Kanz L, 
eds. Hematopoietic Stem Cells 2000 Basic and Clinical Sciences; 2001:221-230. 
329. Orlic D, Kajstura J, Chimenti S, Limana F, Jakoniuk I, Quaini F, Nadal-Ginard B, Bodine 
DM, Leri A, Anversa P. Mobilized bone marrow cells repair the infarcted heart, improving function 
and survival. Proceedings of the National Academy of Sciences of the United States of America 
2001;98(18):10344-10349. 
330. Anversa R, Torella D, Kajstura J, Nadal-Ginard B, Leri A. Myocardial regeneration. 
European Heart Journal Supplements 2002;4(G):G67-G71. 
331. Anversa P. The role of stem cells in myocardial repair. Circulation 2003;108(17):A-A. 
332. Beltrami AP, Barlucchi L, Torella D, Baker M, Limana F, Chimenti S, Kasahara H, Rota M, 
Musso E, Urbanek K, Leri A, Kajstura J, Nadal-Ginard B, Anversa P. Adult cardiac stem cells are 
multipotent and support myocardial regeneration. Cell 2003;114(6):763-776. 
333. Anversa P. Myocardial regeneration. FASEB Journal 2004;18(4):A17-A17. 
334. Dowell JD, Rubart M, Pasumarthi KBS, Soonpaa MH, Field LJ. Myocyte and myogenic 
stem cell transplantation in the heart. Cardiovascular Research 2003;58(2):336-350. 
335. Rubart M, Field LJ. Stem cell differentiation: Cardiac repair. Cells Tissues Organs 
2008;188(1-2):202-211. 
336. Dharmasaroja P. Bone marrow-derived mesenchymal stem cells for the treatment of 
ischemic stroke. Journal of Clinical Neuroscience 2009;16(1):12-20. 
337. Gnecchi M, He H, Noiseux N, Liang OD, Zhang L, Morello F, Mu H, Melo LG, Pratt RE, 
Ingwall JS, Dzau VJ. Evidence supporting paracrine hypothesis for Akt-modified mesenchymal stem 
cell-mediated cardiac protection and functional improvement. FASEB Journal 2006;20(6):661-669. 
338. Caplan AI, Dennis JE. Mesenchymal stem cells as trophic mediators. Journal of Cellular 
Biochemistry 2006;98(5):1076-1084. 
339. Gnecchi M, He H, Liang OD, Melo LG, Morello F, Mu H, Noiseux N, Zhang L, Pratt RE, 
Ingwall JS, Dzau VJ. Paracrine action accounts for marked protection of ischemic heart by Akt-
modified mesenchymal stem cells. Nature Medicine 2005;11(4):367-368. 
340. Snyder EY, Macklis JD. Multipotent neural progenitor or stem-like cells may be uniquely 
suited for therapy for some neurodegenerative conditions. Clinical Neuroscience 1996;3(5):310-316. 



Literature Review 

55 

 

341. Park KI, Liu SX, Flax JD, Nissim S, Stieg PE, Snyder EY. Transplantation of neural 
progenitor and stem cells: Developmental insights may suggest new therapies for spinal cord and 
other CNS dysfunction. Journal of Neurotrauma 1999;16(8):675-687. 
342. Abe K. Therapeutic potential of neurotrophic factors and neural stem cells against ischemic 
brain injury. Journal of Cerebral Blood Flow and Metabolism 2000;20(10):1393-1408. 
343. Sinden JD, Stroemer P, Grigoryan G, Patel S, French SJ, Hodges H. Functional repair with 
neural stem cells. In: Chadwick DJ, Goode JA, eds. Neural Transplantation in Neurodegenerative 
Disease: Current Status and New Directions. Chichester: John Wiley & Sons Ltd; 2000:270-283. 
344. Armstrong RJE, Jain M, Barker RA. Stem cell transplantation as an approach to brain repair. 
Expert Opinion on Therapeutic Patents 2001;11(10):1563-1582. 
345. Nowak R. Medical research - new cell transplants may mend a broken heart. Science 
1994;264(5155):31-31. 
346. Christlieb IY. Cellular cardiomyoplasty. Annals of Thoracic Surgery 1996;61(2):772-773. 
347. Li RK, Mickle DAG, Weisel RD, Zhang J, Mohabeer MK. In vivo survival and function of 
transplanted rat cardiomyocytes. Circulation Research 1996;78(2):283-288. 
348. Robinson SW, Cho PW, Levitsky HI, Olson JL, Hruban RH, Acker MA, Kessler PD. 
Arterial delivery of genetically labelled skeletal myoblasts to the murine heart: Long-term survival 
and phenotypic modification of implanted myoblasts. Cell Transplantation 1996;5(1):77-91. 
349. Taylor DA, Atkins BZ, Hungspreugs P, Jones TR, Reedy MC, Hutchinson KA, Glower DD, 
Kraus WE. Regenerating functional myocardium: Improved performance after skeletal myoblast 
transplantation. Nature Medicine 1998;4(8):929-933. 
350. Fukuda K. Development of regenerative cardiomyocytes from mesenchymal stem cells for 
cardiovascular tissue engineering. Artificial Organs 2001;25(3):187-193. 
351. Rosenthal N, Tsao L. Helping the heart to heal with stem cells. Nature Medicine 
2001;7(4):412-413. 
352. Qayyum MS, Takizawa K, Frantzen M, MacLellan R, Lill M, Fishbein MC, Miyamoto T, 
Makkar R. Mesenchymal stem cell therapy prevents deterioration of left ventricular function in a 
porcine myocardial infarction model. Journal of the American College of Cardiology 
2002;39(5):169A-169A. 
353. Youn TJ, Sohn BR, Piao H, Kwon JS, Choi SY, Kim DW, Kim YG, Cho MC. Mesenchymal 
stem cell transplantation in the reperfused or nonreperfused myocardial infarction scar tissues. 
Journal of the American College of Cardiology 2002;39(5):192A-192A. 
354. Rogge C, Didie M, Naito H, Hermans-Borgmeyer I, Wobus AM, Field LJ, Eschenhagen T, 
Zimmermann WH. Generation of engineered heart tissue from embryonic stem cell derived 
cardiomyocytes. Circulation 2005;112(17):164. 
355. Field LJ. Unraveling the mechanistic basis of mesenchymal stem cell activity in the heart. 
Molecular Therapy 2006;14(6):755-756. 
356. Zhang G, Hu Q, Braunlin EA, Suggs LJ, Zhang J. Enhancing efficacy of stem cell 
transplantation to the heart with a PEGylated fibrin biomatrix. Tissue Engineering Part A 
2008;14(6):1025. 
357. Huss R, Heil M, Moosmann S, Ziegelhoeffer T, Sagebiel S, Seliger C, Kinston S, Gottgens 
B. Improved arteriogenesis with simultaneous skeletal muscle repair in ischemic tissue by SCL plus 
multipotent adult progenitor cell clones from peripheral blood. Journal of Vascular Research 
2004;41(5):422-431. 
358. Kim SW, Han H, Chae GT, Lee SH, Bo S, Yoon JH, Lee YS, Lee KS, Park HK, Kang KS. 
Successful stem cell therapy using umbilical cord blood-derived multipotent stem cells for Buerger's 
disease and ischemic limb disease animal model. Stem Cells 2006;24(6):1620-1626. 
359. Chen Y, Lee GS, Shieh JH, Moore MAS. Therapeutic approach of human embryonic stem 
cell-derived endothelial cells in mouse ischemic heart and hind limb. Arteriosclerosis, Thrombosis, 
and Vascular Biology 2007;27(6):E74-E74. 
360. Lachmann N, Nikol S. Therapeutic angiogenesis for peripheral artery disease: Stem cell 
therapy. Vasa-Journal of Vascular Diseases 2007;36(4):241-251. 
361. Iohara K, Zheng L, Wake H, Ito M, Nabekura J, Wakita H, Nakamura H, Into T, Matsushita 
K, Nakashima M. A novel stem cell source for vasculogenesis in ischemia: Subfraction of side 
population cells from dental pulp. Stem Cells 2008;26(9):2408-2418. 
362. Laurila JP, Laatikainen L, Castellone MD, Trivedi P, Heikkila J, Hinkkanen A, Hematti P, 
Laukkanen MO. Human embryonic stem cell-derived mesenchymal stromal cell transplantation in a 
rat hind limb injury model. Cytotherapy 2009;11(6):726-737. 
363. Kim DE, Schellingerhout D, Ishii K, Shah K, Weissleder R. Imaging of stem cell recruitment 
to ischemic infarcts in a murine model. Stroke 2004;35(4):952-957. 



Literature Review 

56 

 

364. Lee KS, Yang SH, Jeun SS, Park CK. Bone marrow-derived mesenchymal stem cell therapy 
in stroke. Tissue Engineering and Regenerative Medicine 2008;5(4-6):953-958. 
365. Hwang HJ, Park S, Oh JK, Lee YJ, Kim EY, Hahm DH, Lee HJ, Lim J, Shim I. Human 
embryonic stem cells ameliorate spatial recognition after grafting into the ischemic brain of rats. 
Tissue Engineering and Regenerative Medicine 2009;6(1-3):165-169. 
366. Strauer BE, Brehm M, Zeus T, Gattermann N, Hernandez A, Sorg RV, Kogler G, Wernet P. 
Myocardial regeneration after intracoronary transplantation of human autologous stem cells following 
acute myocardial infarction. Deutsche Medizinische Wochenschrift 2001;126(34-35):932-938. 
367. Shake JG, Gruber PJ, Baumgartner WA, Senechal G, Meyers J, Redmond JM, Pittenger MF, 
Martin BJ. Mesenchymal stem cell implantation in a swine myocardial infarct model: engraftment and 
functional effects. The Annals of Thoracic Surgery 2002;73(6):1919-1926. 
368. Rubart M, Field LJ. Cell-based approaches for cardiac repair. In: Sideman S, Beyar R, 
Landesberg A, eds. Interactive and Integrative Cardiology. Oxford: Blackwell Publishing; 2006:34-
48. 
369. Schachinger V, Erbs S, Elsasser A, Haberbosch W, Hambrecht R, Holschermann H, Yu J, 
Corti R, Mathey DG, Hamm CW, Suselbeck T, Werner N, Haase J, Neuzner J, Germing A, Mark B, 
Assmus B, Tonn T, Dimmeler S, Zeiher AM, for the REPAIR-AMI Investigators. Improved clinical 
outcome after intracoronary administration of bone-marrow-derived progenitor cells in acute 
myocardial infarction: final 1-year results of the REPAIR-AMI trial. European Heart Journal 
2006;27(23):2775-2783. 
370. Strom TB, Field LJ, Ruediger M. Allogeneic stem cell-derived "Repair unit" therapy and the 
barriers to clinical deployment. Journal of the American Society of Nephrology 2004;15(5):1133-
1139. 
371. Scherschel JA, Soonpaa MH, Srour EF, Field LJ, Rubart M. Adult bone marrow-derived 
cells do not acquire functional attributes of cardiomyocytes when transplanted into peri-infarct 
myocardium. Molecular Therapy 2008;16(6):1129-1137. 
372. de Silva R, Raval AN, Hadi M, Gildea KM, Bonifacino AC, Yu Z-X, Yau YY, Leitman SF, 
Bacharach SL, Donahue RE, Read EJ, Lederman RJ. Intracoronary infusion of autologous 
mononuclear cells from bone marrow or granulocyte colony-stimulating factor-mobilized apheresis 
product may not improve remodelling, contractile function, perfusion, or infarct size in a swine model 
of large myocardial infarction. European Heart Journal 2008;29(14):1772-1782. 
373. Abdel-Latif A, Bolli R, Tleyjeh IM, Montori VM, Perin EC, Hornung CA, Zuba-Surma EK, 
Al-Mallah M, Dawn B. Adult bone marrow-derived cells for cardiac repair - A systematic review and 
meta-analysis. Archives of Internal Medicine 2007;167(10):989-997. 
374. Penn MS, Mangi AA. Genetic enhancement of stem cell engraftment, survival, and efficacy. 
Circulation Research 2008;102(12):1471-1482. 
375. Semsarian C. Stem cells in cardiovascular disease: from cell biology to clinical therapy. 
Internal Medicine Journal 2002;32(5-6):259-265. 
376. Leri A, Kajstura J, Anversa P. Cardiac stem cells and mechanisms of myocardial 
regeneration. Physiological Reviews 2005;85(4):1373-1416. 
377. Mirotsou M, Zhang Z, Deb A, Zhang L, Gnecchi M, Noiseux N, Mu H, Pachori A, Dzau V. 
Secreted frizzled related protein 2 (Sfrp2) is the key Akt-mesenchymal stem cell-released paracrine 
factor mediating myocardial survival and repair. Proceedings of the National Academy of Sciences 
2007;104(5):1643-1648. 
378. Sarkar N, Ruck A, Kallner G, Y-Hassan S, Blomberg P, Islam KB, Van Der Linden J, 
Lindblom D, Nygren AT, Lind B, Brodin LA, Drvota V, Sylven C. Effects of intramyocardial 
injection of phVEGF-A(165) as sole therapy in patients with refractory coronary artery disease - 12-
month follow-up: Angiogenic gene therapy. Journal of Internal Medicine 2001;250(5):373-381. 
379. Assmus B, Honold J, Schachinger V, Britten MB, Fischer-Rasokat U, Lehmann R, Teupe C, 
Pistorius K, Martin H, Abolmaali ND, Tonn T, Dimmeler S, Zeiher AM. Transcoronary 
transplantation of progenitor cells after myocardial infarction. New England Journal of Medicine 
2006;355(12):1222-1232. 
380. Beitnes JO, Hopp E, Lunde K, Solheim S, Arnesen H, Brinchmann JE, Forfang K, Aakhus S. 
Long-term results after intracoronary injection of autologous mononuclear bone marrow cells in acute 
myocardial infarction: the ASTAMI randomised, controlled study. Heart 2009;95(24):1983-1989. 
381. Minakuchi Y, Takeshita F, Kosaka N, Sasaki H, Yamamoto Y, Kouno M, Honma K, 
Nagahara S, Hanai K, Sano A, Kato T, Terada M, Ochiya T. Atelocollagen-mediated synthetic small 
interfering RNA delivery for effective gene silencing in vitro and in vivo. Nucleic Acids Research 
2004;32(13). 



Literature Review 

57 

 

382. Kinouchi N, Ohsawa Y, Ishimaru N, Ohuchi H, Sunada Y, Hayashi Y, Tanimoto Y, 
Moriyama K, Noji S. Atelocollagen-mediated local and systemic applications of myostatin-targeting 
siRNA increase skeletal muscle mass. Gene Therapy 2008. 
383. Bielinska AU, Chen CL, Johnson J, Baker JR. DNA complexing with polyamidoamine 
dendrimers: Implications for transfection. Bioconjugate Chemistry 1999;10(5):843-850. 
384. Yinong W, Yalai B, Price C, Boros P, Lihui Q, Bielinska AU, Kukowska-Latallo JF, Baker 
Jr JR, Bromberg JS. Combination of electroporation and DNA/dendrimer complexes enhances gene 
transfer into murine cardiac transplants. American Journal of Transplantation 2001;1(4):334. 
385. Herrmann JL, Abarbanell AM, Weil BR, Wang Y, Wang MJ, Tan JN, Meldrum DR. Cell-
based therapy for ischemic heart disease: a clinical update. Annals of Thoracic Surgery 
2009;88(5):1714-1722. 
386. Chiu RCJ, Zibaitis A, Kao RL. Cellular cardiomyoplasty: Myocardial regeneration with 
satellite cell implantation. Annals of Thoracic Surgery 1995;60(1):12-18. 
387. Gaebel R, Furlani D, Sorg H, Polchow B, Frank J, Bieback K, Wang W, Klopsch C, Ong L-
L, Li W, Ma N, Steinhoff G. Cell origin of human mesenchymal stem cells determines a different 
healing performance in cardiac regeneration. Plos One 2011;6(2):e15652. 
388. Simpson D, Liu H, Fan THM, Nerem R, Dudley SC. A tissue engineering approach to 
progenitor cell delivery results in significant cell engraftment and improved myocardial remodeling. 
Stem Cells 2007;25(9):2350-2357. 
 
 
  



Literature Review 

58 

 

  



 

 

 

Chapter 2  

System Development 

 
 

 
 

 

 

 

  

       
The majority of this chapter has been previously published in: 

Holladay C, Keeney M, Greiser U, Murphy M, O'Brien T, Pandit A. A matrix reservoir for improved 
control of non-viral gene delivery. Journal of Controlled Release 2009;136(3):220-225. 



System Development 

60 

 

2.1 Introduction 

Gene therapy has immense promise for the treatment of a wide variety of diseases and 
disorders, but its realization requires major improvements in the mechanics of introducing 
exogenous DNA into somatic cells. Specifically, vectors are required which have reasonably 
efficient transfection, a controllable period of expression and cell or spatial specificity 1-5. 
Furthermore, these vectors should be mass-producible, safe and relatively inexpensive if 
they are to have clinical impact 6, 7. Viral vectors may seem to satisfy at least the initial 
requirements, as most viruses can efficiently deliver nucleic acids and the transgene 
expression period is a function of the virus type 7-11. However, the success of viral vectors is 
limited due to their potential immunogenicity and oncogenicity 7, 8, 12-14 as well as their 
unsuitability for mass production 7. Thus, despite relatively lower transfection efficiency, 
non-viral vectors have become increasingly more attractive 1, 4, 15-25.  

Several non-viral delivery systems are being investigated, such as: electroporation, including 
nucleofection 8, 11, 23, 26-28, microinjection 18, 19, 22 and positively charged complexes 
comprising calcium phosphate nano-particles 27, 28, cationic liposomes 6, 25, 29-31 and cationic 
polymers 6, 25, 30, 32-38. These systems have all shown transfection potential. One of the more 
promising of these techniques has been the use of a special class of cationic polymers, 
namely cationic dendrimers. These reagents are especially effective at condensing and 
protecting DNA, with lower cytotoxicity and higher transfection efficiencies than most 
polymers. Partially degraded PAMAM dendrimers (dPAMAM), for example, has been 
commercially marketed as a transfection reagent and ranks comparably with the best lipid 
and polymer-based systems 1, 18, 32, 36, 38-43. These dendrimers have also been found to be 
effective transfection agents in a variety of cell types 44. The ability to transfect multiple cell 
types is crucial for in vivo translation as the physiological environment exhibits a diverse 
cellular population. However, in most cases non-viral systems cannot match the transfection 
efficiencies of viral vectors, nor do they allow long-term transfection 1, 7, 13, 17, 22, 24, 25, 30.  

To overcome many of these drawbacks, a system is proposed whereby partially degraded 
dendrimers are used to condense plasmids and these polyplexes are then entrapped in a 
three-dimensional collagen scaffold. It is hypothesized that the scaffold will serve as a 
reservoir for the polyplexes and will result in a slower rate of transfection, with a longer 
expression time of the transgene. Testing the system in a variety of different cell types 
and/or cell lines will validate its potential for an extended in vivo therapeutic efficiency 
study.  

2.2 Materials and methods 

2.2.1 Materials 
All laboratory consumables were obtained from Sigma unless otherwise stated. All media 
and media components were obtained from Gibco/Invitrogen unless otherwise stated. 
Human umbilical artery smooth muscle cells (HUASMC) and human umbilical vein 
endothelial cells (HUVECs) were obtained from Lonza. HL-60, Jurkat, SAOS2 and PC-12 
cells were obtained from the European Collection of Cell Cultures. Rat mesenchymal stem 
cells (rMSCs), rabbit adipose-derived stem cells (ADSCs) and valvular interstitial cells 
(VICs) were isolated using standard protocols. Table 2.1 describes the media components for 
the various cell types. 

2.2.2 Plasmid propagation and isolation 
XL1-Blue (Stratagene, Agilent, Germany) competent cells were transformed and selected 
twice in antibiotic containing LB broth and on LB agar plates. Plasmid expansion was 
performed as recommended in the Maxi-Prep (Qiagen, Germany) protocol and isolated using 
that kit. Plasmid purity was confirmed by UV spectroscopy (NanoDropTM ND1000 
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Spectrophotometer, Thermo Scientific, UK) and gel electrophoresis. Gaussia Princeps 
Luciferase (GLuc) plasmid was obtained from New England Biolabs (USA) and assayed 
with a kit from the same manufacturer.  

2.2.3 Collagen scaffold preparation 
Collagen scaffolds were prepared by freeze-drying a 3 wt% bovine atelocollagen solution. 
Atelocollagen was isolated as described elsewhere 45. Freeze-dried samples were crosslinked 
in a 50mM 2-(N-morpholino)ethanesulfonic acid (MES) solution with 1-ethyl-3-(3-
dimethylaminopropyl)  (EDC), ethanol and N-hydroxylsuccinimide (NHS) at 
EDC:NHS:collagen carboxyl group ratios of 5:5:1, 10:10:1, 20:20:1, and 50:50:1. After 
crosslinking, scaffolds were washed twice in 70% ethanol and three times in sterile water 
before they were freeze-dried again. The crosslinking was evaluated using the ninhydrin 
assay for free amines and differential scanning calorimetry (DSC).  

2.2.4 Optimization of collagen scaffold for cell growth 
Scaffolds prepared using varying EDC-collagen carboxyl ratios were seeded with 10 000 
rMSCs and cultured in normal conditions for seven days before the AlamarBlue® 
(Invitrogen, Ireland) metabolic activity assay was conducted.  

2.2.5 Polyplex formation and evaluation 
dPAMAM (SuperfectTM, Qiagen, Germany) was polyplexed with GLuc plasmid DNA by 
mixing the two at a range of dPAMAM:DNA weight ratios (3:1, 6:1, 15:1, 30:1 etc.) in 
serum-free media. Polyplexes were allowed to form for 10 minutes. After polyplexation, 
serum-containing media was added without affecting the polyplexation. UV spectroscopy 
(NanoDropTM ND1000 Spectrophotometer, Thermo Scientific) was used to confirm that an 
interaction had occurred via the peak shift mechanism described elsewhere 39. Transmission 
electron microscopy (Hitachi H-7500 Transmission Electron Microscope, Japan) was used to 
monitor polyplex formation and to estimate sizes.     

The polyplexes were ultimately compared and optimized based on transfection levels. For 
the optimization studies, rMSCs were transfected with various dPAMAM:DNA weight 
ratios. Briefly, polyplexes were prepared in serum-free media and then diluted in three 
volumes of full (serum-containing) rMSC media. Cells were assayed for GLuc secretion 
after 24-hours. The secretion profile of the GLuc from transfected adherent cells was 
determined by assaying transfected rMSCs over the course of 21-days. 

2.2.6 Characterization of collagen scaffold impregnated with polyplex 
Cross-linked collagen scaffolds were loaded with polyplexes prepared in serum-free media 
by incubating scaffolds in polyplex-containing solution for three hours. Elution of 
polyplexes was analyzed in serum-free and 10% serum (full rMSC) media. Picogreen® 
(Invitrogen, Ireland) was used for DNA quantification. Standard curves were prepared in 
exactly the same conditions as the elution samples.   

rMSCs were seeded onto scaffolds loaded with 0 to 15 μg of polyplexes. The level of 
secreted GLuc enzyme was monitored over 14 days. Having determined the optimal 
conditions for rMSCs, a broader range of cell types were assayed using similar conditions. 
Scaffolds were loaded with 1 μg of GLuc polyplexes, then 10 000 cells were seeded into 
each well. Approximately 50% of these cells were estimated to actually adhere to the 
scaffolds by Picogreen® DNA quantification, and the others remained on the tissue culture 
plastic. The media was changed every other day and frozen for GLuc analysis. Metabolic 
activity was analysed after 8, 14 and 22 days using the AlamarBlueTM (Biocolor ltd., UK) 
assay. Samples were also fixed after 14 and 22 days for confocal imaging.  
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2.2.7 Statistics 
Results are expressed as mean ± standard deviation. Statistical significance was assessed 
using the analysis of variance (ANOVA). P values of <0.05 were considered significant. In 
all studies, the minimum sample size was 3. Unless otherwise specified, data shown 
represents one run of the analysis. Multiple independent runs were only considered 
necessary where the techniques used were developed specifically or where there was 
significant internal variability.  

2.3 Results and discussion 

2.3.1 Scaffold optimization and characterization 
The decrease in free amine content with increasing EDC:NHS:collagen carboxyl group ratio, 
as shown in Figure 2.1, confirmed that crosslinking occurred and increased as a function of 
crosslinker ratio. However, the shrink temperature, as measured using DSC (Figure 2.2), was 
not sensitive enough to detect the change in crosslinking. The cells showing the highest 
metabolic activity were those seeded into scaffolds prepared with a 5:5:1 
EDC:NHS:collagen carboxyl group ratio, as shown in Figure 2.3. The metabolic activity 
levels were not significantly different from the uncrosslinked positive control (0:0:1) or the 
next ratio (10:10:1), but were greater than in the scaffolds prepared with ratios of 20:20:1 
and 50:50:1. The proliferation of cells also appeared to be highest on the scaffolds prepared 
with a 5:5:1 EDC:NHS:collagen carboxyl group ratio, as shown in Figure 2.4. An additional 
advantage of the 5:5:1 crosslinked scaffolds was that the scaffolds had far greater 
mechanical integrity than the uncrosslinked collagen scaffolds, which were extremely 
difficult to manipulate after 24 hours in culture.  

2.3.2 Polyplex formation and evaluation 
The polyplexes formed between DNA and dPAMAM were highly condensed and, with the 
range of weight ratios used, were positively charged. At least a 2:1 ratio of amine-phosphate 
groups is generally required for transfection experiments (roughly corresponding to a 6:1 
weight ratio); however, it is common to use ratios as high as 10:1 18. UV spectroscopy and 
TEM (Figure 2.5) were used to confirm that polyplexation had occurred. The actual size of 
polyplexes was difficult to ascertain as the TEM samples were dehydrated and would be 
expected to behave differently if hydrated. Samples with DNA alone and the dendrimers 
alone showed no evidence of polyplexes.  

While the initial characterization confirmed that the interaction was occurring, the 
polyplexes were ultimately assessed on their relative transfection levels. Based on the 
experimental data shown in Figure 2.6, a weight ratio of 6:1 was chosen as optimal, as this 
ratio had the highest apparent luciferase activity. 

2.3.3 Impregnation of collagen scaffold with polyplex and characterization 
To test the hypothesis that the collagen scaffold could act as a reservoir for the plasmid 
polyplexes, a number of elution studies were carried out. Unusually, the majority of these 
elution studies were carried out in the presence of serum (10% FBS) in media. Most DNA 
elution studies reported in the literature are done in serum-free conditions (PBS, TE buffer, 
etc.), but significant differences were seen between serum-containing and serum-free media 
elution. Serum-containing media was used for a number of reasons, but the primary 
consideration was that, in vivo, interactions are often observed between negatively charged 
serum proteins (in blood) and positively charged polyplexes 46. Furthermore, this maintained 
consistency with the transfection experiments, which were carried out in 10% serum.  

Comparing Figure 2.7 and Figure 2.8, it is noted that while minimal polyplex levels were 
detected in the wash solutions after two days, reasonably high transfection levels were 
detected for up to two weeks. To investigate whether cells were transfected by released 
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polyplexes, the wash solutions from the elution study were used to transfect adherent cells 
(Figure 2.9). The conditions were identical to the control conditions used in Figure 2.8. 
Considering the low levels of transfection in Figure 2.9, it seems highly unlikely that 
released polyplexes were responsible for the transfection levels observed in the second 
week, so other factors must have been responsible. It is conceivable that there was some 
degree of stable transfection, as opposed to transient transfection – typical for dendrimer-
mediated plasmid transfection 18. Another possible explanation is that some cell types are 
more efficiently transfected in three dimensions (3D) as opposed to a two-dimensional (2D) 
environment 47-49. This may be relevant to the discussion of the multiple cell types 
experiment, but is unlikely to have been a major factor in this study, as the peak transfection 
level observed was higher in the 2D environment. The most likely explanation is that as cells 
infiltrate the scaffolds, they endocytose polyplexes that are bound to the matrix and are 
transfected. It takes time for cells to migrate throughout the matrix, and hence an extended 
transfection period is observed.  

It is difficult to compare this system to other reported transfection systems. Even 
comparisons with other groups who have performed similar studies with collagen scaffolds 
carrying DNA polyplexed with PEI 4, 50, cationized gelatin 5, 13, 51,  liposomes 4, or naked 
plasmids 52, 53 are unreliable. Variability in reporter gene sequences, cell culture conditions 
and assay systems used to quantify transfection levels have major effects on observed 
transfection levels. The only reliable comparison between different 3D transfection systems 
would require replication of the various systems in a single lab using the same plasmids, 
cells, assay systems, etc. As the goal of this study was to demonstrate the efficacy of the 
collagen scaffold as a reservoir for plasmid-dendrimer polyplexes, such a comparison would 
not be particularly valuable for this particular study.  
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Table 2.1: Media components for various cell types 

Cell Type Media 

rMSC 45% α-MEM + 45% F-12 + 10% FBS + 1% Antibiotic 

ADSC DMEM + 2mM Glutamine + 10% FBS + 1% Antibiotic 

PC-12 DMEM + 2mM Glutamine + 10% Horse Serum + 5% FBS + 
1% Antibiotic  

PC-12 
differentiated 

DMEM + 2mM Glutamine + 1% HS + 1% Antibiotic + Neural 
Growth Factor (Alomone labs)  

HL-60 IMDM + 2mM Glutamine + 10% FBS + 1% Antibiotic 

Jurkat RPMI + 2mM Glutamine + 10% FBS + 1% Antibiotic 

VIC DMEM + 2mM Glutamine + 10% FBS + 1% Antibiotic 

SAOS2 McCoy’s 5A + 10% FBS + 1% Antibiotic 

HUVEC EBM (Lonza) 

HUASMC SmBM media (Lonza) 
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Figure 2.1: Mean free amine content in scaffolds crosslinked with varying ratios of 
EDC:NHS:collagen carboxyl group. There was a statistically significant decrease in 
free amine content in all crosslinked groups as compared to the collagen control (0:0:1 
ratio). The amine content continued to decrease with increasing EDC:NHS:collagen 
carboxyl group ratios. The amine content in the glutaraldehyde crosslinked samples 
was negligible. Data plotted shows mean ± 95% C.I. (n = 4, this experiment has been 
repeated multiple times with the same trends but slightly different absolute values). 
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Figure 2.2: Mean shrink temperature of collagen scaffolds crosslinked with increasing 
EDC:NHS:collagen carboxyl group ratios. There was no statistically significant 
difference between any of the groups. Data plotted shows mean ± 95% C.I. (n = 3, the 
analysis was repeated on a second day with the same samples with the same results). 
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Figure 2.3: Mean metabolic activity of cells seeded into scaffolds crosslinked with 
varying EDC:NHS:collagen carboxyl group ratios after 7 days in vitro. The highest 
metabolic activity was observed with the 5:5:1 ratio, and the lowest with the 
glutaraldehyde negative control. The only statistically significant difference was 
between the glutaraldehyde control and the other groups. Data plotted shows mean ± 
95% C.I. (n = 6, this experiment has been repeated several times with similar trends 
but data shown is from the most representative run). 
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Figure 2.4: Mean cell numbers as a quantification of proliferation after cells were 
seeded onto scaffolds crosslinked with varying EDC:NHS:collagen carboxyl group 
ratios and cultured for 7 days in vitro. The highest cell number was observed with the 
5:5:1 ratio and the lowest with the glutaraldehyde negative control. The only 
statistically significant difference observed was between the gluaraldehyde crosslinked 
scaffold and the 0:0:1, 5:5:1, 10:10:1 and 20:20:1 scaffolds. Data plotted shows mean ± 
95% C.I. (n = 6). 
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Figure 2.5: Representative TEM images of dPAMAM:DNA polyplexes at weight ratios 
of a) 6:1 b) 15:1 and c) 30:1. Average diameters were 95 nm, 22 nm, and 18 nm 
respectively, although no significant difference was observed between the 15:1 and 30:1 
ratios. No definite particles were seen in plasmid or dendrimer controls. 
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Figure 2.6: Relative luciferase activity as a function of dPAMAM:DNA weight ratio. 
rMSCs were transfected 24 hours after seeding with 0.5 μg of polyplexed plasmid in 
serum containing media.  The 6:1 weight ratio was found to have significantly higher 
luciferase activity than all but the 12:1 weight ratio and thus was selected as optimal. 
Data plotted shows mean ± 95% C.I. (n = 6, each individual sample’s value was 
estimated from three independent measurements of each well, this experiment has been 
repeated with the same trend three times).  
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Figure 2.7: Representative plasmid release over time in 10% serum from polyplex-
loaded scaffolds and a control simulating bolus-injection. Briefly, 1 μg of polyplex was 
added to a scaffold (polyplex) or to an empty well (control). Media was changed at 
every time point, and the amount of plasmid in the well was quantified using 
Picogreen® after depolyplexation with sodium hydroxide. Data plotted shows mean ± 
95% C.I. (n = 6, these trends were obtained in several independent experiments, but 
the data shown represents one final run with identical controls and analysis).  
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Figure 2.8: Representative luciferase activity profile of rMSCs as a function of time 
from scaffolds and control. Briefly, 1 μg of polyplexes was loaded onto a scaffold, and 
then 10,000 cells were seeded onto it. As a control, 1 μg of polyplexes was added to the 
same number of cells cultured on tissue culture plastic. This control approximately 
represented a bolus release of plasmid polyplexes. The media was changed daily, and 
luciferase activity was assessed. Data plotted shows mean ± 95% C.I. (n = 5). 

 

 

 

 

 

0

50000

100000

150000

200000

250000

300000

350000

400000

450000

0 2 4 6 8 10 12 14 16

R
el

at
iv

e L
uc

ife
ra

se
 A

ct
iv

ity
 [R

LU
]

Time [days]



System Development 

73 

 

 

 

 

 

 

 

Figure 2.9: Transfection levels in adherent cells transfected with wash solutions. The 
wash solutions were added to the cells and the transfection levels measured 24 hours 
later. Luciferase activity was much lower than observed when cells were seeded onto 
the scaffolds and allowed to infiltrate. There was negligible transfection from the wash 
solutions removed after 48 hours. Data plotted shows mean ± 95% C.I. (n = 3). 
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Figure 2.10: Relative luciferase activity of various cell types as a function of time. 
Rabbit ADSCs and rMSCs had the highest gene expression levels, followed by 
undifferentiated PC-12s. The suspension cell types, the HUASMCs and the HUVECs 
had comparably low transfection levels. The figure uses a log scale to demonstrate the 
major differences seen between cell types (n = 4).  
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Figure 2.11: Correlations between luciferase activity and metabolic activity at day 8, 
day 14, and day 22. The observed correlation was highest at day 8 (R2=0.77) but by day 
22, it had decreased to R2=0.54, suggesting other factors were becoming more 
influential. Data plotted shows the means (n = 4).  
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Figure 2.12: Comparison of the growth and infiltration patterns of a) rMSCs and b) 
HUVECs on the corners of collagen scaffolds after 14 days of culture. The top panels 
show the distribution of cells on the xz axis, the right panels show the yz axis, and the 
middle panels show a reconstruction of the 3D image (xy axis). The rMSCs are visible 
throughout the thickness of the scaffold, whereas the HUVECs formed a monolayer 
over the surface and did not migrate deeper into the matrix.  

 

a) 

b) 
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2.3.4 Multiple cell type experiment 
Transgene levels and transfection profiles were observed to vary significantly between 
different cell types, as shown in Figure 2.10. While the purpose of the experiment was to 
compare the system optimized for one cell type with a larger variety of cell types, it is likely 
that optimization for each cell line would increase transfection levels. For example, every 
cell type grows at a significantly different rate, and thus, seeding the same number of every 
cell type will not result in the same number of cells, even after just 24 hours. Similarly, 
different cell types are more or less robust, and thus, they have different optimal doses.  

Orders of magnitude differences were observed in luciferase activity between different cell 
types. The most obvious explanation is that this variation was due to differences in 
metabolic activity. This connection is illustrated in Figure 2.11. At day 8, which is 
representative of the first week’s data, a correlation is seen between the transfection levels 
and the metabolic activity. Over time, this relationship seems less pronounced, until at day 
22, the metabolic activity seems to have had very little influence on the transfection levels. 
However, none of the correlation coefficients are high enough to indicate that metabolic 
activity alone is sufficient to explain the differences in transfection levels observed between 
different cell types. Some other possible variables are considered below.  

Growth and migration characteristics may be among the factors affecting transfection levels 
independent of metabolic activity. To illustrate, 3D projections of an rMSC seeded scaffold 
and a HUVEC seeded scaffold are shown in Figure 2.12.  

The transfection profile for the rMSCs was relatively constant over the course of the 22 
days. The HUVEC samples, in contrast, had the highest transgene expression by day 4 and 
very little expression for the remaining time. While some of this variation may be due to 
inherent characteristics of the different cell types, such as increased or decreased levels of 
endocytotic activity, the confocal micrographs of scaffolds growing rMSCs and HUVECs 
(Figure 2.12) suggest a major difference in growth patterns.  

The rMSCs migrated and proliferated throughout the thickness of the scaffold. At day 14, 
there were no areas completely devoid of cells, and by day 22, the scaffold had been almost 
completely populated. The HUVECs, on the other hand, grew only on the surface of the 
scaffold. By day 22, there was some infiltration, but compared to the rMSCs, it was 
minimal. As cells infiltrate biodegradable scaffolds, they consume the matrix and lay down 
their own extracellular matrix 54. Embedded polyplexes may become internalized while the 
cells are replacing the matrix or as the cells migrate past them. Either way, cell types that 
completely infiltrate scaffolds would probably be exposed to more of the polyplexes bound 
within the matrix. Supporting this hypothesis, the cell types that proliferated throughout the 
entire scaffold (ie. rMSCs, rabbit ADSCs, SAOS2 and VICs) had the highest levels of 
transfection, while those that formed only clusters (Jurkat, HL-60) or spread over only the 
surface of the scaffold (HUVEC) had relatively lower transgene expression. The cell types 
that populated the scaffold most effectively generally had higher metabolic activities, but as 
discussed, varying metabolic activity was not enough to explain the observed differences. 
Note that this observation is purely qualitative, although if the experiment was to be repeated 
it should be possible to quantify the infiltration.  

Endothelial cells are known to be difficult to transfect 55, as are PC-12s and MSCs 56. 
However, this study observed relatively high transfection levels with undifferentiated PC-
12s, and rMSCs. The cell types observed to have the lowest transfection levels were the two 
types of white blood cell lines – HL-60 and Jurkat. However, there is a relatively obvious 
explanation for this. Both of these cell types grow in suspension and the media was removed 
at each time point for analysis, so it is likely that most of the cells were also removed. Cells 
that did adhere to the scaffolds did not infiltrate but merely formed small colonies. Thus, the 
lack of infiltration is probably responsible for the lower transfection levels. If that is the 
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case, it supports the hypothesis that the scaffolds are able to mediate transfection spatially, as 
the cells must migrate into the matrix in order to be transfected.  

Rabbit ADSCs and rMSCs, two of the three primary cell types, were seen to have the 
highest transfection levels, with and without correcting for different metabolic activity. The 
reason for this effect is unclear. It has been observed that primary cells are not easily 
transfected using conventional methods 19 and that some cell lines may have been adapted 
for easier transfection 12. It has also been observed that MSCs are difficult to transfect 56. The 
VICs – the third primary cell type – were found to have comparative transfection 
competence to some of the cell lines, but they were much less competent than the ADSCs 
and the MSCs, indicating that the improved transfection ability may be related to the fact 
that those cell types were progenitors and not that they were primary.   

It has been observed that at least some cell types are more efficiently transfected in a 3D 
than a 2D environment 47-49. It is possible that primary cells are more sensitive to matrix 
interactions, and thus, the 3D environment acted as a more powerful adjuvant for these cells. 
However, the relatively higher transfection levels might simply be a function of cellular 
invasiveness in the scaffold architecture. Confocal-based cell studies with fluorescent 
protein vectors may be able to more conclusively answer this question. Studies with multiple 
fluorescent proteins would be more relevant if spatial separation between different colours 
could be arranged.  

2.4  Conclusions 

Between 20% and 39% of DNA-dendrimer polyplexes loaded into a collagen scaffold were 
released within the first two days in serum, but extended high levels of transgene expression 
were observed for up to three weeks after transfection, suggesting that polyplexes 
encapsulated in a collagen scaffold may be taken up by cells as they proliferate through the 
scaffold. Highly migratory and rapidly dividing cell types were transfected most effectively, 
while cell types that proliferated more slowly or formed layers over surfaces had 
significantly lower transgene expression levels.  
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3.1 Introduction 

In the previous chapter, the quantity of eluted nucleic acids was quantified with Picogreen® 
(PG). However, these studies were among the most difficult to work with, as the PG dye is 
extremely sensitive to environmental factors; minute changes in pH, temperature and 
composition of the solution significantly affected the fluorescence of the samples. 
Furthermore, it was found that the plasmid-dendrimer polyplexes used in the system became 
progressively more difficult to de-complex over time, thereby making detection by PG 
unreliable. To address this issue, an alternative technique to quantify eluted nucleic acids 
was developed. 

Many emerging non-viral gene therapy techniques combine nucleic acids with polymers or 
biomaterials to modify their release or delivery 1-4. Nucleic acid release profiles have 
therefore become a relatively common component of publications that report on gene 
delivery. However, in many cases, the techniques described can only accurately quantify 
release of completely unbound, double-stranded DNA.  

There are a variety of techniques used in the quantification of DNA. Ultraviolet 
spectroscopy 5, 6, intercalating dyes 7-17, and detection of radio-labeled DNA 18-20 are the most 
commonly employed methods. Ultraviolet spectroscopy is simple and straightforward, using 
absorption of ultraviolet light at 260 and 280nm to calculate DNA content. However this 
method is effective for detecting DNA in relatively limited sample types. Proteins have 
significant extinction coefficients at the wavelengths used to quantify DNA (260-280nm) 21. 
To minimize error, DNA release studies that quantify with UV spectroscopy use clear, 
aqueous buffers such as phosphate-buffered saline or tris-EDTA 5, 21, 22. 

A more robust option is the use of intercalating dyes. These dyes can accommodate 
themselves between base pairs in double-stranded nucleic acids. Once bound in position, the 
fluorescence of the molecule is greatly increased. Examples of commonly cited intercalating 
dyes include PG, ethidium bromide and its derivatives, and HoechstTM 23. PG is commonly 
used both for quantifying genomic DNA and in quantifying the release of plasmid DNA 
from biomaterial scaffolds. When the DNA is released without any bound proteins or 
polymers, intercalating dyes should be effective. However, the recent trend in gene delivery 
has been towards investigation of polyplexation of plasmids with a variety of novel carriers 
in order to improve transfection efficiency 3, 24-35. Theoretically, tightly bound DNA is not 
detectable by an intercalating dye as the binding sites are not accessible 23, 36, 37. However, 
one of the barriers that reduces the efficiency of non-viral gene delivery is the fact that some 
transfection reagents are difficult to separate from plasmids [4]. 

In this case, the third technique, radio-labeling is by far the most reliable. Plasmids are 
modified to include radioactive bases which can later be quantified with radioactive 
detection techniques. This technique has been used successfully in a variety of applications 
such as plasmid release from a PEG-based hydrogel 20, 23. However, both the consumables 
and equipment are expensive and considerable health and safety precautions must be in 
place, thereby limiting the popularity of radio-labeling.  

The technique described here is conceptually similar to radio-labeling, but instead of 
radioactive bases a fluorescent dye is covalently attached to purified plasmids, allowing 
fluorescence-based quantification of the DNA content. Figure 3.1 shows a pictorial 
representation of the concept. It is hypothesized that this technique will allow accurate 
quantification of DNA concentration independent of polyplexation. PG and the fluorescent 
labeling method will be used to detect polyplexes formed with a variety of transfection 
reagents. Ultimately, the two techniques will be used to assess the release of a variety of 
polyplexes from a standard crosslinked collagen scaffold. If found effective, the technique 
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will simplify and improve the reliability of nucleic acid release studies which are crucial in 
the characterization of scaffolds intended for gene delivery.  

3.2 Materials and methods 

3.2.1 Labeling of plasmids 
Gaussia princeps luciferase plasmids (GLuc; New England Biosciences, Ipswich, USA) 
were propagated and isolated using standard techniques, as described elsewhere 38. These 
plasmids were then fluorescently labeled (FL) with Cy5 dye using a Cy5 labeling kit (Mirus, 
Madison, USA). Briefly, the dye was combined with the plasmid in the provided buffers and 
incubated for 1 hour. At the end of the incubation, the plasmid was purified through a 
microspin column and stored in a light-protected environment at -20°C.  

3.2.2 Polyplexing of plasmids to transfection reagents 
For each set of experiments, a single vial of labeled plasmid was used in order to minimize 
batch-batch variability. Thus, each set of polyplexes was prepared from the same initial 
plasmid solution. The ratios used to prepare each variety of polyplex are detailed in Table 1. 
These ratios were chosen based on optimized transfection studies. 

PLL (40 60 kDa) and PEI (25 kDa) were used as purchased from Sigma, Superfect™ was 
purchased from Qiagen and LipofectinTM from Invitrogen. Deactivation enhanced atom 
transfer radical polymerization (ATRP) as described by H. Tai et al., was used to synthesize 
PD-P/E and PD-E 39. ATRP is a particular type of controlled radical polymerization 
developed in the lab of Dr. K. Matyjaszewski at Carnegie Mellon University. It uses a 
special catalyst which adds one or more monomers at a time to a growing chain. The 
synthesis process is easily regulated by adjusting temperature or other reaction conditions, 
thus allowing precise control of polymer structure  40. 

3.2.3 Elution study 

Cross-linked bovine atelocollagen scaffolds as described elsewhere 38 were used as model 
scaffolds. Polyplexes in a total volume of 50 µL were added to 1 mg scaffolds in a black 96 
well plate, and the scaffolds incubated for 3 hours. After incubation, 100 µL of 10% serum 
media was added to each well and scaffolds transferred to the following row immediately 
afterwards to provide a time 0 elution measurement (‘wash solution’). At each subsequent 
time point, the scaffolds were transferred to the next row. After 7 days, a full 96 well plate of 
elution was obtained. Standard curves were prepared in the same plates as samples. All 
samples were prepared at the same time, and the entire plate was read in the plate reader at 
the end of the study so that every well was treated identically throughout the experiment. For 
the curves prepared in tris-EDTA (TE) buffer (10mM Tris-HCl and 1 mM EDTA, pH=7.5), 
100 µL of TE was added in place of 100 µL 10% serum media.  

3.2.4 Quantification of plasmid 

Fluorescence emitted from the PG or FL was used to quantify the DNA content. The same 
sets of wells were quantified with both techniques in order to ensure accurate comparison. 
Briefly, FL (Cy5 fluorescence) was measured by reading the black well plate after the final 
time point (ex=649 nm, em=670 nm) in a Varioskan Flash plate reader (Thermo Scientific, 
IE). FL was measured first because the fluorescence from PG has a small contribution to the 
total fluorescence intensity at the Cy5 wavelength. Cy5, however, does not have any 
appreciable signal at the PG detection wavelength. The standard curves were used to relate 
the fluorescence readings to known plasmid content. For PG analysis, 100 µL of 1x dye was 
added to each well (both standard curves and samples) and incubated for 5 minutes before 
being read (ex=485 nm, em=530 nm) in the same plate reader.  
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3.2.5 Statistics 

Results are expressed as mean ± standard deviation. Regression analysis of standard curves 
was performed in PASW statistics 18.0.0 software (Somers, NY, USA) using mean data. A p 
value greater than 0.05 was considered statistically significant. The majority of experiments 
were conducted several times but the results shown represent one final run with the 
optimized controls and analysis techniques. 

3.3  Results 

The process of polyplexation was found to significantly decrease the PG signal intensity, as 
shown in Figure 3.2. The decrease in PG signal was a transient process, i.e. immediately 
after polyplexation, no statistical difference was found between the PG signal in the PD-b-
P/E and PD-E groups compared to the naked plasmid control, but after 7 days the signal 
level in these samples was approximately 70% that of naked plasmid control. Initially, the 
SF, PEI, and PLL samples had signal levels 60-70% of the control, but after 7 days the PG 
signal was not statistically different from samples containing no DNA. Thus, in order to 
accurately quantify DNA content via PG, it is critical that samples and standard curves be 
prepared at the same time. Otherwise, the actual DNA quantity in samples would be 
consistently underestimated.  

The standard curves in Figure 3.3a) have acceptably high Pearson’s coefficients (>0.99), 
thus implying quantification of polyplexes prepared with Lipo, PD-E, and PD-b-P/E is 
feasible using the PG technique. However, polyplexes prepared with SF, PEI, and PLL were 
not reliably detected with PG after 7 days, as shown in both Figure 3.2 and in Figure 3.3b), 
which shows the standard curves prepared with the three polyplexation agents. Regression 
analysis of the 3 curves in Figure 3.3b) indicated no significant relationship between the PG 
signal and the mass of plasmid, and thus the curves could not be used for quantification of 
samples.  

In contrast to the PG technique, the standard curves measured with FL after 7 days, as shown 
in Figure 3.4, all have statistically significant slopes. The lowest Pearson coefficient for 
these curves was 0.994. Thus, all of these standard curves were reliable and could be used 
for sample quantification. While there is quenching (up to 60% reduction in maximum 
fluorescence value), the standard curves for each type of polyplex should have the same 
amount of quenching as the samples, and thus can be reliably used for quantification.  

As a final test of the technique, elution from a scaffold commonly used in tissue engineering 
was measured for each of the six polyplex varieties.  The general shapes of the curves (as 
shown in Figure 3.5) are similar to other elution curves described in the literature 10. Lipo 
was observed to have the lowest initial release, but had the highest rate of release over the 
first 24 hours (about 81% of plasmid was released from the scaffold), after which no 
significant elution was observed. PLL had relatively low encapsulation efficiency, with 
approximately 50% of the polyplexes detected in the wash solution at time 0. SF, PEI, PD-E, 
and PD-b-P/E were all observed to release continuously over 7 days. When the same wells 
were analyzed using PG, as shown in Figure 3.7, significantly lower plasmid release was 
observed (30-50% lower plasmid release was observed using the PG technique). As the two 
techniques detect DNA in two different states, it was possible to quantify the total release 
and fraction of that total represented by free DNA, as shown in Figure 3.8. Finally, the 
influence of the buffer used for elution was quantified in Figure 3.6. The plasmid release 
appeared to be higher in 10% serum media than in an aqueous buffer, and the initial release 
was significantly higher.  
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Figure 3.1: Schematic representation of plasmid DNA detection by Picogreen® and 
fluorescent detection technique as DNA elutes from a scaffold. The Picogreen® dye 
molecule (represented by the dim yellow circle attached to the green hexagon) is only 
activated (bright yellow) when associated with unbound DNA, as in the top right 
corner. The fluorescent label (represented by the glowing green triangle) is glowing in 
all cases. Thus, Picogreen® is only able to detect unbound DNA while the fluorescent 
labelling technique can detect all DNA.  
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Table 3.1: Polyplex preparation details 

Polymer Mass of DNA 
prepared [µg] 

Polymer: 
DNA weight 

ratio 

Polymer 
concentration 

Partially degraded 
polyamidoamine 
(SuperfectTM) 

10 15:1 3 mg/ml 

Polyethylene imine (PEI) 10 2:1 3 mg/ml 
Poly-L-lysine (PLL) 10 2:1 3 mg/ml 
LipofectinTM (Lipo) 10 5:1 1 mg/ml 
PD-b-P/E  1 10 10:1 3 mg/ml 
PD-E  2 10 6:1 3 mg/ml 
1linear poly(DMEAMA)-hyperbranched(PEGMEMA/EGDMA) (44kDa); 

 2hyperbranched poly(DMAEMA/EGDMA) (14kDa) where DMAEMA is 2-dimethyl amino 
ethyl methacrylate, PEGMEMA is poly(ethylene glycol) methyl ether methacrylate and 
EGDMA is ethylene glycol dimethacrylate. 
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Figure 3.2: Comparison of Picogreen® fluorescence levels of 1 µg of plasmid after 7 
days as a function of polyplexation agent. The blank-subtracted fluorescence intensity 
of the plasmid decreased approximately 20 fold when the plasmid was polyplexed with 
SF. The signal in the PEI and PLL samples was negligibly different to the blanks. Lipo, 
PD-E, and PD-b-P/E retained approximately 43%, 71%, and 69% percent of the 
fluorescent intensity obtained with unpolyplexed plasmids. Data expressed as mean ± 
95% confidence interval, n=3, p<0.05. 
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Figure 3.3: Sample standard curves measured with Picogreen® 7 days after 
preparation. The standard curves in for Lipo, PD-E, and PD-b-P/E (a) were 
acceptable, with Pearson’s coefficients of 0.99, 0.97, and 0.98 respectively. For SF, PEI, 
and PLL, however, regression analysis indicated no significant trend, and thus the 
standard curves could not be used for sample quantification (b). The standard curves 
prepared with free plasmid are included in both figures for comparison. The 
fluorescence intensity from the plasmid reached the detection maximum by 0.5 µg 
which is why the values reach a plateau. Thus, Picogreen® could not be used to 
quantify DNA content in containing SF, PEI, or PLL polyplexes. Data expressed as 
mean ± 95% C.I., n=3, p<0.05. 
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Figure 3.4: Sample standard curves measured via the fluorescent detection technique. 
While there is variability in the slopes of the curves, the lowest Pearson’s coefficient 
was 0.994, and all trends were significant. Thus, the DNA quantification is reliable with 
all six varieties of polyplexes. A standard curve prepared with free plasmid DNA was 
included as well to show that there is a decrease in the slope due to polyplexation, but 
all slopes are linear. Data expressed as mean ± 95% C.I., n=3, p<0.05. 
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Figure 3.5: Plasmid release measured with the fluorescent detection technique with a 
variety of polyplexation agents as a function of time. All scaffolds were loaded with 1 
µg of polyplexes, and treated identically afterwards. Data expressed as mean ± 95% 
C.I., n=3, p<0.05. 
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Figure 3.6: Comparison between elution of polyplexes prepared with SuperfectTM in 
serum-free buffer T/E and in 10% serum media. The plasmid release appears higher in 
serum than in buffer although this difference is not statistically significant. The 
encapsulation is about 18% higher in buffer T/E. Data expressed as mean ± 95% C.I., 
n=3, p<0.05.  
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Figure 3.7: Comparison of elution curves calculated via the fluorescent detection techinique 
and Picogreen® for A) Lipo, and B) PD-b-P/E. For these two polymers, the fluorescent 
detection techinique yielded a more likely curve, but the Picogreen®  curves (excepting the 
first time point for PD-b-P/E) is not impossible. The legend applies to both figures, data is 
expressed as mean ± 95% C.I., n=3, p<0.05. 
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Figure 3.8: Total DNA released compared to the fraction of free DNA after 7 days of 
elution. The total DNA was calculated using the FL technique, and the amount of free 
DNA was estimated from the linear portion of the PG standard curve prepared with 
unpolyplexed DNA. The majority of eluted DNA was complexed, especially in the PEI 
and PLL groups. The highest total relsease was also seen in these groups. Data 
expressed as mean + 95% C.I (total DNA) and mean – 95% C.I.  (free DNA), n=3, 
p<0.05. 
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3.4 Discussion 

Polyplexation of plasmid with polymers, as shown in Figure 3.2 and Figure 3.3, greatly 
decreases the fluorescent intensity measurable via PG. This implies a reduction in the 
binding of the intercalating portion of the dye to the double-helix of the DNA. This is 
plausible, considering that polyplexation is hypothesized to involve winding of the molecule 
around the smaller polyplexation molecules 23, 27, 35, 36, 41-43. The reduction in fluorescence 
intensity may actually provide an indication of the tightness of binding 23, 37. Possible 
evidence of this is that the three polymers with the greatest reduction in PG fluorescence 
intensity, SF, PEI and PLL, are highly effective DNA binding agents 36, 37, 41, 43-45. 
Hypothetically, highly effective binding agents should reduce the ability of PG to intercalate, 
thereby reducing the PG signal.  

All of the FL standard curves shown in Figure 3.4 had high determination coefficients 
(>0.99), while PG was only effective in detecting three out of six varieties of polyplexes 
(Figure 3.3), and with slightly lower coefficients of determination (0.94 to 0.98). As 
discussed, the three varieties of polyplex that PG did not detect (SF, PEI, and PLL) are 
among the most popular transfection reagents described in gene delivery literature 28, 30. 
These reagents bind DNA extremely effectively, thereby interfering with PG binding. 
However, the three of the six compounds were detectable. These were: Lipo (lipofectinTM), a 
liposome, PD-E, a hyper-branched polymer, and PD-b-P/E, a linear polymer with a hyper-
branched PEG-based modification. While this is not necessarily a reflection of their 
transfection efficiency, it may reflect differences in how the reagents bind DNA.  

For example, in a recent release study, HoechstTM, another intercalating dye, was seen to 
have similar fluorescence levels before and after DNA was combined with Lipo 46. This may 
be because Lipo allows the DNA to remain in an expanded form 47, and thus binding sites 
are still largely accessible. Both PD-E and PD-b-P/E, use a tertiary amine (present in the 
DMAEMA monomer) in contrast to SF, PEI and PLL, which use primary amines (along 
with others) to bind DNA. Differences in DNA binding strength between these types of 
amines may arise due to the varying surrounding alkyl groups (both through steric and 
inductive effects). As PEI, PLL and SF are all high in primary amines, they may cause 
structural changes in the DNA which affects intercalation of PG. Lipo, PD-E and PD-b-P/E 
may polyplex DNA with less alteration of the structure of the molecule, thus allowing some 
PG binding to occur. It should be noted that while PG is able to detect the polyplexes, there 
is not necessarily a higher fraction of free DNA in the solutions.  

A significant advantage of this technique is that the standard curves are prepared and 
detected under precisely the same conditions and at the same time as the samples and thus 
both user variability and batch-to-batch variability can be minimized. When standard curves 
are prepared at the time of analysis, a significant, systematic error is introduced because the 
signal intensity is up to 12% higher in freshly prepared samples. In this technique, the 
standard curves are prepared and detected at the same time as the samples, so while there is 
quenching in the FL signal after polyplexation (up to a maximum of 40% in the case of 
Lipo), all samples are affected by the same factors and no systematic errors should be 
introduced.  

The elution curves shown in Figure 3.5 are similar in shape to those described 
elsewhere in the literature 8, 48, but with a higher maximum release than most curves 
measured using PG. Elution curves could not be calculated using the PG standard 
curves for SF, PEI, or PLL. Comparing the curves obtained by measuring the same 
samples with both techniques in Figure 3.7, it is evident that FL detects significantly more 
DNA than PG. The difference between the curves is difficult to explain, as the same wells 
are used and therefore each sample contains precisely the same amount of DNA. Potentially, 
breakdown products from the collagen scaffold will bind to some fraction of the DNA, 
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interfering with PG detection, or otherwise altered the microenvironment so as to decrease 
the overall PG signal. The FL elution curves, however, will not be affected.  

The only factor that appears to have affected the FL is that polyplexation results in some loss 
of signal intensity (0%-60% reduction in total fluorescence). This may be related to 
quenching, but is irrelevant because the standard curves are prepared with the polyplexes 
and thus the standard curves have the same degree of signal reduction as the samples. The 
same is true of photo-bleaching, because all samples are prepared and detected at the same 
time, and thus all samples should be affected to the same extent by any external factors. 

In Chapter 2, polyplex elution from a scaffold was calculated using PG 38. However, 
minimal elution was observed at all time points after 2 days while transfection was observed 
over almost 14 days. The authors suggested that cells migrating through the scaffold might 
be exposed to polyplexes bound to the proteins of the scaffold as a possible explanation for 
the extended high levels of transfection with essentially no elution 38. However, considering 
the finding that PG cannot readily detect SF polyplexes after 7 days, the most likely 
explanation is that the PG dye could not bind to the polyplexes and thus it was only able to 
detect the polyplexes prepared within the first 48 hours. 

The comparison between the polyplex release in buffer TE and 10% serum media shown in 
Figure 3.6 highlights the importance of the elution media. It has been observed in vivo that 
negatively charged proteins in serum interact with positively charged DNA polyplexes 44. In 
vitro, Figure 3.6 highlights the difference in elution in a typical serum-free buffer, and in 
10% serum cell-culture media. In the presence of negatively charged serum proteins, the 
initial release of polyplexes was >15% higher and the average cumulative release after 7 
days was approximately 10% higher. Thus, where possible, 10% serum media should be 
used as it is a far more accurate representation of in vivo conditions and yields significantly 
different elution curves. This decreases the applicability of UV spectroscopy for DNA 
quantification as the accuracy and sensitivity of UV-based DNA quantification is greatly 
decreased by the addition of proteins and carbohydrates into the solution 21.  

A combination of the PG and FL techniques may provide a more complete understanding of 
the elution process. PG is highly effective at detecting free DNA, while FL indicates the 
total amount of DNA in the well. Thus, it is possible to calculate the total amount of DNA 
eluted with the FL technique and the fraction of that DNA that is unbound with PG. To 
illustrate, Figure 3.8 compares the fractions of free DNA and total amount of DNA eluted 
after 7 days. The lowest fraction of free DNA was seen with PLL (~1.1%) and the highest 
fraction with PD-b-P/E (15.4%). This could be valuable for understanding the mechanisms 
of elution-based transfection, as free DNA has very low transfection efficiency in vitro. It 
could also be valuable for the characterization of new DNA-binding polymers like PD-E and 
PD-b-P/E.  

Quantification of polyplexed DNA via fluorescent labeling was found to be significantly 
more reliable than detection of those polyplexes with an intercalating dye such as 
Picogreen®. The intercalating dye could not readily detect SF, PEI and PLL polyplexes and 
could only detect a fraction of Lipo, PD-E and PD-b-P/E. The fluorescently labeled plasmids 
yielded perfect standard curves 7 days after preparation, with minimal loss in sensitivity. 
Sample elution curves from a commonly used scaffold were obtained. When compared to a 
previously published curve obtained with PG, these elution curves highlight the limitations 
of the Picogreen® assay – limitations which do not apply to the fluorescent labeling 
technique. Thus, quantification of polyplexed DNA can be accurately performed over time 
by covalently labeling plasmids with a fluorescent dye prior to polyplexation.  
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3.5 Conclusions 

Quantification of polyplexed DNA via fluorescent labeling was found to be significantly 
more reliable than detection of those polyplexes with an intercalating dye such as 
Picogreen®. The intercalating dye could not readily detect SF, PEI and PLL polyplexes and 
could only detect a fraction of Lipo, PD-E and PD-b-P/E. The fluorescently labeled plasmids 
yielded perfect standard curves 7 days after preparation, with minimal loss in sensitivity. 
Sample elution curves from a commonly used scaffold were obtained. When compared to a 
previously published curve obtained with PG, these elution curves highlight the limitations 
of the Picogreen® assay – limitations which the fluorescent labeling technique is not subject 
to. Thus, quantification of polyplexed DNA can be accurately performed over time by 
covalently labeling plasmids with a fluorescent dye prior to polyplexation.  
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4.1 Introduction 

Mesenchymal stem cell transplantation has been postulated as a treatment option for a 
number of ischemic conditions including hind-limb ischemia 1, stroke 2-5, and myocardial 
infarction (MI) 6-8. In the case of MI, some early preclinical studies have reported significant 
therapeutic improvements that were associated with stem cell transplantation 9-12. However, 
clinical trials have failed to find major therapeutic benefits 13-20. One reason postulated for 
this failure is very low retention rates of stem cells in the ischemic myocardium after 
transplantation. For example, in a recent study by Pons et al, approximately 90% of the 
injected stem cells were lost within the first 24 hours, and 98% within the first week 21. The 
reason for this is unclear but may be related to the huge influx of inflammatory cells and 
pro-inflammatory factors associated with ischemia/reperfusion (IR) injury 22-24. As 
inflammatory cells (or cells belonging to the innate immune response) such as neutrophils 
and macrophages infiltrate a damaged area within a few hours of injury, they seem more 
likely to be responsible for the decrease in stem cell numbers than the adaptive immune 
system, which normally does not respond so quickly. Furthermore, significant cell death has 
been observed even in syngeneic systems where minimal immune-mediated rejection would 
be expected. 

The inflammatory response is an integral component of the body’s response to injury, but in 
many cases over-active inflammation over a prolonged period of time can be pathogenic. 
Up-regulation of pro-inflammatory cytokines and increased activation of cytotoxic cells has 
been shown to contribute to pathogenesis after MI 25, 26, in diabetes 27-29, and many other 
diseases. Conversely, up-regulation of cytokines such as interleukin-10 (IL-10) has been 
associated with improved survival in a variety of auto-immune 30, 31, inflammatory 32, 33 and 
ischemic conditions 34-36. Thus, artificially modulating the inflammatory response is likely 
to be therapeutically beneficial in a variety of settings.  

Reducing or controlling the inflammatory response is not a new concept; suppression of the 
immune and inflammatory reactions is a necessary aspect of whole organ transplantation. 
However, systemic suppression of the inflammatory and immune systems makes transplant 
patients extremely vulnerable to infection. In recent years, gene therapy localized to the site 
of transplantation has been proposed as a solution to this problem and applied in a number of 
studies 37-39.  

Non-viral gene therapy represents a promising therapeutic option for a variety of disorders, 
as the safety risks are relatively low and the production process is more suitable for scale-up 
37, 40. Scaffold-mediated gene therapy has been found effective in a variety of settings, as the 
scaffold can actually mediate higher levels of transfection as well as acting as a reservoir 
system for the gene therapy 41. 

In this study, IL-10 gene therapy was employed to modulate the inflammatory response after 
implantation of a collagen scaffold seeded with rat bone marrow-derived mesenchymal stem 
cells (rMSCs). IL-10 is considered a potent anti-inflammatory cytokine that is produced 
naturally 42 and has been used in a number of studies to decrease or control inflammation 35, 

43-45. In fact, IL-10 secretion by MSCs has been postulated as one of their major therapeutic 
benefits in treating ischemic injury 34. Increasing the secretion rates of IL-10 by the 
implanted rMSCs by means of a functionalized scaffold it was expected to create a 
microenvironment in which the cells are protected from the host inflammatory reaction.  

More specifically, it was hypothesized that interleukin-10 gene therapy can be used to 
increase the retention rate of rMSCs when loaded into a collagen scaffold. The primary 
objectives were to quantify the rMSC retention, compare the retention rate between 
treatment options and correlate with the effects of the therapy on the overall inflammatory 
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response. This study also compares ex vivo genetic manipulation of the rMSCs with in situ 
transfection with plasmid-polymer complexes, or ‘polyplexes,’ where the gene therapy is 
incorporated in the scaffold and transfection occurs in vivo. 

4.2 Materials and methods 

4.2.1 Animal handling 
Female Lewis rats were obtained from Harlan Laboratories (Bicester, UK) and allowed to 
acclimatize to housing conditions for at least 7 days prior to use. All animals received 
humane care in compliance with federal and institutional guidelines, and all procedures were 
approved by the institutional animal ethics committee and the federal board under the 
Cruelty to Animals Act. 

4.2.2 Preparation of scaffolds 
1 mg collagen sponges were prepared by freeze-drying 0.3 wt% bovine atelocollagen 
(isolated in-house), then crosslinking with EDC/NHS as described elsewhere 41. Crosslinked 
sponges were washed extensively with PBS, distilled water and 70% ethanol to sterilize 
them. The scaffolds were then freeze-dried again.  

4.2.3 IL-10 modification of stem cells 
Male Lewis rMSCs were isolated as described elsewhere [50]. Briefly, bone marrow was 
flushed from the tibial and femoral compartments of male Lewis rats, resuspended, 
centrifuged, and plated on tissue-culture plastic. The mesenchymal cell population was 
isolated based on adherence to plastic and hematopoietic cells were removed by regular 
medium changes. Adherent, spindle-shaped cells were characterized by uniform expression 
of MSC surface markers CD29, CD73, and CD90. No contamination with CD3 or CD11c 
positive cells was observed. All stem cell characterization antibodies were purchased from 
BD Pharmingen, Oxford, UK. Osteogenic, chrondrogenic, and adipogenic assays were used 
to confirm cell multi-potency.  

These mesenchymal stem cells were transfected in T25 flasks with 50 µg of IL-10 
polyplexes (pCMV-driven mouse IL-10 with neomycin resistance). After 2 days, G418 
(Sigma, Dublin, IE) was added to the media in the flask at a concentration of 0.5 µg/mL 
based on previously conducted dose response curves. After 14 days, the stable clones (6 
from one flask, 2 from the other) were selected and merged into a new flask to increase cell 
density and encourage proliferation. The cells were allowed to proliferate until confluence 
was reached. The IL-10 expression from the merged flask was confirmed using ELISA to 
analyse media obtained prior to the first trypsiniation. The concentration in the media taken 
from the stably transfected flask was approximately 280±145 pg/mL, while the media taken 
from unmodified rMSCs in the same volume of media (5 mL) had no detectable IL-10 
expression. It should be noted that the low cell number to volume of media ratio reduced the 
apparent IL-10 production significantly in both groups. The IL-10 modified rMSCs were 
used between passages 4 and 8.  

4.2.4 Preparation and loading of polyplexes into scaffolds  
Mouse IL-10 plasmid was donated by Dr. Jeffrey Medin (University Health Network, 
Toronto, Canada). Polyplexes were prepared by incubating these interleukin-10 plasmids 
with a partially degraded dendrimer (Superfect, Qiagen, Crawley, UK). Polyplexes were 
added to the crosslinked collagen scaffolds and the polyplexes were allowed to adsorb to the 
scaffold for 3 hours. The mass of plasmid is treated as the dose, i.e. 2 µg IL-10 polyplexes 
refers to 2 µg of IL-10 plasmid which was then polyplexed at the optimized weight ratio of 
dendrimer:DNA (15:1). 
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4.2.5 Seeding cells onto scaffolds 
Prior to seeding, male rMSCs between passage 2 and 6 were incubated with CelltrackerTM 
CM-DiI (Invitrogen, Dun Laoghaire, IE) at a concentration of 4 µM for 30 minutes at 37°C. 
These fluorescently labeled rMSCs were seeded into the scaffolds. The seeded scaffolds 
were incubated overnight to allow the cells to attach to the collagen scaffold. 

4.2.6 In vitro analysis of scaffolds 
Dose and seeding optimization studies were carried out in vitro to select the parameters for 
the in vivo study. Transfection optimization studies were carried out to select the optimal 
weight ratio between the dendrimer and DNA, optimal polyplex dose and optimal cell 
number. Briefly, scaffolds were loaded and seeded as described. IL-10 levels were 
quantified using enzyme-linked immunosorbent assay (ELISA) for mouse IL-10. Cellular 
metabolic activity was measured with the AlamarBlue® assay (Invitrogen, Dun Laoghaire, 
IE). To measure IL-10 secretion over time, rMSCs were seeded into polyplex loaded 
scaffolds and allowed to proliferate for 14 days. The media was changed at the specified 
time points. Antibodies used for sandwich ELISA were purchased from BD Pharmingen, 
Oxford, UK. 

4.2.7 Implantation of scaffolds 
The cell and polyplex-loaded scaffolds were implanted into the dorsum of female Lewis rats. 
Briefly, rats were anaesthetized, shaved, and a 4 cm long incision made along the centre of 
the dorsum. Blunt dissection was used to separate the fascia from the skeletal muscle, and 
scaffolds were sutured directly onto the muscle. Four scaffolds were implanted, two on each 
side of the midline. Spacing between the scaffolds was at least 1 cm. At the relevant time 
points (2, 7, and 21 days), the animals were euthanized and the scaffolds explanted. 

4.2.8 Experimental design 
In total, four groups were examined. These were scaffolds loaded with: a) unmodified, 
untreated rMSCs; b) rMSCs and 2 µg pIL-10, c) rMSCs and 20 µg pIL-10, and d) rMSCs 
genetically modified to overexpress IL-10. In all cases, at least 6 scaffolds belonging to each 
group were implanted. Three timepoints were used: 2, 7, and 21 days. These timepoints were 
chosen to reflect different stages in the natural wound healing response. After sacrifice, the 
patches were explanted and preserved as described.  

4.2.9 Tissue preservation and cryosectioning 
Half of each scaffold was fixed in 4% paraformaldehyde, cryoprotected in 30% sucrose, then 
embedded in OCT media and flash-frozen. The OCT embedded samples were cryosectioned 
at a thickness of 5 µm. Three levels were analyzed, 200 µm apart. The remaining half of 
each explant was immediately flash-frozen for protein analysis. 

4.2.10 Fluorescent imaging and immunohistochemistry 
Fluorescent micrographs of cryosectioned samples, counter-stained with 4',6-diamidino-2-
phenylindole (DAPI) (Invitrogen, Dun Laoghaire, IE), were analyzed stereologically to 
quantify the volume fraction of rMSCs in each tissue sample. Briefly, samples were brought 
to room temperature in phosphate-buffered saline (PBS), stained with DAPI, and mounted 
using aqueous mounting media (Vectashield, Vector labs, Burlingame, CA). IL-10 
immunohistochemically stained sections were blocked in goat serum, incubated with goat 
anti-mouse IL-10 antibody (RnD Systems, Minneapolis, MN), washed, and incubated with 
FITC-anti-goat antibody (Vectashield, Vector labs, Burlingame, CA). ED-1 (anti-CD68) 
antibody (Abcam, Cambridge, UK) was used to stain for all macrophage types, anti-CD80 
antibody (AdB Serotec, Kidlington, UK) was used to assess for presence of the M1 
phenotype, and anti-CD163 antibody (AdB Serotec, Kidlington, UK) was used to assess for 
presence of the M2 phenotype. FITC-anti-mouse antibodies (Vector labs, Burlingame, CA) 
were used as a secondary antibody for all macrophage markers. These sections were also 
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counter-stained with DAPI. To control for non-specific binding of the secondary antibody, 
negative control sections were incubated with PBS instead of primary antibody before 
treatment with the secondary antibody. All negative control sections were found to have 
minimal fluorescent signal. 

4.2.11 IL-10 level quantification  
Protein analysis was conducted on tissue homogenate with sandwich ELISA for IL-10 using 
the protocol optimized in vitro. Briefly, tissue samples were suspended in Tissue Extraction 
Reagent (Sigma, Dublin, IE) at 20 mg/mL. The samples were incubated for 5 minutes then 
homogenized using a TissueRuptor (Qiagen, Crawley, UK). Homogenate was centrifuged at 
10,000g for 10 minutes to remove particulates. The IL-10 content in the supernatant was 
then analyzed and normalized to the total protein content, as analyzed using the 
bicinchoninic acid assay (Pierce, Rockford, IL). 

4.2.12 Multiplex cytokine measurements 
A rat inflammatory cytokine multiplex array (Meso Scale Discovery, Gaithersburg, MD) 
was used to analyze the relative levels of a variety of different inflammatory cytokines. 
Briefly, tissue lysates from the ELISA analysis were added to plates carrying antibodies for 
IFN-γ, IL-1β, IL-4, IL-5, IL-13, KC/GRO/CINC (which is the rat analog of human IL-8), 
TNF-α and IL-10. The plate was then imaged with a SECTOR® Imager 2400 (Meso Scale 
Discovery, Gaithersburg, MD).  

4.2.13 TLDA arrays 
TaqMan® low density arrays (TLDAs) were used to analyze the gene profile in the control 
scaffolds and the scaffolds containing IL-10 modified rMSCs. The RNA samples were 
isolated using Trizol® (Invitrogen, Dun Laoghaire, IE) extraction according to the 
manufacturer’s instructions.Total RNA quantity and purity were determined using an 
ultraviolet spectrometer (NanoDrop ND-1000 Spectrophotometer, NanoDrop Technologies, 
Wilmington, DE). RNA integrity was checked using the RNA 6000 Nano LabChip kit in an 
Agilent Bioanalyser 2100 (Agilent Technologies, IE). Reverse transcription (RT) was 
performed using the ImProm-II RT system according to the manufacturer’s protocol 
(Promega, UK). To ensure cDNA was of sufficient quality for TLDA analysis, polymerase 
chain reaction for rodent GAPDH (sense: 5'-CCTTCATTGACCTCAACTAC-3', antisense: 
5'-GGAAGGCCATGCCAGTGAGC-3') was conducted. The purified and quality-assured 
cDNA was then analyzed in the Conway Institute, University College Dublin by Dr. Karen 
Power, who provided fold-change results.    

4.2.14 H&E staining 
Standard hematoxylin and eosin (H&E) staining followed by stereological analysis was used 
to quantify overall numbers of infiltrating inflammatory cells at every time point, as 
described elsewhere46.  

4.2.15 TUNEL staining 
An in situ cell death detection kit (Roche, Clarecastle, IE) was used to detect apoptotic cells 
within cryosections as per the manufacturer’s instructions. The negative control was stained 
with the label solution without any enzyme solution to control for background fluorescence 
and non-specific binding.    

4.2.16 Stereology 
Stereological analysis was used for quantification of stem cell and inflammatory cell volume 
fractions, as described elsewhere 46. Briefly, a 192 point grid was superimposed over the 
image and all points that fell within the scaffold or reaction area were counted. The number 
of points intersecting with cells of interest was counted and the volume fraction calculated as 
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a function of the ratio of cells to total scaffold. Three sections from three different levels 
were analyzed (a total of 9 sections), each separated by 200 µm, to ensure accurate 
representation of the entire scaffold volume. A minimum of six fields of view were analyzed 
per section. Cell counting was also conducted on the same sections to quantify the number 
of rMSCs per mm2. The number of nuclei that colocalized with the CM-DiI rMSC stain was 
considered the number of rMSCs. The stereological analysis used to quantify the volume 
fractions of macrophages expressing CD68, CD80 or CD163 was necessarily less 
exhaustive. Two representative scaffolds were selected per treatment group and timepoint, 
and six fields of view per scaffold were analyzed. While the difference in mean volume 
fraction ratios between the scaffolds was less than 15% in all cases, a 25% margin of error 
was applied to correct for the limited number of samples and the error inherent in combining 
two volume fractions (5% each). To ensure variations in cell size were not responsible for 
the variation in macrophage volume fractions, analysis of macrophage area was conducted, 
as shown in Figure 4.1.   

4.2.17 Statistics 
Data is expressed as mean ± 95% confidence interval. Cumulative averages were calculated 
from the stereological tests. All statistical comparisons were carried out using PASW 
statistics 18.0.0 software (Somers, NY, USA). ANOVA was used to determine statistical 
significance followed by Bonferoni’s multiple test correction to determine which groups 
were statistically different. Bivariate correlations were used to investigate the relationships 
between different inflammatory cytokines, the rMSC volume fraction, and the inflammatory 
cell volume fraction over time. Statistical significance was set at p<0.05 and post-hoc 
corrections were used. Outliers were considered as any point outside of three interquartile 
ranges. In all cases, ELISA analysis was performed in duplicate. All in vivo analysis 
represents the results from one overall experiment, but animals were operated on over 
several days and the analysis was, similarly, conducted over several days. Thus, each animal 
could be considered to belong to one of six separate individual experiments. 

4.3 Results and discussion 

4.3.1 Higher stem cell retention within IL-10 modified samples 
A significant increase in IL-10 levels was observed in samples containing IL-10 modified 
rMSCs implanted within collagen scaffolds, as shown in Figure 4.2. The approximate 
increases in IL-10 levels from baseline (unmodified cells) were 1.7x, 1.9x and 1.5x at 2, 7 
and 21 days, respectively. While an increase in the retention rates of the IL-10 modified 
rMSCs was indicated by the trends, this effect was only statistically significant (6.5x, 
p<0.05) at 7 days, as illustrated in Figure 4.3. Quantification of inflammatory cell volume 
fractions, as shown in Figure 4.4, indicated that fewer inflammatory cells were observed in 
the IL-10 modified group at both days 2 and 21 (statistically significant at day 21), but an 
increase in the volume fraction of inflammatory cells was observed after 7 days. No 
statistically significant effect was observed in IL-5 levels, as shown in Figure 4.5, but a trend 
towards higher IL-5 in the IL-10 modified samples was observed. 

Gene expression analysis of IL-10, as shown in  

Figure 4.6, indicated that the IL-10 mRNA levels did not increase over time as was observed 
when the IL-10 cytokine levels were measured (Figure 4.2). In fact, IL-10 mRNA levels 
decreased with time in both groups, and there were no statistically significant differences 
between the mRNA levels observed in the control group as compared to the IL-10 modified 
rMSCs group. When the Bonferoni post-hoc correction was applied, no statistically 
significant differences were observed in the fold-change expression of IFN-γ, IL-1α, IL-1β, 
or TNF-α, either between groups or over time. A summary of these results is presented in 
Figure 4.7.  
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4.3.2 IL-10 polyplex -mediated gene therapy 
The second technique described herein used a collagen scaffold as a reservoir for both IL-10 
polyplexes and seeded rMSCs. This system had previously been tested with reporter genes 
41. In order to validate the system for a therapeutic gene, the IL-10 production from 
polyplex-loaded scaffolds in vitro was measured, as shown in Figure 4.8. The maximum 
level of IL-10 measured in the media was just over 2000 pg/mL. While the IL-10 level was 
increased in the treatment groups after only 24 hours in culture, this effect was not 
statistically significant. 

When the 2 and 20 µg IL-10 polyplex-loaded scaffolds were tested in vivo, an increase in 
rMSC retention – both volume fraction and cell numbers/area – was observed at all time 
points. This effect was significant for both the 2 and 20 µg groups after 7 days, but only the 
2 µg dose continued to be effective after 21 days. Figure 4.9 shows a representative set of 
fluorescent micrographs comparing scaffolds carrying only rMSCs to scaffolds treated with 
2 or 20 µg IL-10. Figure 4.10a) compares the volume fractions of the rMSCs over time, as 
quantified from the fluorescent images using stereology. A 9.2x increase in rMSC volume 
fraction was observed in the 2 µg group after 7 days as compared to untreated cells. After 21 
days, the increase in retention rate in this group was approximately 2.7x that of untreated 
cells. Figure 4.10b) shows a comparison of the cell numbers per area in each group over 
time. The approximate number rMSCs per area was highest in all groups after 2 days, but the 
only statistically significant decrease in rMSC numbers over time was observed in the 
untreated group between the 2 and 7 day timepoints. The statistically significant differences 
in rMSC numbers between the treatment and control groups within each timepoint mirrored 
the volume fraction results, although the differences were more dramatic (ie. ~12x and 6x 
higher MSC numbers in the 2 µg group, after 7 and 21 days respectively, as compared to the 
untreated group). 

Increased IL-10 levels were also observed, which were statistically significant after 7 days, 
as shown in Figure 4.11 and Figure 4.12. At this timepoint, the mean IL-10 level in the 2 µg 
treated samples was 2.8x that of the untreated group. After 21 days, the IL-10 level in the 2 
µg group was approximately 1.6x that of the untreated group. The 20µg treatment group also 
had a significant increase in IL-10 levels after 7 days. Immunostaining for IL-10, as shown 
in Figure 4.11a) and b), indicated that both the transplanted rMSCs and the host tissue were 
producing IL-10. 

Standard H&E staining and stereological analysis was used to determine the volume fraction 
of inflammatory cells within the treatment area at each timepoint, as shown in Figure 4.13. 
The only statistically significant effect was observed after 7 days where a significant 
reduction (43%, p<0.05) in the inflammatory cell numbers was observed in the 2 µg group. 
However, no other changes in the numbers of inflammatory cells were observed. Thus, the 
effects of the therapy did not appear to be solely on the numbers of inflammatory cells. The 
volume fraction of CD68+ cells (all macrophages), as shown in Figure 4.14, indicated no 
statistically significant differences between groups. Comparing Figure 4.13 and Figure 4.14, 
it was observed that the majority of inflammatory cells at days 7 and 21 were macrophages, 
but after 2 days in vivo, there were significant numbers of other cell types (primarily 
neutrophils). The levels of a variety of pro-inflammatory cytokines were measured to obtain 
an alternate quantification of overall inflammation. Figure 4.15, Figure 4.16 and Figure 4.17 
show the levels of IL-1β, the rat analog of human interleukin-8 (aIL-8) (KC/GRO/CINC) 
and TNF-α respectively. While there is no statistically significant difference in the IL-1β 
levels, there was a trend towards a reduction in cytokine concentration in the 2 µg group 
compared to the untreated group after both 2 and 7 days. The reduction in aIL-8 levels was 
statistically significant in the 2 µg group after 7 and 21 days while the reduction in TNF-α 
levels was statistically significant after 2 and 7 days in the 2 µg group. The measured TNF- 
α levels were significantly lower than are generally reported in the literature; however, this 
may not be an effect of the therapy, as cytokines have very short half-lives and are easily 
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degraded. As all samples were analyzed at the same time and were thus subject to the same 
degradation, intra-experimental comparisons are valid. However, comparisons with external 
sources may not be. Finally, there was no significant trend observed in IL-5 levels, as shown 
in Figure 4.18, although there was a trend towards higher IL-5 levels after 2 and 7 days in 
the 20 µg group. 

Staining for apoptosis indicated that transfection with IL-10 may have also improved rMSC 
retention by decreasing stem cell apoptosis, as illustrated in Figure 4.19. While apoptotic 
cells were observed in all groups, many apoptotic rMSCs were observed in the untreated 
group, whereas the majority of apoptotic cells observed in the 2 and 20 µg groups were 
endogenous. The largest numbers of apoptotic cells were observed in the samples from the 
20 µg group after 2 days in vivo. The numbers of apoptotic cells decreased with time, and 
were comparatively lowest in the 2 µg group at each time point.  

Enzyme-linked immunosorbent assay (ELISA) and immunohistochemistry (IHC) for IL-10 
indicated an increased level of IL-10 in treated samples (both 2 and 20 µg) as compared to 
unloaded scaffolds, as shown in Figure 4.11 and Figure 4.12. Furthermore, significant IL-10 
production was observed in many of the inflammatory cells (ie. macrophages and 
fibroblasts) infiltrating the scaffolds. IHC for macrophages, as shown in Figure 4.20 
indicated no significant effect on overall macrophage numbers, (CD68+ cells) but more 
CD80+ (M1) macrophages were observed in the untreated and 20 µg groups than the 2 µg 
group, as shown in Figure 4.21. The fraction of M1/total macrophage numbers is shown in 
Figure 4.23, where the fraction of M1 macrophages was significantly lower at all timepoints 
in the 2 µg group than in the untreated samples. Finally, IHC for CD163, a marker for the 
regulatory lineage of macrophages (M2), indicated that the numbers of M2 were 
significantly higher in the 2 µg group at all timepoints, as shown in Figure 4.22 and Figure 
4.24. Comparing the volume fractions of the two macrophage types in serial sections of 
representative samples, as shown in Figure 4.25, indicated that the ratio of M2/M1 
(CD163/CD80) was highest in the 2 µg samples at all timepoints, and M2 numbers 
outweighed M1 in these samples at both 7 and 21 days. In the samples from the 2 and 20 µg 
groups, overlaying images from serial sections suggested that in some cases the 
macrophages carried markers for both CD163 and CD80, as shown in Figure 4.26.  
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Figure 4.1: Mean macrophage cross-sectional area from IHC using CD68, CD80 and 
CD163. The mean macrophage area in micrographs immunostained for each marker 
was quantified to ensure that the relative macrophage sizes were the same and thus 
variability in area fraction was due to changes in macrophage numbers. (Data 
expressed as mean ± 95% CI).  
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Figure 4.2: Mean IL-10 concentration as a function of time in unmodified and IL-10 
modified rMSCs. A statistically significant increase in IL-10 concentration was 
observed at all timepoints. This effect was most dramatic after 7 days in vivo, where 
the samples containing IL-10 modified rMSCs produced almost double the amount of 
IL-10 observed in the unmodified samples. (Data expressed as mean ± 95% confidence 
interval, n=6, * represents significance for p<0.05). 
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Figure 4.3: Mean volume fraction of rMSCs as a function of time in unmodified and 
IL-10 modified rMSCs. A statistically significant (6.5x) increase in rMSC volume 
fraction was observed after 7 days. The rMSC volume fraction in the unmodified 
group significantly decreased between 2 and 7 days whereas the IL-10 modified rMSC 
volume fraction did not decrease until after 7 days. (Data expressed as mean ± 95% 
confidence interval, n=6, * represents significance for p<0.05).  
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Figure 4.4: Mean volume fractions of inflammatory cells as a function of time in 
unmodified and IL-10 modified rMSCs. The inflammatory cell infiltration appeared to 
be reduced after 2 and 21 days in the IL-10 modified group. However, the volume 
fraction of inflammatory cells was significantly increased in the IL-10 modified group 
after 7 days, as compared to the unmodified rMSCs. (Data expressed as mean ± 95% 
confidence interval, n=6, * represents significance for p<0.05).  
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Figure 4.5: Mean IL-5 concentration as a function of time in unmodified and IL-10 
modified rMSCs. While no statistically significant differences were observed, a trend 
towards increased levels of IL-5 was observed after both 2 and 7 days. (Data expressed 
as mean ± 95% confidence interval, n=6, * represents significance for p<0.05). 
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Figure 4.6: Mean fold change in IL-10 expression as a function of time in unmodified 
and IL-10 modified rMSCs. While no statistically significant differences were observed 
in the IL-10 modified samples, there was a statistically significant decrease in IL-10 
expression in the unmodified samples between 2 and 7 days. (Data expressed as mean ± 
95% confidence interval, n=6, * represents significance for p<0.05). 
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Figure 4.7: Fold change in gene expression as a function of time in unmodified and IL-
10 modified rMSCs. There were no statistically significant changes either between 
groups or over time (Mean fold change data on log2 scale, n=6, p<0.05). 
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Figure 4.8: IL-10 secretion levels over time in vitro. The highest level of IL-10 in the 
media was just over 2000 pg/mL which was secreted 2 days after the rMSCs were 
seeded into the polyplex loaded scaffolds. The highest response was seen in scaffolds 
loaded with 2µg of IL-10 polyplexes. On average, the IL-10 secretion from the scaffolds 
treated with 2µg IL-10 was approximately double the level secreted by unmodified cells 
(n=4, the experiment was conducted a second time over a single week and yielded 
similar IL-10 levels in all three groups).  
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Figure 4.9: Representative micrographs of rMSC retention within explanted scaffolds. 
rMSCs appear red, counterstained with DAPI (blue) in scaffolds treated with 0, 2, and 
20µg of IL-10 polyplexes (Scale bar represents 50 µm). 
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Figure 4.10: Quantitative evaluation of rMSC retention as (a) the stereological 
quantification of these micrographs and (b) the number of rMSCs per mm2 as counted 
from the micrographs. rMSC volume fraction significantly decreased after 7 days in 
the untreated scaffolds, but was unchanged until 21 days in the groups containing 2 or 
20 µg of IL-10 polyplexes. Both the volume fraction and rMSC numbers/mm2 were 
significantly higher in the 2 µg group after 7 and 21 days and in the 20 µg group after 7 
days, as compared to the untreated group. The average numbers of rMSCs in the 2 µg 
group did not significantly change over the course of the 21 days, but the mean value 
decreased by approximately 77% between the 2 and 7 day timepoints, whereas the 
number of rMSCs/mm2 in the untreated group significantly decreased after 2 days to 
less than 8% of the day 2 value. The cell numbers in the 20µg group were relatively 
consistent over the 3 week period. (Data is expressed as mean ± 95% confidence 
interval, n=6, * represents significance for p<0.05). 
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Figure 4.11: Representative micrographs showing (a) immunostained IL-10 (green) 
and rMSCs (red) counterstained with DAPI (blue) within explanted scaffolds and (b) a 
representative micrograph of IL-10 production from fibroblastic and inflammatory 
cells in the connective tissue surrounding a scaffold treated with 2µg IL-10 polyplexes 
after 7 days. rMSCs mostly stained positive for IL-10, particularly in the 2 and 20 µg 
groups after 7 days. However, the majority of IL-10 production is from the infiltrating 
cells, not the stem cells, and occurred even at a distance from the scaffold. Scale bars in 
all cases represent 50 µm.  
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Figure 4.12: Mean IL-10 levels in samples treated with 0, 2 or 20 µg of IL-10 polyplexes 
over time. There was a statistically significant increase in IL-10 concentration over 
time in all groups, and both the 2 and 20 µg groups had significantly higher IL-10 
levels after 7 days in vivo. (Data expressed as mean ± 95% confidence interval, n=6, * 
represents significance for p<0.05). 
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Figure 4.13: Mean inflammatory cell volume fraction in samples treated with 0, 2 or 20 
µg of IL-10 polyplexes over time. After 7 days, the inflammatory cell volume fraction in 
the 2µg group was decreased by approximately 43% compared to the untreated 
control. (Data expressed as mean ± 95% confidence interval, n=6, * represents 
significance for p<0.05). 
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Figure 4.14: Mean macrophage volume fraction in samples treated with 0, 2 or 20 µg of 
IL-10 polyplexes on the same scale as overall inflammatory cell volume fraction. No 
statistically significant differences between groups were observed when polyplex 
treated groups were compared to the untreated control. (Data expressed as mean ± 
95% confidence interval, n=6). 
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Figure 4.15: Mean IL-1β concentration in samples treated with 0, 2 or 20 µg of IL-10 
polyplexes over time. No statistically significant differences were observed between 
groups although there was a statistically significant decrease in IL-1β over time (Data 
expressed as mean ± 95% confidence interval, n=6, * represents significance for 
p<0.05). 
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Figure 4.16: Mean aIL-8 concentration in samples treated with 0, 2 or 20 µg of 
IL-10 polyplexes over time. After 7 and 21 days, the aIL-8 concentration in the 
2µg group was significantly decreased when compared to the untreated control. 
(Data expressed as mean ± 95% confidence interval, n=6, * represents 
significance for p<0.05). 
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Figure 4.17: Mean TNF-α concentration in samples treated with 0, 2 or 20 µg of IL-10 
polyplexes over time. After 2 and 7 days, the TNF-α concentration in the 2µg group 
was significantly decreased when compared to the untreated control. (Data expressed 
as mean ± 95% confidence interval, n=6, * represents significance for p<0.05). 
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Figure 4.18: Mean IL-5 concentration in samples treated with 0, 2 or 20 µg of IL-10 
polyplexes. No statistically significant differences were observed between the polyplex 
treated groups and the untreated control. (Data expressed as mean ± 95% confidence 
interval, n=6, * represents significance for p<0.05). 
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Figure 4.19: Qualitative investigation of the effects of IL-10 gene delivery on apoptosis. 
TUNEL staining for apoptotic cells (green) counter-stained with DAPI (blue) and 
rMSCs (red). Colocalization of red and green appears orange to yellow, and indicated 
apoptotic rMSCs. In all images, the scale bars represent 20 µm. 
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Figure 4.20: Representative micrographs show overall numbers of macrophages 
(green) counterstained with DAPI (blue) in the scaffold region over time. CD68 (ED-
1)is used as a marker for all macrophage phenotypes. Arrows highlight some of the 
positive cells. The scale bar represents 20µm.  
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Figure 4.21: Representative micrographs show relative numbers of CD80+ 
macrophages (green) counterstained with DAPI (blue) in the scaffold region over time. 
CD80 is used as a marker for the M1 macrophage phenotype. The scale bar represents 
20µm, and arrows indicate some M1 cells.  

 

  

Unmodified rMSCs  2µg pIL-10 + rMSCs  20µg pIL-10 + rMSCs 

D
ay

 2
1  

 
D

ay
 7

  
 

D
ay

 2
 



System Testing in Skeletal Muscle Model 

130 

 

 

 

 

 

 

 

 
Figure 4.22: Representative micrographs showing CD163+ cells (green) counterstained 
with DAPI (blue). CD163 is used as a marker for the M2 macrophage phenotype. The 
numbers of M2 macrophages thus increased over time, and was highest in the 2µg 
group after 21 days.  
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Figure 4.23: Ratio of CD80+ cells compared to CD68+ cells, as estimated using 
stereological analysis of IHC micrographs, in samples treated with 0, 2 or 20 µg of IL-
10 polyplexes over time. The ratio of the CD80+ macrophages compared to the overall 
macrophage volume fraction (CD68+) indicated that the untreated samples were 
primarily CD80+ at day 2 and day 7, whereas the 2 and 20 µg samples had a 
significantly lower fraction of these cells. The estimated error of these measurements 
was approximately 25% as the error associated with each individual measurement was 
compounded by dividing two volume fraction estimations. Considering this error, * 
represents a significant change compared to the control and † represents a significant 
change as compared to the 20 µg group. Data shows quantification of images from 2 
representative animals per group and per timepoint.   
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Figure 4.24: Ratio of CD163+ cells compared to CD68+ cells, as estimated using 
stereological analysis of IHC micrographs, in samples treated with 0, 2 or 20 µg of IL-
10 polyplexes over time. The ratio of the CD163+ macrophages compared to the overall 
macrophage volume fraction indicated that the group treated with 2 µg of Il-10 
polyplexes consistently had the highest ratio of CD163+ cells, while the 20 µg group did 
not differ significantly from the control until after 21 days. The estimated error of 
these measurements was approximately 25% as the error associated with each 
individual measurement was compounded by dividing two volume fraction estimations. 
Considering this error, * represents a significant change compared to the control and † 
represents a significant change as compared to the 20 µg group. Data shows 
quantification of images from 2 representative animals per group and per timepoint.     
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Figure 4.25: Ratio of CD163+ cells compared to CD80+ cells, as estimated using 
stereological analysis of IHC micrographs, in samples treated with 0, 2 or 20 µg of IL-
10 polyplexes over time. The untreated samples had a far lower volume fraction of 
CD163+ than CD80+ cells, with a maximum CD163/CD80 ratio of less than 25% after 7 
days. The 2 µg group had relatively high ratios of CD163/CD80, especially after 7 and 
21 days. The CD163/CD80 ratios in the 20 µg group significantly increased after 7 and 
21 days, but these ratios remained significantly lower than the 2 µg group. The 
estimated error of these measurements was approximately 25% as the error associated 
with each individual measurement was compounded by dividing two volume fraction 
estimations. Considering this error, * represents a significant change compared to the 
control and † represents a significant change as compared to the 20 µg group. Data 
shows quantification of images from 2 representative animals per group and per 
timepoint.   
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Figure 4.26: Representative micrographs showing an overlaid image of serial sections 
showing CD80 (red) and CD163 (green) counterstained with DAPI. The arrows 
highlight the cells that appear to be positive for both markers. The scale bar represents 
50 µm. 
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Figure 4.27: Metabolic activity index of rMSCs treated with varying doses of IL-10 
polyplexes in vitro. As the polyplex dose increases, the metabolic activity of the cells 
decreases, suggesting increasing toxicity of the polyplexes in vitro. (Data expressed as 
mean ± 95% CI, n=3, the same trend was observed regardless of the plasmid or 
therapeutic gene chosen in three independent experiments). 
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4.4 Discussion 

IL-10 modification of rMSCs yielded a significant increase in IL-10 levels, as compared to 
unmodified cells, at all time points. rMSC retention was also increased at all timepoints, but 
this effect was only statistically significant (6.5x, p<0.05) at 7 days. In fact, the IL-10 
modified rMSC retention rate reduced to almost the same level as unmodified cells by day 
21, with no statistical difference between the two groups. In order to explain this 
observation, inflammatory cell volume fractions were compared between the groups. While 
fewer inflammatory cells were observed in the IL-10 modified group at both days 2 and 21 
(statistically significant at day 21), an increase in the volume fraction of inflammatory cells 
was observed after 7 days. This increase was also associated with a trend towards increased 
levels of interleukin-1β (IL-1β) (1.7x) and interleukin-8 (IL-8) (1.2x). Thus, the altered trend 
in the profile of inflammation appeared to be related to the eventual decrease of the IL-10 
modified rMSC numbers. 

Another possible explanation for the reduction in rMSC numbers at day 21 could be 
associated with the immune response, as the IL-10 modified cells were cultured and 
manipulated ex vivo for a significant length of time, and might therefore have altered their 
phenotype to become more immunogenic. This question would have been answered by using 
rMSCs stably tranfected with a plasmid containing no therapeutic gene (only neomycin 
resistance), instead of unmodified rMSCs. However, the IL-10 modified group was 
originally included as a positive control in order to remove the effect of transfection 
efficiency. As such, the study design did not include a specific control for this group. 
However, if the study was to be repeated, an empty vector control would have been 
included.  

The level of interleukin-5 (IL-5), a Th2 cytokine, was used to estimate the T helper cell-
mediated response. While no significant differences were observed, there was a trend 
towards higher IL-5 levels at days 2 and 7, as shown in Figure 4.5. This suggests that 
increased IL-10 levels correlated with increased T-helper cell numbers. As stem cells are 
generally described as hypoimmunogenic 34, and as these cells were syngeneic, it seems 
unlikely that the immune-response played a large role in their rejection. However, there have 
been reports of immune-mediated stem cell rejection,47 so this possibility should not be 
entirely discounted. The most likely explanation is that the two factors were combined, as 
the immune reaction is a component of the inflammatory reaction, and many of the 
inflammatory mediators have cross-over effects. 

Gene expression analysis of the IL-10 modified rMSC samples compared to unmodified 
rMSC controls was conducted to further investigate the reasons for the reduction in rMSC 
numbers after 21 days. Interestingly, this analysis yielded results that contradicted the 
protein expression study. The protein analysis was repeated to ensure accuracy and yielded 
the same trends, confirming that the gene expression and protein analyses had opposing 
trends. The most likely explanation for the opposing trends is that, in this study, IL-10 gene 
expression control was not occurring at the mRNA level. Gene expression can be controlled 
at the post-transcriptional level by modulating the degradation rates of mRNA and thereby 
increasing the number of proteins translated per mRNA molecule. It is possible that there are 
other post-transcriptional controls that are still being discovered, such as techniques for 
increasing the affinity between the desired mRNA and the ribosomes48. It has been observed 
that protein and mRNA transcript levels do not consistently correlate and that it is not valid 
to assume that correlation implies causation in this context 49-51.  The lack of other 
statistically significant changes in the expression of the genes of interest prevented any 
further conclusions from being drawn. 

Thus, while IL-10 modification appeared to significantly increase rMSC retention 7 days 
after implantation, unexpected side-effects limited the duration of this benefit and an 
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alternate technique was investigated. A non-viral scaffold-based transfection system had 
been previously found to induce significant up-regulation of transgenes in a variety of cell 
types for up to 3 weeks in vitro. This system was considered ideal as it required minimal ex 
vivo manipulation of cells, was effective for up to three weeks in vitro, and was highly 
effective at transfecting progenitor cell types like the rMSCs 41. In vitro testing of this 
system, as shown in Figure 4.8, validated its efficacy with a therapeutic gene. The most 
efficacious group yielded more than five-fold higher IL-10 levels than unmodified rMSCs 
after two days, and approximately double the normal IL-10 production for the remainder of 
two weeks. It should be noted that the unmodified rMSCs naturally produced a low level of 
IL-10, a property which has been previously demonstrated to be therapeutically relevant in 
treating ischemic injury 34. In a parallel in vivo reporter gene transfection study, statistically 
significant transfection of host cells was observed after 7 and 14 days in vivo. This suggests 
that the system prolonged the transfection activity of the polyplexes. 

In vivo, this system was found to effectively increase IL-10 levels and improve rMSC 
retention.  Both the volume fraction of rMSCs and the number of rMSCs per unit area were 
significantly increased by loading the scaffolds with 2 and 20 µg of IL-10. This effect was 
not found to be statistically significant at two days, but was significant in the 2 µg group 
after 7 and 21 days. A significant decrease in rMSC retention in the untreated group was 
expected after two days as very low retention rates of normal stem cells (i.e. <10% after 24 
hours) have been observed in previous studies 21. In this study, the volume fraction of the 
untreated rMSCs after two days would correspond to approximately 26% of the volume 
fraction of cells in the scaffolds prior to implantation and the rMSC numbers per area 
correspond to approximately 13% (pre-implantation volume fraction = 0.235±0.05, cell 
numbers/mm2 = 8970±420). This suggested that the scaffold itself might have provided 
some level of protection to the cells, as observed by Zhang et al. 52. However, this effect was 
short-lived as by day 7 the number of untreated cells per mm2 had decreased to 
approximately 1% of the original number of implanted cells. Scaffolds loaded with IL-10 
polyplexes showed no significant decrease in rMSC numbers per area. After 7 days, the 
point at which the greatest improvement was observed, the retention rate of the rMSCs in the 
2 µg treatment group was approximately 12.4%, compared to approximately 1% rMSC 
retention in the control. An empty vector control may have been a valuable additional group 
here, as the relationship between the polyplexes themselves (not their therapeutic product) 
and stem cell survival cannot be readily determined. It is likely that the efficacy of the 20 µg 
dose was limited by the cytotoxicity of the polyplexes, thus obscuring the potential benefits 
of IL-10 upregulation. 

Analysis of the rMSC volume fraction and rMSC numbers per area suggested that that there 
was a change in cell volume between days 2 and 7. While there was no statistically 
significant change in either parameter between days 2 and 7 in the treatment groups, there 
appeared to be a large decrease in cell number per area while the volume fraction appeared 
to increase. The overall correlation between cell number and volume fraction was quite low 
(R= 0.426). This was likely due to variation in cell size and distribution, as the micrographs 
from the day 2 time point had more clumps of tightly packed, compact cells than the later 
time points.  

It should be noted that the cell numbers per area figure likely under-estimated the actual cell 
numbers at the later timepoints as the pre-implantation values were used as the positive 
control for comparison, but those values would be relatively high for two reasons; firstly, the 
dye is freshly added to the cells and thus at its brightest, and secondly, the cells are still 
highly compact and thus all nuclei co-localize with the dye. After a week or three weeks in 
vivo, it is likely that some dye would have leached out of the cells, and the cells are so 
spread out that the nuclei would not necessarily appear in the brightest part of a cell. Thus, 
both the cell numbers estimation and the volume fraction estimation are valuable indicators 
of total rMSC retention. 
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The optimal dose of polyplexes used in this study was 2 µg, while the higher dose (20 µg) 
appeared to have limited efficacy. This may be due to the significantly higher dose of the 
polymer component of the IL-10 polyplex. The polymer used in this study, a commercially 
available transfection reagent, is known to have cytotoxic effects at high doses in vitro 
(Figure 4.27). This hypothesis is furthered by the observation of large numbers of apoptotic 
cells in the 20 µg treatment group at the 2 and 7 day timespoints. However, there was a 
statistically significant benefit of this dose after 7 days which suggests that the IL-10 
production may have modulated the cytotoxicity or at least minimized the cell death due to 
the inflammatory response. While IL-10 levels in the 20 µg group were significantly 
increased after 7 days compared to the untreated control, IL1β, aIL-8 and TNF-α levels were 
not decreased. In fact, the levels of these cytokines were significantly higher than observed 
in the 2 µg samples at this timepoint. Furthermore, while the numbers of cytotoxic (CD80+) 
macrophages were reduced after 2 and 7 days in the 20µg group as compared to the control, 
the only significant increase in regulatory (CD163+) macrophages occurred after 21 days. 
Furthermore, at this timepoint, the ratios of CD80+ and CD163+ cells indicated that a portion 
of the macrophages expressed both markers, as the sum of the volume fraction ratios was 
greater than unity. This was visualized by overlaying images of serial sections 
immunostained for the different markers (Figure 4.26).  

Thus, while IL-10 production was increased by treatment with 20 µg of IL-10 polyplexes, 
the higher dose was also associated with higher levels of proinflammatory cytokines and the 
benefit of the IL-10 was thus diminished. While the adaptive immune system may have also 
contributed to the decrease in efficacy, as suggested by the trend towards higher levels of IL-
5 in the 20µg group after 2 and 7 days, this effect was not significant and thus unlikely to 
have had a significant contribution.  

The increase in rMSC retention rates was associated with a significant increase in IL-10 
levels and a decrease in the levels of a variety of pro-inflammatory cytokines. In the 2 µg 
group (as compared to the control) after 7 days, the IL-10 level was more than doubled, the 
levels of aIL-8 and TNF-α were decreased by more than 50%, and the inflammatory cell 
volume fraction was also significantly decreased. Thus, the increase in the rMSC retention 
appeared to be related to a significant down-regulation of the inflammatory response.  

Analysis of cell death indicated that IL-10 transfection, as compared to the control, may 
have also had a protective effect on rMSC retention, as very few rMSCs in the 2 µg group 
were apoptotic unlike many rMSCs in the control, as highlighted in Figure 4.19. The largest 
number of dead cells was observed in the 20 µg group, especially at the earliest time point, 
suggesting that the higher dose of polyplex may have induced greater levels of cell death. 
Further analysis would be required to conclusively demonstrate the relationship between 
apoptosis and stem cell survival but preliminary results further the hypothesis that IL-10 has 
protective effects via prevention of apoptosis in addition to its effects on the inflammatory 
response.  

Correlating the levels of IL-10 to the levels of a variety of pro-inflammatory cytokines 
indicated that the strongest negative relationships existed between IL-10 and IL-1β, aIL-8, 
and TNF-α. These three pro-inflammatory cytokines are associated with the cytotoxic 
macrophage (M1) phenotype. IL-10, conversely, is associated with the regulatory 
macrophage (M2) phenotype. Thus, it seemed plausible that the main effect of the therapy 
was not actually on the number of inflammatory cells but rather on the phenotype of the 
macrophages. This seemed credible, as one of the main roles of endogenous IL-10 is to 
direct the maturation of immature macrophages towards the M2 phenotype 42. 

IHC for IL-10, as shown in Figure 4.11, indicated IL-10 in rMSCs as well as cells with 
macrophage and fibroblastic morphology, especially in the 2 µg group after 7 days. As 
reporter gene studies have indicated that transfection is possible from these scaffolds in vivo, 
some host cells were probably expressing the exogenous IL-10. However, it is unlikely that 
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all of the IL-10 production was due to transfection by the encapsulated polyplexes, 
especially considering the limited efficacy of non-viral techniques. Nevertheless, highly 
efficient transfection was not necessary because even low levels of IL-10 appeared sufficient 
to direct immature macrophages towards a regulatory phenotype. This regulatory phenotype 
secretes, among other things, IL-10. Thus, a positive feedback system may have come into 
effect. It seems likely that only a small portion of the observed IL-10 level was directly 
induced by delivering the IL-10 polyplexes, but this small level was sufficient to stimulate 
endogenous IL-10 production which was responsible for the rest of the secretion.  

To conclusively test the macrophage polarization hypothesis, immunostaining for M1 and 
M2 macrophages was carried out. Briefly, it was found that the scaffolds with increased IL-
10 levels were also found to have lower numbers of CD80+ M1 cells and higher numbers of 
CD163+ M2 cells. No clear trends were observed in the overall macrophage numbers, but the 
fraction of the total number of macrophages that were positive for CD80, the M1 marker, 
was significantly higher in the untreated control than in the 2 µg treatment group. The 20 µg 
treatment group showed an initial decrease in the fraction of M1, but after 21 days there 
actually appeared to be a higher fraction of M1 in that group than in the control, suggesting a 
delay in the inflammatory response. IHC for CD163, the M2 marker, showed a major 
increase in the number of M2 macrophages in the 2 µg treatment group, especially at the 
later timepoints. Comparing the ratio of M2 to M1 cells, the 2 µg group had a higher volume 
fraction of M2 than M1 cells at both 7 and 21 days, while the untreated control had far more 
M1 than M2 cells. The selection of the markers (CD80 for M1 macrophages and CD163 for 
M2 macrophages) was based on similar work on scaffolds in vivo54. However tt should be 
noted these are only potential markers and do not definitively indicate the phenotype or 
behaviour of these cells. Furthermore, it may be more correct to consider three macrophages 
phenotypes, as described by Mosser et al 53. However, the primary effect in this study 
appears to be sufficiently explained by the classical consideration of cytotoxic M1 and 
regulatory M2 macrophages 54. Thus, treatment with the optimal dose of IL-10 polyplexes 
appeared to reduce the volume fraction of pro-inflammatory macrophages and increase the 
fraction of regulatory macrophages, thereby reducing the overall production of pro-
inflammatory cytokines and increasing the anti-inflammatory response.   

As the system described herein is biodegradable with no harmful byproducts, it may serve as 
an ideal cell and gene delivery system in vivo. A single procedure will allow a relatively 
long period of cell and gene mediated therapy with no need for a retrieval operation. 
However, after 21 days in vivo, the scaffold was largely degraded, which precludes its use as 
a gene delivery system for longer than a few weeks. Furthermore, the scaffold is readily 
infiltrated by inflammatory cells and thus it offers no physical protection to the cells seeded 
within. While a small benefit was observed in stem cell retention in the untreated scaffolds 
after 2 days as compared to the literature (12.3% in the control samples vs. ~10% after 24 
hours observed by Pons et al. 21) this benefit was relatively modest and unlikely to have 
therapeutic relevance. Only with the addition of IL-10 gene therapy did the improvement in 
rMSC retention become large and extended enough to potentially have therapeutic 
significance. 

Gene therapy was chosen over more conventional drug (or, in this case, cytokine) therapy 
for a number of reasons, but it would be unreasonable to suggest that cytokine therapy 
would have been ineffective. The primary advantages of gene therapy in this case were the 
relatively constant IL-10 production over three weeks and the localised delivery over that 
time which resulted in relatively consistent IL-10 levels in the required area with no 
unnatural peaks or dips. Furthermore, it is likely that IL-10 had autocrine effects on the 
rMSCs. Cytokine therapy is currently limited by relatively short half-lives of the cytokines 
in vivo. While there are new techniques for sequestering or protecting these cytokines, it is 
unlikely that any current technologies could have provided constant, increased IL-10 levels 
over such a long time. Repeated injections could have increased the duration of effect, but 
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would have introduced unnatural peaks and dips in IL-10 expression. These peaks and dips 
may prove problematic as the IL-10 regulatory system is very finely tuned and unnaturally 
high levels may have unexpected consequences, as highlighted by the response to the IL-10 
modified rMSCs. However, cytokine therapy would be able to increase the IL-10 levels 
more dramatically and immediately than the gene therapy system, which could be 
advantageous.  

A final point in favour of the gene therapy approach relates to the translation of this therapy 
to the clinic. While obtaining regulatory approval may be slightly more complicated as 
polyplex-mediated gene delivery would require approval of the polymer and plasmid alone 
and in combination, the treatment itself is far more stable and more suited to large-scale 
production. Recombinant IL-10 protein is expensive and difficult to produce, must be stored 
at -80ºC, and loses its bioactivity rapidly upon thawing. Commercially prepared IL-10 
plasmids, conversely, can be stored at 4ºC or even at room temperature without significant 
losses in bioactivity. Thus, plasmids are better suited for large-scale manufacture and 
distribution than cytokines, further recommending the gene therapy approach over cytokine 
therapy. 

4.5 Conclusions 

In conclusion, the retention rate of rat mesenchymal stem cells was found to be significantly 
increased by scaffold-mediated gene therapy with interleukin-10. Genetic modification of 
rMSCs to produce IL-10 significantly increased the IL-10 secretion at all timepoints, but had 
unexpected effects on the inflammatory and immune reaction which were ultimately 
associated with a limited therapeutic benefits on the rMSC retention rate. Thus, an 
alternative technique was employed where the rMSCs were implanted in scaffolds loaded 
with IL-10 polyplexes. This method significantly increased the retention rates of the rMSCs, 
even after 21 days in vivo. The increased rMSC retention rate was associated with increased 
levels of IL-10, decreased levels of pro-inflammatory cytokines and a decrease in the overall 
volume fraction of inflammatory cell. The primary effect of the IL-10 gene therapy appeared 
to be on the phenotype of the infiltrating macrophages, decreasing the fraction of cytotoxic 
macrophages and increasing the number of regulatory macrophages. Thus, treatment with 
the anti-inflammatory cytokine interleukin-10 significantly improved the retention rate of 
implanted rMSCs by modulating the inflammatory response. Application of this technique to 
treatment of ischemic or degenerative conditions might yield significant improvement of 
stem cell survival, which may be an important step towards the realization of the therapeutic 
potential of stem cells.  
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5.1 Introduction 

As discussed in Chapter 1, cardiovascular disease, a major component of which is 
myocardial infarction (MI), is the leading cause of death in the developed world. It is 
responsible for approximately 33% of deaths worldwide. Mesenchymal stem cell (MSC) 
transplantation has been proposed as a treatment for a number of cardiovascular diseases 
including lower-limb ischemia 1, stroke 2, and myocardial infarction (MI) 3-10. In MI, some 
early preclinical studies have reported significant therapeutic improvements that were 
associated with stem cell transplantation 3-5 but clinical trials have failed to translate these 
results into humans 6-10.  

A potential reason for this failure is the very poor retention rate of stem cells transplanted 
into the ischemic myocardium; in a recent study, only 2% of injected stem cells remained 
within the injection zone after 7 days 11. It is possible that this poor retention of transplanted 
cells may be related to the inflammatory response associated with ischemia/reperfusion (IR) 
injury 12-15. As demonstrated in Chapter 4, a significant decrease was observed in MSC 
retention (95% loss after 7 days) in a syngeneic model where the cells were delivered in a 
collagen scaffold 16. The correlations between the inflammatory response (quantified in 
terms of pro-inflammatory cytokines and cytotoxic macrophages) and stem cell loss 
indicated that the inflammatory reaction appeared to be the primary cause of transplanted 
MSC death.  

One of the emerging methods for modulating the host response to transplants is localized 
anti-inflammatory gene therapy 17-21. This effectively decreased rejection of whole organ 
transplants, and in Chapter 4 it was shown to improve the survival of MSC transplants 16.  In 
this study, anti-inflammatory gene therapy with interleukin-10 (IL-10) was used to modulate 
the inflammatory response after implantation of a collagen scaffold seeded with rat 
mesenchymal stem cells (rMSCs). IL-10 is considered the most potent anti-inflammatory 
cytokine produced naturally and has been used in a number of studies to decrease or control 
inflammation 22-28. 

It was hypothesized that IL-10 gene therapy could be used to increase the retention rate of 
stem cells in a collagen scaffold when delivered to the ischemic myocardium in a system 
such as the one described in Figure 5.1. The primary objectives were to quantify the effects 
of scaffold-mediated IL-10 gene therapy on stem cell retention, overall cardiac function and 
the overall inflammatory response. 

5.2 Materials and methods 

5.2.1 Materials 
Male Lewis rat mesenchymal stem cells (rMSCs) were generously donated by Dr. Mary 
Murphy (Regenerative Medicine Institute, IE). These cells were isolated from the femoral 
and tibial compartments of male Lewis rats and the mesenchymal cell population was 
isolated based on plastic adherence. Hematopoietic cells were removed by regular medium 
changes. The markers used for cell sorting were CD29, CD73, and CD90. Negligible 
contamination with CD3 or CD11c positive cells was observed. (All of these antibodies 
were purchased from BD Pharmingen, UK). CMV-promoter driven mouse interleukin-10 
plasmids were generously donated by Dr. Jeffrey Medin (University Health Network, 
Canada). These plasmids were used to transform One-Shot Competent Cells (Invitrogen, IE) 
and propagated and isolated according to standard protocols using Maxi-Prep plasmid 
isolation kits (Qiagen, IE). Partially degraded PAMAM dendrimers, commercially available 
as SuperfectTM (Qiagen, IE) were used to polyplex and deliver the plasmids. All other 
standard chemicals and reagents were obtained from Sigma Aldrich. 
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5.2.2 Experimental design 
This study examined three treatments: unloaded scaffolds; scaffolds and rMSCs; and 
scaffolds, rMSCs and pIL-10. In each case, up to fifteen animals were treated with each type 
of scaffold. Eight out of each group were ultimately used for an analysis, as the rest had to 
be excluded from the study. The exclusion criteria were: death within 24 hours of MI, less 
than 15% reduction in LVEF% or post-operative LVEF% >80%, scaffold not in contact with 
heart when animal was euthanized. The animals were all sacrificed 28 days after infarction 
was induced.  

5.2.3 Preparation and loading of scaffolds 
Type I atelocollagen was isolated from bovine Achilles tendons, purified, and a 0.3 w/w% 
solution was freeze-dried and crosslinked with EDC/NHS to make the collagen scaffolds, as 
described elsewhere 29. Interleukin-10 plasmid-dendrimer polyplexes were prepared by 
incubating mouse IL-10 plasmids with SuperfectTM. 2 µg of plasmid polyplexed to 30 µg of 
dendrimer was added to each scaffold and the IL-10 polyplexes (pIL-10) were allowed to 
adsorb for 3 hours.  

5.2.4 Seeding of cells onto scaffolds 
Flasks containing male rMSCs between passage 4 and 6 were washed with DPBS and 
stained with a 4 µM solution of CelltrackerTM CM-DiI (Invitrogen, IE) for 30 minutes at 
37°C. These labelled rMSCs were pipetted onto the polyplex-loaded scaffolds and the entire 
system was incubated overnight to allow the cells to attach. 

5.2.5 Animals 
Female Lewis rats weighing between 180 and 250g were obtained from Charles River (UK) 
and allowed to acclimatise for at least 7 days. All animal procedures were approved by the 
institutional animal ethics committee and the federal board under the Cruelty to Animals 
Act. All animals received humane care in compliance with federal and institutional 
guidelines. 

5.2.6 Induction of myocardial infarction 
Each rat was anaesthetized with isofluorane (5% induction, 2% maintenance), intubated and 
ventilated using a volume-controlled ventilator with a mixture of oxygen (± isoflorane) and 
room air. The tidal volume (1.2 ml/100 g) and respiration rate (65-70/minute) were 
automatically calculated using the animal’s weight. A Small Animal Monitoring and Gating 
System (Harvard Apparatus, UK) was used to monitor the animal’s vital statistics 
throughout the procedure. The left thoracic region was shaved and swabbed with 10% 
povidone iodine to disinfect the region. Thoractomy was performed by opening the chest at 
the fourth or fifth intercostals space to expose the heart. Permanent ligation of the left 
anterior descending artery (LAD) was used to induce MI, and was confirmed by 
discoloration of the affected myocardium. The suture location was approximately 1 cm from 
the apex of the hearts.  

5.2.7 Implantation of scaffolds 
The rMSC and pIL-10 loaded scaffolds were applied directly to the surface of the heart 
where discoloration marked the infarct and a single suture was used to secure the scaffold in 
place. The animal was then closed and placed in a Small Animal Recovery Chamber 
(Harvard Apparatus, UK) overnight. All mortalities that occurred within 24 hours of the 
procedure were assumed to be due to post-operative complications and were thus excluded 
from the remainder of the study. 
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5.2.8 Echocardiography 
Transthoracic echocardiography was used to assess overall cardiac function. Baseline 
echocardiograms were obtained prior to any procedures. Post-operative echocardiograms 
were obtained 24 hours after left anterior descending artery (LAD) ligation, and sacrifice 
echocardiograms were obtained immediately prior to euthanasia, 28 days after infarction. 
Briefly, rats were anaesthetized with isofluorane and their thoraxes shaved. The rats were 
placed in a supine position on a heating pad and ultrasound gel (Aquasonic 100, Parker, 
USA) was applied to the shaved thorax. A 10 MHz ultrasound probe and GE Vivid 5 system 
was used to obtain ultrasound images of the heart at the level of the papillary muscles. M-
mode analysis using EchoPACTM allowed estimation of the left ventricle ejection fraction 
(LVEF%). Any animal found to have less than a 15% decrease in overall LVEF% or an 
LVEF% over 80% after MI was induced was excluded from the remainder of the study.  

5.2.9 Tissue preservation and sectioning 
Each rat was euthanized and its heart excised immediately after the sacrifice echocardiogram 
was obtained. The hearts were flushed with saline before preservation in 10% buffered 
formalin. After a minimum of 48 hours in fixative, the hearts were sectioned at 2mm 
thickness and perfused using an ASP300 Tissue Processor (Leica Microsystems, Meyer 
Instruments, USA). The heart slices were then embedded in paraffin and sectioned at 5µm 
thickness using a microtome. The sections analyzed immunohistochemically were embedded 
in OCT and flash-frozen for cryosectioning.  

5.2.10 Staining 
Standard Masson’s Trichrome, and Picrosirius red staining protocols were used with 
rehydrated sections. After staining, the sections were dehydrated in an ascending series of 
ethanol baths, cleared in xylene, and mounted using DPX mounting media. In all analysis, 
the areas discussed are as described in Figure 5.2. 

5.2.11 Stem cell volume fraction quantification 
Fluorescent micrographs of rehydrated sections, counter-stained with 4',6-diamidino-2-
phenylindole (DAPI) (Invitrogen, IE), were analyzed stereologically to quantify the volume 
fraction of rMSCs in each tissue sample. Briefly, samples were dewaxed in xylene, 
rehydrated using a descending series of ethanol baths, stained with DAPI, and mounted 
using aqueous mounting media (Vectashield, Vector labs, CA). The analysis zone was 
confined to the scaffold and immediate surroundings as certain features in the scar tissue 
were autofluorescent in the same range as the CM-DiI stain (>550 nm). At least 3 sections, 
each separated by 400µm, and a minimum of 3 images per section were analyzed (a 
minimum of 9 images per heart, an average of 15 images per heart).  

5.2.12 Immunohistochemistry 
Immunohistochemistry (IHC) was used to visualize IL-10 production using goat anti-IL-10 
primary antibody (1:100, RnD Systems, MN) and FITC-anti-goat IgG secondary (1:100, 
VectorLabs, CA). Macrophage phenotype was investigated as described elsewhere 30, 31 
using IHC for M1 (anti-CD80, 1:10, AdB Serotec, UK) and M2 (anti-CD163, 1:50, AdB 
Serotec, UK). Collagen type III was stained for using mouse anti-rat collagen type III 
(1:100, Abcam, UK). FITC-anti-mouse IgG (1:500, VectorLabs, CA) was used as the 
secondary antibody for all of these primary antibodies. In all cases, sections were blocked 
with 20% New Goat Serum, 0.5% Triton-X (Sigma, IE) in phosphate buffered saline (PBS), 
incubated 2 hours with the primary, and 1 hour with the secondary.  All sections were 
washed, counter-stained with DAPI, and mounted using aqueous mounting media. To 
control for non-specific binding of the secondary antibody, negative control sections were 
incubated with PBS instead of primary antibody before treatment with the secondary 
antibody. Maximum integration time and gain were adjusted using the negative control 
sections to ensure minimal autofluorescence signal. 
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5.2.13 Image analysis 
All image analysis was conducted using ImageJ (Freely available from the National Institute 
of Health, USA). rMSC volume fraction was estimated stereologically as a function of the 
area fraction of red fluorescence within the scaffold. rMSC number/mm2 was calculated by 
counting the number of nuclei that co-localized with the CM-DiI fluorescence. The number 
of apoptotic particles/mm2 and the macrophage densities (CD68, CD80, and CD163) were 
determined similarly. 

Fibrotic fraction measurements were made using low magnification Masson’s Trichrome 
images of the entire heart section as described elsewhere 32. Briefly, the left ventricle (LV) 
was traced and the region of interest selected. This image was segmented as a function of 
colour and the amuscular fraction of the total LV area was considered the infarct area. The 
infarct length was traced and divided by the LV perimeter to obtain a second estimate of the 
infarct area. Collagen area fraction was calculated similarly using Picrosirius red stained 
sections. Briefly, the collageneous area was divided by the total LV area to calculate 
collagen area fraction. The fraction of collagen type III/total collagen was determined by 
using fluorescent thresholds to determine the fraction of collagen type III/left ventricle, then 
dividing that fraction by the total collagen/left ventricle fraction.  

5.2.14 Statistics 
In all figures, data is expressed as mean ± 95% confidence interval. Cumulative averages 
from the stereological measurements were calculated for each heart and used in all further 
analysis. All statistical comparisons were carried out using PASW statistics 18.0.0 software 
(USA). ANOVA was used to determine statistical significance and Bonferoni’s multiple test 
correction to determine statistically different groups. For analysis of the echocardiography 
data, inter-class correlation coefficients were calculated in order to determine intra- and 
inter-observer correlation coefficients. Outliers were considered as any point outside of three 
interquartile ranges and were excluded from analysis. Statistical significance was set at 
p<0.05 and post-hoc corrections were used where applicable. Fifteen animals were originally 
included in each group, but due to mortality, scaffold detachment during the study, or 
negligible infarct, the final number of animals was only eight per group, therefore n=8 in all 
figures unless otherwise indicated. As stated in Chapter 4, as animals were operated on over 
a significant time period (more than six months), individual animals might be considered 
separate runs of the experiment.  

5.3 Results  

The retention of rMSCs was significantly higher (>5x) in the scaffolds loaded with pIL-10 
than the scaffolds without any gene therapy, as shown in Figure 5.3. This effect was 
statistically significant both in terms of volume fraction (Figure 5.4b) and density of 
rMSCs/mm2 (Figure 5.4c). The fraction of the implanted cells retained in the group without 
pIL-10 gene therapy was statistically negligible.  

The most important finding of this study was that there was a significant and consistent 
improvement in overall function in the hearts treated with the collagen scaffold loaded with 
IL-10 gene therapy and rMSCs (scaffold + rMSCs + pIL-10). Figure 5.5a)-c) shows the 
LVEF% of all animals in each group at baseline, 24 hours after MI was induced and scaffold 
applied, then 28 days after MI. Recovery of LVEF% (28 days post-MI LVEF% - 24h post-
MI LVEF%) was the main evaluation parameter. In Figure 5.5a), where the hearts were 
treated with scaffold alone, the LVEF% in all cases either decreased or remained constant 
when comparing 28 days post-MI with immediately post-MI. In the group treated with 
scaffolds containing only rMSCs (scaffold + rMSCs), as shown in Figure 5.5b), 
approximately half of the animals had dramatic improvements while the other half had 
significant losses in LVEF% by 28 days post-MI. In the group treated with scaffold + 
rMSCs + pIL-10, however, none of the animals had significant losses in LVEF% and most 
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had unchanged or improved LVEF%, as illustrated in Figure 5.5c). When the average 
recovery of LVEF% was compared between groups, (Figure 5.6a) a statistically significant 
increase in the recovery of LVEF% was observed as compared to the scaffold alone control, 
but not to the highly variable scaffold + rMSCs group. On average, there was a 7% recovery 
in LVEF% in the scaffold + rMSCs + pIL-10 group while there was a 10% loss in the 
scaffold alone control. The mean fractional recovery (28 days post-MI LVEF% - 24h post-
MI LVEF%)/(pre-MI LVEF% - 24h post-MI LVEF%) was also calculated, as shown in 
Figure 5.6b). The animals treated with scaffold alone continued to lose LVEF%, while the 
animals treated with the scaffold + rMSCs + pIL-10 recovered about 20% of the lost 
LVEF%. The variability in the response in the scaffold + rMSCs group resulted in no 
statistically significant differences between that group and either of the other two.  

As the inflammatory response was implicated as a potential cause of cell death in Chapter 4, 
the numbers of macrophages and their phenotypes were determined, as shown qualitatively 
in Figure 5.7 and Figure 5.8. By the 28 day timepoint, there was no statistically significant 
difference in the overall macrophage numbers (CD68+) within the implant area (Figure 5.9) 
or the ischemic zone (Figure 5.13). However, there were significantly more CD80+ 
macrophages and significantly fewer CD163+ macrophages within the implant area in the 
scaffold alone control than in the scaffold + rMSCs + pIL-10 group, as illustrated in Figure 
5.10 and Figure 5.11. The macrophage phenotypes within the ischemic zone were not 
statistically different between groups (Figure 5.14, Figure 5.15). It should also be noted that 
many of the cells which were positive for CD68 did not appear to carry either the cytotoxic 
(CD80) or regulatory (CD163) markers, as shown in Figure 5.9Figure 5.12 and Figure 5.16.  

While the primary effect of the IL-10 gene therapy was hypothesized to be modulation of the 
inflammatory response, endogenous IL-10 is also known to have anti-apoptotic properties. 
To investigate whether this played any role in the modulation of left ventricular function, the 
numbers of dead cells in each region were quantified using TUNEL analysis, as shown 
qualitatively in Figure 5.17 and quantitatively in Figure 5.18. In all cases, the trend was 
towards lower levels of apoptosis in the scaffold + rMSCs + pIL-10 treatment group than 
either of the other groups. In the border zone, there was a statistically significant decrease in 
the number of dead cells in the scaffold + rMSCs + pIL-10 group as compared to the 
scaffold alone control.  In the implant area, both groups containing rMSCs had significantly 
fewer dead cells than the scaffold control.  

Histological analysis of the infarct, as shown in Figure 5.19, indicated that there was no 
statistically significant change in the volume fraction or perimeter fraction of damaged tissue 
within the left ventricle (Figure 5.20, Figure 5.21) or in the average infarcted wall thickness 
(Figure 5.22). Similarly, there was no statistically significant change in the volume fraction 
of collagen in the left ventricle, as shown qualitatively and quantitatively in Figure 5.23 and 
Figure 5.24 respectively. While immunostaining for collagen type III (Figure 5.25) showed 
no difference in overall collagen type III area fraction (Figure 5.26), comparing the two 
measurements revealed that there was increased ratio of collagen type III/ collagen type I 
within the infarcted areas in the group treated with scaffold + rMSCs + pIL-10, as shown 
graphically in Figure 5.27.  
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Figure 5.1: Stem cell delivery system. The collagen biomaterial-based stem cell delivery 
system described in this manuscript is shown conceptually (a), after in vitro cell 
seeding and culture (b), a projection of a confocal-assembled three-dimensional stack 
showing rMSCs (red) growing over the edge of a scaffold after 4 weeks in vitro (c) and 
attached to a heart after 28 days in vivo (d). The scaffold is approximately 8-10 mm in 
diameter in vitro, but contracts when attached in vivo to approximately 6-8 mm in 
diameter. After 4 weeks in vitro or in vivo, the scaffold is fully infiltrated by cells but 
retains its underlying structure. The scale bar dimensions are specified in each image. 
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Figure 5.2: Description of analysis areas. The four areas discussed in relation to the 
various analysis techniques are restricted to those shown here: the implant area, the 
ischemic area, the border zone, and the unaffected, healthy tissue. (Scale bar 
represents 1000µm). 
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Figure 5.3: The retention of rMSCs (red) in collagen scaffolds after 28 days attached to 
an infarcted rat heart is shown qualitatively. The representative sections are shown at 
lower (top) and higher (bottom) magnifications to illustrate the distribution of cells. 
(Scale bar represents 20 µm).   
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Figure 5.4: The retention of rMSCs in collagen scaffolds after 28 days attached to an 
infarcted rat heart. The quantification of volume fraction (a) and rMSC numbers per 
mm2 (b) in the scaffold alone, scaffold + rMSCs, and scaffold + rMSCs + pIL-10 groups 
illustrate the increase in cell retention associated with the inclusion of IL-10 encoding 
polyplexes. (Data expressed as mean ± 95% CI, * represents statistical significance, p < 
0.05, n=8).    
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Figure 5.5: Individual ejection fraction curves from all animals treated with scaffold 
alone (a), scaffold + rMSCs (b) or scaffold + rMSCs + pIL-10 (c). The infarcted hearts 
treated with collagen scaffolds generally had progressively decreasing left ventricle 
ejection fraction (LVEF%). The scaffold + rMSCs group was more variable, with some 
hearts recovering significantly while others continued to lose function. The scaffold + 
rMSCs + pIL-10 group had mostly constant or improved LVEF%. (Data expressed as 
mean ± 95% CI, * represents statistical significance, p < 0.05, n=8. The intra-observer 
correlation coefficients were: 0.947, 0.980 and 0.982, while the inter-observer 
correlation coefficient was 0.976).   
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Figure 5.6: Mean recovery in ejection fraction (a) or fractional recovery (b) in all 
animals in the scaffold alone, scaffold + rMSCs and scaffold + rMSCs + pIL-10 groups. 
The mean recovery in LVEF% was statistically higher in the scaffold + rMSCs + pIL-
10 group than the scaffold alone control, as was the fractional recovery (recovery/loss). 
The scaffold + rMSCs group yielded highly variable data which was not significantly 
different from either group. (Data expressed as mean ± 95% CI, * represents statistical 
significance, p < 0.05, n=8).   
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Figure 5.7: Qualitative assessment of macrophage phenotype within implant area. 
Qualitative assessments of macrophage numbers within the implant in groups treated 
with scaffold alone, scaffold + rMSCs, and scaffold + rMSCs + pIL-10. CD68 was used 
as an overall macrophage marker while CD80 was used to identify cytotoxic (M1) 
macrophages and CD163 was used to identify regulatory (M2) macrophages. (Scale bar 
represents 20 µm).   
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Figure 5.8: Qualitative assessment of macrophage phenotype in ischemic zone in 
groups treated with scaffold alone, scaffold + rMSCs, and scaffold + rMSCs + pIL-10. 
CD68 was used as an overall macrophage marker while CD80 was used to identify 
cytotoxic (M1) macrophages and CD163 was used to identify regulatory (M2) 
macrophages. (Scale bar represents 20 µm).   
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Figure 5.9: Quantitative assessment of macrophage phenotype within the implant area 
in groups treated with scaffold alone, scaffold + rMSCs, and scaffold + rMSCs + pIL-
10. CD68 (ED-1) was used as an overall macrophage marker. There was no statistically 
significant change in overall macrophage numbers in the implant area. (Data expressed 
as mean ± 95% CI, * represents statistical significance, p < 0.05, n ≥3).   
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Figure 5.10: Quantitative assessment of CD80+ macrophage numbers within the 
implant area in groups treated with scaffold alone, scaffold + rMSCs, and scaffold + 
rMSCs + pIL-10. CD80 was used to identify M1 macrophages. There was a statistically 
significant decrease in CD80+ macrophages in the scaffold + rMSCs + pIL-10 group as 
compared to the control within the implant zone. (Data expressed as mean ± 95% CI, * 
represents statistical significance, p < 0.05, n ≥3).   
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Figure 5.11: Quantitative assessment of CD163+ macrophage numbers within the 
implant area in groups treated with scaffold alone, scaffold + rMSCs, and scaffold + 
rMSCs + pIL-10. CD163 was used to identify M2 macrophages. There was a 
statistically significant increase in CD163+ macrophages in the scaffold + rMSCs + 
pIL-10 group as compared to the control within the implant zone. (Data expressed as 
mean ± 95% CI, * represents statistical significance, p < 0.05, n ≥3).   
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Figure 5.12: Quantitative assessment of relative fractions of each macrophage 
phenotype within the implant A large fraction of the rMSCs in the group treated with 
scaffold + rMSCs + pIL-10 were CD163+. The groups treated with the scaffold or 
scaffold + rMSCs had relatively high fractions of CD80+ macrophages compared to the 
scaffold + rMSCs + pIL-10 group. Overall, however, the number of cells positive for 
CD68 was much higher than the sum of the CD80+ and CD163+ cells. (Data expressed 
as mean ± 95% CI, n≥3).   
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Figure 5.13: Quantitative assessment of overall macrophage numbers in the ischemic 
zone in groups treated with scaffold alone, scaffold + rMSCs, and scaffold + rMSCs + 
pIL-10. There was no statistically significant change in overall macrophage numbers. 
(Data expressed as mean ± 95% CI, * represents statistical significance, p < 0.05, n ≥3).   
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Figure 5.14: Quantitative assessment of CD80+ macrophage numbers within the the 
ischemic zone in groups treated with scaffold alone, scaffold + rMSCs, and scaffold + 
rMSCs + pIL-10. There was no statistically significant change in CD80+ macrophage 
numbers in the ischemic zone although the trend was the same as seen in the implant 
area. (Data expressed as mean ± 95% CI, * represents statistical significance, p < 0.05, 
n≥3).   
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Figure 5.15: Quantitative assessment of CD163+ macrophage numbers within the the 
ischemic zone in groups treated with scaffold alone, scaffold + rMSCs, and scaffold + 
rMSCs + pIL-10. There was no statistically significant change in CD163+ macrophage 
numbers in the ischemic zone although the trend was the same as seen in the implant 
area. (Data expressed as mean ± 95% CI, * represents statistical significance, p < 0.05, 
n≥3).   
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Figure 5.16: Quantitative assessment of relative fractions of each macrophage 
phenotype within the ischemic area. A large fraction of the rMSCs in the group treated 
with scaffold + rMSCs + pIL-10 were CD163+. The groups treated with the scaffold or 
scaffold + rMSCs had relatively high fractions of CD80+ macrophages compared to the 
scaffold + rMSCs + pIL-10 group. Overall, however, the number of cells positive for 
CD68 was much higher than the sum of the CD80+ and CD163+ cells. (Data expressed 
as mean ± 95% CI, * represents statistical significance, p < 0.05, n ≥3).     
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Figure 5.17: Apoptosis analysis. Qualitative analysis of cell death in different areas of 
damaged myocardium in the scaffold alone, scaffold + rMSCs, and scaffold + rMSCs + 
pIL-10 groups. A trend towards fewer apoptotic cells in certain areas was observed 
(Data expressed as mean ± 95% CI, * represents statistical significance, p < 0.05, n≥3, 
scale bar represents 20 µm).   
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Figure 5.18: Quantitative analysis of cell death in different areas of damaged 
myocardium in the scaffold alone, scaffold + rMSCs, and scaffold + rMSCs + pIL-10 
groups. A trend towards fewer apoptotic cells in certain areas was observed, but the 
only statistically significant differences were observed in the implant area where both 
rMSC containing groups had significantly fewer apoptotic cells and in the border zone, 
where the scaffold + rMSCs + pIL-10 group had significantly fewer apoptotic cells. 
(Data expressed as mean ± 95% CI, * represents statistical significance, p < 0.05, n≥3, 
scale bar represents 20 µm).   
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Figure 5.19: Qualitative assessment of the infarct size and severity within the left 
ventricle in the groups treated scaffold alone, scaffold + rMSCs, and scaffold + rMSCs 
+ pIL-10. (Scale bar represents 1 mm).     
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Figure 5.20: Volume fraction of the left ventricle infarcted in the groups treated with 
scaffold alone, scaffold + rMSCs, and scaffold + rMSCs + pIL-10. No statistically 
significant effect on infarct volume fraction was observed. (Data expressed as mean ± 
95% CI, * represents statistical significance, p < 0.05, n=8).     
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Figure 5.21: Perimeter fraction of the left ventricle infarcted in groups treated with 
scaffold alone, scaffold + rMSCs, and scaffold + rMSCs + pIL-10. No statistically 
significant effect on infarct perimeter fraction was observed. (Data expressed as mean 
± 95% CI, * represents statistical significance, p < 0.05, n=8).        
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Figure 5.22: Mean left ventricle wall thickness in groups treated with scaffold alone, 
scaffold + rMSCs, and scaffold + rMSCs + pIL-10. No statistically significant effect on 
wall thickness was observed. (Data expressed as mean ± 95% CI, * represents 
statistical significance, p < 0.05, n=8).     
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Figure 5.23: Picrosirius red staining of hearts treated with scaffold, scaffold + rMSCs 
and scaffold + rMSCs + pIL-10. No major difference in collagen volume fraction was 
observed (Scale bar represents 2 mm).   
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Figure 5.24: Quantification of picrosirius red staining for collagen volume fraction. No 
statistically significant difference was observed, although the trend was towards 
decreasing collagen area in the scaffold + rMSCs + pIL-10 group. (Data expressed as 
mean ± 95% CI, * represents statistical significance, p < 0.05, n=8). 
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Figure 5.25: Immunohistochemistry for collagen type III volume fraction within the 
ischemic and implant zone. There appeared to be an increase in the collagen type III in 
the hearts treated with rMSCs (both with and without pIL-10) than the hearts treated 
with scaffold alone, but this difference was not quantitative (Scale bar represents 500 
µm).   
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Figure 5.26: Volume fraction of collagen type III within the ischemic zone. No 
statistically significant differences were observed, although there was a trend towards 
higher collagen type III content in the groups treated with rMSCs. (Data expressed as 
mean ± 95% CI, * represents statistical significance, p < 0.05, n=8).   

  



Summary and Future Directions 

177 

 

 

 

 

 

 

 

 

 
Figure 5.27: Ratio of collagen type III/collagen type I in the ischemic zone. There was a 
statistically significant increase in the ratio of collage type III/collagen type I in the 
scaffold + rMSCs and scaffold + rMSCs + pIL-10 group as compared to the scaffold 
alone group. (Data expressed as mean ± 95% CI, * represents statistical significance, p 
< 0.05, n=8).   
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5.4 Discussion 

Collagen scaffolds loaded with polyplexes encoding IL-10 were tested as a stem cell 
delivery system and regenerative cardiac therapeutic in a rat model of myocardial infarction. 
It was found that rMSCs delivered in a scaffold loaded with IL-10 polyplexes had 
significantly improved (5x) survival in the ischemic myocardium. Hearts treated with 
scaffold + rMSCs + pIL-10 also had significantly improved recovery of left ventricular 
function as compared to hearts treated with the scaffold control. This improvement was 
associated with a change in the inflammatory response characterized by a decrease in 
CD80+ and an increase in CD163+ macrophage numbers and a decrease in the numbers of 
dead cells. The ratio of collagen type III to collagen type I was also increased in the scaffold 
+ rMSCs + pIL-10 group as compared to the scaffold alone group, implying a reduction in 
adverse remodelling was associated with the scaffold + rMSCs + pIL-10 treatment.  

The stem cell retention observed with the scaffold + rMSCs + pIL-10 system was relatively 
high (1-2% of original implanted number) 28 days after implantation. Furthermore, the 
increased numbers of cells observed after 28 days implies significantly improved retention 
over the entire course of the 4 weeks, as observed in previous studies 16. Without inclusion 
of pIL-10, the retention of the rMSCs was negligible (Figure 5.4) as has been observed 
previously in similar studies 11, 33. Thus, pIL-10 incorporated into a collagen scaffold-based 
stem cell delivery device improved the retention rate of these cells within the ischemic 
myocardium. 

Increased stem cell retention was associated with a statistically significant improvement in 
LVEF%, a commonly used measure of overall cardiac function. Detailed analysis of the 
individual animals LVEF% at each time point provided an insight into the value of the full 
combination therapy. The infarcted hearts treated with scaffold alone had an average of a 
10% loss in overall LVEF%. All of hearts in this group, as highlighted in Figure 5.5a), 
continued to lose LVEF% in the 28 days following coronary artery ligation. Similar loss of 
LVEF% has been observed previously in the weeks following MI 33-35. In the group treated 
with rMSCs, four of the animals had improvements in LVEF% – some quite dramatic – 
while the other four continued to lose LVEF%, as shown in Figure 5.5b). This suggests that 
some hearts respond better to the scaffold + rMSCs treatment than others. Further 
investigation into the differences between the responsive and unresponsive hearts might 
yield insight into both the optimal candidates for stem cell therapy and the actual mechanism 
of stem cell mediated cardiac protection. Of the hearts treated with scaffold + rMSCs + pIL-
10, (Figure 5.5c) five had significant improvements and the remaining three were not 
significantly altered in the 27 days between the measurements.  

Thus, significant improvements in LVEF% were observed in the group treated with scaffold 
+ rMSCs + pIL-10. However, no significant changes were observed in infarct size, infarct 
perimeter fraction, or wall thickness, nor were any correlations observed between LVEF% 
and histological parameters.  While functional improvements are often associated with 
improved histological parameters, many other studies have failed to find statistically 
significant effects on the morphometry of the myocardium despite observing changes in 
overall cardiac function 36-39.  This disparity may be due to a number of factors. Firstly, 
histological infarct measurement techniques are subject to several limitations. Thinning of 
the infarcted wall can lead to underestimations of infarct volume, for example 32. 
Furthermore, induction of MI by coronary artery ligation yields highly variable infarct sizes 
40 and because these parameters can only be measured once the heart has been explanted for 
analysis, the initial infarct size is unknown. Thus, it is impossible to assess changes in infarct 
size. LVEF%, conversely, can be assessed as frequently during the course of the experiment. 
This allows continuous monitoring of cardiac function and comparisons between time 
points.   
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Another limitation of conventional infarct size estimates is that these estimates do not 
account for the composition of the infarcted area. However, this can be a critical parameter 
in predicting cardiac function. A decreasing ratio of collagen type III to collagen type I, for 
example, is associated with reduced compliance of the tissue, as observed in cardiomyopathy 
41-43. When the ratio of collagen type III/I was investigated in this study it was found that 
while there were no significant changes in the volume fractions of either type, there was a 
statistically significant increase in the ratio of collagen type III/I in the group treated with 
scaffold + rMSCs + pIL-10. This implies that the infarcted tissue in these hearts was more 
elastic and less rigid than in the hearts treated with scaffold alone. Improved elasticity of the 
infarcted area could explain the improvement in cardiac function in these animals.  

It appears that the changes in the inflammatory response have played a role in improving the 
overall cardiac function, both directly and indirectly. It has been reported that decreased 
serum levels of inflammatory cytokines are associated with an improved prognosis after MI 
44, 45. Decreased infiltration of inflammatory cells is also associated with improved long-term 
patient survival 45. It is hypothesized that over-active inflammatory cells may be responsible 
for unnecessary cell death during the post-ischemic response. The reduction in CD80+ 
macrophages and increase in CD163+ macrophages observed in the rMSCs and IL-10 
treatment group implies a diminished macrophage mediated inflammatory response. This 
may have directly improved overall cardiac function, but it is also possible that the change in 
macrophage phenotype may have been indirectly beneficial via the remodelling response, as 
recent wound healing literature has suggested different roles of each macrophage phenotype 
in the composition of collagen deposited during remodelling 46, 47. It should be noted that 
CD80 and CD163 are cell surface markers that have been previously associated with the 
cytotoxic (M1) and regulatory (M2) macrophage phenotypes respectively 30, 31, 46. While 
these definitions of macrophage phenotypes may be sufficient for the current study, it may 
be over-simplistic in other contexts. To ensure clarity, we have referred to the cells in 
question by their marker and not by the associated phenotype (i.e. CD80+ instead of 
cytotoxic macrophage).  

The decrease in CD80+ macrophage density was associated with improved rMSC retention 
(R=0.874), implying a connection between the change in the inflammatory response and the 
improvement in rMSC retention. It is possible that the improvement in stem cell retention 
directly improved LVEF% or improved remodelling resulting in improved overall cardiac 
function. Bivariate correlation analysis showed a positive correlation between stem cell 
retention and wall thickness and collagen type III/I ratio (R=0.493 and R=0.812, 
respectively, p<0.05).  

Figure 5.28 illustrates the postulated inter-relationships between the treatments and 
therapeutic effects. IL-10 gene therapy appeared to directly affect the rMSC retention and 
the inflammatory response.  These two factors were likely linked, as increased levels of 
inflammation would have decreased the survival of the stem cells and vice versa. 
Furthermore, both factors could have improved the remodelling response as well as directly 
improving cardiac function.  

Finally, treatment with scaffold + rMSCs + pIL-10 decreased cell death in the border zone 
when measured 28 days after infarct, as compared to the scaffold alone control. This is 
significant as the outcome in relation to cell survival versus cell death in the border zone 
may have significant effects on cardiac function.  

The relationship between the scaffold degradation and the inflammatory response may have 
provided another interesting insight into the role of macrophages in remodelling 
biomaterials. This idea has been investigated extensively by the Badylak group, who have 
shown that macrophage phenotype plays an important role in extracellular-matrix derived 
scaffold degradation and remodelling 31. This may have affected the response in the group 
treated with scaffold alone, as the presence for the scaffold may have triggered a foreign 
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body response. However, as the loss of LVEF% was not significantly different than the 
losses in untreated infarcted hearts (8-10%) described in the literature, it seems unlikely that 
the scaffold had significant, adverse effects 36-39. 

5.5 Conclusions 

In conclusion, scaffold-mediated IL-10 gene therapy improved stem cell retention by more 
than five-fold, improved cardiac function by approximately 17% compared to the scaffold 
alone control, and modulated the remodelling response by decreasing the numbers of CD80+ 
macrophages, increasing the numbers of CD163+ macrophages, decreasing apoptosis and 
altering the ratio of collagen type III/I. Thus, combining biomaterial, gene and cell therapy 
improves outcome after stem cell transplantation following myocardial infarction.  
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Figure 5.28: Relationships between therapeutic effects. Treatment with IL-10 was 
found to result in improved stem cell retention and a modulated inflammatory 
response. In turn, an increased ratio of collagen III/I and improved cardiac function 
were observed, as compared to an empty scaffold control. The feedback and synergistic 
effects are also shown.  
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6.1 Introduction 

Regenerative medicine aims to return damaged tissue to its native structural and functional 
state. While this goal may be overly optimistic, progress towards it would significantly 
improve the outlook for patients in a variety of disease and injury states. Simply reducing 
the extent of fibrotic scarring could greatly reduce the pathology of a number of conditions. 
This is unquestionably true in the case of the damage to cardiac tissue after myocardial 
infarction (MI). Stem cells, gene therapy and biomaterials have each been proposed for 
treatment of damaged heart tissue in a variety of applications ranging from engrafting new 
cardiomyocytes to improving vascularisation to mechanically augmenting the damaged 
tissue. However, the only one of these therapies to demonstrate therapeutic efficiency in 
clinical trials is the use of an acellular, synthetic scaffold which is used to prevent dilation of 
infarcted tissue. Stem cell injection, which had impressive results in preclinical studies, has 
failed to achieve therapeutic significance. A possible reason may be that these cells do not 
remain in the infarcted area long enough to have any therapeutic effects. The reasons for the 
low stem cell retention are unknown – the cells may migrate away, they may be unable to 
survive in the nutrient-deprived infarcted region, or they may be phagocytosed by the cells 
of the inflammatory reaction. The overall goal of this research was to develop a stem cell 
delivery technique which retained the implanted cells in the region of interest, thereby 
unlocking their therapeutic potential.  

6.2 Summary 

6.2.1 Phase I: System development 
The objective of the first phase of this work was to develop a scaffold that allowed extended 
release of polyplexed plasmid DNA and supported the growth of rat mesenchymal stem cells 
(rMSCs). The proposed system was a type I atelocollagen scaffold, crosslinked with 1-ethyl-
3-(3-dimethylaminopropyl) carbodiimide (EDC) and N-Hydroxysuccinimide (NHS) 1-6. This 
system was optimized and characterized in vitro, as described in Chapter 2. The cross-
linking protocol was optimized as a function of cell response and ease of manipulation. At a 
5:5:1 EDC:NHS:collagen carboxyl ratio, cells grew throughout the entire scaffold thickness 
and the scaffold could be manipulated even when wet, while uncrosslinked collagen had no 
mechanical integrity after only two days in culture. Optimization of the gene therapy 
plasmid-dendrimer complexes, or ‘polyplexes’ was then conducted. A dendrimer to plasmid 
mass:mass ratio of 6:1 was found to be optimal for the reporter gene, a secreted variant of 
luciferase, which was used in this phase. Complexation was confirmed with TEM, UV 
spectroscopy and gel electrophoresis, techniques which are considered to allow effective 
characterization of plasmid-dendrimer polyplexes 7. The parameter ultimately used for 
optimization, however, was transfection ability as this was the only factor that ultimately 
controlled the efficacy of the system. On this basis, a dendrimer:plasmid ratio of 6:1 was 
found to be optimal.   

6.2.2 Phase II: In vitro testing 
Once the scaffold and polyplexes were prepared and optimized individually, the interactions 
between the scaffold, polyplexes and the cells seeded into the scaffold were examined, as 
detailed in Chapter 2 and Chapter 3. The interaction between the scaffold and polyplexes 
without the presence of cells was first examined. The scaffolds were found to have a very 
high loading efficiency (>98% for a polyplex dose containing 1µg of plasmid) but minimal 
release was observed after 48 hours using conventional techniques and the total release 
barely exceeded 20% of the loaded dose. An alternative technique, as described in Chapter 
3, found that the loading efficiency was actually much lower (~63%) but the total 
cumulative release was much higher (around 72% of the loaded dose after 7 days of elution). 
In order to validate this alternative technique, polyplexes were prepared using a variety of 
different polymers. Drastically different release profiles were observed with different 
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polymers, suggesting a possible, alternative technique for temporally controlling the delivery 
of gene therapy agents; if certain polyplexes are released much more slowly than others from 
the scaffold-based reservoir system, the choice of transfection reagent will dictate the 
temporal profile of transfection.  

Once it had been established that the scaffolds had the ability to act as a reservoir and did 
slowly release loaded polyplexes, the system was ready to be tested in combination with 
cells. As it had previously been established that the scaffolds supported the growth and 
proliferation of cells, any negative effects on cell viability could be assumed to be associated 
with the polyplexes. No significant reduction in cellular metabolic activity was observed 
when cells were seeded into a polyplex loaded scaffold, providing that the maximum 
polyplex dose contained less than 5µg of plasmid (or less than 30µg of dendrimer). A 
polyplex dose containing 1µg of plasmid was found to yield the highest transfection level 
with rat mesenchymal stem cells (rMSCs) after 48 hours and was thus adopted for all 
reporter gene studies.  

The reporter gene used in these studies was a secreted variant of the luciferase gene, which 
allowed for monitoring of the same set of samples over an extended period of time. This was 
important because one of the goals of this system was to up-regulate expression of a gene 
over weeks. Significant up-regulation of the reporter gene was, indeed, observed over time 
in samples seeded with rMSCs. The time scale of up-regulation was significantly longer 
from the scaffold-reservoir than from cells transfected on tissue culture plastic. As the 
system was eventually intended for implantation, it was important that a variety of different 
cell types could be transfected. While transfection of many different cell types have been 
reported for the polyplex itself 8, the presence of the scaffold changed the transfection 
efficiency and transfection profile over time. Thus, a variety of different cell types were 
seeded into polyplex-loaded scaffolds and the transfection profile monitored over time. 
While rMSCs had among the highest transgene levels, similarly high expression was 
observed with rabbit adipose derived stem cells (ADSCs) and undifferentiated PC-12 cells. 
Furthermore, high levels of luciferase activity were observed in almost all cell types, even 22 
days after the cells were seeded into the transfection system.  

The final component of the in vitro testing was to validate the system with a therapeutic 
gene. The therapeutic gene chosen for this project was interleukin-10 (IL-10), a cytokine 
with primarily anti-inflammatory properties. The optimal mass:mass ratio for the dendrimer 
to the IL-10 plasmid was 15:1 and the most effective polyplex dose in vitro contained 2µg of 
IL-10 plasmid. In the 2µg group, the transgene expression level by rMSCs was 
approximately five-fold higher in the treated samples than the untreated ones after 2 days. 
This level was approximately double that of untreated samples for the remainder of two 
weeks, at which point there was no statistical difference between the two groups. The 
highest polyplex dose with appreciable transfection contained 20µg of IL-10 plasmid. These 
two groups were chosen for in vivo testing as they spanned a relatively wide range but had 
acceptable in vitro transfection levels.   

Thus, the collagen scaffold was able to act as a reservoir for the polyplexes and extend 
transgene expression of a reporter gene for up to three weeks in vitro, whereas the in vitro 
expression was minimal after only a few days in culture. This validated its potential for use 
as a transfection system in vitro, but in vivo testing was required in order to conclusively 
consider the system effective. 

6.2.3 Phase III: Skeletal muscle study 
The penultimate phase of testing of this system occurred in vivo, as described in Chapter 4. 
The ultimate goal of this phase of testing was to improve stem cell survival after 
implantation in vivo by up-regulating IL-10 production. The system was tested in a rat 
skeletal muscle model  in order to establish that the combined system was capable of 
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transfecting cells in vivo, promoting the survival of implanted stem cells, and to determine 
the optimal dose for the cardiac study (Chapter 5).  

Two different gene therapy strategies were employed in the skeletal muscle study. While the 
system described in Phase I and II had clearly shown promise, there were concerns that the 
transfection efficiency might be too low to have any therapeutic effect. In order to remove 
transfection efficiency as a consideration, a ‘positive control’ was prepared where the cells 
were transfected in vitro then cultured in selection media in order to select stable clones. 
These cells were expanded for two passages then seeded into scaffolds and implanted as IL-
10 modified rMSCs. However, while the IL-10 levels in the samples containing these cells 
were significantly higher than the unmodified cells at all timepoints, the improvement in the 
retention rate of the rMSCs was only statistically significant after 7 days – the effect was 
gone after 21 days.  

The polyplex-loaded scaffold system, however, proved to be an effective cell delivery 
vehicle even after 21 days in vivo. The 2 µg dose was the most effective, significantly 
improving the retention rate of the rMSCs after both 7 and 21 days. This effect appeared to 
be related to the inflammatory reaction as had been initially hypothesized, but the precise 
mechanism of the effect was not immediately clear. The only statistically significant effect 
on inflammatory cell numbers was observed after 7 days in vivo and this effect was 
relatively minor. However, there was a significant decrease in levels of inflammatory 
cytokines that are generally associated with cytotoxic macrophages (M1 phenotype). 
Immunohistochemistry indicated that there was a shift from the cytotoxic M1 phenotype to 
the more regulatory M2 phenotype in the treatment groups, suggesting that the primary 
effect of the therapy was not on the numbers of inflammatory cells but on their phenotype.  

6.2.4 Phase IV: Myocardial infarction study 
The final study described in this thesis (Chapter 5) was designed to test the therapeutic 
efficacy of a stem cell and polyplex-loaded scaffold in a rat model of myocardial infarction. 
The objectives of the study were to assess the rMSC retention, overall cardiac function and 
inflammatory response in hearts treated with one of the following three groups: unloaded 
scaffolds, scaffolds seeded with rMSCs, and scaffolds seeded with rMSCs and loaded with 
IL-10 polyplexes. It was hypothesized that incorporation of these IL-10 polyplexes would 
improve rMSC retention in the biomaterial scaffold on the surface of the infarcted heart. It 
was further postulated that the scaffold containing rMSCs and IL-10 polyplexes would 
ultimately improve cardiac function as compared to a scaffold containing neither.  

It was found that incorporation of IL-10 polyplexes into the rMSC-loaded scaffold increased 
the cell retention by more than five-fold compared to the scaffolds without polyplexes. The 
combination of rMSCs and IL-10 gene therapy also improved left ventricular ejection 
fraction (LVEF) which is a useful measure of overall cardiac function. This improvement 
was quite dramatic, as the group treated with rMSCs and IL-10 gene therapy had, on 
average, a 7% improvement in LVEF while the hearts treated with empty scaffolds lost an 
average of 10%. This improvement in cardiac function was associated with a phenotypical 
change in the inflammatory response. While no significant changes were observed in overall 
macrophage numbers, the group treated with rMSCs + IL-10 had fewer cells positive for 
CD80, a marker associated with the M1 or cytotoxic macrophage phenotype, and more cells 
that carried the CD163 marker, which is associated with the M2, or regulatory macrophage 
phenotype.  

This change in the inflammatory response may have also had direct benefits for the treated 
hearts, as both decreased cell death and improved collagen III to collagen I ratios were 
observed. The decrease in cell death was statistically significant within the border zone in 
the infarcted hearts, and may explain part of the functional improvement that was observed 
in LVEF. Another potential factor in this improvement is the change in collagen ratio. 
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Generally, improved cardiac function is associated with smaller infarcts. However, no 
statistically significant changes in infarct size were observed; only infarct composition was 
significantly different between groups. This highlights the importance of the way that 
damaged myocardium is remodelled, as higher collagen III/I ratios are associated with more 
elastic myocardial tissue and thus better cardiac function.  

In conclusion, this final phase of testing demonstrated that incorporating IL-10 polyplexes 
into a rMSC-loaded collagen scaffold improved cell retention and overall cardiac function. 
This improvement was associated with a less severe inflammatory response, reduced cell 
death, and an increase in the ratio of collagen III/I. As the system was found to significantly 
improve cardiac function, further studies such as those outlined in section 6.4 are 
recommended.   
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6.3 Limitations 

6.3.1 Phase I 
The choice of transfection reagent is critical, as every available agent has both advantages 
and disadvantages. Choosing to use non-viral techniques reduces the potential dangers 
associated with viruses, but also reduces the efficiency of transfection. Within the non-viral 
set of transfection reagents, other trade-offs must be made. Different transfection reagents 
are optimal for different cell types, serum conditions, etc. For example, liposomal reagents 
such as LipofectAMINETM PLUSTM have been found effective in HUVEC cells, but only in 
serum-free conditions 8. The transfection reagent selected for this project was the partially 
degraded dendrimer available commercially as SuperfectTM. SuperfectTM effectively 
transfects a variety of cell types 8-11, even in the presence of serum. However, is not without 
drawbacks. For example, the high concentration of primary amines on the surface of the 
dendrimers makes the polyplexation interaction very strong, but also increases the 
cytotoxicity of the polyplexes and might thus reduce their transfection ability 12. The results 
presented in Chapter 2 support the choice of SuperfectTM for the subsequent applications, but 
it is recognized that there are other transfection reagents which might not suffer from all of 
the limitations experienced by partially degraded dendrimers. Simply put, it was necessary to 
select a transfection reagent, but none of the agents available at the time of selection were 
ideal. New transfection reagents are constantly being developed, many of which might be 
better suited for this application and may ultimately be able to replace the commercially 
available reagents used in this study. However, as none of these transfection reagents have 
been validated, their potential is purely speculative at this point.  

The in vitro transfection system was optimal for testing a wide variety of cell types, doses 
and polyplex formulations. In the experiments described in Chapter 2, all testing was 
conducted on monocultures that received nutrients via cell culture media. The majority of 
the optimization steps used two-dimensional cultures of rMSCs. This was an ideal 
environment for comparing an array of formulations as there were minimal ethical concerns 
and the conditions in which transfection occurred could be tightly regulated. However, in 
vitro systems, especially two-dimensional cell sheets, do not consistently represent in vivo 
conditions. Therefore, while most optimization was conducted using in vitro systems, the in 
vivo experiments discussed in Phase III also included a dose optimization study.  

6.3.2 Phase II 
Even as the lack of perfect transfection reagent represented a limitation in the first phase of 
this work, the nature of the plasmid-polymer complexes, or ‘polyplexes’ represented a major 
limitation to the second phase of the work. While the polyplexed DNA was better protected 
from degradation than the unpolyplexed DNA, it was also seen that the polyplexes became 
increasingly difficult to de-complex over time. As one of the techniques used in the 
quantification of polyplex release relied on de-complexation of the polyplexes prior to 
detection, this represented a major problem. This limitation was addressed in more detail in 
Chapter 3, where an alternative technique was developed which allowed reliable 
quantification of polyplex release without de-complexation. However, the fact that it was so 
difficult to reverse the complexation process in vitro may have translated to a reduction in 
transfection efficiency over time of the polyplexes released from the scaffold. The in vivo 
data discussed in Chapters 4 and 5 shows relatively high transfection over time from the 
scaffold system, but it is possible that the transgene expression would have been higher if 
the polyplex complexation did not continue to strengthen over time 
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6.3.3 Phase III 
The ideal model for all of the in vivo work would have been the rat model of myocardial 
infarction. However, as only a single scaffold can be implanted per heart, and very little 
information existed in the literature regarding optimal doses and stem cell quantification 
techniques, the skeletal muscle model presented in Chapter 4 was selected as a method to 
narrow the focus of the cardiac study and develop analysis techniques, thereby minimizing 
the numbers of animals needed. However, the clinical significance of this model is limited. 
Its value was primarily in its similarity to the cardiac model, as the scaffold was implanted 
over the surface of the heart. The skeletal muscle model was not intended to simulate any 
model of human disease, as the scaffold was attached to healthy tissue and served no 
therapeutic purpose. While there may be diseases where such a model could have clinical 
relevance, they were not investigated in this study. Furthermore, as there was minimal 
inflammation associated with the implantation of these scaffolds, the IL-10 mediated 
modulation of the inflammatory response may have been more effective than necessary in 
that wound model.  

Another limitation in the analysis of the skeletal muscle study concerned the 
immunostaining of the various macrophage phenotypes. The primary effect of IL-10 gene 
therapy on the inflammatory response, as analyzed in Chapter 4, was found to be 
phenotypical. IL-10 treatment groups had reduced numbers of cytotoxic M1 macrophages 
and increased numbers of regulatory M2 macrophages. This result was implied by the 
reduction in the rat analogue of human IL-8 (KC/GRO/CINC), and trends towards lower 
levels of IL-1β and TNF-α, which are all associated with the M1 phenotype. The 
identification of these cell types was conducted using anti-CD80 antibodies (Serotec) and 
anti-CD163 antibodies (Serotec), which were the same antibodies as described for this 
application elsewhere 13-15. However, this immunostaining only gives an indication as to the 
changes occurring in the surface markers that have been associated with the respective 
macrophage phenotypes. Recent literature indicates that the classical view of M1 vs M2 
macrophages may be over-simplistic, and that in some cases macrophages may have 
characteristics of both phenotypes 16.  

The fact that natural cytokine levels fluctuate both with time and between subjects represents 
another limitation of the analysis in this phase. Futhermore, in humans, there are daily cycles 
of cytokine expression which result in fluctuations throughout the day 17. Thus, it is best to 
compare changes in cytokines on a repeated measures basis at the same point in the cycle on 
each day. However, as these samples had to be broken down to allow cytokine analysis, 
repeated measures analysis would not have been feasible. Instead, the experimental protocol 
was controlled to minimize the influence of natural variation. The natural subject-to-subject 
variability was minimized by the fact that these animals were syngeneic, and therefore had 
minimal genetic variability. The effect of daily fluctuations was controlled for by sacrificing 
all of the subjects at the same time, knowing that the light/dark cycles were identical in all 
cases.  

Finally, interpretation of in vivo data can be a source of experimental error, as measurements 
like cell density can be easily biased. To minimize the chance of experimental bias in all 
measurements, the samples were identified by a coded sequence unrelated to the treatment 
group and decoding was not conducted until all measurements had been acquired and 
entered into the statistical analysis software (PASW Statistics). Furthermore, to minimize the 
chance of bias in the stereological quantification of stem cell retention (volume fraction and 
cell density), a small analysis program (a macro) was prepared and optimized using control 
images before being used to analyze all sample images.  
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6.3.4 Phase IV 
The cardiac study, while a better model of human myocardial infarction, was also limited in 
its applicability. For example, a rat heart weighs less than a gram while a human heart 
generally weighs more than 200g. This difference in mass is reflected by the difference in 
wall thickness (~1 mm vs. ~1 cm), which, in turn, significantly affects the tissue response to 
the stem cell-loaded scaffold. Diffusion limitations are not scalable, so while factors secreted 
by the stem cells that were in contact with the outer surface of the heart were able to affect 
the entire thickness of the rat heart, they might not penetrate as deeply into the human heart. 
The composition of the myocardium and the general mechanical properties do not differ, 
however, and thus the biological response should be representative of the response a human 
heart would have to the treatment.The clinical significance of a coronary artery ligation MI 
model is also debatable. Where possible, MI is treated by reperfusing the affected tissue. In 
this model, however, the affected tissue is not reperfused but experiences permanent 
ischemia. Permanent ischemia does represent a fraction of cardiac patients, however, as 
reperfusion is only effective within hours of MI and many people do not or cannot receive 
medical attention within the time window. 

Furthermore, the limited availability of the cardiac surgeon involved with this project meant 
that the numbers of animals used in this study had to be relatively limited. This meant that 
the study was powered to detect changes in left ventricular ejection fraction (LVEF%), but 
not in wall thickness or other histological parameters. Thus there may have been changes in 
the histological parameters that were not statistically significant due to the small sample size. 
Furthermore, the restrictions on animal numbers meant that the number of groups also had to 
be reduced. If this factor was not restricted, more controls (ie. pIL-10 alone, MI alone) could 
have been included to further examine the relative contributions of the different components 
(ie. include scaffolds containing pIL-10 but no rMSCs).  

Finally, as was discussed in the previous section, interpretation of in vivo data can be easily 
biased. As before, the risk of bias was minimized by identifying all samples by a coded 
sequence unrelated to the treatment group. Decoding was not conducted until the final stage 
of analysis when all measurements had been acquired and entered into the statistical analysis 
software. Furthermore, to minimize the chance of bias in analysis of LVEF%, three blinded 
investigators analyzed all of the data instead of only a single investigator. All hypothesized 
relationships and rules for processing the data were outlined before analysis, and post-hoc 
corrections were applied to correlations that had not been defined originally. 
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Figure 6.1: Concept diagram showing the inter-relationships between the branches of 
regenerative medicine discussed in this project (bold) and the disease states described 
(italic).The green box represents the project using genetically modified stem cells 
proposed under 6.4.1; the blue box represents the investigation of the ideal cytokine 
profiles discussed under 6.4.2; the purple represents project investigating alternative 
techniques for modulating inflammation, as discussed under 6.4.3; the yellow box 
represents the project involving cytokine therapy discussed under 6.4.4; and the red 
box represents the project looking at delivering stem cell factors without delivering 
cells, as discussed under 6.4.5.  
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6.4 Future directions 

Considering the promising outcomes of this study, this section discusses the potential future 
projects that could follow on from this work. Five projects are described, each representing a 
novel application or technique. Briefly, the first investigates applications of genetically 
modified rMSCs; the second describes a more complete investigation of the optimal 
cytokine profile in wound healing; the third proposes alternative techniques to modulate 
inflammation; the fourth discusses ways to overcome the limitations of normal cytokine 
therapy; and the fifth describes a technique to deliver stem-cell secreted regenerative factors 
to the heart without actually delivering the stem cells. An overview of the area already 
discussed and how they relate to these projects can be found in Figure 6.1. 

6.4.1 Alternate applications of genetically modified rMSCs 
Genetically modified stem cells have been used in a number of studies treating myocardial 
dysfunction, with relatively encouraging results 18-22. In Chapter 4, rMSCs were genetically 
modified to produce IL-10 to serve as a potential positive control in the skeletal muscle 
study. The concept was relatively simple, but had a number of advantages. For example, as 
non-viral techniques were used, there was minimal risk of viral proteins being expressed by 
the transformed cells. The promoter used was the standard cytomegalovirus (CMV) 
sequence, which is simple but effective, and theoretically results in constant production of 
IL-10. In vivo, as discussed in Chapter 4, the samples containing these cells had significantly 
higher IL-10 levels at all timepoints than the unmodified controls. Thus, while the 
techniques used were relatively simplistic, the results were encouraging. However, the 
survival rate of the cells was not significantly improved. This appears to be a result of 
improper modulation of the inflammatory reaction – high levels of IL-10 at the earliest 
stages of the wound-healing reaction might be problematic as the profile of inflammatory 
cell infiltrate was changed in the IL-10 modified samples, with significantly higher 
inflammatory cell numbers after seven days. Thus, abnormally high levels of IL-10 may be 
problematic at the earliest stages of acute wound healing, implying that delivery of cells like 
these in a scaffold-based setting where the implantation of the system triggers an 
inflammatory response may not be ideal.  

However, the potential benefits of IL-10 modified stem cells in other therapeutic 
applications are not necessarily compromised. Injection of these IL-10 producing rMSCs as 
a treatment after injury may allow sufficient time for the initial phases of wound healing to 
pass, at which point anti-inflammatory cells may be more beneficial. In fact, as outlined in 
the limitations section, the reason for the limited benefits in the skeletal muscle model may 
be that the model had insufficient inflammation to require such aggressive modulation of the 
response. It may be that these cells would be beneficial in treating excessive inflammation, 
such as that following ischemia-reperfusion injury. This type of injury can occur anywhere 
in the body, but is commonly described in the heart 23, 24, spinal cord 25, lungs 26 and brain 27, 

28. A common reaction to this injury is excessive inflammation, as discussed in previous 
chapters, so it may be that treatment with IL-10 producing cells would have therapeutic 
benefits. As implantation within a scaffold appeared disadvantageous, the cells could simply 
be injected or intravenously infused into the animal. For example, in an ischemic stroke 
model, the cells could be delivered intravenously 29, stereotactically 30, or into the ischemic 
boundary zone 31. In ischemic lung injury, intravenous delivery is an effective and clinically 
viable option 26. In chronic lower-limb ischemia, intravenous delivery is also relatively 
simple. In the infarcted myocardium, the most familiar setting, these cells can be injected 
directly into the damaged tissue. The effectiveness of these cells might be improved by 
introducing a receptor protein onto the surface of the IL-10 modified cells to increase the 
accumulation of the cells in the therapeutic target area. Figure 6.2 outlines a number of 
potential disease conditions that might be effectively treated with IL-10 modified stem cells.  
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The effects on the inflammatory response will be evaluated as a function of cell dose, 
administration technique, and time after injury. The serum cytokine levels give an overall 
indication of inflammatory response, and allow repeated measurements while histological 
examination is required to evaluate the local response. A highly sensitive multiplex ELISA 
study like the one conducted in Chapter 4 might be effective in this setting, both in the 
validation of the model and the evaluation of the treatment. In a myocardial study, 
echocardiography will also be used to evaluate the functional recovery of the heart.  

If these cells prove effective when delivered in a highly inflammatory model, the technique 
will be tested in a large animal model. Success of IL-10 modified stem cell mediated therapy 
in an MI model will imply a significant pathogenic role of inflammation in the myocardial 
setting, and analysis of the control samples will yield interesting insights into the 
pathogenesis of ischemic injury.  

6.4.2 Examining macrophage and cytokine responses in foetal wound healing 
As discussed in Chapter 4, the detailed analysis of macrophage phenotype may allow a 
broader understanding of the in vivo response to IL-10 gene therapy. Thus, in-depth 
investigation of the response of primary macrophages to IL-10 gene therapy treatment in 
vitro and in vivo might yield valuable understanding of overall macrophage phenotypical 
changes. Multiplex ELISA arrays or TaqMan® Low-Density Arrays (TLDA) will be used to 
determine dose response and changes in activation profile both in vitro and in vivo. 
Alternatively, treatment with recombinant IL-10 cytokine might be used to determine the 
time-course of the dose response. The time course of the dose reponse may be a critical 
factor as the effectiveness of the IL-10 modified cells appeared to be compromised by 
having too much IL-10 too early.  

An alternative to extensive in vitro testing of isolated macrophages is to estimate the ideal 
cytokine profiles and macrophage phenotype in a ‘scarless’ foetal wound compared to 
normal adult wound in a mouse or rat model. Assuming the inflammatory response is one of 
the major factors in healing (as has long been believed) analysis of the protein expression 
and macrophage phenotype in foetal healing will indicate an ideal cytokine profile, which 
can then be used to design ideal biomaterial delivery systems that tailor gene or cytokine 
therapy to provide the appropriate factors at the appropriate points in the healing process. 
While foetal wound healing has been studied extensively 32-35, the role of macrophages and 
the interplay between inflammatory cells and inflammatory cytokines has not been 
examined. This type of investigation will also serve to broaden general understanding of the 
role macrophages play in the healing process. The IL-10 profile in the foetal environment 
will then be tested on the primary macrophages, and their phenotypical changes monitored. 
A simplified overview of the proposed study is shown in Figure 6.4. 

The development of a scaffold capable of delivering molecules in precisely the ideal profile 
is unlikely to be trivial, as the precise control of gene and cell delivery remains a major area 
of development. However, improved understanding of the ideal system could allow more 
focused biomaterial research. Furthermore, this idealized profile may have implications in 
many of the research areas currently under investigation, such as soft tissue engineering. 

6.4.3 Alternate techniques for modulating inflammation 
While IL-10 represents a potent, pleiotropic modulator of the inflammatory response, it may 
not be optimal. In certain applications, cellular IL-10 (regardless of mammalian source) has 
been found to have some pro-inflammatory properties 36, 37. These pro-inflammatory 
properties are problematic in applications where inflammation is already excessive and 
might provide an alternate explanation for the failure of the IL-10 modified rMSCs. An 
alternate molecule with more specific effects could thus be more effective. Figure 6.4 
illustrates some of the other molecules which can be used in place of cellular IL-10.  
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Viral IL-10, for example, lacks most (or all) of the pro-inflammatory components of cellular 
IL-10. This variant has been explored in a variety of transplant applications 38-43 but may also 
reduce the body’s ability to deal with cancerous cells, in which case improved healing might 
come with unacceptable risks 41. Cellular IL-10 has a less clear role, as it has been 
demonstrated to have anti-tumour effects in some studies 37 but tumour-protective effects in 
others 44. 

An alternate route is via micro-RNAs (miRs), short single-stranded molecules involved in 
post-transcriptional regulation of gene expression. A number of miRs have been identified 
that play important roles in immunity and inflammation. For example, the miR-146 family 
has been linked to inflammation via interleukin-1 (IL-1) toll-like receptor (TLR) signalling 
45-47. The miR-55 family is linked to the maturation of T cells and regulation of matrix 
metalloproteases (MMPs) while miR-9 is a transcriptional regulator of the inflammatory 
response, and targets NFκB 47. There are also miRs that directly interact with the 
transcription of IL-10. These include hsa-miR-106a 48, Kaposi’s sarcoma-associated herpes 
virus-encoded miR, which induces IL-10 and IL-6 expression by macrophages and 
monocytes 49 and miR-466I, which also up-regulates IL-10 expression 50. Most of these 
miR’s have been found associated with disease-states, but may have potential in therapeutic 
applications.  

A third option is the use of receptor antagonists for pro-inflammatory cytokines like 
interleukin-1 (IL-1), which have been found to significantly decrease overall levels of 
inflammation even after aggressively inflammatory events as myocardial infarction 39, 51. 
Mimetic peptides can be produced with controllable degradation profiles in vivo and varying 
affinity for the binding site. This will allow precise control of the pro-inflammatory cytokine 
binding which may represent a highly effective technique for modulating inflammation.   

Finally, glycobiology offers yet another potential avenue for anti-inflammatory therapy. A 
number of sugars have been implicated as potent anti-inflammatory factors, including sialic 
acid 52-57. Sialic acids are involved in a wide variety of cell functions, among them protection 
of cells and macromolecules from enzymatic and phagocytic attack by the host inflammatory 
and immune systems 54. This is not always beneficial – many infectious agents use sialic 
acids as an entry route into cells 53 – but desialyation of cells can lead to their untimely 
termination by the immune system 54. While it is possible that a number of different sialic 
acid variants (of which there are at least 50) will be effective in this setting, the Neu5Ac 
variant is the most ubiquitous and therefore the most translatable from animal models to 
human clinical targets 54. 

The choice of cytokine, miR, glycoprotein, or antagonist (whether delivered via gene or 
cytokine therapy) will dictate the efficacy of the treatment and the severity of the side-
effects, but as new targets are continuously emerging, it is difficult to select a single 
sequence as being optimal. High-throughput analysis will be a useful tool in comparing a 
number of different anti-inflammatory treatments in vitro. However, while in vitro testing 
will be used to eliminate the least effective formulations, in vivo testing would be required to 
properly evaluate the efficacy of any treatment option.  

6.4.4 Resurrecting cytokine therapy 
Cytokine therapy in general has received less attention recently in favour of gene-based 
approaches. However, there are numerous recent reports of interleukin-10 having potent 
protective benefits in a number of auto-immune and inflammatory disease states 58-74. The 
main hurdle limiting the potential of recombinant cytokine therapy is the extremely short 
half-lives of the cytokines. IL-10, for example, has a half-life in circulation of less than two 
hours 75. This limited period of bioactivity may be further decreased by rapid clearance in 
the liver or kidneys 67. In order to address this issue, recent studies using rhIL-10 have 
tethered an antibody onto the IL-10, which was found to greatly increase its overall 



Summary and Future Directions 

198 

 

bioavailability and effectiveness 60, 62. Furthermore, immunohistochemistry for IL-10, as 
shown in Chapter 4, showed significant fluorescence from the collagen scaffold. This 
fluorescence was initially assumed to be simply autofluorescence or non-specific staining, 
but the control with no primary antibody had negligible fluorescence at the settings used for 
acquisition. That implies that the signal detected along the collagen fibres is linked to the 
anti-IL-10 antibody which was bound to the collagen fibres. While non-specific binding of 
the primary antibody cannot be ruled out, it seems unlikely that this explained all of the 
matrix fluorescence, especially as it correlated with the ELISA results. Furthermore, far less 
matrix fluorescence was observed in the control samples, which had lower IL-10 levels 
when measured by ELISA. The IL-10-collagen interaction may be direct or may occur via 
heparin or heparin-sulphate binding of IL-10, as described elsewhere 76. 

If IL-10 bound by matrix components retains its bioactivity, this suggests several potent 
options for sustained delivery via scaffolds. A scaffold with an appropriately tailored 
degradation profile allows for controlled delivery of IL-10 from a reservoir system like that 
used in this project. In fact, the inflammatory response itself can be used to control the 
degradation of the scaffold via naturally produced MMPs, which, in turn, control the release 
of the bound IL-10. For example, a cardiac scaffold applied over the surface of an infarcted 
heart will slowly release IL-10 in response to degradation of the scaffold by the MMPs up-
regulated by the inflammatory response.  

Another application for this technique is the protection of encapsulated cells from the 
inflammatory response. This is required in therapies such as islet transplantation for the 
treatment of diabetes. However, if the primary actions of stem cells are paracrine, not 
transdifferentiation or engraftment, then maintenance and protection of stem cells within a 
protective biomaterial matrix will also be beneficial 77, 78. 

Antibody-tethering of IL-10, as described by Trachsel, et al. and Schwager et al. 60, 62, is an 
alternate technique for immobilization and protection of the cytokine, if initial experiments 
indicated insufficient natural affinity between the cytokine and extracellular matrix. This 
technique has been used for the treatment of collagen-induced arthritis with promising 
results 60, 62 and can be extended to other applications. If in-house antibody tethering is not 
feasible, there is an antibody-tethered IL-10 variant in clinical trials called DEKAVIL® 
which might be available for purchase  

Thus, scaffold-based delivery can restore some of the therapeutic potential of recombinant 
IL-10 cytokine therapy. While initial experiments need to establish the relationship between 
IL-10 and the scaffold, existing literature suggests that IL-10 delivery via scaffolds is 
feasible and may solve one of the major hurdles facing IL-10 cytokine therapy as it stands.  

6.4.5 Investigating the use of stem cell derived paracrine factors 
The concept of this project is the development of a scaffold loaded with factors and proteins 
secreted by stem cells for treatment of infarcted myocardium with potentially high clinical 
relevance. 

Stem cells are known to have potent regenerative properties in certain settings, but their 
precise mechanism of action is not clearly defined. Early work in the area suggested that the 
cells transdifferentiated and engrafted into the infarcted heart 79. However, very little 
evidence of cell engraftment has ever emerged. Instead, a body of evidence has begun to 
grow that it is the secretion of certain paracrine factors from the stem cells that is responsible 
for their regenerative effects 77, 80, 81. Indeed, one study showed similar benefits associated 
with injection of conditioned media and injection of cells 81. As the isolation, expansion and 
injection of stem cells is expensive, time-consuming and difficult to regulate, a system that 
does not contain any cellular component will have significant clinical relevance. However, 
the delivery of paracrine factors is not a trivial issue. The appropriate administration method 
must be determined in order to ensure local delivery of the factors on an appropriate time-
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scale. As many naturally secreted factors have relatively short half-lives in circulation 
(interleukin-10, for example, has a half-life under 2 hours) a controlled release delivery 
system would be critical. This system will have to i) allow controlled release of the bioactive 
factors; ii) protect and preserve the bioactivity of these factors; and iii) have no negative 
side-effects. Ideally, this system will be be freeze-dried, as this can function as both a 
packaging and sterilization step, allow long-term storage and packaging, and simplify 
clinical translation of the therapy. 

The overall hypothesis of this study is that the primary regenerative function of stem cells in 
infarcted myocardium is via the secretion of paracrine factors. If these factors are delivered 
in their active form to the site of damage, the effects will be comparable to stem cell therapy 
without the associated costs and regulatory hurdles. An overview of the concept is presented 
in Figure 6.6. 

The first phase of analysis will be to measure secretion of a variety of pro-angiogenic, anti-
apoptotic, pro-survival, anti-inflammatory, etc. factors from a variety of different stem cell 
types (ESC, MSC (rat and human), ADSC, HSC, EPC, vs fibroblast), compare secretion in 
hypoxic vs normal vs hyperglycaemic settings, and compare secretion in 2D vs 3D. From 
this analysis, it would be determined if there were any are unusually high or low levels or 
similar secretion profiles from different cell types.  

The second phase of the study will examine the loading efficiency of the various factors 
within scaffolds loaded in different ways. The release of factors over time and the bioactivity 
of these factors will then be determined using multiplex cytokine assays and macrophage 
proliferation assays. Finally, the effects of freeze-drying on release and bioactivity over time 
will be assessed. 

The final phase of the study will look at treatment of an infarcted heart with a scaffold 
loaded with secreted factors has comparable efficacy to treatment with a scaffold loaded 
with stem cells and determine whether the bioactivity of the freeze-dried scaffold is still 
sufficiently high to have therapeutic effects. If this method proved viable, the factor-loaded 
scaffolds will represent a potent future therapeutic for use in the treatment of myocardial 
ischemia.  
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Figure 6.2: Overview of potential applications of IL-10 secreting stem cells for ischemic 
conditions. 
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Figure 6.3: Simplified overview of proposed study investigating role of macrophages 
and IL-10 in foetal wound healing. Note that this would be in a preclinical model. 
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Figure 6.4: Schematic showing alternative methods of modulating inflammation.  
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Figure 6.5: Schematic showing potential methods of incorporating cytokines into a 
scaffold. In section a), entrapment of cytokines within nanoparticles or microspheres is 
suggested as a potential technique to prevent degradation of the proteins. In the 
middle, a simple adsorption technique is shown, while on the right, antibody 
functionalisation for immobilisation of the cytokines is suggested.  
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Figure 6.6: Proposed cell-free regenerative cardiac scaffold loaded with stem cell 
factors. The content of the conditioned media would be analyzed to determine the 
factors that are present and the concentrations of those factors. The proposed scaffold 
will be devoid of cells, containing only the factors in the conditioned media. These 
factors would diffuse slowly out of the matrix, releasing the stem cell factors into the 
infarcted tissue.   
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6.5 Conclusions 

In conclusion, a scaffold functionalised with IL-10 gene therapy has been developed which 
can be used as a stem cell delivery system capable of effectively and reproducibly increasing 
the retention of stem cells over time. In vitro, it was demonstrated that this system can 
effectively mediate transfection of cells seeded into the scaffold with both reporter genes and 
therapeutic genes. In vivo, a statistically significant effect was observed on stem cell 
retention in both a normoxic rat skeletal muscle model and a rat model of induced 
myocardial infarction. In the normoxic model, this effect existed both when the polyplexes 
were added to scaffolds and when the rMSCs themselves were modified ex vivo to increase 
IL-10 production. Furthermore, a statistically significant relationship was observed between 
the IL-10 levels in the explanted tissue and the rMSC volume fraction in that tissue. In the 
model of myocardial infarction, scaffold-mediated gene therapy with IL-10 effectively 
increased stem cell retention and improved overall cardiac function. This improvement in 
function suggests a therapeutic benefit exists in combining scaffolds with stem cell and gene 
therapy, ultimately recommending a combinatorial approach to cardiac regeneration.   
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A. Materials and reagents 
Material Supplier 

ED-1 (anti-CD68) antibody  Abcam, Cambridge, UK 
Anti-CD163 antibody 

AdB Serotec, Kidlington, UK 
Anti-CD80 antibody 
6000 nano LabChip®  kit Agilent Technologies, Dublin, Ireland 
Sircol Assay 

Applied Biosystems, Warrington UK 
TaqMan® 
TaqMan® gene expression assays: GAPDH 
TaqMan® gene expression master mix, 2-Pack 
TriReagent® 
Anti-IL10 monoclonal antibodies 

BD Pharmingen, Oxford, UK 
Assay diluent 
Biotinylated anti-IL10 monoclonal antibodies 
Streptavidin-horse radish peroxidase antibody 
(strep-HRP) 
AlamarBlue® Biocolor ltd., Belfast, UK (or Invitrogen) 
HL-60 

European Collection of Cell Cultures, 
Health Protection Agency, Salisbury, UK 

Jurkat 
Osteosarcoma (SAOS2) 
PC-12 
4',6-diamidino-2-phenylindole (DAPI)  

Invitrogen, Dun Laoghaire, Ireland 

Alpha-modified eagle media (alpha-MEM)  
CelltrackerTM CM-DiI  
F-12 Ham Media 
LipofectinTM 
Picogreen® 
Rhodamine phalloidin 
Human umbilical artery smooth muscle cells 
(HUASMC) Lonza, Basel, Switzerland 
Human umbilical vein endothelial cells (HUVEC) 
Rat inflammatory cytokine multiplex array Meso Scale Discovery, Gaithersburg, MD, 

USA SECTOR® Imager 2400 
Cy5 LabelIT® nucleic acid labeling kit Mirus, Madison, USA 
Gaussia princeps luciferase detection kits  

New England Biosciences, Ipswich, USA 
Gaussia princeps luciferase plasmid DNA (GLuc) 
Bicinchoninic acid assay  Pierce, Rockford, USA 
Picrosirius red staining kit Polysciences, Eppelheim, Germany 
dNTP mix 

Promega, Dublin, Ireland 
ImProm-II reverse transcriptase 
Nuclease-free water 
Random primer 
Recombinant RNasin ribonuclease inhibitor 
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Material Supplier 
Giga, mega and maxi prep plasmid isolation kit 

Qiagen, Crawley, UK 
RNeasyTM kit 
SuperfectTM 
TissueRuptorTM 
Goat anti-mouse IL-10 antibody  RnD Systems, Minneapolis, USA 
10% buffered formalin 

Sigma, Dublin, Ireland 
 

1-ethyl-3-(3-dimethylaminopropyl)  (EDC) 
2-(N-morpholino)ethanesulfonic acid (MES) 
Agarose 
Ampicillin 
Antibiotic/antimycotic 
Calcium chloride 
Chloroform 
Dexamethasone 
DPX mounting media 
Dulbecco's modified eagle medium (DMEM) 
Eosin 
Ethanol 
Ethylenediaminetetraacetic (EDTA) 
Fetal bovine serum 
Formaldehyde 
G418 antibiotic 
Glutaraldehyde 
Glycerol 
Goat serum 
Haematoxylin 
Hanks balanced salt solution 
Hexamethyldisilazone 
Hydrochloric acid 
Kanamycin 
LB agar 
LB broth 
N-hydroxylsuccinimide (NHS) 
Paraformaldehyde 
Penicillin/streptomycin 
Phosphate buffered saline tablets 
Polyethylene-imine (PEI) 
Poly-L-lysine (PLL) 
RNA away 
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Material Supplier 
Sodium chloride 

Sigma, Dublin, Ireland 

Sodium dihydrogen phosphate 
Sodium hydroxide 
Sterile nuclease and ribonuclease free water 
Sucrose 
Tissue extraction reagent 
Tris-hydrochloride 
Triton X-100 
Trypsin-EDTA 
TWEEN-200 
Xylenes (histological grade) 

XL1-Blue Stratagene, Agilent Technologies, Cedar 
Creek, USA 

FITC-anti-goat antibodies  
Vector labs, Burlingame, USA FITC-anti-mouse antibodies  

Vectashield (with or without DAPI) 
OCT media VWR Labshop, Batavia, USA 
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B. Sponge preparation and crosslinking 

B.1  Procedure:  
1. Prepare crosslinking solution 

 Per 3 mg sponge, require 4.5 μL EDC, 19.4 μL 1M NHS, 520 μL EtOH, and 
756.6 μL 50 mM MES. (1.5 μL EDC/mg collagen) 

 Once the appropriate amount of solution is prepared, you need to adjust the 
pH to between 5.3-5.5 using the pH meter. 

2. Unstick sponges from edges of wells and move them to a new plate. 
3. Add 1.35 mL solution to each sponge  
4. Place sponges in the 37ºC incubator in the autoclave/plate reader room on the 2nd 

floor 
5. Leave to incubate 5 hours or longer 
6. At end of incubation, remove from incubator and remove excess liquid. Rinse with 

distilled water. 
7. Freeze-dry (if using manual cycle, put in -80ºC freezer for 20-30 minutes before you 

put in the freeze-dryer, and make sure the shelf is below 0 before you put it in. Shelf 
should ideally be at -40ºC.) 

8. Next day: Washing (sterile): 
• Use sterile solutions for all washing (DPBS or Hank’s for first step, sterile 

water for second) 
• Between the PBS/Hank’s and water, wash 3 times (5 minutes each) with 

70% Ethanol. Don’t need to put in incubator.  
• Do not open plate outside of hood 
• Freeze-dry again 

       

B.2  Glutaraldehyde control 
0.6 wt% Glutaraldehyde in 50mM HEPES buffer or 2.5 wt% Glutaraldehyde in fixing 
buffer (used for SEM). Leave in hood 4-6 hours, remove glutaraldehyde solution 
carefully, then freeze-dry and wash in same way as others. 
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C. Plasmid preparation 

C.1  Transformation 
1. Add 1 ug of plasmid to each tube 
2. Prepare an icebox – need to keep this cold 
3. Take XL-1 Blue cells out of -80ºC freezer and thaw ON ICE 
4. Add 50 uL of the bacterial suspension to each tube 
5. Mix 
6. Incubate 2 minutes on ice 
7. HEAT SHOCK step: 90 seconds in 42 ºC bath 
8. Incubate another 2 minutes on ice 
9. Add 1 mL RT LB Broth without any antibiotics (bacteria need to recover a bit) 
10. Put this tube in shaker for 30-45 minutes at 37ºC 
11. Plate this suspension using a spreader onto LB +Antibiotics plate (20 μg/mL 

concentration) 
12. Leave in a humidified 37ºC incubator overnight 
13. Pick colonies, do a second selection (ie. Inoculate 1 mL of LB + antibiotics, 

leave 8 hours and then streak onto a new plate) (only do if there are very few 
colonies on the first plate) 

C.2 Propagation (assuming largest scale preparation) 
1. Pick a single colony from a freshly streaked selective plate and inoculate a 

starter culture. 
2. Incubate 8 hours at 37°C with vigorous shaking. 
3. Transfer 2.5-5mL starter culture into 2.5 L of LB broth 
4. Incubate at 37°C for 12-16 hours with vigorous shaking 

C.3  Isolation (adapted from Qiagen GIGA-prep protocol, requires components of kit) 
1. Harvest the bacterial cells by centrifuging the broth at >6000g for 15 minutes at 

4°C. Remove supernatant. 
2. Attach QIAfilter to a glass bottle that can be connected to a vacuum 
3. Resuspend pellet in 125 mL buffer P1 
4. Add 125 mL of pre-warmed buffer P2. Invert vigorously 4-6 times and incubate 

at room temperature for 5 minutes 
5. Add 125 mL of cooled buffer P3 and invert 4-6 times. Mix further if necessary – 

white, fluffy material should form and lysate should cease to be viscous 
6. Pour lysate into the QIAfilter cartridge and incubate at RT for 10 minutes 
7. Switch on vacuum until all liquid has passed through filter 
8. Add 50 mL buffer FWB2 yto cartridge and gently stir precipitate. Turn on 

vacuum again.  
9. Add 30 mL buffer ER to lysate to remove endotoxins. Invert bottle 10 times and 

put on ice for 30 minutes.  
10. Near the end of the 30 minutes, equilibrate Qiagen-tip 10,000 by adding 75 mL 

buffer QBT and allowing to empty via gravity flow. 
11. Add filtered lysate and allow to enter resin by gravity flow. 
12. Wash the column with a total of 600 mL buffer QC. 
13. Elute the DNA from the column with 100 mL buffer QN (can pre-warm to 

improve efficiency). 
14. Precipitate DNA by adding 70 mL of RT isopropanol to eluted solution. Mix 

and centrifuge immediately at greater than 15 000g for 30 minutes at 4°C.  
15. Wash pellet with 10 mL of endotoxin-free RT 70% ethanol and centrifuge again. 
16. Air dry pellet and redissolve in suitable volume of buffer TE. 
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C.4 Characterization 
1. UV spectroscopy can be used to estimate the quality of the plasmid by 

comparing the ratios of the absorbances at 260 and 280 (should be as close to 2 
as possible). 

2. Gel electrophoresis (outlined later) can also be used to determine plasmid 
quality. The bands observed generally include super-coiled (travels farthest), 
nicked circles (travels more slowly) and possibly varying forms of cut, linear 
plasmids. If the gel shows a continuous smear that indicates a poor isolation as 
there is significant quantity of partially degraded DNA.  

  



Appendices 

218 

D. Characterization of collagen scaffold amine content 

D.1 Procedure: 
1. Cut collagen sponge to a weight of 3 mg (+/- 10%) and put into labelled eppendorf 
2. Add 200 μL dH2O to each sample 
3. Add 1 mL Ninhydrin solution* to each tube 
4. Incubate tubes (light protected) at 95-100ºC for 30-35 minutes 
5. Allow tubes to cool to room temperature 
6. Add 250 μL of sample to 1 mL of 50% isopropanol solution 
7. Vortex, then read using Nanodrop (wavelength is 570 nm) 

D.2  Ninhydrin solution: 
(Note: you need 1 mL per sample including the standard curve) 

• Prepare one tube (50% of total volume) of 4% Ninhydrin powder in 2-
ethoxyethanol. Protect from light. 

• Prepare a second tube (50% of total volume) of 200 mM Citric acid, 0.16 
w/v% Tin II Chloride, pH 5.0) 

• Mix two together well and immediately add to the samples 
 

D.3 Standard curve: 
G1 PAMAM (8 mol amine groups/mol G1 PAMAM) in serial dilutions in dH2O (ie. 
binary dilution series beginning with 10µmol/mL).  
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E. Cell culture 

E. 1  Aseptic technique 
1. Ensure inside of hood is as clean as possible (spray with Virkon then 70% 

Ethanol) 
2. Spray everything entering the hood with 70% Ethanol 
3. Assume every exposed surface is contaminated – if anything touches the hood 

or your hands or lab coat, it most likely will have contamination 
4. The insides of sterile containers are the only clean areas (ie. sterile media, sterile 

plates, flasks, tubes, etc.) 
5. Keep sterile containers sealed 
6. Contamination often starts near the lids of things – never touch lids or necks of 

flasks or bottles with the tip of your pipette 
7. If something is contaminated, do not open it in the hood.  

E.2  Feeding flasks 
1. Use aseptic technique (as always) 
2. Clean hood, spray all equipment, take flask from incubator, spray with ethanol 

and wipe clean with tissue 
3. Remove media from flask (Note: when pipetting, never let the liquid get up to 

the cotton at the top of the pipette. You will break the pipette boy.) 
4. Put media in waste container, or use aspirator to remove 
5. Pipette in new media (3 sizes of flask commonly used: T25, T75, and T175) 

• T25: 3-5mL media, T75: 8-10mL media, T175: 25-30mL media 
6. Return flask to incubator 

E.3 Cell splitting  
1. Remove media from flask 
2. Wash flask with Hanks balanced salt solution or dulbecco’s PBS by pipetting in 

5-10 mL, tilting the flask to get the liquid covering the full surface, then 
removing it 

3. Add enough 0.25% trypsin-EDTA (T/E) to cover the bottom of the flask when 
it’s lying in the proper configuration (T25: 1 mL, T75: 3mL, T175: 7-10mL) 

4. Put in incubator for 5 minutes (enzyme is active at 37°C) 
5. Take flask out and look at under microscope. Cells should be rounded and 

moving around if you tap the flask. If they are still stuck to the bottom, try 
tapping the side of the flask gently. If they don’t come off, leave it another 
minute or two. 

6. Once all (or almost all) cells are free, spray the flask and return it to the hood 
7. Add an equal volume of 10% serum media to the flask (ie. if you added 5mL 

T/E, add 5mL media) (deactivates the trypsin) 
8. Remove all of the liquid and put in a sterile centrifuge tube (15 or 50mL) 
9. Spin for 5 minutes at 400g 
10. Remove the supernatant and resuspend the pellet (your cells) in new media 
11. Count and seed into new flasks 

E.4 Bringing cells up from liquid nitrogen 
1. Take vial from liquid nitrogen. 
2. Thaw in the water bath for 30 sec – 1 min but do not submerge the whole vial in 

the bath (as this can lead to contamination).  
3. Spray vial with ethanol before putting into the hood. Must work quickly after 

the cells have thawed as the DMSO is toxic 
4. Transfer cell suspension into a sterile centrifuge tube 
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5. Add about 5ml 10% serum media drop by drop to the cells in the tube. Add the 
media slowly to reduce the osmotic shock 

6. Centrifuge at 400-500g for 5 minutes. 
7. Aspirate the media off the cell pellet. 
8. Resuspend the cell pellet in 2ml 10% serum media 
9. Count 
10. Plate out cells at ~3,000-4,000 cells/cm2. So, for a T175 flask plate out 750,000 

– 1 x 106 cells per flask. Feed with media (25-30ml for T175 flask) every 3-4 
days. 

E.5 Freezing cells 
1. When freezing down cells, aspirate the media off cell pellet after it has been 

centrifuged. Resuspend the pellet in freezing media (freezing media: 45ml FBS, 
5ml DMSO. Make up freezing media and store at 4 oC). Cell number determines 
amount of freezing media. Generally ~1ml per vial, 500,000 cells to 5 million 
cells per vial. 

2. Put cells in Mr. Frosty container & put into -80°C freezer immediately. 
3. Cells can be then put into liquid nitrogen after 24 hours. 

E.6 Cell counting 
1. Take 50µl of the cell suspension & put into 50µl trypan blue. 
2. Add 10µl of this cell/trypan blue suspension to each side of a haemocytometer 

(trypan blue is excluded by live cells – blue cells are dead, clear cells are alive) 
 
Example haemocytometer grid (2/haemocytometer) 

               

               

               

               
               
               
               
               
               
               
               
               
               

               

               

3. Count cells on both sides and get the average 
4. To calculate the total cell number:   
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average cell no./box x 104 x dilution factor (in this case 2) x original volume cells were 
suspended in (in this case 2ml) 

E.7 Cell metabolic activity 
1. Sterilise hood 
2. Add 1000µL HBSS into required number of wells (samples + 1) in sterile 24 

well plate 
3. Dilute AB 1:9 in HBSS (need 500µL/scaffold + extra for control) 
4. Transfer cell-seeded scaffolds into HBSS plate 
5. Gently rinse controls with HBSS (if applicable) 
6. Remove HBSS from all samples and controls except for one empty well – the 

HBSS blank control 
7. Cover scaffolds and controls with AB – ensure there is at least one well with 

only AB in it – this will be the AB negative control 
8. Incubate at 37°C for 1-3 hours (must be consistent throughout experiment) 
9. Transfer 150µL of samples into a clear 96 well plate in order to quantify 

absorbance 

E.8 Scaffold seeding 
1.  (Basically the same as seeding cells in a flask) 
2. Sterilize biomaterial or get sterile plate 
3. Remove media, wash, trypsinize, spin, resuspend, count 
4. Choose a cell number – depending on the application, between 10,000 and 

1,000,000 cells/mg scaffold can be used.  
5. Generally want to prepare biomaterial for seeding by soaking in media before 

cells are added 
6. Usually put biomaterial samples in wells of a sterile cell culture plate (6, 12, 24, 

48 or 96 well) 
7. Seed the cells in as small a volume as possible – ensures more cells attach to 

biomaterial 
8. Allow cells to attach for up to 2 hours, then gently add in more media 
9. Generally use at least 3 mL/million cells 
10. Close plate and put in incubator  

E.9 Picogreen® for cell numbers quantification 

E.9.1 Materials: 
• Clean opaque 96 well plate (black is better, white is ok) 
• Samples 
• Kit components: 20x TE buffer, 200x PG dye, λDNA standard (can use for standard 

curve) 
• (DNA or complexes for standard curve) 

E.9.2 Procedure: 
1. Pipette 25-50 µL of sample into wells 
2. Pipette standard curves into wells (values depend on DNA concentration) 

(generally can estimate 5-10 pg DNA/cell for eukaryotic organisms) 
3. Prepare 1x buffer TE (dilute 20x) (for a full 96 well plate, prepare 15-20 mL) 
4. Add 100 µL DNAse-free 1x buffer TE/well 
5. (only if breaking polyplexes) Add 1 µL 1M NaOH 
6. Prepare PG dye (dilute stock dye 200x) 
7. Add 25 µL 1x PG dye to each well (if you expect very low values, can add more 

dye, but rarely a problem as PG can readily detect less than 1ng of DNA) 
8. Incubate 5 minutes in dark at RT 
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9. Read in plate reader (ex: 480nm, em. 520nm) 

E.9.3 Example standard curve: 
Mass DNA [ug] Fluorescence Intensity 
50.00 395956 
25.00 374884 
12.50 370016 
6.25 355114 
3.13 311035 
1.56 201193 
0.78 103441 
0.39 57488 
0.20 30652 
0.10 17773 
0.05 10794 
0.00 457 
(Note that the value for .05ug is still extremely high) 
(Note that it’s total mass DNA/well that matters, not the concentration of the DNA – you 
must then back-calculate to find your total mass/well) 
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E.10 Overview of cell culture conditions for cell types used in Chapter 2 
Cell Type Media Culturing Notes 

PC-12 DMEM (+ Glut.) + 
10% Horse Serum + 
5% FBS + 1% P/S 
(reduce serum to 
differentiate) 

200-500k cells/mL, 20-40k cells/cm2 (500k-1 mill. 
cells/T75) 
Can grow in suspension or adhere in flasks treated with 
type IV collagen 
Split using 0.25% TE 

VIC DMEM + 2mM 
Glutamine + 10% 
FBS + 1% P/S 

~30k cells/cm2 (2 million cells/T75 flask) 

 5 minutes in 0.25% TE, spin at 1500rpm  
Feed every other day 

SAOS2 McCoy’s 5A + 10% 
FBS + 1% P/S 

20-50k cells/cm2 (~1.5 mill cells/T75) 
Split at 70-80% confluence (1:2-1:5) 
0.25% TE 

HUVEC Human endothelial 
cell kit 

5-10k cells/cm2 (~400k cells/T75) 
Splitting: Add 5 mL 0.25% TE, rock, and immediately 
remove 4.5 mL. Leave 1 minute. Cells should become 
round, but only detach when hit – otherwise over-
trypsinized. Add 5 mL media, transfer to tube for 
spinning, rinse flask with more media, add to tube 

Spin at 220g for 5 minutes 
Change media every few days 

HUASMC SMC kit  5-10k cells/cm2 (~400k cells/T75) 
Splitting: (for T75) Add 5 mL 0.25% TE, rock, and 
immediately remove 4 mL. Leave 2-4 min. Cells should 
become round, but only detach when hit – otherwise 
over-trypsinized. Add 5 mL media, transfer to tube for 
spinning, rinse flask with more media, add to tube, then 
normal 
Spin at 220g for 5 minutes 
Change media every other day 

ADSC DMEM + 2mM 
Glutamine + 10% 
FBS + 1% Antibiotic  

~30k cells/cm2 (2 million cells/T75) 
Splitting: 5 minutes in 0.25% TE, spin at 1500rpm 
Feed every other day 

rMSC 
45% α-MEM + 45% 
F-12 + 10% FBS + 
1% P/S 

~30k cells/cm2 (2 million cells/T75 flask) 
Splitting: 5 minutes in 0.25% TE, spin at 1500rpm 
Feed every 2-3 days 

Jurkat 
RPMI + 2mM 
Glutamine + 10% 
FBS + 1% Antibiotic 

Suspension cell type 
Maintain cultures between 105 and 106 cells/ml; 5% 
CO2; 37ºC 
On resuscitation single cells can be observed, during 
culture most cells will grow as aggregates 

HL-60 

IMDM + 2mM 
Glutamine + 20% 
FBS + 1% P/S 

• Centrifuge, remove old media, resuspend at 105 
viable cells/ml. Do not allow cell concentration to 
exceed 106 cells/ml. 

• Change media every 2 to 3 days 
 

  



Appendices 

224 

F. Characterization of plasmid-dendrimer polyplexes 

F.1 UV spectroscopy 
1. Start-up NanoDropTM 
2. Wipe the pedestal clean with a Kim-Wipe 
3. The software will require a distilled water sample to initialize, then will ask for a 

blank sample – this is a sample with no DNA in it, but any other buffer solutions, etc. 
Only 1-2µL required. 

4. Fill in the Sample ID space, then start reading samples  
5. The output of the NanoDrop is a spectral representation of the UV absorbance of the 

sample. Normally, the peak absorbance is at 260nm. If the samples are tightly 
polyplexed, this peak may be closer to 300nm. Once polyplexed, the concentration 
measurement is no longer reliable. 

F.2 Gel electrophoresis 

F.2.1 Preparation procedure: 
1. 0.7 g agarose in 100 mL TAE buffer (for large gel) 
2. 0.35 agaraose in 50 mL TAE buffer (small gel) 
3. Add about 2 mL extra liquid to account for boiling 
4. Mix in an Erlenmeyer flask, and put into microwave 
5. Leave in microwave until boiling 
6. Remove from microwave with hot mitts or something to protect hands from heat 
7. Allow to cool until can be held comfortably in hand 
8. Add 10 μL Sybersafe dye (Do not add until the solution is cool enough or the 

experiment will be ruined) 
9. Pour immediately into plate, add comb, remove any bubbles 
10. Leave to cool and set 

F.2.2 Running the gel: 
1. Pipette samples into wells.  
2. Put on cover, making sure that the orientations are all correct 
3. Attach to power supply 
4. Run gels at 80-100V and leave the current on auto. Check that bubbles are forming 

along the wires at the bottom.  
5. Check after 15 minutes – dye should have moved slightly out of the wells. Check 

that the direction is right and that all seems to be in order. If you leave it much after 
this, it’s too late to fix it.  

6. Check every half hour/hour. Depending on the gel, dye, etc. it can take 3-4 hours to 
run. Make sure to stop it by the time that the dye reaches about ¾ of the way along 
the gel.  

7. Put under the imager and look at it under UV light – save images. 
8. Dispose of gel appropriately. 
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G. Protocol for transfection in vitro  
1. 24 hours before transfection, seed cells in 96/48/24 flat bottomed, cell+ well plate. 

Density depends, (approximately 10 000/well for 96 w.p., 15 000/well for 48 w.p., 
and 20 000/well for 24 w.p.) 

2. Prepare polyplexes. Generally use between 0.5 and 2 ug DNA per well for a 96 well 
plate, and 1-5 ug for a 24 well plate. Prepare in serum-FREE media. Preferably 
DMEM, alpha-MEM, F12 or other serum-free media, but can be in Hanks or PBS. 
Allow to polyplex. 

3. When polyplexes are ready, remove media from wells and wash with PBS/Hank’s 
4. Add polyplex solutions to wells* 
5. Incubate 3-6 hours 
6. Remove solution, wash cells with Hank’s/PBS and replace full media. Remove 

media every 24 hours, and assay with GLuc assay system.  
 

* ideally, add serum+ media to polyplex solution and pipette directly onto cells, but very 
few transfection reagents are efficient in the presence of serum. The fibroblasts will 
probably be ok without serum for a couple hours but primary cells are more sensitive.  
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H. Quantification of transfection 

H.1 GLuc analysis 
(As according to New England Biolabs recommended protocol) 

1. Prepare 1x Gluc assay solution by dilution buffer 1 to 100 
2. Put 15-25µL into well plate or sample tube as appropriate to the plate reader 

(just be consistent). Dilute if necessary 
3. Add 50µL of the Gluc solution to each well (again, if initial experiments showed 

it was too bright, dilute) 
4. Add PBS to dilute up to 150µL for the current plate reader 
5. If possible, read within 5-10 seconds 

H.2 IL-10 ELISA 
1. Coat an ELISA 96 well plate with 2µg/mL antibody in coating buffer (0.2M 

Sodium Phosphate, pH=6.5) 
2. Leave in fridge overnight to incubate 
3. The following morning, bring the plate to RT 
4. Remove coating solution and wash 3x with Wash Buffer (0.05% TWEEN in 

PBS) 
5. Add 200µL Blocking Buffer (1% BSA in PBS) to each well 
6. Incubate at RT for 30 minutes to 1 hour 
7. Wash 3x 
8. Add 50µL per well standard curve and samples 
9. Seal and incubate overnight in fridge 
10. Wash 3x 
11. Prepare capture antibody at 0.5µg/mL  
12. Add 100µL/well and incubate 1h 
13. Wash 4x 
14. Add 100µL/well SAV-HRP diluted 1:1000 in Blocking Buffer 
15. Incubate at RT for 30minutes 
16. Wash 5x 
17. Add 100µL TMB. Watch closely. Within 5-10 minutes it will probably have a 

massive colour change. Once a clear colour change is observed in the standard 
curve, probably ready 

18. Add 50µL 1M Sulphuric acid as Stopping Solution 
19. Read plate at 450nm 
20. Calculate concentrations based on standard curve  
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I. Scaffold imaging 

I.1 Scanning electron microscopy 
1. For freeze-dried sponges, simply cut a slice of the sponge to expose the internal 

structure and stick onto the tacky side of the black carbon tab on the aluminium 
stub 

2. For cell-seeded sponges, will need to fix overnight with 1% glutaraldehyde then 
use an alcohol dehydration series (ie. Ascending concentrations of alcohol – 
50%, 75%, 85%, 90%, 95%, 100%) then leave in hexamethyl disilazane for a 
few minutes to remove the last traces of water. Then stick the sample onto a 
carbon tab on a stub 

3. Take the sample from either 1 or 2 and put in the gold coater 
4. Image using the SEM 

I.2 Confocal microscopy 

I.2.1 Fixing and staining samples for confocal 
1. Heat solutions to 37ºC for some time to make sure everything is dissolved 
2. Add 1 mL fixing solution (16.5mL 1x PBS, 2mL of 37% formaldehyde, 0.37g 

sucrose) to each scaffold and leave overnight at RT 
3. Wash in 1x PBS for 10+ minutes, ideally on shaker 
4. Add 1 mL permeabilizing solution (40mL 1x PBS, 2mL Triton-X 100, 0.36g 

NaCl, 6mg MgCl2, 2.2g sucrose) to every scaffold 
5. Incubate for 30 minutes at 4ºC or 15 minutes at 0ºC  
6. Wash 2x in PBS for 10 minutes 
7. Add rhodamine phalloidin stain (200 μL/scaffold) (1 μL to 100 μL PBS) and 

leave 20+ minutes at RT  
8. Wash 3-4x in PBS 
9. Add TOP-RO-3 stain (200 μL/scaffold) (stock is 1 mM in DMSO, dilute to 1 

μM in PBS) and incubate 20+ minutes at RT 
10. Wash in PBS and image  

I.2.2 Live-dead staining 
1. Take out kit, defrost tubes, spin down 
2. Transfer seeded scaffolds into Hank’s/PBS to wash and remove serum 
3. Wash 2x 
4. (if you wish to have a dead control, immerse scaffold in 70% Methanol or other 

killing solution) 
5. Prepare staining solutions: dilute calcein (live) from 4 mM concentration (stock) 

to 4 μM (ie 1:1000), dilute ethidium homodimer (dead) from 2 μM (stock) to 2 
μM 

6. If staining with both, add both to the same staining solution. ie. Prepare 5 mL 
total, add 5 μL Calcein and 5 μL EtHD 

7. Protect from light with aluminium foil 
8. Add enough stain to cover the scaffolds (ie. 500 μL) 
9. Incubate 30 minutes in the incubator or 45 minutes in the hood.  
10. Image under confocal 

Wavelengths: 

Live: 500-530, ex. 488 at around 70%  

Dead: KP685, ex. 514 nm around 75% 

Collagen: 500-530, ex. 458 nm around 75% (would be better with 2 photon)  
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J. Plasmid labelling 
1. Warm vial containing reagent to RT. (If new kit, add 100 µL reconstitution 

buffer to the vial. Mix, then spin gently). 
2. Prepare labelling reaction. 
 

Component Max. DNA content Lower DNA content 

Sterile, ddH2O 25 µL 35 µL 

10x labelling buffer A 5 µL 5 µL 

1 µg/µL DNA sample 10 µL 5 µL 

LabelIT reagent 10 µL 5 µL 

Total volume 50 µL 50 µL 
(Can do multiple at once in multiples of 50µL) 

3. Incubate at 37°C for 1 hr. Spin briefly midway to minimize effects of 
evaporation. 

4. Purify by spinning through microspin column 
a. EXACTLY 50µL per column 
b. 735 RCF (3000 rpm for 7.3 cm rotor like in small eppendorf centrifuges) 
c. Vortex to suspend resin 
d. Loosen cap ¼ turn and pull out bottom plug 
e. Put column into a 1.5 mL centrifuge tube 
f. Spin for 1 minute at 735g 
g. Discard buffer, put column in a new tube 
h. Apply sample to top of resin  
i. Spin at 735g for 2 minutes 

5. Cap the support tube. Sample concentration is approximately 0.2µg/mL 
6. Store protected from light.  
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K. Cell labelling and seeding 
1. Incubate male rat mesenchymal stem cells (rMSCs) between passage 2 and 6 

with Celltracker CM-DiI (Invitrogen) at a concentration of 4µM in DPBS for 30 
minutes at 37°C.  

2. Wash cells with DPBS 
3. Trypsinize, spin, and count 
4. Seed 200 000 cells/scaffold 
5. Incubate overnight to allow the cells to attach to the collagen matrix.  
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L. Cell volume fraction quantification 
1. Obtain images using consistent settings for all, or normalizing to a given 

background level to ensure minimal variance due to acquisition parameters 
(settings: IX-81 upright microscope, integration time=500 for Cy3, 5 for DAPI, 
magnification=10x, color balance=1,1,1). 

2. Use ImageJ for analysis, measurement parameters set for Area and Area fraction. 
3. Using DAPI image, trace borders of scaffold. Save region of interest. 
4. Use following macro and appropriate region of interest to analyze images. If 

necessary, the threshold can be adjusted to correct for unusually bright or dim 
images, but should not be changed unless the image is recognized to be unusual, 
and the measurements should be taken with caution.  

 
MACRO: 
run("Subtract Background...", "rolling=50"); 
run("8-bit"); 
setAutoThreshold("Default"); 
//run("Threshold..."); 
setAutoThreshold("Default dark"); 
setThreshold(10, 157); 
run("Measure"); 

  



Appendices 

231 

M. Haematoxylin and Eosin staining 

M.1 Procedure: 
1. Rehydrate cryosections in dH2O 
2. Stain with haematoxylin 10 minutes 
3. Rinse 3x in tap water 
4. Differentiate with 0.3% acid alcohol (removes non-specific Haematoxylin 

staining) 
5. Less than 30 seconds – basically dip twice 
6. Rinse 30seconds in Scott’s tap water (or 2 minutes in normal tap water) 
7. Stain with Eosin 2-5 minutes 
8. Rinse 1x in tap water 
9. Dehydrate through a series of ethanol baths 
10. Final dehydration in xylene, at least 5 minutes 
11. Mount using DPX 

 

M.2 Solutions: 

M.2.1 0.3% acid alcohol  
• commercial grade ethanol  2800 ml 
• distilled water    1200 ml 
• concentrated hydrochloric acid  12 ml 

 
M.2.2 Scott’s Tap water 

• Sodium hydrogen carbonate (NaHCO3)   10g  2g 
• Magnesium sulphate (MgSO4)   100g  20g 
• Distilled water (dH2O)    5 L  1 L 

 
M.2.3 Eosin 

• Eosin Y stock   1g 
• Distilled water   1000mL 
• glacial acetic acid  1.6 mL 
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N. Picrosirius Red staining 
1. Deparaffinize by 2 changes of xylene, 5 minutes each 
2. Hydrate to distilled water 
3. Stain in 0.2% Phosphomolybdic acid hydrate for 2 minutes 
4. Rinse in distilled water 
5. Stain in Picrosirius red for 1 hour  
6. Wash in acidified water 
7. Place in 70% Ethanol for 45 seconds 
8. Dehydrate, clear, and mount 
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O. Masson’s Trichrome staining 
1. Dewax sections in xylenes; two changes of 10 min each 
2. Transfer to  absolute alcohol (100%) for 1 min 
3. Transfer to second bath of absolute alcohol (100%) for 1 min 
4. Transfer to 95%, 70% and 50% alcohol for 1 min each bath 
5. Remove alcohol in running water bath for 2 min 
6. Oxidise in 0.5% KMnO4/0.5% H2SO4 (equal parts) for 2 min 
7. Rinse in tap water, then bleach in 2% sodium metabisulphite (Na2S2O5) for 2 

min 
8. Wash in running water bath for 30 s followed by transfer to 70% alcohol bath 

for 1 min 
9. Stain in Gomori’s aldehyde fuchsin for 1 min 
10. Rinse in water (very quickly) then transfer to 95% alcohol for 10s followed by 

water again for 10s 
11. Stain in celestine blue for 4 min 
12. Rinse in running water bath for 30 s 
13. Stain in Mayer’s haemalum for 4 min 
14. Rinse quickly in running water bath for 20 s 
15. Differentiate in acid alcohol for 20 s 
16. Blue nuclei in running water bath for 4 min 
17. Stain in Masson’s cytoplasmic stain for 1 min 
18. Rinse (very quickly) in running water bath and differentiate in 1% dodeca- 

molybdophosphoric acid ((H3PO4)12(MoO3)24H2O) for 2 min 
19. Rinse in running water bath and counterstain in Light green for 4 min 
20. Dehydrate through 50%, 70%, 95% and absolute alcohols (quick dips) 
21. Clear in 2 changes of xylene, 10 min each 
22. Mount in DPX (in fume hood) 
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P. Immunostaining 
1. Rehydrate frozen sections by immersion in PBS for at least 10 minutes 
2. Block by incubating sections with 20% new goat serum (NGS) in PBS 

containing 0.2% Triton-X for 20 minutes. Do not wash between these steps 
3. Dilute primary antibody (ie. anti-rat IL-10 grown in goat) 1:100 in PBS for 1.5 

hours at room temperature (or overnight at 4°C). (Need about 200µL/slide) 
4. Wash 3x in PBS 
5. Dilute secondary antibody (ie. VectorLabs anti-goat IgG-FITC) 1:100 in PBS 

for 30 minutes at RT in dark (or overnight at 4°C) 
6. Wash 3x in PBS 
7. Stain for 1 minute in DAPI (2µL stock into 10mL PBS) 
8. Rinse 2x in PBS 
9. Mount with Vectashield® 
10. Seal with nail polish 

Notes:  
• All done in the dark (at least the incubations) 
• Negative control – no PRIMARY antibody 
• Mounted and sealed slides stored at 4°C in the dark 

 
Target stained for Primary Secondary 

IL-10 1:100 1:100 

All Hematopoietic cells (CD45) 1:100 1:100 

All Macrophages (CD68) 1:100 1:100 

M1 (CD80) 1:10 1:500 

M2 (CD163) 1:50 1:500 

Type III Collagen 
(mouse monoclonal, abcam 
ab6310) 

1:500 1:50 
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Q. TUNEL staining 
1. Rehydrate and wash cryosections in PBS for 30 minutes 
2. Permeabilize samples for 2 minutes on ice (Permeabilizing buffer: 0.1% Triton-

X100 in 0.1% sodium citrate solution) 
3. Wash samples in PBS 
4. Prepare TUNEL mixture and keep on ice 

a. Remove 100µL LABEL SOLUTION (vial 2) for negative controls 
b. Add total volume (50µL) of ENZYME SOLUTION (vial 1) to the 

remaining 450µL LABEL SOLUTION in vial 2 to obtain 500µL TUNEL 
reaction mixture 

c. Place on ice 
5. Prepare negative control – fixed and permeabilized sample with only label 

solution 
6. Prepare positive control – incubate fixed and permeabilized samples with 

micrococcal nuclease or DNase I recombinant (3000 -3 U/mL in 50 mM Tris-
HCl, pH 7.5, 1 mg/mL BSA) for 10 minutes at RT 

7. Rinse slides 2x with PBS 
8. Dry area around samples, circle with DAKO pen 
9. Incubate with TUNEL reaction mixture (enzyme solution + labelling solution) 

for 60 minutes at 37°C in a humidified atmosphere. 
10. Rinse slides 3x in PBS 
11. Analyze by fluorescence microscopy 
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R. Tissue ELISAs 
1. Plate coated with 50µL/well of 2µg/mL purified rat anti-mouse IL-10 diluted in 

coating buffer (Coating Buffer: 7.12g HNa2PO4*2H2O/200mL) 
2. Incubated overnight at 4°C 
3. Washed 3x 
4. Blocked 1 h with 200µL/well of assay diluent (10%FBS) 
5. Washed 3x 
6. Sample Preparation (tissue): 

a. Took 20-50 mg tissue and added 1 mL/20mg tissue of Tissue Extraction 
Reagent (Sigma) 

b. Homogenized using Qiagen Tissue Ruptor 
c. Spun samples at 4500 rpm for 1 minute, removed 500 µL and put in 

eppendorf 
d. Spun eppendorf at 1000g for 10 minutes 
e. Prepared standard curves (standard is at 2000 pg/mL) 
f. (if cell culture supernatant, just add to wells directly) 

7. Added 50µL sample/well to 2 wells each (n=2) 
8. Incubated overnight at 4°C 
9. Washed 3x 
10. Added 100µL/well of capture antibody (biotinylated) at 0.5µg/mL (1:1000 

dilution) in assay diluent 
11. Incubated 1 h at room temperature 
12. Washed 4x 
13. Added 100µL/well SAV-HRP diluted 1:1000 in assay diluent 
14. Incubated at RT for 30 minutes 
15. Washed >5x 
16. Added 100 µL/well TMB. Incubated 10-20 minutes at RT (until color develops) 
17. Added 50µL/well 1M H2SO4 as Stopping Solution 
18. Read plate at 450nm 
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S. Tissue PCR 

S.1 Procedure: 
1. Prepare tubes (label, pre-chill on ice) 
2. Add Master Mix to tubes (48.75µL/tube) 
3. Add 1µL cDNA/tube 
4. Add 0.25µL enzyme (Taq polymerase)/tube 
5. Put tubes into PCR machine 

S.2 Master mix 

Component /well /12 wells /24 wells 

Nuclease-free H2O 32.75 432 864.6 

5x RT reaction buffer 10 132 264 

MgCl2 3 40 79.2 

dNTP mix 1 13 26.4 

Forward primer 1 13 26.4 

Reverse primer 1 13 26.4 

Enzyme 0.25 3 6.6 

 

S.3 Machine protocol 

Step Temperature Time Number of cycles 

Initial denaturation 95°C 2 minutes 1 

Denaturation 95°C 1 minutes 

25 Annealing 56°C 30s 

Extension 72°C 1.5 minutes 

Final extension 72°C 5 minutes 1 

Soak 4°C Indefinite 1 
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T. Skeletal muscle study protocol 
1. At time 0, rats will be weighed and a health check conducted. 
2. The rats will be anaesthetized using ketamine (40–50 mg/kg i.m.) and xylazine 

(5 mg/kg i.m.) or isofluorane inhalation (5% reducing to 1-2% for maintenance).  
3. The animals will be ventilated using a volume-controlled ventilator with a 

mixture of oxygen (± isoflorane) and room air. The tidal volume (1.2 ml/100 g) 
and respiration rate (65-70/minute) are automatically calculated using the 
animal’s weight. 

4. The dorsum of the rats will be shaved.  
5. The area will be swabbed with 4% chlorhexidine or povidone iodine 10% to 

control bacterial contamination.  
6. 2 scaffolds will be implanted either sub-cutaneously or intra-muscularly on each 

side of the midline. Biomaterial scaffold sites will be randomised within animals 
and between animals.  

7. Post-operatively, animals will be placed on a heating pad or in an incubator until 
able to regulate their own temperature and are fully recovered from anaesthesia.  

8. Animals will be euthanised at one of four time points (2, 7, 14 or 21 days), by an 
intraperitoneal overdose of Sodium Pentobarbital, or by CO2 asphyxiation. 

9. The scaffolds will be excised and processed for histological and stereological 
analysis. Standard H & E, trichrome and immuno-histochemical staining will be 
conducted, and the results will be stereologically characterised using a three-
dimensional image analysis system (Image Pro Plus 5.0, Media Cybernetics).  

10. Implants will be identified by presence of non-resorbable sutures. 
11. Antibiotics will be administered for 3-4 days post surgery in all animals to 

prevent infection. 
12. The animals can be group housed with individual tail mark identification. 
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U. Cardiac study surgical protocol 
1. The rats will be anaesthetized using ketamine (40–50 mg/kg i.m.) and xylazine 

(5 mg/kg i.m.) or isofluorane inhalation (5% reducing to 1-2% for maintenance).  
2. A baseline echocardiogram will be obtained (will be performed under general 

anaesthesia). 
3. The animals will be ventilated using a volume-controlled ventilator with a 

mixture of oxygen (± isoflorane) and room air. The tidal volume (1.2 ml/100 g) 
and respiration rate (65-70/minute) are automatically calculated using the 
animal’s weight. 

4. The left thoracic region of the rats will be shaved.  
5. The area will be swabbed with 4% chlorhexidine or povidone iodine 10% to 

control bacterial contamination.  
6. The respiration, ECG, and body temperature of the animal will be monitored by 

a Small Animal Monitor & Gating System. 
7. Thoractomy will be performed by opening the chest at the fourth or fifth 

intercostals space to expose the heart.  
8. Myocardial infarction will be induced by completely ligating the left descending 

coronary artery with a small, curved, tapered needle.  
9. Cardiac scaffold will be applied to heart and sutured in place. Analgesia will 

also be provided. 
10. Following application of scaffold, the chest wall musculature will be closed in 

layers. The skin will then be closed and the wound swabbed with povidone 
iodine. 

11. Post-operatively, animals will be placed on a heating pad or in an incubator until 
able to regulate their own temperature and are fully recovered from anaesthesia.  

12. Echocardiography and ECG will be performed on the animals to assess damage 
and to monitor cardiac health.   

13. Animals will be euthanised at one of two time points (2 days or 6 months) by an 
intraperitoneal overdose of Sodium Pentobarbital, or by CO2 asphyxiation. Prior 
to euthanasia, echocardiography will be used to assess cardiac health. 

14. The scaffolds will be excised and processed for histological and stereological 
analysis. Standard H & E, trichrome and immuno-histochemical staining will be 
conducted, and the results will be stereologically characterized.  

15. Antibiotics will be administered for 3-4 days post surgery in all animals to 
prevent infection. 

16. The animals will be group housed with individual tail mark identification. 
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V. Echocardiography protocol 
1. Attach ultrasound probe to machine 
2. Turn on ultrasound machine and associated PC 
3. Check levels of oxygen and isofluorane – if low, top up 
4. Anaethetise animal 
5. Shave thorax 
6. Apply gel to thorax 
7. Input animal ID into Last Name and ID 
8. Input birth date and animal sex 
9. Click ‘done’  
10. Will now be able to view echo image. Find clear image at the level of the 

papillary muscle by moving probe 
11. Take 2 movies (‘2D’) and then go into M-Mode 
12. Take 3 clear images whree both the top and bottom are clearly marked 
13. Save and repeat with next animal. 

  



Appendices 

241 

W. Heart processing 
1. After heart is removed, place in 10% neutral buffered formalin 
2. Allow to fix for a minimum of 48 hours 
3. Slice into 2mm thick sections 
4. Either perfuse and embed using the Tissue Perfuser and Wax Embedder for 

paraffin sectioning OR cryoprotect then cryopreserve for cryosectioning 
5. Section in 5µm thick slices for either 
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