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and GAPDH) or 1.2% (Ago2) agarose gels and visualized under UV
illumination after staining with ethidium bromide.

Western blotting. Anti-human Ago2 rabbit polyclonal antibody
(Upstate, Lake Placid, NY), anti-actin rabbit polyclonal antibody (Sigma—
Aldrich), anti-GAPDH mouse monoclonal antibody (GeneTex Inc., San
Antonio, TX), peroxidase-conjugated anti-rabbit IgG polyclonal antibody
(Santa Cruz Biotechnology, Santa Cruz, CA), and peroxidase-conjugated
anti-mouse IgG polyclonal antibody (Santa Cruz Biotechnology) were
purchased. The nucleotide sequences of siRNA for GAPDH (siGAPDH)
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Fig. 1. Preparation of siRNA/PCLs complexes for siRNA transfection.
(A) The amount of siRNA taken into HT1080 cells was determined after
FAM-labeled siRNA/PCLs complexes had been allowed to interact with
these cells for 4h at 37°C. PCLs with or without cholesterol were
prepared and mixed with FAM-labeled siRNA at the various N/P ratios
indicated in the figure. The fluorescence intensities of FAM in the cells
were corrected for protein content. (B) RNAI efficiencies obtained by
using PCLs were determined by conducting a quantitative gene silencing
experiment. EGFP/HT-1080 cells were transfected with siEGFP com-
plexed with PCLs (closed bar) or LFA2K (gray bar). The fluorescence
intensity of EGFP was determined at 48 h post-transfection and corrected
for protein content. The fluorescence intensity indicated as control (Cont,
open bar) was that of cells not transfected with siRNA. Data represent the
percent of control fluorescence intensity. (C) Cytotoxicity of PCLs against
EGFP/HT1080 cells was determined. PCLs (closed bar) or LFA2K (gray
bar) carrying siEGFP were allowed to interact with EGFP/HT1080 cells
for 4h at 37°C and then removed. After further 24-h incubation, cell
viability was estimated by conducting a modified MTT assay using
Tetracolor ONE™. The percentage of damaged cells was calculated by
setting non-treated cells as the control.
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with a 2-nucleotide overhang (underline) were 5-CCAAAUAUGAUGA
CAUCAAGAAGGUAG-Y (sense) and 5’-ACCUUCUUGAUGUCAU
CAUAUUUGGAU-3 (antisense). The sequences of siGAPDH corre-
spond to the nucleotide region 791-815.

Cell extracts were prepared with lysis buffer composed of 10 mM Tris
(pH 7.5), 0.1% SDS, 50 pg/ml aprotinin, 200 pM leupeptin, 2 mM PMSF,
and 100 pM pepstatin A. Total protein concentration was measured by
using a BCA Protein Assay Reagent Kit. The cell extract was subjected to
10 or 15% SDS-PAGE and transferred electrophoretically to a polyvi-
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Fig. 2. Ago2 knockdown in HUVECs. (A) The amount of siRNA taken
into HUVECs or HT1080 cells was determined after FAM-labeled
siRNA/PCL complexes were allowed to interact with these cells for 4 h
at 37°C. PCLs composed of cetyl-PEI, DOPE, and cholesterol were
prepared and mixed with FAM-labeled siRNA at the various N/P ratios
indicated in the figure. The fluorescence intensities of FAM in the cells
were corrected for protein content. (B) RT-PCR was performed by using
HUVECs transfected with siAgo2 or siGAPDH. Total RNAs were
isolated at 8, 16, and 24 h post-transfection, reverse transcribed, and
applied to PCR using an Ago2, GAPDH or B-actin primer set. The PCR
products were visualized by ethidium bromide under UV illumination.
Lanes 1, 5, and 9, control without siRNA; lanes 2, 6, and 10, SIEGFP used
as a non-silencing control; lanes 3, 7, and 11, SiIGAPDH used as a control
siRNA; and lanes 4, 8, and 12, SiAgo2. (C) Western blotting was
performed by using HUVEC:s transfected with siAgo2 or siGAPDH. Cell
extracts were prepared at 24, 48 or 72 h post-transfection. Ten micrograms
of total protein was separated and incubated with anti-Ago2 rabbit
polyclonal antibody, anti-actin rabbit polyclonal antibody or anti-GAP-
DH mouse monoclonal antibody. SIEGFP was used as non-silencing
control; and siGAPDH, as control siRNA. Arrow shows the location of
Ago?2 protein. Lanes 1, 5, and 9, control without siRNA; lanes 2, 6, and
10, SIEGFP used as a non-silencing control; lanes 3, 7, and 11, SIGAPDH
used as a control siRNA; and lanes 4, 8, and 12, SiAgo2.
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nylidene difluoride (PVDF) membrane (MILLIPORE, Billerica, MA).
After having been blocked for 1 h at room temperature with 5% skim milk
in Tris—-HCl-buffered saline containing 0.1% Tween 20 (TTBS, pH 7.4), the
membrane was incubated with a primary antibody (B-actin and GAPDH,;
0.1 pg/ml, Ago2; 2 pug/ml) for 2h at room temperature. Then, it was
incubated with a peroxidase-conjugated secondary antibody at a dilution
of 1:10,000 for 1 h at room temperature. Each sample was developed by
using a chemiluminescent substrate (ECL; Amersham Biosciences).

Cell growth assay. HUVECs were seeded onto 24-well plates at the
density of 5 x 10* cells/dish and transfected with siAgo2 or siEGFP
complexed with PCLs. After 0-, 24- or 48-h incubation, Tetracolor ONE™
was added to each well in accordance with the manufacturer’s instructions.
The amount of formazan formed in 2 h was measured by the microplate
reader at a test wavelength of 492 nm and a reference wavelength of
630 nm.

Detection of apoptotic cells. HUVECs were seeded onto 35-mm dishes
at the density of 2.5 x 10° cells/dish and transfected with siAgo2/ or
SiEGFP/PCL complexes. At 48 h after transfection, TUNEL staining was
performed by using an ApopTag Plus Fluorescein In Situ Apoptosis
Detection Kit (Chemicon International, Temecula, CA) according to the
manufacturer’s instructions. These cells were counterstained with DAPI
and observed under an LSM510 META confocal Laser-Scanning-
Microscope (Carl Zeiss, Oberkochen, Germany).

Tube formation assay. Matrigel (BD Biosciences Bedford, MA) was
diluted to 4 mg/ml with EGM-2, added to 24-well plates, and allowed to
undergo polymerization. HUVECs (5 x 10° cells/well) transfected with
siAgo2 or siEGFP complexed with PCLs were then added to each well and
incubated for 6 h at 37 °C. Photomicrographs were taken in 10 fields/

group with an Olympus IMT-2 microscope (Olympus, Tokyo, Japan). The
length of tubes was calculated by using software Image J (NIH, Bethesda,
MD).

Results
Preparation of siRNA/PCLs complexes for siRNA delivery

At first, the adequate formulation of PCLs for siRNA
transfection was determined by evaluating the uptake
amount of siRNA, the knockdown efficiency, and the
cytotoxicity. The sizes of siRNA/PCLs complexes pre-
pared in this study were in the range of 130-155nm,
and the ¢-potentials of them were 30-50 mV. The uptake
experiment showed that the presence of. cholesterol in
PCLs enhanced the uptake amount of FAM-labeled
siAgo2 into HTI1080 cells (Fig. 1A). In addition, the
highest siRNA uptake was achieved when the N/P ratio
of siRNA/PCLs complex was 24 equivalents (equiv). In
the quantitative knockdown experiment, the siRNA for-
mulation most taken up by HT1080 cells also showed
the maximal knockdown efficiency (Fig. 1B). The cyto-
toxicity of siRNA/PCLs complexes was much lower than
that of LFA2K (Fig. 1C).
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Fig. 3. Influence of Ago2 knockdown on the growth of HUVECs. (A) At 0, 24, and 48 h post-transfection, a modified MTT assay was performed with
HUVEGC: transfected with siAgo2 (circles) or siEGFP (squares) complexed with PCLs. Data show the absorbance with SD bars. Significant differences
from siEGFP group are indicated ("P < 0.01). (B) Apoptosis of HUVECs transfected with siAgo2/PCL complexes was determined by TUNEL staining at
48 h post-transfection. The nuclei were counterstained with DAPI (blue). Apoptotic cells (FITC, green) were observed under an LSM510 META confocal .

Laser-Scanning-Microscope. Scale bars represent 20 pm.
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Ago2 knockdown in HUVECs

To confirm Ago2 knockdown in HUVECS, these cells
were transfected with siAgo2 (final concentration: 40 nM)
complexed with PCLs. The uptake experiment indicated that
the amount of FAM-labeled siAgo2 taken up was greater by
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Fig. 4. Inhibition of tube formation by Argonaute2 knockdown. Tube
formation assay was performed with HUVECs transfected with siAgo2/
PCL complexes. The transfected cells were collected at 24 (C) or 48 h (A,
B, and D) post-transfection and incubated on Matrigel for 6 h at 37 °C in
5% CO;. (A, B) Photomicrographs show the tube formation of HUVECs
transfected with siEGFP (A) or siAgo2 (B). Scale bars represent 20 um. (C
and D) The length of tubes was calculated by using the software Image J.
Significant difference from siEGFP group is indicated ("P < 0.05).

HUVECs than by HT1080 cells (Fig. 2A). The optimal N/P
ratio of siRNA/PCLs complexes for incorporating siRNA
into HUVECs was 24 equiv, consistent with the result
obtained for HT1080 cells. Based on these results from the
formulation screening, we adopted the following formula-
tion for use in subsequent experiments: cetyl-PEI/DOPE/
cholesterol = 0.05/1/0.5 as a molar ratio, N/P ratio = 24 e-
quiv. The RT-PCR data showed that siAgo2 down-regu-
lated the expression of Ago2 mRNAs in HUVECs
(Fig. 2B). The specificity of Ago2 knockdown was confirmed
by the transfection with siEGFP or siGAPDH. Neither
siEGFP nor siGAPDH affected the expression of Ago2
mRNA, and siGAPDH suppressed the expression of GAP-
DH mRNA. These data indicate that the knockdown of
Ago2 occurred in a siAgo2-dependent manner. The Western
blotting data demonstrated that the expression of Ago2 pro-
tein was actually diminished by siAgo2 transfection
(Fig. 2C).

Influence of Ago2 knockdown on angiogenic. potentials of
HUVECs '

To investigate the influence of Ago2 knockdown on the
properties of endothelial cells, HUVECs were transfected
with siAgo2/PCL complexes. The influence of Ago2 knock-
down on the proliferation of HUVECs was determined by
using a modified MTT assay. As shown in Fig. 3A, the treat-
ment with siAgo2 significantly suppressed the growth of
HUVECs in comparison to that with siEGFP, a control siR-
NA (P <0.001). TUNEL staining showed that a certain
population of HUVECs treated with siAgo2 underwent
apoptosis at 48 h after the transfection (Fig. 3B). The per-

- centage of apoptotic cells was about 20% in siAgo2-treated

HUVECs. This result indicates that the growth inhibition
by Ago2 knockdown was partially caused by the induction
of apoptosis. On the other hand, Ago2 knockdown did not
induce apoptosis of HT1080 cells in the similar experiment
(Supplementary Fig. 1).

In the tube formation assay, the HUVECs transfected
with siEGFP formed capillary-like structures (Fig. 4A).
In contrast, the treatment with siAgo2 suppressed the tube
formation of HUVECs (Fig. 4B). The length of tubes, an
indicator of tube formation, was significantly reduced by
the knockdown of Ago2 when HUVECs were used for this
assay at 48 h post-transfection (Fig. 4C and D). These
results indicate that siAgo2 inhibited indispensable events
of angiogenesis.

Discussion

In the present study, we demonstrated that the knock-
down of Ago?2 resulted in the loss of the angiogenic poten-
tial of HUVECs, thus suggesting that Ago2 is required for
angiogenesis. We consider one of the reasons to be indirect
effects related to the miRNA system. The knockdown of
Ago2 could affect the expression levels of some critical
miRNAs required for the formation of angiogenic vessels.
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For instance, it was reported that miR-221 and miR222
control the ability of HUVECs to form new capillaries
[12]. However, the knockdown of Ago2 is considered to
affect most miRNAs not just miR-221/2. As well as the
knockdown of Ago2, the deletion of Dicer function
resulted in failure of mouse embryonic angiogenesis [13].
These results indicate that the miRNA system is indispens-
able for angiogenesis, in which Ago2 also plays a critical
role.

Angiogenesis is a crucial event for many severe diseases
such as cancer. Therefore, the development of antiangio-
genic RNAI therapy have been widely investigated [3].
The knockdown of angiogenic factor such as vascular
endothelial growth factor is expected to be a novel thera-
peutic strategy [3]. Our data suggest that Ago2 might be a
unique therapeutic target for antiangiogenic RNAi ther-
apy. Since siAgo2 not only cleaves the mRNA of Ago2
but also occupies the protein of Ago2 that is required
for RNAI, the use of siAgo2 is considered to be an effi-
cient strategy to disturb an ordered miRNA system. The
amount of Ago2 protein would not be rate determining
in this strategy, whereas other siRNA requires sufficient
Ago2 protein. Therefore, the knockdown of Ago2 is a
unique approach for inhibiting angiogenesis. However, a
siRNA delivery system that targets endothelial cells spe-
cifically is necessary to apply siAgo2 for antiangiogenic
therapy, since siAgo2 would be expected to affect the
entire miRNA system.

In the present study, we determined the optimal formu-
lation of PCLs by determining the gene silencing efficiency
and cytotoxicity and demonstrated PCLs to be a novel
siRNA vector. PCLs carrying siAgo2 attenuated the
angiogenic potential of HUVECs, In the case that PCLs
carrying siAgo2 are applied in vivo, the availability of
them will be extended by surface modification of the lip-
osomes with functional molecules such as polyethylenegly-
col and certain ligands targeting angiogenic endothelial
cells. In our previous study, we demonstrated that Ala-
Pro-Arg-Pro-Gly (APRPG) is a useful peptide for the
active targeting of angiogenic vessels [17]. APRPG-modi-
fied liposomal doxorubicin actually caused effective tumor
growth suppression through damaging angiogenic endo-
thelial cells [17]. APRPG-modified liposomal siAgo2
might thus be a good candidate for use in antiangiogenic
RNAI therapy.
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Antineovascular therapy (ANET), which eradicates angiogenic endothelial cells by specifically delivered
anticancer drugs to tumor cells to obtain complete cutoff of blood supply, is an effective modality for cancer
treatment. Since the expression of vascular endothelial growth factor (VEGF) in hypoxic tumor cells is known to
fluctuate in a circadian oscillation, we investigated the chronopharmacologic treatment of tumors with ANET.
Adriamycin-encapsulated liposomes modified with the Ala-Pro-Arg-Pro-Gly (APRPG) peptide (APRPG-
LipADM) were prepared, after the APRPG peptide had been shown to have affinity to angiogenic sites. Colon 26
NL-17 tumor-bearing mice were injected three times with APRPG-LipADM at Zeitgeber time (ZT) 2, 8, 14, and
20 where ZT 0 was the time lights were turned on, and tumor growth was monitered. Tumor growth suppression
changed with dosing time and was significantly (p<<0.01) more potent at ZT 14 compared with ZT 20. The VEGF
concentration in the plasma of the tumor-bearing mice was higher in the light phase compared with that in the
dark phase, and this circadian oscillation was related to dosing time dependency with ANET. These results indi-
cate that tumor growth suppression is correlated to some extent with the VEGF concentration in the plasma, and
that chronopharmacelogic treatment of cancer with ANET may enhance the therapeutic efficacy and reduce the

side effects.

Key words
delivery system

Tumor cells demand oxygen and nutrients, and tumor
angiogenesis is critical for the growth and maintenance of
solid tumors.'= Therefore antiangiogenic inhibitors for can-
cer treatment have been developed.*” Angiogenesis is pro-
moted by various proangiogenic factors such as vascular
endothelial growth factor (VEGF) that stimulate endothelial
cell proliferation and sprouting to form vascular construction.”?
Antibodies against VEGF or VEGF receptor, kinase insert
domain-containing receptor/fetal liver kinase-1 (KDR/flk-1) ,
are known to inhibit angiogenesis effectively and to suppress
tumor growth. The humanized monoclonal anti-VEGF anti-
body bevacizumab (Avastin) has been used clinically.”® A
peptide with the sequence Ala-Thr-Trp-Leu-Pro-Pro-Arg
(ATWLPPR) inhibits VEGF binding to the receptor and also
inhibits angiogenesis.” Antiangiogenic therapies based on the
inhibition of the angiogenic cascade, however, may lead to
tumor regression besides inducing tumor dormancy.'?

We previously developed a novel antiangiogenic therapy,
antineovascular therapy (ANET), in which angiogenic en-
dothelial cells are targeted and damaged by chemotherapeu-
tic agents.'""' Since angiogenic endothelial cells are prolif-
erating during angiogenesis, they are susceptible to anti-
cancer agents. Therefore we focused on delivering anticancer
drugs to the angiogenic endothelial cells and eradicating
them to obtain complete cutoff of blood supply to tumor
cells. Although this therapy potentially has side effects due to
the usage of cytotoxic anticancer agents, these side effects
might be decreased by drug delivery system (DDS) technol-
ogy. For this purpose, we first isolated peptides specific for
angiogenic vasculature by in vivo biopanning using a phage-
displayed 15-mer-peptide library.'” As an epitope, we ob-
tained the Ala-Pro-Arg-Pro-Gly (APRPG) peptide that
specifically interacts with an angiogenic site. The APRPG
peptide was then used for the modification of liposome, an
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active-targeting drug carrier. We previously observed that
APRPG-modified liposome (APRPG-Lip) predominantly
accumulated in tumor tissue and bound to VEGF-stimulated
endothelial cells in vitro. When anticancer drugs such as
adriamycin (ADM) are encapsulated in APRPG-Lip, it inhibits
angiogenesis in dorsal air sac model mice, suppresses tumor
growth with reduced side effects, and lengthens the survival
time of tumor-bearing mice. ANET was effective in the drug-
resistant tumor model.” Confocal microscopic observation
and histochemical staining demonstrated that APRPG is
applicable to human cancer.'?

Koyanagi and coworkers reported that the expression of
VEGTF in hypoxic tumor cells fluctuated in a circadian oscil-
lation'”: The mRNA level of VEGF in implanted tumor cells
was high at Zeitgeber time (ZT) 2 to 10, and low at ZT 14 to
18, and actual VEGF concentrations in plasma and tumor
correspondingly oscillated. Furthermore, they observed
higher tumor growth suppression by three different types of
antiangiogenic agents, SU1498, TNP-470, and BB2516,
at dosing time ZT 2 than at ZT 14 in sarcoma 180-bearing
mice. After that elegant study, we attempted to investigate the
chronopharmacologic treatment of tumors with ANET.

MATERIALS AND METHODS

Materials Stearoyl-APRPG derivative was synthesized
as previously described.!” Distearoylphosphatidylcholine
(DSPC) was a gift from Nippon Fine Chemical Co., Ltd.
(Takasago, Hyogo, Japan). Cholesterol was purchased from
Sigma Chemical Co. (St. Louis, MO, U.S.A.).

Experimental Animals BALB/c male (3-week-old) mice
were purchased from Japan SLC, Inc. (Shizuoka, Japan),
housed under the standard laboratory conditions (23 °C and
255 +5% humidity) and allowed access to tap water and food

© 2008 Pharmaceutical Society of Japan
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ad libitum. The mice were adapted to a 12-h light/dark cycle
for 2 weeks before use. Lights were automatically turned on
at 8:00 and off at 20:00, and ZT 0 indicates the time when
lights were turned on. The animals were cared for according
to the Animal Facility Guidelines of the University of
Shizuoka.

Preparation of Liposomes Preparation of liposomes
was performed as described previously.'” In brief, DSPC and
cholesterol with stearoyl-APRPG (10:5: 1 as a molar ratio),
or DSPC and cholesterol without APRPG derivative (10:5
as a molar ratio) were dissolved in chloroform, dried under
reduced pressure, and stored in vacuo for at least 1 h. Lipo-
somes were prepared by hydration of the thin lipid film with
0.3 M of citrate solution, pH 4.0, and frozen and thawed for
three cycles using liquid nitrogen. Then, the liposomes were
sized by extrusion three times through a polycarbonate mem-
brane filter with 100-nm pores (Advantec, Tokyo, Japan).
After adjusting the pH of the solution to pH 7.0 with sodium
carbonate in HEPES buffer 20 mm, liposomes were incubated
with ADM at 60°C for 1h, washed three times with PBS,
and resuspended with glucose solution 0.3 M. Particle size of
the liposomes was about 150 nm as recorded on an ELS-800
electrophoretic light-scattering spectrophotometer (Otsuka
Electronics Co., Ltd., Osaka, Japan). The concentration of
ADM was determined based on absorbance at 484 nm, and
the encapsulation efficiency of ADM was greater than 90%
throughout the experiment.

Therapeutic Experiment C26 NL-17 cells were cul-
tured in RPMI1640 medium supplemented with 10% fetal
bovine serum (FBS, Sigma) in a CO, incubator. After har-
vesting of the cells with 0.02% EDTA in PBS, 1.0X10° cells
were carefully implanted subcutaneously into the posterior
flank of 5-week-old male BALB/c mice. The mice were
injected with Cont-LipADM or APRPG-LipADM intra-
venously via a tail vein (10 mg/kg as the dose of ADM) on
day 18, when the tumor volumes became about 0.15cm?,
with special care to minimize environmental changes. These
liposomes were again administered on day 21 and 24 (30 mg/
kg total ADM after three administrations, and about 0.045
mmol/kg liposomal dosage as DSPC in each injection). The
dosing time of the sample on each day was determined to ZT
2, 8, 14, and 20, respectively. The size of tumors and the
body weight of each mouse were monitored daily thereafter.
Two bisecting diameters of each tumor were measured with
slide calipers to determine the tumor volume, and calculation
was performed using the formula 0.4 (aXb?), where a is the
largest and b is the smallest diameter of the tumor. The tumor
volume thus calculated correlated well with the actual tumor
weight (r=0.980).'®

ELISA for VEGF (26 NL-17-bearing mice were pre-
pared as described above. On day 18 after tumor inoculation
when the tumor volumes became about 0.15cm?, the mice
(n=4) were killed under diethylether anesthesia and their
blood was collected and centrifuged to obtain the plasma.
The VEGF concentration in the plasma was determined
using an ELISA (Mouse VEGF immunoassay, R&D Sys-
tems) according to the manufacturer’s instructions. A stan-
dard curve was obtained with mouse VEGF. Absorbance at
562nm was measured with a microplate reader, and the
amount of VEGF was expressed as picograms per milliliter.

Statistical Analysis Variance in a group was evaluated

Vol. 31, No. 1

using the F-test, and differences were evaluated with Stu-
dent’s ¢-test.

RESULTS

- Chronopharmacologic Treatment of Tumors with
ANET ZT 2, 8, 14, and 20 corresponded to 10:00, 16:00,
22:00, and 04:00, respectively since the lights were automati-
cally turned on at 08:00 and off at 20:00. As shown in Fig.
Ia, tumor growth was significantly (p<<0.01) suppressed in
all APRPG-LipADM groups. Among them, APRPG-Li-
pADM was less potent for tumor growth suppression in the
ZT 20 group, and a significant difference in tumor volume
was observed between the ZT 20 group and ZT 14 group on
days 34 and 35. As an indicator of side effects, we deter-
mined the body weight changes in the APRPG-LipADM
groups and observed body weight loss in the ZT 2 and ZT 20
groups to some extent (Fig. 1b). The survival time was also
monitored and the mean survival time for the control, ZT 2,
ZT 8, ZT 14, and ZT 20 groups was 62.5, 77.4, 89.0, 77.8,
and 73.2d, respectively (Fig. 2). These data also indicate that
APRPG-LipADM was less potent in the ZT 20 group,
although it was also possible that the side effects shown as
body weight loss in the ZT 20 group affected the life span.

Relationship between VEGF Concentration in Plasma
and ANET Efficiency Since the suppression of tumor
growth by APRPG-LipADM was affected by dosing time,
the VEGF concentration in the plasma of C26 NL-17 tumor-
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Fig. 1. Chronotherapy Using APRPG-LipADM against C26 NL-17 Carci-
noma-Bearing Mice

C26 NL-17 carcinoma cells were subcutaneously implanted into BALB/c mice. The
mice were intravenously administered glucose 0.3m (O) or APRPG-LipADM
(10 mg/kg/d as ADM) through a tail vein at ZT 2 (@), ZT 8 (A), ZT 14 (#), or ZT 20
(M) on days 18, 21, and 24 after tumor implantation. Tumor volume (a) and body
weight change (b) in each mouse were measured to evaluate therapeutic effects. Data in
(a) are presented as the mean tumor volume and S.D., where S.D. bars are shown only
for the last points (day 35) for the sake of graphic clarity. Significant differences be-
tween APRPG-LipADM treated groups are indicated; * p<<0.05. Arrows indicate the
Adys of treatment.
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Fig. 2. Survival Time after Chronotherapy Using APRPG-LipADM in
C26 NL-17 Carcinoma-Bearing Mice

C26 NL-17 carcinoma cells were subcutaneously implanted into BALB/c mice. The
mice were intravenously administered glucose 0.3M (O) or APRPG-LipADM
(10 mg/kg/d as ADM) through a tail vein at ZT 2 (@), ZT 8 (A), ZT 14 (#), or ZT 20
() on days 18, 21, and 24 after tumor implantation. Arrows indicate the days of treat-
ment. .
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Fig. 3. Chronopharmacological Relationship between VEGF Concentra-
tion in the Plasma and Therapeutic Effect

a) C26 NL-17 carcinoma cells were subcutaneously implanted into BALB/c mice,
and the mice were killed on day 18 at ZT 2 (@), ZT 8 (A), ZT 14 (#), or ZT 20 (H).
Plasma VEGF concentration was determined as described in Materials and Methods. b)
Tumor growth inhibition on day 35 was depicted based on Fig. 1 and arranged against
ZT. Significant differences are indicated; * p<0.05.

bearing mice was determined at various ZTs. As shown in
Fig. 3, the plasma VEGF concentration in the light phase was
higher than that in the dark phase. This result is consistent
with the previous study by Koyanagi and coworkers.'® Figure
3 also shows the tumor volume on day 35 after tumor
implantation, depicted from the data shown in Fig. 1. Tumor
growth suppression was roughly correlated with the VEGF
concentration in the plasma, although the decrease in tumor
growth suppression was retarded in comparison with the
decline in plasma VEGF concentration: Tumor growth was
highly suppressed in the ZT 14 group, although the VEGF
concentration was low at ZT 14. These data suggest that
ANET was effective when the growth of tumor angiogenic
endothelial cells was enhanced by VEGF, and the growth was
retarded for several hours after stimulation with VEGF.

DISCUSSION

Tumor angiogenesis is critical for tumor growth and
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blood-borne metastasis. Therefore angiogenesis and angio-
genic vessels have become a target for cancer treatment.
Proangiogenic factors such as VEGF, angiopoietin, basic
fibroblast growth factor, platelet-derived growth factor, and
interleukin-8 may stimulate endothelial cells in a receptor-
dependent manner and induce angiogenesis. The binding of
VEGF to VEGF receptors initiates signal transduction in
endothelial cells and these stimulated endothelial cells begin
to proliferate and sprout to form neovessels. Therefore the
inhibitors of VEGF binding or its signal transduction are
thought to suppress tumor growth by blocking the neovessel
formation that is critical for the supply of oxygen and nutri-
ents to tumor cells. Traditional antiangiogenic therapy, how-
ever, is rather passive. Therefore we designed a modality for
active degeneration of neovessel constructs, ANET.!"'? In
this modality, we deliver cytotoxic agents to angiogenic en-
dothelial cells, which directly eradicate angiogenic vascula-
ture, since cytotoxic agents damage the growing endothelial
cells as well as tumor cells.

A number of living organisms including humans show
periodicity in biologic functions. Recent studies have re-
vealed that the circadian rhythm is regulated by several spe-
cific clock gene produces.'”'® Circadian rhythm is known
to affect various events in a body related to drug efficacy:
The oscillation of sensitivity of target organs, drug mnietabo-
lism, etc. changes the bioavailability and side effects of
drugs. Therefore, in such cases, scheduling of dosing time
enhances drug efficacy and reduces side effect.”>=>>) Anti-
cancer drugs are also chronologically considered for schedul-
ing to reduce side effects and enhance antitumor activity.**—2%
These results indicate that the susceptibility of tumor cells to
anticancer agents oscillates. Moreover, the efficacy of antian-
giogenic therapy depends on dosing time,'**? since the pre-
vious report suggested that VEGF production also fluctuates
in a circadian fashion.

In the present study, we chronologically treated tumors
with ANET, since the therapeutic efficacy of ANET is
affected by dosing time. As shown in Fig. 1, the therapeutic
efficacy of APRPG-LipADM was dependent on the dosing
time; it was potent at ZT 2 to ZT 14 and weak at ZT 20. The
plasma VEGF concentration also fluctuated in a circadian
fashion, consistent with the data of Koyanagi et al.'¥ Consid-
ering these data, the oscillation of tumor growth inhibition by
APRPG-LipADM may be explained as VEGF stimulates the
growth of angiogenic endothelial cells, and the cells in grow-
ing phase are more susceptible to ADM. Thus the damaged
endothelial cells caused regression of tumor growth. At ZT
14, the VEGF concentration in the plasma is low in the daily
oscillation, although tumor regression due to treatment with
APRPG-LipADM at ZT 14 was clear. We speculate that it
took several hours from VEGF stimulation of angiogenic en-
dothelial cells to the growth of the cells.

Alternatively, VEGF stimulation might augment the bind-
ing site of APRPG on the surface of angiogenic endothelial
cells, enhancing the binding of APRPG-LipADM at ZT 2 to
ZT 14. (The target molecule of APRPG, however, is not clear
at present.) APRPG-Lip bound to human umbilical vein en-
dothelial cells (HUVECSs) when the cells had been stimulated
with VEGE!" If this was the case, APRPG-Lip did not bind
sufficiently at ZT 20 when the APRPG-binding site was less

pyesent on the surface of the endothelial cells. In Fig. 1b, the
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side effect was slightly more potent at ZT 20 and ZT 2 than
at ZT 8 and ZT 14. Although we do not speculate that the
unbound APRPG-LipADM caused greater side effects, since
the accumulated amount of APRPG-Lip in tumors was less
than 2% of the injected dose per gram of tumor tissue.'” To
et al*® examined the dosing time dependency of doxoru-
bicin-induced cardiotoxicity and bone marrow toxicity after
repeated administration in rats. They reported that the toxic
effects were significantly high in the 9 HALO-treated group,
corresponding to ZT 9 and that the reason was the increased
AUC of the drug.’® The body weight change observed in
Fig. 1b, however, is not explained by the results of To and
coworkers, since the pharmacokinetics of free drug and lipo-
somal drug are completely different.

In conclusion, chronopharmacological treatment of cancer
with ANET promises enhanced therapeutic efficacy and re-
duced side effects. This dosing time dependency may be due,
at least in part, by circadian oscillation of the plasma VEGF
concentration.
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Abstract

Metronomic chemotherapy is a novel approach to the control of advanced cancer, as it appears to preferentially inhibit endothelial cell activity
in the growing vasculature of tumors. Doxorubicin-containing sterically stabilized liposomes (DXR-SL) accumulate in large amounts in tumor
tissue, resulting in enhanced antitumor effects of the encapsulated DXR. In the present study, it was hypothesized that metronomic chemotherapy
may further augment the accumulation of DXR-SL, improving its therapeutic efficacy. This study tests the antitumor efﬁdacy for the combination
of a metronomic cyclophosphamide (CPA)-dosing schedule with sequential intravenous injections of DXR-SL in the treatment of lung metastatic
B16BL6 melanoma-bearing mice. Three dosing schedules for the combination of metronomic CPA injections (s.c. 170 mg/kg every 6 days) plus
either a low or a high dose of DXR-SL (i.v. 1 or 5 mg/kg every 6 days) were set: Schedule I, DXR-SL was given 3 days before the first CPA
treatment; Schedule II, DXR-SL and CPA were given simultaneously; and, Schedule III, DXR-SL was given 3 days after the first CPA treatment.
Lung weight and median survival time (MST) were evaluated. As expected, both the dosing schedule as well as the dose of DXR-SL improved
therapeutic efficacy. Schedule I with the low DXR dose and Schedule II with the low or high DXR dose significantly increased MST, compared with
regular metronomic CPA therapy. Under the dosing schedules (Schedule I with the low DXR dose and Schedule II with the high DXR), there was
a strong relationship between increased MST and decreased lung weight. However, Schedule I with high DXR dose resulted in significantly lower
lung weights, but did not increase MST, suggesting that chemotherapy may result in increased toxicity in some conditions. Although treatment
regimens require optimization, the results of the present study may prove useful in further explorations of combining metronomic chemotherapy
with liposomal anticancer drugs in the treatment of solid tumors.
© 2007 Elsevier B.V. All rights reserved.

Keywords: Combination therapy; Metronomic chemotherapy; Liposomal anticancer drug; PEGylated liposome; Cyclophosphamide; Doxorubicin

1. Introduction

Traditionally, systemic anti-cancer therapy has been domi-
nated by the use of cytotoxic chemotherapeutics, which often
are administered as a single dose or in short courses of ther-
apy using the maximum tolerated dose (MTD) (conventional
chemotherapy). MTD chemotherapy requires prolonged breaks.

Abbreviations: CHOL, cholesterol; CPA, cyclophosphamide; DXR, dox-
orubicin; DXR-SL, DXR-containing PEGylated liposomes; EPR, enhanced
permeability and retention; HEPC, hydrogenated egg phosphatidylcholine;

MPS, mononuclear phagocyte system; mPEGjg0o-DSPE, 1,2-distearoyl- between successive cycles of therapy due to toxicity (Kerbel
sn-glycero-3-phosphoethanolamine-n-[methoxy (polyethylene glycol)-2000]; and Kamen, 2004). On the other hand, a novel chemothera-
MST, median survival time; MTD, maximum tolerated dose; PEG, polyethy- peutic regimen metronomic chemotherapy recem]y has been

| lycol; TBR-I, t f i th factor t I tor; TSP-1, .
ene glycol; TBR-, transforming growth factor type I receptor advocated (Kerbel and Kamen, 2004; Gille et al., 2005; Munoz

thrombospondin-1; WBC, white blood cells. L
* Corresponding author. Tel.: +81 88 633 7260; fax: +81 88 633 7260. et al.,, 2005; Laquente et al., 2007; Tonini et al., 2007). Metro-

E-mail address: ishida@ph.tokushima-u.ac.jp (T. Ishida). nomic chemotherapy refers to the frequent administration of
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chemotherapeutics at doses significantly below the MTD with-
out prolonged drug-free breaks. The therapy shows lower
toxicity, allowing prolonged treatment.

The target of metronomic chemotherapy is believed to be
the genetically stable endothelial cells within the vascular bed
of the tumor, rather than tumor cells with a high rate of muta-
tions (Browder et al., 2000). Thus, this strategy is categorized
as an anti-angiogenic chemotherapy (Browder et al., 2000;
Kerbel and Kamen, 2004; Munoz et al., 2005; Laquente et al.,
2007; Tonini et al., 2007). Various chemotherapeutics, such as
cyclophosphamide (CPA), vinblastine, methotrexate, etoposide
and tegafur, are used for metronomic chemotherapy (Klement
et al., 2000, 2002; Bello et al., 2001; Shaked et al., 2005; Klink
et al., 2006; Munoz et al., 2006); among these, CPA is most fre-
quently used. CPA is traditionally used for chemotherapy as an
alkylating agent, which kills the tumor cells directly. However,
it is reported that at lower doses, CPA enhances expression of
thrombospondin-1 (TSP-1) in stromal and tumor cells (Hamano
et al.,, 2004). TSP-1, a component of the extracellular matrix,
which is secreted and found in circulation, is a well-known
endogenous inhibitor of angiogenesis (de Fraipont et al., 2001;
Lawler, 2002). The molecule primarily binds to CD36 receptors,
which are expressed by endothelial cells of tumors (Dawson et
al,, 1997). It is thought that this interaction blocks proliferation
and induces apoptosis in tumor endothelial cells, thereby induc-
ing collapse of angiogenic vessels (Dawson et al., 1997; Guo
et al., 1997; Jimenez et al., 2000). Consequently, metronomic
CPA-dosing reduces tumor neovascularization, thus suppressing
tumor growths (Browder et al., 2000; Kerbel and Kamen, 2004).

Chemotherapy delivered in nanocarriers has been developed
to improve the clinical treatment of solid tumors by achieving
high accumulation of chemotherapeutic agents in tumor tissues
but limited accumulation in healthy organs. Doxil, doxorubicin-
containing sterically stabilized (PEGylated) liposomes, is one
such drug that has already been used clinically (Grunaug et al.,
1998; Safra et al., 2000; Krown et al., 2004). It is well-known
that sterically stabilized (PEGylated) liposomes (SL) show pro-
longed circulating times as a result of reduced opsonization by
serum proteins and lowered recognition by cells of the mononu-
clear phagocyte system (MPS) (Lasic et al., 1991; Torchilinet al.,
1994). Consequently, SL accumulate in solid tumors via angio-
genic blood vessels that have increased permeability (Jain, 1987;
Papahadjopoulos et al., 1991; Wu et al., 1993; Yuanet al., 1995;
Forssen et al., 1996; Vaage et al., 1997), due to the so-called
“enhanced permeability and retention (EPR) effect” (Maeda et
al., 2000). As described above, metronomic injection of low-
dose CPA induces the collapse of tumor angiogenic vessels.
This may enhance the EPR effect for SL, resulting in increased
nanocarrier accumulation in tumor tissue. The use of metro-
nomic CPA chemotherapy combined with DXR-SL may thus
have clinical significance and practical importance in treating
solid tumors.

Therefore, the objective of the present study was to determine
whether the combination of metronomic cyclophosphamide
(CPA)-administration and sequential intravenous injections
of DXR-SL improves antitumor efficacy in lung metastatic
B16BL6 melanoma-bearing mice. The results indicated that a

combination approach may improve therapeutic efficacy under
some dosage regimens, although this approach is accompanied
by an increase in toxicity.

2. Materials and methods
2.1. Materials

Hydrogenated egg phosphatidylcholine (HEPC) and 1,2-
distearoyl-sn-glycero-3-phosphoethanolamine-n-[methoxy
(polyethylene glycol)-2000] (mPEGaggo-DSPE) were gen-
erously donated by Nippon Oil and Fat (Tokyo, Japan).
Doxorubicin (DXR) was generously donated by Daiichi
Pharmaceutical. (Tokyo, Japan). Cholesterol (CHOL) and
cyclophosphamide (CPA) were purchased from Wako Pure
Chemical (Osaka, Japan). FITC-labeled rabbit anti-rat IgG
heavy and light chain polyclonal antibody was purchased from
Abcam (Cambridge, UK). Rat monoclonal anti-mouse CD45
antibody was purchased from R&D systems (CA, USA). All
other reagents were of analytical grade.

2.2. Animal and tumor cell line

Male C57BL/6 mice, 5 weeks old, were purchased from
Japan SLC (Shizuoka, Japan). The experimental animals were
allowed free access to water and mouse chow, and were
housed under controlled environmental conditions (constant
temperature, humidity, and 12h dark-light cycle). All animal
experiments were evaluated and approved by the Animal and
Ethics Review Committee of the University of Tokushima.

The pulmonary metastatic mouse melanoma cell line,
B16BL6, was maintained in DMEM (Wako Pure Chemical)
supplemented with 10% heat-inactivated FBS (Japan Bioserum,
Hiroshima, Japan), 10 mM L-glutamine, 100 units/ml penicillin
and 100 pg/ml streptomycin in a 5% CO; air incubator at 37 °C.

2.3. Preparation of liposomes

PEGylated liposomes (sterically stabilized liposomes, SL)
were composed of HEPC/CHOL/mPEG;g0o-DSPE (2/1/0.1
molar ratio). Liposomes were prepared using the thin-film hydra-
tion technique (Ishida et al., 2003). Briefly, the lipids were
dissolved in chloroform and, after evaporation of the organic
solvent, the resulting lipid film was hydrated with 250 mM
ammonium sulfate solution (pH 5.5). The liposomes were sized
by subsequent extrusion through polycarbonate membrane fil-
ters (Nuclepore, CA, USA) with pore sizes of 400, 200, and
100 nm. The mean diameter of the liposomes was approximately
100 nm, as determined using a NICOMP 370 HPL submicron
particle analyzer (Particle Sizing System, CA, USA). The phos-
pholipid concentration was determined by colorimetric assay
(Bartlett, 1959). DXR was encapsulated into the liposomes by
remote loading using an ammonium sulfate gradient, as previ-
ously described (Bolotin et al., 1994). Following extrusion, the
external buffer was exchanged by eluting through a Sephadex
G-50 column equilibrated with 10% sucrose. DXR was dis-
solved in a sucrose solution at a concentration of 10 mg/ml.
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The DXR solution then was added to the liposome solution at a
concentration of 0.2 mg DXR/1 mg phospholipid. The mixture
was incubated in a 65 °C water bath for 1 h with slow agitation.
After loading DXR into the liposomes, unencapsulaied DXR
was removed using a Sephadex G-50 column in HEPES buffered
saline (25 mM HEPES, 140 mM NaCl, pH 7.4). DXR-loading
efficiency was >90%.

2.4. In vivo assessment of tumor growth

B16BL6 cells were grown to 80-90% confluence ina 10cm
culture dish, harvested, and resuspended in cold PBS (51 mM
NayHPOy4, 12 mM NaH;POy4, 77 mM NaCl, pH 7.4). The cells
(5 x 10%) in 0.2ml PBS were inoculated into the tail vein of
C57BL/6 mice.

CPA and DXR treatments were started 14 days after inoc-
ulating the mice with B16BL6 cells, because our earlier study
demonstrated that extensive progression of tumor nodules on the
surface of the lungs was evident 14 days post-inoculation (Li et
al., 2005). The antitumor effect of the treatments was evaluated
by survival time and lung weight at time of death. Body weight
also was evaluated as a surrogate marker of toxicity.

2.5. CPA and DXR-SL dosing schedules
The CPA and DXR-SL treatments were as follows:

(1) Conventional dosing of CPA. Mice (n=35) received two
cycles of CPA treatment separated by a 3-week interval.
Each cycle consisted of a total of three doses of CPA
(150 mg/kg per dose) administered subcutaneously every
other day (total dose of 450 mg/kg, i.e., MTD, maximum
tolerated dose) (Browder et al., 2000).

(2) Metronomic dosing of CPA. Mice received eight doses of
CPA (170 mg/kg per dose) administered subcutaneously at
6-day intervals (Browder et al., 2000).

(3) Conventional dosing of DXR-SL. Mice received DXR-SL (1
or 5 mg/kg) intravenously at 6-day intervals until the mice
died.

(4) Combination dosing of CPA with DXR-SL:

(i) Schedule I (low or high dose of DXR-SL). CPA
(170mg/kg) was administered subcutaneously at 6-
day intervals. Three days before CPA injection (11
day after tumor inoculation), high (5 mg/kg) and low
(1 mg/kg) dose DXR-SL administered intravenously at
6-day intervals.

(ii) Schedule II (low or high dose of DXR-SL). CPA
(170mg/kg) was administered subcutaneously and
high (5 mg/kg) or low (1 mg/kg) dose DXR-SL intra-
venously at 6-day intervals. The treatment was started
at day 14 after tumor inoculation.

(iii) Schedule Il (low or high dose of DXR-SL). CPA
(170 mg/kg) was administered subcutaneously at 6-day
intervals. Three days after the first CPA injection (17
day after tumor inoculation), high (5 mg/kg) or low
(1 mg/kg) DXR-SL was administered intravenously
and the injections were continued at 6-day intervals.

2.6. Toxicity assessment

To avoid the influence of tumorigenesis on toxicity assess-
ment, normal C57BL/6 mice were used. Mice received six
cycles of CPA or DXR-SL treatment administered at 6-day inter-
vals. One cycle consisted of either subcutaneous administration
of CPA (170 mg/kg) or intravenous injection of DXR-SL (1
or 5mg/kg). After treatment was initiated, body weight was
measured every 3 days. To determine change in the number
of circulating white blood cells (WBC), blood was collected
via retro-orbital puncture 7, 19 and 31 days after treatment
was begun. Blood samples were washed twice with cold PBS
and blood cells were collected by centrifugation for 5 min at
2000 rpm and 4 °C. Blood cells were blocked with 19% BSA/PBS
for 15 min atroom temperature and then were incubated with pri-
mary antibody (rat monoclonal anti-mouse CD45 antibody) for
30 min. After washing with cold PBS, samples were incubated
for an additional 30 min with secondary antibody (FITC-labeled
rabbit anti-rat IgG heavy- and light-chain polyclonal antibody).
WBC number was determined using flow cytometry (Guava
EasyCyte Mini System, GE Healthcare, CA, USA).

2.7. Statistics

All values are expressed as the mean & S.D. Statistical anal-
ysis was performed with a two-tailed unpaired #-test using
GraphPad InStat software (GraphPad Software, CA, USA). The
level of significance was set at p <0.05.

3. Results

3.1. Antitumor effect of a metronomic CPA-dosing schedule
on pulmonary metastatic BI6BL6 melanoma-bearing mice

The pulmonary metastatic B16BL6 melanoma bearing
mouse model was employed in the present study because the
antitumor effects of metronomic CPA chemotherapy have not
yet been reported for a plumonary metastatic model. Conven-
tional and metronomic CPA-dosing schedules significantly
improved median survival time (MST) of tumor-béaring mice
compared with controls (no-treatment). In addition, the metro-
nomic schedule remarkably prolonged MST compared with
the conventional schedule (control=24.0 days, conventional
schedule=36.5 days and metronomic schedule=50.0 days)
(Fig. 1A). In experimental pulmonary metastasis models,
lung weight reflects the growth of pulmonary metastases
(Fig. 1B). Conventional and metronomic CPA-dosing schedules
significantly inhibited the growth of cells that had metastasized
to the lungs compared with control (no-treatment). Moreover,
the metronomic schedule was significantly more efficient
than the conventional schedule (Fig. 1B). Throughout these
experiments, animals did not exhibit significant weight loss
(data not shown). These results confirmed that the metronomic
CPA-dosing schedule is more effective than the conventional
dosing schedule with no severe side effects in lung metastatic
B16BL6 melanoma-bearing mice. In contrast, when the dosing
was started 3 days after B16BL6 cell-inoculation, lung weights
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Fig. 1. Effect of either conventional (maximum tolerated dose) or metronomic
CPA-dosing on (A) survival of B16BL6-bearing mice and (B) lung weight at
time of death. Control (no treatment (@), conventional dosing (4), 2 cycles
consisting of 3 doses (white arrows) of 150 mg/kg administered every other
day (total 450 mg/kg) with 3 weeks between cycles. Metronomic dosing (M), 8
doses of 170 mg/kg (black arrows) administered at 6-day intervals. N=5 mice
per group. *p<0.05; **p <0.005 vs. control.

did not increase, regardless of which CPA-dosing schedule was
used. No tumor nodules were evident on the surface of lungs
(data not shown). Thus, when the growth and formation of
pulmonary metastases were minimal, because only 3 days had
passed since inoculation with melanoma cells, both schedules
had remarkable therapeutic efficiency in this animal model.

3.2. Antitumor effect of sequential DXR-SL administration
on pulmonary metastatic BI6BL6 melanoma bearing mice

Two different doses of DXR-SL (low and high) were admin-
istered intravenously every 6 days, 3 cycles, into tumor bearing
mice from 14 day after tumor cells-inoculation. No significant
increases in the MST were observed for either DXR-SL dose
when administered according to a conventional dosing schedule
(Fig. 2A): MSTs of control (no-treatment), low and high DXR-

of 5 mg/kg administered at 6-day intervals. N=35 mice per group. **p <0.005
vs. control.

SL doses were 28.4, 29.0 and 32.0 days, respectively. However,
lung weights of tumor-bearing mice indicated that the higher
DXR-SL dose slightly inhibited the growth of metastasized cells
(Fig. 2B). These findings demonstrate that sequential adminis-
tration of DXR-SL had a very mild antitumor effect, although the
effect did not appear to be related to extension of survival time in
tumor-bearing mice. Throughout this experiment, no significant
weight loss was observed (data not shown).

3.3. Antitumor effect of the combination of a metronomic
CPA-dosing schedule and sequential administration of
DXR-SL

To examine the effect of the combination therapy, CPA was
metronomically administered either alone or plus DXR-SL (low
or high dose). Sequential administration of DXR-SL (every 6
days) was started either 3 days before (Schedule I), on the same
day as (Schedule II), or 3 days after (Schedule III), the first CPA

" injection because the metronomic CPA-dosing schedule may

have affected the accumulation of SL in tumor tissue by increas-
ing the permeability of angiogenic blood vessels. Schedules I, IT
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Fig. 3. Effect of the combination of metronomic CPA- and sequential DXR-
SL-dosing on survival of BI16BL6-bearing mice. (A) Schedule I (low or high
dose of DXR-SL): CPA (170 mg/kg) was administered subcutaneously at 6-day
intervals. Three days before CPA injection (11 days after tumor inoculation),
high (5 mg/kg) or low (1 mg/kg) DXR-SL was administered intravenously at
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ITT (low or high dose of DXR-SL): CPA (170 mg/kg) was administered subcuta-
neously at 6-day intervals. Three days after the first CPA injection (17 day after

- tumor inoculation), high (5 mg/kg) or low (1 mg/kg) dose DXR-SL was adminis-

tered intravenously and the injections were continued at 6-day intervals. Control
(®). Metronomic schedule (W), 170 mg/kg administered at 6-day intervals. Com-
bination of metronomic CPA-dosing (170 mg/kg, thin black arfows) and low
dose DXR-SL (1 mg/kg, thin gray arrows) (¢ with dotted line). Metronomic
CPA-dosing schedule (170 mg/kg, thin black arrows) and high dose DXR-SL
(5 mg/kg, thin gray arrows) (¢).
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Fig. 4. Effect of the combination of metronomic CPA- and sequential DXR-
SL.-dosing on lung weight in B16BL6-bearing mice. The dosing schedules used
were the same as those described in the legend of Fig. 3: (A) Schedule I (low
or high dose of DXR-SL); (B) Schedule II (low or high dose of DXR-SL);
(C) Schedule HI (low or high dose of DXR-SL). *p<0.001 vs. metronomic
CPA-dosing schedule.

city.

All combination regimens led to transient weight loss related
to growth suppression in treated versus untreated mice (Fig. 5A).
Two of the five mice treated with CPA (170 mg/kg) plus the high
DXR-SL dose (5 mg/kg) died-—one on day 17 and the other
on day 24 (Fig. 5A, arrow). This demonstrates that the higher
dose of DXR (5mg/kg) in SL is toxic when combined with
CPA. However, tissue weights of treated mice (heart, lung, liver,
kidney and spleen) that survived were not different than those
of control mice (data not shown). )
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The metronomic CPA-dosing schedule reduced the number of
peripheral WBC (Fig. 5B). DXR-SL also dramatically reduced
WBC number, regardless of DXR dose, followed by a rebound
in WBC number. The combination regimen (CPA and DXR-
SL) reduced the number of WBC, but there was no subsequent
rebound in WBC number. The reduction in WBC number with
the combination therapy was similar to that observed for the
metronomic CPA-dosing schedule. This finding indicates that
adding DXR-SL to the metronomic CPA-dosing schedule does
not increase the bone marrow toxicity of CPA.

4. Discussion

Metronomic chemotherapy — the frequent administration of
an anticancer agent at relatively low, minimally toxic doses with
no prolonged drug-free breaks — is a novel approach to the con-
trol of advanced cancer. In this study, it was confirmed that
the metronomic CPA-dosing schedule exhibited superior ther-
apeutic efficacy in B16BL6-bearing mice, compared with the
conventional dosing schedule using the CPA maximum tolerated
dose (Fig. 1). Furthermore, the combination of the metronomic
CPA-dosing schedule with sequential injections of DXR-SL
increased therapeutic efficacy compared to administration of
either treatment alone, although the effect was dependent on
the schedule and dose of DXR-SL (Figs. 1-3).

Metronomic chemotherapy using CPA is believed to induce
apoptosis in the endothelial cells of the growing tumor vascu-
lature (Browder et al., 2000; Kerbel and Kamen, 2004). Thus,
it was hypothesized that the metronomic CPA-dosing sched-
ule would increase the permeability of tumor microvessels to
macromolecules, including SL, resulting in enhanced accumu-
lation of SL in tumors. Consequently, the therapeutic efficacy of
anticancer agents would be enhanced. As expected, the results
of the present study showed that some of the combined CPA
and DXR-SL dosing schedule had improved therapeutic effi-
cacy (Fig. 3). It should be noted that injection of DXR-SL alone
(every 6 days, three times) showed no improvement in MST,
regardless of the dose of DXR. Only the high dose of DXR-
SL slightly suppressed the growth of cells that had metastasized
to the lung (Fig. 2). This result strongly supports the hypothesis
that metronomic CPA therapy changes the tumor neovasculature,
resulting in enhanced extravasation and subsequent accumu-
lation of SL in tumors. However, the ability of metronomic

chemotherapy to enhance the EPR effect remains to be deter-

mined.

Interestingly, the improvement was dependent on the dosing
schedule, as well as on the DXR-SL dose. Schedule I (low dose
of DXR-SL) and Schedule II (high dose of DXR-SL) signifi-
cantly increased the MST of tumor-bearing mice and inhibited
the growth of cells that had metastasized to the lung, compared
with the metronomic CPA-dosing schedule (Figs. 3 and 4). In
contrast, Schedule III did not increase MST. It is thought that
SL, which has along half-life in circulation, accumulates in solid
tumors due to the EPR effect (Jain, 1987; Papahadjopoulos et
al., 1991; Wu et al., 1993; Yuan et al., 1995; Forssen et al., 1996;
Vaage et al., 1997; Maeda et al., 2000), if the tumor vessels are
still permeable. Preclinical and clinical evidence shows that anti-
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angiogenic therapies normalize the endothelial cells of tumor
vessels and consequently decrease vessel permeability (Huber
et al., 2005; Jain et al., 2007). These reports describing the
biodistribution of SL led to the hypothesis that the metronomic
CPA-dosing schedule (an anti-angiogenic therapy) transiently
increases tumor vessel permeability and then decreases it as ves-
sels are “normalized”. Therefore. It is possible that for Schedule
III, according to which DXR-SL is administered 3 days after
the first CPA injection, SL accumulation was inhibited, thereby
preventing a therapeutic effect (Figs. 3 and 4).

Schedule I (high dose of DXR-SL) resulted in significantly
reduced lung weights without any improvement in MST. This
apparent inconsistency may be due to enhanced toxicity of the
combination of metronomic CPA therapy and intravenous lipo-
somal DXR treatment. Increased toxicity of the combination
treatment was supported by the death of two out of five nor-
mal mice during six cycles of the combination of CPA and
DXR-SL administered at 6-day intervals (Fig. SA). Further-
more, the combined therapies suppressed weight gain in normal
mice. However, it appears that the increased toxicity in this
study was not caused by enhancement of the myelosuppres-
sive effects of CPA (Gale, 1985) by the DXR-SL injections
(Fig. 5B). Although SL has a long half-life in circulation because
of reduced opsonization by serum proteins and lowered recog-
nition by cells of the MPS (Lasic et al., 1991; Torchilin et al.,
1994), a fraction of administered SL is ultimately cleared by
hepatic macrophages. Dacmen et al. (1995, 1997) reported that
injection of DXR-SL has a toxic effect on hepatic macrophages,
reducing both specific phagocytic activity and cell numbers.
Hence, it may be presumed that the toxic effects of CPA and
DXR-SL can be either additive or synergistic, resulting in death
in some experimental animals.

Other researchers have already demonstrated that the com-
bination of several drugs administered by metronomic dosing
with specific antiangiogenic reagents significantly increased the
antitumor effects of metronomic dosing (Browder et al., 2000;
Klement et al., 2000, 2002; Takahashi et al., 2001; Bello et
al., 2001). Recently, Kano et al. (2007) reported that a low
dose of transforming growth factor type I receptor (TBR-I)
inhibitor promoted accumulation of macromolecules, includ-
ing nanocarriers (polymeric micelles incorporating DXR), in
tumors. TBR-I inhibitor specifically increases the permeabil-
ity of the tumor neovasculature by decreasing coverage of the
endothelium without decreasing endothelial area. This obser-
vation clearly suggests that the low dose of TRR-I inhibitor
enhances the EPR effect in solid tumors, thereby increasing
the therapeutic efficacy of DXR-containing nanocarrier. To the
best of our knowledge, this is the first study to demonstrate that
the combination of metronomic chemotherapy and liposomal
anticancer drug (DXR) treatment increases antitumor effect, pre-
sumably by enhancing accumulation of liposomal anti-cancer
drugs within the tumor. Thus, the combination of metronomic
chemotherapy and liposomal anticancer agents such as Doxil is
an innovative strategy in cancer chemotherapy. However, addi-
tional studies are needed to determine optimal dosages and
treatment schedules to enhance therapeutic efficacy without any
adverse effects. '
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Abstract

Immunoliposomes are potent carriers for targeting of therapeutic drugs to specific cells. Membrane type-1 matrix metalloproteinase (MT1-MMP),
which plays an important role in angiogenesis, is expressed on angiogenic endothelium cells as well as tumor cells. Then, the MT1-MMP might be
useful as a target molecule for tumor and neovascularity. In the present study, we addressed a utili ty of antibodies against the MT1-MMP as a targeting
ligand of liposomal anticancer drug. Fab' fragments of antibody against the MT1-MMP were modified at distal end of polyethylene glycol (PEG) of
doxorubicin (DXR)-encapsulating liposomes, DXR-sterically stabilized immunoliposomes (DXR-SIL[anti-MT1-MMP(Fab')]). Modification with
the antibody significantly enhanced cellular uptake of DXR-SIL[anti-MT1-MMP(Fab")] into the HT1080 cells, which highly express MT1-MMP,
compared with the non-targeted liposomes (DXR-stealthliposomes (DXR-SL)), suggesting that MT1-MMP antibody (Fab') is a potent targeting
ligand for the MT 1-MMP expressed cells. In vivo systemic administration of DXR-SIL{anti-MT1-MMP(Fab')] into the tumor-bearing mice showed
significant suppression of tumor growth compared to DXR-SL. This is presumably due to the active targeting of immunoliposomes for tumor and
neovascularity. However, tumor accumulation of DXR-SIL[anti-MT1-MMP(Fab')] and DXR-SL were comparable, suggesting that both liposomal
formulations accumulated in tumor via enhanced permeation and retention (EPR) effect, but not via targeting to the MT1-MMP expressed on both
the endothelial and tumor cells. It appears that the enhanced antitumor activity of DXR-SIL[anti-MT1-MMP(Fab’)} resulted from acceleration of
cellular uptake of lioposomes owing to the incorporated antibody after extravasation from capillaries in tumor.
© 2007 Elsevier B.V. All rights reserved.

Keywords: Iramunoliposomes; Cancer therapy; Drug delivery; Matrix metalloproteinase

1. Introduction

Sterically stabilized polyethyleneglycol (PEG)-modified
liposomes have already been optimized for escaping uptake by
reticuloendothelial system (RES) and prolonging systemic cir-
culation (Klibanov et al., 1990), which resulted in increased
accumulation in tumor tissue by enhanced permeation and reten-
tion (EPR) effect (Matsumura and Maeda, 1986). Notably,

* Corresponding author at: Faculty of Pharmaceutica! Sciences, Hokkaido
University, Sapporo, Hokkaido 060-0812, Japan. Tel.: +81 11 706 3919;
fax: +81 11 706 4879.
E-muail address: harasima@ pharm.hokudai.ac.jp (H. Harashima).
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PEGylated liposomes encapsulating doxorubicin (Doxil®) are
currently used in clinics. Targeting of liposomes to specific cells
is a promising strategy for reducing side effects and improving
therapeutic effects. To date, immunoliposomes, in which anti-
bodies were conjugated at the distal end of PEG, were used
as carriers. For example, antibodies against vascular cell adhe-
sion molecule-1 (VCAM-1) (Voinea et al., 2005) and insulin
receptor (Zhang et al., 2003) for inflammatory tissue and brain,
respectively, and epidermal growth factor receptor (EGFR)
(Mendelsohnand and Baselga, 2003), transferrin receptors (TfR)
(Pardridge, 2004; Xu et al., 2002) were utilized as targets for the
cancer cells. Furthermore, the modification of Doxil® with antin-
uclear autoantibodies against nucleosomes possesses an ability
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to specifically recognize the surface of numerous tumor cells, but
not normal cells (Lukyanov et al., 2004). Generally, immunoli-
posomes modified with Fab’ fragment exhibit longer systemic
circulation compared with that modified with whole IgG since
RES uptakes immunoliposomes via the Fc receptor-mediated
mechanism (Maruyama et al., 1997).

Recent progress in cancer physiology revealed that tumor
growth is closely related to the development of new blood ves-
sels. Then, inhibition of neovascularity is a potent strategy for
cancer therapy. One of the key proteins on angiogenesis in tumor
vessels is membrane type-1 matrix metalloproteinase (MT1-
MMP), which is expressed on the neovascularity as well as
tumor cells. On the plasma membrane, MT1-MMP cleaved
extracellular matrix components such as collagen, laminin,
fibronectin and elastin (Knauper et al., 1996; Noel et al.,
1995; Ohuchi et al., 1997; Pei et al., 1994; Pei and Weiss,
1996; Sato et al.,, 1994; Strongin et al., 1995). Simultane-
ously, MT1-MMP activates soluble MMPs (i.e. MMP-2) via
its proteolytic activity, which also plays an important role in
the degradation of the matrix (Knauper et al., 1996; Ohuchi et
al., 1997; Pei and Weiss, 1996; Sato et al., 1994; Strongin et
al., 1995). In fact, administration of the inhibitors for MMP
families to the tumor-bearing mouse suppressed the angio-
genesis, which resulted in the antitumor effect (Maekawa et
al., 1999; Nelson, 1998). Based on previous report, dual tar-
geting of antitumor drugs to the neovascular cells and tumor
cells are expected to be excellent strategy for the cancer
therapy (Maeda et al., 2004). To realize this strategy, we
established the doxorubicin-encapsulating sterically stabilized
immunoliposome (DXR-SIL[anti-MT1-MMP(Fab’)]), in which
Fab’ fragment (Fab)y, ;pg) derived from anti-human MT1-
MMP monoclonal antibody was modified at the distal end
of PEG. In the present study, utility of these immounolipo-
somes were assessed in both in vitro cellular uptake and in vivo
antitumor effect between DXR-SIL[anti-MT1-MMP(Fab’)] and
non-targeted doxorubicin-encapsulating sterically stabilized
liposomes (DXR-SL).

2. Methods and materials
2.1. Materials

Cholesterol (CH), distearoyl-sn-glycero-3-phoshoethanol-
amine-N-[methoxy(polyethylene glycol)-2000] (DSPE-PEG),
hydrogenated soy phosphatidylcholine (HSPC), cysteamine
hydrochloride were purchased from WAKO (Osaka, Japan),
Genzyme (Cambridge, MS, USA) and Lipoid (Ludwigshafen,
Germany). DSPE-PEG with a functional maleimide moi-
ety at the terminal end of PEG: N-[(3-maleimide-1-oxo-
propyl)aminopropyl polyethyleneglycol-carbamyl] distearoy-
Iphosphatidyl-ethanolamine (DSPE-PEG-Mal) was purchased
from Shearwater (Enschede, The Netherlands). Doxorubicin
(DXR) was purchased from Sicor Inc. (Irvine, CA, USA). Ultro-
gel Ac54 and Sepharose CL-5B were purchased from Pall
Biosepra (St. Christophe, France) and Amersham Pharmacia
(Arlington Heights, IL, USA). N-Ethylmaleimide was purchased
from Nacalai Tesque (Kyoto, Japan).

2.2. Animal and cell line

Male BALB/c nude mice (5-6 weeks old) were purchased
from CLEA Japan (Tokyo, Japan). All in vivo experiments were
approved by the Institutional Animal Care and Use Commit-
tee. HT1080 cells were purchased from RIKEN Cell Bank and
cultured in DMEM supplemented with 10% fetal bovine serum
(FBS), penicillin (100 U/ml), streptomycin (100 pg/ml) at 37 °C
with 5% CO; and 95% humidity on the bottom of a dish (Corn-

ing).
2.3. Preparation of Fab' fragment

Fab’ fragment was prepared from anti-MT1-MMP mono-
clonal antibody (222-1D8) (Aoki et al., 2002). A volume of
1ml of the IgG (10 mg/ml) was dialyzed against 0.1 M sodium
acetate buffer (pH4.2) containing 0.1 M NaCl, and then added
with pepsin at a concentration of 2% (w/w) based on the amount
of antibodies and digested at 37 °C. After the incubation for 20 h,
the digested product was added with 0.2 ml of 3M Tris—HCI
(pH7.5) to terminate the reaction. The whole digestion product
was loaded on an Ultrogel AcA54 gel filtration column (diameter
1.5 cm x length 47 cm) equilibrated with 0.1 M phosphate buffer
(pH 7.0) and collected as 1 ml fractions. Elution of F(ab’), was
monitored by UV adsorption (A280). The resulting F(ab’); was
adjusted to a volume of 0.9 ml with 0.1 M phosphate buffer (pH
6.0), supplied with 0.1 ml of 0.1 M cysteamine hydrochloride
(final concentration: 0.01 M) and thereby reduced at 37 °C for
1.5 h. The resultant was loaded on an Ultrogel AcA54 gel filtra-
tion column (diameter 1.5 cm X length 47 cm) equilibrated with
PBS containing 5mM EDTA and collected as 1ml fractions.
The elution of Fab’ was monitored by A280.

2.4. Preparation of immunoliposomes
(DXR-SIL[anti-MTI1-MMP(Fab')])

Lipid film composed of 47.4 mM HSPC/CH (6:4 molar ratio)
was prepared by the evaporation. The lipid film was hydrated
with 155 mM ammonium sulfate at pH 5.5, and then particle
size of liposomes was controlled by sequential extrusion through
polycarbonate membrane filter of 0.2, 0.1, 0.05 pm pore diam-
eter. The extruded liposomes were centrifuged at 300,000 x g
for 1h at 4 °C and then resuspended in saline. DXR or ['*C]-
labeled DXR (['*C]-DXR) was incubated with actively loaded
into the liposomes following an ammonium sulfate gradient as
described previously (Haran et al., 1993). Then, liposomes were
PEGylated by incubating with 0.25 mM of DSPE-PEG or DSPE-
PEG/DSPE-PEG-Mal (9:1 molar ratio) for 15min at 65 °C.
Sterically stabilized liposomes (DXR-SL) were centrifuged at
300,000 x g for 1 h at 4 °C to remove unloaded DXR and then
resuspended in saline to remove unloaded DXR.

To conjugate the Fab’ fragment (1.96 mg/0.37 ml), 0.41 ml
of maleimide-introduced liposomes (maleimide concentration:
104 nmol/ml) were mixed with Fab’ fragment (the molar ratio
of maleimide moiety and Fab’ fraction was 3:1). After the
incubation for 20h at 4°C under light shielding, unreacted
mercapto groups were blocked by adding 4.3 pl of 0.1 M N-
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ethylmaleimide. To remove free Fab’ fragment, the reaction
mixture was loaded on an Sepharose CL-4B gel filtration col-
umn (diameter 3 cm X length 50 cm) equilibrated with PBS
and collected as 2 ml fractions. The concentration of choles-
terol was quantified by cholesterol E-test WAKO kit (Wako:
Osaka, Japan). The particle size of liposomes was determined by
dynamic light scattering (DLS) (ELS-8000, Otsuka Electronics,
Japan).

2.5. Invitro cellular uptake study

To visually compare the cellular uptake of DXR-SIL[anti-
MT1-MMP(Fab’)] and DXR-SIL, 5 x 10* cells/dish of HT1080
cells were plated into 3.5 cm dish. DXR-SL or DXR-SII [anti-
MT1-MMP(Fab’)] (14.5 uM of total lipid) were applied and
incubated for 3 h at 37 °C, and then washed by Krebs-Henseleit
buffer (118 mM NaCl, 23.8 mM NaHCOs3, 4.83mM KCl,
0.96 mM KH>PO4, 1.20mM MgSQy, 12.5 mM HEPES, 5 mM
glucose, and 1.53mM CaCl, adjusted to pH 7.4). Images
were collected by confocal laser scanning microscopy (CLSM)
(LSM510 META, Carl Zeiss, Germany). For the quantitative
cellular uptake analysis, cells were seeded in 12-well plates at a
density of 4 x 10* cells/well 24 h before the transport assay. All
transport assays were performed in Krebs-Henseleit buffer. The
cells were washed by Krebs-Henseleit buffer. The [!4C]-DXR-
SIL[anti-MT1-MMP(Fab’)] and ['*C]-DXR-SL were added to
the Krebs-Henseleit buffer (14.5 uM of total lipid), followed
by incubation for 10 min, 1h and 3 h at 37 °C. Just before the
designated times, 50 1 Krebs-Henseleit buffer was transferred
to scintillation vials. Then cells were washed with 2ml ice-
cold Krebs-Henseleit buffer to remove the liposomes binding
to cell surface and solubilized in 500 pl IN NaOH. After adding
250 p1 2N HCI, 500 pl aliquots were transferred to scintillation
vials. The radioactivity of the cells and Krebs-Henseleit buffer
was determined by liquid scintillation counting (LS 6000SE;
Beckman Instruments Inc., Fullerton, CA, USA) after 4.5 ml
scintillation fluid (Hionic fluor; Packard Instrument Co., Down-
ers Grove, IL, USA) was added to the scintillation vials. The
remaining 100 pl aliquots of cell lysate were used to determine
protein concentrations by the BCA protein assay kit (PIERCE,
Rockford, IL, USA) with BSA as a standard. The uptake of lipo-
somes is given as the volume of distribution, determined as the
amount of ligands associated with the cells normalized by the
medium concentration.

2.6. Evaluation of in vivo pharmacological effect

Tumor-bearing mice were prepared by s.c. inoculation
of a suspension (I x 109cells per 100wl PBS) of HT1080
into BALB/c nude mice. DXR-SIL[anti-MT1-MMP(Fab’)] and
DXR-SL were administered at a dose of 3 mg/kg DXR (cor-
responding to 5 pmol lipid/mouse) to tumor-bearing mice via
the tail vein when tumor size was in the range from 1000 to
3000 mm?. The tumor size was measured up to 12 days after
administration. Data were represented as arelative tumor volume
normalized by that when liposomes were injected. The antitu-

mor effect was defined as the percent of tumor volume at the
indicated times to that at day O.

2.7. Comparison of in vivo tumor distribution

['*C]-DXR-SIL([anti-MT1-MMP(Fab’)] and ['*C]-DXR-SL
atadose of 0.15 wmol lipid/mouse was injected to tumor-bearing
mice from the tail vein at 11 days after tumor implantation.
At 48 h post-injection, the mice were sacrificed and blood and
tumor tissue were collected. The blood and tumor sample were
solubilized in Soluene-350 for 5h at 50°C. The solubilized
blood sample was decolorized by H>O». The radioactivities were
determined by liquid scintillation counter with Hionic Fluor.

3. Results and discussion

3.1. Characterization of immunoliposomes

The average particle size of DXR-SIL[anti-MT1-
MMP(Fab’)] and DXR-SL. was in the range of 85-90nm
and encapsulated ratio of DXR was >97%. The number of
Fab’ fragment attached to the distal end of the PEG was
approximately 40 molecules, which was calculated as described
previously (Hatakeyama et al., 2004).

3.2. Comparison of in vitro cellular uptake

The cellular uptake of DXR encapsulated in SIL[anti-MT1-
MMP(Fab’)] and SL by the MT1-MMP-expressing HT1080
cells was compared (Fig. 1). In CLSM analysis, fluorescence
signal of DXR was only a slightly detected in SL, whereas
strong fluorescence of DXR was detected in SIL[anti-MT]I-
MMP(Fab')] (Fig. 1A). The modification with the antibody
accelerated cellular uptake of the liposomes. In the quanti-
tative cellular uptake study, the cellular uptake of the both
liposomes was increased in time-dependent manner and was
stimulated by the modification with Fab’ by approximately
five-fold, as compared with non-targeted liposomes (DXR-SL)
(Fig. 1B). Since DXR is hydrophobic, it can efficiently dif-
fuse into the cells. However, it is confirmed that leakage of
encapsulated DXR in the medium was negligible (retention effi-
ciency >97%, up to 24h). Collectively, these data indicated
that DXR-SIL[anti-MT1-MMP(Fab’)] is efficiently bound to the
MT1-MMP-expressing cells, and then is internalized. Consider-
ing that the function of MT1-MMP was regulated by endocytosis
and recycling (Itoh and Seiki, 2004; Uekita et al., 2001; Wang et
al., 2004), the DXR-SIL[anti-MT1-MMP(Fab’)} was also taken
up via receptor-mediated endocytosis.

3.3. Comparison of antitumor effect

DXR-SL shows more efficient anti-cancer effects than free
DXR, since free DXR are distributed in various organs in non-
specific manner (Ceh et al., 1997). To address the utility of
DXR-SIL[anti-MT1-MMP(Fab’)] from the view point of in vivo
antitumor effect, DXR-SIL[anti-MT1-MMP(Fab’)} and DXR-
SL were intravenously administered to the tumor-bearing mice
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