Polyethylene Glycol-Gelatin Conjugates

basis of the physicochemical interaction forces between the
growth factor and gelatin, In this release system, the growth
factor immobilized is not released from the hydrogel unless
the hydroge!l carrier is degraded to generate water-soluble
gelatin fragments. The growth factor release can be controlled
only by changing the hydroge! degradation.?* In addition,
we have experimentally confirmed that cationized gelatin
hydrogels, prepared by introducing amine residues to the
carboxyl groups of gelatin, achieved the controlled release
of plasmid DNA based on the hydrogel degradation follow-
ing intramuscular implantation.?®?® The cationized gelatin
hydrogel incorporating plasmid DNA enhanced the gene
expression level to a significantly greater extent than the
plasmid DNA injected in solution form, while it prolonged
the duration period of gene expression which basically
depends on the release period of plasmid DNA 282

This study was undertaken to prepare a micelle from this
gelatin by PEG grafting. It is expected that the micelle of
PEG and gelatin can retain in the blood circulation. Ad-
ditionally, this micelle may release the drug immeobilized to
gelatin molecules in a controlled manner accompanied with
gelatin degradation. The release mechanism driven by the
degradation of the release carrier is quite different from that
of drug or DNA diffusion from the release carrier, such as
PLA and PLGA, which has been reported. Gelatin was
grafted with PEG, and the micelle formation and body
distribution of PEG-grafted gelatin (PEG-gelatin) were
evaluated in terms of the melecular weight of PEG grafted
and the PEGylation degree.

Materials and Methods

Materials. The gelatin sample with an isoelectric point
of 5.0 (M., = 100 000), prepared by an alkaline process of
bovine bone, was kindly supplied from Nitta Gelatin Inc.,
Osaka, Japan. Succinimidyl succinate-methoxy PEG (M, =
2000, 5000, and 12 Q00) was kindly provided by NOF Corp.,
Tokyo, Japan. N-Phenyl-1-naphthylamine (PNA) was ob-
tained from Wako Pure Chemical, Ltd., Osaka, Japan.

PEG Grafting of Gelatin. Gelatin (1.0 x 1073 mol) was
dissolved in anhydrous dimethyl sulfoxide (DMSQ, 10 g)
at Toom temperature. Various amounts of succinimidyl
succinate-methoxy PEG with molecular weights of 2000,
5000, and 12 000 {0.15, 0.3, 0.6, 1.5, 3.0, and 6.0 x 107!
mol) were dissolved in 10 g of DMSQ, and the solution was
slowly added to the gelatin solution, followed by 3 h of
stirring at room temperature for PEG grafting. The reaction
mixture was dialyzed in a cellulose tube (the cutoff molecular
weight = 12 000—14 000, Viskase Companies, Inc) against
double-distilled water (DDW) for 48 h at room temperature
and freeze-dried to obtain a PEG-gelatin. The percentage of
PEG introduced to the amino groups of gelatin (PEGylation
degree) was determined by the conventional 2,4,6-trini-
trobenzene sulfonic acid (TNBS) method.?

Light Scattering Measurements. To investigate the
hydrodynamic radius of PEG-gelatin, the dynamic light
scattering (DLS) measurement was carried out on a DLS
700 {Otsuka Electronics, Japan) equipped with a He—Ne
laser at a detection angle of 30°, 90°, and 120° at room
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temperature. The gelatin and PEG-gelatin were dissolved in
phosphate-buffered saline solution (PBS, pH 7.4) at 37 °C
to prepare the respective solutions (10 mg/mL) in the
presence or absence of 6 M guanidine hydrochloride as a
hydrophobic interaction breaker. The solution was filtered
by a disposable syringe filter (pore size: 0.8 um; Millipore
Co.) for DLS measurements. The PEG-gelatin solution (10
mg/mL, 5 mL) was added to the cell at room temperature,
and the hydrodynamic diameter of gelatin and PEG-gelatin
was analyzed based on the cumulants method and automati-
cally calculated by the computer software equipped to
express as the apparent tmolecular size. Electrophoretic light
scattering (ELS) measurements were carried on an ELS-7000
(Otsuka Electronic Co. Ltd., Osaka, Japan) at room temper-
ature and an electric field strength of 100 V/cm. Gelatin and
PEG-gelatin solution were prepared by the same procedure
as the DLS measurement. The zeta potential was automati-
cally calculated using the Smoluchouski equation. Each
experiment was done 10—20 times independently unless
otherwise mentioned.

Affinity Assay of Gelatin and PEG-Gelatin. An affinity
assay with HiTrap Blue HP column {Amersham Pharmacia
Biotech AB), which has an affinity for protein, was
performed to structurally characterize the PEG-gelatin.
Gelatin and PEG-gelatin with various PEG molecular weights
and PEGylation degrees were dissolved in PBS (5 mg/mL)
at 37 °C. After the solution (0.5 mL) was applied to the
HiTrap column, the column was washed with 5 mL of PBS
and 400 xL of each elution fraction was collected by micto-
centrifuge tubes. Then, the column was washed with 5 mL
of 2 M sodium chleride aqueous solution, followed by the
fraction collection similarly. After desalting of the fractions
by & PD-10 colutnn (Amersham Pharmacia Biotech AB), the
gelatin concentration of each fraction was determined by the
protein assay Lowry kit (Nacalai tesque, Kyoto, Japan).

Critical Micelle Concentration (CMC) Measurements.
The critical micelle concentration (CMC) of PEG-gelatin was
measured according to the conventional method of PNA
incorporation.®' Gelatin and the PEG-gelatin solution were
prepared by the same procedure as the DLS measurement.
The concentration of gelatin and PEG-gelatin ranged from
0.04 to 10 mg/mL. A small aliquot (10 gL) of PNA methanol
solution (5 mM) was added dropwise to 1 mL of gelatin or
PEG-gelatin solution at room temperature and 37 °C, After
2 min of stirring, the absorbance of the mixed solution was
measured at a wavelength of 500 nm (Ultrospec 2000;
Amersham Pharmacia Biotech AB). The concentration of
PEG-gelatin at which the solution absorbance changed
drastically was measured and defined as the CMC.

Body Distribution Studies of PEG-Gelatin and the
Pharmacokinetis Analysis. The body distribution of gelatin
and PEG-gelatin was evaluated in female ddY mice
(16—18 g weight) (Japan SLC, Inc., Hamamatsu, Japan) by
the radiotracing procedure. Gelatin and PEG-gelatin were
radiciodinated according to the chloramine T method.*? The
123[-]abeled gelatin and PEG-gelatin (2 mg/mouse) were
injected into the jugular vein of mice in a PBS volume of
100 uL. At predetermined time intervals, the mice were
sacrificed by ether inhalation, and their tissues were excised,
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Figure 1. Percentage of PEG introduced to the amino groups of
gelatin as a function of the amount of PEG added for grafling reaction.
The molecular weight of PEG used was 2000 (O}, 5000 (a), and
12 000 (O).

washed quickly with cold saline to remove surface blood,
and weighed, and the radicactivity of whole organ was
counted on a gamma counter (ARC-301B, Alcka, Tokyo,
Japan). Blood samples (100 xL) were obtained in duplicate
by cardiac puncture in preweighed tubes. The radioactivity
was divided by that of injected initially and the tissue weight
to calculate the percentage of injected dose per g of tissue,
while the results were normalized to a 20 g mouse to exclude
the error by weight variation according to the formula of
Sato et al.¥* The percent remaining = [Radioactivity in the
tissue/total injected dose/tissue weight (g)] x [body weight
(g)/20] x 100. All of the animal experiments were carried
out according to the Institutional Guidance of Kyoto Uni-
versity on Animal Experimentation. The mean area under
the percent remaining-time curve (AUC) of gelatin and PEG-
gelatin in the blood circulation was calculated by the trape-
zoidal method during the experimental period (AUC-24)
to compare the stability in the blood circulation between the
samples.

Statistical Analysis. All of the data were expressed as
the mean + the standard derivation of the mean. Statistical
analysis was performed based on the unpaired Student’s ¢
test (two-sided) and significance was accepted at p < 0.05.

Table 1. Physicochemical Properties of PEG-Gelatin

Kushibiki et al.
Results

Characterization of PEG-Gelatin Prepared. PEG was
successfully grafted onto gelatin, and nonreacted PEG was
completely removed by the dialysis because no peak of PEG
was observed by gel permeation chromatography (data not
shown). Figure | shows the percentage of PEG introduced
to the amino groups of gelatin. The number of amino groups
of native gelatin was 30 (mol/mol of gelatin). The introduc-
tion percentage increased with an increase in the amount of
PEG added initially. The PEGylation degree of gelatin could
be controlled by changing the addition molar ratio. No effect
of the PEG molecular weight on the percentage of PEG
introduced was observed.

Table 1 summarizes the apparent molecular size of PEG-
gelatin prepared from PEG with molecular weights of 2000,
5000, and 12000 with various PEGylation degree. The
apparent molecular size did not depend on the measurement
angle. However, when the guanidine hydrochloride was
added, the PEG-gelatin did not show a specific hydrodynamic
diameter. Neither gelatin alone nor PEG-gelatin with low
degrees of PEGylation exhibited any hydrodynamic diameter.
The zeta potential of PEG-gelatin with PEG-introduced
percentages of 85 and 100 tended to increased to reach almost
0 mV, in marked contrast to the PEG-gelatin with the PEG
molecular weight of 2000 {data not shown). However, there
was no significant difference in the zeta potential between
the PEG-gelatin samples for any molecular weight of PEG
grafted and PEGylation degree.

Figure 2 shows the elution profiles of gelatin and PEG-
gelatin prepared from PEG with a molecular weight of
12000 by HiTrap Blue HP column. The percentage of
respective fraction eluted was summarized in Table 1.
Because this column has a specific affinity for gelatin, the
affinity of gelatin will be reduced by the PEGylation. Gelatin
alone and the PEG-gelatin with low PEGylation degrees were
adsorbed on the affinity column, whereas the PEG-gelatin
with higher PEGylation degrees was not adsorbed.

Figure 3 shows the change in the solution absorbance of
PNA incorporated in gelatin grafted with PEG of molecular
weights 12 000 as a function of the PEG-gelatin concentra-

molecular weight number of PEG chains PEGylation degree? percent of eluted® hydrodynamic cMee
of PEG grafted grafted {(mol/fmol of gelatin) (molimoi%) PBS (pH7.4)F  2MNaClaq.® diameter (nm)  (mg/imi)
2000 10 30 0 100 NDf NDf
17 55 34 66 ND ND
25 85 58 42 60+ 10 ND
30 100 a3 7 65+ 13 0.2
5000 10 30 21 79 ND ND
17 S5 45 55 ND ND
25 85 94 6 78+ 15 0.3
30 100 95 5 80+ 16 0.3
12000 10 30 13 87 ND ND
17 55 73 27 110 £ 17 ND
25 85 97 3 12+ 16 10
30 100 95 5 120+ 27 10
gelatin 0 0 0 100 ND ND

*The percentage of PEG introduced to the amino groups of gelatin. # Eluted from HiTrapTM Blue HP column which has an affinity for gelatin, € The
column was washed with PBS and each elution fraction was collected,  The column was washed with 2 M sedium chloride aquescus solufion, followed
by the fraction collection similarty. ¢ Critical micelle concentration (CMC) was measured by the N-phenyl-1-naphthylamine (PNA) uptake in PEG-gelatin

micelle. ! Not detected.
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Figure 2. Elution profiles of gelatin and gelatin grafted with PEG of
molecular weights 12 000 by HiTrap Blue HP column. The PEGylation
degree of PEG-gelatin used was 0 {(C) (native gelatin), 30 (a), 55
{a}, 85 (0}, and 100 (M) molimoi%.
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Figure 3. Change in the solution absorbance of PNA incorporated
in gelatin grafted with PEG of molecular weights 12 000 as a function
of the PEG-gelatin concentration. The PEGylation degree was 0 (O}
(native gelatin}, 30 (a), 55 (a), 85 (O), and 100 (M) mol/moi%.

tion. The results of the other PEGs are summarized in Table
1. The solution absorption of PEG-gelatin was drastically
increased at concentrations of 0.2, 0.3, and 1.0 mg/mL for
the PEG-gelatin with PEG-introduced percentages of 85 and
100. The similar CMC value was observed at room temper-
ature and 37 °C for each PEG molecular weight, The bending
point corresponds to the CMC where the intermolecular
aggregation of PEG-gelatin takes place. On the other hand,
for gelatin and PEG-gelatin with PEG-introduced percentages
of 0, 30, and 55, such a drastic increase was not observed.

Body Distribution of PEG-Gelatin Intravenous Ad-
ministration. Figure 4 shows the percent of remaining of
gelatin and PEG-gelatin in the blood circulation following
intravenous administration of **[-labeled PEG-gelatin. The
radioactivity of '**[-labeled PEG-gelatin with PEG-introduced
percentages of 85 and 100 was retained in the blood
circulation compared with that of '**I-labeled gelatin and the
PEG-gelatin with PEG-introduced percentages of 0, 30, and
55. At the same PEGylation degree, the blood concentration
was significantly higher for the PEG-gelatin prepared from
the PEG molecular weight of 12 000 than that of other
molecular weights (2000 and 5000).

Figure 5 shows the AUCg—24; value of gelatin and PEG-
gelatin prepared from different molecular weights of PEG
at various PEGylation degrees. The AUCg-24) for the PEG-
gelatin with PEG-introduced percentages of 85 and 100
increased with the increasing molecular weight of PEG
grafied. On the other hand, the AUCg—34) for the PEG-gelatin
with PEG-introduced percentages of 0, 30, and 55 hardly
increased, irrespective of the molecular weight of PEG.
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Figure 4. Decrement patterns of gelatin and gelatin grafted with PEG
of molecular weights 2000, 5000, and 12 000 in the blood circutation
after infravenous administration. The PEGylation degree of PEG-
gelatin used was 0 (O) (native gelatin), 30 (a), 55 (4}, 85 (O), and
100 (M) mol/mol%. *, p < 0.05. significant against the percent
remaining of native gelatin-injecled, control mice.
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Figure 5. Effect of the molecular weight of PEG grafted on the AUC
of PEG-gelatin. The PEGylation degree of PEG-gelatin used was 0
(C} (native gelatin}, 30 (a), 55 {a), 85 (O), and 100 (W) mol/mol%.
The solid and dotted lines indicate the PEG-gelatin of micelle and
unimer structures, respectively.

Figure 6 shows the mean percent remaining radioactivity
in the liver, spleen, and kidney after intravenous administra-
tion to mice of gelatin and PEG-gelatin. The PEG-gelatin
with PEG-introduced percentages of 85 and 100 tended to
accumulate in the liver compared with that with PEG-
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Figure 6. Effect of the molecular weight of PEG grafted and the PEGytation degres of PEG-gelatin on the time profile of PEG-gelatin accumulation
in the spleen, liver, and kidney. The PEGylation degree of PEG-gelatin used was 0 (O) (native gelatin}, 30 (a), 55 (4), 85 (), and 100 (W)

mol/mol%.

introduced percentages of 0, 30, and 55. However, there was
no significant difference between the PEGylation degree and
molecular weight of PEG in the accumulation in the liver,
spleen, and kidney.

Discussion

The present study clearly demonstrates that when gelatin
was grafted with PEG at the PEG-introduced percentages
of 85 and 100 percent the PEG-gelatin showed a micellar
structure and tended to circulate in the blood stream for a
long time period. No adsorption of the PEG-gelatin to the
gelatin affinity column (Table 1 and Figure 2) indicates that
the molecular surface of the PEG-gelatin micelle was covered
with PEG molecules grafied on gelatin. The PEG-gelatin
micelle showed an apparent molecular size in the nanometer
range, but the nanomicelle disappeared by the addition of

guanidine hydrochloride. Taken together, the PEG-gelatin
with PEG-intreduced percentages of 85 and 100 built a
nanometer-size micelle structure of which the surface is
covered with PEG molecules in PBS based on the hydro-
phobic interaction of gelatin moiety. The nature of PEG-
gelatin micelles depended on the molecular weight of PEG
grafted. Gelatin grafted with PEG of molecular weight 2000
showed a slightly smaller CMC value than that of PEG with
molecular weight 12000 (Table 1), indicating that the
intermolecular interaction force to form the former micelle
was stronger than that of the latter micelle. Because the
hydrophilicity of PEG was increased with increasing PEG
molecular weight, the CMC value was increased with in-
creasing molecular weight of PEG grafted. Moreover, the
former micelle showed a smaller slope than the latter one.
This means that PEG-gelatin prepared from PEG of high
molecular weight has a larger capacity to entrap the
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hydrophobic PNA molecules. Some experiments on the
molecular structure of PEG-gelatin like the number of
molecular aggregation are presently in progress.

The body distribution study indicates that gelatin and PEG-
gelatin were readily cleared from the plasma and conse-
quently accumulated in the MPS organs. However, the
AUCg—2q) value was increased as the molecular weight of
PEG grafted increased at the same PEGylation degree (Figure
6). The diameter of the PEG-gelatin micelle prepared is
smaller than 200 nm. The micelle will be promising to
prepare a long-circulating drug carrier smaller than 200 nm
in diameter being considered optimal for the stealth system
to prevent a filtering mechanism in the MPS organs and an
increased uptake by macrophage.'® In fact, it is shown that
long-circulating microparticulate drug carriers with sizes of
100—200 nm were effectively accumulated in various tumors
tissues based on the EPR effect or “impaired filiration”
mechanism, &7 This is extremely important from the clinical
viewpoint. It is interesting to compare the in vivo behavior
of these PEG-gelatin micelles with nanespheres previously
reported from PEG-PLGA copolymers which are conven-
tionally prepared as a long circulating carrier.!? In both the
cases, the blood concentration increases as the chain length
increases for the same PEG density. It is important to
consider that the diameter of PEG-gelatin micelles (65120
nm) is comparable to that of PEG-PLGA nanospheres
(80—150 nm) and that the PEG-gelatin micelles have a higher
PEG content: 40—80% of PEG w/w in PEG-gelatin micelles
compared to 10% w/w in PEG-PLA nanospheres. Irrespec-
tive of PEG molecular weight, the remaining time period of
PEG-gelatin micelle in the blood circulation was longer
compared with that of PEG-PLGA nanospheres.* In addition,
the percent remaining of accumulation in the liver or spleen
by the MPS was lower than that of the PEG-PLGA
nanospheres. Moreover, longer PEG chains can sterically
prevent enzymatic attack to gelatin molecules.® It is possible
that the difference in the blood concentration for PEG-gelatin
micelles prepared from PEG of different molecular weights
is caused by the difference in their enzymatic degradation
rate rather than their susceptibility to removal from the
circulation by phagocytic cells.

Another question is about the biological fate of PEG. It
has been demonstrated that the urinary clearance of PEG
has a pronounced change at a molecular weight around
30 000, suggesting that this value represents the glomerular
filtration cutoff for such nonionic polymer.** Thus, consider-
ing their better efficiency in reducing clearance of micelle
in vivo, it is suitable to use PEG with the molecular weights
of 12000 in the micelle composition because the blood
concentration was significantly higher for the PEG-gelatin
prepared from the PEG molecular weight of 12 000 than that
of other molecular weights (2000 and 5000). Nevertheless,
the PEG density at the micelle surface could be further
optimized by using other amphiphilic biodegradable poly-
mers with more than one PEG chain per gelatin chain to
obtain PEG distances as small as used in preparation of
stealth liposomes!? and nanospheres.!? Furthermore, it would
be advantageous to prepare PEG-gelatin micelles smaller than
200 nm, this being considered optimal for stealth systems
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to prevent a filtering mechanism in the spleen and an
increased uptake by macrophages,!? although this would
reduce the payload per particle, Even if gelatin is grafted
with PEG, finally the gelatin intravenously administered will
be degraded enzymatically in the blood circulation. The PEG-
gelatin degraded is removed by the MPS or excreted from
the kidney. This is confirmed by the bioedistribution result
that the radioactivity of PEG-gelatin was accumulated with
time in the liver rather than excreted from the kidney (Figure
6). It is well-known that the Kupffer cells play an important
role in the MPS uptake in the liver. It is possible that the
PEG-gelatin degraded may be taken up by the Kupffer cells.

This study indicates the micelle formation of gelatin by
the PEGylation to show a higher residence behavior than
gelatin alone. Interaction of this micelle with growth factor,
plasmid DNA, and anticancer drugs is underway at present
to create the controlled release system of drugs governed
by carrier degradation together with the in vivo high
residence nature based on the micelle formation. In conclu-
sion, the pharmacokinetics and body distribution profile made
this system 2 new candidate for intravenous administration
of drugs which need to remain in the blood compartment
and accumulate in the tumor or inflammation site by EPR
effect.

References and Notes

(1) Torchilin, V. P.; Trubetskoy, V. 8. Adv. Drug Delivery Rev. 1995,
16, 141155,

2) Torchilin, V. P. J. Liposome Res. 1996, 6, 99—116.

(3) Gbadamosi, J. K.; Hunter, A. C.; Moghimi, S. M. FEBS Leu. 2002,
532, 338344,

{4) Torchilin, V. P, Adv. Drug Delivery Rev. 2002, 54, 235--52,

(5) Palmer, T. N.; Caride, V. ].; Caldecourt, M. A.; Twickler, J.;
Abdullah, V. Biochim. Biophys. Acta 1984, 797, 363—368.

(6) Gabizon, A. A. Adv. Drug Delivery Rev. 1995, 16, 285—294.

(7) Maeda, H.; Wu, J.; Sawa, T.; Matsumura, Y.; Hori, K. J. Controlled
Release 2000, 65, 271—-284,

(8) Klibanov, A, L,; Maruyama, K.; Torchilin, V. P.; Huang, L. FEBS
Letr, 1990, 268, 235—238.

(9) Torchilin, V. P.; Omelyanenko, V. G.; Papisov, M. L; Bogdanov,
A, A, Jr; Trubetskoy, V. 8.; Herron, J. N.; Gentry, C. A. Biochim.
Biophys. Acta 1994, 1195, 11-20.

(10) Torchilin, V. P.; Shtilman, M. I; Trubetskoy, V. S.; Whiteman, K.;
Milstein, A. M. Biochim. Biophys. Acta 1994, 1195, 181-184,

(11) Stolnik, S.; I!lum, L.; Davis, 8. 8. Adv. Drug Delivery Reu. 1995,
16, 195-214.

(12) Lasic, D. D. Trends Biotechnol. 1998, 16, 307—321.

(13) Gref, R.; Minamitake, Y.; Peracchia, M. T.; Trubetskoy, V.; Torchilin,
V. P.; Langer, R. Science 1994, 263, 1600—1603.

(14) Yasugi, K.; Nagasaki, Y.; Kato, M.; Kataoka, K. J. Controiled Release
1999, 62, 39—100.

(15) Stolnik, 8.; Dunn, S. E.; Garnett, M. C,; Davies, M. C.; Coombes,
A. G. A,; Taylor, D. C,; Irving, M, P.; Purkiss, 8. C,; Tadros, T. F,;
Davis, 8. 8.; Illum, L. Pharm. Res. 1994, I], 1800—1808.

(16) Bazile, D.; Prud’Homme, C.; Bassoullet, M. T.; Marlard, M,
Spenichauer, G.; Veillard, M. J. Pharm. Sci. 1995, 84, 493—498,

(17) Gref, R;; Domb, A.; Quellec, P.; Blunk, T.; Muller, R. H.; Verbavatz,
J. M,; Langer, R. Adv. Drug Deliv. Rev. 1995, 16, 215-233.

(18) Peracchia, M. T.; Gref, R.; Minamitake, Y., Domb, A,; Lotan, N.;
Langer, R. J. Controlled Release 1997, 46, 223-231.

(19) Emile, C,; Bazile, D.; Herman, F.; Helene, C.; Veillard, M. Drug
Delivery 1996, 3, 187—195.

(20) Kakizawa, Y.; Katacka, K. Adv. Drug Delivery Rev. 2002, 54,203 —
222,

(21) Harada-Shiba, M.; Yamauchi, K.; Harada, A.; Takamisawa, I;
Shimokado, K.; Kataoka, K. Gene Ther. 2002, 9, 407414,

(22) K Katacka, A Harada and Y Nagasaki, Block copolymer micelles
for drug delivery: design, characterization and biological significance.
Adv. Drug Delivery Rev. 2001, 47, 113131

(23) Veis, A. Int. Rev. Connect. Tissue Res. 1965, 3, 113—-200.

—242-



208 Biomacromolecules, Vol. 5, No. 1, 2004

(24) Tabata, Y.; lkada, Y. Adv. Drug Delivery Rev. 1998, 31, 287301

(25) Yamamoto, M.; Tabata, Y.; [kada, Y. J. Biomater. Sci. Pelym. Ed.
1998, 9, 439—458.

(26) Yamamote, M.; Tabata, Y.; Hong, L.; Miyamoto, S.; Hashimoto,
N.; Ikada, Y. J. Controlled Release 2000, 64, 133—142.

(27) Ozeki, M,; Ishii, T.; Hirano, Y.; Tabata, Y. J. Drug Target. 2001, 9,
461—-471.

{28) Fukunaka, Y.; Iwanaga, K.; Morimoto, K.; Kakemi, M,; Tabata, Y.
J. Controlled Release 2002 80, 333—343.

(29} Kushibiki, T.; Temoshige, R.; Fukunaka, Y.; Kakemi, M.; Tabata,
Y. J. Controlled Release 2003, 90, 207-216

(30) Snyder, S. L.; Sobocinski, P. Z. Anal. Biochem. 1975, 64, 284—288.

(31) Ouchi, T.; Nishizawa, H.; Ohya, Y. Polymer 1998, 39, 5171-5175,

—243—

Kushibiki et al.

(32) Wilbur, D. S.; Hadley, S. W.; Hylarides, M. D.; Abrams, P. G;
Beaumier, P. A.; Morgan, A, C; Reno, 1. M,; Fritzberg, A. R. J.
Nucl, Med. 1989, 30, 216—226.

(33) Sato, N.; Kobayashi, H.; Saga, T.; Nakamoto, Y.; Ishimori, T;
Togashi, K.; Fujibayashi, Y.; Konishi, J.; Brechbiel, M. W. Clin.
Cancer Res, 2001, 7, 3606—3612.

(34) Mosqueira, V. C. F,; Legrand, P.; Morgat, I; Vert, M.; Mysiakine,
E.; Gref, R,; Devissaguet, I. Barratt, G. Pharm. Res. 2001, 18, 1411—
1419.

(35) Yamaoka, T.; Tabata, Y.; Ikada, Y. J Pharm. Sci. 1994, 83, 601—
606. Hydrodynamic diameter (nm).

BMO0343139



Available online at www.sciencedirect.com

sclencs@mnec‘r-

Matcrials Science and Engineering C 24 (2004) 797-801

MATERIALS
SCIENCE &
ENCINEERING

C

www.elsevicr.com/locate/msec

ELSEVIER

Novel PVA-DNA nanoparticles prepared by ultra high pressure
technology for gene delivery

Tsuyoshi Kimura®, Akira Okuno®, Kozo Miyazaki®, Tsutomu Furuzono®, Yuichi Ohya",
Tatsuro Ouchi®, Shingo Mutsuo®, Hidekazu Yoshizawa®, Yoshiro Kitamura®,
Toshiyta Fujisato?, Akio Kishida™*

*Department of Biomedical Engineering, National Cardiovascular Center Research Institute, 5-7-1 Fujishirodai, Suita, Osaka 656-8365, Japan
YDepartment of Applied Chemistry, Kansai University, 3-3-35 Yamate-cho, Suita, Osaka 564-8680, Japan
*Department of Environmental Chemistry and Materials, Okayama University, 3-1-1 Tsushimanaka, Okayama, Okayama 700-8530, Japan
4Department of Regenerative Medicine and Tissue Engineering, National Cardiovascular Center Research Institute, 5-7-1 Fujishirodai, Suita,
Osaka 655-8365, Japan

Received 10 June 2004; received in revised form 30 June 2004; accepted 11 August 2004
Available online 3 October 2004

Abstract

Polyvinyl alcohol (PVA)-DNA nanoparticles have been developed by ultra high pressure (UHP) technology. Mixture solutions of DNA
and PVA having various molecular weights (Mw) and degree of saponifications (DS) were treated under 10,000 atmospheres (981 MPa)
condition at 40 °C for 10 min. Agarose gel electrophoresis. and scarning electron microscope observation revealed that the PVA-DNA
nanoparticles with average diamktgr of about 200 nm were ‘f'qpned. Using PVA of higher Mw and degree of saponifications, the amount of
nanoparticles formed increased. The driving force of nanoparticle formation was the hydrogen bonding between DNA atf PVA. In order to
apply the PVA-DNA nanoparticles for gene delivery, the cytotoxicity and the cellular uptak® of them were investigated using Raw264 cell
lines. The cell viability was not influenced whether the presence of the PVA-DNA nanoparticles, Further, the nanopatticles intemalized into
cells were observed by fluorescent microscope. These results indicates that the PVA-DNA nanoparticles prepared by UHP technology

showed be useful as drug carrier, especially for gene delivery.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Pressure processing technology has been used in many
ficlds. The range of pressure is varied in each method from
1 to 100,000 atmosphere (atm) {9810 MPa). In the field of
chemistry and biology, the pressure of over 6000 atm is
thought as ultra high pressure (UHP). It is well known that
the hydrogen bond is strengthens than electrostatic and
hydrophobic interactions under the UHP condition [1-3].

* Corresponding author. Tel.: +81 6 6833 5004x2438; fax: +81 6 6835
5476.
E-mail address: kishida@ri.ncve.go.jp (A. Kishida).
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From this fact, we recently reported that UHP is one of
powerful tools for manipulatory inter- or intra-molecular
interaction triggered by hydrogen bond [4]. We have shown
some evidence of this hypothesis by using polyvinyl alcohol
(PVA), which is synthetic hydrogen bonding polymers
having simple hydrogen bonding structure, associated each
other to form nanoparticles via hydrogen bond by UHP
processing [5]. Among various fields of application, we
focused on the usage of the nanoparticle as drug and gene
delivery system.

Nanoparticles as gene carrier are able to enhance intra-
cellular gene delivery in vitro and in vivo due to protection of
DNA from nuclease cleavage [6-10]. Many types of them,
such as cationic compounds [6-8], biodegradable polymers
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[9,10] have been developed. Nanoparticles containing DNA
have been formed by electrostatic interaction between
negative charge of phosphate groups of DNA and positive
charge of cationic compounds or encapsulation. However, it
was reported that such cationic substances has the essential
problem of the cytotoxicity, and the difficulty of controlling
of DNA release from nanoparticles.

In the present study, we report the preparation of novel
nanoparticles of plasmid DNA and PVA via hydrogen bond
using UHP technology and their application for gene
delivery. The interaction force of nanoparticle formation is
hydrogen bond between PVA and DNA, because DNA is
one of typical hydrogen bonding polymer as well as PVA.
Further, the biocompatibility and neutral charge nature of
PVA allows the low cytotoxicity. The cellular uptake of
them was investigated in order to evaluate the nanoparticles
as biocompatible gene carriers.

2. Materials and methods

2.1. Preparation of PVA-~DNA nanoparticles by UHP
method

PVAs having different molecular weights and degree of
saponifications were supplied from Kuraray (Osaka, Japan)
(Table 1). Plasmid DNA encoding green fluorescent protein
under cytomegalovirus promoter (pEGFP-C1) was obtained
from BD Biosciences Clontech (Tokyo, Japan). PVA
solutions (0.0001-0.1 w/v%) and pEGFP-C1 solution
(0.02 w/v%) were mixed in water and treated under
10,000 atm at 40 °C for 10 min (UHP method) using
high-pressure machine (Dr. Chef, Kobe Steel, Kobe, Japan).

2.2. Characteristics of PVA-DNA nanoparticles

At 0.0001-0.01 w/v% of PVA concentration, PVA and
pEGFP-C1 mixture solutions treated with UHP were
analyzed by agarose gel electrophoresis (1.0 w/v%, 100 V,
1 h). At 0.025-0.1 wiv% of PVA concentration, after
centrifugation of the UHP-treated mixture solutions at 5000
rpm for 5 min, the supematant was collected and the
precipitation was washed by water. This procedure was
carried out twice. The precipitation was melted by heat
treatment for 10 min. They were electrophoresed though 1.0
w/v% agarose gels at 100 V for 1 h. The gels were stained

Table 1

Varicus polyviny] alcohols used

PVA pp* DsP Mw
PVA205 500 88 22,000
PVA105 500 98.5 22,000
PVAL17 1700 99.3 74,800
PVA140 4000 99.8 176,000

® Degree of polymerization.
® Degree of saponification.

with ethidium bromide. The shape and size of structures
were observed by scanning electron microscope (JSM-
6301F, JEOL, Tokyo, Japan).

2.3. Cytotoxicity of PVA-DNA nanoparticles

Mouse macrophage cell lines of Raw264 cells were
cultured in a complete modified eagle medium (DMEM,
Invitrogen, Tokyo, Japan), supplemented with non-inacti-
vated 10% fetal calf serum (FCS), 50 IU/ml of penicillin, 50
ng/ml of streptomycin (ICN Biomaterials, Ohio, USA). To
evaluate the cytotoxicity of PVA-DNA nanoparticles,
2.0x10% cells incubated with PVA-DNA nanoparticles at
37 °C for 20 h in the present of FCS and the number of
viable cells was assessed using a Cell Counting Kit-8
(Dojindo Laboratory, Tokyo, Japan) according to the
manufacturer’s instruction.

2.4. Cellular uptake of PVA-DNA nanoparticles

To investigate the cellular uptake of PVA-DNA nano-
particles, pEGFP-CI labeled with rhodamine by Label It kit
(Panvera, W1, USA) was added on 2.5x 10° cells of Raw264
cells cultured in the present of non-inactivated FCS and
incubated at 37 °C for 20 h. The cells were observed under
fluorescent microscope.

3. Results and discussion

Fig. 1 shows the microscopic observation of the mixture
solutions of pEGFP-C1 and various PVAs at 0.1 w/v%
concentration treated with UHP after centrifugation at 5000
rpm for 5 min. The mixture solution of PVA205 remained as
clear solution as well as pEGFP-Cl. However, a little
precipitation was observed in PVAIO5 and the white
precipitation was observed in the case of PVA117 and
PVA 140 (Fig. 1(A)). When DNA sclution mixed with
PVA117 at different concentration were pressurized under
UHP condition, the amount of white precipitation was
decreased with decreasing PVA cencentration, and the
precipitation was not observed at 0.01 w/v% of PVAIL17
(Fig. 1(B)). These results indicate that the size of particle
obtained varied in each molecular weight and concentration
of PVAs used, and that the higher molecular weights of PVA
tended to form particles. This phenomena was observed
even when the PVA solution without DNA was treated with
UHP (data not shown). Fig. 2 shows SEM images of the
UHP treated mixture solutions of DNA in the presence of
(A) 0.01 w/v% or (B) 0.025% of PVA. Nanoparticles having
average diameter of about 200 nm were observed in 0.01 w/
v% of PVA concentration. At 0.025 w/v% concentration, the
nanoparticles aggregated each other. It became clear that the
precipitation formation at higher PVA concentration under
UHP condition due to the aggregation of nanoparicles of
PVA or PVA/DNA mixture.
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Fig. 1. Microphotographs of mixture solutions of DNA and {A) various PVAs of 0.1% concentration and (B) PVA117 of different concentration treated by

UHP.

To confirm whether the nanoparticles contain DNA, the
mixture solutions of DNA and PVA140 at less than 0.01%
concentration treated with UHP were analyzed by agarose
get electrophoresis (Fig. 3(A)). The DNA bands in the
non-ireated mixture solutions were observed at the same
pattern of pEGFP-C1, which contains circular, linear and
super coiled form, irrespective of that concentration. On
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Fig. 2. SEM images of PYA-DNA nanoparticles. PVA117 was used.

the other hand, the smear bands of DNA-PVA nano-
particles appeared at each concentration, indicating the
nanoparticles consisting of DNA and PVA, but not PVA
only. The heat melted aggrepates of nanoparticles were

(A)

« Skbp

« 2kbp

T4 tkbp

Pressure
PVA conc|

— + |__
pEGFP] 0, 0.0005

o A o
GO W R
FFF FEF F&F A":'\é;‘

X QU Q Q< Q¢ Q R QU e Q
Precipitation Supernatant®  Supematant®
Fig. 3. Agarose gel electrophoresis of (A} PVA117-DNA nanoparticles

prepared at 0.01% concentration and (B) the aggregates of PVA-DNA
nanoparticles at 0.1% concentration after heat trcatment,
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Fig. 4. Cytotoxicity of PVA-DNA nanoparticles.

also electrophoresed with agarose gel after twice washing
procedure (Fig. 3(B)). The bands of DNA were observed not
only in first and second supematants but also in the collected

precipitation. It was clear that the nanoparticles consisting of
PVA and DNA,

Fig. 4 shows the result of the toxicity test of PVA-DNA
nanoparticles. The result of high viability of Raw264 cells
incubated with PVA-DNA nanoparticles was obtained
irrespective of the molecular weights of PVA used. This
result indicates that PVA-DNA nanoparticle is non-toxic.
Conventicnally, cationic polymers were widely used for
gene delivery due to complex formation with DNA by
electrostatic interaction, however, the cell damage for
cationic nature of them was pointed out. Yamaoka et al.
[11] reported that the cytotoxicity decreased with decreasing
the charge density of polycations. Fischer et al. [12]
suggests the necessity of optimizing the balance between
the cytotoxicity and the biccompatibility of cationic
polymers used as gene carrier. Therefore, it is considered
that non-charged PVA permitted the low cytotoxicity of
PVA-DNA nanoparticles formed by hydregen bond.

In order to investigate cellular uptake of the PVA-DNA
nanoparticles, the manoparticles of PVA and pEGFP-CI
labeled with rthodamine were added to Raw264 cells in the
present of FCS. In Fig. 5, a lot of red fluorescence spots

Flav:

e

Fig. 5. Fluorescent images of Raw264 incubated with the nanoparticles of PVA and rhodamine-labeled pEGFP-CI for 24 h.
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in many cells were brightly observed in the case of
PVA105, PVAL17 and PVA140 except for pEGFP-CI and
PVA205. This result suggests that the significant internal-
ization of DNA which means that the PVA-DNA nano-
particle was incorporated into cells. In the case of
PVA205, as PVA-DNA particles formation was insuffi-
cient, low incorporation result was obtained. These results
suggest that PVA-DNA nanoparticles have favorable
characteristics for gene delivery system, are non-cytotoxic
and high gene transfer into cell. The uptake of PVA-DNA
nanoparticles by cells is probably achieved by complement
activation because it is well-known fact that PVA activates
complement system.

4, Conclusion

We have developed nanoparticles consisting DNA and
PVA via hydrogen bonds using UHP technology. The
average nanoparticle diameter was 200 nm. The nano-
particle formation could be controlled by the molecular
weight of PVA used. Cell viability studies following
incubation with the nanoparticles confirmed the lack of
toxicity of PVA. The ability of the nanoparticles to delivery
DNA into cells was also shown, and PYA-DNA nano-
particles are considered as a potential candidate for a gene
carrier.
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Abstract

Recent evidences suggest that endothelial progenitor cells (EPCs) derived from bone marrow (BM) contribute to de
novo vessel formation in adults occurring as physiological and pathological responses. Emerging preclinical trials
have shown that EPCs home to sites of neovascularization after ischemic events in limb and myocardium. On the
basis of these aspects, EPCs are expected to develop as a key strategy of therapeutic applications for the ischemic
organs. Such clinical requirements of EPCs will tentatively accelerate the translational research aiming at the devices
to acquire the optimized quality and quantity of EPCs. In this review, we attempt to discuss about biological features
of EPCs and speculate on the clinical potential of EPCs for therapeutic neovascularization.
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Introduction

The identification of EPCs derived from BM was
an outstanding event of stem cell biology in the
field of vascular biology. This unique cell popula-
tion existing in peripheral blood mononuclear cells
(PBMNCs) derived from BM shares a similar pro-
file to that of hematopoietic stem cells (HSCs) and
incorporates into foci of physiological or patholog-
ical neovascularization in response to various
angiogenic growth factors. Considering the impor-
tance of blood vessel formation on embryonic
organogenesis, the development of tissue and
organ regeneration could not be able to be realized
without understanding the biological mechanisms
of vasculogenesis by EPCs. This review provides
an update of EPC biology as well as highlighting
their potential utility for therapeutic neovascular-
ization.

Post-natal vasculogenesis

EPCs, HSCs related descendants, have been isolat-
ed from human adult PBMNCs [I, 2). Flk-1 and
CD34 antigens were used to detect putative EPCs
[3]. This methodology was supported by former
findings that embryonic HSCs and EPCs share cer-
tain antigenic determinants, including Flk-1, Tie-2,
c-Kit, Sca-1, CD133, and CD34. These progenitor
cells have consequently been considered to be
derived from a common precursor, putatively
termed ‘hemangioblast’.

In vitro, EPCs differentiated into endothelial lin-
eage cells, and in animal models of ischemia, het-
erologous, homologous, and autologous EPCs were
shown to incorporate into sites of active neovascu-
larization. This finding was followed by diverse
identifications of EPCs by several groups [4-7]
using equivalent or different methodologies.
Recently, similar studies with EPCs isolated from
human cord blood have demonstrated their analo-
gous differentiation into ECs in vitro and in vivo [8,
9]. These findings, together with other recent stud-
ies [10, 11], are consistent with the notion of post-
natal “vasculogenesis”, which is de novo vessel for-
mation by in situ incorporation, differentiation,
migration, and/or proliferation of BM-derived
EPCs [3] (Fig. 1).

J. Cell. Mol Med. Vol 8, No 4, 2004

Several studies have demonstrated that BM-
derived EPCs functionally contribute to vasculoge-
nesis during wound healing [12], limb ischemia [1,
3, 13-17], postmyocardial infarction [18, 19],
endothelialization of vascular grafts {2, 12, 20, 21],
or physiological cyclic organogenesis of endometri-
um {3] under the influence of appropriate cytokines,
growth factors and/or hormones through the
autocrine, paractine, and/or endocrine systems.

These findings have raised important questions
regarding fundamental concepts of blood vessel
growth and development in adult subjects. Does the
differentiation of EPCs in situ (vasculogenesis)
play an important role in adult neovascularization,
and would impairments in this process lead to clin-
ical diseases? There is now a strong body of evi-
dence suggesting that vasculogenesis does, in fact,
make a significant contribution to postnatal neovas-
cularization. Recent studies with animal bone mar-
row transplantation (BMT) models in which BM
(donor)-derived EPCs could be distinguished have
shown that the contribution of EPCs to neovessel
formation may range from 5 to 25% in response to
granulation tissue formation [22] or growth factor-
induced neovascularization [23]. Also, in the tumor
neovascularization, the range is approximately 35-
45% higher than the former events [24]. The degree
of EPC contribution to post-natal neovasculariza-
tion is predicted to depend on each vessel formation
event or disease.

More recently, Tamaki et al. reported that tissue
specific stem/progenitor cells with the potency of
differentiation into myocytes or ECs were isolated
in skeletal muscle tissue of murine hindlimb,
although the origin remains to be clarified [25].
This studies have introduced the concept that the
origin of EPCs may not be limited to BM, e.g. tis-
sue specific stem/progenitor cells possibly provide
‘in situ EPCs’ as other sources of EPCs than BM.
(Fig. D

Profiles of EPCs in adults

Since the initial report of EPCs [1][2], a number of
groups have set out to define this cell population
more profoundly. Because EPCs and HSCs share
many surface markers, and no simple definition of
EPCs exists, various methods of EPC isolation have
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Fig. 1 Post-natal neovascularization in the physiological or pathological events is consistent with neovessel forma-
tion contributed by angiogenesis and vasculogenesis at the various rates between their two mechanisms. Angiogenesis
and vasculogenesis are due to the activations of in situ ECs and BM-derived or in situ EPCs, respectively.

been reported [1, 2, 4, 6-9, 15, 16]. The term of
EPC may therefore encompass a group of cells that
exist in a variety of stages ranging from heman-
gioblast to fully differentiated endothelial cell (EC).

Under the current status, it is impossible to dif-
ferentiate ‘tmmature EPCs’ from primitive HSCs,
as those cells share common surface markers, i.e.
CD133, CD34, or VEGFR2 (KDR). In circulation,
the cell population with the capacity of differentia-
tion to EPCs is considered to be included in the cell
population expressing CD133 and VEGFR2 mark-
ers in the subset of CD34 positive cells [7].
Circulating EPCs are constitutively expressing
stem/progenitor markers, i.e. CD34 or YVEGFR2
except CD133, and start expressing endothelial lin-
eage specific markers, VE cadherin or E-selectin.
On the other hand, following the commitment and
differentiation to hematopoietic stem/progenitor
cells, the surface markers of CD133 and VEGFR2
are extinguished. Such stem/progenitor cell mark-
ers do not express on the differentiated hematopoi-
etic cells. Alternatively, kinds of surface markers
are expressed to characterize individual hematopoi-
etic cell populations. CD133 is a marker to differ-
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entiate immature EPCs or primitive HSCs from cir-
culating EPCs. To differentiate EPCs from
hematopoietic stem/progenitor cells, VE cadherin
or E-selectin are useful. Accordingly, circulating
EPCs may be isolated via selection by the anti-
genicity of CD34, VEGFR2, and/or VE cadherin
and also circulating immature EPCs by CDI133
(Fig. 2).

In adult human body, there is a strong evidence
to suggest that impaired neovascularization results
in part from diminished cytokine production.
However, endogenous expression of cytokines is
not the only factor leading to impaired neovascular-
ization. Diabetic or hypercholesterolemic animals-
like clinical patients-exhibit the evidence of dys-
function in mature endothelial cells. While the cel-
lular dysfunction does not necessarily preclude a
favorable response to cytokine replacement thera-
py, the extent of recovery in limb perfusion in these
animals fails to reach that of control animals; this
suggests another limitation imposed by a dimin-
ished responsiveness of EPCs/ECs. Recently Vasa
et al. have further investigated EPC kinetics and
their relationship to clinical disorders, showing that
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the number and migratory activity of circulating
EPCs inversely correlate with risk factors for coro-
nary artery disease, such as smoking, family histo-
ty and hypertension [26]. Tepper et al. reported that
proliferation and tube formation of EPCs were
down regulated in patients with type 2 diabetes
compared with normal subjects [27]. Valgimigli et
al. indicated that circulating EPCs decreased in
patients with severe heart failure (HF) [28]. On the
basis of these findings, monitoring of BM-derived
EPC kinetics in the patients with vascular diseases
is expected to be valuable in the evalvation of
lesion activity and/or therapeutic efficacy.

The aging characterized by impaired neovascu-
larization might be also associated with dysfunc-
tional EPCs and defective vasculogenesis. Indeed,
preliminary results from our laboratory indicated
that the replacement of native bone marrow
(including its compartment of progenitor cells) of

young mice with bone marrow transplanted from
old animals leads to a marked reduction in neo-
vascularization following corneal micropocket
injury, compared with young mice transplanted
with young bone marrow. These studies thus
established evidence of an age-dependent impair-
ment in vasculogenesis (as well as angiogenesis)
and the origin of progenitor cells as a critical
parameter  influencing  neovascularization.
Moreover, analysis of clinical data in older
patients disclosed a significant reduction in the
number of circulating EPCs before and after
VEGF165 gene transfer; specifically, the number
of circulating EPCs of younger patients with criti-
cal limb ischemia was five times more than the
number in older individuals. Impaired EPC mobi-
lization and/or activity in response to VEGF may
thus contribute to the age-dependent defect in
postnatal neovascularization.
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Regulation of EPC Mobilization
EPC kinetics in adults

Given the result of common antigenicity, BM has
been considered the origin of EPCs as HSCs in
adults. The BMT experiments have demonstrated
the incorporation of BM-derived EPCs into foci
of physiological and pathological neovascular-
ization {3). Wild-type mice were lethally irradiat-
ed and transplanted with BM harvested from
transgenic mice in which constitutive LacZ
expression is regulated by an EC-specific pro-
moter: Flk-1 or Tie-2. Histological examination
of the tissues in growing tumors, healing wounds,
ischemic skeletal and cardiac muscles, and
cornea micropocket surgery after BMT has
shown localization of Flk-1- or Tie-2-expressing
endothelial lineage cells derived from BM in
blood vessels and stroma around vasculatures.
The similar incorporation was observed in physi-
ological neovascularization in uterus endometrial
formation after induced ovulation as well as
estrogen administration 3].

Previous investigators have shown that wound
trauma causes mobilization of hematopoietic
cells, including pluripotent stem or progenitor
cells in spleen; bone marrow, and peripheral
blood. Consistent with EPC/HSC common ances-
try, the recent data have shown that mobilization
of BM-derived EPCs constitutes a natural
response to tissue ischemia. The former murine
BMT model presented the direct evidence of
enhanced BM-derived EPC incorporation into
foci of corneal neovascularization after the devel-
opment of hindlimb ischemia. Light microscopic
examination of corneas excised 6 days after
micropocket injury and concurrent surgery to
establish hindlimb ischemia demonstrated a sta-
tistically significant increase in cells expressing -
galactosidase in the corneas of mice with, versus
those without, an ischemic limb [17]. This find-
ing indicates that circulating EPCs are mobilized
endogenously in response to tissue ischemia, fol-
lowing the incorporation of EPCs into the foci
neovascularization to promote tissue repair.
Moreover, such concept were also reflected in
clinica! findings of EPC mobilization in patients
with coronary artery bypass grafting, burns [12],
and acute myocardial infarction [19].
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EPC mobilization by endogenous agents

Having demonstrated the potential for endogenous
mobilization of BM-derived EPCs, we considered
that artificial expansion and mobilization of this
putative EC precursor population might represent
an effective means to augment the resident popula-
tion of ECs that is competent to respond to admin-
istered angiogenic cytokines. Such a program might
thereby address the issue of endothelial dysfunction
or depletion that may compromise strategies of
therapeutic neovascularization in older, diabetic,
and/or hypercholesterolemic animals and patients,
Granulocyte macrophage colony-stimulating factor
(GM-CSF) is well known to stimulate hematopoiet-
ic progenitor cells and myeloid lineage cells, but
has recently been shown to exert a potent stimula-
tory effect on EPC kinetics. The delivery of this
cytokine induced EPC mobilization and enhanced
neovascularization of severely ischemic tissues and
de novo corneal vascularization [17].

Among other growth factors, vascular endothe-
lial growth factor (VEGF), critical for angio/vascu-
logenesis in the embryo, has recently been shown to
be the critical factor for vasculogenesis and angio-
genesis. Our studies carried out first in mice [13]
and subsequently in patients undergoing VEGF
gene transfer for critical limb or myocardial
ischemia [29] established that a previously unap-
preciated mechanism by which VEGF contributes
to neovascularization is in part by mobilizing BM-
derived EPCs. Similar modulation of EPC kinetics
has been observed in response to other hematopoi-
etic stimulators, such as granulocyte-colony stimu-
lating factor (G-CSF), angiopoietin-1 [30], stroma-
derived factor-1 (SDF-1) [31], and erythropoietin
[32], or endogenous hormone, estrogen [33, 34].

EPC mobilization by exogenous agents

This potent therapeutic strategy of EPC mobiliza-
tion has recently been implicated not only by natu-
ral hematopoietic or angiogenic stimulants but also
by recombinant pharmaceuticals. The statins inhib-
it the activity of 3-hydroxy-3-methylglutaryl coen-
zyme A (HMG-CoA) reductase, which catalyzes the
synthesis of mevalonate, a rate-limiting step in
cholesterol biosynthesis. The statins rapidly acti-
vate Akt signaling in ECs, thereby stimulating EC
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bioactivity in vitro and enhancing angiogenesis in
vivo [35]. Recently, we [36] and Dimmeler and col-
leagues {37] demonstrated a novel function for
HMG-CoA reductase inhibitors that contributes to
postnatal neovascularization by augmented mobi-
lization of BM-derived EPCs through stimulation
of the Akt signaling pathway. With regard to its
pharmacological safety and effectiveness on hyper-
cholesterolemia, one of the risk factors for athero-
genesis, the statin might be a potent medication
against atherosclerotic vascular diseases.

On the other hand, some antiangiogenic agents,
i.e. angiostatin or soluble flk-1, have been shown to
inhibit BM-derived EPC kinetics, leading to tumor
regression, as BM-derived EPC kinetics is a critical
factor for tumor growth, in terms of tumor neovas-
cularization [38].

Therapeutic potential of EPC
transplantation

The regenerative potential of stem cells is presently
under intense investigation. /n vitro, stem and pro-
genitor cells possess the capability of self-renewal
and differentiation into organ-specific cell types.
When placed in vivo, these cells are then provided
with the proper milieu that allows them to reconsti-
tute organ systems. We therefore considered a novel
strategy of EPC transplantation to provide a source
of robust ECs that might supplement fully differen-
tiated ECs thought to migrate and proliferate from
preexisting blood vessels according to the classic
paradigm of angiogenesis developed by Folkman
and colleagues.

Although it is not known whether local adminis-
tration of exogenous EPCs may augment tumor
neovascularization, this issue should be carefully
considered for clinical application of EPC cell ther-
apy to treat cardiovascular diseases.

Indications of EPC transplantation

Three kinds of clinical states could be currently
applied to indications of EPC transplantation, (1)
Critical limb ischemia such as arteriosclerosis oblit-
erans (ASO) or Burger disease, (2) Post myocardial
infarction which is excluded from percutaneous
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catheter intervention (PCI) or coronary artery
bypass grafting (CABG), (3) Vascular graft as a
means of improving biocompatibility.

(1) Ourstudies indicated that cell therapy with
ex vivo expanded EPCs could successfully pro-
mote neovascularization of ischemic tissues, even
when administered as ‘sole therapy,’ i.e. in the
absence of angiogenic growth factors. Such a ‘sup-
ply-side’ version of therapeutic neovascularization
in which the substrate (EPCs/ECs) rather than lig-
and (growth factor) comprises the therapeutic
agent, was first demonstrated by intravenously
transplanting human EPCs to immunodeficient
mice with hindlimb ischemia [15). Not only did the
heterologous cell transplantation improve neovas-
cularization and blood flow recovery, but also led
to important biological outcomes-notably, the
reduction of limb necrosis and auto-amputation by
50% in comparison with controls. Murohara et al.
reported similar findings in which human cord
blood-derived EPCs also augmented neovascular-
ization in a hindlimb ischemic model of nude rats,
followed by in situ transplantation [9]. In addition,
Shatteman et al. [16] conducted local injection of
freshly isolated human CD34* MNCs into diabetic
nude mice with hindlimb ischemia and showed an
increase in the restoration of limb flow. These find-
ings provided novel evidence that exogenousiy
administered EPCs rescue impaired neovascular-
ization in an animal model of critical limb
ischemia.

(2) A similar strategy with limb ischemia
applied to a model of myocardial ischemia in the
nude rat demonstrated that transplanted human
EPCs localize to areas of myocardial neovascular-
ization, differentiate into mature ECs and enhance
neovascularization. These findings were associated
with preserved left ventricular (LV) function and
diminished myocardial fibrosis [39]. Kocher et al.
attempted intravenous infusion of freshly isolated
human CD34* MNCs into nude rats with myocar-
dial ischemia, and found preservation of LV func-
tion associated with inhibition of cardiomyocyte
apoptosis [40]. These strategies resulted in preser-
vation of LV function associated with inhibition of
cardiomyocyte apoptosis. These experimental find-
ings obtained using immunodeficient animals sug-
gest that both cultured and freshly isolated human
EPCs have therapeutic potential in peripheral and
coronary artery diseases.

493

—254—



(3) EPCs have recently been applied to the
field of tissue engineering as a means of improving
biocompatibility of vascular grafts. Artificial grafts
first seeded with autologous CD34* cells from
canine bone marrow and then implanted into the
aorta were found to have increased surface endothe-
lalization and vascularization compared with con-
trols [20]. Similarly, when cultured autologous
ovine EPCs were seeded onto carotid interposition
grafts, the EPC-seeded grafts achieved physiologi-
cal motility and remained patent for 130 days vs. 15
days in nonseeded grafis [21].

Cell source and modification of EPC for
transplantation

A critical limitation for the therapeutic application
of postnatal EPCs is their low number in the circu-
lation. Especially patients with cardiovascular risk
factors, aging, or HF who are the candidate for cell
therapy have been considered to possess lower
EPCs.

Ex vivo expansion of EPCs cultured from
PBMNCs of healthy human volunteers typically
yields 5.0x106 cells per 100 ml of blood on day 7.
Qur animal studies [15] suggest that heterologous
transplantation requires systemic injection of 0.5-
2.0x10% human EPCs/g body weight of the recipi-
ent animal to achieve satisfactory reperfusion of an
ischemic hindlimb. Rough extrapolation of these
data to human suggests that a blood volume of as
much as 12 1 may be necessary to obtain adequate
numbers of EPCs to treat critical limb ischemia in
patients.

Considering autologous EPC therapy, certain
technical improvements that may help to over-
come the primary scarcity of a viable and func-
tional EPC population should include: (1) local
delivery of EPCs, (2) adjunctive strategies (e.g.
growth factor, cytokine, or drugs) to promote BM-
derived EPC mobilization [13, 17], (3) enrichment
procedures, i.e. leukapheresis or BM aspiration, or
(4) enhancement of EPC function by gene trans-
duction, (5) ex vive expanded EPCs from self-
renewable primitive stem cells in BM or other tis-
sues, {6) allogenic EPCs derived from umbilical
cord blood (Fig. 3).

These approaches of EPC modification to
acquire the ideal quality and quantity of EPCs for
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EPC therapy have already been applied to clinical
patients in some institutions and preliminary results
are expected to come out in the near future.

In some cases, nonselected total BM cells or
BM-MNCs including immature EPC population
have also been investigated for their potential to
induce neovascularization. Several experiments
have reported that autologous BM administration
into hindlimb ischemic model and myocardial
ischemic model, and could augment neovascular-
ization in ischemic tissue mainly through the pro-
duction of angiogenic growth factors and less
through the differentiation of a portion of the cells
into EPCs/ECs in situ. Although there are no long-
term safety and efficacy data for local delivery of
such cel! population mostly composed of inflam-
matory leukocytes, these strategies have already
been investigated in some institutions.

Gene modified EPC therapy

A strategy that may alleviate potential EPC dys-
function in ischemic disorders is considered rea-
sonable, given the findings that EPC function and
mobilization may be impaired in certain disease
states.- Genetic modification of EPCs to overex-
press angiogenic growth factors, to enhance sig-
naling activity of the angiogenic resptmse, and to
rejuvenate the bioactivity and/or extend the life
span of EPCs, can constitute such potential strate-
gies.

We have recently shown for the first time that
gene-modified EPCs rescue impaired neovascu-
larization in an animal model of limb ischemia
[14]. Transplantation of heterologous EPCs trans-
duced with adenovirus encoding human
VEGF165 not only improved neovascularization
and blood flow recovery, but also had meaningful
biological consequences, i.e. limb necrosis and
auto-amputation were reduced by 63.7% in com-
parison with controls. Notably, the dose of EPCs
needed to achieve limb salvage in these in vivo
experiments was 30 times less than that required
in the previous experiments involving unmodified
EPCs [15]. Thus, EPC cell therapy combined with
gene (i.e. VEGF) transduction may be one option
to overcome the limited number and function of
EPCs that can be isolated from peripheral blood
in patients.
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Fig. 3 Therapeutic application of EPCs for neovascularization.

EPC preview

EPCs have also been investigated in the cerebrovas-
cular field. Embolization of the middle cerebral
artery in Tie2/lacZ/BMT mice disclosed that the for-
mation of new blood vessels in the adult brain after
stroke involves vasculogenesis/EPCs. Similar data
were reported using gender-mismatched wild-type
mice transplanted with BM from green fluorescent
protein-transgenic mice. However, whether autolo-
gous EPC transplantation would augment cerebral
revascularization has yet to be examined.

To date, the role of EPCs in tumor angiogenesis
has been demonstrated by several groups. Davidoff
et al. showed that BM-derived EPCs contribute to
tumor neovasculature and that BM cells transduced
with an anti-angiogenic gene can restrict tumor
growth in mice. Lyden et al. recently used angio-
genic defective, tumor resistant Id-mutant mice and
showed the restoration of tumor angiogenesis with

BM (donor)-derived EPCs throughout the neoves-
sels following the transplantation of wild-type BM
into these mice. These data demonstrate that EPCs
are not only important but also critical to tumor
neovascularization. Given the findings, ‘anti-tumor
EPC mediated gene therapy’ by transplantation of
EPCs transferred genes to inhibit tumor growth
may be developed in the near future,

Pulmonary hypertension might also be included
into EPC therapy candidates. Nagaya et al. [41]
reported that transplantation of vasodilator gene-
transduced EPCs derived from umbilical cord blood
ameliorates pulmonary hypertension in rats.

Conclusion

BM-derived EPCs in adults possess numerous
potentials as clinical tools for cardiovascular dis-

495

—256—



ease, tissue engineering, tumor, and so on. To
acquire the more optimized quality and quantity of
EPCs, several issues remain to be addressed in this
research field. Some of the future perspectives are
as follows: (1) identification of a specific marker
for EPC with which other lineage cells do not share;
(2) evaluation of EPC transdifferentiation in vitro
and in physiological, pathological, and iatrogenic
regeneration of tissues and organs; (3) methodolog-
ical optimization of EPC purification, expansion,
gene transfer, and administration to improve the
efficacy of EPC transplantation; and (4) compari-
son of the therapeutic impact between purified
EPCs and total bone marrow MNCs.
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