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Abstract

Background: The failure to respond to chemotherapy is a
major obstacle in the successful treatment of breast can-
cer. We have previously shown that anti-HER-2 antisense
oligonucleotide (AS HER-2 ODN) treatment was able to
sensitize breast cancer cells to various chemotherapeutic
agents in vitro irrespective of their HER-2 status, indicat-
ing that the use of AS HER-2 ODN therapy for breast
cancer is not limited to tumors overexpressing the pro-
tein. One of the main drawbacks to the use of antisense
therapy in the clinical setting is the lack of an efficient,
tumor-targeting, systemic delivery method. We have devel-
oped a tumor-specific, ligand-targeting, cationic liposome
delivery system designed for systemic gene therapy of
cancer. In this study we employ this ligand-liposome
strategy to enhance the delivery of the AS Her-2 ODN to
breast cancer cells, including those that do not overex-
press HER-2, in vitro and in vivo.

Materials and Methods: A cationic liposome complex
that includes folate as the targeting ligand was designed
and optimized for more efficient delivery of AS HER-2
ODN to breast tumors cells in vitro, and more
significantly, for systemic delivery with tumor-specific
targeting in vivo. Human breast cancer cell line MDA-
MB-435, which does not overexpress HER-2, was used
to compare the degree of chemosensitization to the tax-
anes of AS HER-2 ODN delivered via the optimized folate-
liposome versus commercial Lipofectin. MDA-MB-435 xe-
nograft tumors were also used to evaluate the anti-tumor

effect of the combination of systemically delivered folate—
liposome-AS HER-2 ODN and docetaxel (Taxotere).
Results: The optimized folate-liposome-AS HER-2 ODN
complex significantly increases the response of breast tu-
mor cell lines to conventional chemotherapeutic agents in
vitro as compared to AS HER-2 delivered via an unli-
ganded commercially available reagent, Lipofectin. In
vivo, the folate-liposome-AS HER-2 ODN complex has
prolonged stability in blood and increased uptake in tu-
mors. More significantly, the combination of intra-
venously administered ligand-liposome-AS HER-2 ODN
and docetaxel resulted in a marked inhibition of xenograft
growth in an aggressive breast cancer model that does not
overexpress HER-2, even after treatment ended.
Conclusions: Although there are other reports of liposomal
delivery of AS ODN:S, this is the first report of in vivo effi-
cacy against human cancer cells using a tumor-targeting li-
posome delivery system for systemic AS therapy. Moreover,
the increased stability in circulation and anti-tumor efficacy
observed were obtained without the need for continuous
intravenous infusion. HER-2 is an integral component
within a network of cell growth pathways that can affect
many different types of tumors where HER-2 may be a con-
tributing factor, such as ovarian, esophageal, and GI malig-
nancies including colon and pancreatic cancers. Therefore,
the effectiveness of this therapy with xenograft tumors that
do not overexpress HER-2 has the potential to expand the
clinical usefulness of this efficacious form of therapy.

Introduction

The HER-2 (c-erbB-2) gene is a member of a family of
transmembrane receptor tyrosine kinases that also
includes c-erbB-1 (EGF-R), c-erbB-3, and c-erbB-4.
Although all four family members and their ligands
are associated with cancers of diverse origins (re-
viewed in 1), HER-2 has been found to be the EGF-R
family member most relevant in human cancers.
Amplification and overexpression of HER-2 have
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been reported in a number of tumor types including
ovary, lung, salivary gland, kidney, bladder, and
particularly in breast tumors (reviewed in 1, 2),
where it has been identified in almost one-third of
breast cancer patients. Overexpression of the HER-2
protein has also been associated with more aggres-
sive tumor growth, increased metastatic potential,
and poorer patient prognosis (3,4). Because of its
strong association with disease, HER-2 has been the
target for development of therapeutic agents using
various strategies. These include the use of antibod-
ies against HER-2 such as the humanized mono-
clonal antibody Herceptin. Herceptin has shown
some efficacy against chemoresistant metastatic
breast cancers in Phase II clinical trials when com-
bined with cisplatin and other chemotherapeutic
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agents (5-7). The selective expression of suicide genes
driven by the HER-2 promoter (8) and the use of the
adenovirus EIA protein to repress HER-2 expression
(9) are also among the strategies being developed.

Sequence-specific antisense HER-2 oligonucleo-
tides (AS HER-2 ODN) that interfere with HER-2
mRNA translation are also potential therapeutic
agents. We have previously demonstrated the effec-
tiveness of AS HER-2 ODN in sensitizing breast can-
cer cells to various chemotherapy agents in vitro (10).
This sensitization was found to be independent of the
HER-2 status of the cells, possibly reflecting the cen-
tral role HER-2 plays in signaling through the other
members of the c-erb-B receptor family.

The potential of AS technology as a therapeutic
agent has been recognized for some time. However,
the lack of an efficient in vivo systemic delivery
system for these ODNs has limited their clinical use.
A nonviral, ligand-targeting, cationic liposomal sys-
temic delivery system has been optimized in our
laboratory for targeted gene therapy of cancer. This
ligand-liposome complex has been shown to prefer-
entially target tumor cells due to elevated levels of the
corresponding receptor on their surface. High levels of
expression of the ligand-liposome delivered gene
were evident in both primary tumors and metastasis,
but not in normal tissue such as liver, lung, bone mar-
row, and intestinal crypts (11,12). In in vitro and in
vivo experiments, we have shown that restoration of
wild-type p53 function by means of this systemically
delivered tumor-targeted complex renders the tumor
cells more sensitive to conventional chemotherapeutic
agents or radiation in head and neck, prostate, breast,
and other tumor models (11-14).

In this study we employed our liposome com-
plex, targeted by the addition of the folate ligand, to
deliver an AS HER-2 ODN to breast cancer cells in
vitro and in vivo. We demonstrated that this folate—
liposome-AS HER-2 ODN complex improved tumor
uptake, and increased ODN stability in blood, when
compared to the free ODN. Moreover, intravenous
administration of the folate-liposome-AS HER-2
complex sensitized MDA-MB-435 xenograft tumors
that have a low level of HER-2 expression, to the
effects of the drug docetaxel (Taxotere), resulting in
significant inhibition of tumor growth during and
even after the end of treatment. Continuous intra-
venous infusion was not required. Thus, the use of the
folate-liposome complex as an efficient, systemic de-
livery vehicle for antisense molecules shows promise
as a means to effectively employ antisense technology
as a molecular therapy for both primary and metasta-
tic breast cancer in a wide range of patients.

Methodology
Cell Lines and Culture
Human breast carcinoma cell line MDA-MB-435

was provided by the GUMC Tissue Culture Core
Facility. A folate independent derivative of this cell

line (MDA-MB-435 FF) was developed by culturing
the cells in folate-free medium (RPMI) for 3 weeks.
H500 is a normal human fibroblast cell line estab-
lished from an infant foreskin. Cell culture media
and medium ingredients were obtained from Bioflu-
ids (Rockville, MD, USA). MDA-MB-435 was cul-
tured in improved MEM (IMEM) supplemented
with 10% heat-inactivated fetal bovine serum
(FBS), 2 mM r-glutamine and 50 ug/ml each of
penicillin, streptomycin, and neomycin. MDA-MB-
435 FF cells were cultivated in folate-free RPMI
medium supplemented as described. H500 cells
were grown in EMEM containing 1 mM sodium
pyruvate and 1 mM nonessential amino acids in ad-
dition to FBS, glutamine, and antibiotics.

Oligonucleotide and Oligonucleotide—-Drug Combination
Treatment In Vitro

The phosphorothioate sequence specific antisense
HER-2 oligodeoxyribonucleotides, (5'-TCC ATG
GTG CTC ACT-3'), complementary to the initia-
tion codon region of HER-2, and the control, non—
sequence specific scrambled (5'-CTA GCC ATG CTT
GTC-3') ODNs (SC ODN) were synthesized and pu-
rified by reverse phase HPLC by The Midland Certi-
fied Reagent Co. (Midland, TX, USA). The scrambled
ODN has the same nucleotide composition as the an-
tisense molecule, but in random order. Screening of
both the antisense and scrambled ODN sequences
against the GenBank Database indicated that the anti-
sense ODN had homology only to HER-2; no homol-
ogy was found between the scrambled ODN and any
sequence in the database. The lyophilized ODNs were
dissolved in sterile water to a concentration of 1 mM.

ODN-Lipofectin Reagent complexes were pre-
pared as recommended by the manufacturer using
Lipofectin Reagent (1 mg/ml; Life Technologies,
Gaithersburg, MD, USA). Briefly, 7 ul of Lipofectin
Reagent was diluted into 100 ul of serum- and antibi-
otics-free medium (IM) and allowed to stand at room
temperature for 10 min. The diluted Lipofectin
Reagent was gently mixed with 100 ul of a 30-uM
ODN solution, incubated for an additional 20 min,
and combined with 800 ul of IM to yield 3 uM of
ODN. For transfection this solution was diluted with
serum free medium to the desired ODN concentration.

The preparation of folate-cationic liposomes has
previously been described (11). All of the lipids
used were obtained from Avanti Polar Lipids
(Alabaster, AL, USA). The folate-liposome-ODN
complex was prepared as described for the Lipo-
fectin Reagent, except that the molar ratio was
20 nmol of folate-liposome to 2 nmol of ODN in 1 ml
of folate-free medium.

MDA-MB-435 and MDA-MB-435 FF cells (5 X
10° cells/well in 100 ul of the appropriate medium)
were plated in triplicates in a 96-well microtiter
plate. Following overnight incubation, the cells were
washed twice with serum-free medium, overlaid
with 50 ul of the transfection complex in serum-free
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medium and incubated for 12 hr, after which 50 ul
of the appropriate medium, supplemented with
20% FCS, 4 mM L-glutamine, and antibiotics, were
added. The cells were then incubated for an addi-
tional 12 hr, followed by the addition of 100 ul of
the appropriate supplemented medium, with or
without drug, and incubation continued for approx-
imately 72 hr. The chemotherapeutic drugs used
were paclitaxel (Taxol, Bristol-Myers Squibb Co.,
Princeton, NJ, USA) and docetaxel (Taxotere, Aven-
tis Pharmaceuticals Inc., Bridgewater, NJ, USA).
After incubation for 72 hr at 37°C in a humidified
atmosphere containing 5% CO,, the wells were
washed once with PBS and the cell viability XTT-
based assay was performed according to the manufac-
turer’s protocol (Boehringer Mannheim, Indianapolis,
IN, USA). In the presence of an electron-coupling
reagent, XTT (sodium 3'-[1-(phenylamino-carbonyl)-
3,4-tetrazolium]-bis(4-methoxy-6-nitro)benzene sul-
fonate), is converted into orange formazan by dehy-
drogenase in the mitochondria of living cells. The
formazan absorbance that correlates to number of
living cells was measured at 450 nm using a micro-
plate reader (Molecular Devices, Menlo Park, CA,
USA). The ICs, was interpolated from the graph of the
log of drug concentration versus the fraction of sur-
viving cells.

5" End [?’S] or [?°P] Labeling of ODNs

5'-end labeling of the ODNs was accomplished as
described (15) using [y->°S] ATP, 10 mCi/ml (Amer-
sham, Piscataway, NJ, USA) or [y-’’P]ATP, 6000
Ci/mmol (NEN, Boston, MA, USA), and T4 polynu-
cleotide kinase in a reaction buffer supplied with the
enzyme (New England Biolabs, Beverly, MA, USA).
Prior to phosphorylation, the ODN, in water, was
heated at 95°C for 5 min and then immediately
cooled on ice. After phosphorylation, the ODNs were
purified by electrophoresis on a 19% polyacry-
lamide/urea gel and desalted using NAP-5 columns
(Pharmacia Biotech, Piscataway, NJ, USA) as recom-
mended (15).

Uptake Studies

In the context of our experiments, the term “up-
take” refers to the amount of radioactivity associ-
ated with the cells after incubation with labeled
ODN and after extensive washing with PBS. For
determination of cellular uptake, the cells were
seeded at 1 X 10° cells/well in a 6-well plate. 5'[>*P]-
labeled ODN was mixed with 5'-phosphorylated
unlabeled ODN at a ratio of 1:10 (v/v.). The cells
were treated, 18-24 hr postseeding, with
2 uM (equivalent to 10’ cpm/well) of this ODN
mixture either alone, or complexed with Lipofectin
or folate-liposomes as described. After incubation,
the medium was removed and the cells washed
three times with excess PBS. The medium and PBS
washes were pooled for scintillation counting to
determine the amount of free ODN. The cells were

then lysed with 0.5 ml/well RIPA buffer (1% non-
idet P-40, 0.5% sodium deoxycholate, 0.1%
sodium dodecyl sulfate [SDS], 0.1 mg/ml phenyl-
methylsulfonyl fluoride [PMSF], 30 mg/ml apro-
tinin, and 1 mM sodium orthovanadate, all of
which were obtained from Sigma Chemical Com-
pany, [St. Louis, MO, USA]). Cellular uptake was
determined by Cherenkov counting of the washes
and cellular lysate and was expressed as the per-
cent of the total amount of the ODN added to the
medium that was bound to 1 X 10° cells.

In Vivo ODN Stability and Distribution

MDA-MB-435 xenograft tumors were induced by
subcutaneous injection of 2.5-3 X 10° cells into the
mammary fat pad of female NCR nu/nu athymic
nude mice. When the tumors reached approximately
100 mm’ the animals were intravenously injected
once, via the tail vein, with 20 nmole (~4-5 mg/kg)
of either free AS HER-2 ODN or AS HER-2 ODN
complexed with folate-liposome-2 (F-Lip-2). The
F-Lip-2-AS HER-2-ODN complex was prepared for
in vivo injection by mixing 300 nmol of F-Lip-2 (in
150 ul, 5% dextrose) with 20 nmol of ODN (in
100 wl water). After 20 min at room temperature,
the volume was brought up to 300 wl, made to 5%
dextrose, and injected into the tail vein.

To evaluate the stability of the ODN alone or in
complex with F-Lip-2 in blood, 100-200 ul of blood
from the orbital sinus of each mouse was obtained
prior to, and at various times from 30 min to 72 hr
postinjection, and placed in heparinized tubes.
Two-thirds of each blood sample was centrifuged at
1000 Xg for 7 min. The plasma was removed and
100 ul was incubated with 400 ul of 50% acetonitrile
(Sigma) for 30 min at room temperature. The mixture
was centrifuged at 10,000 Xg for 20 min at 4°C. The
supernatant was removed and the ODN precipitated
by the addition of 10 volumes of cold 2% LiClO,4
(Sigma) in acetone, followed by centrifugation at
10,000 Xg for 10 min at 4°C. The resulting pellet was
dissolved in 100 wl of water, boiled for 3 min and im-
mediately cooled on ice. Ten microliters of the ODN
was [>*P] postlabeled as described. The reaction mix-
tures were separated on a 19% polyacrylamide/urea
gel and the bands visualized via autoradiography us-
ing Biomax MS film (Kodak, Rochester, NY, USA).

For the ODN distribution assay [*°S]-labeled
ODN (10 uCi, 20 nmol), either alone or in complex
with F-Lip-2 (total volume 300 wl, 5% dextrose)
prepared as described, were intravenously injected
into the mice. Blood was taken from the orbital si-
nus and the tumors were excised at various times
from 30 min to 72 hr after injection. The tumors
were flash frozen in liquid nitrogen and crushed
while frozen. One hundred milligrams of crushed
tissue or 100 ml of plasma were incubated in 2%
NaOH solution at 37°C for 16 hr and subsequently
neutralized by the addition of one-fifth the volume
of 100 mM ammonium bicarbonate.
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The amount of radioactivity in 10 ul of each
lysate was determined by liquid scintillation count-
ing using Ultima GOLD™ XR cocktail (Packard In-
struments, Meriden, CT, USA).

In Vivo Tumor Growth Inhibition Studies

MDA-MB-435 xenograft tumors of 70-100 mm’
were induced as described. ODN treatment consisted
of intravenous tail vein injection of 20 nmole AS
HER-2 or SC-HER-2 ODN (~4-5 mg/kg) complexed
to F-Lip-2, given either alone or in combination with
docetaxel. The ODNs were administered as a bolus
three times per week. Docetaxel (at 20 mg/kg in
100 ul PBS) was also delivered intravenously three
times per week, on the same day as the oligonu-
cleotide. A total of 11 injections of both ODN and
docetaxel were administered to the animals over the
course of the experiment. The size of each tumor was
measured using calipers by a third party in a blinded
manner. All animal studies were performed in accor-
dance with Georgetown University institutional
guidelines for the care and use of animals.

Results
Optimization of ODN Delivery into Cells

Using Lipofectin, a commercially available liposomal
reagent, to mediate transfection, we have previously
shown that antisense HER-2 ODN can sensitize
human breast cancer cells to the commonly used
chemotherapeutic agent paclitaxel in vitro, resulting
in increased cell death by apoptosis (16). More sig-
nificantly, we found that this response to AS HER-2
ODN was independent of the level of HER-2 expres-
sion in the tumor cells (10). MDA-MB-435 cells have
only a basal level of HER-2 expression (10), yet this
cell line displayed a high degree of AS HER-2-in-
duced chemosensitization. We have also shown that
MDA-MB-435 cells treated ex vivo with AS HER-2
(0.3 uM) and paclitaxel (1 nM) do not develop tu-
mors in nude mice (16). Thus, treatment with anti-
sense HER-2 oligonucleotides has the potential to
enhance the therapeutic effect of the paclitaxel in the
clinic, whether or not HER-2 is overexpressed.
However, to be effectively used as a therapeutic
agent a more efficient delivery system than Lipo-
fectin—one that can be administered systemically to
reach metastases as well as primary tumor—must be
used. We have developed a cationic liposomal deliv-
ery system that uses folate as the targeting ligand.
This complex has been successfully used for systemic
delivery of wild-type p53 to various tumor cell types
(11). The presence of a ligand such as folate markedly
increased the transfection efficiency of the liposome
complex resulting in increased sensitivity of human
tumor cell xenografts to radiotherapy and long-term
tumor elimination (11-13). We have found, via West-
ern blot analysis, that the folate receptor levels in
breast cancer cell lines (i.e., MDA-MB-435, MDA-
MB-231, MDA-MB-453, ZR-75-1, and SK-BR-3) are

elevated compared to normal cell lines H500, HMEC,
and MCF10 (data not shown). Therefore, we wished
to determine if this targeted delivery system could
also be employed to efficiently and preferentially
deliver AS HER-2 oligonucleotides to breast tumor
cells.

Optimization of the liposome composition for
the tumor cell type is a critical factor in achieving
high transfection efficiency. Therefore, five different
folate liposome formulations, varying the composi-
tion as well as the ratios between the lipids, were
tested for their ability to deliver AS HER-2 ODN to
MDA-MB-435FF cells in vitro as determined by up-
take of [>*P]-labeled ODN. This folate-independent
cell line was used to avoid blocking the cellular up-
take of the folate-liposome by the large amounts of
folate in the medium. As shown in Figure 1, there
were significant differences in uptake between
the five liposome formulations, with F-Lip-2 (di-
methyldioctadecylammonium bromide [DDAB]/L-
a-dioleoylphosphatidyl ethanolamine [DOPE] at a
1/1molar ratio) resulting in the highest AS HER-2
uptake by the MDA-MB-435FF cells. After 25 hr in-
cubation, approximately 30% of the [*?P]-labeled
AS HER-2 ODN delivered by F-Lip-2 was found to
have been taken up by the cells. In contrast, the
level of uptake facilitated by F-Lip-1 or F-Lip-3 was
only approximately 10%. AS HER-2 ODN uptake
mediated by the F-Lip-2 complex was also com-
pared to that mediated by Lipofectin and to the
uptake of free ODN by MDA-MB-435FF cells. The
results are shown in Figure 2. Whereas transfection
with Lipofectin could increase ODN uptake as
compared to free ODN, transfection using F-Lip-2
complexed to AS HER-2 ODN resulted in a dramatic
increase in ODN uptake (approximately 5-fold)

Uptake of AS-HER-2 Oligonucleotides Complexed with
Different Liposome Formulations

30

—e— F-Lip-1+ ODN
25 | —O— F-Lip-2+ODN
-y F-Lip-3 + ODN
—o— F-Lip-4 + ODN g
—m— F-Lip-5+ ODN

20 |

% Uptake

0 1 2 20 2
Time (Hrs)

Fig. 1. Comparison of the uptake of AS HER-2 ODN
complexed with five different liposome formulations in
MDA-MB-435 FF cells. MDA-MB-435 FF cells, MDA-MB-435
cells grown in folate-free medium at least for 3 weeks.
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Comparison of AS-HER-2 Uptake Between LIPOFECTIN and
F-Lip-2 In MDA-MB-435 Cells

30

—e— F-Lip-2 + ODN
—0O— LIPOFECTIN + ODN
25 | .y— Free ODN

20

15 4

% Uptake

10

5 10 15 20 25
Time (Hrs.)

Fig. 2. Comparison of AS HER-2 ODN uptake mediated
by F-Lip-2 versus Lipofectin or free ODN in MDA-MB-435
FF cells. Transfection with Lipofectin was performed as
described in the manufacturer’s protocol.

over that observed with the Lipofectin (less than
5% uptake). Therefore, analogous to our findings
with plasmid DNA, the folate-liposome complex is
capable, at least in vitro, of efficient delivery and
transfection of AS oligonucleotides in breast tumor
cells. Since our previous studies, our ligand-
liposome-plasmid DNA complex has shown good
correlation between in vitro optimization and in
vivo therapeutic efficacy (11); only the best com-
plex, based on the above studies, was chosen for use
in the remaining of the experiments described below.

Drug Sensitization by AS HER-2 ODN

Docetaxel, like paclitaxel, is a member of the taxane
family. Docetaxel is one of the most active single
chemotherapeutic agents for the treatment of
metastatic breast cancer, and is now standard ther-
apy in clinical practice (17,18). Although paclitaxel
and docetaxel have a similar mechanism of action
(19), they are significantly different in clinical char-
acteristics related to their efficacy/toxicity ratio rela-
tive to dose and schedule (18).

As mentioned, our previous in vitro antisense
HER-2 chemosensitization studies (10) examined
the effect of Lipofectin-delivered AS HER-2 ODN on
the response of various breast cancer cell lines, in-
cluding MDA-MB-435 to paclitaxel. Here we ex-
tended these studies to both taxane-based drugs.
More significantly, we compared the level of in vitro
sensitization of breast cancer cells achieved with AS
HER-2 ODN delivered by either Lipofectin or our
folate-liposome delivery system.

As with our earlier study, the AS HER-2 ODN
employed in these studies is a phosphorothioate pen-
tadecamer complementary to the initiation codon re-
gion of HER-2 mRNA. Previous studies using a series

of AS HER-2 ODNs complementary to the area
around and including the initiation codon indicated
that this oligomer yielded the most efficient inhibition
of HER-2 protein synthesis (data not shown). AS
HER-2 ODNs targeted to other regions of the gene had
previously been found to be less effective in inhibit-
ing protein synthesis (E. Chang, unpublished data).

AS HER-2 concentrations of 0.1 and 0.3 uM were
tested. These two concentrations were chosen be-
cause they were both below the ICs, value (the con-
centration of treatment agent resulting in a 50%
decrease in viable cells) for AS HER-2 alone in MDA -
MB-435. This is important because high concentra-
tions of AS HER-2 itself can also inhibit cell growth.
We also observed previously that for MDA-MB-435
cells, AS HER-2 concentrations greater than 0.3 uM,
when used in combination with a chemotherapeutic
agent, resulted in such a high degree of cell death that
an accurate determination of the ICs, was not possi-
ble. Moreover, at concentrations above 0.3 uM the
scrambled control oligomer begins to demonstrate
some nonspecific toxic effects. In the assays evaluat-
ing in vitro sensitization by F-Lip-2-AS-HER-2,
MDA-MB-435FF cells, adapted for growth in folate-
free medium, were used so that the high levels of fo-
late in the medium would not inhibit the binding of
the folate ligand in the complex to the cellular recep-
tor to demonstrate proof of principle. However, it
should be noted that all of the in vivo studies that
will be discussed below use the same F-Lip-2-AS
HER-2 ODN complex administered through the
blood stream to mice bearing the parental MDA-MB-
435 xenograft tumors. It is important to note that the
MDA-MB-435FF cells also have a low level of HER-
2 expression as was observed in the parental MDA -
MB-435 cells (data not shown).

The degree of sensitization to the drug is based
on comparison of the ICs, values after transfection
with AS HER-2 ODN versus transfection with
scrambled (SC)-HER-2 ODN (fold sensitization =
ICso SC/ICsq AS). The results are summarized in
Table 1 and representative cell survival curves are

Table 1. Chemosensitization of MDA-MB-435/435 FF
cells by AS HER-2

Lipofectin F-Lip-2

AS HER-2 ODN

Concentration o1lpuyM O3 puM 0.1pM 03 uM
Fold sensitization 2.4 4.9 6.7 9

to paclitaxel

Fold sensitization 2.2 17 7.2 >30

to docetaxel

*Fold sensitization = ratio of ICs, for SC HER-2 ODN to ICs, for
AS HER-2 ODN.
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Fig. 3A-E. Comparison of the sensitization of MDA-MB-435/MDA-MB-435FF cells to paclitaxel (Taxol) and docetaxel (Taxotere) by F-
Lip2-AS-HER-2 ODN or LIPOFECTIN®-AS-HER-2 ODN. XTT assays were performed to assess the degree of sensitization to either Taxol or
Taxotere after transfection with F-Lip2-AS-HER-2 ODN or LIPOFECTIN®-AS-HER-2 ODN. Each point is the mean of triplicate samples *
Standard Deviation. AS=Antisense-HER-2 ODN; SC=Scrambled HER-2 ODN; FOLD Sensitization=I1Cs, SC/ICs, AS. (A) Taxol sensitiza-
tion with LIPOFECTIN® at an AS-HER-2 ODN concentration of 0.3 uM. (B) Taxol Sensitization with F-Lip-2 at an AS-HER-2 ODN concen-
tration of 0.3 uM. (C) Taxotere sensitization with LIPOFECTIN® at an AS-HER-2 ODN concentration of 0.1 uM. (D) Taxotere sensitization by
F-Lip-2 at an AS-HER-2 ODN concentration of 0.1 uM. (E) Taxotere sensitization by F-Lip-2 at an AS-HER-2 ODN concentration of 0.3 uM.
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E Chemosensitization of MDA-MB-435 Cells
by F-Lip-2-AS-HER-2 ODN
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Fig 3. (Continued)

given in Figure 3. As previously noted, only a minimal
increase in sensitization is observed at an AS HER-2
concentration of 0.1 uM using Lipofectin as the deliv-
ery vehicle (2.4- and 2.2-fold for paclitaxel and doc-
etaxel, respectively). However, AS HER-2 ODN deliv-
ery mediated by the F-Lip-2 targeted delivery system
resulted in a 6.7- and 7.2-fold increase in cell killing
by paclitaxel and docetaxel, respectively, at the same
low concentration of 0.1 uM. Although the level of
sensitization via Lipofectin delivery was much higher
at an AS HER-2 ODN concentration of 0.3 uM, partic-
ularly for docetaxel, the fold sensitization obtained
using F-Lip-2 was approximately double the Lipo-
fectin value. In fact, there was a 30-fold increase in
response of the cells to Docetaxel after treatment with
the F-Lip-2-AS HER-2 complex (Fig. 3E). Thus, as
demonstrated with plasmid DNA (11), this folate-
directed liposomal delivery system can deliver anti-
sense ODNs and efficiently transfect tumor cells in
vitro resulting in increased effectiveness of the therapy.

Stability in Blood of AS HER-2 ODN in Complex
with F-Lip-2

For a clinical cancer therapy to be most effective, it
must be able to reach metastatic as well as primary
disease. Therefore, being able to systemically (intra-
venously) deliver the therapeutic agent is essential.
Free AS ODNs are known to have an extremely
short Ty,, in blood (0.5-1 hr) depending on the ODN

dose (20,21). This aspect has limited their potential
use in cancer therapy. We demonstrated above the
ability of the F-Lip-2 to efficiently deliver the AS
HER-2 ODN in vitro resulting in increased sensiti-
zation of breast tumor cells to chemotherapeutic
agents. In an earlier in vitro study using antisense
ras ODN, we demonstrated that when incubated
with cell culture, ODNs complexed with untargeted
commercial Lipofectin are more stable than ODN
alone (22). Our folate-liposome delivery system has
been shown to be able to efficiently deliver plasmid
DNA preferentially to tumors after systemic admin-
istration (11). Thus, it may be that this liposome de-
livery system can also protect the ODNs from being
degraded and from nonspecific binding to protein
while in circulation. Therefore, we next assessed the
stability of the AS HER-2 ODN in complex with the
F-Lip-2 in blood in vivo using a mouse model.
Equal amounts of free ODN or AS HER-2 ODN
complexed with F-Lip-2 were injected into the tail
vein of nude mice bearing MDA-MB-435 xenograft
tumors. Blood samples were taken at various inter-
vals, from 30 min to 24 hr. After isolating the ODN
from the blood, as described in Methodology, it was
postlabeled with [y->?P] ATP and equal counts of the
reaction mixture separated on a 19% polyacry-
lamide/urea gel. Comparing the intact ODN bands in
the free ODN and the F-Lip-2 ODN samples, Figure 4
shows that within 30 min, there is 80% less intact
ODN present in the blood from the animal receiving
the free ODN versus the F-Lip-2 complexed mole-
cule, with only a faint band still present in the free
ODN sample. In contrast, the intact AS HER-2 ODN
band is still clearly evident at 1 and 3 hr postinjec-
tion in the plasma from the animal receiving the F-
Lip-2 complex. Moreover, a faint intact ODN band is
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Fig. 4. Stability of AS HER-2 ODN in complex with
F-Lip-2 in blood. Unlabeled ODN alone or ODN in complex
with F-Lip-2 were intravenously administered once to mice.
Blood was taken at various times from 30 min to 24 hr. The
ODN from plasma was extracted, postlabeled with [y->*P] ATP
and separated on 19% polyacrylamide/urea gel. Lane 1 (con-
trol ODN), pure [**P]-labeled ODN run as a size standard.
Lane 2 (plasma control), plasma from an untreated mouse.



482 Molecular Medicine, Volume 8, Number 8, August 2002

still visible even 24 hr postinjection with the F-Lip-
2-AS HER-20DN complex. Therefore, complexing
the AS HER-2 ODN with our folate-liposome in-
creases its stability in circulation. In addition, the
persistence in circulation of the F-Lip 2-AS HER-2
ODN versus the free ODN was assessed using [*°S]-
labeled AS HER-2 ODN either free or complexed to
F-Lip-2 prior to a single intravenous tail vein injec-
tion. As determined by CPM, at each time point ex-
amined ranging from 0.5-72 hr, there was a 2- to
3-fold higher level of F-Lip-2-AS HER-2 ODN than
free ODN evident in the plasma (data not shown). It
should be noted that this liposome complex does not
contain PEG and thus is not sterically stabilized.
Therefore, a significant portion of the F-Lip 2-AS
HER-2 ODN complex is cleared from the blood
through binding to macrophages.

Intratumoral Accumulation of [>°S]-Labeled ODN
Complexed with F-Lip-2 After Systemic Administration

We next evaluated whether the prolonged time in cir-
culation evident with the F-Lip 2-AS-HER-2 com-
plex resulted in increased uptake of the AS-HER-2
ODN in the tumor. [*°S]-labeled AS-HER-2 ODN,
alone or complexed to F-Lip-2, was injected intra-
venously once into the tail vein of nude mice bearing
MDA-MB-435 xenograft tumors. The tumors were
harvested 30 min to 72 hr postinjection and treated as
described in Methodology. The amount of [>*°S] ODN
present in 100 mg of tumor tissue was compared be-
tween the free ODN and that complexed with F-Lip-2
over time. As evident in Figure 5, the AS HER-2 ODN
complexed to F-Lip-2 has an increased level of accu-
mulation in the tumor as compared to the free ODN
at every time point examined. This was particularly
true 6 hr post-systemic delivery, where a greater than
6-fold higher level of the [**S] ODN was present in

Tumor Uptake of Free AS-HER-2 ODN vs
F-Lip-2 Complexed AS-HER-2 ODN
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Fig. 5. Comparison of intratumoral accumulation of
intravenously administered free [>*>S]-labeled ODN or [*’S]-
labeled ODN complexed with F-Lip-2. Values given are CPM
in 100 mg of tumor tissue. Time is hours after intravenous
injection.

the tumor from the animal that received the F-Lip-2
complexed ODN compared to that injected with the
free ODN. Moreover, a relatively stable level of the
ODN was still present in the tumor 24, 48, and even
72 hr postinjection of the F-Lip-2—AS Her-2 complex.
Therefore, this prolonged uptake and presence in
the tumor should permit the AS HER-2 to have a
greater effect on tumor response to conventional
cancer therapy.

Effect of the Combination of Systemically Administered
F-Lip-2-AS HER-2 ODN and Docetaxel on MDA-MB-435
Xenograft Tumors in an In Vivo Mouse Model

The ability of the F-Lip-2—-AS HER-2 to target and sen-
sitize preexisting MDA-MB-435 xenograft tumors to
the chemotherapeutic agent docetaxel in vivo was ex-
amined by assessing tumor growth inhibition (Fig. 6).
Female athymic (NCR nu/nu) mice carrying MDA-
MB-435 mammary fat pad xenograft tumors of ap-
proximately 70 mm?® were intravenously injected, via
the tail vein, with F-Lip-2—-AS HER-2 (approximately
4-5 mg/kg of oligonucleotides) every other day to a
total of 11 injections. A total of 11 intravenous doses
of docetaxel (approximately 20 mg/kg/dose every
other day) were also administered to the animals.

MDA-MB-435 Xenograft Tumors Treated with
F-Lip-2-AS-HER-2 plus Taxotere (TXT)
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Fig. 6. Effect of the combination of F-Lip-2-AS HER-2
ODN and docetaxel on MDA-MB-435 xenograft tumors.
Day 0 is the tumor volume (~100 mm?) prior to initiation of
treatment. F-Lip-2-AS HER-2 ODN and docetaxel were intra-
venously administered. Tumor volumes (mm?) are the average
of 4-10 tumors * SE. Error bars for the combination of F-Lip-
2—-AS HER-2 ODN and docetaxel are too small to be visualized
on the graph.
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Using dynamic light scattering (a Malvern Zetasizer
3000) the size of the F-Lip-2-AS HER-2 ODN was
also measured. Based on the number value, the size of
these particles is less than 100 nm. This small size
would facilitate their passage through the capillary
bed into the tumor contributing to increased transfec-
tion efficiency. It is evident that this is a very aggres-
sive breast cancer model. However, dramatic growth
inhibition of the tumors was evident in the animals
receiving the combination of F-Lip-2-AS HER-2.
Moreover, although there was some docetaxel effect,
these tumors began to rapidly increase in size after the
cessation of treatment. Therefore, the systemically de-
livered, targeted liposome delivery of AS HER-2
oligonulceotides was clearly able to sensitize these tu-
mors to the chemotherapeutic agent docetaxel,
strongly inhibiting tumor growth even 3 weeks after
the end of treatment.

Discussion

Because the first report that AS oligonucleotides could
inhibit gene expression in a sequence-specific manner
(23,24), there has been tremendous interest in AS
oligonucleotides as potential therapeutic agents. Their
specificity make the use of AS molecules a rational
strategy to selectively modulate the expressions of
genes implicated in human diseases. Over the last
20 years, there has been a strong push by both phar-
maceutical companies and researchers to develop
these molecules into commercial therapeutics and AS
oligonucleotides are now becoming significant com-
ponents in gene therapy approaches, particularly can-
cer gene therapy. However, despite their early
promise, only one antisense drug has reached the mar-
ket. This drug, Vitravene™ (also called Fomivirsen),
was approved in 1998 for the local (intravitreal) treat-
ment of cytomegalovirus-induced retinitis in patients
with AIDS (25). Although a number of other AS
agents are in Phase I, II, and even Phase III clinical
trials (reviewed in 26, 27), there are still significant
hurdles to be overcome before they, as a group, can
become first-line treatment regimens, including the
problem of systemic administration. For this to be
successful, the AS oligonucleotides must survive
intact in sufficient quantity, and avoid protein binding
long enough in the blood stream to achieve the
desired level of gene inhibition or functional down-
regulation when they reach their target inside the
cell (26,28,29). In the majority of the current AS
oligonucleotide clinical trials, the oligomers are being
administered as free oligonucleotides. Free ODNSs are
rapidly degraded with a plasma half-life of only about
0.5-1 hr (reviewed in 20, 21). In vitro and in vivo stud-
ies have shown that as a consequence of this short
half-life, the biological effects of free oligonucleotides
are usually short lived, requiring repeated administra-
tion for sustained efficacy (reviewed in 26). For
example, in Phase I clinical trials with ISIS3521, an
AS phosphorothioate ODN against protein kinase

C alpha (PKC-«), the administration of the ODN
ranged from a continuous 21-day intravenous infu-
sion given every 28 days (30), to a 24-hr continuous
intravenous infusion once (31) and even a 2-hour in-
travenous administration three times per week for 3
out of every 4 weeks (32). Partial responses were evi-
dent in some patients in all of the studies. However,
based on the published data for AS oligonucleotides
in clinical trials with bcl-2, raf-1, and H-ras, in addition
to PKC-q, it appears that continuous infusion over 2-3
weeks is preferable to weekly administration with re-
gard to both toxicity and effectiveness (33).

Due to the issues associated with administration
of free oligonucleotides, carrier vehicles are being de-
veloped to improve systemic AS delivery. The most
widely used method affording protection from non-
specific protein binding to the ODN while enhancing
cellular delivery are liposomes, including cationic
and pH-sensitive fusogenic liposomes. Cationic lipo-
somes are composed of positively charged lipid bi-
layers and can be complexed to negatively charged
ODNs by simple mixing such that the resulting com-
plex has a net positive charge. Features of cationic li-
posomes that make them versatile and attractive for
DNA delivery include simplicity of preparation, the
ability to complex large amounts of DNA, the ability
to transfect many different cell types including non-
dividing cells, and low toxicity (34). From the per-
spective of human cancer therapy, cationic liposomes
have been shown to be safe and effective for in vivo
gene delivery with currently more than 75 approved
clinical trials using cationic liposomes, 61 in the US
alone (35,36). At least six liposome based products
are already on the market (37).

Because of their inherent positive charge, cati-
onic liposomes have a high affinity for most neg-
atively charged cell membranes. This makes them,
so far, the most successful delivery method for ODNs
(reviewed in 26, 38, 39). Perhaps the most signifi-
cant factor to be considered regarding effective ODN
delivery via cationic liposomes is optimization of the
complex with respect to, among others, the type of
lipids in the complex, their ratios, the ratio of lipid
to nucleic acid, and even the method of formation of
the complex. This is evident in the data presented
here in Figure 1, where significant differences were
noted in ODN uptake delivered by five different li-
posome complexes. There are numerous reports in
the literature using cationic liposomes to deliver AS
oligonucleotides in animal models. These include
liposomes carrying AS oligonucleotides against the
RNA component of human telomerase to treat
prostate cancer xenografts (40) or gliomas in nude
mice (41); an anti-TGF-a AS oligonucleotide to in-
hibit growth of squamous cell carcinoma of the head
and neck xenograft tumors (42) and to prevent liver
injury during endotoxemia (41); and anti—c-myc AS
oligonucleotide to inhibit tumor growth and in-
crease survival of mice bearing malignant melanoma
xenograft tumors (42). AS-raf-1 ODN has also been
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successfully delivered intravenously and shown to
radiosensitize human laryngeal carcinoma xenograft
tumors in mice (43,44) and is now in Phase I clinical
trials (36). Phase I trials of intratumoral or intracav-
itary administered, liposome-encapsulated E1A in
patients with breast/head and neck, or breast/ovar-
ian cancers, respectively, that overexpress HER-2
have also been reported (45,46). In addition, two
other clinical trials using liposomes to deliver anti-
sense molecules intratumorally against EGFR, or
against IGF-1 for treatment of squamous cell carci-
noma of the head and neck or glioblastoma, respec-
tively, have been approved (35). However, in these
two instances plasmids that code for an AS molecule
rather than an ODN were encapsulated.

Although cationic liposomes can be used to sys-
temically administer AS oligonucleotides, they are
not inherently tumor specific. Therefore, in addition
to increased accrual in the lung and liver, the poten-
tial exists for uptake by normal tissues with possible
toxic side effects. In fact, some toxicity has been re-
ported with oligonucleotide lipoplexes (28). It has
been shown that the transfection efficiency of
cationic liposomes can be dramatically improved by
the addition of a ligand such as folate to the complex.
Folate receptor levels are elevated in most cancer
cells. We have seen elevated folate receptor levels in
various breast cancer cell lines including MDA-MB-
435, MDA-MB-231, MDA-MB-453, ZR-75-1, and
SK-BR-3 (M. S. Jhaveri, et al, submitted). We have
previously shown that a folate-targeting lipoplex
could preferentially and efficiently deliver its DNA
package (plasmid DNA) to tumor cells resulting in a
high degree of expression of the exogenous gene in
the tumor cells, both primary and metastatic, with no
histologic evidence of expression in normal organs
such as lung, liver, or bone marrow (11). In addition,
a liposome complex encapsulating an antisense ODN
against the EGF receptor was targeted in vivo to, and
induced growth inhibition of, KB cells by folate
linked to the complex via PEG (47).

Therefore, to increase the tumor targeting ability
of the systemically delivered AS HER-2-ODN lipo-
plex, we adapted our folate-lipoplex delivery sys-
tem for use with AS ODNSs. Targeting of the AS
ODN lipoplex to tumors is an important considera-
tion in developing efficient and effective AS ODN
therapeutics. With tumor preferential uptake, less of
the lipoplex should be necessary to demonstrate ef-
ficacy, possibly eliminating the need for the contin-
uous intravenous infusions often required. The in-
creased stability of the F-Lip-2-AS HER-2 ODN in
circulation we observed will also potentially help in
reducing the duration and frequency of treatment.
This may improve the cost-effectiveness of this type
of therapy. In addition, because the potential for up-
take of the AS molecule by normal cells is signifi-
cantly reduced using the targeted liposome-ODN
complex, there is also the likelihood of reduced toxic
effects on normal cells and tissues with a resultant

decrease in adverse side effects for the patient. Up-
take studies shown in Figure 5 demonstrate that
there is increased uptake of the F-Lip-2-ODN com-
plex in the tumor as compared to free ODN. More-
over, in the animal study presented here a dose of
only 20 nmole ODN/injection, administered every
other day for 3 weeks, was sufficient to effectively
chemosensitize the MDA-MB-435 breast cancer
xenografts to the drug docetaxel. This dose trans-
lates to only approximately 4-5 mg/kg, an achiev-
able dose in humans. The small size of the F-Lip-
2—-AS HER-2 ODN complex (<100 nm) as measured
by dynamic light scattering likely contributes to the
effectiveness of this therapy. This small particle size
would permit passage through the small capillaries
and penetration further into the tumor and thus
greater access to the tumor cells. In fact, using this
folate-liposome system with a reporter gene we pre-
viously observed transgene expression 25 cell layers
from the blood vessel in the tumor (11). It should be
noted that although the in vitro experiments were
performed in folate-free medium to demonstrate
proof of principle, all of the animal stability, uptake,
and efficacy studies were done under normal serum
conditions in the mice. The results demonstrate that
folate in the blood does not inhibit the targeting or
transfection of the folate-liposome complex.

With regard to the observed chemosensitization,
it is significant to note that the cell line used in these
studies, both in vitro and to produce xenograft tu-
mors (MDA-MB-435), does not overexpress HER-2.
Despite this, the F-Lip—AS HER-2 complex was able
to significantly sensitize these cells and tumors to pa-
clitaxel and docetaxel both in vitro and in vivo. HER-
2 is believed to dimerize with the other three mem-
bers of the ErbB family of growth factor receptors,
ErbB-1, ErbB-3, and ErbB-4, being the preferential
dimer-mate for each. These dimer complexes (which
also include homodimers) form upon ligand binding,
inducing their tyrosine kinase activity and triggering
intracellular signaling through cell growth control
pathways such as MAP-kinase (1,48). Heterodimers
containing HER-2 are apparently the most active.
Klapper et al. (1) proposed that the ErbB family sig-
naling network can be constitutively activated if one
of the receptors is mutated or overexpressed. Thus,
tumors that do not overexpress HER-2 may contain
abnormalities in other family members resulting in
aberrant cell growth signaling. Consequently, down-
modulation of HER-2, the preferred heterodimer
partner, could affect signaling through the ErbB fam-
ily network in cases where it is the dimer partner
(e.g., HER-3 or HER-4) rather than HER-2, which is
abnormal. If so, then this opens the possibility of us-
ing anti-HER-2 therapies on more than just the
~30% of human breast cancers that over express
HER-2. This is supported by the data presented here
with MDA-MB-435 xenograft tumors. Although this
cell line does not overexpress HER-2 (10), it does over-
express HER-3 (C. Tang and M. Lippman, personal
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communication). These tumors were significantly
sensitized by the F-Lip-2-AS ODN therapy to doc-
etaxel, resulting in tumor growth inhibition even al-
most 3 weeks posttreatment.

We have shown that our tumor-targeted folate
liposome complex can effectively deliver AS ODN
systemically to tumors resulting in chemosensitiza-
tion of breast cancer xenografts, irrespective of their
HER-2 status. Moreover, we have previously shown
that this ligand-liposome delivery system can target
and affect metastatic as well as primary disease.
Therefore, this delivery system can also be em-
ployed to treat metastatic breast cancer via AS HER-
2 ODN therapy. The ErbB family signaling network
has such a significant role in controlling cell growth,
it is likely to be a contributing factor in other types
of cancer. In fact, abnormalities in HER-2 have been
associated with ovarian, esophageal, and GI (includ-
ing colon and pancreatic) malignancies. Thus, al-
though breast cancer serves as a model, this tumor
targeting and efficient downmodulation of HER-2
by our folate-liposome-AS HER-2 complex could
also be applied to other tumor types, thus increasing
the potential for AS ODN therapy to become a first-
line clinical modality.
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