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Fig. 1. Cellular uptake of DXR-SIL[anti-MT1-MMP(Fab’)] and DXR-SL to the HT1080 cells. (A) DXR-SIL[anti-MT 1-MMP(Fab’)] (right panel) and DXR-SL (left
panel) were incubated with HT1080 cells for 3 h. Cells were washed, and then intracellular accumulation of encapsulated doxorubicin was fluorescently visualized
with CLSM. (B) [**C]-DXR-SIL[anti-MT1-MMP(Fab')] (closed bars) and DXR-SL (opened bars) were incubated with HT1080 cells. At indicated time, cells were
washed and then cellular radioactivity was counted by liquid scintillation counter. Cellular radioactivity was normalized by the protein amount of the sample. Data
were represented as mean % S.D. n=3).

(n=06), respectively. Fig. 2 showed the time profiles for the (Fig. 2A). Furthermore, three of six mice died up to 12 day,
relative tumor volume up to 12 days after administration of lipo-  the body weights of which were drastically decreased (14.8%,
somal formulations. When DXR-SL was administered, tumor 17.7%, and 17.8%, respectively), presumably by the side effect
volume was decreased in only 1 out of 6 mice at 12 days  of DXR-SL. In contrast, in the case of DXR-SIL[anti-MT1-
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Fig. 2. Time profiles of the tumor volume after the single i.v. injection of DXR-SIL[anti-MT1-MMP(Fab’)] and DXR-SL. DXR-SIL[anti-MT1-MMP(Fab’)] and
DXR-SL were injected from tail vein at a dose of 3 mg/kg DXR and 5 pmol lipid/mouse. Tumor volume was measured just before the injection, and up to 12 days
after the injection. The data of six individual mice were plotted. (A) and (B) represented the data after the injection of DXR-SL and DXR-SIL{anti-MT1-MMP(Fab')],
respectively. :
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Fig. 3. Time profiles for the survival rate of mice after the single injection of
DXR-SIL[anti-MT1-MMP(Fab’)] and DXR-SL. After the single i.v. adminis-
tration of DXR-SIL[anti-MT1-MMP(Fab’)] and DXR-SL, survival of six mice
was followed up until 5 weeks. '

MMP(Fab’)], tumor volume decreased efficiently in half of
mice at 12 days (Fig. 2B). Furthermore, whereas one mouse
showed notably body weight change (20.1%), no mouse died.
These results suggested that DXR-SIL[anti-MT1-MMP(Fab’)]
would be superior to that of DXR-SL from the point of view
of antitumor activity and less side effect. As shown in Fig. 3,
administration of DXR-SIL [anti-MTI1-MMP] exhibited pro-
longed survival compared with that of DXR-SL, presumably
because of the temporal inhibition of tumor growth after the
administration. These data suggested that DXR-SIL [anti-MT1-
MMP] was more potent in the pharmacological activity than that
of DXR-SL.

3.4. Comparison of in vivo tumor distribution

The amino acid sequence of human MT1-MMP is highly
homologous approximately 96% matching with mouse MT1-
MMP. Therefore, it is plausible that 222-1D8 cross-react with
mouse MT1-MMP. Considering that MT1-MMP was expressed
on the neovascular membrane, more potent antitumor activ-
ity can be attributed to the efficient accumulation of the
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liposomes via the targeting function of the Fab’ fragment.
To measure the distribution of DXR in the tumor, [*C]-
DXR-SIL[anti-MT1-MMP(Fab’)] and ['*C]-DXR-SL were
administered intravenously, and then radioactivities in blood
sample and tumor were measured after 48h. As a result,
blood concentration of DXR encapsulated in SIL[anti-MT1-
MMP(Fab’)] and in SL. was comparable, indicating that
modification of Fab’,, ;pg did not alter the tumor accumulation
of these liposomes (Fig. 4A). This is inconsistent with a previous
observation in OX-26-modified PEG liposomes (Huwyler et al.,
1996), which is designed as the targeting vector for transferrin
receptor (TfR)-expressing organs. In that study, OX-26-modified
immunosterically stabilized liposomes were rapidly eliminated
from the blood circulation compared with non-targeted ster-
ically stabilized liposomes, when more than 20 of OX-26
antibodies were conjugated. In contrast, in the present study,
retention of DXR-SIL[anti-MT1-MMP(Fab’)] in the blood
circulation was comparable even though the DXR-SIL[anti-
MTI1-MMP(Fab’)] were expected to have approximately 40 of
Fab),, 1pg- The antibody-dependent difference in the blood
concentration of liposomes may be accounted for by the tis-
sue distribution of transferrin receptor and MT1-MMP. Since
transferrin receptors were ubiquitously and widely expressed at
various organs (Hatakeyama et al., 2004; Ponkaand and Lok,
1999; Qian et al., 2002), systemic OX-26-modified immuno-
liposomes may be cleared by various organs, in addition to
the RES. In contrast, the expression of MMPs remained few
at normal condition and induced only at the pathological con-
dition such as inflammation and malignant alternation (Sato et
al., 1994; Pagenstecher et al., 1998). It is likely that clearance
of the Fab),, ;pg-modified immune-sterically stabilized lipo-
somes (SIL[anti-MT1-MMP(Fab’)]) was mainly governed by
RES as is the case of non-targeted liposomes (SL.).

Then, tumor accumulation of DXR-SIL[anti-MT]1-
MMP(Fab’)] was compared with DXR-SL at 48h after
intravenous administration. Unexpectedly, the accumulation of
DXR-SIL[anti-MT1-MMP(Fab")] was comparable or slightly
lower than that of DXR-SL, although MTI1-MMP should
be expressed in the neovascular membrane. This result is
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Fig. 4. Blood concentration and tumor accumulation of ['*C]-DXR-SIL[anti-MT1-MMP(Fab")] and ['*C]-DXR-SL. At 48 h post-injection of ['*C}-DXR-SIL{anti-
MT1-MMP(Fab’)] and DXR-SL at a dose of 0.15 pmol lipids/mouse, the mice was sacrificed and blood and tumor were collected. Radioactivities in the blood and
tumor tissue were determined by liquid scintillation counter. The data of blood concentration and tumor accumulation of DXR are shown in (A) and (B), respectively.

Data are represented by mean + S.D. (n=3).
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Fig.5. Schematic diagram illustrating a possible mechanism for the turnor cell and/or neovascular cells

by means of DXR-SIL[anti-MT1-MMP(Fab’)]. Since tumor

accumulation of DXR-SIL[anti-MT1-MMP(Fab")] was comparable to DXR-SL, DXR-SIL[anti-MT1-MMP(Fab')] may accumulate in tumor mainly via EPR effect
as is the case of DXR-SL. After they accumulate in the tissue, DXR-SIL[anti-MT1-MMP(Fab')] efficiently internalize by virtue of a function of Fab'222_ms modified

on the distal end of PEG.

inconsistent with the previous observation that liposomes
modified with peptides having binding activity to MT1-MMP
showed highly tumor accumulation compared with non-
targeting liposomal formulation (Kondo et al., 2004). It can be
accounted for by assuming the difference of the investigation
time after administration. In the previous peptide-modified
liposomes, accumulation was evaluated- just after injection.
Then, contribution of EPR effect on tumor accumulation would
be minor. However, in the present study, the tumor distribution
was measured at 48 h after i.v. administration. Therefore, the
liposomal accumulation in tumor may be mainly achieved
by EPR effect, rather than active targeting via the specific
antibody. Furthermore, considering the physiological role of
MTI1-MMP to digest the matrix, there is also the possibility
that MT1-MMP was mainly expressed on the abluminal side
but not on the apical side, and then both of DXR-SIL[anti-
MTI1-MMP(Fab’)] and DXR-SL accumulated to the tumor
mainly via EPR effect. Once accumulated in the tumor tissue,
Fab’,, pp function as an accelerator for the cellular uptake of
SIL[anti-MT1-MMP(Fab’)] by the neovascularity and tumor
cells. In this sense, the Fab’ fragment contributed to controllin g
intra-tumor disposition of liposomes, but not to the tissue
targeting in systemic circulation (Fig. 5).

4. Conclusion
Fab' fragment (Fabb,, ;) against MT1-MMP was potent

ligand, which may accelerate the cellular accumulation of
doxorubicin-encapsulating sterically stabilized liposomes to the
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cancer cells and/or neovascular cells after they reached to the
tumor tissue via EPR effect.
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The poor selective cytotoxicity of anticancer drugs lead to dose-limiting adverse effects which compromise
the clinical outcome. Solid tumors recruit new blood vessels to support their growth, and epitopes that are
uniquely expressed on tumer cells and tumor endothelial cells (ECs) can function as targets for immunoliposo-
mal anticancer drugs. Membrane type 1 matrix metalloproteinase (MT1-MMP), an important protein related to
tumor growth and angiogenesis, is expressed on malignant tumor cells and is activated ECs. Selective delivery
could be achieved by targeting MT1-MMP, as well as other angiogenic ECs. In this regard, an-anti-MT1-MMP
Fab’ antibody was used to prepare a MT1-MMP targeted sterically stabilized immunoliposomes (SILfanti-MT1-
MMP(Fab')]). The binding and intracellular distribution of SIL[anti-MT1-MMP(Fab’)] and a non-targeted ster-
ically stabilized liposomes (SL) were examined using human fibrosarcoma HT-1080 cells. SIL{anti-MT1-
MMP(Fab’)] was taken up by the cells in a lipid concentration, temperature, and time dependent manner, ulti-
mately accumulating in the lysosomes. The cytotoxicity of doxorubicin (DXR)-containing SIL{anti-MT1-
MMP(Fab')] (DXR-SIL[anti-MT1-MMP(Fab’)]) was significantly higher than that of DXR-containing SL. The
cellular internalization of SIL[anti-MT1-MMP(Fab’)] was inhibited by endocytosis inhibitors, suggesting that
their internalization was mediated via clathrin- or caveolae-dependent endocytosis. Furthermore, the efficient
binding of SIL[anti-MT1-MMP(Fab’)] was observed on human umbilical vein endothelial cells (HUVEC). Based
on these results, it would be expected that DXR-SIL[anti-MT1-MMP(Fab’)] may achieve direct tumor cell kill
and indirect tumor cell kill via the destruction of the tumor endothelium in vivo. This strategy may have the

potential for overcoming some major limitations in conventional chemotherapy in vivo.

Key words
cal vein endothelial cell (HUVEC); cellular uptake

Therapeutic approaches to cancer continue to focus on
developing novel delivery systems to increase the therapeutic
indices of anticancer agents by targeting drugs to diseased
malignant cells and not from normal tissues. One approach
uses the expression of cell surface epitopes as unique targets
for the selective delivery of antibody-based therapies. The
encapsulation of anticancer drugs in liposomes can alter their
pharmacokinetics and biodistribution, resulting in an in-
creased efficacy and/or decreased toxicity. Long-circulating
liposome formulations containing engrafted polyethylene
glycol (PEG) on their surface (sterically stabilized, PEGy-
lated, liposomes (SL)) have recently been developed.'™
Doxorubicin (DXR)-containing SL (DXR-SL) has been
approved in a number of countries, including Japan, for the
treatment of Kaposi’s sarcoma, breast, ovarian and endom
etrial cancer.*® With the development of techniques for
coupling specific ligands to the terminus of PEG,>'® novel
approaches for the use of liposomes as homing devices for
the selective targeting of anticancer drugs to malignant cells
are now available. Ligand-targeted sterically stabilized lipo-
somal drugs (sterically stabilized immunoliposomes (SIL))
that promote the selective binding of the liposomes to target
cells have shown enhanced antitumor effects relative to non-
targeted sterically stabilized liposomal drugs.'!

immunoliposome; targeting; PEGylation; membrane type 1 matrix metalloproteinase (MT1-MMP); human umbili-

the first identified matrix proteinase in the zinc-dependent
matrix metalloproteinase family, is known to be required for
the degradation of the extracellular matrix (ECM), endothe-
lial invasion and migration, the formation of capillary tubes,
and the recruitment of accessory cells.'? MT1-MMP expres-
sion has been reported to be correlated with the malignancy
of multiple tumor types including lung, gastric, colon, breast,
cervical carcinomas, gliomas and melanomas'® and to play
an important role in metastasis and angiogenesis.'>'?
In addition, it has been demonstrated that MT1-MMP is
expressed on various tumor cells and human endothelial cells
(ECs) and is internalized through thé classic clathrin and
dynamin-dependent endocytic pathway and/or caveolae in
tumor cells'>~!" and caveolae in human ECs.""'® It can
therefore be considered to be an excellent targeting moiety in
applications involving liposome-entrapped drugs.

The targeting of liposomal drugs to the MT1-MMP moiety
may achieve the selective delivery of anticancer therapeutics
to, not only tumor cells, but also ECs in tumor vasculatures.
This approach may show additive or synergistic antitumor
effects compared with either type of targeting used alone. To
investigate this approach further, we prepared a sterically sta-
bilized immunoliposomes coupled with the Fab’ of anti-
MT1-MMP mAb (SIL[anti-MT1-MMP(Fab’)] and examined

Membrane type 1 matrix metalloproteinase (MT1-MMP), 4§ the in vitro efficacy of the sterically stabilized immunoli-
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posomal formulation on a human fibrosarcoma cell line, HT-
1080 cells. In addition, we examined the selective binding of
the liposomes to human umbilical vein endothelial cell
(HUVEC) as a model of ECs of tumor vasculatures.

MATERIALS AND METHODS

Materials Hydrogenated soy phosphatidylcholine
(HSPC) was purchased from Lipoid (Ludwigshafen, Ger-
many). Cholesterol (Chol) was purchased from Wako Pure
Chemical (Osaka, Japan). 1,2-Distearoyl-sn-glycero-3-phos-
phoethanolamine-n-[methoxy(polyethylene  glycol) 2000]
(mPEG,4-DSPE) was purchased from Genzyme (MS,
U.S.A)). PEG,;-DSPE with a functional maleimide moi-
ety at the terminal end of PEG: N-[(3-maleimide-1-oxo-
propyl)aminopropyl polyethyleneglycol (,400)-carbamyl] dis-
tearoyl-ethanolamine (Mal-PEG,,-DSPE) was purchased
from Shearwater (Enschede, Netherlands). Doxorubicin
(DXR) was purchased from Sicor, Inc. (CA, U.S.A)). Methyl-
B-cyclodextrin (cdx) was purchased from Sigma (St. Louis,
U.S.A.). Chlorpromazine (CPZ) was purchased from Wako
Pure Chemical (Osaka, Japan).

Cell Line HT-1080 cells, a human fibrosarcoma, was
purchased from Dainippon Pharmaceutical (Osaka, Japan)
and maintained in DMEM (Sigma, MO, U.S.A.) containing
heat-inactivated 10% fetal bovine serum (FBS, Japan
Bioserum, Hiroshima, Japan), penicillin (50 U/ml) and strep-
tomycin (50 gg/ml) at 37°C in humidified atmosphere con-
taining 5% CO,.

HUVEC, a human umbilical vein endothelial cell, was
purchased from CAMBREX (MD, U.S.A.) and maintained in
endothelial cell medium EGM-2 (CAMBREX, MD, U.S.A.)
containing heat-inactivated 2% FBS, Human EGF, hydrocor-
tisone, VEGF, Human bFGF, IGF-1, ascorbic acid, heparin,
gentamicin and amphotericin-B at 37°C in humidified atmo-
sphere containing 5% CO,. o

Flow Cytometry HT-1080 cells were detached with
PBS(—) containing 0.5 mM EDTA, washed with PBS(—) by
centrifugation (1000rpm, 5min, 4°C), and resuspended in
PBS(—) containing 1% BSA. The cells were fixed with 4%
paraformaldehyde for 1h at 37°C and then washed twice
with PBS(—). In some experiments, in order to increase
membrane permeability, a part of the cells was incubated for
1 h at 4°C with 1% saponin (MP Biomedicals, Ohio, U.S.A.).
A 0.1ml aliquot of the HT-1080 cells suspension
(5.0 108 cells/ml) was incubated for 1h at 4°C with 0.1 ml
of anti-MT1-MMP mAb (20 ug/ml). To remove unreacted
mAb, the cells were washed twice with phosphate buffered
saline (PBS(—), 1.6 mm NaH,PO,, 8 mm Na,HPO,, 2.6 mm
KCl, 137 mMm NaCl, pH 7.5) containing 1% BSA by centrifu-
gation (1000 rpm, 5min, 4°C). The cells were then further
incubated with 0.1 ml of a FITC-conjugated anti-mouse IgG
(20 pg/ml) for 1h at 4°C. Finally, the sample was analyzed
using Guava EasyCyte (GE Healthcare Bio-Sciences, Upp-
sala, Sweden).

Preparation of Anti-MT1-MMP Antibody and Fab’
Fragment of the Antibody A murine monoclonal IgG
antibody [222-1D8]'"? was purified from ascites fluid of
BALB/c mice by centrifugation (3000 rpm, 15 min, 4°C) fol-
lowed by filtration of the supernatant and purification on a
protein G affinity column (GE Healthcare Bio-Sciences, Up-

973

psala, Sweden) according to the manufacturer’s instructions.

For preparation of the F(ab'), fragment, the purified anti-
MT1-MMP monoclonal antibody (mAb) (50mg) was di-
gested with 2% pepsin A (Worthington Biochemical Corpo-
ration, NJ, US.A) in 0.1m sodium acetate buffer (0.1m
sodium acetate, 0.1 M acetic acid, 0.1 NaCl, pH 4.2) at
37°C for 22.5 h. The reaction was stopped by the addition of
300ml of 3 M Tris—HCI buffer (pH 7.5). The reaction mixture
was then passed through a Ultrogel AcA 44 (Pall corpora-
tion, NY, U.S.A.) column equilibrated with 0.1 M phosphate
buffer (36 mm NaH,PO,, 64 mm Na,HPO,, pH 7.0). The pro-
tein concentration was determined by spectrophotometrically
(A=280nm) (Shimadzu UV-1600, Shimadzu, Kyoto, Japan).

Preparation of Sterically Stabilized Liposomes (SL)
and Sterically Stabilized Immunoliposomes (SIL).

1. Preparation of Conventional Liposomes Conven-
tional liposomes were composed of HSPC:Chol at a
11.28 : 7.68 molar ratio. For fluorescently labeled liposomes,
1,1'-dioctadecyl-3,3,3',3'-tetramethylindocarbocyanine per-
chlorate (Dil) (Invitrogen, OR, U.S.A.) was incorporated into
the lipid mixture.

In a typical preparation, the lipids, HSPC and Chol, were
dissolved in chloroform and, after evaporation of the organic
solvent, the resulting lipid film was hydrated in 250 mM am-
monium sulfate (pH 5.5). The hydrated liposomes were se-
quentially extruded (Lipex Biomembranes Extruder, British
Columbia, Canada) at 65°C through a series of polycarbon-
ate filters (Whatman, Middlesex, U.K.) with pore sizes rang-
ing from 0.4 (X1), 0.2 (X3), 0.1 (X3) and 0.08 (X3) um to
produce primarily unilamellar vesicles. Following extrusion,
the external buffer was exchanged by elution through a
Sephadex G-50 (GE Healthcare Bio-Sciences) column equil-
ibrated with saline (0.9% NaCl). Liposomal size was charac-
terized by dynamic light scattering using a NICOMP 370
HPL submicron particle analyzer (Particle Sizing System,
CA, U.S.A)). The mean liposomal diameters of the extruded
liposomes were in the range of 98—110 nm.

For DXR-loaded liposomes, the drug was encapsulated by
remote-loading using an ammonium sulfate gradient.”® Fol-
lowing extrusion, as described above, the prepared liposomes
were passed through a Sephadex G-50 column equilibrated
with 10% sucrose to exchange external buffer. The fractions
containing the eluted liposomes were collected. The phos-
pholipid concentration in the collected liposomes were deter-
mined using the Bartlett colorimetric assay.””’ DXR was
added to the liposomes at a DXR/phospholipid ratio of 0.2 : 1
(w/w) and the resulting mixture was incubated for 1h at
65°C. The liposome-encapsulated DXR was separated from
free DXR on a Sephadex G-50 column eluted with saline.
The concentration of the liposome-encapsulated DXR was
determined spectrophotometrically (1=480nm) (Shimadzu
UV-1600) following methanol extraction.

2. Preparation of Sterically Stabilized Liposomes
Sterically stabilized liposomes (SL) were prepared using a
post-insertion method”>” with minor modifications. The
basic procedure involves transferring PEG-lipids into the bi-
layers of preformed, drug loaded liposomes using a simple
incubation step, without any drug leakage, in a time- and
temperature dependent manner. '

PEGylation of the preformed conventional liposomes was
garried out. Briefly, preformed conventional liposomes were
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mixed with mPEG,,-DSPE micelles (0.25mm) in deoxy-
genated saline at a liposome/PEG-lipids ratio of 10:0.46
(mol/mol). The mixture was incubated at 65°C for 15min
with occasional gentle mixing. For preparing immuno-lipo-
somes, Mal-PEG,4,,-DSPE was added to mPEG,,-DSPE at
a 3:7 molar ratio as the PEG-lipid micelles were prepared.
After the transfer, the liposome—micelle mixture was cooled
and chromatographed over a Sepharose CL-4B (GE Health-
care Bio-Sciences) column equilibrated with saline to sepa-
rate the resulting SL from non-transferred PEG-lipid mi-
celles.

3. Preparation of Sterically Stabilized Immunolipo-
somes (SIL{anti-MT1-MMP(Fab')]) A Fab’ fragment
was prepared from the F(ab'), fragment of anti-MT1-MMP
mAb (222-1D8). The resulting F(ab’), (10 mg), adjusted to a
volume of 0.9ml with 0.1M phosphate buffer (pH 6.0),
mixed with 0.1 ml of 0.1 M 2-aminoethanethiol hydrochloride
(Wako), and then reduced at 37°C for 1.5h. To remove the
reducing agent, the preparation was loaded on an Ultrogel
AcA 54 gel (Pall Corporation, NY, U.S.A.) column equili-
brated with PBS(~—) containing 5 mm EDTA (Wako). Elution
of the Fab' was monitored at A280. The concentration of the
resulting Fab’ was determined spectrophotometrically (A=
280 nm) (Shimadzu UV-1600). i '

To conjugate the Fab’ fragment, Mal-PEG-lipid-intro-
duced liposomes were mixed with the Fab’' fragment (the
molar ratio of the maleimide moiety and Fab’ fragment was
1:3). After incubation for 20 h at 4°C, shielded from light in
deoxygenated saline (pH 8.0), unreacted mercapto groups
were blocked by adding 0.1 M N-ethylmaleimide (Wako): The
molar ratio of the Fab' fragment and N-ethylmaleimide was
1:10. To remove free Fab’ fragments, the reaction mixture
was loaded on a Sepharose CL-4B (GE Healthcare Bio-Sci-
ences) column equilibrated with 0.9% NaCl. The concentra-
tion of phospholipids and Fab’ was determined by the
Bartlett colorimetry assay?" and DC protein assay (Bio-Rad,
CA, US.A), respectively. The amount of Fab’ coupled to
the liposomes was in the range of 30—50pug of Fab’'
fragment/umol phospholipid. The mean diameter (110—
120 nm) was checked using a dynamic light scattering (a
NICOMP 370 HPL submicron particle analyzer (Particle
Sizing System)).

In Vitro Cell Binding/Uptake Experiment A 0.5ml
aliquot of HT-1080 cells suspension (5.0X10° cells/ml) was
plated in a 24-well tissue culture plate (Corning, NY, U.S.A.)
and cultured for 24 h at 37°C. After pre-culture, the medium
was exchanged to 0.5 ml of Dil-labeled SL or SIL[anti-MT1-
MMP(Fab’)] (0.1—0.8 mmol phospholipid/ml) without
DXR, diluted with complete medium, and the plate was
maintained at either 4°C or 37°C. In a competition experi-
ment, 30min before exchanging to Dil-labeled SIL[anti-
MT1-MMP(Fab’)], the medium was exchanged to fresh com-
plete medium containing a 80-fold excess of free anti-MT1-
MMP mAb (0.5 mg) to the Fab’ coupled to SIL. In some ex-
periments, the cells were pre-treated with several known en-
docytosis inhibitors: 1uM cdx for 6h, 10 ug/ml CPZ for
0.5 h, hypertonic concentration (0.45 M) of sucrose for 0.5h,
prior to the addition of the Dil-labeled liposomes. It is well
known that cdx sequesters cholesterol, thus disrupts caveolae
formation.?*—?% CPZ interacts with clathrin from the coated
pits, . thereby causes their loss from the surface mem-
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brane.??® Hypertonic concentrations of sucrose inhibit en-
docytosis by impairing the formation of coated vesicles from
clathrin-coated pits.2* " After a 1—24 h incubation with the
liposomes, the cells were washed with cold PBS(—) twice
and lysed in PBS(—) containing 0.2% Triton X-100 (Wako).
The fluorescence intensity of the Dil in the lysate was deter-
mined using a fluorophotometer (Hitachi F-4500, Tokyo,
Japan) with excitation and emission wavelengths at 545 and
570 nm, respectively. The protein concentration in the lysate
was determined by a protein assay (DC protein assay (Bio-
Rad, CA, US.A).

In Vitro Cytotoxicity Experiment IC;; of various
DXR-formulations was determined using an in vitro prolifer-
ation assay using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide (MTT) (Nacalai Tesque, Kyoto,
Japan).3? Briefly, 5.0X10? cells were plated in a 96-well
plate (Becton Dickinson, NJ, U.S.A.) and incubated with the
DXR formulation (free DXR, DXR-SL or DXR-SIL[anti-
MT1-MMP(Fab")] at different DXR concentrations, and di-
luted with complete medium, for 1 h at 37°C. After removing
the incubation mixture, the cells were washed twice with
cold PBS(—). Fresh medium was then immediately added
and the plate was incubated for an additional 47h at 37°C.
After removing the medium, 504l of MTT solution
(5 mg/ml) was added to each well. Following a 3—4 h incu-
bation, 150 1 of 40 mm HCl in isopropanol was added to dis-
solve any crystals formed in the well. The absorption of the
dissolved crystals was determined on a microplate reader at
590nm (Wallac1420 ARVOsx, PerkinElmer Life Science,
MA, US.A)). IC,, was defined as the concentration of DXR
encapsulated in the liposomes or the free form required to in-
hibit cells growth by 50%, compared to control wells without
any drug.

Confocal Laser Microscopy A 0.1ml aliquot of HT-
1080 cells suspension (5.0X10°cells/ml) was plated in a
glass base dish (35mm, Glass 12¢, Asahi Technoglass,
Tokyo, Japan). After pre-culturing for 24h at 37°C, the
medium was removed, and 0.1 ml of Alexa Fluor488 labeled-
anti-MT1-MMP mAb (20 pg/ml complete medium) prepared
with the Zenon Mouse IgG labeling kit (Invitrogen, OR,
US.A.) or 0.1 ml of SIL[anti-MT1-MMP(Fab')] (200 um in
complete medium) was then added to the dish, followed by
incubation for 1 or 12h at 37°C. After washing twice with
PBS(—), the cells were co-incubated with Syto24 (0.8 ul/
2 ml of compete medium, Invitrogen) or LysoTracker Yellow
(0.5 um, Invitrogen) for a period and then visualized using a
Zeiss confocal microscope equipped with an argon laser and
a HeNe laser at X20 or X 63 magnification (CarlZeiss, Jene,
Germany).

RESULTS

MT1-MMP Expression and Internalization on HT-1080
Cells The expression of MT1-MMP molecules on HT-1080
cells was evaluated by flow cytometry (FACS) (Fig. 1A). The
incubation of fluorescence (FITC)-labeled mAb with the
cells was performed at 4°C to avoid internalization/recycling
of MT1-MMP molecules. The FACS results showed that a
very tiny amount of anti-MT1-MMP mAb was bound to HT-
1080 cells, indicating that the level of MT1-MMP expression
was relatively lower. In contrast, the binding of mAb in-
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Fig. 1. MTI1-MMP Expression on HT-1080 Cells

(A) MTI-MMP expression on HT-1080 cells was evaluated by FACS following incu-
bation of the cells with fluorescent-labeled anti-MT1-MMP mAb for 1 h at 4°C. a, con-
trol; b, MT1-MMP on cell surface; ¢, Total MT1-MMP in cell. (B) Internalization of
mAb accompanied with MT1-MMP molecules was observed by confocal microscopy
following incubation of the cells with fluorescent-labeled anti-MT1-MMP mAb for 1 h
at 37°C. Inserted figure represents a lateral 3D perspective of the accumulated fluores-
cence intensity of all slices taken by confocal microscopy (L—R).

creased when the membrane permeability was increased, in-
dicating that a large number of MT1-MMP molecules was
pooled in the subcellular compartment of the cells. In addi-
tion, an experiment was carried out to determine if the anti-
MTI-MMP mAb can be internalizing accompanied with
MTI1-MMP molecules. The cells were incubated with mAb
at 37°C for 1h and then observed by confocal microscopy.
FITC coupled to the mAb was observed inside the cells (Fig.
1B), indicating that large number of the mAb had been inter-
nalized by HT-1080 cells within 1 h. Collated confocal sec-
tions of each stack also clearly showed the internalization of
the mAb (Fig. 1B, insert).

In Vitro Cell Binding/Uptake of Liposomes In the
range of lipid doses tested, the binding/uptake of fluores-
cence (Dil)-labeled targeted SL (SIL[anti-MT1-MMP(Fab’)]
by HT-1080 cells increased linearly with the lipid dose. In
contrast, that of Ab-free liposomes (SL) was relatively lower
at all lipid doses (Fig. 2A). The association of SIL[anti-MT1-
MMP(Fab’)] with HT-1080 cells could be competitively in-
hibited by approximately 40% by the addition of excess free
anti-MT1-MMP mAb, indicating that the association was
mediated through the MT1-MMP epitope on HT-1080 cells
(Fig. 2B). The association of SIL[anti-MT1-MMP(Fab')]
with HT-1080 cells increased linearly as a function of time
appeared to become saturated within 12 h. In contrast, that of
SL was undetectable up to 6 h and then began to increase lin-
early with incubation time, but this non-specific association
was significantly lower than the specific association (Fig.
2C). Temperature-dependency for the association of the lipo-
somes with HT-1080 cells was examined. In the case of SL,
no temperature-dependency was observed (0.08+0.03 vs.
0.07%£0.02). The enhanced association of SIL[anti-MT]1-
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Fig. 2. Binding/Uptake of Fluorescence (Dil)-Labeled Liposomes by HT-
1080 Cells

(A) Liposomes (SIL[anti-MTI1-MMP(Fab")] (@) or SL (O)) with various lipid con-
centrations were incubated with HT-1080 cells at 37°C for 2h. (B) SIL[anti-MT1-
MMP(Fab')] (100 um) was incubated with HT-1080 cells at 37°C for 1 h in the presence
or absence of an excess of free anti-MT1-MMP mAb. (C) Liposomes (SIL[anti-MT1-
MMP(Fab")] (@) or SL (O) (200 um)) were incubated with HT-1080 cells at 37°C for
indicated time period. The amount of liposome associated by the cells was determined
with fluorophotometry. Each result represents the mean=*S.D. of three independent ex-
periments.

MMP(Fab’)] observed at 37°C was dramatically reduced
at 4°C (1.55%0.01 vs. 0.75+0.08) (Fig. 3A), suggesting
that ATP are required for the uptake of SIL[anti-MTI1-
MMP(Fab")] by HT-1080 cells. Confocal microscopic pic-
tures clearly demonstrated the internalization of SIL[anti-
MT1-MMP(Fab’)] in HT-1080 cells as the anti-MT1-MMP
mADb was internalized (Fig. 3B). These findings indicate that
Fab’ coupled to liposomes triggers the internalization of lipo-
somes by HT-1080 cells, resulting in the rapid and enhanced
uptake of liposomes compared to Ab-free SL.
Internalization Pathway of SIL{anti-MT1-MMP(Fab’)|
in HT-1080 Cells In order to assess the mechanism in-
volved in the uptake of SIL[anti-MT1-MMP(Fab’)], HT-1080
cells were exposed to various inhibitors, which are known to
affect a specific endocytotic pathway, prior to incubation
with the liposomes. As shown in Fig. 4, pretreatment with
%PZ and cdx reduced the uptake of the targeted liposomes by
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Fig. 3. Temperature-Dependency on Binding/Uptake of Fluorescence
(DiI)-Labeled Liposomes by HT-1080 Cells

(A) Association of liposomes (SIL[anti-MT!-MMP(Fab’)] or SL) with HT-1080
cells was determined following 2 h-incubation at either 37°C (closed column) or 4°C
(open column). (B) Association of SIL[anti-MT1-MMP(Fab’)] with HT-1080 cells was
observed by confocal microscopy following a 2 h-incubation at 37°C. Red, SiL[anti-
MT1-MMP(Fab’)}]; Green, Syto24 (nuclear marker).
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. Fig. 4. Effect of Various Endocytic Inhibitors on Uptake of Fluorescence
(Dil)-Labeled SIL(anti-MT1-MMP(Fab’)] by HT-1080 Cells

Prior to incubation with SIL{anti-MT1-MMP(Fab")}, HT-1080 cells were pre-treated
at 37°C with the following endocytosis inhibitors: methyl-f-cyclodextrin (cdx, 1 um)
for 6 h, chlorpromazine (CPZ, 10 ug/ml) for 0.5 h, hypertonic concentration of sucrose
(0.45 m) for 0.5 h. The association of the liposome was then determined following 6 h-
incubation at 37°C,

approximately 40% and 60%, respectively. Exposure of the
cells to a hypertonic concentration of sucrose also strongly
inhibited the uptake of the targeted liposomes. Accordingly,
SIL[anti-MT1-MMP(Fab’)] seemed to be internalized into
HT-1080 cells through clathrin-dependent endocytosis and
caveolae. The intracellular distribution of SIL[anti-MT1-
MMP(Fab')] after internalization was visualized by confocal
microscopy. Confocal sections showed that SIL[anti-MT]1-
MMP(Fab')] was localized within the lysosomal compart-
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Fig. 5. Intracellular Distribution of Fluorescence (Dil)-Labeled SIL[anti-
MT1-MMP(Fab’)] in HT-1080 Cells

The intracellular distribution of SIL[anti-MT1-MMP(Fab')] in HT-1080 cells was vi-
sualized by using confocal microscopy following a 12 h-incubation. (A) Red, SIL[anti-
MT1-MMP(Fab")}; (B) yellow, LysoTracker Yellow (lysosome); (C) merged.

Table 1. Comparison of the Cytotoxicity of Various Liposomal Formula-
tions with DXR in HT-1080 Cells
Formulations IC,o (DXR um)
Free DXR 2.6+1.2
DXR-SL >300
DXR-SIL[anti-MT1-MMP(Fab’)] 37531

ment, as visualized with LysoTracker Yellow, after a 12 h-in-
cubation (Fig. 5).

Cytotoxicity of Doxorubicin (DXR) Formulations in
HT-1080 Cells The cytotoxicity of DXR, either free or
encapsulated in SL or SIL[anti-MT1-MMP(Fab’)], was ex-
amined (Table 1). After a 1h incubation, SIL[anti-MT1-
MMP(Fab')] showed an approximately 9-fold higher cytotox-
icity compared to non-targeted SL. This suggests that the
binding and/or internalization of the targeted liposomes con-
tribute to the increased cytotoxicity of the encapsulated
DXR. However, targeted liposomal formulation was signifi-
cantly less cytotoxic than the free drug in vitro. Additional
control experiments were conducted to exclude the possibil-
ity that the cytotoxic effect may have been due to either the
lipid, Fab’, or a combination of both. Free Fab' (18.6 ug),
drug-free SL (1.12mm phospholipids, 300 um DXR, if the
drug was encapsulated), and drug-free SIL[anti-MT1-
MMP(Fab')] (18.6 ug Fab’, 1.12mm phospholipids, 300 um
DXR if the drug was encapsulated) showed no cytotoxicity
{(data not shown).

Binding/Uptake of SIL[anti-MT1-MMP(Fab’)] on
HUVEC The association of SIL[anti-MT1-MMP(Fab")]

4v35ith HUVEC, a model of ECs, was also examined. A signifi-
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Fig. 6. Binding/Uptake of Fluorescence (Dil)-Labeled Liposomes by
HUVEC

Liposomes (SIL[anti-MT1-MMP(Fab’)] or SL (200 um)) were incubated with
HUVEC at 37°C for 24 h. The amount of liposome associated with the cells was deter-
mined by fluorophotometry. Each result represents the mean=+S.D. of three independent
experiments.

cant association was observed with the targeted liposomes,
whereas minimum association (under detection limit) was
observed with non-targeted liposomes (Fig. 6), suggesting
that the SIL[anti-MT1-MMP(Fab’)] targeted to MT1-MMP
may have the ability to selectively deliver the encapsulated
drugs to ECs in the tumor vasculature.

DISCUSSION

Immunoliposomes coupled with the Fab’ -of murine mAb
against MT1-MMP, SIL[anti-MT1-MMP(Fab')], selectively
bound to HT-1080 cells in a dose, time and temperature de-
pendent manner (Figs. 2, 3). This indicates that the lipo-
somes were internalized by the cells, along with the internal-
ization of the MT1-MMP epitopes, following binding to tar-
get cells through Ab-epitope interactions. Many studies have
shown that targeting immunoliposomal anticancer drugs to
-internalizing epitopes leads to the efficient entry of a drug
into target cells, resulting in an increased therapeutic ef-
fect.*> 37 Although MMP would be expected to be a molec-
ular target for preventing tumor metastasis, initial clinical
tests of broad spectrum-MMP inhibitors have been disap-
pointing.>® However, our results suggest that, in terms of an
epitope for drug delivery system, MT1-MMP is still a good
targeting epitope, in terms of achieving an increased selec-
tive delivery of anticancer drugs.

From the confocal microscopic study, the internalized
SIL[anti-MT1-MMP(Fab’)] ultimately accumulates within
the lysosomal compartment (Figs. 3B, 5). It would appear
that the internalization of SIL[anti-MT1-MMP(Fab')] pro-
ceeds through clathrin-dependent endocytosis and caveolae
(Fig. 4). This internalization mechanism is similar to that of
MTI1-MMP itself, as reported eartlier.'> ! It is assumed that
the gradual breakdown of the drug package within the endo-
cytic apparatus and the subsequent release of drug into cyto-
plasm may result in increased in vivo cytotoxicity.

In the case of a free drug, its large volume of distribution
and rapid redistribution quickly lower the plasma drug levels,
resulting in the exposure of target cells to only low drug lev-
els. In contrast, non-targeted SL is capable of delivering large
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amounts of a drug to tumor tissue due to an enhanced perme-
ability and retention (EPR) effect.’>*? However, because the
SL does not attach to vascular ECs, the uptake of the re-
leased drug by ECs would be low. If liposomes became at-
tached to vascular ECs via a non-internalizing epitope, high
local concentrations of a drug might be achieved at the outer
surface of target cells. However, only a fraction of the re-
leased drug might be delivered to the target cells, depending
on the rate of drug release and/or the rate of diffusion of the
released drug from the cell surface. Thus, targeting to an in-
ternalized epitope is required to deliver anticancer drugs to
vascular ECs. In this study, we were able to demonstrate the
selective binding and possibly the internalization of SIL[anti-
MT1-MMP(Fab’)] in HUVEC, a model of ECs (Fig. 6).
Since SIL[anti-MT1-MMP(Fab’)] has extensive opportuni-
ties to come into contact with ECs of angiogenic vessels be-
fore extravasation from the tumor vasculature due to the EPR
effect, formulations containing anticancer drugs may show
excellent antitumor activity by killing angiogenic blood ves-
sels and, indirectly, the tumor cells that these vessels support
(anti-angiogenic therapy).

The amount of MT1-MMPs expressed on membranes of
the HT-1080 cell line was relatively much lower than the
amount that was subcellularly localized in the cells (Fig. 1A). -
However, the binding/uptake of SIL[anti-MT1-MMP(Fab')]
increased with incubation time and dose, and became satu-
rated within 12 h (Fig. 2B). This might be due to the traffick-
ing of free MT1-MMP molecules pooled in the subcellular
compartment to the cell membranes. In addition, Wang et
al*V recently reported that MT1-MMP is internalized and
routed through the recycling pathway back to the cell surface
within 60min. This may also account for the relative higher
binding/uptake of targeted liposomes, in that the recycling of
once internalized MT1-MMP molecules accompanied by the
liposomes contribute to the further internalization of the lipo-
somes.

Tumor ECs are increasingly accepted as a valid target for
cancer therapy, since angiogenesis is a critical event for the
maintenance, proliferation and metastasis of tumors.*?43
MTI1-MMP expression has been reported to be correlated
with the invasiveness and malignancy of multiple tumor
types including lung, gastric, colon, breast, cervical carcino-
mas, gliomas, melanomas'® and ECs of the angiogenesis
vasculature.'”'® Therefore, SIL[anti-MT1-MMP(Fab')] con-
taining DXR may cause antitumor activity by the selective
killing of tumor endothelial cells and the destruction of the
tumor vasculature as well as killing tumor cells. Straubinger
et al.* clearly showed that a combination of multiple carriet-
based therapies followed by treatment with angiogenic agents
may represent an important and novel strategy for enhancing
the efficacy of antitumor treatments. In addition, Pastorino et
al.*? demonstrated that dual immunoliposomal formulations,
targeted to tumor cells via ligands against tumor-associated
antigens and targeted to the tumor vasculature via ligands
that are selectively directed against tumor endothelial cells,
have additive effects in a murine neuroblastoma model com-
pared with either therapy used alone, when used in combina-
tion in a temporal sequence. Since our immunoliposomes,
SIL[anti-MT1-MMP(Fab')], is capable of both tumor-tar-
geted and vascular-targeted therapies with a single liposomal
zilgticancer drug formulation, a therapeutic approach with this
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immunoliposomes may have further advantages. The poten-
tial for dual action induced by our immunoliposomes may re-
sult in a higher and more durable anticancer effect than a
strictly anti-angiogenic approach with a simple dosing
scheme.

The immunogenicity of therapeutic agents that are based
on murine mAb has been a major barrier to successful ther-
apy in humans because they evoke human anti-mouse Abs,
mediated in part by the Fc region of the molecule.*—® In
the case of immunoliposomes, this can result in an enhanced
removal of the liposomes by cells of the mononuclear phago-
cyte system via Fc receptors on macrophages.*~® Any de-
crease in the circulation half-lives of the liposomes due to
nonspecific uptake mechanisms will compromise their selec-
tive accumulation in target tissues. In this study, we em-
ployed an antibody fragment, Fab’ to overcome the general
limitation of immunoliposomes coupled with whole Ab. Re-
moval of the Fc domain will help the liposomes evade uptake
by Fc receptors on macrophages and reduce the immuno-
genicity of the liposomes. This approach would increase the
circulation time of the immunoliposomes and thereby in-
crease both the degree of tumor localization and the opportu-
nity to encounter ECs of the liposomes,*!*? when the lipo-
somes are intravenously injected.

In conclusion, sterically stabilized immunoliposomes tar-
geted to MT1-MMP that possibly delivers anticancer drugs
to both ECs in blood vessels and to tumor cells, with less-im-
munogeneicity and long-circulating properties ware pre-
pared. This liposome may be a useful anticancer drug-carrier
for a novel tumor treatment strategy.
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To characterize the protein expression profiles and identify the molecules associated with tumor angiogene-
sis, the cellular proteins of human umbilical vein endothelial cells (HUVECs) in response to cancer cell-condi-
tioned medium (CM) prepared from HT1080 human fibrosarcoma cells were analyzed using fluorescence-labeled
2D gel-based proteomics. Most differentially expressed proteins in HT1080-CM-stimulated cells were found to be
downregulated (88%) rather than upregulated (12%) based on statistical analysis of protein spot signals. Addi-
tionally, we examined the effects of vascular endothelial cell growth factor (VEGF), a proangiogenic factor, on
cellular protein expression. In contrast, most differentially expressed proteins were found te be upregulated
(59%) rather than downregulated (41%) in VEGF-stimulated HUVECs. Comparative analyses of 29 and 35 pro-
tein species identified in CM-stimulated and VEGF-stimulated HUVECsS, respectively, revealed the remarkable
differences between these two stimulations. Only four proteins were differentially expressed by both treatments:
annexin A2, enolase 1, and T-plastin (downreguiated by CM but upregulated by VEGF), and RAN (downregu-
Iated by both CM and VEGF). These findings provide new information regarding the regulation of protein

expression associated with tumor angiogenesis.

Key words: tumor angiogenesis; cancer cell-conditioned medium; proteomics; vascular endothelial cell growth factor; two-

dimensional difference gel electrophoresis

Angiogenesis, the development of neovessels from preex-
isting blood vessels, occurs in various pathologic conditions
such as diabetes, rheumatism, and cancer.” The processes of
turnor angiogenesis is initiated through activation of endothe-
lial cells (ECs) by proangiogenic factors:such as vascular
endothelial cell growth factor (VEGF) and basic fibroblast
growth factor (bFGF). Then, ECs degrade the extracellular
matrix (ECM) by secreting matrix metalloproteinases and
invade through the ECM. Eventually, ECs proliferate and mi-
grate to construct neovessels.? Tumor angiogenesis occurs
through complex processes based on the interaction of ECs
with surrounding cells such as tumor cells, fibroblasts, stro-
mal cells, and macrophages. Tumor endothelium modulates
the expression of various molecules such as VEGF receptor
and integrins.”

VEGF is-widely studied for understanding angiogenic
mechanisms.¥ VEGF-regulated cellular molecules have been
partially characterized by. DNA microarray” or proteomic
analysis using conventional two-dimensional electrophoresis
(2-DE).9 Because cancer cells produce multiple proangio-
genic factors and angiogenic inhibitors,” cancer cell-condi-
tioned medium (CM) rather than VEGF alone is expected to
induce changes in ECs more similar to actual tumor angio-
genesis in vitro. However, the cellular proteins associated with
CM-induced angiogenesis have not been well characterized.

The proteomic approach is a powerful tool to identify pro-
tein molecules useful for biomarkers or therapeutic targets
and to better understand protein—protein interactions.”™® Flu-
orescence-prelabeled two-dimensional difference gel elec-
trophoresis (2D-DIGE) can analyze multiple protein samples
in a single gel and it has higher sensitivity, reproducibility,
and quantitative accuracy than conventional 2-DE.”

In this study, we characterized the protein expression pro-
files and identified the protein molecules of human umbilical
vein endothelial cells (HUVECS) in response to stimulation

* To whom correspondence should be addressed.

e-mail: oku@u-shizuoka-ken.ac.jp

with CM prepared from the human fibrosarcoma cell line
HT1080 using 2D-DIGE and matrix-assisted laser desorp-
tion/ionization tandem time of flight mass spectrometry
(MALDI-TOF/TOF-MS). In addition, we conducted pro-
teomics using VEGF-stimulated HUVECs and analyzed the
difference between CM-induced and VEGF-induced changes
at the protein molecule level.

MATERIALS AND METHODS

Cell Culture and Preparation of CM HUVECs pur-
chased from Cambrex Corporation were cultured in endothe-
lial cell growth medium (EGM, Cambrex Corporation, Walk-
ersville, MD, U.S.A.). Human fibrosarcoma HT1080 cells
were cultured in RPMI 1640 medium supplemented with
heat-inactivated 10% fetal bovine serum. To prepare CM,
HT1080 cells were cultured to subconfluence, and then the
medium was changed to endothelial basal medium (EBM,
Cambrex Corporation). After incubation for 24 h, the culture
medium was collected, centrifuged at 500Xg for 10min,
filtrated to remove the cell debris, and used as CM for the
following experiments.

Cell Proliferation Assay - HUVECs (3X10%cells) were
seeded and incubated for 24h. After the medium was
changed to EBM (untreated) or HT1080-CM (treated), the
cells were further incubated for 48 h. Viable cell density was
determined with the crystal violet staining method: The
viable cells were stained with 0.1% crystal violet for 15 min.
After washing, the dye extracted with 33% acetic acid was
measured with absorption at 570 nm.

Tube Formation Assay Growth factor-reduced Matrigel
(BD Biosciences, San Diego, CA, U.S.A.) was added to 24-
well plates and incubated for 30 min. HUVECs (5X 10* cells)
were seeded in EBM (untreated) or HT1080-CM (treated) on
gBe matrigel-coated plates, and incubated for 18h. The mi-
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croscopic images were scanned using Penguin Mate software
(Pixera Corporation). The degree of tube formation was
quantified by measuring the tube length in six randomly cho-
sen fields using ImageJ software.

Sample Preparation for 2D-DIGE HUVECs were cul-
tured to subconfluence, and then the medium was changed to
EBM or HT1080-CM. The cells were further incubated for
24 h. In another experiment, HUVECs were cultured in EBM
with or without recombinant human VEGF,¢s (20 ng/ml, BD
Biosciences) for 48 h. After incubation, the respective cells
were harvested and solubilized with lysis buffer (7M urea,
2™ thiourea, 4% CHAPS, 30 mm Tris—=HCI (pH 8.5)) con-
taining complete protease inhibitor cocktail (Roche Molecu-
lar Biochemicals, Indianapolis, IN, U.S.A.). Those cell
lysates were centrifuged at 340,000Xg for 30 min to remove
insoluble materials, and the obtained supernatants were dia-
lyzed with a mini dialysis kit (GE Healthcare UK Ltd.) ac-
cording to manufacturer’s recommended protocol. Protein
concentration was determined with the Bradford protein
assay method (Bio-Rad Laboratories).

2D-DIGE 2D-DIGE was performed following the pro-
cedure as described previously.'? In brief, the extracted pro-
teins were fluorescently labeled with three cyanine dyes, Cy2
(a pooled sample as an internal standard (treated : untreated=
1:1)), Cy3 (untreated HUVECs), and Cy5 (CM- or VEGF-
treated HUVECS), respectively. The protein samples were in-
cubated for 30 min on ice, and then 10mMm of lysine was
added to each sample to quench the reaction. The labeled
samples were mixed and used for 2-DE. The first separation
was performed with the IPGphor system (GE Healthcare)
using IPG strips (pH3-10NL, 24 cm). The IPG strips were
rehydrated with CyDye-labeled samples at 20°C for 12h,
and isoelectric focusing (IEF) was performed to a total of
80kV h with IPGphor at 20°C. The IPG strips were equili-
brated for 15min in equilibration buffer (6 M urea, 30% glyc-
erol, 2% SDS, 50mM Tris~HCI (pH 8.8) and 10mg/ml of
DTT) and then for 15min in the same buffer containing
25 mg/ml of iodoacetamide instead of DTT. The equilibrated
strips were transferred onto 10% polyacrylamide gel and the
gels were electrophoresed.

Image Analysis The 2D-gel images were scanned using
a Typhoon 9400 scanner (GE Healthcare) and statistically an-
alyzed with DyCyder software (version 5.0; GE Healthcare).
Protein spots that had been abundantly changed above 1.5 or
below 0.67 between treated and untreated samples were de-
fined as picking proteins of interest.?)

Spot Picking and In-Gel Digestion For spot picking, a
large amount of protein samples (ca. 500 ug) without fluo-
rescent prelabeling was subjected to 2-DE, and the gel was
stained with DeepPurple (GE Healthcare). Protein spots of
interest were picked with Ettan Spotpicker (GE Healthcare).
The gel pieces picked were destained with 50 mm ammonium
bicarbonate/50% acetonitrile (ACN) and dehydrated with
ACN. Then, the dried gel pieces were treated with trypsin so-
lution (25 ng/ml) overnight at 37 °C. The digested peptides
were extracted from the gel pieces with 80% ACN/1% tri-
fuluoroacetic acid (TFA) and concentrated with vacuum cen-
trifugation.

MALDI-TOF/TOF-MS Analysis The peptide solutions
were desalted and concentrated with Zip-Tip C18u (Milli-
pore, Bedford, MA, U.S.A.). Then, the samples were mixed
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with a-cyano-4-hydroxycinnamic acid and applied onto tar-
get plates.- MS/MS spectra were obtained using Ultraflex
(Bruker Daltonics, Bremen, Germany) in reflector mode and
analyzed with flexanalysis software (Bruker Daltonics). Pro-
tein identification was carried out with Mascot software
against the database of the NCBI.

RESULTS

Proliferation and Tube Formation of HUVECs Stimu-
lated with CM We first examined the effect of CM on the
cellular proliferation and tube formation activities of ECs.
The HT1080-CM-treated HUVECs significantly proliferated
compared with untreated HUVECs (Fig. 1A), and acceler-
ated the formation of tube-like structures (Fig. 1B, C). These
results suggest that the molecular changes in HT1080-CM-
stimulated HUVECS can be expected to reflect the conditions
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Fig. 1. Effects of HT1080 Cell-Conditioned Medium on Cell Proliferation
and Tube Formation of HUVECs

(A) HUVECs were seeded (3X10cells) and incubated for 24 h. Afier the medium
was changed to EBM (control) or HT1080-CM, the cells were further incubated for
48 h. Then, the cells were stained with crystal violet and viable cell density was deter-
mined as described in Materials and Methods. Similar results were obtained at least
three times independent experiments. (B) HUVECs were seeded (5X 10* cells/well) on
matrigel-coated 24-well plates in EBM or HT1080-CM, and tube formation assay was
performed as described in Materials and Methods. Scale bar indicates 100 um. (C) The
tube length (um/field) was quantified with Image) software. Data indicate the
mean=*8.D,, and statistical analysis was performed with Student ¢-test. Significant dif-
ferences are indicated: * p<0.05; #* p<<0.01.
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of actual tumor angiogenesis to some extent.
Characterization of Protein Expression Profiles and

Identification of Differentially Expressed Proteins in Re-

sponse to CM Stimulation. We performed proteomic

Mw
(kDa)

100

68
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27

Fig. 2. Differentially Expressed Protein Profile in HUVECs Treated with
HT1080-CM

Untreated HUVECs (control) and HT1080-CM-treated HUVECs were solubilized,
and the extracted proteins were labeled with CyDye (Cy3: control, Cy5: HT1080-CM-
treated). Pooled sample (internal standard) was labeled with Cy2. Red spots show the
protein species upregulated in expression, and green spots show those downregulated in
expression by the treatment with HT1080-CM. Spot numbers correspond to those in
Table 1.
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analysis of HT1080-CM-treated HUVECs using 2D-DIGE to
characterize the expression profiles and identify protein
species associated with CM-induced angiogenesis. The 2D-
gel images of the cellular proteins are shown in Fig. 2.
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Fig. 5. Differentially Expressed Protein Profile in HUVECs Treated with
VEGF

HUVECs stimulated with VEGF (20 ng/ml) were lysed, and the extracted proteins
from the cells were labeled with CyDye (Cy3: control, Cy5: VEGF). Pooled sample
(internal standard) was labeled with Cy2. Red spots show proteins upregulated in ex-
pression, and green spots show those downregulated in expression by treatment with
VEGF. Spot numbers correspond to those in Table 2.
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Fig. 3. Mass Spectrometry Analysis of Tryptic Digests of Proteins of Interest

Peptide mass fingerprinting and MS/MS analysis were performed using MALDI-TOF/TOF-MS. Ion peak spectra matched the five peptide sequences of the tryptic digests from
spot number 25 in CM-treated HUVECs was detected (A) and MS/MS spectra of the precugg ion at m/z=1784.904 were shown (B).
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Table 1. Identified Proteins of HUVECs Markedly Changed in the Spot Signals by Treatment with CM
- Official ~ Spot Gl Fold ) Coverage L
Definition symbol? number® number change pl Mwe %) Classification
Annexin A2, isoform 2 ANXA2 16 18645167 0.57 7.57 38784 45 Signal
transduction
ARP1] actin-related protein | homolog A, centractin alpha ACTRIA 10 5031569 0.64 6.19 42703 45 Cytoskeletal
regulation
ATPase, H* transporting, lysosomal 70kD, V1 subunit A, ATP6VIA 2 15341906 0.66 5.35 68667 3 Channel
isoform 1
Chain B, a short peptide insertion crucial for angiostatic WARS2 7 42543731 0.49 6.41 44996 27 Protein
activity of human tryptophanyl-tRNA synthetase synthesis
Chain B, human glutathione S-transferase P1-1 Y49f mutant GSTPI 29 4699784 042 5.43 23577 30 Metabolism
Chain B, human heart L-lactate dehydrogenase H chain LDHB 17 13786848 0.53 5.72 36774 29 Glycolytic
enzyme
Chain H, Cys302ser mutant of human mitochondrial ALDH2 8 33357604 1.50 5.69 54859 44 Metabolism
aldehyde dehydrogenase complexed with Nad* and Mg?*
Chaperonin containing TCP1, subunit 2 . CCT2 6 5453603 0.64 6.01 57800 42 Chaperone
Chloride intracellular channel 4 CLIC4 20 7330335 0.54 5.45 28986 47 Channel
ENOI protein (enolase 1, alpha) ENOI 9 29792061 0.48 7.01 47487 24 Glycolytic
enzyme
Eukaryotic translation initiation factor 3, subunit EIF3S3 13 4503515 0.55 6.09 40079 50 Protein
3 gamma, 40kDa synthesis
Glutathione-S-transferase omega 1 GSTO1 21 4758484 0.42 6.23 27838 17 Metabolism
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) GAPDH 14 32891805 0.62 8.57 36204 23 Glycolytic
enzyme
KIAAO0098 (chaperonin containing TCP1, subunit CCTs 4 58257644 0.67 5.45 60664 39 Chaperone
5 [epsilon]) -
KIAAOQ158 (septin 2) SEPT2 11 40788885 0.65 6.05 42352 45 Unknown
Lamin A/C isoform 3 LMNA 1 27436948 0.63 8.55 70908 18 Structural
protein
Peroxiredoxin 6 PRDX6 27 4758638 0.54 6 25135 26 Antioxidant
enzyme
Phosphoglycerate mutase 1 PGAMI 22 38566176 0.46 6.67 28918 52 Glycolytic
enzyme
Porin 31HM (voltage-dependent aninon channel 1) VDACI 18 238427 1.64 8.63 30739 32 Channel
Proteasome (prosome, macropain) 26S subunit, non- " PSMD13 12 30583453 0.65 5.53 43181 44 Protein
ATPase, 13 degradation
Proteasome alpha 6 PSMA6 24 23110944 0.60 6.34 27846 25 Protein
degradation
Proteasome subunit HSPC PSMA7 23 4092058 0.65 8.6 28060 45 Protein
degradation
RAN protein (member RAS oncogene family) RAN 25 32425497 0.60 7.16 25381 22 Signal
transduction
Similar to triosephosphate isomerase 1 (LOC729708) 28 16877874 045 5.25 19038 33 Glycolytic
enzyme
T-plastin polypeptide (plastin 3 (T form]) PLS3 3 190028 0.66 5.73 64289 4. Cytoskeletal
regulation
TXNRDI (thioredoxin reductase 1) TXNRD1 5 49168498 0.56 6.07 55294 53 Antioxidant
enzyme
Ubiquitin carboxyl-terminal esterase L1 UCHLI 26 21361091 0.36 533 25156 29 Protein
degradation
Unknown 15 41472053 0.58 8.54 33672 29 Unknown
YWHAZ protein (tyrosine 3-monooxygenase/tryptophan YWHAZ 19 49119653 0.47 4.72 30103 31 Signal

5-monooxygenase activation protein, zeta polypeptide)

transduction

a) From NCBI Entrez Gene. b) Numbers corresponding to those in Fig. 2.

Among 3606 protein spots detected on the 2-D gel, 232 spots
were found to be differentially expressed between treated and
untreated samples by statistical analysis of protein spot sig-
nals using the Decyder program. Surprisingly, most differen-
tially expressed proteins in HT1080-CM-treated ECs were
downregulated (204 proteins, 88%) rather than upregulated
(28 proteins, 12%) in our proteomics. Among these, 29 pro-
tein species were successfully identified by MALDI-
TOF/TOF-MS analysis (Table 1, Fig. 3), and these could be
functionally classified into glycolytic enzymes, protein
degradation-related proteins, proteins involved in signal

¢) Molecular weight of protein.

transduction, and others (Table 1). Two identified proteins,
ALDH2 (related to metabolism) and voltage-dependent
anion channel 1 (VDAC1), were upregulated by HT1080-CM
treatment (Fig. 4), but all the others were downregulated. The
representatives of downregulated proteins and their func-
tional classification were: (1) enolase 1 (ENOI1, Fig. 4),
LDHB, GAPDH, PGAMI, and similar to triosephosphate
isomerase (glycolytic enzymes); (2) PSMDI13, PSMA®6,
PSMAY7, and UCHLI1 (protein degradation-related proteins);
(3) annexin A2 (ANXA2), RAN (Fig. 4), and YWHAZ (sig-
nal transduction-related proteins); and (4) PRDX6 and
53
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CM-Treated

Control

ENO1

ALDH2

VDAC1

Fig. 4. Representative Proteins Markedly Changed in Expression by
Treatment with HT1080-CM

Proteomic analysis was performed as described in the legend to as Fig. 2 and in Ma-
terials and Methods. The expression of ENO1 and RAN was decreased in CM-treated
HUVECs. Arrows indicate the protein spots of ENO1 and RAN.

TXNRDI1 (antioxidant enzymes).

Differentially Expressed Proteins in Response to YEGF
Stimulation We additionally analyzed the protein expres-
sion changes in HUVECs in response to VEGF stimulation
using 2D-DIGE (Fig. 5). Among 3,924 protein spots de-
tected, 159 proteins were found to be differentially expressed
between treated and untreated samples by statistical analysis,
and 94 protein spots (59%) were upregulated and 65 (41%)
were downregulated. Among these 159 protein spots, 35
species were identified by MALDI-TOF/TOF-MS (Table 2)
and these were functionally classified into proteins related to
cytoskeletal regulation, protein synthesis, RNA processing,
and signal transduction. The differentially expressed proteins
and their functional classification represented were: (1)
CALDI1, GSN, T-plastin (PSL3), and LASP1 (all upregu-
lated, cytoskeleton-regulating proteins); (2) EEF1B2, EEF1D,
EEF2, and EEF1A1L14 (all upregulated, protein synthesis-
related proteins); (3) ANXA1, ANXA2 and ANXAS (all up-
regulated), and RAN (downregulated) (signal transduction-
related proteins); (4) HNRPC, HNRPA1, RBMBA, and
SFRS3 (all downregulated, RNA processing); and (5) SDHA,
UQCRCI1, COX4NB, and ATP5H (all downregulated, mito-
chondrial electron transport system). In the identified pro-
teins, some of which are known to be associated with
angiogenesis induced by VEGF (HSP90, HSP70, EEF,
ENOI, etc.),” and others may be novel proteins associated
with VEGF-induced angiogenesis (LASP1, RAN, UQCRCI,
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etc.).

Comparison of CM-Induced and VEGF-Induced An-
giogenic Response in HUVECs Based on the data as
described above, the expression profiles of identified proteins
were compared between CM-induced and VEGF-induced
response in HUVECs. By statistical analysis of protein spot
signals using the Decyder software program, protein expres-
sion was predominantly suppressed (88%) rather than in-
duced (12%) by HT1080-CM stimulation, whereas the ex-
pression was predominantly induced (59%) rather than sup-
pressed (41%) by VEGF stimulation. As shown in Fig. 6, the
identified protein species in the CM-induced angiogenic
response were markedly different from those in the VEGF-
induced response. Among the total 60 protein species identi-
fied, only four species were either up- or downregulated in
both CM and VEGF stimulation (Fig. 6A). We did not find
the proteins upregulated by both CM and VEGF stimula-
tion (Fig. 6B), but RAN was found to be downregulated by
both stimulations (Fig. 6C). There was no protein upregu-
lated by CM and downregulated by VEGF (Fig. 6D), while
three proteins (ANXA2, ENO1 (Fig. 4), and PSL3) were
found to be downregulated by CM but upregulated by VEGF
(Fig. 6E). '

DISCUSSION

Angiogenesis is a critical event for tumor growth and
hematogenous metastasis,” and VEGF has been well charac-
terized as a regulator of angiogenesis.” However, the VEGF
stimulation of ECs as an angiogenic model is not thought to
reflect the condition of actual tumor angiogenesis. The CM
stimulation of ECs is probably a better cellular model for
tumor angiogenesis, because cancer cells produce several
proangiogenic factors and inhibitors.? The CM prepared
from HT1080 fibrosarcoma cells enhanced the cell prolifera-
tion and tube formation mimicking the tumor angiogenesis
processes.

To our knowledge, this proteomic study is the first demon-
stration that (1) HT1080-CM predominantly induced the
downregulation rather than the upregulation of protein ex-
pression in HUVECS; (2) the identified proteins of ECs stim-
ulated with CM were considerably different from those stim-
ulated with VEGF; (3) two proteins, ALDH2 and VDACI,
were upregulated by CM in their expression; (4) three pro-
teins, ANXA2, ENOI1, and PLS3, were downregulated by
CM, but upregulated by VEGF in their expression; and (5)
no proteins were found to be upregulated by both CM and
VEGF stimulation, but the downregulation of RAN by both
was detected.

ALDH2 is a member of the aldehyde dehydrogenase fam-
ily and is involved in the oxidative pathway of alcohol
metabolism. The relationship between alcohol metabolism
and cancer progression has previously been well studied, and
the acetaldehyde plays a critical role in field cancerization.'?
Recently, Chen et al. have reported that an inhibitor of alde-
hyde dehydrogenase, disulfiram (DSF), induced apoptosis in
breast cancer cells and suppressed tumor growth.'” In this
study, ALDH2 expression was found to be upregulated by
treatment with HT1080-CM but not with VEGE. Inhibition of
ALDH2 enzyme activity by certain therapeutic agents may be

5‘ifef“] for the suppression of cancer-mediated angiogenesis.
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Table 2. Identified Proteins of HUVECs Markedly Changed in the Spot Signals by Treatment with VEGF
. fficial t I verage P
Definition s())'mbol”’ nuifl())e » nuﬁber d};:]::e pl Mw® Co(%) 8 Classification
ACTB protein (actin, beta) ACTB 15 15277503 1.59 5.55 40542 41 Cytoskeletal regulation
Aldehyde dehydrogenase 1 ALDHIAl 11 2183299 0.65 6.3 55438 19 Metabolism
Annexin 5 ANXAS 22 4502107 1.78 4.94 35972 23 Signal transduction
Annexin A2, isoform 2 ANXA2 24 16306978 1.51 7.57 38826 23 Signal transduction
Annexin | ANXAL 19 4502101 1.53 6.57 38922 36 Signal transduction
Caldesmon 1 isoform 2 CALDI 4 4826657 1.56 6.18 62683 38 Cytoskeletal regulation
Catalase . CAT 10 4557014 0.61 6.9 59951 17 Antioxidant enzyme
Chain A, triosephosphate isomerase (Tim) 27 999892 1.51 6.51 26812 45 Glycolytic enzyme
(EC 5.3.1.1) complexed with 2-
phosphoglycolic acid
EH-domain containing protein 2 EHD2 8 57015322 1.67 595 61184 18 Unknown
Enolase 1 ENOI 13 4503571 2 7.01 47487 34 Glycolytic enzyme
Eukaryotic translation elongation factor 1 EEF1B2 21 4503477 1.69 4.5 14922 27 Protein synthesis
beta 2
Eukaryotic translation elongation factor 1 EEFID 18 25453472 1.58 49 31219 26 Protein synthesis
delta isoform 2 (guanine nucleotide exchange
protein)
Eukaryotic translation elongation factor 2 EEF2 1 4503483 1.53 6.41 96246 31 Protein synthesis
Gelsolin isoform b GSN 3 38044288 1.86 5.58 80876 19 Cytoskeletal regulation
Heat shock 70 kDa protein 8 isoform 1 HSPAS 5 5729877 1.71 5.37 70186 42 Chaperone
Heat shock 90 kDa protein 1, beta HSP90AB1 2 20149594 1.52 497 83554 44 Chaperone
Heterogeneous nuclear ribonucleoprotein HNRPAL1 22 4504445 0.66 9.27 34291 35 RNA processing
Al isoform a :
Heterogeneous nuclear ribonucleoprotein C HNRPC 16 4758544 0.63 5.1 32005 27 RNA processing
isoform b
LIM and SH3 protein 1 LASPI 20 5453710 1.56 6.61 30104 28 Cytoskeletal reguration
MDS014 (RNA binding motif protein 8A) RBMSA 34 10197630 0.57 6.46 18264 31 RNA processing
My032 protein (ATP synthase, H* transporting, ATPSH 30 12002006 0.65 6.6 15821 70 Mitochondrial
mitochondrial FO complex, subunit d) electron transport chain
Neighbor of COX4 COX4NB 29 5174615 0.52 5.92 24222 31 Mitochondrial electron
transport chain
Peroxiredoxin 1 PRDX1 31 4505591 1.64 8.27 22328 42 Antioxidant enzyme
RAN protein (member RAS oncogene family) RAN 28 32425497 0.61 7.16 25381 30 Signal transduction
Similar to Homo sapiens mRNA for KIAA0120 32 9956026 1.6 8.41 24438 84 Unknown
gene with GenBank accession number D21261.1
Splicing factor, arginine/serine-rich 3 SFRS3 35 4506901 0.64 11.64 19318 24 RNA processing
Succinate dehydrogenase complex, subunit SDHA 7 4759080 0.6 7.06 73687 30 Mitochondrial electron
A, flavoprotein precursor transport chain
TALDOI1 protein (transaldolase 1) TALDOI1 17 17511894 1.57 6.36 37690 27 Pentose phosphate
pathway
TKT protein (discoidin domain receptor DDR2 6 31417921 1.61 8.02 50543 35 Pentose phosphate
family, member 2) pathway
T-plastin polypeptide (plastin 3 [T form]) PSL3 9 190028 1.93 5.73 64289 46 Cytoskeletal regulation
TPM4-ALK fusion oncoprotein type 2 25 10441386 1.93 4.77 27571 23 Cytoskeletal regulation
TPMsk3 (tropomyosin 3) TPM3 26 19072649 1.84 4,72 28908 23 Cytoskeletal regulation
Transgelin 2 TAGLN2 33 4507357 1.84 8.41 22377 84 Unknown
Translation elongation factor 1 alpha 1-like EEF1A1L14 12 15277711 1.56 9.1 50457 23 Protein synthesis
14
Ubiquinol-cytochrome c reductase core protein1  UQCRCI 14 46593007 0.58 5.94 53281 8 Mitochondrial electron

transport chain

a) From NCBI Entrez Gene. b) Numbers corresponding to those in Fig. 5.

VDACI, an outer membrane protein of mitochondria, is a
small and abundant pore-forming protein thought to form the
major pathway for the movement of adenine nucleotides
through the mitochondrial membrane. This protein is also
known as a receptor for plasminogen kringle 5, which in-
duces apoptosis of endothelial cells and regulates angiogene-
sis."” The direct relationship between VDAC1 and angiogen-
esis, however, is still unclear. Since HT1080-CM-stimulated
endothelial cells highly express VDACI as well as malignant
cells,'” it might be a candidate as an effective target for can-
cer therapy.

¢) Molecular weight of protein.

ANXAZ2 is a member of the calcium-dependent phospho-
lipid-binding protein family and known to play a role in the
regulation of cellular growth and signal transduction. The ex-
pression of ANXAZ2 is known to be upregulated in various
types of cancers such as pancreas, breast, and brain' and in
tumor vasculature,'® whereas its expression was downregu-
lated in prostate cancer.!” Since our results showed that
ANXA2 expression was downregulated by HT1080-CM but
upregulated by VEGE, HT1080-CM treatment may cause a
response similar to prostate cancer. ANXA2 is also a cell

5sSurface receptor for angiostatin, which is a potent endoge-
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Fig. 6. Comparative Analysis of Protein Molecules in CM-Induced and
VEGF-Induced Angiogenic Response

(A) Total 60 differentially expressed proteins; (B) proteins upregulated by both CM
and VEGF stimulation; (C) those downregulated by both; (D) those upregulated by CM
and downregulated by VEGF; (E) proteins downregulated by CM but upregulated by
VEGF treatment. Numbers of the overlapping circles in the Venn diagrams shows the
number of protein species differentially expressed in both types of stimulation.

nous angiogenesis inhibitor.'® It was reported that angio-
statin can suppress tumor growth and metastasis in various
cancers.'*?? It is possible that the downregulation of ANXA2
expression by HT1080-CM promotes CM-induced angiogen-
esis through the suppression of the effect of angiostatin.

ENOI is a glycolytic enzyme and has been found to bind
to an element in the c-myc promoter. Recently, it has been re-
ported that ENO1 suppresses prostate cancer cell growth and
induces neuroblastoma cell death.2"?? Hence the downregu-
lation of ENOI1 induced by HT1080-CM might promote en-
dothelial cell growth.

PLS3 is a member of an important actin-filament cross-
linking protein family and controls cell motility by the main-
tenance of the actin cytoskeleton. This protein enhances actin
base cell movement mediated by the Wiskott/Aldrich-sym-
drom protein (WASP).2» Since WASP plays an important
role in endothelial cell movement,?” PLS3 might be associ-
ated with cellular motility during the HT1080-CM-regulated
angiogenic response.

RAN is a small GTP-binding and Ras-related nuclear pro-
tein with an important role in the transport of RNA and pro-
teins through the nuclear pore complex. This protein posi-
tively regulates the nuclear localization of PTEN, one of the
important tumor-suppressor gene products, and nuclear
PTEN is known to enhance apoptosis.?® PTEN negatively
controls the Akt signal-transduction pathway and is also
closely associated with angiogenesis.?® Downregulation of
RAN by CM and VEGF might suppress the nuclear translo-
cation of PTEN and promote angiogenesis.

In addition to these proteins, we identified some functional
protein molecules that may be involved in CM-induced an-
giogenic response, such as glycolytic enzymes, protein

Vol. 30, No. 12

degradation-related proteins, and antioxidant enzymes.
Among them, UCHLI, which plays a role in proteasomal
protein degradation, was reported to be reduced in metastatic
melanoma and showed inhibitory effects on the metastasis of
melanoma.?”

As mentioned above, the differential expression of
ALDH2, VDACI1, ANXA2, ENOI, PLS3, RAN, etc. in
HT1080-CM-induced angiogenesis seems to be associated
with cancer cell-mediated angiogenesis. Thus our data pro-
vide new information regarding the regulation of protein ex-
pression associated with tumor-induced angiogenesis and
will be helpful in understandmg the molecular mechanisms
of tumor angiogenesis.
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Abstract

We earlier reported that PEGylated liposomes lose their long-circulating property when they are administered twice in the same animal within
certain intervals. We recently proposed that anti-PEG IgM elicited by the first dose PEGylated liposomes selectively binds to the surface of a
- second dose, subsequently leading to substantial complement activation and complement-receptor mediated uptake of the second dose by hepatic
Kupffer cells. In this study we found, by using a single-pass liver perfusion technique, that the first dose does not increase the intrinsic phagocytic
activity of the Kupffer cells. It was also found that only serum obtained from rats that had received a first dose is able to enhance the hepatic
uptake of test dose. The conditioned-serum-dependent hepatic uptake was completely abolished by pre-treatment of the serum at 56 °C for 30 min,
which inhibits the complement activity. Conclusively, our results strongly support our earlier proposal that complement activation caused by anti-
PEG IgM elicited by the first dose is a major cause of the initiation of the accelerated blood clearance of a subsequent dose PEGylated liposome in

the ABC phenomenon.
© 2007 Elsevier B.V. All rights reserved.

Keywords: Accelerated blood clearance (ABC) phenomenon; PEGylated liposome, Polyethylene glycol (PEG); Liver perfusion; Complement system

1. Introduction

PEGylated liposomes, which have long-circulating proper-
ties, have been.amply used as a drug carrier to improve the
circulation lifetime of entrapped therapeutic agents [1]. It is
believed that the PEG on the surface of liposomes, providing a
steric barrier against the attachment of plasma proteins such as
opsonins and recognition by the cells of the mononuclear
phagocyte system, in turn, results in a decrease in the rate of
clearance of the liposomes from blood circulation {2]. However,
we and other researchers have observed that the first dose

Abbreviations: ABC, accelerated blood clearance; CHOL, cholesterol;
HEPC, hydrogenated egg phosphatidylcholine; mPEG2goo-DSPE, 1,2-distear-
oyl-sn-glycero-3-phosphoethanolamine-n-[methoxy(polyethylene glycol)-
2000]; PEG, polyethylene glycol.

* Corresponding author. Tel.: +81 88 633 7259; fax: +81 88 633 9506.

E-mail address: hkiwada@ph.tokushima-u.ac.jp (H. Kiwada).

0168-3659/$ - see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.jconrel.2007.11.009

PEGylated liposomes cause a second dose, injected several days
later, to lose its long-circulating properties and to accumulate
extensively in the liver in mice, rats and rhesus monkeys
(referred to as the “accelerated blood clearance (ABC)
phenomenon”) [3—6]. Based on our recent studies [7-9], we
proposed the following tentative mechanism for the induction of
the ABC phenomenon: anti-PEG IgM, produced by the spleen
in response to the first dose, selectively binds to the PEG chains
on a second dose administered several days later, and
subsequently activates the complement system, one of the
major opsonins [10-12], and enhances uptake of the second
dose by the Kupffer cells [3,5,13].

Two phases can be distinguished in the ABC phenomenon
[5,8]: the induction phase, following the first injection, during
which the immune system is primed [reflected in the production
of anti-PEG IgM], and the effectuation phase, following the
second injection, during which the PEGylated liposomes are
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rapidly cleared from the blood circulation [reflected in enhanced
uptake by Kupffer cells]. Earlier studies indicated that Kupffer
cells are at least partly responsible for the effectuation phase
[3,5,9]. Thus, it is tempting to assume that liver macrophages
acquire the ability to recognize and avidly take up PEGylated
liposomes as the ABC phenomenon developed.

Therefore, in this study we investigated the issue of whether the
injection of PEGylated liposomes increases the intrinsic, opsonin-
independent, phagocytic activity of the Kupffer cells. Furthermore,
we addressed the issue of whether the complement activation
synergistically enhances the uptake of the second dose, resulting in
a further increase in Kupffer cell-mediated liver uptake. To that end
we employed a single-pass liver perfusion technique [14-16],
because this method allows us to evaluate the issues under
conditions at which the influence of serum is included or excluded.

2. Maferials énd methods
2.1. Materials and animal

Hydrogenated egg phosphatidylcholine (HEPC) and 1,2-
distearoyl-sn-glycero-3-phosphoethanolamine-n-[methoxy(poly-
ethylene glycol)-2000] (mPEG,00-DSPE) were generously
donated by Nippon Oil and Fat (Tokyo, Japan). Cholesterol
(CHOL) was of analytical grade (Wako Pure Chemical, Osaka,
Japan). All lipids were used without further purification. *H-
Cholesterylhexadecy! ether (®*H-CHE) was purchased from
PerkinElmer Japan (Yokohama, Japan). All other reagents were
of analytical grade.

Male Wistar rats (250-300g) were purchased from Japan
SLC (Shizuoka, Japan). All animal experiments were evaluated
and approved by the Animal and Ethics Review Committee of
the University of Tokushima.

2.2. Preparation of liposomes

PEGylated liposomes, composed of HEPC:CHOL:mPEG;g00-
DSPE (1.85:1.0:0.15 molar ratio), were prepared as previously
described [6]. The mean diameter of the prepared liposomes was
determined by using a NICOMP 370 HPL submicron particle
analyzer (Particle Sizing System, CA, USA). The concentration
of phospholipid was determined by colorimetric assay-[17].

2.3. In situ a single-pass liver perfusion study

Rats had received an intravenous injection of PEGylated
liposome (0.001 pmol/kg) or HEPES-buffered saline (pH 7.4)
5 days before were being subjected to the liver perfusion study
described in the following. Perfused liver was prepared
according to the method reported previously [14—16]. After a
stabilization period of 10 min perfusion with Krebs—Ringer
solution (pH 7.4) at a rate of 20 ml/min, radiolabeled test-dose
PEGylated liposomes (4 mM in 7 ml of HEPES-buffered saline
or serum) were infused via the portal vein at a constant rate
(1 mV/min) for 7 min, following incubation with HEPES-
buffered saline or serum at 37 °C for 15 min. Aftera 3-min wash
with liposome-free perfusate, the liver was removed and
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Fig. 1. Hepatic uptake of radiolabeled test-dose PEGylated liposomes in a
single-pass liver perfusion. PEGylated liposomes (0.001 pmol phospholipids/
kg) or HEPES-buffered saline was intravenously injected into rats. Five days
later, a single-pass liver perfusion was carried out with pre-treated rats, using
differently prepared radiolabeled test dose PEGylated liposomes. Open columns
represent livers of rats (n=4-5) that had received HEPES-buffered saline. Filled
columns represent livers of rats (n=4-5) that were pre-dosed with PEGylated
liposomes. (A) test-dose liposomes were incubated with HEPES-buffered saline.
(B) test-dose liposomes were incubated with serumn from rats that had only
received HEPES-buffered saline. (C) test-dose liposomes were incubated with
serum from rats pre-dosed with PEGylated liposome. Each value represents the
mean+S.D. of 4 or 5 separate experiments. * p<0.05.

weighed, and the radioactivity in whole liver was measured
according to the method reported previously [18]. The uptake of
liposomes was expressed as extraction (the percentage uptake of
liposomes by the liver). Satisfactory liver viability was assessed
on the basis of a bile flow rate >1 ul/min/g liver. Four to five
rats were used in each group.

2.4. Statistics

All values are expressed as the mean+S.D. Statistical
analysis 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 and discussion

3.1. Effect of pre-dose of PEGylated liposomes on the intrinsic
phagocytic activity of liver macrophages towards test-dose
PEGylated liposomes

To study the effect of pre-dose PEGylated liposomes on the
intrinsic phagocytic activity of liver macrophages, we perfused

8rat livers with a pre-dose PEGylated liposomes (0.001pmol



