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Abstract

This study investigated the safety and efficacy of a sustained release of basic fibroblast growth factor (bFGF) with biode-
gradable gelatin hydrogel sheets as therapeutic angiogenesis in canine chronic myocardial infarction (MI) models. Canine
chronic MI model was induced by ligating the left anterior descending coronary artery and its diagonal branches. At 4 week
post-induction, we applied either saline (Control group, n=15) or 200 pg of bFGF (Treatment group, n=6) soaked gelatin
hydrogel sheets on the ischemic area of the left ventricular (LV) wall. At 6 weeks after the procedure, we evaluated the effi-
cacy by echocardiography and immunohistochemical study. There were no procedure-related adverse events or deaths. The
serum bFGF level was under detectable levels in all animals at any sampling points. In terms of efficacy, echocardiographic
evaluation demonstrated that fractional shortening was significantly improved in the treatment group. In addition, immuno-
histochemical study showed that the capillary density in the border zone of the MI area, as well as the MI area, significantly
increased in the treatment group. Therapeutic angiogenesis by bFGF using biodegradable gelatin hydrogel sheets was safe,
increased the capillary density, and improved LV function in canine chronic MI models.
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Introduction

Cardiovascular disease remains one of the major causes of
death worldwide [1, 2]. The concept of “therapeutic angio-
genesis” (i.e., the administration of growth factors, gene
therapy, or cell transplantation) has emerged as a new thera-
peutic option for severe ischemic conditions resistant to con-
ventional surgical and/or catheter-based revascularization,
and proof-of-concept pre-clinical studies using experimental
animal models and clinical trials have been conducted with
favorable results [3, 4]. The purpose of therapeutic angio-
genesis is to increase the blood perfusion of the microenvi-
ronment which may mitigate the ischemic condition, reduce
the tissue damage, and ameliorate the ischemia-related
dysfunction.

Basic fibroblast growth factor (bFGF) [5] is known to pro-
mote proliferation of mesenchymal cells and potently induce
neovascularization which holds potential for the therapeutic
angiogenesis. Recombinant human bFGF has been approved
for clinical use and widely adopted for the treatment of skin
ulcers in Japan [6]. However, the short biological half-life of
bFGF in the body hampers its clinical application. To over-
come the problem, we have developed a novel drug delivery
system (DDS) using a biodegradable acidic gelatin hydrogel
[7]. Gelatin is a water-soluble biopolymer originating from
collagen and has been clinically used in various applica-
tions because of its non-toxic nature. Gelatin possesses a
biodegradable feature and is gradually absorbed in the body
by releasing binding substrates, allowing sustained release
of the substrate [8, 9]. bFGF-incorporated gelatin hydrogel
gradually releases bFGF in the body after administration
which serves as a novel DDS to allow the long-lasting local
release of bFGF at the applied region. We have previously
demonstrated the effectiveness of bFGF-incorporated gelatin
hydrogel in various animal models [10] and clinical studies
[11, 12] for peripheral arterial disease (PAD) patients, such
as atherosclerosis obliterans (ASO) or thromboangiitis oblit-
erans (TAO) (Buerger’s disease) suffering from critical limb
ischemia (CLI). Expanding the therapeutic angiogenesis to
ischemic heart diseases would further mitigate the health-
care issues related to atherosclerosis.

The aim of this study was to investigate the safety and
efficacy of the bFGF-incorporated gelatin hydrogel sheets
transplantation on the ischemic myocardium in chronic
canine myocardial infarction (MI) model.
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Materials and methods
Animal preparation

We used male canines in this study (beagles, 14—16 months
old, weighing 10-14 kg; Kitayama labs, Co., Ltd., Iwakuni,
Japan). The animal experiments were performed at Shin
Nippon Biomedical Laboratories (SNBL) (Kagoshima,
Japan). The procedure protocol for animals was approved
by the Institutional Animal Care and Use Committee of
SNBL. All animals received humane care in compliance
with standards published by the National Research Coun-
cil (Guide for the Care and Use of Laboratory Animals,
NIH OACU) of the National Institutes of Health Policy on
Human Care and Use of Laboratory Animals. In compli-
ance with these standards, every effort was made to mini-
mize the pain and discomfort of experimental animals.

Preparation of bFGF-incorporated gelatin hydrogel
sheets

Human recombinant bFGF with an isoelectric point of 9.6
was commercially available (Kaken Pharmaceutical Co,
Tokyo, Japan). A gelatin sample with an isoelectric point
of 5.0 was isolated from the porcine skin tissue through the
alkaline process (Nitta Gelatin Co, Osaka, Japan). Gelatin
hydrogel sheets were prepared in an aseptic room as pre-
viously described [13]. Briefly, gelatin hydrogel was pre-
pared through the glutaraldehyde cross-linking of gelatin
in an aqueous solution. The resulting hydrogel was soaked
in an aqueous solution of glycine for 3 h to block free alde-
hyde groups in the hydrogel. The concentrations of gelatin
hydrogel, glutaraldehyde, and glycine were 4.5%, 0.083%
and 100 mM, respectively. The temperature for soaking
in glycine was 37 °C on a shaker. We made the gelatin
hydrogel sheets with a mold. The thickness of the gelatin
sheet was around 2 mm. These gelatin hydrogel sheets
are formed in the approximately same thickness. The
temperature of crosslink the gelatine hydrogel was 4 °C.
They were washed with double distilled water and cut in
2 x4 cm. After they were freeze-dried, gelatin hydrogel
sheets were packed in sterile bags. To incorporate bFGF
into the gelatin hydrogel sheets, an aqueous solution of
bFGF (100 pg/ml) was carefully dropped onto freeze-dried
sheets, and they were then stored at ambient temperature
for 1 h as previously reported [14]. The gelatin hydro-
gel sheets were designed to slowly release bFGF in ani-
mal bodies for approximately 3—4 weeks after treatment
which is certified by previous in vitro and in vivo studies
[7, 14-16]. A positively charged protein drug (bFGF this
time) is electrically complexed with negatively charged
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polymer chains, consisting a carrier matrix. The degrada-
tion of the polymer carrier itself will lead to drug release.
We can control the speed of the degradation as long as
4 weeks which may contribute to the prolonged release
of bFGF [8]. Production of the gelatin hydrogel sheets
was performed in accordance with Good Manufacturing
Practice (GMP) standards.

Ml induction and implantation
of bFGF-incorporated gelatin hydrogel sheets

We evaluated the efficacy of the therapy in canine with
chronic myocardial infarction (MI) model (Fig. 1). After
sedation with intramuscular administration of dexmedeto-
midine (0.08 mg/kg), midazolam (0.4 mg/kg), and atropine
(0.01 mg/kg), dogs were intubated. General anesthesia was
maintained with 0.5-5% isoflurane in oxygen. End-tidal
PaCO,, heart rate, electrocardiogram, and blood pres-
sure were continuously monitored. Respiratory rates and

Induction of Ml Treatment

\4 JV

concentration of isoflurane were controlled by a mechanical
ventilator. Dogs were positioned in right lateral recumbency.
After induction of anesthesia, a left thoracotomy was per-
formed through the fourth intercostal space and pericardi-
otomy was made. MI was induced by ligating the proximal
left anterior descending coronary artery just distal to the first
diagonal branch and the first to the third diagonal branches.
Then, the pericardium was approximated and chest was
closed in layers. Induction of MI in canines yielded approxi-
mately 20% mortality rate within 24 h of the induction.
Four weeks after MI induction, 11 survived canines with
transmural MI (evaluated by echocardiography) were ran-
domly divided into two groups: the control group (gelatin
hydrogel sheets with saline, n=35) and the bFGF group
(gelatin hydrogel sheets with 200 pg of bFGF, n=6). Re-do
left thoracotomy was performed through the sixth or seventh
intercostal space under aforementioned general anesthesia,
and pericardiotomy was made. In each group, gelatin hydro-
gel sheets with either saline or bFGF were applied to the

Sacrifice for Histology

\ 4

€&—— 4 weeks €

Echocardiography
Blood sampling

Fig. 1 Experimental protocol. Induction of MI, ligation of the proxi-
mal left anterior descending coronary artery just distal to the first
diagonal branch, and the first to third diagonal branches. Treatment,

3 weeks ——>€&—— 3 weeks —>

Echocardiography
Blood sampling

Echocardiography

Blood sampling Echocardiography

Blood sampling

gelatin hydrogel sheets with saline (n=5) or bFGF (200 pg, n=6)
were applied to the infarction area of the left ventricular wall

Fig.2 Gross appearance of bFGF-incorporated gelatin hydrogel sheets. a Gelatin hydrogel sheets containing bFGF. b Saline or bFGF with gela-
tin hydrogel sheets (arrows) was covered the ischemic area of left ventricular wall

@ Springer



1254

Heart and Vessels (2018) 33:1251-1257

infarction area of the left ventricular (LV) wall (Fig. 2). To
prevent displacement of the sheets, these gelatin hydrogel
sheets were covered with 0.1 mm polytetrafluoroethylene
sheet (Gore-Tex Surgical Membrane, W.L. Gore and Assoc,
Inc. Flagstaft, AZ, USA) and secured with sutures, then, the
pericardium was loosely approximated and the thoracotomy
was closed in layers.

Measurement of serum bFGF levels

In all canines, 2 ml of blood was sampled at 3 and 6 weeks
after the procedure to measure the serum bFGF level with
enzyme-linked immunosorbent assay (ELISA) using a high-
sensitivity kit (Human FGF basic Immunoassay, R&D Sys-
tems, Inc. Minneapolis, MN, USA) (Fig. 1) according to the
manufacturer’s instruction.

Echocardiographic evaluation

Echocardiographic measurements were performed with a
12-MHz ultrasound transducer (connected with SONOS
7500 Ultrasound System, Philips Healthcare, Bothell, WA,
USA) before and 4 weeks after the MI induction, and 3 and
6 weeks after the treatment (Fig. 1). All echocardiographic
parameters were measured by at least three consecutive
cardiac cycles. LV end-diastolic dimension (LVEDd) and
area (LVEDA), and end-systolic dimension (LVESd) and
area (LVESA) were measured in the two-dimensional mode
in the short-axis views at the level of the largest ventricu-
lar diameter. LVEDd and LVEDs are used to calculate LV
fractional shortening (LVFS) by the following formula;
LVFS (%)= (LVEDd — LVESd)/LVEDd x 100. LVEDA and
LVESA were measured to calculate the percentage of LV
fractional area change (LVFAC) using the following for-
mula: LVFAC (%) =(LVEDA — LVESA)/LVEDA x 100.

Histological study

All canines were euthanized at 6 weeks after the treatment
(Fig. 1). Subsequently, the heart and other organs were
soaked and preserved in 10% buffered formalin solution.
The transmural sections were stained with Azan staining and
anti-factor VIII antibody (Agilent Technologies, Inc. Santa
Clara, CA, USA). The fibrotic area was visualized by an
all-in-one microscope (BZ-9000, Keyence, Osaka, Japan),
then measured and calculated by BZ-II analysis application
(Keyence). To evaluate the density of capillaries, the number
was counted in random ten fields per slide (100X magnifi-
cation) in the peri-infarct, infarct, and LV surface region of
each section. The density of capillaries was defined as the
number of vessels per mm? containing smooth muscle cells
detected by immunohistochemical staining (capillary size
was <25 pm in diameter) [17].
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Data analysis

All values were shown as mean + SD. The groups were com-
pared by unpaired Student’s ¢ test or analysis of variance
(ANOVA) with Tukey’s test as post hoc. Statistical analy-
ses were performed with JMP® 9 (SAS Institute Inc., Cary,
NC, USA). Values of p <0.05 were considered statistically
significant.

Results

Safety of bFGF-incorporated gelatin hydrogel sheet
implantation

There were no treatment-related adverse events or deaths.
Procedure-related significant changes of clinical signs, body
weight, and food consumption were not identified. The
serum bFGF levels were under detectable in all animals at
any sampling points.

Therapeutic effects of bFGF-incorporated gelatin
hydrogel sheet implantation

The results of echocardiographic evaluation are shown in
Table 1. LVFS and LVFAC in control group did not signifi-
cantly change after treatment compared to that in pretreat-
ment (Pretreatment vs 3 vs 6 weeks; LVFS: 13.9+0.8 vs
13.9+1.3vs 11.9+0.9%; p=1.0000 vs 3 weeks, 0.3068 vs
6 weeks/LVFAC: 24.0+2.4 vs 24.8+2.0 vs 22.7+2.3%;
p=0.9994 vs 3 weeks, 0.9933 vs 6 weeks). However,
LVES and LVFAC in bFGF group after treatment were sig-
nificantly higher at both 3 and 6 weeks compared to the
values of pretreatment (LVFS: 13.6 +£0.7 vs 18.3+1.2 vs
18.6 +0.8%; p=0.0004 vs 3 weeks, p=0.0002 vs 6 weeks/
LVFAC:25.1+2.2vs33.2+1.8 vs 34.0+2.1%; p=0.0136
vs 3 weeks, p=0.0061 vs 6 weeks). The value of LVFS and
LVFAC was significantly higher in treatment group 6 weeks
after surgery compared to those in control group (LVFS:
p=0.0019; LVFAC: p=0.0158).

bFGF-incorporated gelatin hydrogel sheet increased
vascular density

The immunohistochemical study demonstrated that vascular
formation in the bFGF group at 6 weeks after treatment was
more prominent compared to that observed in the control
group (Fig. 3). We quantified the vascular density at peri-
infarct and infarct zone, respectively. At the peri-infarct
zone, the number of capillaries (196.8 +38.3 vessels/mm? in
the bFGF group, vs 110.6 +20.0 vessels/mm? in the control
group, p <0.01) was significantly higher in the bFGF group
than those in the control group (Fig. 4a). At the infarct zone,
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Table 1 Results 9f . Control group bFGF group

echocardiographic evaluation

Pretreatment 3 weeks 6 weeks Pretreatment 3 weeks 6 weeks

LVEDd (mm) 35.5+0.8 36.0+£09 37.0+1.0 32.7+0.8 33.8+0.8 34.1+09
LVESd (mm) 30.5+0.8 31.0+1.0 326+1.0"7 283+07 27.6+0.9 27.8+0.9%
LVES (%) 13.9+0.8 139+1.3 11.9+09 13.6+0.7 183+1.2% 18.6+0.8%*+
LVEDA (cm?)  10.4+0.5 103+£04 11.0+0.5 9.2+0.5 11.2+0.40f  10.5+0.5
LVESA (cm?) 7.9+0.5 7.8+0.3 8.6+0.5 6.9+0.5 7.5+03 6.9+0.4
LVFAC (%) 24.0+2.4 248420 227423 25.1+£22 332+1.8" 34.0+2.1%%

3 and 6 weeks 3 and 6 weeks after treatment, LV left ventricular, LVEDd end-diastolic dimension, LVESd
end-systolic dimension, LVFS fractional shortening, LVEDA end-diastolic area, LVESA end-systolic area,

LVFAC fractional area change

#p <0.05, **p <0.01 vs Control; 'p <0.05, *p<0.01 vs pretreatment

Control group bFGF group
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Fig.3 Staining with anti-factor VIII antibody for the endothelial cells in the border zone in a canine model of chronic myocardial infarction.

Scales bar=100 pm

the number of capillaries was significantly higher in the
bFGF group than that in the control group (155.5+26.5 vs
96.2 +22.6 vessels/mm?, p <0.05) (Fig. 4b). At the LV sur-
face area just underneath, where the gelatin hydrogel sheets
were applied, the number of capillaries was significantly
higher in the bFGF group compared to that in the control
group (136.6+27.9 vs 72.9 +17.1 vessels/mm?, p <0.05).
We further evaluated fibrotic area by Azan staining. There
was no significant difference in terms of the fibrotic area in
both groups (12.1+2.3 vs 13.3+2.1%, p=0.70).

Discussion

In the current study, we investigated the efficacy of bFGF
with biodegradable gelatin hydrogel sheets as therapeutic
angiogenesis in a canine chronic MI model. We found that
bFGF incorporated into biodegradable gelatin hydrogel
sheets significantly increased the capillary density in the
ischemic heart and improved the LV systolic function after
the procedure.

A large number of patients with coronary artery dis-
ease (CAD) suffer from heart failure, and LV function
is a robust prognostic predictor in patients with CAD
[18]. Although revascularization in such patients with
LV dysfunction may relieve the symptoms and improve
the survival rate [19], patients with extremely advanced
pathology would not be able to benefit from the revas-
cularization therapy due to typically diffused and severe
atherosclerotic lesion of coronary arteries. Our method in
the present study simply requires direct application of the
bFGF-incorporated gelatin hydrogel sheets on the target
area which can be applied for patient resistant to conven-
tional revascularization.

We have previously conducted clinical trials of sus-
tained release of bFGF with biodegradable gelatin hydrogel
as therapeutic angiogenesis for patients with critical limb
ischemia [11, 12]. The extension of this technology toward
CAD would be beneficial for the healthcare of cardiovascu-
lar diseases, and the present proof-of-concept study would
serve as a technological basis of therapeutic angiogenesis
for CAD.

@ Springer



1256

Heart and Vessels (2018) 33:1251-1257

A Peri-Infarct zone B
400 400

Infarct zone

* %k

300 300 -

Vessel Number /mm?2
N
3

Vessel Number /mm?
N
3

100 100 -

1

Control

bFGF Control bFGF

Fig.4 Vascular density in the bFGF group and control group. a Peri-
infarct zone. b Infarct zone. *p <0.05, *¥p <0.01; (unpaired ¢ test).
Control control group, bFGF bFGF group, size capillary size was
<25 pm in diameter

There are several reported approaches for therapeutic
angiogenesis on animal ischemic heart models using viral
vectors expressing vascular endothelial cell growth factor
[20], fibrin glue incorporated with bFGF [21], or bFGF
with polyvinyl alcohol-dextran blend hydrogel [22]. The
main advantage of gelatin hydrogel as a DDS would be
the safety of the treatment. The topical application of the
hydrogel mediating a sustained release of cytokines would
hamper the toxic side effects caused by the contamination
of the cytokines within the systemic blood flow. In the pre-
sent study, we did not observe toxic concentration of serum
bFGF. On the other hand, the biological adverse reactions
toward the gelatin hydrogel should be carefully assessed
because of prolonged existence of the substrate in vivo.

In terms of the mechanisms of the myocardial recovery
after therapeutic angiogenesis, there have been several inves-
tigational studies to date. Unger et al. reported that angio-
genesis provides modest nutritive blood flow to a collateral-
dependent region [23]. bFGF with gelatin hydrogel sheets
may induce collateral circulation surrounding the MI area
by angiogenesis, which is expected to improve the over-
all myocardial function. On the other hand, we could not
observe the attenuation of fibrosis mediated by the bFGF
treatment in the present study. Shudo et al. reported that one
possible mechanism of the effect of skeletal myoblast (SMB)
sheets is that the SMB sheet induced the development of
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the microvasculature, which resumed the hibernating myo-
cardium [24, 25], thereby enhanced the recovery of myo-
cardial performance [26]. Chronic hibernation develops in
response to the episodes of myocardial ischemia—reperfusion
or reduced blood flow [25]. It is reported that the functional
recovery after revascularization is limited when the myo-
cardial structure is severely damaged [18, 27]. When myo-
cardial hibernation was formed through chronically reduced
blood flow, increased blood flow could improve LV function.
Although fibrotic area of myocardium caused by MI was not
affected by bFGF treatment in the present study, bFGF with
gelatin hydrogel sheets induced collateral development as
angiogenesis which may account for the improvement of LV
function through the recovery from myocardial hibernation
accompanied by increased neovascularization.

Our study holds several limitations. First, our MI model
was induced by experimental coronary artery ligations
which did not fully recapitulate bona fide etiology of the pro-
gression of chronic ischemia of human heart which is highly
related to atherosclerosis. Second, the follow-up period in
the present study was 6 weeks after treatment. A longer
observational period would be preferable to evaluate long-
term effect and safety of this method. Third, we did not test
multiple dose regimen of bFGF in the present study. We aim
to evaluate the safety and effectiveness of multiple doses of
bFGF in pre-clinical studies including no-treatment group in
our future work. Fourth, we did not evaluate the invasion of
macrophages and other inflammatory cells at the implanted
site which should also be evaluated in our next work.

In conclusion, therapeutic angiogenesis by bFGF using
biodegradable gelatin hydrogel sheets was safe and thera-
peutically effective for the improvement of LV function in
canine chronic MI models. Further clinical studies are war-
ranted for broad application of this technology.
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