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Figure 4. Effect of phenobarbital and nifedipine on
the chemical shift of the PVP carbonyl carbon. Error
bars represent standard deviation (n = 3).

increased as the drug content increased and
appeared to reach a plateau at a nifedipine
content of approximately 70 w/w% or a pheno-
barbital content of approximately 65 w/w%. These
drug contents correspond to a molar ratio of drug
to PVP monomer unit of 1:1. The increases in the
chemical shift of PVP carbon (more than 1 ppm)
was larger than those observed for other PVP
carbons (less than 0.5 ppm). It has been reported
that the chemical shift of the carbonyl carbon of
poly(3-hydroxybutyrate) (PHB) increases by ap-
proximately 1 ppm in the presence of: polyvinyl
alcohol (PVA), indicating changes in the
electronic environment of the carbonyl carbon
resulting from hydrogen bonding between the
carbonyl group of PHB and the hydroxyl group of
PVA.?2®> Further, hydrogen bond interaction
between the PVP carbonyl group and the nifedi-
pine NH group has been indicated by FT-IR
spectroscopy.’* Therefore, the increases in che-
mical shift of the PVP carbonyl carbon observed in
this study suggests hydrogen bond interactions
between the PVP carbonyl group and a hydrogen
donor group (NH group) from the drug, in a
similar manner to the PHB-PVA systems.

Figure 5 shows the effects of drug content on the
T, of the PVP carbonyl carbon in the pyrrolidone
ring. As the drug content increased, T} in the slow
motional regime increased, indicating that the
mobility of the PVP carbonyl carbon decreased.
The T, values of nifedipine~PVP and phenobarbi-
tal-PVP solid dispersions decreased as the drug
content increased (Tab. 1), indicating that the
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Figure 5. Effect of phenobarbital and nifedipine on
the T; of the PVP carbonyl carbon. Error bars represent
standard deviation (n =3).

molecular mobility of the matrices increased with
drug content. These findings suggest that T; does
not reflect the global motion of the PVP—drug
matrix but rather the localized motion of the PVP
pyrrolidone ring. The decreased local mobility of
the pyrrolidone ring was supported by changes in
the T; of the C-2 carbon of the pyrrolidone ring.
Figure 6 shows the effect of phenobarbital on the
T, of the C-2 carbon of the pyrrolidone ring. The Ty
value increased in a similar manner to that of the
PVP carbonyl carbon shown in Figure 5. The
signals of the C-3 and C-u carbons of PVP overlap
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Figure 6. Effect of phenobarbital content on the T; of
the PVP C-2 carbon in phenobarbital-PVP. Error bars
represent standard deviation (n = 3).
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each other and are observed at 45 ppm. The
apparent T, of these carbon atoms increased in
the presence of nifedipine and phenobarbital in a
similar manner to that of the PVP carbonyl carbon
(data not shown). Although the C-2 and C-3
carbons are not considered to interact directly
with phenobarbital or nifedipine, the interaction of
the PVP carbonyl carbon may decrease the motion
of all the carbon atoms in the pyrrolidone ring. In
summary, hydrogen bond interactions between
PVP and the drugs appeared to affect the chemical
shift of the PVP carbonyl carbon as well as the T,
values of the carbonyl, C-2 and C-3 carbons of PVP.
Changes in the T; value seem to be a more useful
measure than chemical shift for detecting PVP-
drug interactions, since changes in Ty were larger
than those in chemical shift.

Effect of PVP Content on the T, Values of
Drug Carbons

Figure 7 shows the effect of PVP content on the T;
of the phenobarbital C-2, C-4, C-5, and C-6
carbons. The T values of these carbons increased
as the PVP content increased. This increase in T
became less obvious at PVP contents greater than
approximately 35 w/w%, corresponding to a molar
ratio of phenobarbital to PVP monomer unit of
1:1. The T; values of these carbons increased
by 1.5—2 times in the presence of PVP. The order
of the relative change in the T; values was C-
4,6 >C-5>C-2. Although larger change in -T;
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Figure 7. Effect of PVP on the T; of phenobarbital
carbons. Error bars represent standard deviation
(n=23).

values was expected for carbons near the NH
group, there was no clear tendency between the
relative change in the T values and the proximity
of the carbons to the NH group. Hydrogen bond
interaction may equally affect the mobility of
these carbons, since these carbons comprise the
primidinetrione ring. Increased T, values after
addition of PVP were also observed for nifedipine
carbons obhserved at 103 ppm, as shown in
Figure 8. The T; values increased as the PVP
content increased, in a similar manner to that
observed for phenobarbital-PVP solid disper-
sions. This finding suggests that the localized
motion of the drugs decreased as "a result of
hydrogen bond interactions between PVP and the
drugs. This is consistent with the results obtained
for PVP carbons described above. PVP affected
the T, of phenobarbital C-2, C-4, C-5, and C-6
carbons and the T, of nifedipine carbons observed
at 103 ppm. This may be due to the differences in
the interaction site of the drugs; in contrast to
nifedipine having one NH group, phenobarbital
has two NH groups that can interact with PVP
carbonyl. The fact suggests that PVP may decrease
the localized motion of phenobarbital more effec-
tively than it does that of nifedipine. The differ-
ence in the ability of PVP to decrease the localized
motion of the two drugs may explain the differ-
ence in the ability of PVP to stabilize amorphous
phenobarbital and nifedipine; the overall erystal-
lization rate of amorphous phenobarbital was
reduced by 2-3 orders of magnitude by 5 w/w%

PVP, whereas 10 w/w% PVP was required to
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Figure 8. Effect of PVP on the T, of nifedipine
carbons at 103 ppm (C-2, C-6). Error bars represent
standard deviation (n = 3).
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achieve a similar effect with nifedipine.'® There-
fore, inhibition of the localized motion of drugs
appears to be one of the mechanisms by which
PVP stabilizes the amorphous state.

CONCLUSION

Changes in the chemical shift of the PVP carbonyl
carbon suggest the occurrence of hydrogen bond
interactions between the PVP carbonyl group and
nifedipine or phenobarbital. These interactions
increased the T; values of the carbon atoms of
PVP and the drugs, suggesting that the localized
molecular motion of the drugs was decreased.
This decreased molecular mobility appears to be
one of the factors that stabilize the amorphous
state of drugs.
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Combination of non-viral connexin 43 gene therapy and docetaxel
inhibits the growth of human prostate cancer in mice
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Abstract. Docetaxel (DTX) is used for the treatment of
advanced hormone refractory prostate cancer. Connexin 43
(Cx43) is a tumor suppressor gene, and transfection of the
Cx43 gene increases sensitivity to several chemotherapeutic
agents. The objective of this study was to evaluate the effective-
ness of combination therapy of Cx43-expressing plasmid
DNA (pCMV-Cx43) and DTX both in vitro and in vivo
using a non-viral vector in human prostate cancer PC-3 cells.
Transfection of pCMV-Cx43 into the cells neither inhibited
tumor growth nor increased gap junctional intercellular
communication; however, combination therapy of pCMV-
Cx43 and DTX significantly inhibited cell growth. Forced
expression of Cx43 in the cells induced apoptotic cells by
down-regulation of Bcl-2 expression and significantly more
up-regulation of caspase-3 activity than either treatment
alone. The combination of repeated intratumoral injection
of pCMV-Cx43 (10 pg/tumor) with non-viral vector and a
single intravenous injection of DTX (15 mg/kg) was compared
with a repeated injection of Cx43 alone and a single injection
of DTX alone on PC-3 tumor xenografts. Significant anti-
tumoral effects were observed in mice receiving combined
treatment, compared with DTX alone. The data presented
here provide a rational. strategy for treating patients with
advanced hormone refractory prostate cancer.

Introduction

Prostate cancer is a significant problem and is reported to
be the leading cancer diagnosed in man (1). Cytotoxic
chemotherapy has shown significant palliative benefit in
the treatment of androgen-independent prostate cancer, but
with no survival advantage demonstrated to date (2). Current
chemotherapy is limited by drug tolerance and the ultimate
emergence of resistant disease (3). Novel approaches incor-
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porating potentially more active and less toxic agents that may
overcome drug resistance mechanisms need to be investigated.
Increased understanding of the tumor biology of prostate
cancer offers promise of novel treatments for this disease.
Docetaxel (DTX), a member of the taxane family, is
semisynthesized from an inactive taxoid precursor extracted
from the needles of the European yew, Taxus baccata. DTX
has shown clinical activity in a wide spectrum of solid tumors
including breast, lung, ovarian, and prostate cancers 4.5).
The known basic cellular target of DTX is the microtubule.
Furthermore, DTX down-regulates genes for cell proliferation,

‘mitotic spindle formation, transcription factor, and oncogenesis,

and up-regulates genes related to the induction of apoptosis
and cell cycle arrest in prostate cancer PC-3 and LNCaP cells
6,7).

Connexins (Cxs) are a family of transmembrane proteins
that enable gap junctional intercellular communication (GJIC)
(8). GJIC is one mechanism of growth control that involves
cell-cell contact (9). In general, cancer cells exhibit altered
Cxs expression, with a profile that is often significantly reduced
or undetectable. Connexin 43 (Cx43) and connexin 32 (Cx32)
expressions were reduced in prostate twmor biopsy in contrast
to normal prostate epithelial cells (10-13). Since Cx43 is a
tumor-suppressor gene, Cx43 gene therapy was reported
(14-16). Transfection of Cx43 in human mammary carcinoma
MDA-MB-435 cells (17), human glioblastoma U251 and
T98G cells (16), lung ‘cancer PG cells (18) and prostate cancer
LNCaP cells (19) significantly reduces cell growth in vitro
and/or in vivo. Transfection of Cx43 in human glioblastoma
U251 cells (20) and ovarian carcinoma SKOV-3 cells (21)
increased sensitivity to several chemotherapeutic agents.
However, the effect of transfection of the Cx gene combined
with DTX on prostate tumor PC-3 cells has not been reported
to our knowledge.

In this study, we investigated whether the transfection of
plasmid DNA (pCMV-Cx43) coding for the Cx43 gene by
non-viral vector combined with DTX increased the inhibition
of PC-3 cell growth. A novel combination of pCMV-Cx43
and DTX induced significantly greater growth inhibition in
PC-3 cells and tumor xenografts than DTX alone. This
combination increased apoptosis via the down-regulation of
Bcl-2 expression and up-regulation of caspase-3 activity.

Materials and methods

Cell culture. PC-3 and LNCaP cells were supplied by the Cell
Resource Center for Biomedical Research, Tohoku University.
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PC-3 and LNCaP cells were grown in RPMI-1640 medium
supplemented with 10% heat-inactivated fetal bovine serum
(FBS) and kanamycin (100 pg/ml) at 37°C in a 5% CO,
humidified atmosphere.

Plasmid constructions. Plasmid pCMV-Cx43 encoding the
Cx43 gene under the control of CMV promoter was constructed
as previously described (22). Plasmid pCMV-luc encoding
the luciferase gene under the control of the CMV promoter
was constructed as previously described (23). pGL3-basic
(Promega, Madison, WI) was used as a control plasmid. A
protein-free preparation of the plasmid was purified following
alkaline lysis using maxiprep columns (Qiagen, Hilden,
Germany).

Sensitivity to DTX assay. PC-3 and LNCaP cells were seeded
separately at a density of 1x10* cells per well in 96-well plates
and maintained for 24 h before transfection in RPMI medium
supplemented with 10% FBS. Cells at 30% confluence in
the well were transfected with 0.2 g of pCMV-Cx43 or
pGL3-basic using lipofectamine 2000 (Invitrogen Corp.,
Carlsbad, CA) according to the manufacturer's instructions and
incubated for 24 h. The culture medium was then exchanged to
medium containing various concentrations of DTX (Taxotere,
Sanofi-Aventis, Paris, France) ranging from 0.1 to 1,000 ng/ml
and incubated for another 48 h. In co-transfection, cells were
transfected with 0.2 ug of pCMV-Cx43 or pGL3-basic using
lipofectamine 2000 in medium containing DTX (0.1-1,000 ng/
ml) and incubated for 72 h. The cell number was determined
with WST-8 assay (Dojindo Laboratories, Kumamoto, Japan).

Fluorescent dye transfer. FACS analysis of the GJIC reported
by Robe et al (24) was modified. Briefly, cells grown in 35-mm
dishes were labeled for 1-h incubation with either 5 M calcein-
AM (acetomethylic ester, Dojindo) or 5 uM Dil (Lambda
Probes & Diagnostics, Graz, Austria) in the medium. The
two labeled cells were mixed in equal proportions in 35-mm
dishes and incubated for 12 h. Subsequently, pCMV-Cx43 or
pGL3-basic was transfected into mixed cells in the presence

or absence of 50 yM 18a-glycyrrhethinic acid (18GA, MP

Biomedicals, Germany). After 24-h incubation, the cells were
trypsinized, washed in phosphate-buffered saline pH 7.4
(PBS), and processed for FACS analysis of calcein-AM and
Dil fluorescence with a FACSCalibur flow cytometer as
previously reported (22). Data for 10,000 fluorescent events
were obtained by calcein-AM fluorescence (530/30 nm) and
Dil fluorescence (585/42).

Cell cycle analysis. PC-3 cells were seeded at a density of
1x10¢ cells on 35-mm dishes. Cells were transfected with
pCMV-Cx43 or pGL3-basic in the presence or absence of
10 ng/m! DTX in medium. After 24-h incubation, the cells
were harvested with EDTA after washing with ice-cold PBS.
Detached cells were washed once with ice-cold PBS and
gently suspended in PBS-EtOH (70%) and fixed overnight
at 4°C. For staining, fixed cells were washed once in PBS
and then resuspended in PBS with 50 pg/ml propidium
iodide (PI) and 0.5% RNase A. After 30 min at 37°C, cells
were processed for FACS analysis of PI fluorescence by a
FACSCalibur flow cytometer as described in the above section.
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Western blotting. PC-3 cells were seeded at a density of
1x108% cells on 35-mm dishes. Cells were transfected with
pGL3-basic or pPCMV-Cx43, respectively. Twenty-four hours
after transfection, the culture medium was replaced with
medium containing 10 ng/ml DTX and incubated for 24 h.
Cells were suspended in lysis buffer (1% Triton-X 100 and
protease inhibitor cocktail set III (Calbiochem, Darmstadt,
Germany) in PBS), and then centrifuged at 15,000 rpm for
10 min. The supernatants were resolved on a 15% sodium
dodecyl sulphate-polyacrylamide gel by electrophoresis (SDS-
PAGE) and transferred to a polyvinylidene difluoride (PVDF)
membrane (FluoroTrans® W, PALL Gelman Laboratory, Ann
Arbor, MI). Expression of Cx43, Bcl-2 and B-actin protein
was identified using rabbit anti-Cx43 polyclonal antibody
(Sigma, St. Louis, MO), rabbit anti-Bcl-2 polyclonal antibody
(Stressgen, Canada) or rabbit anti-B-actin polyclonal antibody
(Lab Vision, CA), respectively. Goat anti-rabbit IgG peroxidase
conjugate (Santa Cruz Biotechnology, Inc., Santa Cruz, CA)
was used as the secondary antibody. These proteins were
detected with peroxidase-induced chemiluminescence (Super
Signal West Pico Chemiluminescent Substrate, Pierce).
Optical density of the bands on the film was quantified using
ImageQuant TL (Amersham Biosciences, NJ) with correction
for the optical density of the corresponding B-actin band.

Apoptosis analysis. PC-3 cells were seeded at a density of

1x109 cells on 35-mm dishes. The cells were transfected with
pGL3-basic or pPCMV-Cx43, respectively. Twenty-four hours
after transfection, the culture medium was replaced with
medium containing 10 ng/ml DTX and incubated for 24 h.
Apoptotic cells were detected with an annexin V-FITC
apoptosis detection kit (Sigma) or caspase-3 apoptosis detection
kit (Santa Cruz Biotechnology) according to the manufacturer's
instructions.

Assessment of PC-3 tumor growth. For transfection in vivo,
we prepared cationic nanoparticle (NP) as previously reported
(25). Briefly, NP was formulated using 1 mg/ml cholesteryl-
3B-carboxyamidoethylene-N-hydroxyethylamine (OH-Chol)
as a cationic lipid, and, 5 mol% Tween-80, and was prepared in
10 ml of water by the modified ethanol injection method (25).

Male BALB/c nu/nu mice (6-8 weeks of age) were pur-
chased from CLEA Japan Inc. (Tokyo, Japan). To generate
PC-3 tumor xenografts, 1x107 PC-3 cells suspended in 50 ml
of medium containing 60% reconstituted basement membrane
(Matrigel: Collaborative Research, Bedford, MA) were
inoculated subcutaneously into the flank region of the mice.
Tumor volume was calculated using the formula, tumor volume
= 0.5ab?, where a and b are the larger and smaller diameters,
respectively. When the average volume of PC-3 xenograft
tumors reached 200 mm? (day 0), these mice were selected
for treatment with DTX alone, pGL3-basic, pPCMV-Cx43,
pGL3-basic plus DTX, and pCMV-Cx43 plus DTX. For
transfection into tumors, the nanoplex was formed by the
addition of NP (15.8 ul) to 10 ug of pCMV-Cx43 or pGL3-
basic with gentle shaking and standing at room temperature
for 10 min. Nanoplexes of 10 pg plasmid per tumor were
directly injected into xenografts on days 0 and 1. DTX at a
dose of 15 mg/kg was injected i.v. on day 0. Tumor volume
was measured on days 0, 3, 6,9, 11, 13, 15. On day 15, all
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Figure 1. Cx43 expression and GJIC transfected with pCMV-Cx43 in PC-3
cells. (A) Western blot analyses of Cx43 in the cells 24 h after transfection
with pCMV-Cx43 or pGL3-basic. (B) Effect of Cx43 transfection on gap
junctional intercellular communication (GJIC) analyzed by flow cytometry.
Calcein-AM-labeled cells were mixed with Dil-labeled cells, and transfected
with pCMV-Cx43 or pGL3-basic. Cells were incubated for 24 h in the
presence or absence of 50 M 18GA.

mice were sacrificed after anesthetization by i.m. injection of
pentobarbital (Nembutal, Dainippon Pharmaceutical Co.,
Ltd., Osaka, Fapan), and the tumor weights were measured.
The data are shown as the mean + SE. Animal experiments
were conducted with ethical approval from our institutional
animal care and use committee.

Statistical analysis. The statistical significance of the data
was evaluated with Student's t-test. A P<0.05 was considered
significant.

Results

Effect of Cx43 expression on PC-3 cells. We initially charac-
terized the expression of Cx43 in PC-3 cells. In this study,
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we used pGL3-basic as a control plasmid. Cx43 expression was
observed strongly in pCMV-Cx43-transfected cells, but weakly
in pGL3-basic-transfected cells (Fig. 1A). Next, we examined

 whether the transfection of pCMV-Cx43 induced growth

inhibition in the cells. Seventy-two hours after transfection,
Cx43 expression did not significantly induce a suppressive
effect in PC-3 cells (data not shown).

To investigate whether the expression of Cx43 protein by
pCMV-Cx43 caused the formation of gap junctions, we
assessed the transfer of calcein-AM, a cytoplasmic dye that
crosses gap junctions, in co-culture with calcein-AM-loaded
cells and cells marked with Dil, a non-diffusible membrane
fluorescent dye, by FACS analysis. As shown in Fig. 1B, GJIC
(%) was not significantly increased in pCMV-Cx43-transfected
cells compared with pGL3-basic-transfected cells. Moreover,
pCMV-Cx43-transfected cells treated with 18GA, GJIC
inhibitor did not decrease either the GJIC (%) compared with
pGL3-basic- or p>CMV-Cx43-transfected cells (Fig. 1B).

In vitro sensitivity of DTX. To evaluate the in vitro growth
inhibitory effect of combination therapy of Cx43 and DTX,, the
WST-8 assay was initially performed. When PC-3 cells were
transfected with pGL3-basic or pPCMV-Cx43 in the presence of
DTX, pCMV-Cx43-transfected cells (ICs, = 1.1 ng/ml) showed
53-fold higher sensitivity to DTX than pGL3-basic-transfected
‘cells (ICs, = 58.7 ng/ml) (Fig. 2A). However, when PC-3
cells were treated with DTX 24 h after the transfection of
pGL3-basic or pCMV-Cx43, pCMV-Cx43-transfected cells
(IC5 = 1.4 ng/ml) showed 279-fold higher sensitivity to
DTX than pGL3-basic-transfected cells (ICs, = 390.0 ng/ml)
(Fig. 2B). When PC-3 cells were transfected with pCMV-Cx43
24 h after treatment with DTX, cytotoxicity could not be
evaluated since cells were almost dead even at 1 ng/ml of
DTX (data not shown). Therefore, in subsequent in vitro
experiments, the cells were treated with DTX 24 h after
transfection of pCMV-Cx43.

A (pCMV-Cx43 + DTX) (72 h) B pCMV-Cx43 (24 h) —DTX (48h)
120 —o— pGL3-basic 120 * Lo pGL3-basic
~— pCMV-Cx43 —e— pCMV-Cx43
1007 1005
S sof £ s0f
E £ 60f
Z 60 :
& 40 é 40¢ \if,,,,&
20 207 -
0 Ly ) . ) B ol : . . s
0 01 1 10 100 1000
0 01 1 10 100 1000
DTX (ng/ml) DTX ( ng/ml)
pGL3-basic 58.7 100.0 pGL3-basic 390.0 100.0
pCMV-Cx43 1.1 1.8 pCMV-Cx43 1.4 0.4

Figure 2. Concentration-dependent effect of DTX on cytotoxicity in Cx43-transfected cells. (A) Cells were transfected with 0.2 pg of pCMV-Cx43 or pGL3-
basic in the presence of DTX and incubated for 72 h. (B) PC-3 cells were transfected with pCMV-Cx43 or pGL3-basic for 24 h. After incubation, cells were
treated with various concentrations of DTX and incubated for another 48 h. The number of viable cells was determined by WST-8 assay. n=3 for each sample.

*p<0.01; compared with pGL3-basic.
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Figure 4. Decrease of Bcl-2 expression in PC-3 cells by combination therapy
of Cx43 and DTX. Cells were transfected with pGL3-basic or pCMV-Cx43
for 24 h. Culture medium was replaced with medium containing of 10 ng/ml
DTX and incubated for another 24 h. Bcl-2 expression was examined by
Western blot analyses, quantified using densitometry.

We next assessed the effect of pCMV-Cx43 and DTX on
the cell cycle 24 h after transfection into PC-3 cells by flow
cytometric analysis. Transfection of pCMV-Cx43 into the
cells did not affect the cell cycle (Fig. 3A and B), but DTX
caused an increase in G,/M populations (53.1%) (Fig. 3C).
Co-transfection of pCMV-Cx43 with DTX resulted in
substantial accumulation in G, (58.4%) populations (Fig. 3D).

Effect of Bcl-2 expression and apoptosis activity on PC-3
cells. Recently, it has been reported that transfection of Cx

down-regulated the levels of Bcl-2 (20,26,27). Therefore, to
investigate whether transfection with pCMV-Cx43 and/or
treatment with DTX affected Bcl-2 expression in PC-3 cells,
we examined the levels of protein expression of Bcl-2 in the
cells by Western blotting. Either pCMV-Cx43-transfection or
DTX treatment down-regulated the levels of Bcl-2 (Fig. 4).
Moreover, pCMV-Cx43-transfected cells treated with DTX
exhibited the most down-regulated level of Bcl-2 compared
with pGL3-basic-transfected cells (Fig. 4).

Next, we examined the apoptotic effect in cells transfected
with Cx43 and/or treated with DTX by annexin V assay. As
shown in Fig. 5SA, pCMV-Cx43 transfection or treatment
with DTX increased apoptosis in the cells compared with
pGL3-basic transfection. Moreover, the incidence of apoptosis
was highest in pCMV-Cx43-transfected cells treated with
DTX.

To investigate the apoptosis mechanism by combination
therapy of Cx43 and DTX, we measured caspase-3 activity.
As shown in Fig. 5B, caspase-3 activity in pCMV-Cx43-
transfected cells, pGL.3-basic-transfected cells with DTX and
pCMV-Cx43-transfected cells with DTX was 1.6-, 1.4- and
2.0-fold higher than that in pGL3-basic-transfected cells,
respectively. Forced expression of Cx43 in the cells induced
significantly more up-regulation of caspase-3 activity than
either treatment alone. These results suggest that the constitutive
expression of Cx43 may play a role in the enhancement of
apoptosis by chemotherapeutic agents.

Synergistic inhibition of the growth of PC-3 tumor xenografts.
The efficacy of combination therapy of Cx43 and DTX in
inhibiting the growth of subcutaneous PC-3 tumors was
evaluated. We previously reported that NP could efficiently
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deliver DNA into PC-3 xenografts (28). Therefore, we used
NP as a DNA transfection vector for in vivo experiment. The
anti-tumor effect was evaluated by direct injection of the
nanoplex of pPCMV-Cx43 or pGL3-basic into the xenografts
once a day on two occasions (day 0 and 1) following one i.v.
injection of DTX (day 0) according to a previous report on
in vivo combination gene therapy with DTX (29). No
significant decrease in tumor weight was observed in mice
treated with pCMV-Cx43 (Fig. 6B). A growth inhibitory
effect was observed in mice treated with DTX alone or
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Figure 6. In vivo combination therapy of PC-3 tumor xenografts with Cx43
and DTX in mice. When the average volume of PC-3 xenograft tumors
reached 200 mm? (day 0),.these mice were selected for treatment with DTX
alone, pGL3-basic, pCM\\/—.'Cx43, pGL3-basic plus DTX and pCMV-Cx43
plus DTX. Nanoplexes of 10 pg plasmid per tumor were directly injected
into xenografts on days 0 and 1. DTX at a dose of 15 mg/kg was injected i.v.
on days 0. Tumor volume (A) was measured on days 0, 3, 6, 9,11, 13, 15.
On day 15, all mice were sacrificed, the tamor weight (B) was measured and
macroscopic tumor appearance (C) was evaluated. Data are shown as the
mean = SE (A) or mean % SD (B). n=4 for each group. "p<0.05.

pGL3-basic plus DTX compared with control mice (Fig. 6A
and B). pGL3-basic plus DTX exhibited a similar tumor
suppressive effect with DTX alone, indicating that DNA
transfection did not increase tumor growth inhibition. A
significant growth inhibitory effect was observed in combi-
nation therapy of pCMV-Cx43 and DTX compared with
DTX alone (Fig. 6A and B). A comparison of tumor weight
and the appearance after excision also demonstrated that
tumor growth was attenuated in mice treated with pCMV-Cx43
and DTX (Fig. 6B and C).
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Discussion

The limited efficacy of cytotoxic chemotherapy remains a
major problem in the treatment of advanced hormone-refractory
prostate cancer (30); therefore, novel cancer gene therapy
needs to be developed. In this study, we found that Cx43
expression in PC-3 cells significantly enhanced DTX cyto-
toxicity through down-regulation of Bcl-2 expression and
activation of the apoptosis pathway. Furthermore, the combi-
nation of non-viral Cx43 gene therapy and DTX significantly
suppressed the growth of tumor xenografts compared to DTX
alone. This is the first report to highlight that the expression of
Cx43 in association with DTX has potential as a tumor
growth inhibitor.

Dysregulation of Cx expression is thought to be asso-
ciated with carcinogenesis; however, there is relatively little
information regarding the mechanism of altered Cx expression
in prostate cancer. The tumor-suppressing effects of Cx genes
largely depend on the Cx species and the cell types used (31).
Transduction of Cx32 and Cx43 by retroviral gene transfection
into the Cx-deficient prostate cancer cell line LNCaP produced
growth inhibition in vitro and in vivo, and cell differentiation
associated with gap junction formation (19). Transduction of
Cx26 by adengviral gene transfection into LNCaP and PC-3
cells produced growth inhibition by a GJIC function (26).
Regarding Cx43, the expression of Cx43 in PC-3 cells could
not form gap junctions (32). In our study, the transfection of
pCMV-Cx43 into PC-3 cells exhibited neither the inhibition of
cell growth nor increased GJIC (Fig. 1); however, transfection
into the cells increased apoptotic cells and caspase-3 activity
(Fig. 5). Cx43 expression in PC-3 cells might regulate
apoptosis via a GJIC-independent mechanism.

Combination therapy of Cx43 and DTX was significantly
more cytotoxic when cells were treated with DTX 24 h after
Cx43 transfection compared with treatment with DTX and
transfection at the same time. It suggested that Cx43 expression
24 h after transfection affected sensitivity to DTX. We also
found that combination therapy 72 h after transfection increased
growth inhibition in LNCaP cells (IC,, for DTX = 32 and
4.2 ng/ml in pGL3-basic- and pCMV-Cx43-transfected cells,
respectively) (data not shown). Combination therapy using
the Cx gene and chemotherapeutic agents for cancer has been
reported. Cx43 transfected into human glioblastoma cells (20)
and ovarian carcinoma cells (21) led to the down-regulation
of Bcl-2 and increased sensitivity to paclitaxel and doxorubicin.
In our study, DTX treatment caused an increase in G,/M
populations into PC-3 cells (Fig. 3C), and also induced the
down-regulation of Bcl-2 expression and up-regulation of
caspase-3 activity in PC-3 cells (Figs. 4 and 5). This finding
corresponds with previous reports that DTX induced the
down-regulation of Bcl-2 expression in prostate tumor LNCaP
and PC-3 cells (33,34), and that down-regulation of Bcl-2
expression by Bcl-2 antisense activated caspase-3 activity in
PC-3 cells (35). Combination therapy of pCMV-Cx43 and
DTX increased G,/M populations, enhancing down-regulation
of Bcl-2, and growth inhibition in vitro more than DTX
alone.

The combination of repeated intratumoral injections of
pCMV-Cx43 (10 pg/tumor) with non-viral vector and a single
intravenous injection of DTX (15 mg/kg) was compared with
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a repeated injection of Cx43 alone and a single injection of
DTX alone in PC-3 tumor xenografts. Significant antitumoral
effects were observed in mice receiving combined treatment,
compared with DTX alone. The efficacy in vivo might result
from direct effects of Cx43 on inducing apoptosis and
indirect effects on enhancing the cytotoxicity of DTX by
down-regulating Bcl-2. It has been reported that paclitaxel
increased the transfection efficiency of cationic liposome
by inhibiting targeting endosomes to lysosomes (36,37).
Therefore, using the combined lipid-mediated transfection of
genes with DTX for cancer gene therapy might be a powerful
technique due to the effect of enhanced gene expression.
Inhibiting Bcl-2 expression by Cx43 in prostate cancer cells,
which could restore their sensitivity to chemotherapeutic
agents, would be a new therapeutic strategy against prostate
cancer.

From a clinical point of view, the doses of DTX used in
the combined strategy will be minimal, and will prevent
significant toxicity due to DTX. Low doses of DTX can thus
be administered in humans for a prolonged period of time,
or alternatively, a shorter duration of combined treatment
may be administered without loss of effectiveness. Enforced
expression of Cx43 increased sensitivity for DTX via the
down-regulation of Bcl-2 expression in PC-3 cells. Combining
non-viral Cx43 gene therapy with DTX resulted in greater

‘growth suppression of PC-3 in vitro and in vivo. The data

presented here provide a rational strategy for treating patients
with advanced hormone refractory prostate cancer. '
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Abstract

To improve its aqueous solubility and stability in biological fluid, CPT was physically loaded in polymeric micelles. Polymeric micelles were
composed of various poly(ethylene glycol)—poly(aspartate ester) block copolymers (PEG-P(Asp(R))). The incorporation and circulation stability
- of CPT micelles were evaluated by measuring the CPT in micelle using gel-permeation chromatography and by CPT concentration measurement
after intravenous injection using HPLC, respectively, in terms of chemical structure of block copolymers. The stability of CPT-loaded micelles in
vivo depended on the amount of benzyl esters, and length of PEG in the polymers to a greater degree than it did in vitro. A stable formulation of
CPT-loaded micelles was obtained using PEG-P(Asp) with PEG of 5000 (MW), 27 Asp units, and 57-75% benzyl esterification of Asp residue.
This CPT-loaded micelies showed about a 17-fold lower blood clearance value than unstable micelles. The CPT-loaded micelles are potentially
delivered to tumor sites owing to an extended circulation in the blood stream.
© 2005 Elsevier B.V. All rights reserved.

Kevwords: Camptothecin; Polymeric miccllcis: Long circulating; In vivo stability

1. Introduction

Camptothecin (CPT) is a naturally occurring cytotoxic alka-
loid isolated from the Chinese plant Camptotheca accuminata
(Wall et al., 1966). CPT and some of its analogs have shown a
broad spectrum of antitumor activity against many solid tumors
in xenografts (Giovanella et al., 1989, 1991). CPT inhibits the
enzyme DNA topoisomerase I, initially by noncovalent bind-
ing and subsequently by stabilization of the complex through
a nucleophilic attack by the enzyme at the acyl position of the
CPT lactone ring (Hertzberg et al., 1989). In early clinical trials,
CPT was formulated as a water-soluble CPT-Na™ (Moertel et al.,
1972). However, it was later reported that the lactone E-ring is
important for cytotoxicity and that the open-ring carboxylated

* Corresponding author. Tel.: +81 3 5498 5048; fax: +81 3 5498 5048.
E-mail address: yoshic@hoshi.ac.jp (Y. Maitani).

0378-5173/% — sce front matter © 2005 Elsevier B.V. All rights rescrved.
doi:10.1016/.ijpharm.2005.10.030

CPT-Na" is inactive. The lactone of CPT is converted to carboxy-
late in a pH-dependent equilibrium (Fig. 1) (Fassberg and Stella,
1992). To overcome the solubility and stability problems of CPT,
several approaches have been investigated. Water-soluble CPT
analogs have been prepared but the majority of them were less
potent in assays both in vitro and in vivo than the parent drug
(Wall and Wani, 1995). Therefore, the development of adequate
drug carriers is gaining increasing attention. These include meth-
ods such as conjugation to polymers (Zamai et al., 2003; Singer
et al., 2001), intercalation into liposomes (Burke et al., 1992;
Cortesietal., 1997), solubilization in microemulsions (Cortesi et
al., 1997), formation of inclusion complexes with cyclodextrins
(Kangetal., 2002) and entrapment in microspheres (Shenderova
et al., 1999; Tong et al., 2003). However, concerning long cir-
culation carriers of CPT in blood stream, there was not enough
information.

Drug carriers with longer retention time in the blood
stream can be delivered to solid tumors site by a passive
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Fig. 1. The structure of camptothecin and equilibrium reaction between the active form and inactive form.

targeting mechanism based on the enhanced permeability
and retention effect (EPR effect) (Matsumura and Maeda,
1986; Maeda, 2000; Maeda et al., 2000). Recently, anti-
tumor drug targeting using polymeric micelle carrier sys-
tems was achieved with doxorubicin (adriamycin, ADR) using
poly(ethylene glycol)—poly(aspartate derivative) block copoly-
mer PEG-P(Asp(R)) (Yokoyama et al., 1987, 1990, 1991, 1998).
As a result of selective delivery to tumor site by the EPR effect,
dramatically enhanced antitumor effects were obtained in vivo
(Yokoyama et al., 1999). In this system, ADR was chemically
conjugated to the aspartic acid residue of the block copolymer
as hydrophobic species for micelle formation and enhance the
physical incorporation of ADR in the inner core. However, the
‘chemically conjugated ADR did not play a role in the expres-
sion of anticancer activity (Yokoyama et al., 1999, 1998). Only
the physically incorporated ADR expressed selective anticancer
activity by being recruited to solid tumor sites.

In previous studies, we reported polymeric micelle system
for incorporation of CPT, in which CPT incorporation efficiency
and CPT-loaded micelles stability were improved by modifica-
tion of a hydrophobic segment of the PEG-P(Asp) (Yokoyama
et al.,, 2004; Opanasopit et al., 2004). Chemical structure of
block copolymers would largely influence to the stability of
polymeric micelles in blood stream. In this study, the in vivo
circulation stability of CPT-loaded micelles was evaluated in
terms of copolymer composition (PEG length, Asp unit number,
ester groups, and esterification degree) and feeding ratio of the
drug to copolymer, and compared with incorporation stability of
CPT. CPT-loaded micelles with a stable copolymer composition
enhanced the circulation time of CPT in the blood stream, which
will contribute to recruitment to solid tumor sites.

2. Materials and methods
2.1. Materials

Poly(ethylene glycol}poly(B-benzyl vr-aspartate) block
copolymer (PEG-PBLA) was synthesized as described
previously (Yokoyama et al, 1992). (s)-(+)-CPT was
purchased from Aldrich Chem. Co. (Milw.,, WI, USA).
1,8-Diazabicyclo[5,4,0]7-undecene (DBU), high performance
liquid chromatography (HPLC) grade acetonitrile and triethy-
lamine acetate were purchased from Wako Pure Chemicals,
(Tokyo, Japan). N,N-dimethylformamide (DMF) was dried over
a molecular sieve (4A), and distilled under reduced pressure.
Other chemicals were of reagent grade.

2.2. Synthesis of diblock copolymers (PEG-PBLA and its
derivatives)

Poly(ethylene glycol}—poly(B-benzyl vr-aspartate) block
copolymer (PEG-PBLA) was synthesized by ring-opening
polymerization of benzyl L-aspartate N-carboxy anhydride
from a terminal primary amino group of o-methyl-w-amino-
poly(oxyethylene), and poly(ethylene glycol)-poly(aspartic
acid) block copolymer (PEG-P(Asp)) was obtained by alkaline
hydrolysis of PEG-PBLA as reported previously (Yokoyama

_etal., 1992). Briefly, PEG-PBLA was dispersed in a measured

volume of 0.5N NaOH that contained 1.5 mol. equivalents of
NaOH to the benzyl aspartate residue of PEG-PBLA. With stir-
ring at room temperature, the solution became homogeneous in
approximately 15 min. Then, 6N HCl was added (10 mol. equiv-
alents of HCl to the benzyl aspartate residue) to the solution, and
this solution was dialyzed against 0.1N HC], followed by dis-
tilled water using a SpectraPor®-6 dialysis membrane (MWCO:
1000). PEG-P(Asp) block copolymer was obtained by freeze-
drying the dialyzed solution.

Esterification of the aspartic acid residues was achieved
through nucleophilic substitution of the carboxyl group with
a halogen compound using 1,8-diazabicyclo [5,4,0] 7-undecene
(DBU) as a catalyst, as reported previously (Opanasopit et al.,
2004). PEG-P(Asp) block copolymer was dissolved in DMF and
added to a halogen compound or a mixture of two halogen com-
pounds (benzyl bromide, n-butyl bromide, or lauryl bromide)
and DBU. The reaction mixture was stirred at 50 °C for ca. 16 h.
Then, it was poured into a 10-fold volume excess of diethyl
ether, and the precipitated polymer was collected by filtration,
followed by washing with diethyl ether and drying. In order to
remove DBU from the polymer products, polymers were dis-
solved in DMSO and added to 6N HCI that was much excess
equivalents to the aspartic acid residue of the block copoly-
mer. Then, this solution was dialyzed against distilled water,
and freeze-dried.

Ester contents of the block copolymers were determined in
'H NMR spectra by comparing the methylene protons of the
hydrophilic PEG block and protons of the hydrophobic moieties
of the poly(aspartate) block.

2.3. Preparation of CPT-loaded micelles and CPT solution

CPT was incorporated into polymeric micelles by an evapo-
ration method as reported previously (Opanasopit et al., 2004).
Briefly, CPT (0.05, 0.1, 0.2, or 0.4 (CPT/polymer, w/w)) was
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dissolved in a mixture of chloroform (1 ml per 1mg CPT)
and acetonitrile (0.67ml per 1 mg CPT), and added to Smg
of block copolymer. The solvent was removed by evapora-
tion in a nitrogen gas flow. Then, 3ml of distilled water
was added and sonicated for 2 min using a probe type son-
icator model VC 100 (Sonics & Materials Inc., Newtown,
Connecticut, USA) equipped with a standard 6 mm probe
in a cycle of sonication for 0.5s and standby for 0.5s at
80°C. The solution obtained was centrifuged at 1400 x g for
10 min. Subsequently, the supernatant was collected and fil-
tered through a 1 wm pore-sized nylon filter (Puradisc 25NYL,
6751-2510, Whatman, Clifton, New Jersey, USA). CPT-loaded
polymeric micelles were kept in a freezer at —20 °C until animal
experiments.

The CPT solution was prepared by dissolving CPT (13 mg) in
50 mi of polyethylene glycol 400, propylene glycol and polysor-
bate 80 (40:50:2, volume ratio) (Yang et al., 1999).

2.4. Determination of CPT content and particle size of
micelles

CPT-loaded micelles were dissolved in a mixture of
DMSO:H,O (9:1). The amount of CPT incorporated into
polymeric micelles was determined by UV-vis absorption at
365nm. The incorporation efficiency was calculated as the
percentage share of the initial drug used in the preparation
for incorporation into the micelles. The mean particle diame-
ters were determined using a dynamic light scattering particle
size analyzer (DLS-7000, Otsuka Electronics, Osaka, Japan)
at 25 °C by diluting dispersion to an appropriate volume with
water.

2.5. Incorporation stability of CPT-loaded micelles
evaluated by GPC '

The incorporation stability of CPT-loaded micelles was eval-
uated by gel-permeation chromatography (GPC) as described
previously (Yokoyama et al., 1994). GPC was carried out
using a Tosoh HPLC system SC-8010 equipped with a Tosoh
TSKgel G3000PWyx column. Distilled water was used as
the eluent at a flow rate of 1 ml/min at 40°C. Sample solu-
tions (50 wl) were injected into the column. The detection
was performed by measuring absorption at 351 nm for CPT
using a Tosoh UV-8010 detector and a refractive index (RI)
detector for polymers. A micelle peak was observed at the
gel-exclusion volume. GPC with UV detection allowed us to
evaluate the nature of the polymeric micelles obtained and
the degree of drug incorporation. The peak area detected by
UV absorption represents the amount of CPT loaded into the
micelles. Therefore, the ratio of the micelle peak area/CPT
concentration of the injected sample [CPT] was evaluated as

the incorporation stability of CPT-loaded micelles. The small -

values of the peak area/{CPT] means that most of the CPT
was adsorbed to the GPC column by hydrophobic interac-
tions due to unstable packaging of CPT in the micelles. When
this ratio was large, CPT was more stably incorporated into
micelles.

2.6. Measurement of CPT concentration in plasma

CPT-loaded micelles were intravenously (i.v.) administered
to male ddY mice (weighing 18-20 g, Tokyo Laboratory Ani-
mal Science Co., Ltd., Tokyo, Japan) via lateral tail veins at a
dose of 2.5 mg/kg. For each sampling point, three mice were
injected with CPT-loaded micelles. At various time points after
the administration, approximately 1 ml of blood was withdrawn
using a heparinized syringe and centrifuged at 15,300 x g for
4 min to obtain the plasma. Immediately after that, 0.15 M aque-
ous phosphoric acid was added to the plasma and mixed vigor-
ously (Onishi et al., 2003). CPT was extracted with chloroform:
methanol (4:1 volume ratio). After centrifugation of the mixture
at 15,300 x g for 4 min, 25 pl of the chloroform: methanol layer
was directly injected into the HPL.C system to determine the con-
centration of CPT. This operation gave the total concentration
of free and incorporated CPT in micelles.

The HPLC analysis was performed at room temperature.
A Shimadzu LC-10AT (Shimadzu Corp., Japan) apparatus
equipped with a Shimadzu RF-10Ax;, fluorescence detector in
which the excitation and emission wavelength was set at 369
and 426 nm, respectively, was used. A Tosch TSK-gel ODS-
80Ts column (150 mm x 4.6 mm i.d.) was also used. The mobile
phase was composed of 23:77 (v/v) acetonitrile~triethylamine
acetate buffer (1% (v/v) adjusted to pH 5.5 with glacial acetic
acid), and the flow rate was set at 1 ml/min (Warner and Burke,
1997). The areas under the concentration curve (from 0 to 24 h;
AUC) were calculated using the trapezoid method.

2.7. Statistical analysis

The results were analyzed statistically using the Student’s
t-test. When comparisons between groups yielded a value for
P<0.05, the difference between those groups was considered
significant.

3. Results and discussion
3.1. Characterization

Polymeric micelles with a particle diameter of less than
100 nm and a PEG-coated surface have been found to well avoid
entrapment by the reticuloendothelial system (RES) and to well
leak in diseased areas with highly permeable blood vessels,
resulting in passive targeting to the diseased sites (Yokoyama
etal., 1993; Kwon et al., 1994); this is known as the EPR effect.
In order to sufficiently acquire this EPR effect, we examined the
effect of various polymers on the CPT incorporation stability and
evaluated the pharmacokinetic profile of CPT-loaded micelles.

Chemical structure of poly(ethylene glycol)}-poly(aspartate
ester) block copolymer (PEG-P(Asp(R))) is shown in Fig. 2.
The block copolymers are coded by the chain lengths of
both blocks, the name of the hydrophobic group, and the
degree of esterification as summarized in Table 1. For exam-
ple, 5-27 Bz44 represents a block copolymer composed
of a PEG block of molecular weight 5000 and a P(Asp)
block possessing 27 units of aspartic acid, in which 44%
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H3C—<OCHZCH2'}Y?H2—NH —(COC(HNH %;{COCHZClHNH %—H

CH,COOR' Coor

R=Ror H

Fig. 2. Chemical structure of poly(ethylene glycol)-poly(aspartate ester) block copolymer (PEG-P(Asp(R))).

Table 1

Poly(ethylene glycol}-poly(aspartate ester) diblock copolymers (PEG-
P(Asp(R)))

Table 3
Effect of PEG length (5000 or 12,000) and Asp unit (27 or 50) on stability of
CPT-loaded micelles at a feeding ratio (CPT/polymer) of 0.4 (w/w)

Code PEG Asp® ester  Ester (R) Esterification Code Peak area/[CPT]? % Injected dose in
(MW)  (x+yunit) (%) plasma after 4h®

5-27 Bz44 5000 27.1 Benzyl 44 5-27 Bz75 46.5 93+ 1.8

5-27 Bz57 5000 27.1 Benzyl 57 12-25 Bz71 26.5 26+ 0.6

5-27 Bz75 5000 27.1 Benzyl 75 5-52 Bz74 86.1 6.7 £ 0.5

5-52 Bz74 5000 52.0 Benzyl 74 12-50 Bz63 21.9 224+04

12-25 Bz71 12000 27.1 Benzyl 71 CPT-solution® - 0.04 & 0.03

12-50 Bz63 12000 50.0 B 1 63

527 n-BZuG +Bz57 5000 27.1 r:gftyyl +benzyl 6+57 2 Incorporation stability; peak area, evaluated by GPC, was divided by CPT

5-27Laus+Bz58 5000 27.1 Lauryl+benzyl  5+58 concentration in micelles {CPT] (2= 1-2).

2 Asp: aspartate.
p: aspi

of the aspartic acid residues are esterified with a benzyl
_group.

3.2. Ester groups of polymers

To determine the structural requirements for stability, poly-
mers with three kinds of ester groups were synthesized. The
incorporation of CPT into polymeric micelles was successfully
achieved by the evaporation method which provided high CPT
yields (Opanasopit et al., 2004). Table 2 shows the effect of ester
groups (benzy! and mixture (benzyl+ lauryl, benzyl + n-butyl))
on the entrapment efficiency, incorporation stability evaluated
by GPC and the % injected dose in plasma after 4h. When
the ratio of micelles peak area/CPT concentration [CPT] was
large, the CPT incorporated into the micelles was more stable.
CPT micelles of these three ester groups showed similar stability
in vitro, but not in vivo. Benzyl polymeric micelles suggested
a longer circulation time than n-butyl and lauryl ones in spite
that the mixture had a more hydrophobic inner core than ben-
zyl. This implies that not only hydrophobicity but also physical
factors such as rigidity and w— interactions of the inner core-
forming block contributed to the incorporation, since the lauryl
ester (C12) is more hydrophobic than the benzyl ester (C7).

Table 2

b Results at a dose of 2.5 mg/kg are given as the mean £ S.D. (n=3).

¢ CPT was dissolved in polyethylene glycol 400:propylene glycol: Tween
80 =40:58:2 (volume ratio).

4 Not done.

PEG-PBLA can be handled as benzyl-100% because its aspar-
tic acid residues were fully benzylated. However, in the stability
assay using GPC, PEG-PBLA micelles provided much lower
incorporation stability than the benzyl-57% block copolymer.
This indicates that the conformation and/or configuration of the
hydrophobic inner core-forming polymer block contributes to a
stable incorporation by providing the appropriate space for CPT.

3.3. PEG length and Asp unit of polymers

To determine the contribution of PEG length and Asp unit
to the micelles’ stability, four polymeric micelles of Bz with
different combinations of PEG length (5000 or 12,000) and Asp
units (27 and 50) were prepared (Table 3). Compared with the
CPT solution as a control, at both 27 and 50 Asp units, CPT
micelles of PEG 5000 showed a longer circulation than those of
PEG 12,000 in vivo.

An increase in the chain length of a hydrophobic block at a
given chain length of a hydrophilic block causes a decrease in
the critical micelle concentration (CMC) (Leibler et al., 1983).
In contrast, the ADR-loaded PEG-P(Asp(ADR)) micelles, pos-

Effect of ester group of polymer 5-27 (PEG 5000-Asp unit 27) on stability of CPT-loaded micelles at a feeding ratio (CPT/polymer) of 0.1 (w/w)

Code Esterification (%) of diblock copolymer Entrapment efficiency (%)* Peak area/[CPT]P % Injected dose in plasma after 4 h¢
5-27 n-Bu6 +Bz57 n-Bu 6+ Bz57 37.8 58.1 0.15+£0.08
5-27 Lau5+Bz58 Lauryl 5+ Bz58 475 48.3 0.0740.03
5-27 Bz57 Bz57 88.6 553 7.6£0.8
PEG-PBLA Bz100 67.7 1.5 -
2 p=1-2.

b Incorporation stability; peak area, evaluated by GPC, was divided by CPT concentration in micelles [CPT] (n=1-2).

¢ Results ata dose of 2.5 mg/kg are given as the mean = S.D. (n=3).
4 Not done.
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sessing a longer hydrophilic PEG chain and a shorter hydropho-
bic P(Asp(ADR)) chain circulated longer in blood (Kwon et
al., 1993, 1994), accumulated more in tumors (Kwon et al.,
1994), and showed greater antitumor activity (Yokoyama et al.,
1993). This is a reversed relationship estimated from the CMC
phenomenon of block copolymers. This implies that dynamic
stability of the polymeric micelles that is defined with a dis-
sociation constant of the micelle structure is more important
in vivo than static micelle stability that is defined with CMC
values. In this study, at a similar number of the Asp units, the
micelles possessing PEG 5000 was found to be more stable than
those possessing PEG 12,000 in blood circulation. This fact was
opposite to the ADR case. More detailed study is required to
elucidate the relationship between in vivo stability and compo-
sitions of polymeric micelles by more quantitatively evaluating
strength and nature (e.g., degree of contribution of m—m inter-
action) of interactions utilized for micelle formation and drug
incorporation.

3.4. Benzyl ester content in micelles

For the ADR-loaded polymeric micelle system, a larger
amount of the chemically conjugated ADR (63 mol% with
respect to the aspartic acid residue of the block copolymer)
provided more stable circulation in blood of the physically
entrapped ADR that exhibited targeted anti-tumor activity than
a smaller amount case (41 mol%). In the present study, to deter-
mine the contribution of esterification to micelle stability, three
kinds of 5-27 micelles with different amounts of Bz were pre-
pared. The mean particle sizes of 5-27 Bz44, Bz57 and Bz75
were 275.8,182.7 and 196.1 nm, respectively. The effect of ester-
ification of 5-27 Bz on the stability of CPT-loaded micelles at
a feeding ratio (CPT/polymer) of 0.4 (w/w) was examined by
GPC and by measuring the % injected dose in plasma after 4 h
(Fig. 3). When the benzy! ester content was increased from 44
to 75%, the stability of polymeric micelles was similar in vitro,
but CPT-loaded micelles of 5-27 Bz44 showed poor circulation
stability. CPT-loaded micelles were able to maintain stability in
vivo on esterification of more than 57% of the polymer. As show-
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Fig. 3. Effect of esterification of 5-27 Bz on stability of CPT-loaded micelles
at a feeding ratio (CPT/polymer) of 0.4 (w/w). The ratio of peak area/[CPT]
indicated the incorporation stability of CPT-loaded micelles. Percentage injected
dose represents the mean = S.D., n=3. *P <0.05; compared with 5-27 Bzd4,

ing Table 2, PEG-PBLA (Bz100%) micelles were not stable
in in vitro. Therefore, stable micelle formulation was obtained
when the esterification ratio of Bz was appropriate (57-75%).
This finding corresponded well that CPT release rate from the
micelles for PEG-PBLA or 5-27 Bz44 was faster than that for
5-27 Bz75, when incubated in PBS at 37°C (Opanasopit et
al., 2004). The result suggested that the contribution of m—r
interaction between aromatic groups of CPT molecules could
be maintained, when the degree of esterification of Bz was more
than 57%.

3.5. Feeding ratio of CPT/polymer in micelle

To investigate the influence of feeding ratio on the micelle
characteristics, CPT-loaded polymeric micelles were prepared
at- the different feeding ratio (0.05, 0.1, 0.2 and 0.4 (w/w)).
Fig. 4 shows the entrapment efficiency, mean particle size, and
the incorporation and circulation stability of CPT-loaded 5-27
Bz57 polymeric micelles, respectively. Regardless of feeding
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Fig. 4. Effect of feeding ratio (CPT/5-27 Bz57 polymer, w/w) on entrapment efficiency, particle size (A), and the incorporation (peak area/{CPT]) and circulation
stability of CPT-loaded micelles (B). Particle size and % injected dose represent the mean+8.D., n=3. ’
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ratio of CPT/polymer, obtained CPT-loaded micelles showed
similar particle size (150-200 nm) and stability of in vitro and
in vivo (5~10% injected dose after 4 h). CPT-loaded 5-27 Bz57
micelles were stable in vivo even if the amount of CPT in
the polymer was increased. In the case of ADR-loaded poly-
meric micelles, 21 w/w% ADR was physically incorporated
whereas intact ADR, having antitumor activity, accounted for
only 5w/w% (Yokoyama et al., 1999). The feeding ratio of
0.4 (w/w) CPT/polymers corresponds to more than 20 w/w% of
CPT in obtained micelles, where CPT was incorporated in the
active lactone form (>95%). Therefore, this system will be able
to deliver a massive amount of intact drug to the targeted site.

3.6. Plasma concentration—time profiles

As a stable formulation of CPT-loaded micelle was obtained
using the polymer with 57-75% Bz esterification at a feeding
ratio (CPT/polymer) of 0.4 (w/w), the plasma pharmacokinetics
of the CPT-loaded 5-27 Bz63 polymeric micelles was compared
with unstable formulations such as 5-27 Bz44 and CPT solution
(Fig. 5). CPT-loaded 5-27 Bz63 and 5-27 Bz44 micelles at a feed-
ing ratio (CPT/polymer) of 0.4 (w/w) showed 275.8 & 14.8 and
276.5 +24.8 nm in size, respectively. As expected from Fig. 3,

“a long-circulation was obvious for the CPT in 5-27 Bz63 com-
pared to 5-27 Bz44 and CPT solution. This finding corresponded
with the result of CPT release from polymeric micelles in vitro,
showing the slower CPT release from 5-27 Bz75 than 5-27 Bz44
in PBS at 37°C (Opanasopit et al., 2004). Hydrophilic PEG
chains exposed to the aqueous surroundings may prevent the
adsorption of blood proteins onto the micelles’ surface and from
being cleared through RES. In spite of similar particle size, the
stable polymeric micelle (Bz63) showed about a 17-fold lower
clearance value than the unstable one (Bz44) (Table 4). This find-
ing suggested that the stable incorporafion of CPT into micelles
by the hydrophobic interaction of intact CPT with inner core of
polymeric micelles, e.g., m— interactions of the benzyl ester,
may be important in the circulation stability.

50 4

40
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Fig. 5. Plasma concentration—time curves of the CPT-loaded 5-27 Bz (44 or
63) micelles and CPT solution following i.v. administration at a dose of 2.5 mg
CPT/kg in ddY mice. The feeding ratio (CPT/polymer) was 0.4 (w/w). Results
arc given as the mean == S.D., n=3.

Table 4
Pharmacokinetic parameters after i.v. administration of CPT-loaded 5-27 Bz (44
or 63) micelles in mice at a dose of 2.5 mg/kg

Code AUC (pghml™!) Clearance (mth~! g~ 1)
5-27 Bz63 47.0 £ 2.4 0.053 = 0.003 -
5-27 Bz44 2.7 £ 0.02 0.91 = 0.007

The feeding ratio (CPT/polymer) was 0.4 (w/w). AUC: area under the
concentration—time curve from 0 to 24 h. Results are given as the mean=S.D.
(n=3).

™ P<0.01

4. Conclusion

The stable formulation of CPT-loaded micelles in vivo
strongly depended on the amount of benzyl esters and length of
the PEG of polymers, more so than in vitro. A stable formulation
of CPT-loaded micelles was obtained using PEG-P(Asp) with a
PEG of 5000 (MW), 27 Asp units, and 57-75% benzyl ester-
ification. The CPT-loaded micelles are potentially delivered to
tumor sites owing to an extended circulation in the blood stream.
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Abstract

The objective of the study was to investigate the feasibility of a single-dose hepatitis B vaccine based on three kinds of poly (b, L)-lactide-co-

_ glicolide acid (PLGA) microspheres. PLGA microspheres loaded with recombinant hepatitis B surface antigen (HBsAg) were formulated using a
double emulsion microencapsulation technique. The pharmaceutical characteristics of size, surface morphology, protein loading efficiency, antigen
integrity, release of HBsAg-loaded PLGA microspheres and degradation of the polymer in vitro were evaluated. The degradation of the polymer
corresponded with the composition of the polymer (lactide/ glycolide ratio), molecular weight of the polymer (viscosity) and morphology of the
microspheres. These PLGA microspheres were able to continuously release antigen under conditions that mimic the environment in vivo. The
single subcutaneous injection of HBsAg-loaded PLGAS50/50 microspheres, PLGA75/25 microspheres and a mixture of PLGA50/50, PLGA75/
25, and PLGA50/50-COOH microspheres in mice resulted in comparable serum antibody titers to those of three injections of the conventional
aluminum adjuvant formulated HBsAg vaccine. Based on these findings in vitro and in vivo, it was concluded that HBsAg was successfully

loaded into the PLGA microspheres, which can auto-boost an immune response, and the HBsAg-loaded PLGA microsphere is a promising
candidate for the controlled delivery of a vaccine.

© 2006 Elsevier B.V. All rights reserved,

Kevwords: Hepatitis B surface antigen (HBsAg); Single-dose vaccine; PLGA microspheres; Controlled release; Immunogenicity

1. Introduction that helps antigens or increases the humoral and/or cellular
immune response to an antigen is referred to as an adjuvant [5.6],

Hepatitis B is one of the most important infectious diseasesin ~ and aluminum adjuvant is the only one approved for human use
the world. Approximately 350 million people worldwide are  [5,7]. However, conventional aluminum-adjuvant vaccines
chronic carriers of the hepatitis B virus (HBV), which accounts  require multiple injections at appropriately timed intervals in
for approximately one million deaths annually [1]. In China, order to achieve long-lasting and optimal immune responses.
there are around 120 million chronic carriers of HBV and 50—  The most commonly used immunization schedule for hepatitis B
80% are expected to develop chronic liver disease, liver ciithosis vaccine is three injections given at 0, I and 2 months or at 0, 1
and hepatocellular carcinoma [2]. Immunization represents the and 6 months to provide protective antibody levels. More than
only known way to prevent the spread of the virus. There are  95% of vaccines protect against hepatitis B upon completion of
several prominent approaches to the production of recombinant  the full three-dose vaccination course {1,2]. But, it is very
hepatitis B vaccine on a commercial scale [3.4]. Any material difficult, especially in developing countries, to maintain a high
reimimunization rate in the case of multiple administration

immunization programmes. Therefore, as a result of insufficient

"+ Corresponding author. Tel.: +86 10 82801584; fax: +86 10 82802791, immunization, infections are still the leading killer among
E-mail address: qixr2001@yahoo.com.cn (X.R. Qi). diseases. A major step towards better vaccination coverage
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would be the introduction of single-shot vaccines with the
potential to reduce the number of booster administrations [8].

A singe-shot vaccine can be made using microspheres as
adjuvants or vehicles [9], from which the encapsulated antigens
are released under control over a prolonged period by mani-
pulating the polymer degradation rate, would be of great benefit
for developing countries in which health conditions are poor and
drop-outrates between the first and the last immunization are high
[8.9]. Poly (D, 1)-lactide~co-glicolide acid (PLGA) is a primary
candidate for use in the preparation of sustained-release vaccines
[10-12]. Several reports have demonstrated that PLGA micro-
spheres with peptides, proteins, viruses and other macromolecules
provide prolonged immunological or immunotherapeutic res-
ponses in animals, thus avoiding the need for multiple injections
[13—17]. The microencapsulation may create mechanical, thermal
and chemical stresses that affect the antigenicity of protein. In
addition, the moisture, acidity, temperature, and un-physiological
salt concentration of the microenvironment created during the
course of degradation and release, may lead to the destabilization
and aggregation for the encapsulated proteins [18]. Some previous
papers have shown that HBsAg-loaded PLGA microspheres can
elicit an immune response in animals [13,16,17]. There are no
extensive studies shown for the relationship between the release of
HbsAg and the polymer degradation in those works.

In order to investigate the feasibility of a single-shot of PLGA
microspheres with HBsAg, the pharmaceutical and immuno-
logical characteristics of HBsAg-loaded PLGA microspheres
were evaluated using three different PLGA materials (lactide/
glycolide ratios of 50/50, 75/25, and 50/50 with carboxyl
ends). The optimization of the immunoresponse was investigat-
ed using a mixture of the different kinds of microspheres with
different degradation and release rates. It was found that the
degradation of the polymers had remarkable influence on the
release of vaccine from HBsAg-loaded PLGA microspheres of
which the size was less than 10pum, and the immunological
responses induced by the mixture of three kinds of microspheres
made from different PLGA materials had accordant effect with
that of three injections of the HBsAg-aluminum-vaccine. The
HBsAg-loaded PLGA microsphere may be a promising
candidate for controlled delivery of Hepatitis B vaccines.

2. Materials and methods
2.1. Materials

Poly (D, L)-lactide-co-glycolide acid (PLGA) with a lactide/
glycolide (L/G) ratio of 50/50 (MW 50kDa, inherent viscosity
0.67dl/g), PLGA with a L/G ratio of 75/25 (MW 88kDa,
inherent viscosity 0.67dl/g) and poly (D, L)-lactide-co-glyco-
lide-COOH (PLGA-COOH) with a L/G ratio of 50/50 (MW
18kDa, inherent viscosity 0.22dl/g) were purchased from Bir-
mingham Polymers, Inc. (Birmingham, AL, USA). In this paper,
the corresponding polymers are referred to as PLGAS0/50,
PLGA75/25 and PLGA50/50-COOH, respectively. Recombi-
nant Hepatitis B surface antigen (HBsAg, secreted by CHO
cells) and Hepatitis B vaccine with aluminum hydroxide as the
adjuvant (HBsAg-aluminum-vaccine) were produced under

GMP conditions at NCPC Gene Tech Biotechnology Develop-
ment Co., Ltd. (Shijiazhuang, Hebei, China). Bicinchoninic acid
(BCA) protein assay kit (BCA-1 and B9643) was purchased
from Sigma Chemicals (St. Louis, MO, USA). Polyvinyl alcohol
(PVA 17-88; 88% hydrolyzed) and all other chemicals were of
analytical grade and purchased from Beijing Organic Chemicals
Plant (Beijing, China).

2.2. Preparation of microspheres loaded with HBsAg

Three kinds of HBsAg-loaded PLGA microspheres (HBsAg-
PLGAS50/50 microspheres, HBsAg-PLGA75/75 microspheres,
and HBsAg-PLGAS50/50-COOH microspheres) were prepared
using a modified double emulsion method consisting of a 2-step
process. Briefly, 100mg of PLGA was dissolved in 1ml of
methylene chloride and emulsified with 200l of a 3.26mg/ml
HBsAg aqueous solution using a probe Ultrasonic Processor
(CP130, Cole-Parmer Instrument Co., IL., USA) with an ice bath
for 1 min. The resulting primary emulsion (w/o) was dripped into
5ml of a 5% PVA aqueous solution and homogenized for 3h at
1000rpm using a homogenizer at room temperature in order to
perform the multiple emulsions (w/o/w) and the residual
methylene chloride was evaporated. The resulting microspheres
were collected by centrifugation at 10,000 xg, and were washed
three times with phosphate-buffered solution (PBS, 12.2mM
Na,HPOy4, 7.8 mM NaH,PO0,4, 149 mM NaCl) to remove unen-
trapped HBsAg and PVA, and then were lyophilized for 48h to
obtain a dry powder.

2.3. Particle size and surface morphology

The size of the microspheres was determined using a
microscope (OLYMPUS BX50, Japan) in which 200 particles
of the microspheres were counted to calculate the average
diameter and distribution percentage of the microspheres. The
surface morphology was obtained using Environmental Scan-
ning Electron Microscopy (ESEM, FEI Company, Quanta 200
FESEM, USA). The lyophilized microspheres were mounted on
aluminum stubs with Carbon Adhesive Discs and imaged at a
temperature of 0~2 °C with a tension of 10-30kVand a pressure
of 3.7-5.1Torr in a hydrated ESEM mode.

2.4. Assessment of protein loading efficiency

The amount of protein loaded into the HBsAg-PLGA
microspheres was determined by dissolving 20mg of the
microspheres in 0.5ml of a 0.1 M NaOH/5% sodium dodecyl
sulfate solution (NaOH/SDS) [12,13,17]. Fifty microliters of
supernatants was, collected and analyzed for antigen content
using a BCA protein assay.

In addition, the HBsAg-PLGA microspheres were dissolved
in methylene chloride at 37 °C for 10min. HBsAg was extracted
with 0.3ml of PBS twice and 0.4ml of PBS once by gentle
mixing and separated by centrifugation at 3000rpm for 3min.
The aqueous layers from the three extractions were pooled and
the amount of protein extracted from the PLGA microspheres
was also analyzed by BCA protein assay.





