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Cherng et al. 1996) have also been proposed but there is little information on the cor-
relation between their chemical structure and transfection efficacy. In 1995, Boussif
et al.reported that polyethyleneimine (PE1) can be eflectively used as a non-viral gene
vector for the purpose of gene therapy (Boussif et al. 1995), Godbey el al. (1999a)
reported the effect of molecular weight of PEI. Low-molecular-weight (1,800) PEI
resulted in no gene expression but transtection efficacy increased with increasing mol-
ecular weight, with the most effective results obtained at 70,000.

2.2 Molecular Shape

When linear PEl and branched PEI were campared with respect W their transfection
efficacy, the results were dependent on the adopted transfection procedure (Fig. 1)
(Plank et al. 1999). They showed the efficiency of the branched structure, while Ohashi
et al. reported more efficient gene transfer using linear PEI than branched PEI (Ohashi
et al. 2001). Thus, further experiments are necessary to investigate the relationship
between the molecular shape of polymers and gene expression.

In 1993, Haensler and Szoka reported on the effectiveness of hyper-branched poly-
amidoamine (PAMAM) dendrimers, a well-defined class of cascade polymers from
methy!l acrylate and ethylenediamine (Fig. 1) . They achieved excellent gene expres-
sion using heat-treated dendrimers (fractured dendrimers), which are a degraded
form of the intact dendrimers, al the amide linkage (‘lang et al. 1996) (see Chaps. 1-5).
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Various amphiphilic block polymers, such as PEG ylated PLL, which self-arganize
into micelles in aqueous solution, have been used as carriers. DNA can form PICs with
hydraphilic chains of block polymers. Micelles are formed from the core of these PICs
surrounded by hydrophobic chains of block polymers (Erbacher et al. 1999).

3 Transfection Protocol Using Polyplexes

3.1 Various Inhibitors in In Vitro Gene Delivery

The roles of endosomes and lysosomes in gene transefer have been discussed in the
literature (Wattiaux et al. 2000). Polyplexes are taken up via endocytosis and then
travel through various intracellular pathway via endosomes and lysosomes. In order
1o avoid degradation of internalized polyplexes in these structures, the activity of the
lysosomal enzymes must be suppressed by adding various endosomal or lysosomal
inhibitors as shown in Table i.

Weak bases, such as chloroguine and ammonium chloride, inhibit the acidication
of endosomal or lysosomal environments as well as the degradation of polyplexes in
endosomes and Jysosomes (Maxfield 1982; Cotten et al. 1990; Chai et al. 1998). In a
stady comparing chloroquine and several other weak bases, it was found that only
chloroquine enhances transgene expression, which may well be related 1o dissocia-
tion of the complexes (Erbacher et al. 1996). Bafilomycin A, and concanamycin A act
as inhibitors of vacuolar ATPases known to block the endosomal proton pump.
Photosensitizing compounds, such as AlPcS2a and TPPS2a, destabilize endosomes fol-
lowing photochemical reactions of these agents with visible light, Endosomal and
lysosomal inhibitors thus improve the release of polyplexes from these organelles.

3.2 Mechanical Methods

Mechanical transfection, such as electroporation (Magin-Lachmann et al. 2004),
microinjection {Zauner et al. 1999), and osmotic shock (Takai and Ohmori 1990;
Okada and Rechsteiner 1982), are useful methods especially for studying transgene
expression following endosomal escape. We use osmotic shock because, compared to
microinjection, a larger number of cells can be easily treated and the polyplexes are
directly delivered into the cytosolic compartment (Kimura et al. 2002). The method
isapplicable even for lymphoid cells. Briefly, cell suspensions are incubated with poly-
plexes for 30 min-1h at 37°C, and a highly osmotic solution containing [ M sucrose,

Tasik L. Endosomal inhibitors

Izhibitors Action __Relerences

Chloroquine Raises endosomal pi (Lrbacher et al. 1996; Cotten et al, 1990; Murphy
et al. 1984)

Ammonium chloride (Erbacher vt al. 1996; Fredericksen et al, 20n2;

Monensin, FCCP Maxheld 1982)

Batitomycin ATPase inhibition (Fredericksen o1 a), 2002; Drose and Alendorf
1997}

Fusogenic peptides Membrane fusion (Collins and Fabre 2004)
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20% PEG 4000,210 mM NaCl, and 70 mM Tris-HCl bufier (pH 7.3) is then added. After
incubating the cells for a given period of time, they are rinsed twice with serum-(ree
culture medium and exposed to hypotonic cullure medium. After a 48-h incubation,
transgene expression can be evaluated.

4 Biological Barriers

The mechanism of polyplex-mediated gene transfer is thoughl to follow the general
endocytotic process. In order to lead to successfully high transgene expression,
various biological barriers must be crossed: (1) interaction with the plasma mem-
brane, (2) internalization, (3) escape from the endosome, (4} trafficking into the
nucleus, and (5) dissociation of the complexes andfor DNA recognition by transcrip-
tion factors (Fig. 3).

4.1 Internalization

Since positively charged complexes interact with the cell surface by an electrostatic
interaction with anionic substances on the cell surface, such as sialic acid and pro-
teoglycan, the zeta potential of polyplexes is important. Polyplexes composed of poly-
cations with molecular weighis of several thousands exhibit significantly higher zeta
potentials (Ruponen et al. 1999; Jeong et al. 2001; Ahn et al. 2002; Wolfert et al. 1996;
Toncheva et al. 1998; Cherng et al. 1996; Wolfert et al. 1999; Putnam et al. 2001; Howard
et al. 2000), irrespective of the polycations used .

Internalization vvents also seem to be affected by polyplex size and zeta potential.
The size of the polyplexes has been assessed by transmission eleciron microscopy
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(TEM) (Mannisto et al. 2002), atomic force microscopy (AFM) (Wolfert et al. 1996;
Toncheva et al. 1998; Choi et al. 1999a), and dynamic light scattering (DLS) (Jeong et
4.2001; Cherng et al. 1996; Ogris et al. 1999). Generally, aggregation of the complexes
makes their internalization difficult because of their large size. Tang and Szoka (1997)
studied the aggregation properties of linear PLL, intact PAMAM dendrimers, frac-
wred dendrimers, and branched PEI in forming complexes with DNA. These polyca-
tions formed similar complexes in terms of size and zela potential but high-level gene
expression was induced only by {ractured dendrimers and branched PEL due to the
stability of the complexes and absence of aggregation (Tang and Szoka 1997). Despite
these investigation, the correlation between transfection efficiency and size of the
polyplexes remains unclear. Aggregation of the polyplexes in serum-containing
medium or in blood is also a problem. [n order 1o decrease both aggregation and the
toxicity of polyplexes, conjugation with PEG has been proposed (Mannisto et al. 2002;
Choi et al. 1999b). For example, the solubility of PEG ylated PEI and DNA polyplexes
at higher therapeutic concentration was not enly improved without aggregation but |
the invivo toxicity was also reduced (Ogris et al. 1999; Kursa et al. 2003).

4.2 Receptor-Mediated Gene Delivery

1n 1987, Wu et al. developed a system for targeting foreign genes lo hepatocytes, which
possess a unique receptor that binds and internalizes galactose-terminal asialoglyco-
proteins, through receptor-mediated endocytosis. It was shown that asialoorosomu-
coid-PLL carriers delivered pSV2-CAT plasmid DNA specifically to HepG2 hepatoma
cells but not to other receptor (-) cell lines (Wu and Wu 1987, 19884, b). Consequently,
site-specific gene delivery has received much attention, especially in vivo direct gene
transfer using various biojogically active moieties, such as sugar (Midoux et al. 1993;
Erbacher et al. 1996, 1997, 1995; Wu and Wu 1988a, b), transferrin (Wagner et al.
1991a,b), and LDL (Tabie 2).

Some types of cell, such as nonadherent primary hematopoietic cells, are well
known to be difficut or almost impossible to transfect with foreign genes linked to
conventional carriexs because the endocytotic activity of these cells is quite low. Birn-
stiel and coworkers developed a system in which transferrin served as ligand and
named the system “transferrinfection” (Wagner el al. 1991). The authors synthesized
tranferrin-PLL conjugates using various molecular weights of PLL and different mod-
ification ratios of transferrin. A strong correlation was found between DNA conden-
sation, evaluated using electron microscopy, and cellular DNA uptake.

Other candidates for receptor-medialed gene delivery are the receptors for integrin
(Erbacher et al. 1999), insulin (Rosenkranz et al. 1992), and some growth factors
(Fisher et al. 2000). Interestingly, polycations bound 1o VEGF (vascular endothelial
growth factor) could not deliver DNA into nucleus bar hEGF (basic fibroblast growth
factor) could. The PEI derivatives conjugated to the integrin-binding peptide CYG-
GRGDTP via a disulfide bridge led to transgene expression in integrin-expressing
epithelial cells (Hela) and fibroblasts (MRCS) at an expréssion level 10- to 100-fold
bigher than obtained with PEl. The advantage of receptor-mediated endocytosis
is not just the cell-type specificity of the gene transfer but also the controlled intra-
cellular trafficking of the complexes (Erbacher et al. 1999).

- 106 -



42 T. Hashimoto and T. Yamaoka

TanLs 2. Biological signal-mediaicd gene therapy

Barriers Ligand Base polymer ] References

Plasma membrane Galactose PLL {Wu and Wu 1987, 1988a, b; Nishikawa
et al, 1998; Zania et al. 1997)
Yinyl polymer (Lim et al. 2000}

Laclose PLL/ PLL-PEG  (Erbacher ct al. 1997; Midoux et al, 1993;
Klink et al. 2001} / (Choi et al. 1999b)
Folate PLL/ PLL-PEG  (Mislick et al. 1995; Leamon et al. 1999)
PEI (Guo and Lee 1999)
‘Iransfferin PLL/ PLL-PEG/ (Wagner el al. 1991a,b 1990; Cotten
PEl PEG et al. 1990;) 1 (Ogris et al. 1999;
Vinogradov et al. 1999; Kursa et al. 2003)
RGD FLL {Harboule et al. 1998)
PEI (Erbacher ¢t al. 1999)
DL PLL (Kim et al. 1998)
PEI (Furgeson ef al. 2003) -
Nuclear membrane  NLS PLL {Chan and Jans 1999; Chan et al. 1999)
None (Fritz et al, 1996; Balicki et al, 2002)

RGD; Arg-Gly-Asp tripeptide
LDL; fow densirty lipoprotein
NLS; nuclear Jocalization signal
PLL; poly(L-lysine)

PEG; poly(ethylene glycol)

PEI; polyethyloncimine

4.3 Endosomal Escape

The internal pH of endosomes containing polyplexes gradually decreases to about 5.5.
Then, the endosomes luse with lysosomes, resulting in the formation of secondary
lysosomes, in which the incorporated DNA is normally hydrolyzed by lysosomal
enzymes. DNA digestion at this step is one of the biggest barriers to effeclive gene
transfer, When a foreign gene is (ransferred by microinjection or osmotic shock (Yakai
and Ohmori 1990), by which the transgene is compulsorily delivered into the cytosol,
gene expression is generally much higher than obtained using the coculture method
because there is no lysosomal digestion. If a non-viral vector has the ability to disrupt
or fuse with the endosomal rnembranes, transferred foreign gene can escape from the
endosome into the cytosol, and effective transgene expression should occur.

One promising sirategy to release internalized complexes from the endosome is
osrmotic endosomal disruption. In 1995, Boussif et al. pointed out a novel mechanism,
the “proton sponge hypothesis”, which resulted in high-level expression of a trans-
gene introduced into the cell using PEI as vector (Boussif et al. 1995), At pH 5.5.-7,
PEI has a greater buffering capacity than PLL and other polycations. When PEI is
used as carrier and is internalized into the endosome with DNA, a larger amount of
H' should influx into the endosome, 1thus reducing the pi and raising the internal
osmotic pressure, resulting in osmotic rupture of the endosome. In fact, luorescence
imaging showed that there was no overlap of PET and labeled lysosomes while PLL
was found together with lysosome when labeled PEI/DNA or PLL/IDNA polyplexes
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were transfected into cells (Godbey et al. 2000; Remy-Kristensen et al. 2001). Receutly,
it was reported that DNA with PEl (linear or branched) showed rapid emdosomal
escape (Itaka 2003). Hennink studied the effect of pKa of the cationic groups on their
transfection efficacy using various cationic vinyl polymers (Zuidam et al. 2000; van
de Wetering et al. 1999). The pKa ranges from 7.5 (for poly(2-(dimethylamirio)ethyl
methacrylate)) to 8.8 {for poly(3-(dimethylamino)propyl methacrylamide)], and the
lower the pKa the higher the amouni of gene expression. The pKa of the cationic
groups is also influenced by their arrangement based on the polymer effect of the
adjacent charged groups (van de Wetering et al. 1999).

4.4 Nuclear Transport

Transgenes must be transported to nucleus by some means. When lipoplexes are
injected into the nucleus, gene expression is strongly suppressed by the cationic lipids,
while polyplexes lead to strong gene expression afier nuclear microinjection (Pollard
etal. 1998). These results indicate that the intracellular trafficking and gene expres-
sion mechanisms for polyplexes and lipoplexes differ from each other.

One possible mechanism is the transportation through the nuclear membrane pore
but this seems unlikely because the sizes of the complexes are too large, being usually
around 100 nm. Another possibility is the accumulation of the complexes during the
mitotic event accompanying nuclear membrane disappearance. Zauner et al. com-
pared the role of mitosis in the transfection of conflueny, contact-inhibited primary
human cells using polyplexes and lipopiexes. it was shown that fipoplexes cannot [ead
to high-level gene expression at the confluent stage but that polyplexes can {Zauner
etal. 1999). Godbey et al. (1999b) reported another mechanism of nuclear transport
for PEI/DNA complexes. They suggesied a mechanism in which the polyplexes come
into contact with phospbolipids of the endosorue; the membrane then becomes per-
meabilized and bursts due to osmotic swelling, resulting in the polyplexes becoming
coated with the phospholipids. The coated complexes could then enter the nucleus via
fusion with the nuclear envelope.

In order t0 enhance trafficking through the nuclear pore, several nuclear localiza-
tion signals (NLS) were utilized {Garcia-Bustos er al. 1991; Yoneda 1997). N1.Ss are
oligopeptides mainly composed of cationic residues; they are 5-20 amino acids long
and different sequences have been found in many species. NLS bound to PLL has
been evaluated by many researchers as a gene carrier and was shown to be etfective
(Table 2) (Chan and Jans 1999).

4.5 Transcription of the Transgene

The delivered polyplexes may require disassembly in order 1o be transcribed but elec-
trostatic polyplexes dissociate with difficulty under novmal physiological conditions.
In contrast, it is also possible that the DNA in the polyplexes is recognized without
prior disassembly. In any case, the polyplex should possess adequate characteristics
allowing these events. The tendency towards polyplex dissociation can be estimated
by adding another polyanion, such as heparin sulfate, polyvinyl sulfate, and heparin,
into the polyplex suspension (Erbacher et al. 1999; Wolfert et al. 1996: Ruponen et al.
1999). Kabanov el al. reported that under these conditions a polyion interexchange
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reaction occurs, resulting in free DNA release when an adequate amount of polyan-
ion is added to polyplex suspensions (Vinogradov et al. 1998). The interexchange reac-
tion of the complexes depends on the kind of polyanions added, such as poly(vinyl
sulfonate) (Katayose and Kataoka 1998), poly(aspartic acid), or glycosaminoglycans
(GAGs) (Mannisto et al. 2002). DNA was more easily released from pDMAEMA than
from poly|(trimethylaminojethyl methacrylate chloride)] (pTMAEMA) and the
former showed high transfection efficiency than the latter (Arigita et al. 1999),

We reported that only cationic polymers containing nonionic hydrophilic groups
lead 1o higher amounts of gene expression (Yamuoka et al. 1994). These groups seem
to impart a hydrophilic nature to the complexes since they are not involved in complex

“formation. Gene expression in these complexes was higher even in an in vitro tran-
scription/translation system using rabbit reticulocyte Jysate. Based on this observa-
tion, we have attempted to improve the carrier ability of PLL (Yamaoka et al. 2000;
Kimura et al. 2002). As shown in Fig. 4, PtmLS, which is a PLL derivative containing
25mol % serine residues and quaternary ammonium groups, greatly enhanced trans-
gene expression. PrmLS complexes were easily disassemnbled and were also tran-
scribed in an in vitro translation system. Recently, low-molecular-weight PEI
(LMW-PEI) was reported to be a promising carrier for gene transfer under in vitro
and in vivo conditions compared with high-molecular-weight PET (HMW-PEI). Poly-
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plexes formed from LMW-PEX also showed significantly reduced condensation and
were reported to induce an higher transfection efficiency (Kunath et al. 2003).

5 Conclusions

The physicochemical features of the polyplexes are extremely imporiant for design-
ing effective non-viral carriers. Recently, several new systems have been described but
are not well tested with respect to intracellufar traficking and trunscription event. For
example, non-condensing polyplexes are advantageous for transcription bu, at the
same time, are disadvantageous for nuclease digestion of DNA. [n order 1o design and
develop, new effective carriers, each step of intracellular tralfeking roure should be
analyzed quantitatively.
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EXPERIMENTAL INVESTIGATION Cire J 2005; 69: 850 - 857

Bone Marrow Cell-Seeded Biodegradable Polymeric
Scaffold Enhances Angiogenesis and Improves
Function of the Infarcted Heart

Shinya Fukuhara, MD*##; Shinji Tomita, MD*; Takeshi Nakatani, MDTT;
* Toshiya Fujisato, PhD*; Yoshinori Ohtsu, MD*; Michiko Ishida, MD*:
Chikao Yutani, MD#*; Soichiro Kitamura, MDY

Background The present study examined whether a bioengincered polyglycolic acid cloth (PGAC) impreg-
nated with bone marrow cells (BMC) imiproved the function and angiogenesis of the inTarcted heart.

Methods and Results  The coronary artery was ligated in Lewis rats and the infarcted area was covered with a
PGAC in group 1 (n=8). with a PGAC containing basic-fibroblast growth factor (b-FGF) in group 2 (n=11) and
a PGAC containing b-FGF and freshly isolated BMC in group 3 (n=10). In uddition, BMC derived from trans-
genic mice expressing green fluorescent protein (GFP)-BMC were seeded into a PGAC, which was sutured over
the infarcted area of C57BL/6 mice (n=5). In the rat smudy, developed and systolic pressures, dp/dt max and
dp/dt min) were the highest in group 3, as were the capillary density in the PGAC and infarcted area. In the

mouse study, there were few GFP-BMC in the PGAC, but none in the infurcted area.
Conclusions A PGAC with BMC improved cardiac function by inducing angiogenesis without migration of
BMC. Freshly isolated BMC work as angiogenic inducers and a PGAC is useful as a “drug delivery system”.

(Cire J 2005; 69: 850~857)

Key Words: Angiogenesis; Biomaterial; Bone marrow cells; Ischemic heart disease

hen the myocardium is damaged by acute myo-

‘; ‘/ cardial infarction. the heart compensates with

hypertrophy of the remaining cardiomyocyies!

However, with global ischemia the heart dilates, cardinc

performance deteriorates and [inally there is chronic heart
failure.

Angiogenesis attempts to restore cardiae function afler
myocardial infarction, Growth factors such as vascular
endothelial growth factor (VEGF) or basic-libroblast growth
factor (b-FGF) induce angiogenesis at the border area of
the infarcted myocardium, and cardiac function is im-
proved? Recently, bone marrow cell (BMC) transplantation
has been investipated®-3 because BMC have many growth
factors®7 and are currently recognized as clinical “drugs”
for hematopoietic diseases®y

In most previous studies cell transplantation was by
direct injection using BMC, skeletal myoblasts, and fetal
cardiomyocytes as cell sotrces. However, it may he diffi-
cult 1o treat the globally damaged hearl by the direct injec-
tion technique und cell-seeded biomaterials have been used
10 replace the damaged area of the heart in animal sludies!0

We hypothesized that a BMC-seeded hiomaterial would

(Received Augnst 4, 2004; revised munnscript received April 1, 2005;
accepted April 22, 2005)
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ter, 5-7-1 Fujishirodai, Suita 565-8565, Japan.  B-mail: shinjitomila
@hotmail.com

Current address: Shinji Tomita, MD, Cardiothoracie Surgical Unit,
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induce angiogenesis and improve the Junction of the in-
farcted heart. In addition, we wanted to investigate whether
the seeded BMC would migrate and create new capillary
vessels in the scar tissue.

Methods

Animals

All animals received humane care in compliance with
the “Principles of Laboratory Animal Care” formulated by
the National Society for Medical Research and the “Guide
for the Care and Use of Laboratory Animals” prepared by
the [nstitute of Luboratory Animal Resources and published
by the National Institutes ol Health (NTH Publication No.
80-23, revised 1983). All procedures were approved by the
Animal Care Committee of National Cardiovascular Center,
Osaka, Japan. Lewis rats (250-300g) and C57BL/6 mice
at the age of 8 weeks old were purchased from a licensed
vendor. Transgenic mice expressing green {luorescent
protein (GFP) (CSTBL/6Tgl4 (uct-EGFP) QshY01: GFP
mouse) were from Dr Okabe!! Animals were housed in an
air-conditioned room with tree access to food and water at
all times.

Rat Study

Model of Myocardial Ischemia  Briefly, 29 Lewis rats
were anesthetized with an intramuscular injection of
ketamine (22 mg/kg body weight) and an intraperitoneal
injection of phenobarbital (30 mg/kg body weight)!2 Under
mechanical ventilation, the chest was opened under sterile
conditions and the left anterior descending coronary artery
was ligated with 7-0 prolene. The chest was closed in 3
layers.

Ciraudation Jowmal  Vol.69, July 2003
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Figl. (a) Polyglycolic acid cloth (PGAC) with type I collagen hydragel. (b) Suturing of the PGAC over the infaret in

the left ventricular free wall.

Isolation of BMC  Under general anesthesia, the femora
and tibiae were collected from other Lewis rats? After
removing the connective tissue arcumd! the bone, both
ends were cut and the bone marrow plugs were flushed out
with phosphate-buffered saline (PBS, pli 7.4; Nissui
Pharmaceutical Co Ltd, Tokyo, Jupan). The cells were
centrifuged at 1,500rpm for Smin and then resuspended
with PBS. The cells were preserved on ice until seeding.
We did not select or pre-treat the BMC.,

Creation of Cell-Seeded-Biodegradable Scaffold The
scaffold was a cloth made of polyglycolic acid solution
(PGAC, Gunze Co Lid, Kyoto, Japan)!3!4 The averuge
fiber diameter, pore volume fraction, and density of the
PGAC were 12um, 85%, and (.23 g/em?, respectively
(Fig 1a). It was cut into a 1-em diameter circle with a thick-
ness of 0.5mm. The PGAC was immersed in 70% ethanol
overnight, dried and then irradiated with UV light in the
culture hood for 30min. For group 1 (n=8), the sterilized
PGAC was washed with PBS and then impregnated with
type 1 collagen hydrogel prepared from (1.3% acidic colla-
gen solution (Cell Matrix® Type 1-A, Nitta Gelutin Co Ltd,
Osaka, Japan), minimal essential medium, and sodium
bicarbonate at 4°C, and gelated in a 37°C incubator. For
group 2 (n=11), the PGAC was impregnated with type [
collagen hydrogel containing 0.2g of b-FGE. For group 3
(n=10), the PGAC was impregnated with type 1 collagen
hydrogel containing 0.2ug ol b-FGF und freshly isolated
BMC (1x107 cells) as described cwrlier, We sceded the
PGAC with BMC immediately before rapid transplantation
of the bio-cloth,

Implantation of the PGAC ~ At 1 month after artery liga-
ton 29 rats were randomly divided into 3 groups and the
condifioned PGACs implanted as Tollows!3 Briefly, under
general anesthesia, the heart was approached through a
median sternotomy and the PGAC was suwured over the in-
farcted left ventricular free wall with 7-0 prolene (Fig 1b).
The chest was closed in 3 layers,

Assessment of Cardiac Funciion At 4 weeks afier
transplantation, the rats were anesthelized with ketamine
and pentobarbilal as previously described? The heart func-
tion of each group was measured using a Langendortf
apparatus. Briefly, after midline sternotomy, the heart was
removed and suspended on a Langendorf! apparatus while
in Krebs-Henseleit buffer (in mmol/L: NaCl, 118: KCI,4.7:
KH2PO4, 1.2; CaClz, 2.5; MgS0s4, 1,27 NaHCO3. 25; and
glucose, 11; pH 7.4) equilibrated with 5% COz and 95% O2

Cireulation Journal - Vol.69, July 2003
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Fig2. Schema of the infarct scar and the polyglycolic acid cloth
(PGAQC). The area of the scar and the PGAC were divided into four
equal parts and the number of capillaries was counted at the center of
the cloth over the scar area (A) and at the center of the infarcted area
(B) at X400 magnification.

at 100mmHg,. A latex balloon wus passed into the left ven-
tricle through the miwval valve and connected 10 a pressure
transducer (model P231D, Gould Instrument System Inc,
Statham, USA), a transducer amplifier (model AP-641G,
Nihon Koden, Tokyo, Jupan), and a differentiator amplifier
(model EQ-601G, Nihon Koden). After a 30-min stabiliza-
tion, systolic and diastolic pressures were recorded at 0, 10,
and 20mmHg of end-diastolic pressure and developed
pressures, dp/dt max, and dp/de min, were caleulated.
Histological Sty Afier measuring heart {unction, the
heart was fixed with 10% ncutralized formalin and cut into
3-mm slices, which were embedded in paralfin and cut into
6-um slices3 Sections were then stained with hematoxylin
and eosin (HE), and Masson’s trichrome for identifying the
degree of fibrosis. They were also stained with antibody
against von Willebrand factor (Dako, CA, USA) to quan-
titate capitlary density in both the PGAC and the scar. To
avoid compromised results from the surface of the PGAC,
the number of cupillaries was counted at the center of the
cloth and in the area of the infarct scar by an observer
unawire of the treatment group (Fig2). Capillary density
was calculated as the number of capillaries per square
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Figd. Cardiac function using the Lanpendorff apparatus. (1) Peak systolic pressure, (b) developed pressure, (c) dp/dt
max, and (d) dp/dt min. All eardise parameters were the highest in group 3. All cardiac parameters in group 2 were higher
than those of group 1 (*p<0.001, ¥¥p<h).0001) (&) Group 1, () Group 2, (a) Group 3.

l Infarcted scar areﬂ

Figd.

Histology of the polyglycolic acid cloth (PGAC) and the heart at 4 weeks afler implantation. (a) No. 1 is Masson's

trichrome staining for group 1, No. 2 group 2, and No. 3 gronp 3 (x0.5). Arrow in 4.1a indicates the PGAC over the
infarcled scar area. (b) PGAC and infarcted scar area in group 3 (HE, x100). (¢) PGAC purtially absorbed, and infiltrating
inflammatory cells and fibrous strands of collagen in group 3 (arrows) (Masson’s trichrome staining, X200).
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millimeter and the diameter of a capillary was defined as
5-10um (>10zm was defined as a “small vessel™).

Stem cells were recognized by mouse monoclonal anti-
body against nestin (BD Bioscience, USA)6 diluted 1:100.
The cell proliferation cycle was evaluated using a rabbit
polyclonal antibody against Ki-67 (DAKO)}7 diluted
1:100. We counted the number of positive cells at the
center of both the infarcted area and the PGAC under a
light microscope.

Statistical Analysis

Statistical analysis was performed using StatView® 5.0
(SAS Institute Inc, Cary, NC, USA). All values are ex-
pressed as mean+SD. Hean function and capitlary density
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Fig5. Von Willebrand factor stain-
ing at the center of the polyglycolic
acid cloth (PGAC) (a: group 1, b:
group 2, c: group 3). Amrows indicate
capillaries. Greater capillary density
was observed in groups 3,2, and 1 in
that order (Bur=504m).

Fig6. Voun Willebrand factor stain-
ing at the center of the infarcted area
(a: group 1, bt group 2, ¢t group 3).
Arrows_indicate capillaries. Greater
capillury density was observed in
groups 3, 2, und 1 in that order (Bar=
50zm).

were assessed by one-way ANOVA among groups. If there
was a significant difference, the Bonferroni method was
used to evaluate differences between 2 groups, Correlation
between the numbers of nestin- and Ki67-positive GFP-
BMC was assessed by Pearson's coefficient, and regression
analysis was performed. A p-value <0.05 was considered
statistically significant,

Mouse Study

In order to evaluate the fate of the seeded BMC we used
8-week-old C57BL/6 mice in which the coronary artery
was ligated with 8-0 prolene under general anesthesia. as
described earlier. and GFP-mouse-derived BMC (1x107
cells)? were seeded into a PGAC (5x5mm) with collagen
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gel and b-FGF (0.2 g). The conditioned PGAC was sutured
over the infarcted area at 4 weeks after infarction. The heart
was harvested, frozen, and scctioned into 6um slices 4
weeks later. The sections were observed under a {fluores-
cent microscope. In addition, the sections were stained with
antibody against von Willebrand factor (DAKO) 1o evalu-
ate capillaries originating from the GFP-BMC.

Results

Rat Study

Cardiac Function  All cardiac parameters (systolic pres-
sure, developed pressure, dp/dt max and dp/dt min) at 0,
10, 20mmHg of end-diastolic pressure in were highest in
group 3 (p<0.001). Al cardine parameters in group 2 were

-1

Fip8. Nestin-positive and Ki-67
positive staining of the infarcied area
(a: group 1, b: group 2, ¢: group 3).
No. 1 is immunostaining for nestin,
and No. 2 for Ki-67. Nestin-posilive
cells (arrows) and Ki-67-positive cells
(arrowhead) at the margins of the scar
(Bar=50um).

higher than those of group | (p<0.001) (Fig 3a~d).

Histological Study  The PGAC were fit on the scar, and
the swface of the PGAC was covered with connective
tissue. There were no cases in which the PGAC detached
from the surface of the heart. The infarcted scar area was
thin {(Fig4) and the PGAC were partially absorbed, and
foreign giant cells were gathered around the residval scaf-
fold (Fig4b). Masson’s trichrome staining revealed inflam-
matory infiltrates and fibrous strands of collagen in the
PGAC over the infarcted scar (Fig4c).

Capillary Density  There were many capillaries on the
inner side of the PGAC and on the outer side of the in-
farcted scar area. Vessel size ranged from [0 to 200um in
diameter. Capillaries were observed near the edge of the
PGAC. The capillary density of group 3 at the center of both
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the PGAC (1.39+1.24/mm?) (p<0.05) (Figs 5¢,7a) and the
infarcted scar area (4.36x+1.82/mm?) (p<0.01) (Figs 6c,7b)
was the greatest among all groups.

Nestin- and Ki-67-Positive Cells in the PGAC and In-
Jarcted Area  Nestin-positive cells existed at the margin,
but not in the normal myocurdium. There were no signifi-
cant differences in the number of nestin-positive cells in
the PGAC and infarcted areas among the 3 groups. In
contrast, Ki-67-positive cells existed at margin, but not ai
the center of the scar and PGAC (Fig 8). The number of Ki-
67-positive cells of group 3 (2.67+3.33 /mim?) (p<0.05) and
group 2 (2.69+£4.33/mm?) (p=0.11} in the infurcted scar
area were higher than that of group 1 {(0.05£0.13/mm?).

Mouse Study

{dentificarion of GFP-BMC in the PGAC and Heart  In
the mouse study, morphological changes in the PGAC and
the infarcted scar area were similar to those in the rat study
with HE staining. There were 0--6 GFP-BMC in the PGAC
at X200 magnification, but none in the infarcted area. In the
infarcted scar area, we observed capillaries that had not
originated from GFP-BMC (Fig8).

Discussion

Cell therapy for the globally ischemic heart has been
investigated during the past decade, but the usual techaique
of direct injection can alfect only a limited wrea of myo-
cardium. A large amount of cell suspension cannot be
implanted!® and it is difficult 1o trangplant cells to many
siles. Moreover, the direct injection technique may lacerate
the myocardivm and cause embolization!? or arrhythmiaf®
Under hypoxic conditions. directly-injected cells might die
after transplantation and it is difficult to inject cells into the
thin myocardium of the endstage heart.

To overcome these issues we propase BMC-seeded
bioengineered scaffolds, which we think has several advan-
tages. First, the procedure does not injure the infarcted
area. Second. we can apply the PGAC can be used not only

Civenation Journal - Vol .69, Juiy 2003
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Fig9. Capillary formation in the
polyglycolic ucid cloth (PGAC) and
infarcted area in the mouse study. Sec-
tions were stained for von Willebrand
{uctor, and positive cells were visuali-
zed us ved (1) Section of the PGAC by
fluorescent wicroscopy (a: red excita-
tion at 524-640nm, b: green at 515-
540nm). {2) Section of the infarcted
area by luorescent micrascopy condi-
tions as in (9.1a, b). There were capil-
laries in both the PGAC (9.)a) and
scar (9.2a). but they were not derived
from green fluorescent protein bone
marrow cells (GFP-BMC) (x200).

for a regional infarct but also for a global infarcted area. In
addition, the cell density and concentration of b-FGF in the
sheet can be modificd. We previously reported that a colla-
gen sponge scaffold with chondrocytes and b-FGF induced
angiogenesis and enhanced cartilage regeneration because
the newly formed blood vessels helped the implanted cells
10 survive® The PGAC impregnated with collagen hydrogel
including b-FGI? (11.2g) induced significant angiogenesis
and maintained the function of trangplanted Langerhans
islet cells!* The PGAC enables cells 1o attach to its surface
and moreover, the collugen hydrogel can trap cells effi-
ciently and carry b-FGF for slow rclease. The PGAC nor-
mally resolves at 15 weeks after implantation in vive, but
more detailed histological and long-term implantation are
needed,

Based on our previous study. we modified the PGAC for
an ischemic heurt model, We used 107 BMC, which is 10-
fold the number of the conunon dosage in the direct-injec-
tion technique for the rat heart model. We used them as the
candidate cell Tor ransplantation und as a source of growth
factors such as VEGF and b-FGF0* BMC can be taken eas-
ily and autologously. Hamano et al reporied that the growth
factor from BMC was enhanced under hypoxia, and in-
duced angiogenesis?! Although we still do not know which
fraction is the source regurding angiogenesis, bone marrow
mononuclear cells supply angiogenic ligands (b-FGF,
VEGF, angiotensin-1) and cytokines {interleukin-17 and
tumor neerosis factor-)# Orlic et al reported that the
lineage-negative, c-kil-positive cells differentinted into
cells of cardiogenic lincage, including coronary arterioles
and capiltaries?? Recently, Sata reported that bone marrow-
derived precutsors can give rise to vascular cells that con-
tribute to the repair, remodeling, and lesion formation of
the arterial wall.2%

Biocngineered scuftolds can also be used as a controlled
drug-delivery system (hat induces the Lransplanted cells to
migrate into the infarcied area und release growth factors
augmenting angiogencsis and aiding new tissue genera-
tion?¥ However, it is difficult to maintain appropriate
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concentrations of growth faclors because their biological
activities last only a few minutes in the circulation?6 We
used the same dosage of h-FGF reported previovsly)?
which was oot a large quantity, A scaffold that includes a
large amount of growth factors may be castly.

In the present study, the b-FGF and BMC-seeded-PGAC
group (group 3) showed the best cardiuc function in the
Langendorff apparatus, There are several possible reasons
lor this result. We used BMC as the source of growth fac-
torsé7 that could induce angiogenesis. The capiliary density
of group 3 was the greatest in the comparison of all the
groups, which suggests that the growth factor in the BMC
is involved in the formation of capillary at the border ol
the damaged myocardium. The growth factor might be
cnhanced under hypoxin2! Nishida et al reported the impor-
tance role of cardioprotection aguinst myocardial death of
1-FGF in AMET Although we do not know that the growth
factor directly contributed to the improvement in the con-
traction of residual myocardium, we speculate that when
angiogenesis increases, residual cardiomyocytes might be
rescued and extracellular matrix and cell density might be
maintainéd. In particular, the border of the infarct is the
main area from which the beneficial effect extends and thus
the infarcted scur area might be prevented {from dilating.
Prevention of dilatation of the left ventricle might be linked
1o maintenance of heart function. These interactions might
contribute to the improvement in cardiac function. Surpris-
ingly, there were no GFP-BMC inthe infarcted scar area.
We did not detect 4',6-diamidino-2-phenylindole-labeled
BMC in the scar area of the rat model either (unpublished
data). Taking all our findings together, sceded BMC did not
affect angiogenesis by migrution or vasculogenesis, but
may have exerted their influence via the paracrine pathway.
Many more angiogenic factors might be released when
seeded BMC were exposed (o ischemic conditions?! Al-
though the transplanted cells did not survive ander ischemic
conditions, they played a role in inducing angiogenesis. In
the rat model, there were several implanted cells, small ves-
sels, and proliferating (Ki-67-positive) EPC-like cells in the
infarcted or border areas, but not in the GFP-mouse models.
Therefore, we speculate that angiogenesis or vasculogenesis
is induced by cooperation between the implanted b-FGF,
other angiogenesis factors (eg, VEGF, hepatocyte growth
fuctor, angiotensin-1 ete), and the seeded BMCs. This is a
new concept of using cells and biomaterials under ischemic
conditions and may also be used in other ischemic organs.

Nestin and Ki-67 were identified in the infarcted area
and the PGAC. Nestin, an intermediate-filament protein, is
basically expressed in the embryonic heart}d and implies
the presence of stem cells?® We previousty reported that
bone marrow was one of the origins of regenerated myo-
cardium in a secif-renewal sysiem?® The present findings
raise a new hypothesis that exogenous BMC implantation
would trigger endogenous stem cells lo regenerale myocar-
dium. When we detected the expression of the nestin-posi-
tive cells in the infarcted area, not in normal myocardium,
we assumed there was a correlation between the nestin-
positive cells and ischemia, although the reason for the
nestin positive cells in the PGAC remains unknown. Ki-67
is 2 nuclear antigen expressed in all phases of the cell cycle
except Gol7 and it is associaled with cell division. There
were more Ki-67-positive cells in group 3, which suggested
that BMC-derived growth factors, such as VEGF and b-
FGF, diffused into the infarcted scar arca and enhanced
proliferation of residual cells?l As well as nestin, the

FUKUHARA S eral.

expression of the Ki-67-positive cells might correlate with
angiogenesis. Moreover, the formation of connective tissue
was related lo Ki-6G7-positive cells. These cells were
spindle- and thin-shaped or corresponded to vessels, There-
fore we speculated that these cells might be endothelial
progenitor cells und fibroblasis.

Study Limitations

We did not establish a control group with an infarcied
heart without intervention. Also, there were several
unsoived issues, First, we did not examine the interaction
of capillary density and the quantities of b-FGF and BMC.
Second, we did not measure growth factor in the BMC,
tissue, and blood, Third, long-term results remain unknown.
Lastly, we quantified the capiltary density without measur-
ing the blood flow.

Conclusion

A bioengineered PGAC with b-FGF and fresh BMC im-
proved cardiac function by inducing angiogenesis without
migration of BMC. Fresh BMC worked as angiogenic
inducers, and the biomaterial as a “drug delivery system”
lor treating the globally ischemic heart.
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