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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)...........................................................................................
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)..........................
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)........................
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)..............................................................................
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........................................................
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
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Representative plasmid release over time in 10% serum from polyplex-
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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)..................................................................................
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)..........
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).......
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)........................................................................
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)..............................................................................................................
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.....................................
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......................................................
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
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expressed as mean ± 95% confidence interval, n=3, p<0.05......................
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...........
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.........................................................................................
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...............................................
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..............................
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 PDb-P/E) is not impossible. The legend applies to both figures, data is
expressed as mean ± 95% C.I., n=3, p<0.05...............................................
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......
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).....
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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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)..................................................
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).................
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)..................................................
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).................
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)......................................................................................
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).........................................
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)........................................................................................
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
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expressed as mean ± 95% confidence interval, n=6, * represents
significance for p<0.05)..............................................................................
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. ......................................
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 IL10 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)..............................................................................
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).................
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..............................................................................................................
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)...................................
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).............................................................
Mean TNF-α concentration in samples treated with 0, 2 or 20 µg of IL10 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)..................................................
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)..............................................................................
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....................................................................
Representative micrographs show overall numbers of macrophages
(green) counterstained with DAPI (blue) in the scaffold region over time.
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Figure 4.26

CD68 (ED-1)is used as a marker for all macrophage phenotypes. Arrows
highlight some of the positive cells. The scale bar represents 20µm..........
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.............................................................................................................
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.........................
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................................
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.....................................................................................................
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.........................................................................................
Representative micrographs showing an overlaid image of serial sections
showing CD80 (red) and CD163 (green) counterstained with DAPI. The
x

129

130

131

132

133

134

Figure 4.27

Chapter 5

Figure 5.1

Figure 5.2

Figure 5.3

Figure 5.4

Figure 5.5

Figure 5.6

Figure 5.7

arrows highlight the cells that appear to be positive for both markers.......
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)..............................................................
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 confocalassembled 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......................................................
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,
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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, antiinflammatory 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 antiinflammatory 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 largescale 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
1.2.1

Inflammation and MI
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 (27 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 IL10 to TNF-α ratios 3. In another study, MI patients with lower serum levels of IL-6, a proinflammatory 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 preclinical 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
4
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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 nonviral 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
5
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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 mid1980s, 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 genetherapy 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
6
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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 cellmediated 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 exvivo 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 coapplication 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 adrenergicinduced 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(DLlactide-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 subunits 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
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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 nondividing 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 ischemiareperfusion (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 Dose/total mass Dose/heart mass
References
[mg]
[mg/kg]
[mg/g]

Rat

0.77±0.65

2.486±1.89

0.91±0.66

Pig

0.84±0.66

0.029±0.022

0.005±0.004

Human

0.62±0.63

0.008±0.008

0.002±0.002

13

15, 16, 20, 151-156

66, 157-161

15, 18, 67, 68, 162-164

Literature Review

Cell-mediated
4% (1)

Lipid-mediated
7% (2)

Naked plasmid
89% (24)

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

Cell-mediated

hyperpolarisation-activated cyclic
Potapova
nucleotide-gated (HCN) channels

Naked plasmid

β2-adrenergic receptor

Edelberg

139

Naked plasmid

β2-adrenergic receptor

Tomiyasu

165

Cell-mediated

β2-adrenergic receptor

Edelberg

166

15

Reference
140
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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 VEGFC) 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 proangiogenic 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 4immunoglobulin (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 Tlymphocytes 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 (IFNγ), 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. Proinflammatory 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

Naked plasmid

IL-10

Chang,
Doenecke,
Palanyandi; Nakano;

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

40, 194, 195, 214-216

132, 187, 217, 218

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

Delivery Method

Dose [μg plasmid or plaque Reference
forming unit (pfu)]

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 125 μg
plasmid (transfect liver
prior to transplantation)

Kidney
transplant

Recombinant
associated virus

Lung transplant

Adenovirus

3x108 pfu

71

Pancreas
transplant

Adenovirus 5

unspecified

227

Heart transplant

Adenovirus or liposome

1x109 pfu/mL or 50 μg

216

adeno- 1.4x1010 viral particles/250g
body weight
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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 Reference
plaque forming unit (pfu)]

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 Adenovirus
brain ischemia

9x108 pfu

233

Neointimal
hyperplasia

Adenovirus

1x1010 pfu

234

Rheumatoid
arthritis

Electroporation
plasmid

Experimental
endotoxemia

Adenovirus 2

Inflammatory
bowel disease

Gelatin
nanoparticles
in 100 μg
polycaprolactone microspheres

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
plasmid

naked 150 μg

187

Autoimmune
insulitis

poly
[alpha-(4-aminobutyl)-L- 100 μg
glycolic acid] (PAGA)

241

with

naked 0.2 μg
1010 genomes

with

25

235

236

237
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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 antiinflammatory cytokine is IL-10. It is also thought to be the most potent of the antiinflammatory 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 proinflammatory 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 IL10.
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 tissueengineering 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 severecombined 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 metaanalysis 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. Knockout animals or cells have been used to investigate the role of certain factors such as the antiinflammatory 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 prosurvival 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 ischemiamediated 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 illeffects 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 antiinflammatory 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 nonviral 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 inflammationrelated rejection and any immune-related rejection. In this project, the chance of immunerelated 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 down34
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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 polyplexloaded 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

Scaffold preparation

System development

Cell response to scaffold

Polyplex optimization

Release profile of polyplexes over time
In vitro characterization
Transfection profile of reporter gene
from rMSCs seeded into system

Skeletal muscle study – rMSC survival, dose
optimization, inflammatory response
In vivo characterization
Cardiac study – rMSC survival, inflammatory
response, overall cardiac function
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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-(3dimethylaminopropyl)
(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 dendrimermediated 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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b)

c)

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 polyplexloaded 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).
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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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a)

b)

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.
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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 PC12s, 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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Chapter 3

Development of a Reliable Method for Detection of
Complexed DNA

The majority of this chapter has been previously published in:
Holladay C, Keeney M, Newland B, Mathew A, Wang W, Pandit A. A reliable method for
detecting complexed DNA in vitro. Nanoscale 2010;2(12):2178-2723.
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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
38

Cross-linked bovine atelocollagen scaffolds as described elsewhere 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-bP/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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Activated PG
Unbound
DNA

Inactive PG

FL
Complexed DNA
Scaffold

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
Partially degraded
polyamidoamine
(SuperfectTM)
Polyethylene imine (PEI)
Poly-L-lysine (PLL)
LipofectinTM (Lipo)
PD-b-P/E 1
PD-E 2

Mass of DNA
prepared [µg]

Polymer
concentration

10

Polymer:
DNA weight
ratio
15:1

10
10
10
10
10

2:1
2:1
5:1
10:1
6:1

3 mg/ml
3 mg/ml
1 mg/ml
3 mg/ml
3 mg/ml

3 mg/ml

1

linear poly(DMEAMA)-hyperbranched(PEGMEMA/EGDMA) (44kDa);

2

hyperbranched 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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Percentage of naked plasmid fluorescence intensity
(in%)
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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 hyperbranched 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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System Testing in Skeletal Muscle Model

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
34-36
. Thus, artificially modulating the inflammatory response is likely
ischemic conditions
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-2phenylindole (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 TNFα 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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Control rMSCs

IL-10 modified rMSCs

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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Control rMSCs

IL-10 modified rMSCs

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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Control rMSCs

IL-10 modified rMSCs

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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Control rMSCs

IL-10 modified rMSCs

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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*

Control rMSCs

IL-10 modified rMSCs

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).

114

System Testing in Skeletal Muscle Model

Control rMSCs

IL-10 modified rMSCs

Figure 4.7: Fold change in gene expression as a function of time in unmodified and IL10 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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0 µg pIL-10

2 µg pIL-10

20 µg pIL-10

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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b)

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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0 µg pIL-10
2 µg pIL-10
20 µg pIL-10
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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0 µg pIL-10

2 µg pIL-10

20 µg pIL-10

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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0 µg pIL-10

2 µg pIL-10

20 µg pIL-10

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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0 µg pIL-10

2 µg pIL-10

20 µg pIL-10

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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0 µg pIL-10

2 µg pIL-10

20 µg pIL-10

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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0 µg pIL-10

2 µg pIL-10
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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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0 µg pIL-10

2 µg pIL-10

20 µg pIL-10

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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Day 7

Day 2

Unmodified rMSCs

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 (ED1)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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2µg pIL-10 + rMSCs
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Day 21

Day 7

Day 2

Unmodified rMSCs

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.
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Unmodified rMSCs

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 IL10 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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0 µg pIL-10

2 µg pIL-10

20 µg pIL-10

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 IL10 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 IL10 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 cellmediated 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 IL5 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 IL10 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 proinflammatory 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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Chapter 5

Assessment of System Performance in Rat Model of
Myocardial Infarction

The majority of this chapter is due to be submitted for publication in:
Holladay, CA., Duffy, AM., Chen, X., Sefton, MV., O’Brien, T., Pandit, A. Recovery of
cardiac function mediated by stem cell and gene therapy functionalised scaffold. (Under
submission to: European Heart Journal).

Summary and Future Directions

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. Mmode 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-2phenylindole (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 postMI 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 postMI 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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Scaffold

Scaffold + rMSCs

Scaffold + rMSCs + pIL-10

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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Scaffold + rMSCs + pIL-10

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 + pIL10 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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Scaffold

Scaffold + rMSCs

Scaffold + rMSCs + IL-10

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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Scaffold

Scaffold + rMSCs

Scaffold + rMSCs + IL-10

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 + pIL10. 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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Mean number of CD163+ cells/mm2
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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).

162

Summary and Future Directions

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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Scaffold + rMSCs + IL-10

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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Scaffold

Scaffold + rMSCs

Scaffold + rMSCs + IL-10

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).
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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 + pIL10, (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-ethyl3-(3-dimethylaminopropyl) carbodiimide (EDC) and N-Hydroxysuccinimide (NHS) 1-6. This
system was optimized and characterized in vitro, as described in Chapter 2. The crosslinking 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 IL10 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 sideeffects, 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
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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 upregulated 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 time198
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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, antiapoptotic, 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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b)

a)

c)

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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Infarcted Heart

Stem cell layer

Cytokine and Growth
Factor Analysis
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
ED-1 (anti-CD68) antibody
Anti-CD163 antibody
Anti-CD80 antibody

Supplier
Abcam, Cambridge, UK
AdB Serotec, Kidlington, UK

6000 nano LabChip® kit
Sircol Assay
TaqMan®
TaqMan® gene expression assays: GAPDH
TaqMan® gene expression master mix, 2-Pack
TriReagent®
Anti-IL10 monoclonal antibodies
Assay diluent
Biotinylated anti-IL10 monoclonal antibodies
Streptavidin-horse radish peroxidase antibody
(strep-HRP)
AlamarBlue®
HL-60
Jurkat
Osteosarcoma (SAOS2)
PC-12
4',6-diamidino-2-phenylindole (DAPI)
Alpha-modified eagle media (alpha-MEM)

Agilent Technologies, Dublin, Ireland

Applied Biosystems, Warrington UK

BD Pharmingen, Oxford, UK

Biocolor ltd., Belfast, UK (or Invitrogen)
European Collection of Cell Cultures,
Health Protection Agency, Salisbury, UK

CelltrackerTM CM-DiI
F-12 Ham Media
LipofectinTM
Picogreen®
Rhodamine phalloidin
Human umbilical artery smooth muscle cells
(HUASMC)
Human umbilical vein endothelial cells (HUVEC)
Rat inflammatory cytokine multiplex array
SECTOR® Imager 2400
Cy5 LabelIT® nucleic acid labeling kit
Gaussia princeps luciferase detection kits
Gaussia princeps luciferase plasmid DNA (GLuc)
Bicinchoninic acid assay
Picrosirius red staining kit
dNTP mix
ImProm-II reverse transcriptase
Nuclease-free water
Random primer
Recombinant RNasin ribonuclease inhibitor
212

Invitrogen, Dun Laoghaire, Ireland

Lonza, Basel, Switzerland
Meso Scale Discovery, Gaithersburg, MD,
USA
Mirus, Madison, USA
New England Biosciences, Ipswich, USA
Pierce, Rockford, USA
Polysciences, Eppelheim, Germany

Promega, Dublin, Ireland

Appendices

Material
Giga, mega and maxi prep plasmid isolation kit
RNeasyTM kit
SuperfectTM
TissueRuptorTM
Goat anti-mouse IL-10 antibody
10% buffered formalin
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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Supplier
Qiagen, Crawley, UK
RnD Systems, Minneapolis, USA

Sigma, Dublin, Ireland
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Material

Supplier

Sodium chloride
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)

Sigma, Dublin, Ireland

Stratagene, Agilent Technologies, Cedar
Creek, USA

XL1-Blue
FITC-anti-goat antibodies
FITC-anti-mouse antibodies
Vectashield (with or without DAPI)
OCT media

Vector labs, Burlingame, USA
VWR Labshop, Batavia, USA
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B.

Sponge preparation and crosslinking

B.1

Procedure:
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.
Unstick sponges from edges of wells and move them to a new plate.
Add 1.35 mL solution to each sponge
Place sponges in the 37ºC incubator in the autoclave/plate reader room on the 2nd
floor
Leave to incubate 5 hours or longer
At end of incubation, remove from incubator and remove excess liquid. Rinse with
distilled water.
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.)
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

1.

2.
3.
4.
5.
6.
7.
8.

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

1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.

C.2
1.
2.
3.
4.
C.3
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.

Propagation (assuming largest scale preparation)
Pick a single colony from a freshly streaked selective plate and inoculate a
starter culture.
Incubate 8 hours at 37°C with vigorous shaking.
Transfer 2.5-5mL starter culture into 2.5 L of LB broth
Incubate at 37°C for 12-16 hours with vigorous shaking
Isolation (adapted from Qiagen GIGA-prep protocol, requires components of kit)
Harvest the bacterial cells by centrifuging the broth at >6000g for 15 minutes at
4°C. Remove supernatant.
Attach QIAfilter to a glass bottle that can be connected to a vacuum
Resuspend pellet in 125 mL buffer P1
Add 125 mL of pre-warmed buffer P2. Invert vigorously 4-6 times and incubate
at room temperature for 5 minutes
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
Pour lysate into the QIAfilter cartridge and incubate at RT for 10 minutes
Switch on vacuum until all liquid has passed through filter
Add 50 mL buffer FWB2 yto cartridge and gently stir precipitate. Turn on
vacuum again.
Add 30 mL buffer ER to lysate to remove endotoxins. Invert bottle 10 times and
put on ice for 30 minutes.
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.
Add filtered lysate and allow to enter resin by gravity flow.
Wash the column with a total of 600 mL buffer QC.
Elute the DNA from the column with 100 mL buffer QN (can pre-warm to
improve efficiency).
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.
Wash pellet with 10 mL of endotoxin-free RT 70% ethanol and centrifuge again.
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.

217

Appendices
D.

Characterization of collagen scaffold amine content

D.1

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

1.
2.
3.
4.
5.
6.
7.
D.2

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

D.3

Prepare one tube (50% of total volume) of 4% Ninhydrin powder in 2ethoxyethanol. 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

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
Ensure inside of hood is as clean as possible (spray with Virkon then 70%
Ethanol)
Spray everything entering the hood with 70% Ethanol
Assume every exposed surface is contaminated – if anything touches the hood
or your hands or lab coat, it most likely will have contamination
The insides of sterile containers are the only clean areas (ie. sterile media, sterile
plates, flasks, tubes, etc.)
Keep sterile containers sealed
Contamination often starts near the lids of things – never touch lids or necks of
flasks or bottles with the tip of your pipette
If something is contaminated, do not open it in the hood.

1.
2.
3.
4.
5.
6.
7.
E.2
1.
2.
3.
4.
5.
6.
E.3
1.
2.
3.
4.
5.

6.
7.
8.
9.
10.
11.
E.4
1.
2.
3.
4.

Feeding flasks
Use aseptic technique (as always)
Clean hood, spray all equipment, take flask from incubator, spray with ethanol
and wipe clean with tissue
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.)
Put media in waste container, or use aspirator to remove
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
Return flask to incubator
Cell splitting
Remove media from flask
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
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)
Put in incubator for 5 minutes (enzyme is active at 37°C)
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.
Once all (or almost all) cells are free, spray the flask and return it to the hood
Add an equal volume of 10% serum media to the flask (ie. if you added 5mL
T/E, add 5mL media) (deactivates the trypsin)
Remove all of the liquid and put in a sterile centrifuge tube (15 or 50mL)
Spin for 5 minutes at 400g
Remove the supernatant and resuspend the pellet (your cells) in new media
Count and seed into new flasks
Bringing cells up from liquid nitrogen
Take vial from liquid nitrogen.
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).
Spray vial with ethanol before putting into the hood. Must work quickly after
the cells have thawed as the DMSO is toxic
Transfer cell suspension into a sterile centrifuge tube
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5.
6.
7.
8.
9.
10.

Add about 5ml 10% serum media drop by drop to the cells in the tube. Add the
media slowly to reduce the osmotic shock
Centrifuge at 400-500g for 5 minutes.
Aspirate the media off the cell pellet.
Resuspend the cell pellet in 2ml 10% serum media
Count
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.
4.

Count cells on both sides and get the average
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
1.
2.
3.
4.
5.
6.
7.
8.
9.
E.8
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
E.9

Cell metabolic activity
Sterilise hood
Add 1000µL HBSS into required number of wells (samples + 1) in sterile 24
well plate
Dilute AB 1:9 in HBSS (need 500µL/scaffold + extra for control)
Transfer cell-seeded scaffolds into HBSS plate
Gently rinse controls with HBSS (if applicable)
Remove HBSS from all samples and controls except for one empty well – the
HBSS blank control
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
Incubate at 37°C for 1-3 hours (must be consistent throughout experiment)
Transfer 150µL of samples into a clear 96 well plate in order to quantify
absorbance
Scaffold seeding
(Basically the same as seeding cells in a flask)
Sterilize biomaterial or get sterile plate
Remove media, wash, trypsinize, spin, resuspend, count
Choose a cell number – depending on the application, between 10,000 and
1,000,000 cells/mg scaffold can be used.
Generally want to prepare biomaterial for seeding by soaking in media before
cells are added
Usually put biomaterial samples in wells of a sterile cell culture plate (6, 12, 24,
48 or 96 well)
Seed the cells in as small a volume as possible – ensures more cells attach to
biomaterial
Allow cells to attach for up to 2 hours, then gently add in more media
Generally use at least 3 mL/million cells
Close plate and put in incubator
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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Read in plate reader (ex: 480nm, em. 520nm)

E.9.3 Example standard curve:
Mass DNA [ug]
50.00
25.00
12.50
6.25
3.13
1.56
0.78
0.39
0.20
0.10
0.05
0.00

Fluorescence Intensity
395956
374884
370016
355114
311035
201193
103441
57488
30652
17773
10794
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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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

VIC

SAOS2

HUVEC

HUASMC

ADSC

DMEM
+
2mM
Glutamine + 10%
FBS + 1% P/S
McCoy’s 5A + 10%
FBS + 1% P/S
Human
cell kit

endothelial

SMC kit

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

rMSC

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

Jurkat

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

HL-60

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

Split using 0.25% TE
~30k cells/cm2 (2 million cells/T75 flask)
5 minutes in 0.25% TE, spin at 1500rpm
Feed every other day
20-50k cells/cm2 (~1.5 mill cells/T75)
Split at 70-80% confluence (1:2-1:5)
0.25% TE
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 overtrypsinized. 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
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
~30k cells/cm2 (2 million cells/T75)
Splitting: 5 minutes in 0.25% TE, spin at 1500rpm
Feed every other day
~30k cells/cm2 (2 million cells/T75 flask)
Splitting: 5 minutes in 0.25% TE, spin at 1500rpm
Feed every 2-3 days
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
• 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
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Characterization of plasmid-dendrimer polyplexes

F.1
1.
2.
3.

UV spectroscopy
Start-up NanoDropTM
Wipe the pedestal clean with a Kim-Wipe
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.
Fill in the Sample ID space, then start reading samples
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.

4.
5.

F.2

Gel electrophoresis

F.2.1
1.
2.
3.
4.
5.
6.
7.
8.

Preparation procedure:
0.7 g agarose in 100 mL TAE buffer (for large gel)
0.35 agaraose in 50 mL TAE buffer (small gel)
Add about 2 mL extra liquid to account for boiling
Mix in an Erlenmeyer flask, and put into microwave
Leave in microwave until boiling
Remove from microwave with hot mitts or something to protect hands from heat
Allow to cool until can be held comfortably in hand
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
1.
2.
3.
4.
5.
6.
7.
8.

Running the gel:
Pipette samples into wells.
Put on cover, making sure that the orientations are all correct
Attach to power supply
Run gels at 80-100V and leave the current on auto. Check that bubbles are forming
along the wires at the bottom.
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.
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.
Put under the imager and look at it under UV light – save images.
Dispose of gel appropriately.
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1.
2.

3.
4.
5.
6.

Protocol for transfection in vitro
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.)
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.
When polyplexes are ready, remove media from wells and wash with PBS/Hank’s
Add polyplex solutions to wells*
Incubate 3-6 hours
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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Quantification of transfection

H.1

GLuc analysis
(As according to New England Biolabs recommended protocol)
Prepare 1x Gluc assay solution by dilution buffer 1 to 100
Put 15-25µL into well plate or sample tube as appropriate to the plate reader
(just be consistent). Dilute if necessary
Add 50µL of the Gluc solution to each well (again, if initial experiments showed
it was too bright, dilute)
Add PBS to dilute up to 150µL for the current plate reader
If possible, read within 5-10 seconds

1.
2.
3.
4.
5.
H.2
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.

IL-10 ELISA
Coat an ELISA 96 well plate with 2µg/mL antibody in coating buffer (0.2M
Sodium Phosphate, pH=6.5)
Leave in fridge overnight to incubate
The following morning, bring the plate to RT
Remove coating solution and wash 3x with Wash Buffer (0.05% TWEEN in
PBS)
Add 200µL Blocking Buffer (1% BSA in PBS) to each well
Incubate at RT for 30 minutes to 1 hour
Wash 3x
Add 50µL per well standard curve and samples
Seal and incubate overnight in fridge
Wash 3x
Prepare capture antibody at 0.5µg/mL
Add 100µL/well and incubate 1h
Wash 4x
Add 100µL/well SAV-HRP diluted 1:1000 in Blocking Buffer
Incubate at RT for 30minutes
Wash 5x
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
Add 50µL 1M Sulphuric acid as Stopping Solution
Read plate at 450nm
Calculate concentrations based on standard curve
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Scaffold imaging

I.1

Scanning electron microscopy
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
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
Take the sample from either 1 or 2 and put in the gold coater
Image using the SEM

1.
2.

3.
4.
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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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
(Can do multiple at once in multiples of 50µL)
3.
4.

5.
6.

50 µL

Incubate at 37°C for 1 hr. Spin briefly midway to minimize effects of
evaporation.
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
Cap the support tube. Sample concentration is approximately 0.2µg/mL
Store protected from light.
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4.
5.

Cell labelling and seeding
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.
Wash cells with DPBS
Trypsinize, spin, and count
Seed 200 000 cells/scaffold
Incubate overnight to allow the cells to attach to the collagen matrix.
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2.
3.
4.

Cell volume fraction quantification
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).
Use ImageJ for analysis, measurement parameters set for Area and Area fraction.
Using DAPI image, trace borders of scaffold. Save region of interest.
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");
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Haematoxylin and Eosin staining

M.1

Procedure:
Rehydrate cryosections in dH2O
Stain with haematoxylin 10 minutes
Rinse 3x in tap water
Differentiate with 0.3% acid alcohol (removes non-specific Haematoxylin
staining)
Less than 30 seconds – basically dip twice
Rinse 30seconds in Scott’s tap water (or 2 minutes in normal tap water)
Stain with Eosin 2-5 minutes
Rinse 1x in tap water
Dehydrate through a series of ethanol baths
Final dehydration in xylene, at least 5 minutes
Mount using DPX

1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
M.2

Solutions:

M.2.1
•
•
•

0.3% acid alcohol
commercial grade ethanol
distilled water
concentrated hydrochloric acid

M.2.2
•
•
•

Scott’s Tap water
Sodium hydrogen carbonate (NaHCO3)
Magnesium sulphate (MgSO4)
Distilled water (dH2O)

M.2.3
•
•
•

Eosin
Eosin Y stock
Distilled water
glacial acetic acid

2800 ml
1200 ml
12 ml

1g
1000mL
1.6 mL
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2.
3.
4.
5.
6.
7.
8.

Picrosirius Red staining
Deparaffinize by 2 changes of xylene, 5 minutes each
Hydrate to distilled water
Stain in 0.2% Phosphomolybdic acid hydrate for 2 minutes
Rinse in distilled water
Stain in Picrosirius red for 1 hour
Wash in acidified water
Place in 70% Ethanol for 45 seconds
Dehydrate, clear, and mount
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4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.

Masson’s Trichrome staining
Dewax sections in xylenes; two changes of 10 min each
Transfer to absolute alcohol (100%) for 1 min
Transfer to second bath of absolute alcohol (100%) for 1 min
Transfer to 95%, 70% and 50% alcohol for 1 min each bath
Remove alcohol in running water bath for 2 min
Oxidise in 0.5% KMnO4/0.5% H2SO4 (equal parts) for 2 min
Rinse in tap water, then bleach in 2% sodium metabisulphite (Na2S2O5) for 2
min
Wash in running water bath for 30 s followed by transfer to 70% alcohol bath
for 1 min
Stain in Gomori’s aldehyde fuchsin for 1 min
Rinse in water (very quickly) then transfer to 95% alcohol for 10s followed by
water again for 10s
Stain in celestine blue for 4 min
Rinse in running water bath for 30 s
Stain in Mayer’s haemalum for 4 min
Rinse quickly in running water bath for 20 s
Differentiate in acid alcohol for 20 s
Blue nuclei in running water bath for 4 min
Stain in Masson’s cytoplasmic stain for 1 min
Rinse (very quickly) in running water bath and differentiate in 1% dodecamolybdophosphoric acid ((H3PO4)12(MoO3)24H2O) for 2 min
Rinse in running water bath and counterstain in Light green for 4 min
Dehydrate through 50%, 70%, 95% and absolute alcohols (quick dips)
Clear in 2 changes of xylene, 10 min each
Mount in DPX (in fume hood)
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7.
8.
9.
10.

Immunostaining
Rehydrate frozen sections by immersion in PBS for at least 10 minutes
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
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)
Wash 3x in PBS
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)
Wash 3x in PBS
Stain for 1 minute in DAPI (2µL stock into 10mL PBS)
Rinse 2x in PBS
Mount with Vectashield®
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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5.
6.
7.
8.
9.
10.
11.

TUNEL staining
Rehydrate and wash cryosections in PBS for 30 minutes
Permeabilize samples for 2 minutes on ice (Permeabilizing buffer: 0.1% TritonX100 in 0.1% sodium citrate solution)
Wash samples in PBS
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
Prepare negative control – fixed and permeabilized sample with only label
solution
Prepare positive control – incubate fixed and permeabilized samples with
micrococcal nuclease or DNase I recombinant (3000 -3 U/mL in 50 mM TrisHCl, pH 7.5, 1 mg/mL BSA) for 10 minutes at RT
Rinse slides 2x with PBS
Dry area around samples, circle with DAKO pen
Incubate with TUNEL reaction mixture (enzyme solution + labelling solution)
for 60 minutes at 37°C in a humidified atmosphere.
Rinse slides 3x in PBS
Analyze by fluorescence microscopy
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3.
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5.
6.

7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.

Tissue ELISAs
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)
Incubated overnight at 4°C
Washed 3x
Blocked 1 h with 200µL/well of assay diluent (10%FBS)
Washed 3x
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)
Added 50µL sample/well to 2 wells each (n=2)
Incubated overnight at 4°C
Washed 3x
Added 100µL/well of capture antibody (biotinylated) at 0.5µg/mL (1:1000
dilution) in assay diluent
Incubated 1 h at room temperature
Washed 4x
Added 100µL/well SAV-HRP diluted 1:1000 in assay diluent
Incubated at RT for 30 minutes
Washed >5x
Added 100 µL/well TMB. Incubated 10-20 minutes at RT (until color develops)
Added 50µL/well 1M H2SO4 as Stopping Solution
Read plate at 450nm
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Tissue PCR

S.1

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

1.
2.
3.
4.
5.
S.2

Master mix

Component
Nuclease-free H2O

/well

/12 wells

/24 wells

32.75

432

864.6

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

0.25

3

6.6

5x RT reaction buffer

Enzyme

S.3

Machine protocol

Step

Temperature

Time

Number of cycles

Initial denaturation

95°C

2 minutes

Denaturation

95°C

1 minutes

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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2.
3.

4.
5.
6.
7.
8.
9.

10.
11.
12.

Skeletal muscle study protocol
At time 0, rats will be weighed and a health check conducted.
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).
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.
The dorsum of the rats will be shaved.
The area will be swabbed with 4% chlorhexidine or povidone iodine 10% to
control bacterial contamination.
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.
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.
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.
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 threedimensional image analysis system (Image Pro Plus 5.0, Media Cybernetics).
Implants will be identified by presence of non-resorbable sutures.
Antibiotics will be administered for 3-4 days post surgery in all animals to
prevent infection.
The animals can be group housed with individual tail mark identification.
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4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.

Cardiac study surgical protocol
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).
A baseline echocardiogram will be obtained (will be performed under general
anaesthesia).
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.
The left thoracic region of the rats will be shaved.
The area will be swabbed with 4% chlorhexidine or povidone iodine 10% to
control bacterial contamination.
The respiration, ECG, and body temperature of the animal will be monitored by
a Small Animal Monitor & Gating System.
Thoractomy will be performed by opening the chest at the fourth or fifth
intercostals space to expose the heart.
Myocardial infarction will be induced by completely ligating the left descending
coronary artery with a small, curved, tapered needle.
Cardiac scaffold will be applied to heart and sutured in place. Analgesia will
also be provided.
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.
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.
Echocardiography and ECG will be performed on the animals to assess damage
and to monitor cardiac health.
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.
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.
Antibiotics will be administered for 3-4 days post surgery in all animals to
prevent infection.
The animals will be group housed with individual tail mark identification.
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V.
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.

Echocardiography protocol
Attach ultrasound probe to machine
Turn on ultrasound machine and associated PC
Check levels of oxygen and isofluorane – if low, top up
Anaethetise animal
Shave thorax
Apply gel to thorax
Input animal ID into Last Name and ID
Input birth date and animal sex
Click ‘done’
Will now be able to view echo image. Find clear image at the level of the
papillary muscle by moving probe
Take 2 movies (‘2D’) and then go into M-Mode
Take 3 clear images whree both the top and bottom are clearly marked
Save and repeat with next animal.
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W.
1.
2.
3.
4.
5.

Heart processing
After heart is removed, place in 10% neutral buffered formalin
Allow to fix for a minimum of 48 hours
Slice into 2mm thick sections
Either perfuse and embed using the Tissue Perfuser and Wax Embedder for
paraffin sectioning OR cryoprotect then cryopreserve for cryosectioning
Section in 5µm thick slices for either
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