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Abstract To quantitatively evaluate the extravasation,
accumulation and selectivity to tumor tissues of liposo-
mal vincristine (LV), dorsal skin-fold window chambers
on athymic mice with or without LX-1, a human small
cell lung cancer, xenograft implants and fluorescent
intravital microscopy imaging were used. In vitro studies
show that minimal loss of fluorescence marker Dil from
liposomes occurs after 4 days of inoculation in murine
plasma, and the release profiles of Dil-LV and LV were
essentially the same with approximately 40% of the
encapsulated vincristine sulfate (VCR) released after
26 h. Significantly faster extravasation of Dil-LV from
tumor vessels was shown compared to non-tumor tissue
after single dose i.v. administration. The relative inter-
stitial amounts at 60 min (RIA¢y) for tumor and non-
tumor tissues were 0.837+0.314 and 0.012+0.091,
respectively (P=0.01). Dil-LV accumulation was sig-
nificantly higher in tumor than in normal tissue, which
continued beyond 48 h. Both Dil-LV and LV showed
significant antitumor effects in window chambers and in
flank tumors, compared with controls and VLS alone.
The preferential extravasation of Dil-LV from tumor
vasculature as well as its differential retention in tumor
tissue provides the basis for the enhancement in antitu-
mor activity of LV over VCR.
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Introduction

Liposomal drug delivery systems have demonstrated the
capacity to alter the pharmacokinetics and biodistribu-
tion of conventional chemotherapeutic drugs with the
goal of increasing efficacy or reducing toxicity [1-4].
Classes of cytotoxic drugs encapsulated into liposomes
and tested in humans include anthracyclines, pyrimidine
analogs, and vinca alkaloids [5, 6]. The anthracyclines
are schedule-independent cytotoxic drugs in which effi-
cacy and toxicity are associated with high peak levels of
drug in tumor tissues or target organs. Liposomal
doxorubicin decreased systemic elimination, increased
penetration into the tumor, and prolonged liposome
presence with slow drug release into the tumor, and thus
enhanced therapeutic effect [7, 8]. In patients, the use of
liposomal delivery system allows for an increased total
cumulative dose due to decreased cardiotoxicity [9].

In contrast to the anthracyclines, the vinca alkaloids
are schedule-dependent drugs with activity dependent on
binding to tubulin, inhibiting the formation of mitotic
spindles, resulting in cell cycle arrest and apoptosis [10].
Therefore, the degree of antitumor activity of vincristine
in cell is directly related to the duration of drug exposure
of tumor cells. However, conventional vincristine is
rapidly removed from the systemic circulation following
1.v. administration. Efforts to enhance vincristine activity
in patients included clinical trials using continuous drug
infusion but these studies evaluated a limited number of
patients and the results were inconclusive [10, 11].

Liposomal vincristine (LV) was designed to enhance
the antitumor activity of vincristine via the following
mechanisms: (1) increased plasma circulation time; (2)
increased drug delivery to the tumor tissue via extrav-
asation from abnormal tumor vessels into the tumor
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interstitium; (3) accumulation of liposomes containing
drug in the tumor tissues; and (4) slow release of vin-
cristine from LV in tumors as opposed to release of
drug in plasma favors maximizing exposure. Previous
studies in mice demonstrated that LV exhibits pro-
longed plasma circulation and increased tumor accu-
mulation compared to equivalent doses of vincristine
sulphate (VCR) [12, 13]. The altered pharmacokinetic
profile of LV was associated with significantly greater
antitumor activity in murine and human xenograft tu-
mor models relative to vincristine when compared at
the same dose level [12, 14-19]. A recent study shows
that LV sensitizes drug-resistant human tumor xeno-
grafts in the mouse [20].

In this report, the extravasation of LV from blood
vessels into tissues was evaluated with regards to kinet-
ics, accumulation, and selectivity. Intravital microscopy
and skin fold window chambers in mice were employed
to study the extravasation and tissue distribution of LV
labeled with a fluorescent lipid marker, 1,1’-dioctadecyl-
3, 3,3, 3’-tetramethylindocarbocyanine perchlorate
(Dil-LV). Using the same tumor model as employed for
the window chamber studies, the antitumor activity of
LV was compared with vincristine in tumors trans-
planted subcutaneously on the hindlimbs.

Materials and methods
Chemicals and reagents

Egg sphingomyelin was obtained from Lipoid (Lud-
gwighafen, Germany), cholesterol from Solvay (Weesp,
The Netherlands), Dil from Molecular Probes (Eugene,
OR), VCR from Faulding Pharmaceuticals (Paramus,
NJ), Dulbecco’s Phosphate Buffered Saline (DPBS)
from Gibco BRL (Grand Island, NY). Sepharose CL-6B
and Sepharose CL-4B were from Sigma (St. Louis, MO),
PD-10 columns from Amersham Biosciences (Piscata-
way, NJ), *H-CHE from PerkinElmer Life Sciences
(Boston MA), '*C-labeled vincristine from ChemSyn
Laboratories (Lenexa, Kansas), and Nuclepore extru-
sion filters from Whatman (Clifton, NJ).

Liposome preparation

Sphingomyelin/cholesterol (55/45) liposomes were pre-
pared through hydration of the lipids from ethanol. The
final ethanol concentration was 12.5% (w/w) and the
lipid concentration was 15 mg/ml. The ethanolic lipid
dispersions were extruded 10 x at 65°C through two
stacked nuclepore filters with 80 nm pore size. Ethanol
was removed by dialysis for a total of 24 h against cit-
rate buffer (pH 4.0). Dil was dissolved with the other
lipids in ethanol prior to liposome formation. Dil-LV
contained 0.5 mol% Dil. Lipid concentrations were
determined using the inorganic phosphorus assay
according to Fiske and Subbarow [21]. These diameters

were determined through a Gaussian fit to the measured
intensity correlation functions. The average diameter of
the liposomes was between 100 and 110 nm.

Vincristine loading

Liposomes were loaded with VCR using a pH gradient
technique [18]. Briefly, liposomes were prepared in pH 4
citrate buffer. The exterior pH of the liposomes was then
raised to pH 7.3 through addition of 0.1 M Na,HPO,
solution (pH 9.0). Alternatively, buffer neutralization
was achieved by exchanging the citrate buffer on PD-10
buffer exchange columns against pH 7.3 phosphate
buffer (100 mM phosphate buffer [pH 9] adjusted to pH
7.3 with 300 mM citrate buffer [pH 4]). VCR alone or
spiked with '#C-labeled vincristine was subsequently
added to the various liposome formulations to achieve a
drug-to-lipid ratio of 0.05 mg/mg (0.03 mol/mol) and a
"“C.vincristine-to->’H-CHE  radioactivity ~ratio of
approximately 3. The mixture was subsequently incu-
bated for 10 min at 63°C. The final vincristine concen-
tration in the loaded sample was 0.16 mg/ml (0.17 mM).

Encapsulation efficiencies were determined after re-
moval of external drug by size exclusion chromatogra-
phy using Sepharose CL-6B spin columns equilibrated in
DPBS [22]. Vincristine concentrations were determined
by UV absorption at 297 nm in 80% ethanol and lipid
concentrations using the inorganic phosphorus assay
according to Fiske and Subbarow [21].

Vincristine release in mouse plasma in vitro

The plasma was obtained from ketamine/xylazine
anesthetized NCr-nu athymic mice via cardiac puncture
and centrifugation. Frozen plasma aliquots were thawed
and adjusted to pH 7.4 through addition of 1 M HEPES
buffer. Liposomes were then added to the plasma to
achieve a final lipid concentration of 0.6 mg/ml
(1.1 mM). Samples were incubated in a water bath at
37°C. At the given time points, 100 ul aliquots were
removed and put on Sepharose CL-6B spin columns and
centrifuged for 5 min at 960g to separate free from
encapsulated vincristine. Encapsulated drug levels were
determined by dual-label scintillation counting.

Dissociation of Dil from SM/Ch liposome in mouse
plasma in vitro

Frozen mouse plasma was thawed and buffered to pH
7.4 as mentioned previously. Liposomes were then ad-
ded to the plasma at a final lipid concentration of
0.6 mg/ml (1.1 mM). Samples were incubated at 37°C.
After 24 and 96 h, 900 pl sample aliquots were removed
and separated on a 1.5 x 40 cm Sepharose CL-4B size
exclusion column equilibrated in DPBS. The size
exclusion columns were pre-saturated with unlabeled



liposomes to maximize recoveries. The column was
protected from light to prevent bleaching of Dil. The
fractions with approximately 550 pl each were analyzed
for Dil fluorescence with the excitation set at 550 nm
and collecting emitted light at 565 nm. Liposomes
incubated in DPBS at 37°C for 24 h and unlabeled
liposomes mixed with free Dil incubated in plasma at
37°C for 24 h were included as controls.

Tumor and animals

The human small cell lung cancer line, LX-1 (NCI Tu-
mor Repository, Rockville, MD), was injected s.c. into
the flanks of 6-8 week-old NCr-nu athymic mice
(Charles River Laboratory, Raleigh, NC). This xeno-
graft model is one of a panel of tumor models employed
by the NCI in the evaluation of potential chemothera-
peutic agents [23]. Historical data on LX-1 suggests that
the model is relatively resistant to VCR [24]. Animals
were housed in appropriate isolated caging with sterile
rodent chow and acidified water ad libitum and an air-
conditioned room with 12-h light-dark cycle. All
experimental protocols were approved by the Duke
Institutional Animal Care and Use Committee.

Dorsal skin fold window chamber

The surgical procedure for the mouse dorsal skin fold
window chamber has been reported previously [25].
Briefly, animals were anesthetized with i.p. sodium
pentobarbital (Nembutal, Abbott Laboratory) at a dose
of 85 mg/kg. With aseptic technique, a circular incision
of 10 mm diameter was made on the left side of the flap
and a full-thickness skin layer was removed, leaving the
skin and underlying fascia tissue on the right side intact.
A pair of titanium windows was mounted with align-
ment of the circular wound to the window, which was
covered with a glass cover slip and a retaining ring after
LX-1 tumor fragment (about 0.1 mm?) was implanted
onto the fascia. Following recovery from anesthesia and
surgery, the animals were housed in an environmental
chamber at 35°C and 50% humidity, with 12-h light/12-
h dark cycle and access to rodent chow and water ad
libitum. These conditions are necessary to maintain
viability of the chamber and provide a high enough
temperature to facilitate tumor growth.

Experimental protocol

From post-operative day (POD)4 tumor growth in the
window chambers was monitored with intravital
microscopy (Carl Zeiss, Hanover, MD) with a CCD
camera (Carl Zeiss, Inc) connected to a PC equipped
with Scion Image software and a frame grabber (Scion
Corporation, Frederick, MD). Before treatment, win-
dow chambers were evaluated for quality and tumors
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were scored using criteria for tumor size, vasculature,
blood flow, as reported previously [26]. It has been
shown previously that this quality assurance procedure
ensures that a viable tumor is established before the
experiment commences. For study of extravasation of
Dil-LV in normal granulation tissue, non-tumor-bear-
ing windows were used on POD 5 and 7. Forty mice
were used in this study (32 tumor-bearing and 8 non-
tumor-bearing). There were four study groups: 11 tu-
mor-bearing mice for Dil-LV extravasation, 12 tumor-
bearing mice were treated with LV for comparison with
Dil-LV, 8 tumor-free mice for Dil-LV extravasation in
normal granulation tissue, and 9 mice treated with 0.9%
NaCl solution as control. The vincristine dose for LV
and Dil-LV was 1.6 mg/kg. The dose selected for this
study was based on a maximum tolerated dose study in
tumor-free NCr-nu athymic mice (data not shown).

Effects of LV and Dil-LV on tumor growth
and angiogenesis in the dorsal skin chamber

Tumors in the dorsal window chambers were monitored
serially after liposome administration to assess the effect
of this treatment on tumor growth and angiogenesis.
For consistency with Dil-LV extravasation experiments
that require strict restraint with general anesthesia, LV
was given while animals were anesthetized with Nem-
butal (50 mg/kg). Anesthetized controls received the
same amount of sterile 0.9% NaCl solution. For mea-
surement of tumor area and vascular length density as
the experimental endpoints, animals were placed on a
Zeiss intravital microscope stage and trans-illuminated
images were taken on post-treatment day (PTD) 0, 2, 5,
and 8 using a CCD color camera (Carl Zeiss, Inc.).
Images were captured and analyzed using Scion Image
software (Scion Corporation). PTD 8 was chosen as the
day for termination because tumors in all control mice
receiving 0.9% NaCl solution grew beyond the window
margins at this time point. The detailed methods for
quantitation of tumor growth and vasculature were re-
ported previously [26]. Tumor area was measured from
images at low magnification and converted to mm? by
calibration against images of a micrometer obtained at
the same magnification. Vascular length density (VLD)
was measured from 1 to 4 images from different areas of
tumors, depending on tumor size, at higher magnifica-
tion. All vessels were traced and measured. Total vessel
length in each image was summed and the area con-
taining the measured vessels was also measured. VLD
was calculated by dividing the total length of all vessels
by the tumor area and expressed as mm/mm-.

Dil-LV extravasation and tissue distribution
in tumor and non-tumor windows

On POD 5 or POD 7, mice with non-tumor-bearing
windows were used for Dil-LV extravasation experiments.
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For tumor-bearing mice, experiments were carried out
on POD 7 or POD 9. Before administration of Dil-LV,
animals were anesthetized with Nembutal (50 mg/kg i.p)
and the tail vein was cannulated with a 31G needle with
PE10 tubing and heparinized 0.9% NaCl solution-filled
syringe attached. Animals were placed on a thermal
blanket (Harvard Homeothermic Blanket Control Unit,
Harvard Apparatus, Lit., Edenbridge, KY), which was
located on the stage of the Zeiss intravital microscope.
Under transillumination, an area with well-focused
vessels and brisk blood flow was chosen for the experi-
ment. Before Dil-LV injection a background image with
a rhodamine filter set (excitation 545 nm and emission
610 nm) was taken with a SIT camera (Hamamatsu,
C2400-08) connected to an image processor (Hamama-
tsu Image Processor Argus, Hamamatzu Photonics) and
videocassette recorder (JVC BR-S378U). Epi-illumina-
tion was provided with an arc lamp (AttoArc HBO
100W, Carl Zeiss, Inc) with adjustable power level. Dil-
LV (1.6 mg VCR/kg, in the volume of 10 pl/g body
weight) was injected over 2-3 min, and the serial images
were tape-recorded and captured to Scion Image every
2 min after injection for 60 min.

The images were analyzed with NIH Image 1.62. The
fluorescent light intensities of the entire selected region
and representative vascular regions were measured at
each serial time point. The background value was sub-
tracted from all measurements. The relative fluorescent
light intensities of the vascular and interstitial compo-
nents were determined as described previously [27, 28].
All light intensities were normalized to the initial vas-
cular light intensity in the region after injection of Dil-
LV. Since the light intensity of fluorescent tracers is
proportional to the number of fluorophores present, the
data are presented as relative interstitial amount (RIA)
as reported previously [27]. RIA is the average fluores-
cent intensity in the tumor interstitium, compared with
maximum intravascular intensity after fluorescent mar-
ker administration. RIA values taken at 60 min are de-
fined as RIA60.

Following the initial extravasation measurements, the
animals were returned to their housing. They were re-
imaged, without anesthesia, at 16, 24, and 48 h after
drug injection. These data were used for quantitation of
tissue distribution. Some fluorescence microscopic ima-
ges of tumor windows were recorded on PTD 5. Fluo-
rescent light intensities were also measured from images
taken in three to four areas in tumor and surrounding
normal tissue, respectively, using the same magnification
and light power levels used prior to Dil-LV injection on
PTD 0. These data were used to calculate average light
intensities in tumor tissue and surrounding tissue at 16,
24, and 48 h post-injection. During the intervals between
imaging procedures, the window chambers were wrap-
ped with aluminum foil to minimize photobleaching of
fluorescent dye. Trans-illumination images of tumor
windows were also recorded on PTD 0, 2, 5, and 8 after
Dil-LV injection to evaluate tumor growth and vascular
density as described earlier for LV.

Comparison of the antitumor activity of LV and VCR
in mice bearing LX-1 tumors

On Day 0, LX-1 tumor fragments (14-17 mg) were
implanted s.c. in the right hind flank of Halothane-
anesthetized mice using a 10 G trocar. When the tumors
reached tumor volumes of ~20 mm?®, drugs were
injected i.v. every 7 days for three consecutive cycles.
Tumors were measured twice a week and tumor volume
was calculated using the equation for the volume of an
ellipse: 1/6xLWH. Antitumor activity of LV and VCR
was evaluated by comparing tumor volumes on specified
days and by determining the time for tumors to attain a
volume of 1,000 mm®.

Quantification of available volume fraction
of inulin in tumor tissues

The available volume fraction (K ;) of inulin (mol wt:
2,000-5,000) in the tumor was determined with the
procedure described in previous studies [29-31]. In brief,
tumor tissue slices were incubated in the solution of
FITC-labeled inulin in microcentrifuge tubes at 4°C
until concentration equilibrium was reached between
slices and solutions. Next, tissue slices and the solution
were transferred into circular wells glued onto the sur-
face of glass microslides. The well height was /..
Fluorescence intensities after background subtraction in
tissues (41;) and solution (4/,) were measured sepa-
rately in the wells, using a fluorescence microscope
workstation (Axiovert 100, Zeiss) equipped with a flu-
orescence filter set for FITC (Omega Optical Inc.,
Brattleboro, VT) and a photomultiplier (9658B, Thorn
EMI Electron Tubes, Rockaway, NJ). Koy was calcu-
lated based on the fluorescence intensities,
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where o is a constant that depends on fluorescent
markers and optical properties of tissues. For FITC in
tumor tissues, o= 3.02(+ 1.34 mm ! [29].

Statistics

All results are reported as group means and SEMs.
Statistical significance was tested by the Student’s two-
tailed unpaired #-test.

Results
Stability of Dil labeling and VCR release from Dil-LV
Following incubation of Dil-LV in murine plasma for

24 h, 6.5% of the fluorescent marker was dissociated
from the liposomes. After 96 h of incubation, 11.5% of



Dil was separated from the liposomes. Incubation of
Dil-LV in 0.9% NaCl solution showed that all of the
Dil remained with the liposomes after 96 h of incuba-
tion suggesting that Dil-LV is stable after administra-
tion and the slow disassociation of Dil from LV occurs
beyond the time period of the quantitative observation
in vivo.

To test whether the presence of the Dil fluorescent
label in the Dil-LV formulation could affect drug re-
lease, the kinetics of vincristine release from the two
formulations was compared in vitro using plasma ob-
tained from NCr-nu athymic mice. As shown in Fig. 1,
the in vitro release profiles of Dil-LV and LV were
essentially the same with approximately 40% of the
encapsulated vincristine released after 26 h of incuba-
tion at 37°C.

Available volume fraction of vincristine

The available volume fraction of VCR (mol. wt. 923)
was estimated by K,y of inulin, which was equal to
0.426+0.037 (mean £ SD) (n=15) in LX-1 tumors. This
was because Kav is insensitive to the molecular weight
when it is less than the 5,000 [29]. Thus, the available
volume fractions of small molecules are very close to the
volume fraction of interstitial fluid space in tissues.

Tolerability of Dil-LV and LV in mice with window
chambers

In both LV- and Dil-LV treated animals, there was
moderate body weight loss observed on PTD 2 (6% and
8% for LV and Dil-LV, respectively) and PTD 5 (12%
and 10% for LV and Dil-LV, respectively; P<0.05
versus controls). Body weights recovered to near
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Fig. 1 Vincristine release from SM/chol liposomes (SM/chol 55/45)
in NCr-nu athymic mouse plasma following incubation at 37°C.
The lipid concentration was 1.1 mM (0.6 mg/ml) and the drug-to-
lipid ratio was 0.05 mg/mg
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pretreatment levels by PTD 8 (97% and 99% for LV and
Dil-LV, respectively). There was no appreciable differ-
ence in terms of body weight loss between LV and Dil-
LV-treated mice. Tumor-bearing mice that received
0.9% NaCl solution showed slight gain in weight over
the 8 days of monitoring.

Dil-LV extravasation and accumulation in normal
and tumor tissues

One to two minutes after Dil-LV i.v. injection, outlines
of vessels in normal granulation tissue and tumor tissues
were apparent, and the fluorescence was confined to the
vessels (Fig. 2a). Extravasation of liposomes was not
apparent from vessels of normal granulation tissue in
non-tumor windows even 1 h after administration of
Dil-LV. In contrast to non-tumor tissue, extravasation
of Dil-LV from the tumor irregular and chaotic vascu-
lature into the interstitial tumor spaces was apparent as
early as 5 min after drug administration. At 1 h, exten-
sive extravasation was observed (Fig. 2a). Dil-LV
accumulated in the perivascular regions of the tumor
vessels and overall, showed a punctate pattern of dis-
tribution with highest concentrations near vessels.

To quantitate the levels of Dil-LV in the interstitial
spaces of normal and tumor tissues, fluorescent images
obtained during 1 h after Dil-LV administration were
evaluated for relative interstitial amounts (RIA). The
results are shown in Fig. 2b. The RIA for Dil-LV was
near baseline levels for normal granulation tissue over
the course of 1 h. However, the RIA for Dil-LV in tu-
mor tissues continued to increase over the 1 h period of
observation. RIA¢, values for tumor and non-tumor
tissues were 0.837+£0.314 and 0.012+0.091, respec-
tively. This difference was significant (P=0.01).

Total fluorescence light intensities were measured in
normal granular tissues and tumor tissues from images
obtained at 16, 24, and 48 h after administration of Dil-
LV. While fluorescence light intensities in normal gran-
ulation tissues remained relatively low at all three time
points, the light intensities observed in tumor tissues
continued to increase over the period of 16 to 48 h. The
fluorescence light intensities in tumor tissue were 3.4-,
3.9- and 4.6-fold higher than in normal tissue at 16 , 24 ,
and 48 h, respectively. The differences between normal
tissues and tumor tissues were statistically significant at
all three time points (»p <0.01, 0.000001, and 0.000001 at
16, 24 and 48 h, respectively); (Fig. 3a).

Images of tumor and adjacent normal tissues showed
that the fluorescence was concentrated preferentially
within tumor tissues even 5 days after injection
(Fig. 3bl). The fluorescence distribution within tumors
was heterogeneous. The strongest signal was typically in
the perivascular spaces at the tumor periphery. Partic-
ularly interesting was the transition of permeability
changes of pre-existing host vessels co-opted by growing
tumors. As shown in Fig. 3b2 of a relatively small tumor
24 h after Dil-LV injection, remarkable accumulation of
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Fig. 2 Increased extravasation
of Dil-LV in tumor vessels. Dil-
LV at dose of 1.6 mg/kg was
given i.v. and the serial images
with intervals of 2 min were
recorded after injection over a
period of 60 min. Relative
interstitial liposome amount
(RIA) was calculated from
image analysis described in the
Materials and Methods. In non-
tumor windows little liposome
extravasation was observed
during 60 min, while
extravasation of Dil-LV was
readily observed. a Examples
showing differences in Dil-LV
extravasation between normal
(top) and tumor vessels
(bottom). Vessel images are
sharp and clear after Dil-LV
injection with strong fluorescent
signal coming from the
vasculature, indicating
circulation of liposomes. At the
end of 60-min experiment,
vascular images from normal
tissues were still sharp with very
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fluorescence was observed from the sections of the pre-
existing vessels surrounded by tumor tissues whereas
very low levels of accumulation were observed from the
regions of the same vessels positioned distally from the
tumor tissue.

Comparison of antitumor activity of Dil-LV and LV
in the dorsal skin fold window chamber

The window chamber tumors were monitored for
growth following administration of Dil-LV and in a
separate group of animals treated with LV. Antitumor
activity was monitored up to 8 days after drug admin-
istration when tumors could no longer be measured
accurately due to tumor tissue outgrowth of the window
chamber in the control animals (Fig. 4b insert picture).

Time after injection (min)

Both LV and Dil-LV significantly inhibited LX-1 tumor
growth (Fig. 4a). Over the 8-day period of observation,
LV or Dil-LV-treated tumors did not show growth,
whereas 0.9% NaCl solution-treated tumors tripled in
tumor area. In addition to the 2D tumor measurements,
tumor volumes were also determined on PTD 8 after
animals were sacrificed and window chambers were re-
moved. As shown in Fig. 4b, mean tumor volumes in
LV-treated mice were less than one-tenth of controls,
and Dil-LV-treated tumor volumes were less than one-
third of controls. The differences between tumor vol-
umes of either Dil-LV or LV-treated mice relative to the
control were statistically significant (P>0.001 and
P>0.00001, respectively). Importantly, the slight dif-
ferences in tumor volumes observed for LV and Dil-LV
tumor-bearing animals were not statistically significant
(P>0.05).
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Fig. 3 Preferential accumulation of Dil-LV in tumor tissue. a
Fluorescent light intensities were measured in tumor tissue and
normal tissues at 16, 24, and 48 h after Dil-LV i.v. injection.
Significantly higher accumulation of Dil-LV is seen in tumor
tissues. Each column represents mean with SE. P<0.01, 0.000001,
0.000001 at 16, 24, and 48 h, respectively. b Examples of Dil-LV
tissue distribution. 1 A tumor window showing prolonged
accumulation of Dil-LV in tumor tissue. Fluorescence in the
tumor remains much higher than in the surrounding non-tumor
tissue 5 days after Dil-LV i.v. administration. 2 An example

Tumor areas calculated from digital microscopic
images do not measure the thickness of the tumors. For
an aggressive tumor cell line, such as LX-1 growing in
the chamber with an open skin side, the 2D area mea-
surement likely underestimates the size of the 0.9%
NaCl solution-treated control tumors. The relationship
between tumor area and tumor volume on PTD 8 is
plotted in Fig. 4c. Two dimensional area and 3D vol-
umes correlated linearly when tumor volumes were less
than 20 mm?>, but as tumor volumes further increased,
the tumors tended to expand in the z-direction. Tumor
areas on PTD 8 of the majority of LV or Dil-LV treated
mice were less than 20 mm?, thus these measurements of
tumor areas were fairly accurate. In contrast, tumors in
control animals were much larger than 20 mm? and
therefore the difference in treated and control tumor
sizes when using area measurements are less than the
differences observed using tumor volumes.

LV exhibits greater antitumor activity than VCR
The window chamber model is not amenable to evalu-

ation of antitumor activity beyond 8 days after drug
administration. Therefore, the antitumor activity of LV

showing the transitional change in vascular permeability to
liposomes of coopted vessels induced by tumor growth. The image
was taken 24 h after Dil-LV injection. There is clear demonstration
of local high permeability in the tumor region, which falls off to
background levels in the normal tissue outside the tumor. Segments
of three vertical pre-existing vessels near the tumor are indicated by
the black arrows and segments more distant from the tumor mass
are indicated by the white arrows. Along the farther distant
segments of same vessels, there was almost no liposome accumu-
lation. Bar, 50 pm

was evaluated in a flank LX-1 tumor model. LV or VCR
was administered at 1.0 mg/kg when tumors were
approximately 100 mm? using a multiple dose schedule
of once weekly three times. Figure 5a shows the mean
LX-1 tumor volumes over time. Tumor growth time was
defined as the days for tumors to attain 1,000 mm®.
Weekly administrations of VCR resulted in tumor
growth inhibition (growth time were 23.74+5.3 vs.
31.2+5.2 days for control and VCR, respectively), but
the degree of antitumor activity was not statistically
significant when compared to control animals. In con-
trast, administration of LV resulted in prolonged
enhancement of tumor growth inhibition (42.6+
8.6 days) that was statistically significant when com-
pared to control animals (P <0.001). More importantly,
the difference in growth inhibition between LV and VCR
was also statistically significant (P=0.013).

Effects of LV and Dil-LV on tumor vasculature

A moderate reduction of tumor vasculature in window
chambers treated with LV and Dil-LV compared with
controls was observed. As shown in Fig. 5b VLD values
for control animals and animals administered LV and
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Fig. 4 Inhibition of tumor growth of LX-1 transplanted in the
mouse dorsal skin fold window chambers. A single dose of LV or
Dil-LV at 1.6 mg/kg was i.v. administrated on POD 7-11 (PTD 0).
Controls received saline only. a Tumor areas were measured from
images obtained on PTD 0, 2, 5 and 8, and normalized with the
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P<0.001 and <0.0001, and 0.00001, respectively. b Tumor volume
on PTD 8. P<0.01 between LV and controls, and P <0.05 between
Dil-LV and controls. No statistically significant difference was seen
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growth causing protrusion of the skin on the opposite side from the
windows in control mice. LV- and Dil-LV- treated tumors did not
show this kind of growth. ¢ The relationship between tumor area
and tumor volume measurement on PTD 8 is shown. The trend line
is logarithmic regression

Dil-LV were similar on PTD 0. By PTD 5, the differ-
ences in VLD measured between control animals and
both liposomal formulations-treated animals were sta-
tistically significant. By PTD 8, the differences in VLD

measured for control animals and for LV were also
statistically significant (P <0.05). Tumor vasculature in
LV-treated windows appeared more hemorrhagic with
smaller vessel diameters from PTD 5 compared with
controls (data not shown).

Discussion

The capacity of liposomes to extravasate to tumor tis-
sues was evaluated in this study using LV containing the
fluorescent lipid marker Dil integrated into the liposo-
mal membrane. Dorsal skin fold window chambers ei-
ther with or without LX-1 small cell lung tumors were
used in conjunction with intravital microscopy to visu-
alize and quantitate extravasation of Dil-LV. These data
support the following: (1) Dil-LV extravasation was
observed within minutes after drug administration and
occurs preferentially from tumor blood vessels as op-
posed to normal blood vessels; (2) accumulation of Dil-
LV in tumor interstitial spaces is approximately 70x
greater than in interstitial spaces of normal granulation
tissues 1 h after drug administration; (3) Dil-LV accu-
mulates in the perivascular spaces of tumor tissues in a
punctate pattern of distribution surrounding tumor
microvasculature; and (4) Dil-LV continues to accu-
mulate in tumor tissues for more than 48 h whereas
accumulation was not observed in normal granular tis-
sues.

The findings noted earlier for Dil-LV are considered
representative of LV based on the following: (1) the
liposomes are the same except for the presence of
0.5 mole% Dil; (2) the lipid marker Dil remains asso-
ciated with the liposome for extended periods in vitro in
plasma suggesting that the fluorescent signal observed in
vivo was due to Dil incorporated into liposomes and not
dissociated Dil; (3) in vitro release of vincristine is
similar for LV and Dil-LV; and (4) the toxicity (weight
loss) and antitumor activities of Dil-LV and LV were
similar.

It was also demonstrated that tumor vascular length
densities were less than controls on PTD 5 and 8 in
LV-and Dil-LV-treated window chambers. In some
tumors, LV caused microhemorrhage around tumor
vessels, and in general, the tumor vessel diameters were
smaller in LV-treated tumors compared with controls.
These results suggest that the drug formulation may
have been exhibiting antiangiogenic or vascular dam-
aging effects. Vinca alkaloids, like other tubulin-bind-
ing compounds, such as combretastatin A4 [32], have
been shown to cause vascular shut down. Vinblastine, a
closely similar vinca alkaloid in structure, has shown
antivascular and antiangiogenic effects in vitro and in
vivo [33-35]. However, until now no studies regarding
vascular effects of liposomal VCR have been reported.
A study using bFGF-or VEGF-induced mouse corneal
neovascularization model showed that VCR at 0.4 mg/
kg i.p did not reduce angiogenesis [36]. In another
study vincristine at a range of doses (1.0-4.5 mg/kg)
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respectively

did not induce a statistically significant inhibition of
angiogenesis, and there was no dose-dependent escala-
tion of antiangiogenic effects in a bFGF-induced mouse
corneal assay [37]. A recent study, however, showed
strong inhibition of VEGF secretion by VCR in the
culture media of leukemia cells. It was suggested that
inhibition of VEGF may be a mechanism of VCR
antileukemic activity, since angiogenesis is believed to
be involved in the pathogenesis of hematopoietic
malignancies, and VEGF is a critical factor in tumor
angiogenesis [38—40]. The observation was limited to
8 days after treatment due to fast growth of LX-1 tu-
mors in window chambers of control animals, there-
fore, prolonged reduction in subsequent days are nor
available. More studies in different tumor models are
required. From the trends, it seems that LV demon-
strated a slightly stronger inhibitory effect on VLD
than Dil-LV, although the differences on all time
points were not statistically significant. Similarly, a
slightly weaker effect of Dil-LV on tumor volume on
PTD 8 was noted (Fig. 4b). Further study is needed to
elucidate whether these differences result from tissue
distribution disparity between LV and Dil-LV.
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The volume available fraction of vincristine in LX-1
tumors was within the range of Ky of other small
molecules in tumors reported in the literature [29, 31].
The data indicated that the maximum distribution vol-
ume for vincristine was equal to 43% of the total volume
in LX-1 tumors. The distribution volume of liposomes
should be much smaller than 43% since liposomes
accumulate only in perivascular regions. The functions
of liposomes in drug delivery are to reduce vincristine
accumulation in normal tissues and to form a depot of
vincristine in perivascular regions in tumors. As a result,
the treatment of tumors relies on vincristine release from
liposomes and the subsequent diffusion of vincristine
into deeper tissue layers that are inaccessible to lipo-
somes.

In this study the distinct differences in vascular
permeability between tumor and normal tissues were
shown. Also a transitional change of permeability of
pre-existing host vessels from distal to proximal to the
growing tumor margin were demonstrated. It clearly
indicates that tumor invasion and growth remodels
and transforms the pre-existing vessels to more per-
meable tumor vessels and that these effects are rela-
tively local. In a previous study [41], it was shown that
the host vascular remodeling, such as vessel dilation,
tortuous changes, and microhemorrhage are the earli-
est manifestations of tumor-induced angiogenesis.
Therefore the remodeling of pre-existing vessels is an
essential part of tumor angiogenesis. Tumor vessels
are known to have two origins: those vessels formed
de novo by sprouting, migration, tubing formation of
vascular endothelial cells of the postcapilary venules
during growth, and “co-opted” vessels consisting of
pre-existing host vessels, which are remodeled by tu-
mor cells during tumor progression. The most likely
factors that induce such remodeling are angiogenic
growth factors produced by tumor cells, particularly
VEGF, a.k.a, vascular permeability factor (VPF). The
transitional change along a same pre-existing vessel at
different proximity to tumor tissue reflects the gradient
of these pro-angiogenic factors from the growing tu-
mors.

Previous studies to characterize the tumor vascula-
ture in pre-clinical animal models mainly employed solid
tumor models, however, recent evidence has shown that
hematological malignancies also possess abnormal vas-
culature similar to solid tumors [39, 40, 42]. In diffuse
(non-follicular) intermediate-grade and high-grade non-
Hodgkin’s lymphoma, immature vessels lacking a base-
ment membrane are prevalent [43-45]. Therefore, it is
anticipated that extravasation of LV into the interstitial
spaces of solid tumors as shown in this report would also
occur for tumors of hematological malignancies, such as
non-Hodgkin’s lymphoma. However, further studies are
needed to verify this conjecture. In contrast, extravasa-
tion of LV from the vessels of normal tissues was not
readily apparent owing to the absence of gaps in the
continuous endothelium present in most normal vascu-
lature.



254

Conclusion

The liposomes of LV are small, long circulating lipo-
somes with slow release kinetics. These liposomes pro-
duce a local depot of encapsulated vincristine in the
target tissue and prolong exposure of tumor cells as the
drug is slowly released in the tumor interstitial spaces.
The preferential extravasation of LV into tumor tissues
combined with the enhancement in antitumor activity of
LV when compared with VCR as shown in these studies
is consistent with the intended design of LV.
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