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Purpose. The antitumor effect of paclitaxel-loaded PEGylated immunoliposome (PILs) was investigated
in breast cancer cell lines and the xenograft model.

Methods. Herceptin was conjugated to paclitaxel-loaded PEGylated liposomes (PLs). In vitro cellular
uptake and cytotoxicity of PILs were determined in breast cancer cell lines while in vivo antitumor
efficacy was evaluated in the xenograft nude mouse model.

Results. The PILs formulation was able to significantly increase the HER2 mediated cellular uptake of
paclitaxel compared to the PLs in cell lines overexpressing HER2 (BT-474 and SK-BR-3 cells).
However, in the MDA-MB-231 cells, which express low levels of HER2, the difference between the
PILs and PLs formulation was not significant. The biological activity of Herceptin was maintained
throughout the conjugation process as exhibited by the antitumor dose-response curves determined for
Herceptin itself, for the thiolated Herceptin alone and subsequently for the immunoliposome-coupled
Herceptin. In BT-474 and SK-BR-3 cells, the cytotoxicity of the PILs was more potent than that of
Taxol. Moreover, in in vivo studies, PILs showed significantly higher tumor tissue distribution of
paclitaxel in the BT-474 xenograft model and more superior antitumor efficacy compared to Taxol and
PLs. However, in the MDA-MB-231 xenograft model, PILs and PLs showed similar tumor tissue
distribution as well as antitumor activity.

Conclusions. These results suggest that HER2-mediated endocytosis is involved in the PILs formulation.
The ability of the PILs formulation to efficiently and specifically deliver paclitaxel to the HER2-
overexpressing cancer cells implies that it is a promising strategy for tumor-specific therapy for HER2-

overexpressing breast cancers.
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INTRODUCTION

Human epidermal growth factor receptor-2 (HER?2) is a
185-kDa transmembrane receptor tyrosine kinase that
belongs to the epidermal growth factor receptor family (1,
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2). HER2 overexpression in human breast cancer cells
increases their intrinsic metastatic potential (3). HER2 is
overexpressed in about 30% of tumors in patients with breast
carcinoma, and HER2 overexpression correlates with re-
duced survival and a shorter time to disease progression in
these patients (4,5). HER2-targeted therapy is promising
because it targets a highly specific receptor protein for breast
cancer growth. Moreover, HER2-overexpressing cancer cells
express substantially more extracellular HER2 than do
normal host cells, which allows selectivity for tumor cells (6).

Herceptin (Genentech, South San Francisco, CA), a
recombinant humanized monoclonal antibody directed
against the extracellular domain of the HER2 protein (7),
is the only HER2-targeted therapeutic approved by the US
Food and Drug Administration for the treatment of
metastatic breast cancer. Herceptin has antitumor activity
as a single agent (8,9), but it is most efficacious when
combined with chemotherapy (10).

Paclitaxel, a taxane widely used in chemotherapy, is
highly efficacious in the treatment of breast cancer, ovarian
carcinoma, head and neck cancers, and nonsmall-cell lung
cancer (11,12). By stabilizing the microtubule network and
inhibiting microtubule dynamics in tumor cells (13,14),
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paclitaxel generally causes programmed cell death (apopto-
sis) after cell cycle arrest at the metaphase-anaphase
transition (15). Pegram et al. have reported that Herceptin
enhances the tumoricidal effects of paclitaxel against HER2-
overexpressing tumors in athymic mice (16). This drug
combination also elicits a better response rate and a longer
time to disease progression in patients with HER2-over-
expressing tumors than does paclitaxel alone (17).

Immunoliposomes are liposomes designed to actively
target solid tumors by virtue of the monoclonal or
polyclonal antibodies attached to their surface (18-20).
Immunoliposomes have the potential to transfer large
numbers of drug molecules to tumor cells, and drugs
delivered via immunoliposomes have antitumor activities
similar to or greater than those of the drug alone (21). The
ability of immunoliposomes to target tumor cells overcomes
many limitations of conventional liposomes and provides a
novel strategy for tumor-targeted drug delivery (22). Anti-
HER2 PEGylated immunoliposomes (PILs), which are
made by coupling Herceptin to liposomes sterically stabi-
lized with PEG, have yielded promising results for the
treatment of HER2-overexpressing breast cancers (23).
Specifically, the PEGylation can increase the circulation
time of the encapsulated drug in the blood, and the
Herceptin conjugation can increase the therapeutic index
of an encapsulated drug by promoting selective delivery to
HER2-overexpressing cells (24).

To combine the tumor-targeting properties of Herceptin
with the drug delivery properties of PEGylated liposomes
(PLs), we previously developed a paclitaxel-loaded PIL
formulation that retained Herceptin integrity and exhibited
a significantly longer half-life than that of PLs and Taxol
(25). In the present study, we performed a systematic
evaluation of the antitumor activity and mechanism of these
paclitaxel-loaded PILs by performing an in vitro cellular
uptake study in various breast cancer cells and an in vivo
study in xenograft nude mouse models.

MATERIALS AND METHODS
Materials

Paclitaxel was purchased from Taihua Corporation
(Xi’an, China). Soybean phosphatidylcholine (S;00PC) and
1,2-distearoyl-sn-glycero-3-phosphoethanolamine [methoxy
(polyethyleneglycol)-2000] (MPEG;y00-DSPE) were generous
gifts of Lipoid GmbH (Ludwigshafen, Germany). Maleimide-
derivatized PEG2000-DSPE (Mal-PEG;00o-DSPE) and
rhodamine-labeled phosphatidylethanolamine (Rh-PE) were
purchased from Avanti Polar Lipids (Alabaster, AL), and
cholesterol (CHOL) was purchased from Tokyo Kasei (Tokyo
Kasei Kogyo Co., Ltd, Tokyo, Japan). The clinically marketed
anti-HER2 monoclonal antibody (Herceptin) was a generous
gift from Genentech (South San Francisco, CA). 3-(4,5-
dimethyltiazol-2-ly)-2,5-diphenyl-tetrazolium bromide (MTT),
2-iminothiolane (Traut’s Reagent), and Sepharose CL-4B
were obtained from Sigma-Aldrich Chemical Co. (St. Louis,
MO). Sephadex G-25 was purchased from Amersham Bio-
sciences (Quebec, Canada), and Dulbecco’s Modified Eagle
Medium (DMEM), Minimum Essential Medium (MEM),
penicillin-streptomycin, fetal bovine serum (FBS), and
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TrypLE™ Express were obtained from Invitrogen (Burlington,
Ontario, Canada). Hybri-Care culture medium was from the
American Type Culture Collection (ATCC; Rockville, MD).
All other chemicals were of analytical grade or higher.

Cell Lines

The human breast cancer cell lines SK-BR-3 and BT-
474, which express high levels of HER2, and the human
breast cancer cell line MDA-MB-231, which expresses low
levels of HER2, were purchased from ATCC. BT-474 cells
were cultured in Hybri-Care medium supplemented with
10% FBS and antibiotics (100 U/ml penicillin G and 0.1 mg/ml
streptomycin), and SK-BR-3 cells were cultured in MEM
supplemented with 10% FBS and antibiotics. MDA-MB-231
cells were cultured in DMEM with 10% FBS and antibiotics.
All of the cells were cultured in incubators maintained at 37°C
with 5% CO, in a humidified atmosphere.

Preparation of PEGylated Liposomes (PLs) and PEGylated
Immunoliposomes (PILs)

PEGylated liposomes (PLs) composed of S;ooPC:-
CHOL:mPEG300-DSPE (90:10:5 molar % ratio) were pre-
pared using the thin-film hydration method, as described
previously (26), and were used as controls for comparison
with PEGylated immunoliposomes (PILs). Briefly, paclitaxel,
CHOL, and lipids (S19oPC and mPEG;p0-DSPE) were dis-
solved in chloroform and dried in a rotary evaporator to form
a thin film. This film was resuspended in phosphate-buffered
saline (PBS, pH 4.0) with 3% (v/v) Tween 80 until completely
hydrated. The resulting liposomal dispersion was serially
passed through an extruder (Northern Lipids, Inc, Canada).
Free paclitaxel was removed from the liposome suspensions by
centrifugation, and the liposome pellet was washed twice with
PBS (pH 7.4). The pellet was then resuspended in distilled
water containing sucrose to produce a final sugar:lipid molar
ratio of 2.3:1 and freeze-dried. The final PL particles were
stored in tight containers at 4°C.

PILs composed of S130)PC:CHOL:MPEG;(0-DSPE:Mal-
PEG;000-DSPE (molar ratio 90:10:4:1) were prepared from
PLs as previously described (27). To immobilize antibody on
the PLs, Herceptin was treated with 2-iminothiolane at a 1:20
molar ratio in degassed HEPES-buffered saline (25 mM
HEPES, 140 mM NaCl, pH 8.0). The mixture was allowed to
react for 1 h at room temperature in the dark under an inert
N, atmosphere. After purification by gel chromatography on
a Sephadex G-25 column (Amersham Biosciences, Quebec,
Canada), the reduced Herceptin was incubated overnight at
4°C with Mal-PEG;pp-DSPE at a protein:linker lipid molar
ratio of 1:4. Finally, the PEG-DSPE-conjugated Herceptin
was incubated overnight with PLs at 4°C to form PILs, and
any extraliposomal molecules were removed using a Sepharose
CL-4B column. The amounts of conjugated and free Herceptin
were indirectly measured using a protein assay (BCA Protein
Assay Reagent; Pierce, Rockford, IL) (28).

Cellular Uptake Study

Cellular uptake studies were performed as described
previously, with slight modification (29). Briefly, the human
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breast cancer cell lines were seeded in 24-well flat-bottom
tissue-culture plates at 1x10° cells/well and cultured for 24 h to
permit the attachment of cells. Paclitaxel-loaded liposomes
were diluted with culture media to produce various final
concentrations of paclitaxel, added in triplicate to the wells,
and incubated with the cells for 2 h at either 4 or 37°C. The
cells were then washed twice with ice-cold PBS to remove
unbound liposomes and collected using 0.25% TrypLE™
Express. The cell pellet was destroyed by addition of 0.1 ml
of 10% sodium dodecyl sulfate after centrifugation. An equal
volume of acetonitrile was added to the cell solution to
precipitate the protein, and 20 pl of supernatant was
removed for HPLC analysis (26) after centrifugation at
13,000 rpm for 5 min.

In Vitro Cytotoxicity of Liposomal Paclitaxel

The cytotoxicity of the PILs formulation was determined
in three breast cancer cell lines (BT-474, SK-BR-3, and MDA-
MB-231) using the MTT assay (30). For comparison, Taxol
and PLs were also used. Briefly, cells were plated in 96-well
flat-bottom tissue-culture plates at 2.0x10* cells/well and
incubated at 37°C in a 5% CO, incubator for 24 h, which
provided sufficient time for cells to attach and resume
growth. Liposomes were diluted with culture media to make
various concentrations of paclitaxel and then 200 pl
were added to triplicate wells. Control wells were treated
with equivalent volumes of paclitaxel-free media. After 2 h,
the supernatant was removed. The cells were washed twice
with PBS, fresh medium was added, and the cells were
incubated for another 24 h. MTT dye was added to each well
at a final concentration of 0.5 mg/ml. After 4 h, the nonreduced
MTT and medium were discarded. Each well was washed with
200 pl of PBS, and 200 pl of dimethylsulfoxide were added to
dissolve the MTT formazan crystals. Plates were shaken for
20 min, and absorbance was read at 560 nm using a microplate
reader (Molecular Devices Corporation, Sunnyvale, CA). The
concentration of paclitaxel resulting in 50% growth inhibition
(ICsp) was determined graphically from the concentration-
effect curve, in which the optical density of the control well
was taken as 100% (31). To evaluate the effect of Herceptin
on the cytotoxicity of PILs, Herceptin was added at a final
concentration of 5 pg/ml following the protocol described
above.

Antitumor Activity of Herceptin, Thiolated Herceptin,
and Liposome-Conjugated Herceptin

The antitumor activity of Herceptin, thiolated Herceptin,
and liposome-conjugated Herceptin was assessed in three
different human breast cancer cell lines (BT-474, SK-BR-3,
and MDA-MB-231) using MTT assays. Briefly, cells were
plated in 96-well flat-bottom tissue-culture plates at 2.0x10*
cells/well and incubated at 37°C for 24 h in a 5% CO,
incubator. Herceptin, thiolated Herceptin, and liposome-
conjugated Herceptin were diluted with culture media,
and added to the wells at final Herceptin concentrations
of 1, 5, 10, 20, and 40 pg/ml. Control wells were treated
with equivalent volumes of Herceptin-free media. After a
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24 h incubation, cell viability was evaluated using the MTT
assay.

Combined Effect of Herceptin and Liposomal Paclitaxel
on Breast Cancer Cells

The combined effect of Herceptin and paclitaxel on
MDA-MB-231, SK-BR-3, and BT-474 breast cancer cells
was determined using the MTT assay following two different
procedures. In the first procedure, the cells were treated
with Herceptin (5 pg/ml) with or without paclitaxel (500 ng/
ml) delivered either as Taxol or in liposomes and incubated
for 2 h at 37°C. Then, the cells were washed twice with PBS,
fresh medium was added, and the cells were incubated for
another 24 h. The second procedure was identical to the first
except that paclitaxel, when present, was at 200 ng/ml (as
Taxol or in liposomes), and the incubation time was 24 h.
Control cells were not treated with Herceptin or paclitaxel.
After a predetermined incubation period, the cell viability
associated with each treatment was evaluated using MTT
assays, and the resulting values were compared with those of
the control.

Tumor Tissue Distribution Study

The human breast cancer cell lines, BT-474 and MDA-
MB-231, in their exponential growth were inoculated into 4-
week-old (18-20 g) female BALB/C nu/nu athymic (nude)
mice (Charles River, Korea). In brief, for the xenograft
model expressing low levels of HER2, 100 pl of MDA-MB-
231 cells (5x10° cells) were injected subcutaneously into the
breast tissue of nude mice. For the HER2-overexpressing
xenograft model, a 17-B-estradiol pellet (0.72 mg, 60-day
release; Innovative Research of America, Sarasota, FL) was
implanted subcutaneously on the back of each mouse 1 day
before tumor inoculation (32). The following day, 100 pl of
BT-474 cells (2x107 cells) were mixed with an equal volume
of Matrigel (BD Biosciences, Bedford, MA) and injected
subcutaneously into the breast tissue of each mouse. Animals
were kept in a SPF facility and had free access to food and
water. When the tumor volumes became 100-200 mm® after
2-3 weeks of inoculation, PLs and PILs (7.5 mg/kg as a
paclitaxel) were administered via tail vein. After 24 h of
injection, blood samples were collected from the eyes of
three mice in each group, after which the mice were
sacrificed by cervical dislocation in order to obtain tumor
tissue samples. The samples were washed twice with
physiological solution (0.9% NacCl), weighed and stored at
—20°C until analyzed by HPLC, as described previously (26).

In Vivo Antitumor Efficacy

Two human breast cancer xenograft models were
created using BT-474 and MDA-MB-231 cells, as described
above. PLs or PILs were administered intravenously three
times to each xenograft model over a period of 8 days; they
were injected into tail veins at days 0, 4, and 8 after
implantation when the tumor volume was about 50 mm?®.
Injections of Taxol (diluted to 1.5 mg/ml with PBS, pH 7.4)
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Fig. 1. HER2 mediated cellular uptake of paclitaxel in PEGylated
liposomal (PLs; closed circle) and PEGylated immunoliposomal
(PILs; open circle) formulations in BT-474 cells (a), SK-BR-3 cells
(b), and MDA-MB-231 cells (¢). Each point shown represents an
average of three replicates £S.D. of three independent experiments.

or saline solution served as the positive and negative controls,
respectively. The dose of paclitaxel in each administration
was 7.5 mg/kg body weight for a total treatment dose of
22.5 mg/kg. The tumor volumes of the xenograft models were
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monitored twice a week for up to 60 days. The tumor volume
was calculated as 0.4ab?, where a and b were the largest and
smallest diameters, respectively, that are known to correlate
well with actual tumor weight (r=0.980) (33). At the end of
the study, all mice in each group were weighed and then
sacrificed by cervical dislocation. The tumors were removed,
washed twice with saline solution, wiped, and weighed. The
tumor weight percent was calculated from the equation:

tumor weight(g)
total body weight(g)

Tumor weight percent = x 100

Statistical Analysis

Statistical comparisons were performed using a two-
tailed Student’s ¢ test. All experiments were performed at
least three times. The data are shown as the mean+standard
deviation (S.D.).

RESULTS
Characterization of PEGylated Immunoliposomes (PILs)

Our previous study showed that the PILs were not
significantly different in size from the PLs, despite the
incorporation of Herceptin conjugate (25). The mean diam-
eters of both types of liposome were <200 nm, and they also
exhibited similar zeta potentials (—18.50 and —16.88 mV,
respectively). The paclitaxel percentage content of the PILs
powder (0.34+0.01%, n=3) was lower than that of PLs
(1.08+0.02%, n=3) because the addition of Herceptin in-
creased the total weight of the liposomes.

Cellular Uptake of Liposomal Paclitaxel

We previously reported that HER2 on the cell surface
plays an important role in the cellular uptake of PILs by
measuring the uptake of fluorescence-labeled empty PILs
into BT-474, SK-BR-3, and MDA-MB-231 cells using
confocal laser-scanning microscopy (25). We also observed
the uptake of paclitaxel loaded PILs into the cells that
express HER2 in a temperature dependent manner (25),
suggesting HER2-mediated endocytosis as a possible mech-
anism. To further verify this mechanism, the concentration
dependence of PILs on the HER2-mediated endocytosis was
observed. The cellular uptake of paclitaxel was measured
after the cells were incubated with liposomes containing
various concentrations of paclitaxel for 2 h at 4 or 37°C.
HER2-mediated endocytosis was calculated by subtracting
the amount of uptake of paclitaxel at 4°C from that of
paclitaxel at 37°C (Fig. 1) in order to exclude values
corresponding to nonspecific adsorption to cells. In BT-
474 and SK-BR-3 cells, HER2-mediated uptake of pacli-
taxel from PILs was significantly higher than that from PLs
(Fig. la, b) and the HER2 mediated endocytosis was
saturated when the concentration of paclitaxel in PILs
exceeded 500 ng/ml (as paclitaxel). On the other hand, in
MDA-MB-231 cells, PLs and PILs did not show significant
differences in paclitaxel uptake (Fig. 1c).
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In Vitro Cytotoxicity of Liposomal Paclitaxel

In our previous studies, we found that the biological
half-life of paclitaxel after intravenous injection was 1.65 h (26),
and the maximum uptake of PILs into BT-474 and SK-BR-3
cells occurred after 2 h exposure (25). In the present study,
we determined the in vitro 1Csq values of the liposomes after
2 h exposure. As shown in Table I, the ICs, value of PILs in
BT-474 cells (451.3 nM) was significantly lower than that of
PLs (1645.9 nM), and even lower than that of Taxol (675.8 nM).
A similar phenomenon was observed in SK-BR-3 cells
(Table I). In MDA-MB-231 cells, on the other hand, the
ICsq value of PILs (1743.8 nM) did not differ significantly from
the ICsq value of PLs (1715.0 nM), and it was significantly
higher than that of Taxol (507.1 nM; Table I).

Notably, the ICsy values of PILs in the HER2-over-
expressing cancer cell lines (BT-474 and SK-BR-3) were
significantly increased by the addition of 5 pg/ml Herceptin.
This competitive inhibition implies that PILs and Herceptin
share the same target (i.e., HER2); this conclusion is also
supported by the fact that Herceptin did not exhibit an
inhibitory effect in cancer cells expressing low levels of
HER2 (MDA-MB-231).

Antitumor Activity of Herceptin, Thiolated Herceptin,
and Liposome-Conjugated Herceptin

The PILs used in the present study were prepared by
conjugating PEG to thiolated Herceptin. Since Herceptin
itself is a well-known curative agent for breast cancer (8,9), it
is possible that, despite its chemical modification, the PL-
conjugated Herceptin has antitumor activity in addition to
the ability to recognize HER2. Therefore, we examined the
cytotoxicity of Herceptin, thiolated Herceptin, and non-pacli-
taxel-loaded PILs in BT-474, SK-BR-3, and MDA-MB-231 cells.
The cytotoxic effect of Herceptin against BT-474 and SK-BR-3
cells was greatest at concentrations above 5 pg/ml. Similar
patterns were found for thiolated Herceptin and for non-
paclitaxel-loaded PILs (Fig. 2a, b). However, none of the three
Herceptin formulations exhibited cytotoxicity toward MDA-
MB-231 cells (Fig. 2c).

Combined Effect of Herceptin and Liposomal Paclitaxel
on Breast Cancer Cells

To evaluate the potential of PILs for use in cancer
chemotherapy, we examined the cytotoxicity of combination
treatment with Herceptin and paclitaxel. Based on the ICsg

Yang et al.

values of Taxol after 2 h (Table I) and 24 h (26) exposures,
the paclitaxel concentrations for the 2 and 24 h exposure
experiments were set at 500 and 200 ng/ml, respectively. The
Herceptin concentration in both experiments was fixed at
5 pg/ml based on the results shown in Fig. 2. As expected,
Herceptin had no effect on MDA-MB-231 cells, regardless of
the incubation time, and it was more cytotoxic in SK-BR-3
and BT-474 cells after 24 h than after 2 h (Fig. 3a, b). For
24 h exposure, the addition of Herceptin increased the
cytotoxic effect of Taxol or PLs in cell lines overexpressing
HER? (Fig. 3b). In BT-474 cells, for example, the addition of
Herceptin in Taxol changed cell viability from 52 to 36%,
and that in PLs decreased it from 61 to 45%. These results
confirm the rationale for combination treatment with Her-
ceptin and chemotherapeutic agents in breast cancer chemo-
therapy. However, when the exposure was limited to 2 h, no
significant effect of Herceptin on the cytotoxicity of Taxol or
PLs was observed (Fig. 3a).

Notably, PILs were the most potent cytotoxic agents of
those tested in BT-474 and SK-BR-3 cells, even after only a
2 h incubation (Fig. 3a). Moreover, after a 24 h incubation,
cytotoxicity of PIL was significantly higher than that of Taxol,
PLs, and PLs plus Herceptin, whereas it was comparable to
that of Taxol plus Herceptin in both HER2-overexpressing cell
lines (Fig. 3b).

Tissue Distribution Study

In vivo tumor tissue distribution of paclitaxel was
evaluated after intravenous injection of each formulation,
PLs and PILs, in breast carcinoma xenograft mouse model.
In BT-474 cells, the PILs formulation showed a significantly
greater paclitaxel concentration ratio of tumor to plasma (7/P
ratio) compared to the PLs formulation. However, this HER2
selective tumor distribution was not observed in MDA-MB-
231 cells (Fig. 4), which suggests that PILs were selectively
delivered into the HER?2 expressing tumor tissues via a HER2-
mediated endocytosis.

In Vivo Antitumor Efficacy

The antitumor efficacy of PILs was evaluated in breast
cancer xenograft models expressing high or low levels of
HER2 (BT-474 and MDA-MB-231, respectively; Fig. 5).
Because tumor volumes in the saline treatment group
(control) increased rapidly, the experiments for this treat-
ment group ended at 43 and 35 days, respectively, whereas

Table I. Cytotoxicity (ICsp, nM) of Different Paclitaxel Formulations on Human Breast Cancer Cells Determined by MTT Assay After
2 h Exposure

PEGylated Immunoliposome+Herceptin

Cell Line Taxol PEGylated Liposomes PEGylated Immunoliposomes (5 pg/ml)
BT-474 675.8+52.0 1645.9+303.3* 451.3+23.1%%% 8420442, 1+ k%
SK-BR-3 561.6+69.5 1516.7+328.6* 397.6232.0%%* 800.564. 2%
MDA-MB-231 507.1+18.1 1715.0£172.5% 1743.8+180.1* 1755.4+190.6*

Each data represents the mean#standard deviation (n=4~5).
*p<0.01 compared with Taxol.

**p<0.01 compared with PEGylated liposomes.

*#%p<0.01 compared with PEGylated immunoliposomes.
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Fig. 2. Antitumor activity of Herceptin (closed circle), thiolated
Herceptin (open circle), liposome-conjugated Herceptin (closed
triangle) against breast cancer cells after incubation for 24 h. a BT-
474, b SK-BR-3, and ¢ MDA-MB-231 cells were treated with varying
concentrations of Herceptin. Cell survival was measured using an
MTT assay and is expressed as a percentage of cell survival of control
cells. Each experiment was performed at least in triplicate. The
points shown represent the means of three experiments.

those for the other treatment groups ended at 60 days. In the
BT-474 xenograft model, the antitumor efficacy of PILs was
superior to that of all other treatments (Fig. 5a, c). For
example, tumor growth in the PILs group was inhibited to
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such an extent that, at 60 days, tumor volume in this group
was only 25 and 42% that of the Taxol and PLs groups,
respectively (Fig. 5a). Similar results for antitumor efficacy
were obtained in terms of tumor weight percent (Fig. Sc).
The pharmacodynamic data for saline, Taxol, and PLs
treatment in the MDA-MB-231 xenograft model, which were
obtained previously (25) are shown for comparison. As
shown in Fig. 5b and d, PILs and PLs exhibited equivalent
antitumor efficacies and were much more effective than
saline or Taxol. These results might be explained by the
increased local concentration of paclitaxel in the tumor
tissue, since accumulation of PLs in tumors is favored by
their long circulation time and by their enhanced permeabil-
ity and retention (EPR) effect. Thus, the PILs appeared to
retain the desirable effects of “PEGylation,” including long
biological half-life and passive targeting, whereas also
exhibiting the active targeting property conferred by the
antibody. Taken together, our results show that the anti-
tumor efficacy of PILs treatment is greatly superior to that of
Taxol treatment in both the BT-474 and MDA-MB-231
xenograft models.

DISCUSSION

An ideal dosage form for therapeutic agent specifically
delivers an appropriate dose of medication to the target
action site over the required period of time. Liposomes have
gained considerable attention as carriers for a wide range of
drugs (34), largely because their biodegradability and struc-
tural flexibility allow easy manipulation of the in vivo fate of
drugs by changing the composition of liposomes (35). Steric
stabilization by PEGylation, a recent advance in liposome
technology, greatly increases the circulation time of lipo-
somes by increasing their resistance to clearance by the
mononuclear phagocyte system, thereby facilitating selective
extravasation in solid tumors (36). However, PLs do not
directly enter tumor cells; rather, they accumulate within the
tumor interstitium, from which the drug then passively
diffuses into the tumor cells (37). To enhance the therapeutic
efficacy of liposome-encapsulated drugs, we need to increase
their uptake into, and intracellular retention by, tumor cells.
In this context, anti-HER2 PILs constitute a promising
strategy for tumor-targeted drug delivery, in that this
formulation combines the tumor-targeting properties of
Herceptin with the pharmacokinetic and drug-delivery prop-
erties of long-circulating liposomes.

We previously described the basic properties (conjugation,
stability, in vitro release, and pharmacokinetics) of our
paclitaxel-loaded anti-HER2 PILs formulation (25). We also
have suggested that HER2 mediated endocytosis is involved in
the cellular uptake of PILs in cells that express HER2
receptor, but not in cells without HER2 (25). In the present
study, we observed that the HER2 mediated endocytosis of
PILs was saturated at the paclitaxel concentration of over
500 ng/ml (Fig. 1) and was inhibited by free Herceptin in a
competitive manner (Table I). These observations strongly
suggest that HER2-mediated endocytosis is involved in the
cellular uptake process of PILs. Moreover, the cytotoxicity of
PILs was compared with that of Taxol and PLs in breast
cancer cell lines with various HER2 expression levels. Drug-
loaded PLs are generally less cytotoxic than free drug solutions
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Fig. 3. Effects of cotreatment with Herceptin and different paclitaxel formulations on BT-474 (shaded
bar), SK-BR-3 (open bar) and MDA-MB-231 (striped bar) cell viability at 2 h (a) and 24 h (b). Her
Herceptin; PL PEGylated liposome; P/L PEGylated immunoliposome. The data shown represent the

mean+S.D. for four independent experiments.

because drug internalization is retarded by the steric effect of
the PEG chains (38,39). When the exposure time was short
(2 h), Taxol was the most cytotoxic of the formulations toward
MDA-MB-231 cells (Table I). In the case with Taxol, it would

be likely that paclitaxel would easily penetrate the cells, due to
its lipophilicity. Although the PILs also exhibited a steric
effect, caused by PEGylation, they were more cytotoxic than
Taxol in HER2-overexpressing cell lines (BT-474 and SK-BR-
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tstandard deviation (n=3). Asterisk p<0.05 compared with MDA-
MB-231. Pound sign p<0.05 compared with PL.

3). These results might be explained by quick internalization of
PILs by tumor cells through HER2-mediated endocytosis,
which is consistent with the inhibition results of Herceptin
cotreatment (Table I).

Herceptin is used in combination with Taxol to treat
patients with metastatic breast cancer whose tumors over-
express HER2 and who have not received previous chemo-
therapy for their metastatic disease (40). The use of
Herceptin in conjunction with chemotherapeutics is strongly
supported by preclinical tumor xenograft studies showing
improved treatment efficacy of chemotherapeutics such as
cisplatin, doxorubicin, and paclitaxel, when used in combination
with Herceptin (41,42). If Herceptin retains its tumoricidal
activity in the PILs formulation, the rationale for use of
PILs is improved. Thiolated Herceptin, liposome-conjugated
Herceptin, and Herceptin exhibit similar cell viability
profiles in all three cell lines (Fig. 2), suggesting that the
PILs preparation process, namely thiolation of Herceptin
and conjugation of thiolated Herceptin to PLs, does not
greatly affect the tumoricidal activity of Herceptin. There-
fore, we further evaluated the cytotoxicity of PILs com-
pared with that of Herceptin combined with Taxol or PLs.
Valeriote’s method was used to evaluate the combined
effect (43, 44). As shown in Fig. 3b, we observed an additive
effect for Herceptin treatment in combination with Taxol or
PLs over a 24 h incubation period, which is consistent with
results of a previous study by Baselga er al. (42), who
reported that the effect of Herceptin was additive when
used in conjunction with doxorubicin or Taxol. PILs proved
to be more cytotoxic than Taxol, PLs, or Herceptin plus
PLs, and were comparable in cytotoxicity to Taxol plus
Herceptin after 24 h incubation (Fig. 3b).
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Chemotherapeutic treatment of most tumors is hindered
by several pharmacokinetic problems (45). Several chemo-
therapy drugs, including paclitaxel, docetaxel, doxorubicin,
and daunorubicin, are rapidly eliminated from the systemic
circulation, are not specific for tumor cells, and accumulate
not only in tumors but also in healthy tissues. As a result,
very high doses are required for sufficient antitumor efficacy,
which are also related with side effects. Considering these
facts, our present results suggested a promising rationale for
using paclitaxel-loaded PEGylated immunoliposomes in
breast cancer chemotherapy, in that this formulation retains
both the desirable pharmacokinetic properties of long-
circulating liposomes and the cytotoxic and tumor-targeting
activities of Herceptin.

We attempted to confirm the in vivo antitumor efficacy
of this approach using xenograft models. In a HER2-over-
expressing (BT-474) xenograft model, PILs were significantly
more effective against tumors than were any of the other
treatments tested (Fig. 5a, c¢). In a xenograft model express-
ing low levels of HER2 (MDA-MB-231), the antitumor
efficacy of PILs was equivalent to that of PLs and better
than that of saline or Taxol (Fig. 5b, d). These results are
consistent with the observation that the 7/P ratio of
paclitaxel was higher when administered as a PILs formula-
tion compared to the PL formulation in BT474 cells (Fig. 4),
suggesting a HER?2 selective tumor tissue targeting of PILs.
PLs were more effective than Taxol against tumors, irre-
spective of HER2 expression levels, possibly because of
passive targeting via the EPR effect. It is important to note
that in the BT-474 xenograft model, PILs were more potently
tumoricidal than PLs, which was probably at least partially
due to differences in their HER2 mediated intratumoral
distribution and uptake mechanism.

Regarding the tumor targeting mechanism of immunoli-
posomes, it was reported that they are selectively transferred to
tumor cells via a targeted receptor, are internalized by
constitutive endocytosis after target cell binding, and then reach
the endosome (46). This mechanism is also supported by the
results in this study that PILs were uptaken into tumor cells via
HER?2 in a temperature and concentration dependent manner
competitively in vitro. Thus, the PILs formulation is expected
to deliver paclitaxel into tumor cells more effectively than the
PLs, thereby resulting in more efficacious antitumor therapy.
A more detailed mechanism study of the HER2 mediated
endocytosis of PILs is under way.

CONCLUSIONS

The in vitro and in vivo drug delivery characteristics of a
PEGylated immunoliposomal formulation of paclitaxel
(PILs) have been investigated. The PILs were transferred to
tumor cells via a HER2-mediated endocytosis in a HER2-
specific manner and showed potent cytotoxicity against
HER?2 overexpressing cells (BT-474 and SK-BR-3) compared
to that against HER2 low-expressing cells (MDA-MB-231).
Studies in a BT-474 xenograft model showed that PILs
exhibited a significantly greater antitumor effect than that
of PLs or Taxol. Therefore, the efficient and specific delivery
of paclitaxel by PILs to HER2-overexpressing cancer cells
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Fig. 5. a, b Antitumor efficacy of different paclitaxel formulations in BT-474 (a) and MDA-MB-231 (b) human breast cancer xenograft
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compared with PL.

implies that this strategy is a promising approach for tumor-
specific treatment in HER2-overexpressing breast cancers.
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