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Purpose. The expression of folate receptor (FR) is amplified in many
types of human cancers. Previously, FR-targeted liposomal doxoru-
bicin (f-L-DOX) has been shown to exhibit superior and selective
cytotoxicity against FR(+) tumor cells in vitro compared to nontar-
geted liposomal doxorubicin (L-DOX). This study further investi-
gates f-L-DOX for its antitumor efficacy in vivo using a murine tumor
xenograft model.
Methods. F-L-DOX composed of DSPC/cholesterol/PEG-DSPE/
folate-PEG-DSPE (65:31:3.5:0.5, mole/mole) was prepared by poly-
carbonate membrane extrusion followed by remote loading of DOX.
Athymic mice on a folate-free diet were engrafted with FR(+) KB
cells. Two weeks later, these mice were treated with f-L-DOX, L-
DOX, or free DOX in a series of six injections (given intraperito-
neally on every fourth day at 10 mg/kg DOX) and monitored for
tumor growth and animal survival. The plasma clearance profiles of
the DOX formulations and the effect of dietary folate on plasma
folate concentration were also analyzed.
Results. Plasma folate level remained in the physiologic range rela-
tive to that in humans. F-L-DOX exhibited an extended systemic
circulation time similar to that of L-DOX. Mice that received f-L-
DOX showed greater tumor growth inhibition and a 31% higher (p <
0.01) increase in lifespan compared to those that received L-DOX.
Meanwhile, free DOX given at the same dose resulted in significant
toxicity and was less effective in prolonging animal survival.
Conclusions. FR-targeted liposomes are a highly efficacious vehicle
for in vivo delivery of anticancer agents and have potential applica-
tion in the treatment of FR(+) solid tumors.

KEY WORDS: folate receptor; drug targeting; liposomes; doxoru-
bicin; xenograft.

INTRODUCTION

Receptor-based tumor-selective delivery of therapeutic
agents is a promising strategy for improving both the thera-
peutic efficacy and therapeutic index of cytotoxic drugs that
exhibit dose-limiting toxicity. Targeted delivery has also been
shown to bypass multidrug resistance in cultured tumor cells
(1). The folate receptor (FR) is a 38-kDa glycosyl phospha-
tidylinositol (GPI)-anchored glycoprotein with highly re-
stricted normal tissue expression. Meanwhile, FR is fre-
quently elevated in many types of human cancers (2). There
are two membrane-bound FR isoforms, � and �, with distinc-
tive patterns of tissue distribution. Expression of FR-� is am-
plified in many epithelial-lineage tumors, including over 90%
of ovarian carcinomas (2,3). In contrast, FR-� is frequently

expressed in acute and chronic myelogenous leukemias (3,4).
Selective targeting of FR(+) tumor cells can be achieved by
covalently linking folic acid, a high-affinity ligand for both FR
isoforms (Kd ∼ 0.1 nM), to a drug or drug carrier (5,6). Folate
conjugates have been shown to undergo FR-dependent cel-
lular uptake and to be internalized by FR(+) cells via recep-
tor-mediated endocytosis (5,6). This receptor-targeting strat-
egy has been exploited in the delivery of imaging agents,
anticancer agents, protein toxins, anti-T-cell antibodies, anti-
sense oligodeoxyribonucleotides, gene transfer vectors, as
well as liposomal drug carriers into receptor-positive cells
(5,6).

To prepare FR-targeted liposomes, folate can be cova-
lently attached via a polyethyleneglycol (PEG) linker to a
phospholipid (7) or cholesterol anchor (8) and incorporated
into the bilayer as a lipid ingredient during liposome prepa-
ration. Liposomal doxorubicin (L-DOX), which exhibits pro-
longed systemic circulation time and lower cardiotoxicity than
free DOX, is currently in clinical use for the treatment of
AIDS-related Kaposi’s sarcoma (9). FR-targeted liposomal
DOX (f-L-DOX) has shown superior cytotoxicity compared
to L-DOX in cultured FR(+) tumor cells in vitro (10,11) and
to overcome multidrug resistance in M103 murine carcinoma
cells in an in vivo tumor adoptive assay (1). Furthermore,
f-L-DOX has been shown to be more effective in prolonging
the survival of mice carrying FR(+) murine lymphocytic
L1210-JF cell ascites tumor (12). However, in solid tumor
models, folate-coated liposomes showed only moderate to no
significant enhancement in tumor localization (8,13,14), and
their antitumor efficacy relative to nontargeted liposomes has
not been reported in the literature.

In the present study, the antitumor activity of f-L-DOX
is compared to that of L-DOX in an FR(+) murine xenograft
tumor model. Data on tumor growth inhibition and animal
survival are presented. Possible mechanisms of the observed
enhancement in the antitumor activity of f-L-DOX and its
potential applications in cancer therapy are also discussed.

METHODS

Materials

Folic acid, cholesterol (Chol), DOX, and Sepharose CL-
4B chromatography resin were purchased from Sigma Chemi-
cal Co. (St. Louis, Missouri). Distearoylphosphatidylcholine
(DSPC) and methoxypolyethyleneglycol (M.W. ∼ 2000)-
distearoylphosphatidylethanolamine (PEG-DSPE) were pur-
chased from Avanti Polar Lipids (Alablaster, AL). Folate-
polyethyleneglycol (M.W. ∼ 3350)-distearoylphosphati-
dylethanolamine (f-PEG-DSPE) was synthesized as
previously described (10). Polycarbonate membranes and Li-
pexTM lipid extruder were obtained from Northern Lipids,
Inc. (Vancouver, Canada). Folate-free RPMI-1640 tissue cul-
ture media and newborn calf serum were purchased from Life
Technologies (Rockville, Maryland).

Cell Culture

KB cells, derived from a human squamous cell carcinoma
of the oral cavity, were obtained as a gift from Dr. Philip S.
Low at Purdue University (West Lafayette, Indiana). The
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cells were maintained in folate-free RPMI 1640 medium
supplemented with 100 U/mL penicillin, 100 �g/mL strepto-
mycin, and 10% newborn calf serum, which provides the only
source of folate. The cells were cultured as a monolayer in a
humidified atmosphere containing 5% CO2 at 37°C.

Liposome Preparation

Lipid compositions of DSPE/Chol/PEG-DSPE/f-PEG-
DSPE (65:31:3.5:0.5, mole/mole) and DSPE/Chol/PEG-
DSPE (65:31:4, mole/mole) were used for f-L-DOX and L-
DOX, respectively. Liposomes were prepared by high-
pressure polycarbonate membrane extrusion as described
previously (12). Briefly, 30 mg of lipids of the above compo-
sitions was dissolved in chloroform, dried into a thin film
under a stream of nitrogen, and then desiccated under
vacuum for an additional 2 h. They were then hydrated in 5
mL of 400 mM sodium citrate, pH 4, with vortex mixing. The
lipid suspension was subjected to six cycles of freezing and
thawing and then extruded six times through a 100-nm pore-
size polycarbonate membrane using a high-pressure Lipex ex-
truder with a 10 mL barrel at 60°C and under 800 psi (gen-
erated by compressed nitrogen gas). The resulting small
unilamellar vesicles were purified from nonentrapped mol-
ecules by size-exclusion chromatography on a Sepharose CL-
4B column, preequilibrated in PBS (10 mM sodium phos-
phate, 150 mM NaCl, pH 7.4). The liposomes were eluted in
the void volume fractions. Incorporation of DOX into the
liposomes was performed by a remote-loading procedure
based on the creation of a transmembrane pH gradient, as
previously described (12). DOX concentrations in the lipo-
somal samples were calculated from absorption at 480 nm
following dissolution in 0.1% Triton X-100. Phospholipid con-
centration was determined by a colorimetic assay based on
ammonium ferrothiocyanate chloroform phase extraction, as
previously described (15). DOX loading efficiency obtained
by this procedure is consistently found to be greater than 95%
at the drug-to-lipid ratio of 1:10 (wt/wt) used in this study.
The mean liposomal diameter and particle size distribution
were measured by photon-correlation spectroscopy on a
NICOMP 370 Submicron Particle Analyzer. The mean par-
ticle diameter was ∼100 nm for all liposome preparations.
Liposome samples were stored at 4°C and used within 4
weeks of preparation, during which period no significant
(<1%) leakage of DOX was found.

Cellular Uptake of f-L-DOX Compared to L-DOX

KB cells grown as a monolayer were suspended by brief
treatment with trypsin and then washed once with fresh cul-
ture medium. Aliquots of the KB cell suspension were incu-
bated with f-L-DOX or L-DOX (containing 20�g/mL DOX)
diluted in folate-free RPMI medium either with or without 1
mM free folic acid as an FR blocking agent for 1 h at 37°C.
The cells were then washed three times with cold PBS and
examined by flow cytometry using a Coulter Elite Flow Cy-
tometer. Each analysis was generated using at least 105 cells.

Animal Tumor Model

Male athymic BALB/c (nu/nu) mice weighing 18–22 g
were purchased from Charles River Laboratories (Wilming-
ton, Massachusetts). The mice were maintained on a folate-

free rodent diet (Cat. no. 117772, Dyets Inc., Bethlehem,
Pennsylvania) on arrival and for the duration of the study. To
generate tumor xenograft, 106 KB cells were injected subcu-
taneously (s.c.) using a 26-gauge needle in the left flank of the
animals. The tumors reached palpable sizes of 10–20 mg at 14
days following tumor cell implantation. According to an ear-
lier report from our lab (16), KB cells used in the engraftment
had a maximum binding capacity (Bmax) of ∼10 pmol/mg cel-
lular protein for [99mTc]HYNIC-folate.

Therapeutic Efficacy of f-L-DOX in Tumor-Bearing Mice

On day 1 (14 days after tumor cell implantation), the
tumors reached sizes of 10–20 mm3, at which time the mice (in
groups of eight each) received one of the following treat-
ments: (a) unloaded liposomes (with the same lipid composi-
tion as f-L-DOX), (b) f-L-DOX (10 mg/kg in DOX), (c) L-
DOX (10 mg/kg in DOX), or (d) free DOX (10 mg/kg). The
drug was given by i.p. injection on every fourth day (q4d) for
six doses (days 1, 5, 9, 13, 17, and 21). Tumor size was mea-
sured on every fourth day, and animal survival was monitored
daily. Tumor size was calculated using the equation: volume
� d1 × d2

2 × 0.6. Survival data were presented in a Kaplan–
Meier plot. In addition, treatment/control survival time ratio
percentiles were calculated, as described previously (17). Sta-
tistical analyses of animal survival data were performed based
on analysis of variance with a Bonferroni correction for mul-
tiple comparisons at the Ohio State University Center for
Biostatistics.

Effect of Folate-Free Diet on Plasma Folate Concentration

Mice were first put on a regular rodent diet (Teklad 8640,
Harlan, containing 3.19 mg/kg folate) for 2 weeks on arrival
and then either continued on this diet or switched to a folate-
free rodent diet (Cat. no. 117772, Dyets Inc.) for varying
lengths of time. At the time of sacrifice, blood samples were
collected by cardiac puncture. Red blood cells were removed
by a 3-min centrifugation at 3000 g. Plasma samples were
diluted to 1 mL with saline. Folate concentration was then
determined immunologically by a competitive magnetic sepa-
ration assay on a Bayer Immuno 1 System (Bayer Corpora-
tion, Tarrytown, New York) at the Clinical Lab at the Ohio
State University Medical Center.

Plasma Clearance Rate of f-L-DOX, L-DOX, and
Free DOX

Mice in groups of three animals each were treated with
i.p. injection of 10 mg/kg of f-L-DOX, L-DOX, or free DOX.
Blood samples (∼100 �L) were collected from tail bleed at
various time points. Plasma DOX concentration was deter-
mined based on extraction of DOX followed by fluorometry
measurement, as described previously (18).

RESULTS

Uptake of f-L-DOX and L-DOX by Cultured KB Cells

Cellular uptake of liposomal DOX was assessed by flow
cytometry based on DOX fluorescence. As shown in Fig. 1,
uptake of f-L-DOX by the FR(+) KB cells was ∼50 times
greater than that of L-DOX. In addition, cellular uptake of
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f-L-DOX could be blocked by 1 mM free folic acid, indicating
that the observed uptake was mediated by the FR (Fig. 1).
These findings are consistent with those reported previously
on the receptor-dependent cellular uptake of folate-coated
liposomes (10,14).

Effect of Folate-Free Diet on Plasma Folate Concentration

Plasma folate concentrations following various amount
of time on folate-free diet were determined by an automated
immunoassay (see Methods). As shown in Fig. 2, in mice on
a regular diet, plasma folate remained at a relatively high
level (∼175 nM). Meanwhile, mice that were switched to a
folate-free diet showed significantly reduced plasma folate
concentration (Fig. 2). Interestingly, however, even after 5
weeks on the folate-free diet, plasma folate concentration
(∼20 nM) remained in the physiologic range in humans,
which, according to the standard target range used in the
clinical laboratory, is between 14 and 51 nM. The plasma
folate levels reported here are similar to those reported re-

cently in another study on the effect of dietary folate on se-
rum folate in mice (19).

Blood Clearance of f-L-DOX, L-DOX, and Free DOX

Although FR is absent in most normal tissues, it is con-
ceivable that plasma proteins and/or normal tissues with
low-affinity folate-binding activity might lead to altered bio-
distribution of folate-coated liposomes compared to that of
nontargeted liposomes. The systemic clearance kinetics of
f-L-DOX, L-DOX, and free DOX in mice was, therefore,
determined and compared. Total plasma DOX concentra-
tions following i.p. injection of the DOX formulations were
measured by a fluorometric method (see Methods). As antic-
ipated, both f-L-DOX and L-DOX showed a much greater
systemic circulation time than free DOX, which showed a
rapid clearance kinetics (Fig. 3). Mice treated with f-L-DOX
showed only slightly lower plasma concentrations at all time
points evaluated, indicating a similar clearance mechanism to
that of L-DOX. These results are consistent with those in a
previous report on the biodistribution of 111In-labeled folate-
coated liposomes (8).

Tumor Growth Inhibition by f-L-DOX, L-DOX, and
Free DOX

The tumor inhibitory activities of unloaded liposomes,
f-L-DOX, L-DOX, and free DOX were evaluated in athymic
mice bearing KB xenograft tumor. As shown in Fig. 4, tumors
rapidly increased in size when treated with unloaded lipo-
somes. Mice that received six i.p. injections of 10 mg/kg of
f-L-DOX showed complete suppression of tumor growth dur-
ing treatment and for 2 weeks afterward, which was then
followed by the eventual regrowth of the tumor (Fig. 4). In
contrast, mice that received L-DOX showed only partial in-
hibition of tumor growth, followed by a more rapid regrowth
following treatment cessation (Fig. 5). Meanwhile, mice that
received the same dose of free DOX appeared to have died of

Fig. 1. Uptake of f-L-DOX and L-DOX by cultured KB cells. Lipo-
somal uptake was determined based on DOX fluorescence by flow
cytometry, as described in Methods.

Fig. 2. Effect of dietary folate on plasma folate concentration in mice.
Mice were kept either on a regular (�) or a folate-free (�) diet for
varying lengths of time. Plasma folate was measured as described in
Methods. The error bar is equal to 1 standard deviation (n � 3).

Fig. 3. Blood clearance profiles of f-L-DOX, L-DOX, and free DOX.
Mice were treated with 10 mg/kg of f-L-DOX, L-DOX, or free DOX
by i.p. injection. Plasma DOX concentrations at various time after
injection were determined by a fluorometric assay, as described in
Methods. Error bar shown is equal to 1 standard deviation (n � 3).
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toxicity by day 25 (Fig. 5). The above findings indicate that
f-L-DOX is more effective than L-DOX in inhibiting tumor
growth and that both f-L-DOX and L-DOX are less toxic to
the animals than free DOX.

Effect of Treatment with f-L-DOX, L-DOX, and free DOX
on the Survival of Tumor-Bearing Mice

Survival of mice carrying KB cell xenograft in response
to the above treatment was determined as described in Meth-

ods. The results are presented in a Kaplan–Meier plot (Fig.
5), and the mean survival time and the percentile treatment/
control ratio (T/C) for each treatment group are presented in
Table I. The mice treated with f-L-DOX showed a 31%
greater T/C value than those that received L-DOX (p < 0.01).
Furthermore, both f-L-DOX and L-DOX were significantly
more effective in prolonging mouse survival (p < 0.01) than
free DOX. These findings indicate that f-L-DOX is therapeu-
tically superior to L-DOX in this in vivo FR(+) tumor model.

CONCLUSIONS

Results in this study have shown for the first time that
FR-targeted liposomes can be used to enhance the therapeu-
tic efficacy of a chemotherapy agent in an FR(+) solid tumor
model without introducing excessive toxicity to the animal.
Specifically, the FR-targeted f-L-DOX has been found to be
significantly more effective in tumor growth inhibition and
survival prolongation than the nontargeted L-DOX in an
FR(+) murine tumor xenograft model.

Folic acid as a tumor-targeting ligand has several unique
advantages, including (a) lack of immunogenicity, (b) small
size, (c) chemical and functional stability, and (d) simple and
defined conjugation chemistry (5). Previous studies evaluat-
ing folate-conjugated low-molecular-weight radiopharmaceu-
ticals showed efficient FR-mediated uptake in kidneys and
the tumor (16). Elevated uptake in the kidney might reflect
receptor-mediated uptake by FR expressed on the apical side
of the proximal tubules. Although this raises the concern of
potential nephrotoxicity and significantly complicates the
therapeutic application of low-molecular-weight folate conju-
gates, the biodistribution of FR-targeted liposomes is not
likely to be affected by the presence of FR in the kidneys
because their large size precludes glomerular filtration and,
therefore, access to the receptor.

Plasma folate may interfere with FR binding and is,
therefore, a potential factor for FR targeting in vivo. In ad-
dition, nutritional folate status has been shown to influence
the efficacy and toxicity of chemotherapeutic agents (20). It
is, therefore, important to establish that serum folate in the
animal model used in this study corresponds to that in hu-
mans. Human serum folate, following recently FDA-
mandated dietary supplementation of folic acid, is at ∼42 nM
(21). Earlier reports indicated that serum folate at this con-
centration should not significantly inhibit binding of FR-
mediated liposomes, given their capacity for multivalent in-
teraction with the cellular FR (7–9). Results in this study
showed that mice were actually able to maintain a plasma
folate level within the physiologic range of humans for at least
5 weeks on a folate-free diet (Fig. 2). In contrast, mice on a
“regular” diet, which is fortified with 3.19 mg/kg folate, main-
tained a much higher level of serum folate, which was repre-
sentative of the top few percent among the human popula-
tion. The essentially “normal” levels of serum folate in mice
on a folate-deficient diet are presumably a result of folate
production by intestinal microflora because keeping rodents
on a folate-deficient diet that also contains the antibiotic suc-
cinyl sulfathiazole has been reported to induce severe folate
deficiency in rats (22). Results of this study, therefore, should
be considered relevant to humans with respect to serum folate
level.

Previous studies have shown that localization of lipo-

Fig. 5. Effect of f-L-DOX treatment on the survival of nude mice
carrying KB tumor xenograft. The mice (eight mice in each group)
were treated with unloaded liposomes, free DOX, L-DOX, or f-L-
DOX via six i.p. injections (given on every fourth day) of liposomes
containing 10 mg/kg DOX (except for the unloaded liposomes, which
contain the same amount and composition of lipids as f-L-DOX), as
described in Methods. Animal survival was recorded starting from
the day of initial treatment (14 days after tumor cell implantation).

Fig. 4. Tumor growth inhibition by f-L-DOX or L-DOX. Nude mice
with KB tumor xenograft were treated with a series of six i.p. injec-
tions (given on every fourth day, as indicated by the arrows) of lipo-
somes containing 10 mg/kg DOX or with unloaded liposomes. Tumor
size was measured for each animal on every fourth day starting from
the day of the initial treatment. Error bar represents 1 standard de-
viation (n � 8).
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somes in solid tumor, even those with a targeting ligand, was
primarity driven by a passive mechanism resulting from in-
creased endothelial permeability and reduced lymphatic
drainage, also known as the enhanced permeability and re-
tention (EPR) effect (23). In previous reports, anti-HER2
immunoliposomes have shown very modest to no enhance-
ment in tumor accumulation compared to the corresponding
nontargeted liposomes (24). Similar observations of modest
enhancement have been reported with FR-targeted liposomes
and a bovine serum albumin–folate conjugate (58 kDa)
(8,13,14,25). However, anti-HER2 immunoliposomes loaded
with DOX have been shown to exhibit a significantly altered
pattern of intratumoral distribution as well as improved
therapeutic efficacy compared to nontargeted L-DOX (24).
We believe a similar mechanism might be responsible for the
enhanced therapeutic activity of FR-targeted liposomes. Be-
cause these liposomes have been shown to be efficiently in-
ternalized by cultured KB cells in vitro (7,10), it is conceivable
that FR might facilitate cellular liposome uptake and inter-
nalization following extravasation of the liposomes.

Another factor affecting the intratumoral distribution
and therapeutic efficacy of f-L-DOX is that DOX-induced
necrosis and apoptosis within the tumor mass, which is en-
hanced by FR-dependent cellular uptake, might in turn facili-
tate the subsequent intratumoral diffusion of f-L-DOX. This
is because reduction in viable tumor cells may partially re-
move the diffusion barrier that prevents efficient intratumoral
distribution of the liposomes. In fact, a recent study showed
that pretreatment of tumor histocultures with chemothera-
peutic agents that induce tumor cell apoptosis resulted in
greater permeability of the tumors to subsequently adminis-
tered therapeutic agents (26).

The FR-mediated delivery pathway may also act by over-
coming DOX efflux through membrane transporters related
to multidrug resistance, as shown by Goren et al. (1). This
would make FR-targeted liposomes a valuable delivery agent
for the treatment of recurrent tumors with elevated P-
glycoprotein expression.

F-L-DOX and L-DOX administered by i.p. injection
showed similar plasma clearance profiles. This suggests that
the presence of the folate ligand has only minimal effect on
normal tissue and reticuloendothelial uptake of the lipo-
somes. It is, therefore, possible that f-L-DOX and L-DOX
will exhibit similar toxicity profiles including reduced cardio-
toxicity compared to free DOX.

In summary, findings in this study suggest that injection
of FR-targeted liposomes carrying an anticancer agent is a
promising approach for enhancing their in vivo tumor inhibi-

tory activity without introducing excessive normal tissue tox-
icity in FR(+) solid tumors. These findings are consistent with
earlier results obtained in an FR(+) murine lymphocytic leu-
kemia ascitic tumor model, which also showed a similar thera-
peutic advantage for f-L-DOX over nontargeted L-DOX in
prolonging animal survival (12). Targeted delivery using fo-
late-coated liposomes could potentially be used in the treat-
ment of FR(+) cancer such as ovarian carcinomas, for which
current therapy has limited effectiveness. Further preclinical
studies in additional animal models are, therefore, warranted
to better define the role of FR expression level, dietary folate,
tumor model, and tumor size at the initiation of therapy on
the antitumor activity and toxicity of f-L-DOX relative to
L-DOX and to optimize the liposomal formulation and dos-
ing regimen to achieve optimal tumor inhibition with these
FR-targeted liposome. These efforts can potentially lead to
the development of f-L-DOX as a clinical agent for the treat-
ment of FR(+) tumors such as ovarian carcinomas.
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