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Abstract Purpose: The in vivo pharmacokinetics (PK),
biodistribution and antitumor activity of a new liposo-
mal formulation of gemcitabine (GemLip) were com-
pared to the conventional (clinical) formulation of
gemcitabine (GemConv). Methods: Gemcitabine was
entrapped in a vesicular phospholipid gel (VPG) con-
sisting of densely packed liposomes. Redispersed VPG
containing GemLip consisted of 33% liposomally en-
trapped and 67% free gemcitabine. The in vivo efficacies
of GemLip and GemConv were compared using the
subcutaneously growing human soft tissue sarcoma SXF
1301 and the orthotopically growing human bladder
cancer BXF 1299T. PK and biodistribution were eval-
uated using radiolabeled drug and lipid in SXF 1301
tumor-bearing nude mice. Results: GemLip was highly
active in SXF 1301 at a gemcitabine dose of 6-9 mg/kg
(days 1, 8 and 15; dose near the MTD). In the 6-mg/kg
groups, complete tumor remissions were observed in
seven of eight mice. Equimolar doses of GemConv re-
sulted in only moderate tumor growth inhibition. Even
at equitoxic doses (360 mg/kg given on days 1, 8 and 15,
or 120 mg/kg on days 1, 5 and 8) GemConv was less
active than GemLip. Furthermore, GemLip was active
in the orthotopically growing BXF 1299T bladder can-
cer model at 6 mg/kg and prevented distant organ me-
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tastasis. In the PK study, GemLip achieved a 35-fold
higher plasma AUC (1680 mgh/ml) than GemConv
(47.6 mg-h/ml). The serum half-lives were 0.15 h for free
gemcitabine and 13.3 h for liposomal gemcitabine
(6 mg/kg each i.v.). Moreover, gemcitabine levels in tu-
mors were fourfold higher following injection of Gem-
Lip than following injection of GemConv. Conclusions:
GemLip is a highly effective gemcitabine delivery system
which results in superior gemcitabine pharmacodynam-
ics and PK than GemConv. The enhanced in vivo effi-
cacy might be explained by sustained release and passive
tumor targeting.

Keywords Gemcitabine - Liposome - Human tumor
xenograft - Pharmacokinetics - Metastases - Vesicular
phospholipid gel - VPG

Abbreviations dFdC: gemcitabine hydrochloride (2’,2-
difluoro-2’-deoxycytidine hydrochloride) - dFdCDP:
difluorodeoxycytidine diphosphate + dFICTP: dif-
luorodeoxycytidine triphosphate - dFdU: difluorode-
oxyuridine - EPC-3: hydrogenated egg PC - EPR:
enhanced permeability and retention - GemCony:
conventional (clinical) gemcitabine solution - GemLip:
redispersed dFdC containing VPG - MTD: maximal
tolerable dose - PC: phosphatidylcholine - PD:
pharmacodynamics - PK: pharmacokinetics - RES: re-
ticuloendothelial system - 7/C: test/control - THU: tet-
rahydrouridine - VPG: vesicular phospholipid gel

Introduction

Gemcitabine (2°,2’-difluoro-2’-deoxycytidine, dFdC) is a
deoxycytidine antimetabolite showing activity against a
wide range of solid tumors, e.g. pancreas, non-small cell
lung, breast and bladder cancers [1, 11, 13, 23, 26, 32]. In
order to exert cytotoxicity, dFdC has to be phosphory-
lated to dFdACDP and dFdCTP via dFdACMP by de-
oxycytidine kinase. dFdCTP is then incorporated into
DNA, leading to inhibition of chain elongation and



DNA strand breaks. In contrast, dFdCDP inhibits
ribonucleotide reductase and consequently de novo
synthesis of deoxynucleotides.

The dynamics of dFdCTP and dFdCDP formation
in vivo are complex and only a proportion of dFdC is
converted into the active di- or triphosphate forms. The
majority of dFdC is rapidly metabolized to inactive
dFdU by deoxycytidine deaminase in the blood, liver
and kidneys. In addition, the formation of dFdCDP and
dFdCTP from dFdCMP is reduced through deamina-
tion of dFACMP by a dCMP deaminase to a consi-
derable extent. This process, however, can be
downregulated by the active metabolite dFdCTP after
dFdCTP has been formed. Thus, dFdC has the very
short plasma half-life of 817 min. In order to reach
therapeutic drug levels in patients, dFdC is currently
administered at a dose of 1000 mg/m” as 30-min intra-
venous (i.v.) infusion. Due to its complex pharmacody-
namics (PD), in mice and humans the antitumor effects
of dFdC are highly dependent on schedule rather than
dose [3, 5, 28] and for some tumors higher response rates
are obtained by daily administration or prolonged in-
fusion. Moreover, in vitro studies have shown that the
duration of drug exposure is relevant for its antiprolif-
erative activity [29].

It has been shown that liposomes provide protection
against rapid metabolic inactivation of drugs [34]. Fur-
thermore, liposomes can carry large amounts of drug
and are generally very well tolerated [16, 18]. However, it
is impossible using currently available technology to
stably entrap dFdC into conventional liposomes. dFdC
is an uncharged (at physiologic pH), low molecular
weight molecule which diffuses rapidly through liposome
bilayers. Thus, shortly after liposome preparation and
separation of non-entrapped dFdC, rapid diffusion of
dFdC out of the liposomes occurs. This limits the shelf-
life and therefore clinical use of conventional dFdC
liposomes as well as of liposomes loaded with other low
molecular weight molecules (e.g. nucleoside analogues
such as ara-C and floxuridine) [19, 31].

A new strategy to increase the shelf-life of these for-
mulations is the encapsulation of small, hydrophilic
molecules into vesicular phospholipid gels (VPG) [8, 9,
10]. VPGs are composed of very densely packed lipo-
somes, mainly small unilamellar vesicles, and can be
prepared by high-pressure homogenization [6, 7]. The
volumes of the aqueous phases inside and outside the
vesicles have the same magnitude [9]. Due to their high
lipid concentrations, these formulations have a semisolid
or gel-like consistency.

In this study, we entrapped dFdC into a VPG
consisting of hydrated egg PC (EPC-3) and cholesterol
(molar ratio 1:1, total lipid concentration 660 mM). As
reported previously, the diameters of the densely
packed liposomes were 60-80 nm [24]. In contrast to
conventional liposomal formulations in which the
drugs are predominantly entrapped in the aqueous core
of the liposomes, in the new dFdC-VPG formulation
dFdC is also entrapped in the aqueous phase between
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the liposomes. The same concentration of dFdC inside
and outside the liposomes results in a superior shelf-life
of dFdC-VPG. Although dFdC still diffuses through
the liposomal bilayers, the dFdC concentration is al-
ways in equilibrium between the inner and outer
aqueous phases of the liposomes. Thus, the ratio of
dFdC between the vesicle core and the aqueous space
remains constant during storage. Furthermore, due to
the similar volumes of the aqueous phases inside and
outside the vesicles in dFdC-VPG, the proportion of
dFdC entrapped in the aqueous core of the liposomes
is very high (high entrapping efficiency). This is im-
portant because, as a consequence of the gel-like con-
sistency of dFdC-VPG, it is not possible to separate
non-entrapped dFdC from the dFdC-containing lipo-
somes.

In the study reported here, we aimed to elucidate the
antitumor efficacy of dFdC-VPG compared to that of
free dFdC (GemConv) and to monitor changes in PD
and PK. Gel-like formulations are very viscous. The
semisolid dFdC-VPG therefore needs to be diluted prior
to 1.v. injection and is then designated GemLip. GemLip
is a mixture of dFdC-containing liposomes and free
dFdC in a defined ratio (dual drug formulation). It
contains 33% liposomally entrapped dFdC and 67% in
free form. The free dFAdC can be considered as a bolus
injection.

The non-diluted dFdC-VPG formulation used in this
study was stable for more than 8 months at 4°C in terms
of PC content, dFdC content and particle size [24]. After
dilution, the dFdC concentration outside the liposomes
is greatly reduced, and the shelf-life and entrapping ef-
ficiency of the formulation become unstable, and
therefore the formulation has to be administered im-
mediately.

Two human tumor xenograft models, the soft tissue
sarcoma SXF 1301 (growing subcutaneously) and the
human bladder tumor xenograft BXF 1299T (growing
orthotopically), were used to investigate the tolerability,
antitumor activity, and PD and PK behavior of GemLip.

Materials and methods

Materials and drugs

EPC-3 was a kind gift from Lipoid (Ludwigshafen, Germany).
[1o,20((n)-*H]Cholesteryloleylether (*H-Chol) was purchased from
Amersham Pharmacia Biotech Europe (Freiburg, Germany).
dFdC, '"C-labeled dFdC, 2’,2’-difluoro-2"-deoxyuridine (dFdU)
and vindesine (Eldesine) were kindly provided by Eli Lilly (In-
dianapolis, Ind.). Taxotere was purchased from Rhone-Poulenc
(France). 2’-Deoxycytidine, H,O, (30%) were from Sigma
(Steinheim, Germany) and tetrahydrouridine (THU) was from
Calbiochem-Novabiochem (La Jolla, Calif.). Cholesterol
and HPLC solvents were obtained from Merck (Darmstadt,
Germany). Minisart filters SRP 4 were obtained from Sartorius
(Gottingen, Germany) and scintillation cocktail Hionic-Fluor and
tissue solubilizer Soluene-350 from Canberra-Packard (Dreieich,
Germany). Thymus aplastic nude mice (nu/nu) of Balb-C genetic
background (NCR-nu) were supplied by Charles River (Freder-
ick, Md.).
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Preparation of dFdC-VPG
“Empty” VPG

VPG consisted of EPC-3 and cholesterol (1:1 molar ratio) in a total
lipid concentration of 40% (wt/wt) (660 mM lipid) and were pre-
pared as described previously [10]. In brief, EPC-3 and cholesterol
were dissolved in chloroform/methanol (2:1 v/v). Solvents were
removed under reduced pressure at 40°C in a water bath using a
rotatory evaporator resulting in a thin lipid film. Solvent traces
were removed under vacuum for 24 h. The dry lipid film was hy-
drated using an appropriate volume of phosphate buffer (150 ma/,
pH 7.3) and the resulting semisolid lipid dispersion was treated in a
high-pressure homogenizer (Micron Lab 40, 70 MPa, 10 cycles;
APV Gaulin, Libeck, Germany). The resulting “empty VPG” was
autoclaved and stored at 4-8°C [33].

dFdC-VPG

For the entrapment of dFdC into the empty VPG, a newly devel-
oped passive loading technique was employed [20]. Empty VPG
(350 mg) was transferred into sterile 2-ml Eppendorf tubes under
sterile conditions. Appropriate volumes of dFdC stock solution
(15 mg/ml in 150 mM phosphate buffer, pH 7.3) were added and
the components were thoroughly mixed using sterile plastic spat-
ulas. To facilitate the diffusion of dFdC into the liposomes, the
mixtures were incubated at 60°C for 4 h.

Dilution of dFdC-VPG (preparation of GemLip)

dFdC-VPG was diluted as described previously [10]. Six sterile
glass beads (diameter 1 mm) were added to each dFdC-VPG tube
to facilitate the subsequent dilution process by functioning as a ball
mill. Phosphate buffer was added in two portions to a final total
lipid concentration of 217 mM. After each addition of buffer, the
mixture was shaken for 45 s at maximum speed, the beads acting as
a ball mill (Retsch MM2, Haan, Germany). The resulting GemLip
was immediately separated from the glass beads by drawing the
dispersion into a syringe (Omnifix-F, 1 ml, 0.45x12 mm 26 G
needle) and injected into the animals.

Lipid and dFdC stability and liposomal dFdC content were
determined using HPTLC (lipid analysis) [25] and HPLC (dFdC
analysis). The HPLC method for dFdC determination in plasma
was used as described below. In contrast to the plasma measure-
ments, calibration standards were prepared from phosphate buffer.
For determination of liposomal entrapped dFdC, non-entrapped
dFdC was removed from GemLip by filtration over cationic ex-
change resin AG 50 W X-8 (Bio-Rad, Munich, Germany) activated
with concentrated NaCl solution. Maximum exchange capacity was
1.2 mg dFdC/g resin.

Radiolabeled dFdC-VPG

Double-labeled dFdC-VPG was prepared as described above. The
lipid composition contained in addition [le,2a(n)->H]cholesteryl-
oleylether (11.2 kBq/mmol lipid). The stock solution of dFdC
contained in addition *C-dFdC (37.8 MBq/mmol dFdC).

Animal experiments

All animal experiments were performed in accordance with Ger-
man Animal License Regulations (Tierschutzgesetz) identical to
UKCCCR Guidelines for the welfare of animals in experimental
neoplasia [38]. Female thymus aplastic nude mice at 8-10 weeks of
age with a body weight of 21-23 g were used for the experiments.
The animals were kept under a natural day/night cycle and received
water and rodent diet (Lage, Germany).

MTD

The MTDs of GemLip and GemConv were determined in non-
tumor-bearing animals. Both types of preparations with increasing
dFdC concentrations were administered into the tail vein on days 1,
8 and 15. The total lipid dose of GemLip was always 2.17 mmol/kg.
Drug-related toxic effects in terms of body weight changes and
abnormalities in behavior were monitored over 21 days. Deaths
were considered as drug-related if they occurred within 7 days of
the last injection.

Assessment of anticancer efficacy

Fragments (3-5 mm) of soft tissue sarcoma SXF 1301 were
transplanted subcutaneously between the hind- and foreflanks of
the nude mice. Fragments (2 mm) of the human bladder cancer
BXF 1299T were engrafted orthotopically by sewing them onto the
outer bladder wall of the apex vesicae.

Subcutaneously growing SXF 1301

Treatment was initiated when mean tumor volumes reached 150—
400 mm®. GemLip was given at doses of 6 and 9 mg dFdC/kg and
a total lipid dose of 2.17 mmol/kg and GemConv was given at
doses of 6 and 360 mg dFdC/kg. The preparations were adminis-
tered i.v. on days 1, 8 and 15. Control groups received drug-free
redispersed VPG (2.17 mmol/kg). The anticancer efficacy of
GemLip administered once-weekly at 9 mg/kg was also evaluated
in comparison with that of GemConv administered daily at equi-
toxic doses of 3 mg/kg given for five consecutive days. The anti-
cancer efficacy of GemLip at 6 mg dFdC/kg was further compared
with that GemConv at a dose of 120 mg dFdC/kg given on days 1,
5 and 9. Tumor growth was followed by serial caliper measure-
ments (tumor volume = (lengthxwidth?)/2 [15].

Orthotopically growing BXF 1299T

In the orthotopically growing human bladder tumor xenograft
BXF 1299T treatment was initiated after 12 days when the tumors
were palpable and of a size suitable for caliper measurement in situ.
Tumor growth was followed by serial caliper measurements (tumor
volume = (lengthxwidth?/2 [15]. The median starting tumor volume
was 43-45 mm>. GemLip (6 mg dFdC/kg) was administered on
days 1, 8 and 15. The effects of GemLip on primary tumor growth
and development of peritoneal metastases were evaluated in com-
parison with the effects of Vindesine (1.5 mg/kg on days 1, 8 and
15) and Taxotere (20 mg/kg on days 1, 8 and 15), at their MTDs.
Metastases were examined after 35 days macroscopically and mi-
croscopically. Micrometastases were determined by immunohisto-
chemistry (human pancytokeratin and CEA 18) [30].

PK studies

*H/'*C-labeled GemLip or '*C-labeled GemConv were injected i.v.
at equimolar doses of 6 mg dFdC/kg. After 5, 15 and 30 min, and
1,2, 4,8, 12,24 and 72 h after injection three mice of the GemLip
group were killed. The time-points for the GemConv group were 5,
15 and 30 min, and 1 and 4 h. Blood was collected into vials
containing 20 ul 1% THU solution and centrifuged, and the re-
sulting plasma was stored at —80°C. Tumors, livers, spleens, hearts,
lungs and kidneys were rapidly excised, rinsed in saline, weighed
and stored at —80°C. Elimination of dFdC and dFdU from plasma
was quantified by HPLC as previously described [12] using a Wa-
ters HPLC system (Eschborn, Germany) equipped with analytical
and guard columns Adsorbosphere NH, (5 um particle size,
250x4.6 mm) from Alltech Associates (Deerfield, I11.). The column
temperature was 35°C. The mobile phase consisted of cyclohexane,
1,2-dichloroethane, methanol, purified water, glacial acetic acid



and triethylamine (630/150/220/1/0.5/1 by volume) and the flow
rate was 1.5 ml/min. dFdC and dFdU were detected at 278 nm.
Plasma calibration standards were prepared from THU-treated
plasma containing dFdC and dFdU ranging from 50 to 2400 ng/
ml. 2’-Deoxycytidine was used as internal standard. For the de-
termination of '*C and *H in tissues, the livers were homogenized
in 1 ml PBS using an Ultra-Turrax T25 homogenizer (Janke &
Kunkel, Staufen, Germany). Liver homogenate (200 pl), and whole
tumors, lungs, kidneys, hearts and spleens were incubated in 1 ml
Soluene-350 at 55°C for 2 h. The samples were bleached twice with
20 pl 30% H,0, for 20 min. 14C and *H activities were measured
using a Tricarb 1900 CA analyzer and Hionic Fluor as scintillation
cocktail (both Canberra-Packard, Dreieich, Germany).

Results
Preparation of GemLip (diluted dFdC-containing VPG)

VPGs without drug were prepared by high-pressure
homogenization (660 mAM lipid) and subsequently au-
toclaved to ensure sterility. Then various amounts of
dFdC were entrapped in the VPGs using a newly de-
veloped passive loading technique during which VPG
and dFdC were blended and effective diffusion of dFdC
into the liposomes was achieved at a slightly increased
temperature (60°C). No degradation of dFdC was ob-
served during this process. The proportion of dFdC
entrapped in the liposomal vesicles of the VPG (en-
trapping efficiency) was predetermined by the core to
external aqueous phase ratio of the VPG, and therefore
remained constant. In these experiments it was
33.2+4.2%.

Immediately prior to i.v. administration, dFdC-VPGs
were redispersed (diluted) with buffer by vigorous
shaking to obtain a fluid liposomal dispersion (GemLip;
final lipid concentration 217 mM). GemLip is a dual
drug formulation consisting of free and liposomally
entrapped dFdC. The redispersion process using a ball
mill results in a dispersion of small liposomes. Their
mean diameters as determined by quasielastic light
scattering ranged from 60 to 80 nm as previously de-
scribed, and no particles larger than 1 pm could be
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detected [24]. A typical liposome size distribution of
redispersed dFdC-VPG (GemLip) is shown in Fig. 1.
Non-dispersed dFdC-VPGs can be stored at 4°C for at
least 8 months without change in liposome size or dFdC
entrapping efficiency.

In the case of GemLip, one-third of the total ad-
ministered dose of dFdC was injected liposomally en-
trapped and two-thirds as free drug. The total injected
dose of liposomes was identical throughout all experi-
ments and treatment groups corresponding to a lipid
concentration of 2.17 mmol/kg independent of dFdC
dose.

Anticancer efficacy of GemLip versus GemConv
Determination of MTD

Dose-finding studies with GemLip were performed in
non-tumor-bearing nude mice and a dose between 6 and
9 mg dFdC/kg administered once weekly i.v. was iden-
tified as the MTD, which resulted in a body weight loss
of up to 15% and fewer than 20% drug-related deaths
(data not shown). The MTD of GemConv with the
weekly schedule was found to be between 360 and
480 mg dFdC/kg, confirming the literature values [3].

Activity in subcutaneous growing SXF 1301

In a first set of experiments, the in vivo activities of
GemConv and GemLip were compared using equimolar
doses of 6 mg dFdC/kg (Table 1, experiments 1 and 6).
Complete tumor remissions were observed in four of five
mice 4 weeks after initiation of treatment with GemLip.
In marked contrast to liposomal dFdC therapy (T/C
0%), treatment of SXF 1301 with GemConv resulted in
only a moderate tumor growth inhibition with an opti-
mum T/C of 39%. The difference in median tumor
volume between GemlLip-treated and control animals
was statistically significant (P <0.025), but the difference
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Table 1. In vivo activity of GemLip and GemConv in the subcutaneously growing soft tissue sarcoma xenograft SXF 1301 (7/C test/

control, n.s. not significant)

Experiment Treatment dFdC dose Schedule  Optimal Growth Doubling  Activity® P value® Toxic Body weight
no. (mg/kg) (days) T/C (%) delay (days) time (days)* deaths loss (%)°

1 GemLip 6 1, 8,15 0 = =° ++++ <0.025 1/5 13.5

2 GemLip 6 1,8, 15 0 f = +4+++ <0.001 0/3 -

3 GemLip 9 1,8, 15 4.5 22 26 ++ + <0.001 1/6 -

4 GemConv 360 1,8, 15 12.6 11 15 + <0.001 0/6 -

5 GemConv 120 1,59 3.0 34 36 + + + <0.001 1/3 8

6 GemConv 6 1,8, 15 39 17 25 + n.s. 1/5 -

7 GemConv 3 1-5 19.8 7.4 11 + <0.001 0/6 -

“From 100% (day 0) to 200%

®Mann-Whitney nonparametric U-test vs control

‘++++ T/C <25% and T,/Ty <10%, complete remission;
++ + T/C <25% and Ty/Ty 10-75%, partial regression; + + T/
C <25% and T,/Ty 75-125%, tumor stasis; + T/C 25-50%, tu-
mor inhibition; — T/C >50%, inactive

between GemConv-treated and control animals was not
significant.

Since a dFdC dose of 6 mg/kg was not the MTD for
GemConv, a second experiment was performed using
equitoxic dose levels (Table 1, experiments 3 and 4).
Injection of GemConv at a dose close to the MTD
(360 mg/kg) on days 1, 8 and 15 did not result in com-
plete tumor remissions, but resulted in progression or
partial regression with an optimal T/C of 12.6%. In the
latter experiment using equitoxic doses of GemLip
(9 mg/kg) and GemConv, GemLip was more active than
GemConv. Despite significantly better antitumor activ-
ity with a T/C of 4.5% (P <0.05), in this experiment
GemLip did not induce any complete remissions.

Considering liposomes as a sustained release formu-
lation, we further investigated whether the efficacy of
GemConv could be improved by daily administration.
As shown in Table 1 (experiment 7), GemConv at 3 mg/
kg (MTD for this schedule) given daily on days 1-5 re-
sulted in tumor growth inhibition with an optimal T/C
of 19.8% and a mean growth delay (GD) of 7.4 days. In
contrast, the groups treated with GemLip at the MTD (6
and 9 mg/kg) showed GDs of >22 days or complete
remissions (GD oo) (Table 1; experiments 1, 2 and 3).

Finally, we compared the optimal bolus schedule for
GemConv (120 mg dFdC/kg given i.v. on days 1, 5 and
9) [17] with the optimal schedule for GemLip (6 mg
dFdC/kg i.v. on days 1, 8, 15) (Table 1, experiments 2
and 5). GemConv in its optimal schedule resulted in a
T/C of 3.0 and a GD of 34 days, but GemLip in its
optimal schedule showed better PK and PD behavior
and led to complete tumor remissions (GD o).

Activity in orthotopically growing BXF 1299T

In orthotopically growing bladder carcinoma BXF
1299T, the antineoplastic activity of GemLip was
compared with that of Vindesine and Taxotere at their
MTDs. Efficacy was assessed in terms of growth inhi-
bition of the primary bladder tumors and their perito-
neal metastases. Figure 2 shows the relative median

YMaximal weight loss as a percentage of weight at start of experi-
ment

°Complete response in four of five animals, GD co

{Complete response in three of three animals, GD oo

tumor volumes on day 35 after randomization. The T,/
T, value of the control group was 1816%, but tumors
treated with Taxotere and Vindesine showed a growth
delay with Ty/Ty of 409% and 810%, respectively. The
most effective treatment, however, was GemLip which
resulted in tumor stasis (Ty/Ty 148%).

Immunohistochemical staining of human cytokeratin
which detects human cells of epithelial origin was used
to evaluate micrometastases in the lung, liver, peritone-
um and regional lymph nodes of the BXF1299T mice.
The investigated drugs were effective against macro- and
micrometastases (Fig. 3). In the control group, seven of
seven animals showed metastases. In the Vindesine-
treated group three of six animals, and in the Taxotere-
treated group only one of six animals showed
metastases. However, none of seven GemlLip-treated
animals showed detectable metastases.

Plasma and tumor pharmacokinetics
Elimination of dFdC from plasma

The plasma elimination curves of dFdC after injection as
GemLip and GemConv at equimolar doses (6 mg/kg)
are shown in Fig. 4a, b. Elimination of free dFdC after
injection of GemConv followed first-order kinetics with
a half-life of 0.14 h (see Table 2). After injection of
GemLip, consisting of 33% of liposomally entrapped
and 67% free dFdC, a biphasic elimination curve was
observed (Fig. 4a). The curve could be described by the
biexponential fitting equation:

C(t) = Up - e Moty - et (1)

where C(t) is the serum concentration of dFdC at time t
upon i.v. administration of the drug, and kq, and k;
represent the first-order disposition constants. The cor-
responding plasma half-lives were calculated according
to the equation t;,, =In2/k.

After administration of GemLip, the elimination of
dFdC was initially dominated by the amount of free,



Fig. 2. Effects of GemLip,
Vindesine and Taxotere against
the primary tumors of ortho-
topically growing human blad-
der xenograft BXF 1299T. All
formulations were given at their
MTDs. Treatment was initiated
when the median tumor volume
reached 45 mm?®. Data are de-
picted as median relative tumor
volumes at the end of the
experiment (n=06 or 7 animals).
The reduction in the median
relative tumor volume of the
GemLip group was significantly
different from that in all other
groups (P=0.0015 vs Control,
P=0.0024 vs Vindesine,
P=0.039 vs Taxotere)
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Fig. 3. Development of metastases of orthotopically growing
human bladder tumor BXF 1299T on day 35 after initiation of
treatment with GemLip, Vindesine and Taxotere at their MTDs.
The numbers of animals developing distant organ metastases are
shown (n=6 or 7 animals)

non-entrapped drug (U, ko) with a serum half-life (t, 2,
0.15 h) identical to that after injection of GemConv
(t1/24 0.14 h). Thereafter, the liposomally entrapped drug
determined the elimination rate of dFdC, which is ex-
pressed by the elimination rate constant k;, and the se-
rum half-life (t;55 13.2 h). The area under the plasma
concentration curve (AUC) of dFdC after administra-
tion of GemLip was 1680 pg-h/ml compared to 48 pg-h/ml
after injection of GemConv. This represents a 35 times
higher availability of dFdC from GemLip.

The elimination curve of dFdC as measured by the
'4C label in plasma, paralleled the elimination curve of
dFdC measured by HPLC, but showed slightly higher
concentrations (data not shown). This can be explained
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by the fact that the '"*C label was still present after
metabolic conversion of dFdC to dFdU, so that '*C in
plasma represents not only dFdC but also its
main metabolite dFdU. Therefore, we investigated the
time-course of dFAU in plasma after administration of
GemLip and GemConv at equimolar doses (6 mg dFdC/kg;
Figs. 4a, b, dotted lines). GemLip led to a rapid increase
in dFAU during the first 30 min equivalent to 10% of the
total dFdC dose administered, which resulted most
probably from the free (external) portion of dFdC. This
initial increase was followed by a constant but slow
decrease in dFdU over the next 24 h, which could be
explained by a slow release of dFdC from the liposomes.
At each time-point, the concentration of dFdC was
higher than that of dFdU.

In contrast, after administration of GemConv, the
concentration of the inactive metabolite dFdU was al-
ways higher than that of dFdC. During the first 15 min,
dFdU increased rapidly to a dFdC equivalent of 25%,
followed by an exponential decrease to about 6% after
4 h (Fig. 4b).

Elimination of the liposomes from plasma

The elimination of the liposomes from plasma was de-
termined by measurement of the *H-cholesteryloleate
concentration by scintillation counting. Of the injected
radioactivity, 70% was rapidly cleared from plasma.
However, the elimination rate decreased continuously,
and after 24 h 10% of the administered radioactivity
could still be detected (Fig. 4c). As described before for
the elimination of dFdC, the elimination curve of the
3H-cholesteryloleate followed a biphasic behavior which
could be described by eq. 1 (k; 0.80 h'!, k, 0.06 h'™").
Corresponding plasma half-lives were t;,,, 0.87 h and
ti25 12.5 h, respectively (Table 2).
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Fig. 4a—c. Elimination of dFdC from plasma and the time-course
of dFdU concentration in plasma after injection of *C/*H-GemLip
(a) or "*C-GemConv (b) at a dFdC dose of 6 mg/kg (n=3) as
determined by HPLC. ¢ Elimination of *H-lipid after administra-
tion of GemLip (total lipid dose 2.17 mmol/kg) as determined by
scintillation counting

Tissue distribution of '*C and *H

The accumulation of '*C in tumors after administration
of GemLip and GemConv, respectively, is shown in
Fig. 5. After administration of GemConv, '*C rapidly
reached a peak concentration equivalent to 20 pg dFdC/g

25

tumor tissue. Elimination followed first-order kinetics
(kg 0.24 h'!and t 12 2.89 h). Complete clearance was
observed after 24 h. After treatment with GemlLip,
peaks of the same order of magnitude were observed. In
contrast, drug elimination was sustained following second-
order kinetics (k; 0.065 h™', k, 0.009 h™', t,5, 10.66 h
and t;5z 77 h). After 72 h a reasonable amount of 4c
could still be detected in the tumors. Because of the
different elimination rate constants, the tumor AUC of
4C after administration of GemLip was equivalent to
357 pgh/g dFAC which was about fourfold higher than
that for GemConv (89 ugh/g) (Table 3).

Table 2. Pharmacokinetic parameters for plasma elimination of dFdC and dFdC liposomes (6 mg/kg each) (U,, U, intercepts on the
ordinate at time zero; ky, k; elimination rate constants; ¢;/,,, ;25 serum half-lives)

Up ko (h'") U, ki (b ti)24 (h) Ti2p (h)
dFdC (from GemConv) 138.2 pg/ml 4.88 - - 0.14 -
dFdC (from GemLip) 110.6 pg/ml 2.85 98.0 pg/ml 0.05 0.15 13.2
Liposomes (from GemLip) 20.1 mg/ml 0.80 141.2 mg/ml 0.06 0.87 12.5
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Fig. 5. Accumulation of radio- 25 |
label (presented as equivalent
amounts of dFdC) in the tu-
mors after administration of 20 |

14C-dFdC given as GemLip or
GemConv (6 mg dFdC/kg
each)

dFdC [pg] / Tumor [g]

e GemLip (n=3)
s GemConv (n=3)

Table 3. Accumulation of '*C (presented as equivalent amounts of
dFdC) in the tumor, heart, lungs, liver and spleen of SXF 1301
tumor-bearing nude mice after administration of equimolar doses
of GemLip and GemConv containing *C-dFdC (6 mg dFdC/kg
each). Values are means +SD

dFdC (pgh/g tissue) GemLip/
GemConv

GemLip GemConv

BXF-1301 tumor 357+ 11 89416 4.0

Heart 118+ 21 8113 1.5

Lung 125+ 35 72+15 1.7

Liver 1525 +£307 393+26 39

Spleen 2143 +462 569+ 63 3.8

As shown in Table 3, the fourfold increase in tumor
AUC was paralleled by an approximately fourfold
higher "*C accumulation in organs of the reticuloendo-
thelial system (RES) such as the liver and spleen after
dFdC was given as GemLip. In contrast, the '*C levels in
the lungs and heart of GemLip-treated animals were
only 1.5-fold higher than the corresponding levels of the
GemConv-treated animals. Thus, considerable "C ac-
cumulation was observed in both tumors and RES
organs.

Discussion

We demonstrated that through the VPG approach,
dFdC can be stably entrapped into small liposomes with
a satisfactory drug entrapment efficiency and good
storage stability. The liposome formulation obtained
after redispersion of dFdC-containing VPG (GemLip) is
a dual drug formulation consisting of one-third of the
dFdC in entrapped form and two-thirds in free form. To
our knowledge, VPG technology is so far the only way
to prepare a liposomal dFdC formulation with a suffi-
cient shelf life for potential clinical use. Hence, this is the
first report of the evaluation of liposomal dFdC in
preclinical studies. The aims of our investigations were

10 20 30 40 50 60 70

to compare the antitumor activity of GemLip with that
of the aqueous solution of dFdC (GemConv) and de-
scribe changes in the PK and PD behavior of dFdC in
human tumor xenografts upon entrapment into VPG.

The MTD of GemLip (6-9 mg dFdC/kg) was 40-60
times higher than that of GemConv (360 mg dFdC/kg).
Considering the fact that only one-third of the dFdC in
GemLip was entrapped (corresponding to 2 mg dFdC/
kg) and the other two-thirds (4 mg dFdC/kg) were free
dFdC, the real increase in potency upon liposomal en-
trapment was even higher (approximately 120-180
times). This striking decrease in MTD after entrapment
of dFdC in liposomes is in marked contrast to many
other drugs which show equal or decreased MTDs and
better tolerability after entrapment into liposomes, e.g.
doxorubicin [27, 36, 37] and vincristine [2, 14, 35].
However, this might be explained by the fact that the
MTD of dFdC is more dependent on schedule than on
dose. The MTD of dFdC administered once weekly, for
example, differed by a factor of 70 from the MTD of
dFdC given for five consecutive days, which is in
agreement with literature. It has been reported that ad-
ministration of free dFdC in different schedules results
in MTDs ranging from 2.5 mg/kg (given on days 1-5) to
120 mg/kg (given on days 1, 3, 5 and 7) and 240 mg/kg
(given once weekly for 2 weeks) [3]. The MTD of a 24-h
continuous infusion has been established as 15 mg/kg
[4]. The fractioned and prolonged administration of free
dFdC therefore results in increased toxicity. The sus-
tained release formulation GemLip also conferred an
increase of dFdC toxicity, but this was paralleled, or was
even overcompensated for, by the increase in antitu-
moral activity, as demonstrated in two human tumor
xenograft models, the SXF 1301 (soft tissue sarcoma)
and the orthotopically growing human bladder cancer
BXF 1299T.

When treating the SXF 1301 human tumor xenograft
in a weekly schedule, GemLip (6 mg dFdC/kg) was
much more active than GemConv at equimolar doses.
The liposomal formulation resulted in complete remis-
sions of the SXF 1301 human tumor xenograft. In a
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second study however, when comparing GemLip and
GemConv at equitoxic doses (9 and 360 mg dFdC/kg,
respectively), GemLip showed only slightly improved
anticancer activity. This might be explained by differ-
ences in the starting tumor volume of the SXF 1301: the
experiment at equimolar doses was performed with
early-stage tumors (<150 mm?), the equitoxic study
with more advanced tumors (<300 mm?). In addition,
we tested GemLip (6 mg/kg on days 1, 8 and 15) versus
the optimal bolus schedule for GemConv (120 mg
dFdC/kg on days 1, 5 and 9). Despite this improved
schedule for GemConv, which yielded the best antitu-
mor activity for GemConv in our studies (GD 34 days,
optimal T/C 3.0%), GemLip was still found to be su-
perior to GemConv as it resulted in complete remissions
(Table 1).

When evaluated for activity in the orthotopically
growing and metastasizing BXF 1299T bladder tumor
xenograft, GemLip resulted in an even higher anticancer
activity than Vindesine and Taxotere (given at their
MTDs), both in terms of GD of the primary tumor and
suppression of distant metastases.

The plasma elimination of dFdC after administration
of GemLip showed a biphasic pattern with a rapid phase
(t1/24 -0.15 h), similar to the elimination of free dFdC,
and a slow phase (t;55 13.2 h) which may be attributed to
the liposome-entrapped fraction of dFdC. The observed
change in PK properties resulted in a 35-fold increase in
plasma AUC compared to GemConv (both administered
at doses of 6 mg/kg). In consequence, dFdC liposomes,
which circulate over longer periods of time compared to
free dFdC, increased the exposure time of the tumor to
anticancer agent. This is in agreement with the observa-
tion that prolonging the infusion time of the non-en-
trapped dFdC reduces the MTD (see above).

The improved activity as well as decreased tolerabil-
ity of GemLip could be further explained by reduced
dFdC deamination due to the protection of dFdC by the
liposomes. When administering GemLip, the dFdU
levels in plasma never exceeded the dFdC levels. In
contrast, when giving GemConv, the dFdU levels were
always higher than the dFdC levels.

Furthermore, marked differences in tissue distribu-
tion were seen between the two formulations. The in-
jection of GemLip resulted in a fourfold higher dFdC
accumulation in the tumors. This enhancement might be
attributed to significant extravasation and selective ac-
cumulation of the liposomes in the primary tumor. This
is in agreement with the hypothesis of Matsumura and
Maeda that solid tumors show enhanced permeability of
their vasculature which leads to a passive tumor tar-
geting effect of macromolecules as well as liposomes.
Moreover, due to the absence of functional lymphatic
drainage in tumors, liposomes can remain longer in tu-
mors than in normal tissues. This may lead to prolonged
exposure and enhanced activity, termed the enhanced
permeability and retention (EPR) effect [21].

The accumulation of dFdC in the tumors was par-
alleled by an equivalent fourfold increase in dFdC in the

RES organs liver and spleen. It is remarkable that the
increase in dFAC in the RES organs after liposomal
entrapment was not higher than the increase in the tu-
mors, since macrophages of the liver and spleen are
known to eliminate non-protected liposomes very rap-
idly. An explanation for this effect could be the high
number of liposomes used in our experiments (always
2.17 mmol lipid/kg). Thus, we assume that the macro-
phages from the liver and spleen, as well as circulating
macrophages, are rapidly saturated after phagocytosis of
a small proportion of the total amount of liposomes
administered. As a consequence, the remaining lipo-
somes can circulate for a time sufficient to accumulate in
the tumors via the EPR effect. This hypothesis is sup-
ported by the elimination kinetics of the dFdC lipo-
somes seen in plasma. The liposomes were eliminated
biphasically with a low elimination rate constant in the
second phase. Therefore, after 24 h a reasonable amount
of liposomes were still detectable in the plasma. Fur-
thermore, Mauk and Gamble [22] have found that
within 1 h of administration of 0.05 mg lipid/g body
weight the RES system of mice was saturated. In our
studies, the total lipid dose (1.3 mg/g body weight) was
25-fold higher than that used by Mauk and Gamble.
Therefore, the biphasic elimination of the dFdC lipo-
somes can be explained by the rapid uptake of a fraction
of the liposomes by the RES system, followed by a
considerably slower elimination of the remaining lipo-
somes.

Nevertheless, dFdC accumulation in tumors and
RES organs was twice as high as in normal tissues such
as the heart and lungs following administration of
GemLip than of GemConv. The limited accumulation of
liposomal dFdC in heart and lung might contribute to
the fact that GemLip has a safe therapeutic window and
thus that the increase in antitumor activity of dFdC after
entrapment into liposomes is more pronounced than the
increase in toxicity.

In summary, we showed that VPG is a promising ap-
proach to the generation of a stable liposomal formula-
tion of the hydrophilic anticancer agent dFdC. Liposomal
entrapment was demonstrated to positively change the
PK and PD of dFdC and hence enhance its antitumor
activity. There are three possible reasons for this effect: (1)
prolonged circulation of the liposomally entrapped dFdC
in blood and therefore prolonged drug exposure to the
tumor, (2) protection of the drug against rapid metabolic
inactivation, and (3) enhanced uptake and accumulation
of the drug within the tumor by the EPR effect [21, 39]. In
general, VPGs have proven to be a useful approach to the
efficient and stable entrapment of hydrophilic low mo-
lecular weight drugs into small liposomes. Such liposomal
formulations have a good potential for enhancing the
anticancer effect of cytotoxic drugs.
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