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Tumor cell targeting of drug carriers is a promising strategy and
uses the attachment of various ligands to enhance the therapeutic
potential of chemotherapy agents. Folic acid is a high-affinity
ligand for folate receptor, which is a functional tumor-specific
receptor. The transforming growth factor (TGF)-§ type | receptor
(TBR-I) inhibitor A-83-01 was expected to enhance the accumula-
tion of nanocarriers in tumors by changing the microvascular
environment. To enhance the therapeutic effect of folate-linked
liposomal doxorubicin (F-SL), we co-administrated F-SL with A-83-
01. Intraperitoneally injected A-83-01-induced alterations in the
cancer-associated neovasculature were examined by magnetic
resonance imaging (MRI) and histological analysis. The targeting
efficacy of single intravenous injections of F-SL combined with
A-83-01 was evaluated by measurement of the biodistribution and
the antitumor effect in mice bearing murine lung carcinoma M109.
A-83-01 temporarily changed the tumor vasculature around 3 h
post injection. A-83-01 induced 1.7-fold higher drug accumulation
of F-SL in the tumor than liposome alone at 24 h post injection.
Moreover F-SL co-administrated with A-83-01 showed significantly
greater antitumor activity than F-SL alone. This study shows that
co-administration of TPR-l inhibitor will open a new strategy for
the use of FR-targeting nanocarriers for cancer treatment. (Cancer
5¢i 2010; 101: 2207-2213)

P olyethylene glycol (PEG)-modified nanocarriers are long-
lived in the circulation and accumulate passively in tumors.
To enhance the selection of target cells within the tumor site, a
variety of targeting ligands have been examined in tumor-target-
ing drug carriers. Folate receptor (FR)-a is a glycosyl phosphati-
dylinositol ( GPI) anchored membrane protein that is se]ectlvely
overexpressed in over 90% of ovarian carcinomas'' and to
various extents in other eplthehal cancers but is only minimally
distributed in normal tissues.*™ Folate receptor (FR) can serve
as an excellent tumor marker and as a functional tumor-specific
receptor. Folic acid, a high-affinity ligand for FR, retains its
receptor-binding and endocytosis properties even if it is cova-
lently linked to a wide variety of molecules. As a result, lipo-
somes conjugated to the folate ligand via a PEG spacer have
been used to deliver chemotherapeutic agems oligonucleotides,
and markers to FR-bearing tumor cells.”~

In our previous studies, folate-linked liposome loaded doxoru-
bicin (DXR), which was optimized for length of the PEG spacer
and folate density (F-SL), showed strong potential in virr o com—
pared with non-folate-linked PEGylated liposomes (SL)."
addition, F-SL showed a slightly stronger antitumor effect than
SL in vivo irrespective of hlgh level of accumulation on the
endothelial cells of tumors.'" "’ To reach the FR on the tumor cell
surface, F-SL requires extravasation from the blood vessel into
the tumor region and to pass through the interstitium space.
Therefore, we considered that active targeting by folate modifi-
cation could be achieved by increasing the delivery of F-SL
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from the endothelial cells to the tumor cell surface with FR.
Antiangiogenesis effects are known to change the tumor vascu-
lature; therefore, this technique has already been applied in com-
bination therapy. Bevacizumab, an antivascular endothelial
growth factor (anti-VEGF) antibody was developed for blocking
angiogenesis, and it is used clinically with other drugs to
improve the efficiency of conventional chemotherapy.

The transforming growth factor (TGF)-B type 1 receptor
(TBR-I) inhibitor LY364947 was reported to increase the antitu-
mor effect of an anticancer drug encapsulated in PEGylated
nanocgrrlerﬁ by changing the microenvironment of the vascula-
ture."* The roles of TGF-B in cancer biology are complex;
TGF- can suppress or promote tumor growth depending on the
type of cancer. Small molecule TPR-I inhibitors have a wide
variety effects. The TPBR-I inhibitor A-83-01 is one of more
potent inhibitors of TBRI kinase/activin receptor-like kinase
(ALK)-5 (ICso = 12 nm)"¥ than previously dcscr]bed ALK-5
inhibitors, including LY364947 (ICs, = 59 nm).! D To evaluate
effect of T[iR I inhibitor on tumor vasculature in vno magnetic
resonance imaging (MRI) is a powerful method."">'® We have
reported recently that A-83-01 induced alterations m colon 26
cancer-associated neovasculature in mice using MRL"7” In this
study, we used A-83-01 to enhance extravasation of F-SL from
the blood vessels. To the best of our knowledge, combination
therapy with TPR-I inhibitor and active targeting carriers, such
as folate-linked nanocarriers, has not been reported previously,
and this report is the first to examine the antitumor effect of
F-SL and A-83-01 in combination therapy.

Here we evaluated the effect of A-83-01 treatment on tumor
vasculature using MRI, and then we assessed the FR-targeting
effect of F-SL co-administrated with A-83-01 on the biodistribu-
tion of drug and antitumor activity in mice bearing murine lung
carcinoma M109.

Materials and Methods

Materials. Hydrogenated  soybean  phosphatidylcholine
(HSPC), amino-poly (ethyleneglycol)-distearylphosphatidyleth-
anolamine (amino-PEGs5y00-DSPE; PEG mean molecular
weight, 5000), and n-(carbonyl-methoxypolyethyleneglycol)-1,
2-distearyl-sn-glycero-3-phosphoethanolamine (PEGago0-DSPE;
PEG mean molecular weight, 2000) were purchased from NOF
(Tokyo, Japan). Egg phosphatidyl choline (EPC) was a kind of
gift from Q.P., Tokyo, Japan. Cholesterol (Ch), DXR hydrochlo-
ride, and HPLC grade acetonitrile were purchased from Wako
Pure Chemical Industries (Osaka, Japan). A-83-01 (Fig. la) and
LY364947 were purchased from Sigma-Aldrich Japan (Tokyo,
Japan). Hoechst 33342 was purchased from Invitrogen
(Carlsbad, CA, USA). Magnevist (Gd-DTPA) was purchased
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Chemical structure of A-83-01 (a), and the relative apparent diffusion coefficient (ADC) ratio of M109 tumors treated with TpR-I

inhibitors compared with pretreatment (Pre) (b). Three or 24 h following intraperitoneal injection of vehicle or TPR-I inhibitor (1 mg
LY364947/kg or 0.5 mg A-83-01/kg), diffusion-weighted images were taken. Each value represents the mean + SD (n = 3). **P < 0.01 versus

LY364947 Pre, #P < 0.05 versus A-83-01 Pre.

from Bayer-Schering Pharma (Berlin, Germany). Folate-
PEGs0o-DSPE (F-PEGs(00-DSPE) was conjugated from folic
acid and amino-PEGsgy-DSPE, which was synthesized as
reported previously.'” Other reagents used in this study were of
reagent grade.

Preparation of folate-linked liposomal DXR. Liposomes were
prepared from HSPC/Ch = 55/45 (mol/mol) by a dry-film
method, as described previously.'” Briefly, all lipids were dis-
solved in chloroform, which was removed by evaporation. The
thin film was hydrated using citrate buffer (300 mwm, adjusted to
pH 4.0 with NaOH) at 60°C by vortex mixing and sonication.
The liposomes were incubated with 2.25 mol% PEG200-DSPE
and 0.25 mol% of F-PEGsggo-DSPE for folate-PEG-liposomes
(F-SL), and incubated with 2.5 mol% PEG;go-DSPE for PEGy-
lated liposomes (SL) at 60°C for 1 h by the post-insertion tech-
nique, and then loaded with DXR by a pH gradient
method."®!? Doxorubicin (DXR) loading efficiency was deter-
mined by separating unencapsulated from encapsulated drug
using a Sephadex G-50 column. Doxorubicin (DXR) concentra-
tion was determined by measuring absorbance at 480 nm (UV-
1700 Phamaspec; Shimadzu, Kyoto, Japan). The resulting mean
diameter of liposomes was determined by dynamic light scatter-
ing (ELS-Z2; Otsuka Electronics, Osaka, Japan) at 25°C after
diluting the liposome suspension with water.

Preparation of liposomal Gd-DTPA. Liposomal Gd-DTPA was
prepared from EPC/Ch/PEGmO?-DSPE 5/2/0.35 (mol/mol)
(Gd-L) as described previously."'” The average particle diame-
ter of liposomes was adjusted to about 120 nm using ultrasound.
The relaxation ratio of Gd-L was 4.48 mm/s, which was almost
equal to that of Gd-DTPA (4.39 mm/s)."”

Animals. All animal experiments were carried out in accor-
dance with the guidelines of the Guiding Principles for the Care
and Use of Laboratory Animals of Hoshi University. Murine
lung carcinoma M109 cells (high FR-expressing cell line) were
obtained from the Division of Chemotherapy (Translational
Research Center), Chiba Cancer Center (Chiba, Japan). The
cells were subcultured by employmg a biogenic system of
BALB/c mice. M109 cells (1.5 x 10% were inoculated subcuta-
neously into CDFI female mice (5 weeks old, Sankyo Labo
Service, Tokyo, Japan).

Magnetic resonance imaging (MRI). When the tumor volume
reached approximately 100-200 mm°®, mice bearing M109
tumors were injected intraperitoneally with A-83-01 or
LY364947, at a dose of 0.5 or 1 mg/kg, respectively, using
0.1 mg/mL dissolved in DMSO/saline = 3/2 (v/v, vehicle).
Magnetic resonance imaging (MRI) was performed at 3 and
24 h post-injection of A-83-01 or LY364947, compared with
pretreatment (“‘Pre’’). Mice were anesthetized using 5%
isoflurane (Abbott Japan, Tokyo, Japan) throughout the MRI
experiment during their insertion into a 9.4T vertical type MRI
(Varian, Palo Alto, CA, USA). High spatial resolution,

2208

two-dimensional T,-weighted spin-echo coronal images were
acquired to detect the tumor position.

Diffusion- welghted MRI was set by diffusion gradients as
described previously."" 7 The apparent diffusion coefficient of
water in the tumors was calculated and mapped using the fol-
lowing parameters: repetition time (TR) = 2000 ms, echo time
(TE) = 45 ms, slice thickness = 3 mm, 64 x 64 data matrix,
axial orientation, and field-of-view = 3 x 3 cm”. Three slices
through the center of the tumor were acquired.

Dynamic contrast-enhanced (DCE)-MRI acquisition was
applied repeatedly to acquire axial slice spoiled gradient-recalled
echo images with a second temporal resolution over 6 min:
TR = 7.8125 ms, TE = 2.06 ms, matrix resolution = 64 x 64,
field of view = 3 x 3 cm?, slice thickness = 4 mm, flip angle
= 30°, number of slices = 1, two signal averages as described
previously.’”” Gd-DTPA or Gd-L was administered at
0.1 mmol Gd/kg as a bolus with heparinized saline (total
volume, ~0.4 mL). With the use of Gd-L, injected lipids contain-
ing Gd-L were retained in the tumor; therefore, different mice
were used to compare pretreatment with treatment of A-83-01.

Quantitative evaluation of MRI has been described previ-
ously."” The apparent diffusion coefficient was obtained by
the tumor regions of interest transfer to the apparent diffusion
coefficient map. The concentration of Gd at each imaging
time point in each voxel was obtained from conversion of
pixel intensity to absolute concentration values of the contrast
agent. @9 The initial area under the tumor Gd concentration-
time curve (IAUGC) was calculated at 100 s post injection of
contrast agent.

Immunohistochemical analysis. When the tumor volume
reached approximately 100-200 mm?>, A-83-01 was intraperito-
neally injected at a dose of 0.5 mg/kg The mice were sacrificed
3 or 24 h post-injection, and each tumor was resected for A-83-
01 treated mice. As a control, the mice were sacrificed 3 h post
injection of vehicle, and each tumor was resected as for the
untreated mice. Tumors were fixed with 10% formalin for the
preparation of paraffin-embedded sections. Immunohistochemis-
try was performed using monoclonal antibodies against
a-smooth muscle actin (Dako, Glostrup, Denmark) to identify
pericyte and CD31 (BO Biosciences, San Jose, CA, USA) to
detect vascular endothelial cells, in accordance with the manu-
facturer’s protocol.

Biodistribution studies in tumor-bearing mice. When the
tumor volume reached approximately 100-200 mm?, SL or
F-SL was injected intravenously at 5 mg DXR/kg with or with-
out intraperitoneal injection of 0.5 or 1 mg A-83-0l1/kg.
Twenty-four hours post injection of liposomes, the mice were
anesthetized by ether inhalation and blood was collected and
centrifuged to obtain serum. Then the anesthetized mice were
sacrificed, and liver, spleen, kidney, lung, heart, and tumor tis-
sues were collected. Doxorubicin (DXR) levels were determined
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by an HPLC method.”"’ The HPLC system was composed of an
LC-10AS pump (Shimadzu), a SIL-10A autoinjector (Shima-
dzu), an RF-10Ay fluorescence detector (Ex, 482 nm, Em,
550 nm; Shimadzu), and an YMC-Pack ODS-A, 150 x 4.6 mm
I.D. column (YMC, Kyoto, Japan). The mobile phase was 0.1 m
ammonium formate (pH 4.0): acetonitrile = 7:3 (v/v) with a
flow rate of 1.0 mL/min. The concentration of DXR in each
sample was determined using a calibration curve, with dauno-
mycin as the internal standard.

Distribution of folate-linked liposomal DXR in solid
tumor. When the tumor volume reached approximately 100-
200 mm®, SL or F-SL was injected intravenously at 8 mg
DXR/kg w1th or without intraperitoneal injection of 0.5 mg A-
83-01/kg. and then, 24 h post injection of liposomes, the mice
were anesthetized by ether inhalation and sacrificed. For the
observation of blood vessels, Hoechst 33342, which preferen-
tially stains tumor cells adjacent to blood vessels, was injected
intravenously at 7.5 mg/kg in saline 1 min before sacrifice.
Tumor tissues were collected and frozen immediately in dry ice.
The tumors were embedded in OCT compound and processed
by frozen sectioning at 20 um. Each frozen section was mounted
on poly-L-lysine coated slides. The specimens were examined
microscopically using an Eclipse TS100 microscope (Nikon,
Tokyo, Japan).

Therapeutic studies. When the tumor volume reached
approximately 100-200 mm®, SL, F-SL, or free DXR was
injected intravenously at 8 mg/kg, with or without intraperito-
neal injection of 0.5 mg A-83-01/kg. The control group was
injected intravenously with saline (0.2 mL/20 g body weight)
with intraperitoneal injection of the vehicle (0.1 mL/20 g body
weight). Tumor volumes and body weight were measured at reg-
ular intervals. The tumor size was measured with vernier cali-

pers. Tumor volume was calculated using the following
equation: volume = /6 x LW?, where L is the long diameter
and W is the short diameter.

Statistical analysis. The statistical significance of the data
was evaluated by analysis using Student’s t-test. P < 0.05 was
considered significant.

Results

Magnetic resonance imaging (MRI) of tumors treated with TpR-I
inhibitors. Folate-linked liposomal doxorubicin (F-SL) and SL
exhibited a high loading efficiency of >95% at a drug-to-total
lipid ratlo of 1:5 (w/w), which corresponded with the previous
report."" In all cases, the average particle diameter of each lipo-
some was ~120 nm with a narrow, monodisperse distribution. A
I mg/kg dose of LY364947 was reported to enhance the accu-
mulation of nanocarriers in solid tumors.“? Because the effect
of A-83-01 on M109 tumors has not been reported, we examined
the tumor accumulation of SL when intraperitoneal post-injec-
tion of A-83-01 at doses of 0.5 and I mg/kg. Non-folate-linked
PEGylated liposomal doxorubicin (SL) with A-83-01 at both
doses 24 h post injection showed no significantly different DXR
levels in the tumor (P > 0.05) (Fig. S1); therefore, we used
A-83-01 at a dose of 0.5 mg/kg in the following experiments.

The effect of A-83-01 injected intraperitoneally on M109
tumor vasculature was evaluated using diffusion-weighted
MRI compared with that of LY364947. The average apparent
diffusion coefﬁc1em values of pretreatment (‘‘Pre’”) was
0.033 mm?/s. The relative apparent diffusion coefficient ratio to
“Pre’” values decreased significantly at 3 h post injection of
LY364947 (1 mg/kg), and 3 and 24 h post-injection of A-83-01
(0.5 mg/kg) (Fig. 1b). Because the intracellular diffusion rate is
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Fig. 2. Mean Gd uptake curves in the tumors before (Pre or untreated) and at different time points following intraperitoneal injection of A-83-
01 or LY364947 (a), and the area under the Gd concentration curve (IAUGC) from 0 to 100 s postinjection of contrast agent (b). Three or 24 h
after intraperitoneal injection of the vehicle or TBR-I inhibitor (1 mg LY364947/kg or 0.5 mg A-83-01/kg), Dynamic contrast-enhanced magnetic

resonance imaging (DCE-MRI) was performed using Gd-DTPA for LY364947 and A-83-01 and Gd-L for A-83-01.
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Fig. 3.

Immunohistochemical analysis of pericyte association with M109 tumor vasculature following treatment with A-83-01. The pericytes

lining the intratumoral blood vessels were observed in every tumor treated with A-83-01 (a,b) and vehicle (c). (a) 24 h and (b) 3 h after

intraperitoneal injection of A-83-01 at a dose of 0.5 mg/kg. Bar: 50 um.

one order smaller than that of extracellular Walerm’, these

results suggested that A-83-01 as well as LY364947 decreased
the extracellular water and/or increased intracellular water.

In DCE acquisition, a progressive accumulation of Gd-L in
the tumor 3 h post injection of A-83-01 was observed during the
first 100 s followed by a plateau phase (Fig. 2a). This phenome-
non also appeared mice treated with LY364947 using Gd-DTPA
for a contrast agent. Gd-L following A-83-01 treatment
increased the IAUGC value with a wide error bar at 3 h and then
decreased to a similar level to untreated controls at 24 h like
Gd-DTPA following LY364947 treatment (Fig. 2b). Gd-DTPA
following A-83-01 treatment did not show such an increase in
the IAUGC value at 3 h as for LY364947. These results from
MRI showed that A-83-01 could change the tumor microenvi-
ronment temporarily, resulting in increased IAUGC for Gd-L in
the tumor. From this, we decided to co-administrate liposomal
DXR with A-83-01 at the same time.

Immunohistochemical analysis of tumor vasculature treated
with A-83-01. It was reported that TBR-I inhibitor treatment
modified the pericyte caverage of tumor neovasculature and
influenced on the tumor accumulation of nanocarriers.'®
Here, we evaluated the influence of A-83-01 on pericyte associa-
tion with the tumor neovasculature. The pericyte lining was well
conserved in tumors with and without A-83-01, except with
scant pericyte association at the periphery in both tumors
(Fig. 3). The vasculature-associated pericytes in the treatment
group were likely to be slightly more abundant than those of the
control (data not shown). These results indicated that A-83-01
did not change markedly pericyte coverage.

Biodistribution of liposomal DXR with A-83-01. We examined
the influence of A-83-01 on the biodistribution of DXR in mice
bearing M109 tumors at 24 h post injection of A-83-01 and lipo-
somal formulations. As shown in Figure 4, in each organ, except
in the spleen, serum, and tumor, every group showed similar
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DXR levels with or without A-83-0O1. In the spleen, SL with
A-83-01 or either F-SL alone or with A-83-01 showed signifi-
cantly lower DXR levels than SL alone (P < 0.05). Similar to
the DXR level in the spleen post-injection of SL, A-83-01
greatly decreased the Gd level in the spleen post injection of
lipid-nanoparticle containing Gd (Fig. S2). However, the mech-
anism involved was not clear. In the tumor, SL or F-SL with
A-83-01 induced 1.5- or 1.7-fold higher DXR levels, respec-
tively, than that for the liposome alone. Folate-linked liposomal
doxorubicin (F-SL) with or without A-83-01 showed signifi-
cantly higher DXR levels in the tumor than SL alone (P < 0.05).
This result suggested that among the folate-linked liposomes, F-
SL was more effective in tumor accumulation than SL, and A-
83-01 enhanced the accumulation of liposomes only in tumors,
which was likely to be due to their decrease in the spleen.

Tumor accumulation of liposomal DXR with A-83-01. Next, to
evaluate the distribution of DXR around the neovasculature in
tumors at 24 h following intravenous injection of liposome for-
mulations (8 mg/kg) and intraperitoneal injection of A-83-01,
we observed the staining of vessels with Hoechst 33342 using a
fluorescence microscope (Fig. 5). Corresponding to the result of
the tumor accumulation of DXR in Figure 4, SL or F-SL with
A-83-01 showed higher DXR accumulation close to tumor ves-
sels than that for the liposome formulations alone. This result
also indicated that A-83-01 enhanced the accumulation of lipo-
somal DXR in tumor vessels as well as in the tumor.

Antitumor effect of liposomal DXR with A-83-01. The anti-
tumor effect of F-SL with A-83-01 was evaluated in mice bearing
M109 cells. As shown in Figure 6(a), the liposomal DXR
injected group showed a strong antitumor effect in comparison
with saline with or without A-83-01 and free DXR treated
groups. A-83-01 alone did not show an antitumor effect. In the
enlargement of the liposomal DXR injected group as shown in
Figure 6(b), F-SL with A-83-01 showed a significantly stronger

W F-SL/A-83-01

Fig. 4. Biodistribution of doxorubicin (DXR) at
24 h after intravenous injection of liposomal DXR
(5 mg DXR/kg) with or without intraperitoneal
injection of A-83-01 (0.5 mg A-83-01/kg) into CDF1
mice bearing M109 tumors. Each value represents
the mean £ SD. (n = 3). **P < 0.01, *P < 0.05.
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Fig. 5. Tumor accumulation of doxorubicin (DXR)
in M109 tumors at 24 h after intravenous
administration of liposomal DXR at a dose of 8 mg
DXR/kg with or without intraperitoneal injection F-SL/A-83-01

of A-83-01 at a dose of 0.5 mg/kg. Hoechst 33342
was injected into the tail vein 1 min before
sacrifice. Then, frozen 20-um sections were
examined by fluorescence microscopy. Bar: 200 pm.
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Effects of A-83-01 on the antitumor activity of a single injection of liposomal doxorubicin (DXR) in CDF1 mice bearing M109 tumors.

Free DXR, liposomal DXR (8 mg/kg), or saline was administered intravenously in a single bolus with or without intraperitoneal A-83-01 injection
(0.5 mg/kg) to mice (n = 6-8). (a) Tumor size; (b) enlargement of (a). (c) Body weight change after drug administration. The formulations used
were saline (¢), saline/A-83-01 (+), free DXR (0J), non-folate-linked PEGylated liposomal doxorubicin (SL) (£), SL/A-83-01 (A), folate-linked
liposomal doxorubicin (F-SL) (O), F-SL/A-83-01 (@®). #P < 0.05, ##P < 0.01 versus SL, 1P < 0.05 versus SL/A-83-01, *P < 0.05, **P < 0.01 versus F-SL.

Each value represents the mean + SD.

antitumor effect than F-SL alone on day 7 (P < 0.01) and days 13
and 16 (P < 0.05), SL alone on day 7 (P < 0.01) and days 10 and
13 (P < 0.05), or SL with A-83-01 on days 7 and 10 (P < 0.05).
On the other hand, SL with A-83-01 showed a similar antitumor
effect to SL or F-SL alone on day 16 (P > 0.05). As a result of
observation of side-effects of DXR, a tendency of weight loss
was not seen post injection of free DXR or liposomal DXR with
or without A-83-01 (Fig. 6¢). In addition, conspicuous side
effects such as diarrhea were not observed in any groups.

Taniguchi et al.

Discussion

In the present study, we demonstrated that A-83-01 enhanced
the antitumor effect of F-SL compared with that of F-SL alone
in mice bearing M109 tumors. This finding was supported in
that A-83-01 induced a temporary high leakiness of Gd-L from
the tumor vasculature by means of diffusion-weighted and
DCE-MRI, and enhanced the accumulation of liposomal DXR
only in tumors.

Cancer 5ci | October 2010 | vol. 101 | no. 10 | 2211
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Here, using liposome-entrapped Gd-DTPA, Gd-L, we could
evaluate not only the effect of A-83-01%% but also estimate the
kinetics of liposomal DXR in tumors in combination therapy
with A-83-01. Increased IAUGC at 3 h post injection of A-83-
0f was inversely related to the apparent diffusion coefficient.
These results from MRI showed that A-83-01 could change the
tumor microenvironment temporarily, resulting in increased
IAUGC of Gd-L in the tumor.

Next, we assessed the FR-targeting effect of F-SL with A-83-
01 on the biodistribution of drug and antitumor activity in mice
bearing M109 tumors. Under co-administration of A-83-01, F-SL
significantly increased the antitumor effect compared with SL on
days 7 and 10, whereas F-SL showed slightly higher 24-h accu-
mulation of DXR in the tumor region than SL (Fig. 4). One of the
reasons is that the accumulation of F-SL in the tumor may be
faster than SL because F-SL exhibited faster clearance compared
to SL."" In this study, since A-83-01 and liposomal DXR were
injected at the same time, A-83-01 will work with early accu-
mulated liposomes in tumors, F-SL more effectively than SL.

Compared with the result of A-83-01 treatment of colon 26
tumors in the previous studym’, the M109 tumor vasculature
was more associated with pericytes; therefore, there was no
observation of an increase in pericytes 24 h following A-83-01
treatment. In addition, the dose of A-83-01 was decreased from
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linked PEGylated liposomal doxorubicin (SL) at a dose of 5 mg DXR/kg with or without intraperitoneal injection of A-83-01 at a dose of 0.5 or
1 mg/kg. Each value represents the mean + SD (n = 3).

Fig. 82. Biodistribution of Gd at 24 h after intravenous injection of lipid-nanoparticle containing Gd (16.3 mg Gd/kg, NP) with or without
repeated intraperitoneal injection of A-83-01 (1 mg A-83-01/kg) into CDF1 mice bearing colon 26. Each value represents the mean = SD (n = 3).
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Development of an in Vitro Drug Release Assay of PEGylated Liposome
Using Bovine Serum Albumin and High Temperature
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In this study, to establish the conditions of a drug release assay for PEGylated liposome formulations that
relates with the drug stability profile in serum in vivo, the influences of incubation temperature and serum pro-
tein in the release buffer were examined using liposomal doxorubicin (DXR). In in vitro drug release assays, a
PEGylated liposomal DXR in phosphate buffered saline (PBS) at 37°C showed higher drug release rate than
non-PEGylated formulation although PEGylated liposomal DXR had higher stability than an equivalent non-
PEGylated formulation following intravenous injection. When bovine serum albumin (BSA) and increased tem-
perature, 50 °C, were used to accelerate drug release from the liposomes and to mimic in vive result, non-PEGy-
lated liposomal DXR showed conversely higher release than a PEGylated formulation. Since high temperature
increased BSA adsorption onto liposomes, BSA may cause non-PEGylated liposomes instability more than PE-
Gylated ones, resulting in the reverse of the drug release rate of both liposemes. This finding suggested that the
conditions in the drug release assay with PEGylated liposomal DXR may be able to be set by a combination of

BSA and providing additional thermal energy.
Key words

To date, nano-sized systems such as liposomes have been
explored for the systemic delivery of anti-cancer agents as
potential drug delivery systems (DDS). The incorporation of
polyethyleneglycol (PEG)-modified lipids (PEGylated) into
liposomes efficiently overcomes problems associated with
liposome elimination. Liposomal doxorubicin (Doxil®) is
currently on the market. In order to rationally design liposo-
mal DDS, it is necessary to fully characterize their drug
retention and release properties both in vitro and in vivo.
Several in vitro drug release assays of liposomes have been
reported,'™ but there are few standards for drug release
assays of liposome-based formulations at present. Further-
more, it is often the cases that in vitro-based drug release
assays do not accurately predict the liposomal drug retention
properties actually observed in vivo. PEGylated liposomes
are not stable compared with non-PEGylated ones in buffer
(pH 7.4) contrary to in vivo result that PEGylated liposomes
is significantly stable in serum compared with non-PEGy-
lated ones.*—®

For quality assessment as well as in vivo relevance; the
possibility of in vitro—in vivo correlation, a condition on
accelerated in vitro assay for routine quality control purpose
are needed. PEGylated liposomes composed of lipids with
high phase transition temperatures require a long time to
evaluate the drug release profile because the drug release rate
of these liposomes is quite slow. The addition of surfactants
such as detergent has been applied,” however, some deter-
gents might insert into liposomes during incubation and
change the physicochemical properties of intact liposomes.
NH,C1 and high sucrose in release buffer to compensate drug
gradient inside liposome was added.>® We used high temper-
ature, 50 °C in release studies in spite of far from the physio-
logical environment. This method will be effective in short-
ening the experimental time-period.

Serum is frequently added to the buffer to more closely
mimic the physiological environment. We also used bovine
serum albumin (BSA) as a serum protein since albumin was
assumed to be comparatively readily adsorbed by liposomes

* To whom correspondence should be addressed.  c-mail: yoshie@hoshi.ac.jp

PEGylated lipesome; drug relcasc assay; bovine serum albumin; stability; doxorubicin

in vivo.” This approach may be useful in research on the
release profile of PEGylated liposomes although in vitro
studies where PEGylated liposomes were incubated with
only one type of protein could not be extrapolated directly to
the more dynamic in vivo situation.

In this study, to establish conditions for a drug release
assay corresponding of the release properties of a drug in
liposomal formulations in vivo, the release profile of the
formulations of liposomal doxorubicin was examined using
BSA-containing buffer and increased temperature.

MATERIALS AND METHODS

Materials Doxorubicin (DXR) hydrochloride, choles-
terol (Ch), BSA, and Coomassie brilliant blue R-250 (CBB)
were obtained from Wako Pure Chemical Industries, Ltd.
(Osaka, Japan). Fully hydrogenated soy phosphatidylcholine
(HSPC), distearoylphosphatidylcholine (DSPC) and polyeth-
yleneglycol-distearoylphosphatidylethanolamine (PEG-DSPE,
molecular weight of PEG: 2000) were purchased from NOF
Co. (Tokyo, Japan). Other reagents used in this study were of
reagent grade.

Animal Male ddY mice weighing 26—29 g were pur-
chased from Sankyo Lab Service Co., Ltd. (Tokyo, Japan).
The animal experiments were done under ethical approval
from the Institutional Animal Care and Use Committee.

Liposome Preparation Lipid mixture (about 50 mg) was
dissolved in chloroform in a round bottomed flask. To
prepare a dried lipid film, chloroform was removed by rotary
evaporation. The lipid films were subsequently hydrated in
3 ml of warm 300 mM citrate buffer (pH 4.0) for DXR encap-
sulation. Liposomes were subsequently sonicated by probe
sonicator to reduce the size of about 100nm. The mean
diameter and {-potential of the liposomes were determined
by dynamic light scattering and electrophoresis methods,
respectively (ELS-Z2, Otsuka Electronics Co., Ltd., Osaka,
Japan) at 25 °C after diluting the liposome suspension with
water.

© 2010 Pharmaceutical Socicty of Japan
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Liposomal DXR Six kinds of liposomal DXR were
tested here; for liposomes composed of low Ch molar ratio
(low Ch-liposome), HSPC/Ch/DSPC (60:20:20, DL), HSPC/
Ch/PEG-DSPE (67:22: 11, DSL), HSPC/Ch/PEG-DSPE (60 :
20:20, DSLh); for liposomes composed of high Ch molar
ratio (high Ch-liposome), HSPC/Ch (56:44, DCL), HSPC/
CWPEG-DSPE (54:42:4, DCSL), and HSPC/Ch/PEG-
DSPE (52:40:8, DCSLh). The numbers in parentheses rep-
resents the molar % of each lipid. Low Ch- (L) and high Ch-
liposomes (CL) each as part of non-PEGylated or PEGylated
liposomes (S) are indicated as L, CL, SL, and CSL, respec-
tively. Liposomal DXR is indicated as D. CLh and SLh stand
for higher molar % of PEG-DSPE of CL and SL, respec-
tively. The formulations of high Ch-liposomes were decided
referring to Doxil®.'” The formulation of low Ch-liposomes
was increased PEG-DSPE because low PEG modification did
not change release profiles in preliminary experiment. These
liposomes were actively loaded with DXR by a pH gradient
method as reported previously.'" After the external pH was
adjusted to pH 7.4, liposomes were incubated with DXR at a
drug : total lipid ratio of 1:5 (w/w) at 60 °C for 25 min, and
passed through a Sephadex-G50 column by eluting with
saline to remove any unencapsulated DXR. To determine the
encapsulation efficiency, the drug concentration was ana-
lyzed at A,, 480/A,,, 580 nm using a fluorescence spectropho-
tometer F-4010 (Hitachi Co., Ltd., Tokyo, Japan).

Drug Release Experiments Different liposomal formu-
lations were diluted in two different release buffers, phos-
phate buffered saline (PBS) with or without 1% BSA, which
corresponded to be used outside of dialysis tubing. One mil-
liliter of diluted liposomes (200 tg DXR/ml) was placed into
dialysis tubing (Spectra/Por CE, molecular weight cutoff of
M. =100K, Spectrum Laboratories Inc., Rancho Dominguez,
CA, US.A)), and dialyzed against 100 m] of release buffer.
The condition may permit transport of the complex of
released drug with BSA through dialysis membrane; effect of
BSA binding on the dialysis membrane with respect to drug
release may be neglected since free drug showed more than
60—80% release 3 h after incubation (data not shown). The
dialysis process was performed at 37 °C and 50 °C and away
from bright light. At various time points, 1 ml aliquots were
withdrawn from the outer aqueous solution for analysis and
replaced by 1 ml of fresh release medium. The samples were
stored at 4 °C until analysis and fluorescence was quantified
spectrophotometrically. Drug release profiles from liposome
were expressed according to experimental equation:

the percentage of drug released = %— -100=Kd - '\,;r
0
Where M, is the total amount of drug in liposomes, M, is the
amount of drug released at time ¢, and Kd is the release rate
constant (% h™"?). Kd values will enable formulations to
compare quantitatively the release profiles.

Pharmacokinetic Analysis Male ddY mice were given
free or liposomal DXR by intravenous injection via the lat-
eral tail vein in a single dose of 5mg DXR/kg. At 4, 6, and
24 h after the injection, the mice were anesthetized by ether
inhalation and immediately sacrificed by cervical dislocation.
Blood was sampled first, and then liver and spleen were ex-
cised rapidly, rinsed in physiological saline, and weighed.
Blood samples were centrifuged at 14000 rpm for 4min at
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4°C to separate the serum. The serum and tissue samples
were stored at —20 °C until analysis. DXR concentrations of
serum and tissues were determined by the HPLC method.'”
Daunomycin (100 ng) was added to all samples as an internal
standard. The HPLC system was composed of an LC-10AT,
pump (Shimadzu Co., Kyoto, Japan), a SIL-10A autoinjector
(Shimadzu Co.), an RF-10A,; fluorescence detector (A,
482/4,,, 550 nm, Shimadzu Co.), and an YMC-Pack ODS-A,
150X4.6mm i.d. column (YMC Co., Ltd., Kyoto, Japan).
The mobile phase was 0.1M ammonium formate (pH
4.0): acetonitrile=7: 3 (v/v) at a flow rate of 1,0 ml/min. The
concentration of DXR in each sample was determined using
a calibration curve. The plasma area under the curve (AUC)
from 0 to 24 h and clearance were calculated using the boot-
strap method.'”

BSA Binding to Liposomes Empty liposomes, CL, and
CSLh (corresponding to 1mg lipid) were incubated with
100 g1 of 1% BSA solution for 3 and 8h at 37°C and 50°C
in assist tubes. The liposome suspensions were placed in
centrifuge tubes and then diluted with 900 ul PBS. BSA
solution was used as a control to exclude non-specific bind-
ing. The liposome suspensions were ultracentrifuged at
41000 rpm for 1 h at 25 °C, and the pellets were washed three
times with PBS. BSA in the pellet was extracted with 100 ul
of 2% sodium dodecyl sulfate (SDS) and analyzed by 10%
SDS-polyacrylamide gel electrophoresis (SDS-PAGE) under
reducing conditions. The gels were stained with Coumassie
brilliant blue (CBB). BSA amounts were estimated by scan-
ning the gel bands using Kodak 1D Image Analysis Soft-
ware.

RESULTS

Liposome Characterization Table 1 presents the parti-
cle size, entrapment efficiency, and {-potentials of liposomal
formulations. The results indicated that all liposomes had a
size ranging from 93 to 120 nm. High Ch-liposomes, DCL
and DCSL, showed an entrapment efficiency of >93%, but
low Ch-liposomes, DL, showed an efficiency of about 60%.
The entrapment efficiency of DL decreased when the amount
of Ch in the formulation was low; furthermore, that in DSL
was decreased by the PEG modification by 11—20mol%
compared with DL. DSL showed highly negative {-potentials
compared to the non-PEGylated formulations.

Drug Release Studies To examine the conditions of the

Table 1. Particle Size, Entrapment Efficicncy and {-Potential of Liposo-
mal DXR
Liposomes Particle size Entrapment {-Potential
(nm) cfficiency (%) (mV)
Low Ch-liposomes
DL 105.7£11.2 60.0£2.5 —-52%1.5
DSL 98.2+10.5 36.6+3.2 —28.5%0.2
DSLh 92.5%£9.7 40.2+2.3 —29.4*0.8
High Ch-liposomces
DCL 105.2%10.3 97.4=%1.1 —6.4£0.5
DCSL 109.8+10.5 93.8x1.5 ~253%04
DCSLh 118.5*x4.2 95.2%0.8 —-26.1%1.2

Each value represents the mean+S.D. (#=3). DL and DCL represent low Ch-lipo-
somes and high Ch-liposomes entrapped DXR. respectively. SL represents PEGylated
liposome. SLh represents higher PEGylated liposome than each SL.
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Fig. 1. Effect of Temperature and BSA (1%, w/v) in PBS Medium on the

Release of DXR from DL and DSLh

Release experiments were performed using a dialysis method at 37 °C without (A) or
with BSA (B), and at 50 °C without (C) or with BSA (D). Each value represents the
mean=S.D. (n=3).
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Fig. 2. Effect of Temperature and BSA (1%, w/v) in PBS Medium on the

Release of DXR from DCL and DCSLh

Release experiments were performed using a dialysis method at 37 °C without (A) or
with BSA (B), and at 50 °C without (C) or with BSA (D). Each value represents the
mean=S.D. (n=3).

Table 2. The Release Rate Constant (Kd) of Liposomal DXR to Estimate Effect of Temperature and BSA on the in Vitro DXR Release Profiles in Figs. 1

and 2
Condition Kd (%h™"2)® Kd (% h™"2)»
Temp. (°C) Medium DL DSL DSLh DCL DCSL DCSLh
37 PBS 49 9.2 14.8 3l 1.9 2.7
37 +1% BSA 7.5 9.0 15.8 4.5 4.8 4.0
50 PBS 15.8 14.9 19.9 5.7 3.1 3.2
50 +1% BSA 21.6 18.4 17.6 9.9 7.0 8.0
Each value shows the slope of the straight line with 77>0.8. ) Calculated from in vitro DXR release profile of low Ch-liposomes in Fig. 1. b) Calculated from in vitro

DXR release profile of high Ch-liposomes in Fig. 2.

drug release assay, low Ch-liposomes were incubated at 37
°C or 50 °C in PBS with or without 1% BSA. The profiles of
DXR release from DL and DSL are shown in Fig. 1. After
incubation at 37°C in PBS for 8h, DSLh, DSL, and DL
showed about 30%, 20%, and 10% release, respectively. When
the % drug release of liposomes was plotted as a function of
the square of time, the plot showed linearity until Sh at an
early stage (correlation #* with >0.8, data not shown) where
the slope Kd calculated (Table 2). The Kd values of DL,
DSL, and DSLh were 4.9, 9.2, and 14.8% h™"". After incuba-
tion at 37°C or 50°C in PBS with or without BSA, an in-
crease in the release rate was seen with all liposomes com-
pared with those in only PBS (Fig. 1C). At 50°C, DL was
mostly influenced by the presence of BSA and the Kd
(21.6%h™"?) of DL became conversely higher than those of
DSL (18.4%h™"?) and DSLh (17.6%h™~"?) (Fig. 1D).

The profiles of DXR release from high Ch-liposomes,
DCL and DCSL are shown in Fig. 2. After incubation at
37°C with 1% BSA and 50 °C in PBS for 8 h, the difference
in the release rate was not significant except for DCL (Figs.
2A—C). After incubation at 50 °C in PBS with BSA, DCL
showed the highest release rate (Fig. 2D). The Kd values of
DCL, DCSL, and DCSLh were similar after incubation at
37°C in PBS with or without BSA, and rose to 9.9, 7.0 and
8.0%h "2 at 50°C in PBS with BSA, respectively (Table 2).
No change in the particle size of DCL or DCSL was observed

after the release assay. Precipitation was not seen except a
little cloudiness when BSA was added to the release buffer.
Similar to DL, even increase of Ch amount in liposomes,
DCL was mostly influenced at 50 °C by the presence of BSA
and became higher release. These findings suggest that PEG
moiety may protect liposomes from change of circumstance
by addition of BSA and increased buffer’s temperature.

In Vivo Drug Concentration after Intravenous Injec-
tion To examine the correlation of the drug release proper-
ties of liposomes in vitro and in vivo, DCL and DCSLh were
selected. Figure 3 shows the in vivo drug concentration pro-
files of free and liposomal DXR after intravenous injection in
mice. Serum clearance kinetics of DCSLh was compared to
that of free DXR and DCL. As shown in Fig. 3A, clearance
of DCSLh (0.13%£0.03 ml/h; mean*S.D.) was 222 and 3.4
times lower than that of free DXR and DCL, respectively.
AUC value of DCSLh, DCL and free DXR in serum was
1263£391 pug-h/ml, 36295 ug-h/ml and 5.2%0.3 ug-h/ml,
respectively. The tissue distribution of liposomal DXR was
also examined (Figs. 3B, C). DCL accumulated 21.8% of the
injected DXR dose in both the liver and the spleen at 6 h.
DCSLh accumulated only 12.5% of the injected DXR dose
in both the liver and the spleen at 6h. As a result, DCSLh
maintained higher stability in the bloodstream compared to
DCL. Although the DXR levels in the bloodstream contained
both liposomal DXR and free DXR released, the released
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free DXR is very rapidly cleared from the bloodstream and
therefore, the detected DXR in blood was considered to be
mainly the liposomal one after intravenous injection in this
study.

BSA Binding to Liposomes To clarify the influence of
temperature and BSA on the drug release profile of PEGy-
lated liposomes, BSA adsorbed onto empty liposomes (CL
and CSLh) during incubation was evaluated by SDS-PAGE.
As shown in Fig. 4, a band of BSA, as observed in the 1%
BSA solution, was not present in the sample. The amount
of BSA adsorbed to CL and CSLh-8 at 37 °C increased with
an increase in incubation time; 9 and 80 ug BSA/mg lipid for
CSLh and 7 and 50 g BSA/mg lipid for CL at 3 and 8h,
respectively, indicating that slightly less BSA absorbed to
PEGylated CSLh than to non-PEGylated CL. These ad-
sorbed amounts were near that for dipalmitoylphosphatidyl-
glycerol liposomes (58 pg/mg) incubated in BSA solutions at
37°C for 1h.'"¥ Moreover, at 3h the amount of BSA ad-
sorbed at 50 °C increased to approximately 250 and 280 ug
BSA/mg lipid for CL and CSLh, respectively.

DISCUSSION

The drug release rate from liposomes may be affected by
the preparation method of liposomes,® vesicle size,”! for-
mulation'>~'” and loading method of the drug,® ezc. Here,
all liposomes were prepared by the thin film method, the par-
ticle diameter was adjusted to about 100 nm by sonication,
and loading method of the drug was same among the formu-
lations. Six liposomal formulations were tested where the Ch
content was high and low and with or without PEGylated
lipids. In addition, the relation of the in vivo stability of lipo-
somes in the bloodstream with the drug release profile in
vitro was examined. Furthermore, influence of temperature
and BSA on PEGylated and non-PEGylated liposomes in a
release assay was evaluated by measuring the adsorption
amount of BSA.

In PEGylated low Ch-liposomes with 11 and 20 mol% of
PEG-DSPE, the particle size tended to be smaller. This find-
ing may be explained as PEG increasing the repulsive forces
on the liposome surface with negatively charged PEG-
DSPE.'® PEGylated low Ch-liposomes decreased the encap-
sulation efficacy of DXR. It was thought that PEG chain in
the aqueous inner part in liposomes may decrease the volume
of water inside liposomes,'¥ and the PEG conformational
model changes liposomes.'”’ PEGylated high Ch-liposomes
did not change the encapsulation efficacy. DXR seemed to

DXR Levels in Serum (A), Liver (B), and Spleen (C) after Intravenous Injection of DCL, DCSLh and Free DXR into ddY Mice at a Dosc of Smg

[§8} @ @®) @ ®) ® @ ® ©

Fig. 4. CBB-Stained SDS-Polyacrylamide Gel (10%) of BSA Adsorbed
onto Liposomes

Empty liposomes (corresponding to 1 mg lipid) were incubated in 1% (w/v) BSA
(100 ul) for either 3 or 8 h at 37°C or 50°C. (1) CSLh and (2) CL were incubated for
8h at 50°C (3) CSLh and (4) CL were incubated for 3 h at 50°C, (5) CSLh and (6) CL
were incubated for 8 h at 37 °C. (7) CSLh and (8) CL were incubated for 3 h at 37°C,
and (9) 1%BSA solution.

be highly encapsulated by liposomes as the Ch content
increased, which was probably concerned with the addition
of Ch to the phospholipid membrane resulting in stabiliza-
tion of the membrane and related to maintenance of the pH
gradient during encapsulation.'"

In the drug release test, both low and high Ch-liposomes
exhibited similar profiles. BSA is homologous to human
serum albumin (HSA) in terms of its functions, and BSA did
not suffer unfolding at 50 °C.*” After incubation at 37°C in
PBS, the drug release from both liposomes increased with
the increase in PEG modification. It is thought that PEG
modification may cause liposome instability and the rapid
release of encapsulated drugs. To the contrary, in high tem-
perature and the addition of BSA, the drug release from non-
PEGylated liposomes became higher than PEGylated ones.
This finding corresponded well to the report that the release
of fluorescence entrapped in liposomes in PBS was slow, but
when BSA or serum was added the release rate increased.*' =
It was reported that the adsorption of BSA brings about a
phase separation in liposomes and that a temporary gap is
consequently formed in the liposomal bilayer membranes,
thereby the permeability of liposomal bilayer membranes
increases by the adsorption of BSA.*

The difference in the serum DXR levels following sys-
temic administration of DCL and DCSLh is contributed by
the difference in the release profiles of these liposomes in the
blood stream and the difference in their capture by the liver
and spleen. At an early stage postinjection, it may be greatly
affected by the former. Enhancement of their stability in vivo
was explained that the steric barrier of PEG prevents the
aggregation of colloidal carriers,” and prevents protein
adsorption in serum with the increase in the water-binding
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Fig. 5. Schematic Model for the Adsorption of BSA on Non-PEGylated
Liposomes (A) and PEGylated Liposomes (B)

(A) After incubation with PBS containing BSA. BSA probably penetrates into the bi-
layer center, and the adsorption of BSA caused an increase in the permeability of the
membranes. (B) PEG immobilized on the surface of PEGylated liposomes may prevent
the direct interaction of BSA with liposomes.

ability of the PEG chains.” 2" Therefore, the effect of
adsorption of BSA onto liposomes was examined in terms of
the stability of liposomes in vitro.

The amount of BSA adsorption to the liposomes was
increased in line with the incubation time and temperature.
At 50 °C, the amount of BSA adsorbed to the liposomes, CL
and CSL, increased greatly to almost the same level at 3h
incubation. The difference in the drug release profile of DCL
and DCSL may be due to differences in the adsorption site of
BSA rather than the adsorption amount. The adsorption of
BSA on non-PEGylated CL might bring about an increase in
the permeability of liposomal bilayer membranes (Fig.
5A)2Y On the other hand, in the case of PEGylated CSL,
BSA might be trapped in the intermolecules of the PEG
chain and not interact directly with the liposome, which
resulted in protection of the surface of the liposome (Fig.
5B). As a result, BSA stabilized CSL but destabilized CL.
This difference in the stability of liposomes by adsorption of
BSA was reflected in a large difference in the release profiles
at 50 °C where the adsorption of BSA was increased. It was
reported that the profiles of adsorbed proteins on PEGylated
and non-PEGylated liposomes incubated in 10% serum were
similar by SDS-PAGE.”

This finding corresponded well on our previous report that
PEGylated liposome adsorbed HSA exhibited longer circula-
tion in mice than only PEGylated ones.”® PEG may not com-
pletely prevent interactions with serum proteins. PEG may
form a shroud on the surface of the liposomes partially
shielding hydrostatic charges,”**? but this may still allow for
protein interactions with the surface of the liposome. Thus,
this is the first report that a combination of BSA and temper-
ature may act synergistically to increase the release of DXR
from non-PEGylated liposomes compared with PEGylated
liposomes in vitro. This may provide a good relation with the
stability of PEGylated and non-PEGylated liposomes in vitro
and in serum. In different loading method of the drug, we
confirmed that this condition also worked release of fluores-
cence entrapped during formation of liposomes (data not
shown).

CONCLUSION

In in vitro drug release assays, PEGylated liposomes could
be more stable than non-PEGylated liposomes in both the
presence of BSA and at high temperature because adsorbed
BSA may cause non-PEGylated liposomes instability more
than PEGylated ones. Thus, the conditions of the drug

Vol. 33, No. 9

release assay of PEGylated liposomal DXR might be able to
replicate in vivo conditions, in which PEGylated liposomes
exhibited more stable drug profile in serum than non-PEGy-
lated liposomes, using a combination of BSA and by provid-
ing additional thermal energy.
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Abstract. Therapeutic agents targeting HER-2/neu have been
intensively addressed over the past decades. Previously, we
reported that HER-2 synthetic small interfering RNA (HER-2
siRNA) could suppress the growth of human nasopharyngeal
KB tumor xenografts by intratumoral injection with lipid-
based nanoparticles; however, complete regression of the
tumor was not achieved. In this study, we investigated anti-
tumor activity by RNA interference in combination with
paclitaxel (PTX) for KB cells using HER-2 siRNA and HER-2
short hairpin RNA-expressing plasmid DNA (HER-2 shRNA
pDNA). Suppression of HER-2 expression by siRNA or
shRNA pDNA caused significant reduction of proliferation by
inducing apoptosis and enhancing the sensitivity for PTX in
HER-2 positive KB cells. Interestingly, an HER-2 antibody
trastuzumab could not increase the antitumor effect by PTX in
KB xenografts. Combination therapy by intratumoral injection
of HER-2 siRNA or HER-2 shRNA pDNA with PTX signifi-
cantly inhibited the tumor growth of xenografts compared
with each therapy used individually. In particular, HER-2
shRNA pDNA plus PTX largely extended the mean survival
days compared with HER-2 siRNA plus PTX. Collectively,
these findings suggest that HER-2 shRNA-based combined
therapy with PTX could be a novel strategy to inhibit the
progression of HER-2-positive cancer.

Introduction

The HER-2 proto-oncogene (c-erbB-2/neu) belongs to the
epidermal growth factor (EGF) receptor family and has
been implicated in malignant transformation (1). HER-2 is
thought to play an important role in tumorigenesis, DNA
repair, drug resistance, and metastasis. HER-2 gene expression
has been found to be amplified and/or overexpressed in
breast (2), ovarian (3), lung (4), prostate (5), thyroid (6) and
pancreatic cancers (7). HER-2 overexpression induced the
down-regulation of p53 protein through the PI3 K/AKT
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pathway (8), leading to increased cell proliferation and
decreased sensitivity to chemotherapeutic drugs (9); therefore,
HER-2 has become an important target for cancer therapy.

Interference with HER-2 mRNA translation could be more
effective than blockade of the already expressed HER-2 on
the cell surface by HER-2 antibody. Specific down-regulation
of HER-2 expression in tumors by ribozyme (10-12), antisense
DNA (13-15), small interfering synthetic siRNA nucleotide
(siRNA) (16,17), plasmid DNA (pDNA) encoding a short
hairpin RNA (shRNA pDNA) (18) and antisense RNA/sense
DNA hybrid duplexes (19) have been reported. Successful
down-regulation of HER-2 will require sustained and high
transfection of the therapeutic gene. RNA interference (RNAI)
is a post-transcriptional mechanism of gene silencing mediated
by cleavage of target RNA. RNAI has potential not only as a
tool in biological analysis, but also as an evolutional drug for
cancer gene therapy. In RNAI technology, two delivery systems
were considered; direct delivery of siRNA, and introduction
of shRNA pDNA that will be enzymatically degraded into
siRNA. Synthetic siRNAs, which are 21-28 bp small double-
stranded RNA, are substrates for the RNA-induced silencing
complex.

In a previous study, we reported that HER-2 synthetic
small interfering (HER-2) siRNA could suppress the growth
of human nasopharyngeal KB tumor xenografts by intra-
tumoral injection with lipid-based nanoparticles (NP) (20);
however, complete regression of the tumor was not observed.
Recently, it has been reported that combination therapy with
HER-2 antibody trastuzumab and paclitaxel (PTX) is useful
for the clinical treatment of breast cancer (21-23). Thus, it
was expected that combination therapy with HER-2 siRNA
and chemotherapy would be effective; however, it has not
been reported in in vivo models. Therefore, in the present study,
we evaluated the potential of HER-2 siRNA and HER-2
short hairpin RNA-expressing plasmid DNA (HER-2 shRNA
pDNA) using NP delivery to increase the therapeutic efficacy
of PTX in HER-2-positive KB cells and tumor xenografts.

Materials and methods

Synthetic siRNA. The stealth RNA interference duplex-
targeting nucleotides of HER-2 mRNA (HER-2 siRNA) and
stealth RNAi Negative Control kit with Medium GC as a
control for HER-2 siRNA (Cont siRNA) were synthesized by
Invitrogen (Carlsbad, CA, USA). The sequences of HER-2
siRNA were as follows: HER-2 sense, 5-"AAACGUGUCUG
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UGUUGUAGGUGACC-3'"; HER-2 antisense, 5-GGUCAC
CUACAACACAGACACGUUU-3'.

shRNA expressing plasmid DNA. HER-2 shRNA pDNA
encoding 21 mer shRNA against HER-2 with a hairpin-loop
under the control of the U6 promoter (HuSH 19-21 mer
shRNA construct against ERBB2) was obtained from
OriGene Technologies, Inc. (MD, USA). The targeted
sequences of HER-2 shRNA pDNA was as follows: HER-2
sense, 5'-"AGTGAGCACCATGGAGCTGGC-3"; HER-2
antisense, 5'-GCCAGCTCCATGGTGCTCACT-3". The
pRS-shGFP (29) non-effective plasmid (Cont shRNA pDNA,
OriGene Technologies, Inc.) was used as a negative control. A
protein-free preparation of these plasmids was purified
following alkaline lysis using the EndoFree Plasmid Max kit
(Qiagen, Hilden, Germany).

Cell culture. Human nasopharyngeal tumor KB cells were
supplied by the Cell Resource Center for Biomedical Research,
Institute of Development, Aging and Cancer, Tohoku
University (Miyagi, Japan). Human cervix epithelial adeno-
carcinoma HeLa cells were obtained from the European
Collection of Cell Culture (Wiltshire, UK). Human lung
carcinoma A549 cells were a gift from Oncotherapy Science
(Tokyo, Japan). KB and A549 cells were grown in RPMI-1640
medium (Invitrogen) and HeLa cells in Eagle's Minimum
Essential Medium (Invitrogen), supplemented with 10% heat-
inactivated fetal bovine serum (FBS, Invitrogen) and kanamycin
(100 pg/ml) at 37°C in a 5% CO, humidified atmosphere.

In vitro and in vivo transfection. For in vitro and in vivo
transfections of siRNA and shRNA pDNA, we used lipid-
based nanoparticles (NP) as previously reported (20,24). For
in vitro transfection, NP was mixed with 100 pmol siRNA or
2 ug shRNA pDNA in the presence of 50 mM NaCl solution
at a charge ratio (+/-) of 3/1. The NP and siRNA or shRNA
pDNA complex (nanoplex) was kept at room temperature for
15 min. The nanoplex was diluted with culture medium
containing 10% FBS and transfected into cells at a final
concentration of 100 nM siRNA or 2 pgg/ml shRNA pDNA in
the medium.

For in vivo transfection, NP was mixed with 10 pg siRNA
or shRNA pDNA in water at a charge ratio (+/-) of 1/1. The
nanoplex was kept at room temperature for 15 min. Male
BALB/c nu/nu mice (6-8 weeks of age) were purchased from
CLEA Japan Inc. (Tokyo, Japan). To generate KB tumor xeno-
grafts, 1x107 cells suspended in 50 yl RPMI medium were
inoculated subcutaneously into the mice. The tumor volume
was calculated using the formula, tumor volume = 0.5 x a x b%,
where a and b are the larger and smaller diameters, respec-
tively. When the average volume of KB xenograft tumors
reached about 100 mm?, the nanoplex of siRNA or shRNA
pDNA was directly injected into xenografts.

Antiproliferative activity. KB, A549 and Hel.a cells were
seeded in 96-well plates 24 h prior to transfection. Cells at
30% confluence in the wells were transfected with siRNA or
shRNA pDNA by NP and then incubated for 72 h. In combined
treatment of siRNA or shRNA pDNA with paclitaxel (PTX,
Wako, Osaka, Japan), the cells were incubated for 48 h after
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transfection of siRNA or shRNA pDNA, and then treated with
various concentrations of PTX for another 48 h. Cell viability
(%) was measured by the WST-8 assay (Dojindo Laboratories,
Kumamoto, Japan) as previously reported (25).

Western blot analysis. KB, A549 and Hel a cells were seeded
in a 35-mm culture dish 24 h before transfection. The cells
were transfected with HER-2 siRNA or HER-2 shRNA pDNA,
and then incubated for 48 h. Cell protein extracts were
prepared with sampling buffer containing 1% Triton X-100
in phosphate-buffered saline (PBS), pH 7.4. After they were
centrifuged at 10,000 x g for 10 min, the protein concentration
of the supernatant was quantitated with the bicinchonic acid
protein assay reagent (Pierce, Rockford, IL., USA). For the
detection of B-actin protein, 10 ug protein was separated by
12.5% SDS-PAGE, and for the detection of HER-2 protein, 10
ug protein was separated by 7.5% SDS-PAGE. They were
then transferred to a polyvinylidene difluoride (PVDF)
membrane (FluoroTrans® W, PALL Gelman Laboratory, Ann
Arbor, M1, USA). Membranes were blocked in PBS containing
0.1% Tween-20 with 5% skimmed milk at 37°C for 1 h. The
blot of HER-2 protein was probed with rabbit anti-human
HER-2 antibody (Lab Vision, Fremont, CA, USA). Goat
anti-rabbit IgG peroxidase conjugate (Santa Cruz Bio-
technology, Inc., Santa Cruz, CA, USA) was used as a
secondary antibody. Blots of B-actin protein were probed
with a mouse anti-human B-actin 1gG peroxidase conjugate
[B-actin (C4) HRP, Santa Cruz Biotechnology, Inc.].
Immunoblots were detected using a SuperSignal West Pico
Chemiluminescent Substrate (Pierce).

Caspase 3/7 activities. KB and A549 cells were seeded in a
35-mm culture dish and incubated overnight. Cells at 30%
confluence in the wells were transfected with siRNA or
shRNA pDNA by NP for 24 h. For measuring caspase 3/7
activity, a homogeneous assay (Caspase-Glo™ 3/7 assay,
Promega, Madison, WI, USA) was performed as previously
reported (25).

In vivo therapy. In gene therapy by transfection of HER-2
siRNA or HER-2 shRNA pDNA alone, the nanoplexes of
10 pg siRNA or 10 g shRNA pDNA per tumor were directly
injected into xenografts on days 0, 2 and 4. In the combined
therapy of trastuzumab with PTX, trastuzumab (Herceptin,
Chugai Pharmaceutical Co., Ltd., Tokyo, Japan) at a dose of
20 mg/kg and PTX at a dose of 5 mg/kg were simultaneously
injected i.p. and i.v., respectively, on day 0, 3. 6 and 9. In the
combined therapy of HER-2 siRNA or HER-2 shRNA pDNA
with PTX, nanoplexes of 10 pg siRNA or 10 ug shRNA pDNA
per tumor were directly injected into xenografts on days 0,
3,6 and 9, and PTX at a dose of 5 mg/kg was injected i.v. on
day 1,4, 7 and 10. Tumor volume and mean survival days were
measured. The data are shown as the mean + SD. Animal
experiments were conducted with ethics approval from our
institutional animal care and use committee.

Statistical analysis. Statistical differences between different
groups were analyzed with one-way analysis of variance on
ranks with Tukey-Kramer's post-hoc test. A p<0.05 was consi-
dered significant. For the animal study, statistical comparison
was performed by Student's t-test.
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blot analysis 48 h after transfection.

Results

Suppression of HER-2 protein by gene knockdown. HER-2
protein is a well-known protein overexpressed in many
tumors and is related to apoptosis and cell growth (1). First,
we investigated the expression of HER-2 mRNA in KB, A549
and HeLla cells by Western blot analysis (Fig. 1A). HER-2
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protein was strongly expressed in KB cells, but not detected
in A549 and Hel a cells; therefore, in subsequent experiments,
we used KB cells as a HER-2 positive cell line, and A549 and
Hel a cells as HER-2 negative cell lines.

Next, we confirmed the decreased expression of HER-2
protein by transfecting HER-2 siRNA or HER-2 shRNA
pDNA into KB cells. In this study, we used lipid-based nano-
particles (NP) for siRNA and shRNA pDNA transfection as
previously reported (20,24,26). When transfected into KB
cells, HER-2 siRNA or HER-2 shRNA pDNA strongly
inhibited the expression of HER-2 protein, but did not affect
the expression of B-actin (Fig. 1B and C). Control constructs,
Cont siRNA and Cont shRNA pDNA, did not affect the
expression either HER-2 or B-actin protein in the cells.

Antiproliferative activity. We examined cell viability by
WST-8 assay 48 h after transfection of HER-2 siRNA and
HER-2 shRNA pDNA into KB, A549 and HeL.a cells. In the
transfection of HER-2 siRNA and HER-2 shRNA pDNA, a
decrease of cell viability was significantly observed in KB
cells, but not in A549 and Hela cells (Fig. 2A and B). In
contrast, Cont siRNA and Cont shRNA pDNA did not affect
cell viability in KB, A549 and HeL.a cells.

Next, to examine the effect of HER-2 suppression on the
activity of apoptosis-associated enzymes, we measured
caspase 3/7 activity 48 h after transfection with HER-2
siRNA or HER-2 shRNA pDNA (Fig. 2C and D). Trans-
fection of HER-2 siRNA and HER-2 shRNA pDNA in KB
cells increased caspase 3/7 activities about 1.4- and 1.5-fold
higher than those of Cont siRNA and Cont shRNA pDNA,
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Figure 2. Antiproliferative and caspase 3/7 activities 48 h after transfection of HER-2 siRNA or HER-2 shRNA pDNA into cells. After transfection with
HER-2 siRNA or HER-2 shRNA pDNA, cell viability in KB, A549 and HeLa cells (A and B) and caspase 3/7 activity in KB and A549 cells (C and D) were
measured. Each column shows the mean + SD (n=3). **P<0.01, compared with Cont siRNA in A and C, and with Cont shRNA pDNA in B and D.
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respectively (p<0.01), whereas did not increase activity in
AS549 cells. These results suggested that HER-2 siRNA and
HER-2 shRNA pDNA induced the inhibition of cell growth
via apoptosis in HER-2-positive cells.

In vivo gene therapy in KB tumor xenografts. We evaluated
the antitumor effect by direct injection into KB tumor xeno-
grafts with the nanoplex of HER-2 siRNA or HER-2 shRNA
pDNA. In vivo transfections of siRNA and shRNA pDNA
were performed three times as previously reported (20). In
mice treated with HER-2 siRNA, the growth of KB tumors
was significantly inhibited on day 5, 7 and 8 compared with
mice treated with Cont siRNA (Fig. 3A). In mice treated with
HER-2 shRNA pDNA, growth was significantly inhibited on
day 9 and 10 compared with mice treated with Cont shRNA
pDNA (Fig. 3B). The time of tumor suppression by HER-2
shRNA pDNA seemed to be delayed more than that of HER-2
siRNA. However, sustained suppression of tumor growth
was not observed in the xenografts after injection of HER-2
siRNA and HER-2 shRNA pDNA. HER-2 activates cell

survival pathways, which represents an advantage for tumor
cells as they became resistant to chemotherapy-induced
apoptosis (8). Down-regulation of HER-2 expression in
tumor cells via activation of the apoptosis pathway will
enhance cytotoxicity by chemotherapy; therefore, for
complete tumor regression, combination therapy with HER-2
siRNA and chemotherapy was examined.

In vitro combination therapy with PTX. It has been reported
that the HER-2 antibody trastuzumab enhances the antitumor
activity of PTX against HER-2-overexpressing human breast
cancer xenografts (27), and combination therapy with trastu-
zumab and PTX has been useful for the clinical treatment of
breast cancer (21-23). Therefore, we evaluated the in vitro
growth inhibitory effect by the combination of HER-2 siRNA
or HER-2 shRNA pDNA with PTX. Forty-eight hours after
the transfection of siRNA or shRNA pDNA into KB cells,
the cells was treated with PTX for another 48 h. Cells trans-
fected with HER-2 siRNA showed 3.2-fold higher sensitivity
to PTX (1C5,=0.3 nM) than those transfected with Cont
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Days

siRNA (IC5,=0.97 nM) (Fig. 4A). Cells transfected with
HER-2 shRNA pDNA showed 92.5-fold higher sensitivity to
PTX (1C5=0.03 nM) than those with Cont shRNA pDNA
(IC5=2.7 nM) (Fig. 4B). These data indicated that suppression
of HER-2 expression may increase sensitivity to PTX.

Combined therapy for KB tumor xenografts. To determine the
optimal dose of PTX to evaluate combination therapy in vivo,
PTX was administered at doses of 2, 5 and 10 mg/kg, 4 times
at three-day intervals. The tumor suppressive effect by PTX
was dose-dependent; 5 mg/kg PTX inhibited the tumor growth
of KB xenografts moderately but not at 2 mg/kg (Fig. 5A).
There were no significant differences in mouse body weight
changes after PTX administration at doses of 2 and 5 mg/kg;
however, body weight at 10 mg/kg PTX significantly

decreased as a side effect (Fig. 5B); therefore, we decided to
use 5 mg/kg PTX for the following combination therapy.

First, we investigated whether HER-2 inhibition by
trastuzumab enhanced the antitumor activity of PTX for KB
tumor xenografts. Trastuzumab was simultaneously i.p.
injected at a dose of 20 mg/kg, as previously reported (28),
on days 0, 3, 6 and 9 along with PTX; however, trastuzumab
treatment alone could not inhibit tumor growth, and the
combination with PTX could not significantly enhance the
antitumor effect by PTX (Fig. 6).

Next, we evaluated the efficacy of combination therapy of
HER-2 siRNA or HER-2 shRNA pDNA plus PTX in inhibiting
the growth of KB tumors. Nanoplexes of 10 g HER-2 siRNA
or HER-2 shRNA pDNA per tumor were directly injected into
xenografts four times (days 0, 3, 6 and 9). PTX was intra-
venously administered at a dose of 5 mg/kg 24 h after the
injections of nanoplexes (days 1, 4, 7 and 10). HER-2 siRNA
or HER-2 shRNA pDNA treatment alone could not suppress
tumor growth, but HER-2 siRNA and HER-2 shRNA pDNA
with PTX treatment significantly suppressed tumor growth
on day 7, 9 and 11, and day 9, 11 and 13, respectively,
compared with PTX treatment alone (Figs. 7A and 8A). The
median survival time with HER-2 siRNA combined
treatment (31.5 days) was slightly longer than with HER-2
siRNA (28.5 days) or PTX (30.0 days) alone (Fig. 7B). The
median survival time with HER-2 shRNA pDNA combined
treatment (42.5 days) largely extended than that of the HER-2
shRNA pDNA (32.0 days) or PTX (35.0 days) alone (Fig. 8B).
Transfection with siRNA, shRNA pDNA, PTX injection
(5 mg/kg) alone, or their combinations did not alter the change
in body weight during 3 weeks of treatment (data not shown).
These data suggested that combination therapy of PTX with
HER-2 siRNA or HER-2 shRNA pDNA was more effective
than that of PTX with trastuzumab.

Discussion
Previously, we reported that NP-delivered HER-2 siRNA

suppressed HER-2 expression, but insufficiently inhibited KB
tumor growth (20). In this study, we investigated the anti-
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Figure 8. In vivo combination therapy with HER-2 shRNA pDNA and PTX for

tumor effect of NP transfection of HER-2 shRNA pDNA
compared with HER-2 siRNA into KB cells and tumor xeno-
grafts. Furthermore, we examined their combination therapy
with PTX.

The intracellular localization of HER-2 siRNA and HER-2
shRNA pDNA after transfection is crucial for its successful
function. A difference in time of the antitumor effect between

KB tumor xenografts. Experimental conditions were the same as in Fig. 7.

HER-2 siRNA and HER-2 shRNA pDNA was slightly
observed (Fig. 3). In combination therapy with PTX, HER-2
shRNA pDNA exhibited marked extension of mean survival
days compared with HER-2 siRNA (Figs. 7B and 8B). HER-2
siRNA can quickly trigger specific degradation of HER-2
mRNA after transfection into cytoplasm. On the other hand,
HER-2 shRNA pDNA must be transferred into the nucleus
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for the HER-2 shRNA expression. It can therefore suppress
the expression of HER-2 mRNA for a long period by sustained
transcription of HER-2 shRNA from pDNA. This might be
one of the reasons why the combination of HER-2 shRNA
pDNA and PTX treatment extended the mean survival days.

Trastuzumab is widely used as a standard therapy for
patients with HER-2-overexpressing metastatic breast cancer
with clear evidence of clinical efficacy as a single agent or in
combination with chemotherapeutic agents (29). It has also
been reported that trastuzumab enhances the antitumor acti-
vity of PTX and doxorubicin against HER-2-overexpressing
human breast cancer xenografts (27); however, in our results,
trastuzumab was not effective for KB culture cells (data not
shown) and KB tumor xenografts as a single agent. Moreover,
trastuzumab did not increase the sensitivity in combination
with PTX (Fig. 6) like HER-2 siRNA and HER-2 shRNA
pDNA pretreatment (Figs. 7A and 8A). This finding corres-
pond well with the result that 60-70% metastatic patients
with HER-2-positive tumors appear intrinsically resistant
to trastuzumab as a sole therapy (30,31). Furthermore, trastu-
zumab alone or in combination with docetaxel or PTX was
not effective in clinical trials for HER-2-positive prostate
tumors (32,33). A cell line developed from a patient resistant
to trastuzumab treatment was found to maintain high levels
of HER-2 expression without identifiable mutations (34).
These findings might explain why trastuzumab was not
effective for KB tumor xenografts. In this study, combination
therapy with HER-2 siRNA or HER-2 shRNA pDNA increased
the inhibitory effect of PTX and mean survival days in KB
tumor xenografts, suggesting that HER-2 RNAI therapy might
be effective for trastuzumab-resistant cells in combination with
chemotherapy.

In our study, the mechanism of the enhanced antitumor
effect for chemotherapy by HER-2 suppression remains
unclear. We speculated that HER-2 suppression contributed
to the reduction of antiapoptotic signaling and then increased
the sensitivity to chemotherapy. As another mechanism, PTX
increased the liposome-delivered transfection efficiency by
inhibiting targeting endosomes to lysosomes (35,36). We
confirmed that PTX treatment increased 2-fold in gene
expression by NP in KB cells (data not shown). Therefore,
using the combined lipid-mediated transfection of genes
with PTX might be a powerful technique due to the effect of
enhanced gene therapy. Combination therapy has the potential
to reduce the side effects of PTX.

In conclusion, we demonstrated the potential of HER-2
siRNA and HER-2 shRNA pDNA to increase the sensitivity
of PTX in HER-2-positive KB cells and tumor xenografts using
NP delivery. Suppression of HER-2 expression significantly
inhibited cell growth and induced caspase 3/7 activity in KB
cells. Thus, the combination of HER-2 siRNA and PTX may
serve as a novel tool for gene therapy with fewer adverse effects.
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