ifenprodil. These observations indicate that PSA and PSA-
NCAM interact with the NR2B containing NMDA receptors.
However, in the hippocampus, synaptic NMDA receptors
contain NR2A and extrasynaptic NMDA receptors contain
NR2B (47), which causes loss of mitochondrial membrane
potential (an early marker for glutamate-induced neuronal
damage) and cell death. These results raise doubt about
whether the effect of PSA-NCAM on NR2B is involved in
synaptic plasticity. On the other hand, a report found that
post-synapses contain NR2B, which affects the induction
of LTP in the amygdala which receives projections from the
hippocampus (48). Therefore, also in the hippocampus, the
effect of PSA-NCAM on NR2B may be directly involved in
NMDAR-dependent LTP.

PSA expressed dependent on ST8Sia IV is necessary
* for the induction of LTP and LTD in the CA3-CA1 synapse of
only adult mice (more than 4 weeks old) (43). The abundant
expression of ST8Sia II in newborn mouse brain shifts toward
a prominent expression of ST8Sia IV in the adult brain (49).
This expressional shift might affect differences between

juveniles and adults concerning the acquirement of synaptic -

plasticity.
Furthermore, previous reports have shown the
“involvement of PSA-NCAM in higher neural plasticity.
In a fear-conditioning test suitable for observations of
emotional stress (45), the injection of PSA-NCAM-Fc into
the hippocampus in vivo resulted in a reduction of freezing
time when the mice entered a room where they had previously
received footshocks (contextual learning). On the other hand,
NCAM-deficient mice have a disturbed contextual memory.
The mice received an injection of PSA-NCAM-Fc or NCAM-
Fc into the hippocampus, resulting in an extension of or no
effect on the freezing time, respectively. As these effects of
PSA-NCAM do not occur following an injection into the
amygdala, an adequate dose of PSA in the hippocampus
seems to be involved in emotional stress. The suprachiasmatic
nuclei (SCN) of the hypothalamus contain an endogenous
circadian clock that maintains synchrony with the external
environment through light input and express PSA-NCAM. In
rat brain slices recorded for 3 days, the mean firing frequency
of SCN neurons was recorded-as a sinusoidal curve over a 24
hour period with a peak at midday, resembling the circadian
rhythm, and treatment of the slices with glutamate produced
light-like shift of 3 hours in the circadian rhythm (54). On
the other hand, in NCAM-180-deficient mice, circadian
rhythmicity was abolished, resulting from a determination
based on activity in darkness (55). Furthermore, treatment
with Endo-N in the SCN disturbs the light-like shift caused
by glutamate (53). These results suggest that PSA affects
circadian rhythm and is also relevant to synaptic plasticity
via glutamate stimulation. Additionally, several reports have
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MNR2ZBICIERTAZ &b h o T &7 (46), MBS
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Za—a DY F7ANMDAR X NR2A Thh, ¥+ 7A4
NMDAR #*NR2B TH 5 L W IBENH B I & @47). 8612,
NR2B HEM 7V ¥ I YEERIBIC L MR 2 H0RI$ 2 2 &
5. NR2B # /- L 72 PSA-NCAM DR Y + 7 AT BHICH
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ENTz48) TN, CAl ¥ F TAIIBWTH NR2B #A-L
72 NMDAR-dependent LTP #5%#E L, PSA % PSA-NCAM 7%
ELTwaTEREIBREINLTWS, 4
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ONTST8Sia IV ORERICBIATTHZILICRBENTWE LR
bihs 49, Thbb, VY F 7 ATBUOEE FEILEEE
LRBHOMTERZY, PSAOBDLHFITLTHEEX S
N5,

E 512 PSA-NCAM 22V T H. BROFBZITEE~DY
52RRT2HEND D, AT, FBRA L AOBRICHE
LI2BWEHRITA PV AREZ 27 AOEER, PSA-
NCAM-Fc 2FA L%, BRY 3 v /7 2RI LHBERCBY
ANB L freezing BEVHEMET 5, £D—HF T, NCAM R
TR LD L freezinig BEEIAYE . #HIZ PSA-NCAM-
Fc 2V EAT 3 L freezing BV ER T 555, NCAM-Fc Tii%)
B, TNIZEEICB T A PSABDORED, BBHA L
A LTWABILERLTWVD, SHIEBHRE~ADEA
T freezinig BFRIICEEZ 52 2w 05, BEREICERDY
RUFTTATBEROBREREE R LTV EEZ LN (45),
F/2PSAEE, Y—I T4 TV XLDBBIIFSE LTS
ZETHOLN TV 5 (53), HHIRTHHMAERX L (SCN) 2%, 5}
RAPLOHBEELXSIINAI LIV Y- T4 7y X
LADERMPEL B, In viro SCN A 54 A LRHBEEF ANL
. BABBEEVPEZHMB*H B H -0 (A
EVERHBEH LRV H - HRRH (R »ok 5,
UBEHOBE) XL EBLNL (3HBEEFERD) XA % &
Et)e FLTRBICINY I VB HRETHE, BHICES
hWABEBROY~ 7 D 3BHBHETAEINLN T3 (54),
NCAM-180 R&E~ 7 A Tid, HARMICBIT 2 EEEEO I X
LFFEFALLEL A2 L (BBHIIER. BEIES) "B
PITD (55). SHICIESCNATARZBIATIAVY I Ve
R L2 EEHY - 2 0 3EMBHEIS, Endo-NLEIZ LY
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proposed effects of PSA on neural plasticity via neuronal
hormones: lactation by stimulation with oxytocin in supraoptic
nuclei of the hypothalamus (56), estradiol-induced increase
in the number of GABAergic axo-somatic synapses in the
arcuate nucleus of the hypothalamus (57), and developmental
migration of neurons expressing luteinizing hormone-
releasing hormone (LHRH) (58) and so on. Other reports have
also suggested that PSA has relevance to neuronal diseases
' including epilepsy (59, 60), heroin addiction (61), and the
proliferation of neural stem cells (62).

D. HNK-1

The carbohydrate HNK-1 is carried by glycolipids
and glycoproteins including the immunoglobulin (Ig)
superfamily (NCAM, PO, L1, and F3/F11/contactin), integrin,
proteoglycans, and the extracellular matrix giycoproteins
(tenascin-C, -R). HNK-1 is involved in neural development
and synaptic plasticity through the mediation of cell-cell
recognition. HNK-1 is a sulfated trisaccharide (HSO,-
3GlcAB1-3Galf1-4GlcNAc) and two glucuronyltransferases
(GIcAT-P, GIcAT-S) and one sulfotransferase (HNK-1ST)
are involved in its biosynthesis. Studies have been conducted
with GIcAT-P and HNK-1ST deficient mice to know whether
HNK-1 is involved in neural plasticity (63,64). Deficiencies
of both GIcAT-P and HNK-1ST resulted in an inhibition of
LTP in the CA3-CAl synapse, suggesting the involvement of
HNK-1 in synaptic plasticity. The molecular mechanism of
LTP via HNK-1 needs to be analyzed in more detail. On the
other hand, it has been reported that the application of anti-
HNK-1 antibody induced an increase of LTP and decrease of
- GABA, receptor-mediated pIPSCc (perisomatic inhibitory
postsynaptic currents) in CA3-CA1l synapses (65). HNK-1
antibody did not affect pIPSCs in knock-out mice deficient
in tenascin-R, but did affect them in NCAM-deficient mice.
These results provide evidence that HNK-1 carried by
tenascin-R is involved in channel permeability of GABA,
receptor at least in some hippocampal neurons.

E. Fuca(1-2)Gal .
Fucose-a(1-2)-galactose [Fuca(1-2)Gal], which
exists as a terminal carbohydrate modification to N- and
O-linked glycoproteins, has been implicated in learning and
memory (66,67). 2-deoxy-D-galactose (2-dGal) prevents the
formation of Fuca(1-2)Gal linkages by incorporation of the
drug into glycan chains, reversibly. On injection of 2-dGal
into the rat intra vein, STP and LTP which should be induced
by high frequency stimulation are interfered with in the EC-
DG synapse (perforant pathway) and CA3-CA1 synapse
(Schaffer collateral) (68). Also, the injection of an antibody
(A46-B/B10) recognizing the Fuca(1-2)Gal epitope impaired
the retention performance of rats in a relearning session with
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D. HNK-1

HNK-1 ##id. BEZEHL VL, 1vAa/707Yy v (g
A—=73—7 7 31— (NCAM, PO, L1, F3/F11/contactin) ®° 1 >~ 7
Fyyr,FarFs)a v #Egst< k) 2 A tenascin-C, tenas-
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. N-7TEFNT 7 M I VBEDERTRBICHFEET LY
SOV AREBIIINVI UV BEEEETA 2B VIO Y
BRERTEEESE (GICAT-P, GIcAT-S) LB E Z B T A HiEs L &
BE#E (HNK-1ST) L hEMS N, 3H4E GIcAT-P £ HNK-1ST
D)y 7T RNITABERS N, Y FTATE®IZOWT
LN TWD, FIZ CA3-CAl ¥ F T RIZBITS LTP DH
HAPEEES N, HNK-1 DV F 7 ATEBE~NOBFSSREE N
7z (63.64) TOLTP~DHEEIIETIFFAHI =X L34S
BOBITEFOLIATH S, LA L%ud S, HNK-1HiED,
CA3-CAl VF+7ADLTP 2 LR €5 L }IZ, GABA, % -
BEHRERD pIPSC DIRIEL BT S €L HEDFH 2 (65)0 =D
pIPSCiZ, NCAMRET T ABETH., HFER L FFICHE
BN7=A5, tenascin-R REVUAEETIRBI bdh ol =
i, tenascin-R IS E 7z HNK-1 4%, 72 &6 —8D
H#E= 21— 0D GABA, ZFEEADOF v 2 IVEENICHbD- T
VAREETL TV, '

E. Fuc o« (1-2)Gal .
Fuc a (1-2)Gal i3, N-HE&H, O-HEHES VI ED
BHOKMICHAMSh, FERBICHEDLL LA UFL DR
BN T &7 (66,67)0 2-deoxy-D-galactose (2-dGal) X, FETD
Fuc a (1-2)Gal BEFB 2 BETHIAETH I, Az idbo»
COBBEHEALLT v M DREEIRIC 20 4 mol 2-dGal FEA 30
1. EC-DG ¥+ 7R (B@#M#EE) RU CA3-CAl >+ 7
A (Yr 77— CEEERBEBI oL A, STP
OHFPBREIN, FOBRDBM Q0 4 mol) iIZ2& ), LTP D
FEIMA SNz (68)0 /2 Fuc a (1-2)Gal T¥ b — 7% k%
5 AHifk (A46-B/B10) ZEEHNICEAR EBIA } L 25F (B
BHO) BERTIICALE 7y Mo a v 7 DFFEINS passive
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passive avoidance, which is a method of determining the
effect on learning of an uﬂpleasant stimulus [When rat enters a
dark alley, rat is punished by footshocks despite preference for
dark](69). Many reports implicate Fuca(1-2)Gal in amnesia
with behavioral analyses. -

Finally, it was recently clarified that the carrier of
Fuca(1-2)Gal is synapsin Ia and Ib (70). The A46-B/B10
antibody recognizes synapsin. The addition of 2-dGal to cells
prevents the fucosylation of synapsin, resulting in synapsin’
s degradation mediated by the calcium-dependent protease
calpain. The de-fucosylation changes the cellular half-life of
synapsin from 18 to 5.5 hours.

Synapsin tethers synaptic vesicles to the actin
cytoskeleton. An increase of [Ca**i activates PKA (protein
kinase A) and CaM kinase, resulting in phosphorylation of
synapsin. Then, phosphorylated synapsin withdraws its role
as a tether and synaptic vesicles prepare to dock and fuse
with the active zone of the presynaptic membrane, resulting
in the release of neurotransmitters. Therefore, a steady supply
of synapsin is very important to the acquirement of synaptic
plasticity and Fuca(1-2)Gal bears the primary responsibility
for the stability of synapsin.

F. Proteoglycan

Proteoglycans are heavily O-glycosylated proteins.
The carbohydrate structure is called glycosaminoglycan
(GAG) and composed of repeating disaccharide units: amino
sugar derivatives and hexose derivatives, with diversity in the
position and quantity of sulfation. Proteoglycans are secreted
into the extracellular matrix and inserted into the plasma
membrane, and influence cell-environment interactions by
binding to a heterogeneous group of growth factors and other
matrix ligands, and adhesion molecules. In the central nervous
system, hyaluronan, chondroitin sulfate, and heparan sulfate
among proteoglycans, especially, influence the development
of neural circuits and regeneration of neural injury (71-73).

Furthermore, the involvement of chondroitin sulfate and

heparan sulfate in synaptic plasticity has been reported.
F-1. Chondroitin Sulfate
" Treatment with chondroitinase ABC of hippocampal

slices resulted in the disappearance of LTP or LTD in .

the CA3-CA1l synapse (Schaffer collateral) (74). On the
other hand, it has been reported that tenascin-R binds with
chondroitin sulfate and the CA3-CA1 synapse of tenascin-
R-deficient mice exhibits a reduction of LTP compared to
the wild typé (75). The degree of the reduction is the same
with or without chondroitinase ABC, suggesting that binding
between tenascin-R and chondroitin sulfate is involved in the
development of LTP. On the other hand, there is no effect in
tenascin-R-deficient mice on LTD in the CA3-CA1l synapse,
showing that the effect of chondroitinase ABC on LTD is
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induced by the binding of chondroitin sulfate to a component
of the extracellular matrix other than tenascin-R. Furthermore,
mice deficient in Ptprz (protein tyrosine phosphatase receptor
type Z), having domains for binding with chondroitin sulfate,
also showed a reduction of LTP compared to wild-type mice
in the CA3-CA1 synapse (76). These results suggest that
chondroitin sulfate binds with Ptprz, tenascin-R, HNK-1,
and so on extracellularly and seems to coordinate synaptic
plasticity. '

The involvement of brevican and NG2, proteoglycans
containing chondroitin sulfate, in synaptic plasticity has been
reported. First, brevican-deficient mice showed significant
deficits in the maintenance of LTP in the CA3-CA1 synapses
of hippocampal slices. Additionally, application of anti-
brevican antibody also shows deficits in the LTP in the CA3-
CA1 synapse (77): Alternatively, NG2 is expressed in 5 to
10 % of all cells, depending on the brain region, especially
in the hippocampus. NG2-positive cells are glia that do
not express GFAP (glial fibrillary acidic protein) or MBP
(myelin basic protein). NG2-positive cells are not astrocytes
or oligodendrocytes. Furthermore, the neuron-glia synapse
is found in NG2-positive cells (78). Ge et al. made whole-
cell recordings from NG2 cells in the CA1l region of rat
hippocampal slices by inducing glial cell membrane currents
with a high frequency stimulation of Schaffer collaterals (79).
The identity of astrocytes and NG2 cells was determined
by post-immunostaining. Theta burst stimulation resulted in
a persistent increase in the EPSC (excitatory postsynaptic
current) amplitude in NG2 cells, analogous to LTP found
in synaptic plasticity existing between neurons. The LTP-
like EPSCs were reduced by philanthotoxin-33, a toxin that
specifically blocks the CaPARs (Ca**-permeable AMPA
receptors), Kyn (NMDA, quisqualate, and kainite receptor
blocker), and BAPTA (calcium cannel chelator). These
results show that NG2 cells induce a NMDAR-independent
LTP that depends on [Ca’]i. Further research is needed to
know whether NG2 itself is implicated in synaptic plasticity,
however, the involvement of NG2-positive cells in synaptic
plasticity has been clarified.

F-2. Heparan Sulfate

' Among proteoglycans with heparan sulfate, syndecan-3
is expressed in pyramidal cells in the CA1 subfield of the
hippocampus and biological analyses show that FGF and HB-
GAM bind syndecan-3 in the hippocampus. Two approaches
have been used to investigate the effects of heparan sulfate
on the induction and maintenance of LTP. First, treatment
with heparitinase of hippocampal slices resulted in the
disappearance of LTP in the CA3-CA1 synapse (Schaffer
collateral) (34,80). Second, the application of a soluble
syndecan-3 to hippocampal slices prevented LTP in the CA3-
CA1l synapse. On the other hand, syndecan-3-deficient mice
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showed an increase of LTP in the CA3-CAl synapse (81).
Previous reports have indicated that FGF increases LTP (82)
and HB-GAM impairs LTP (83) in the hippocampus. The
heparan sulfate might coordinate the effects of FGF and HB-
GAM on neural plasticity. Recent research has indicated
that Drosophila heparan sulfate proteoglycan: syndecan
and Dallylike [glycosylphosphatidylinositol (GPI) anchored
glypican] play important roles in the development of synapses
in neuromuscular junctions (84). It is known that boutons
in presynaptic terminals contain active zones that organize
glutamate’s release and an increase of synaptic activity
enlarges the active zone per bouton, which requires LAR
family RPTPs (protein tyrosine phosphatases) (85). First, both
syndecan and dallylike bind LAR. Second, the syndecan-
deficient mutant shows a decrease of bouton size and the
Dallylike-deficient mutant shows a decrease of active zone
size. Finally, a double mutant assay showed the requirement
-of LAR for actions of both syndecan and Dallylike. The
discovery of the collaboration of these heparan sulfate
proteoglycans in morphological synaptic plasticity will lead to
analyses in mammalian systems including the mouse and rat.

G. Concluding Remarks

This review focused on 5 species of carbohydrate,
whose structure had been identified and for which there
were knock-out mice deficient in the transferase required
to synthesize the carbohydrate. There are reports that
carbohydrates affect the maturation of channels, channel
activity, and the transport of synaptotagmine to presynaptic
terminals and so on (24,86-90) and that carbohydrates are
implicated in synaptic plasticity (91-93). Furthermore,
concerning the neural plasticity described in the introduction,
analyses at the cellular and molecular level should progress in
the near future and carbohydrates will attract more attention.
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Abstract

In recent years, photodynamic therapy (PDT) with a photosensitizer and laser has been given attention, especially for the treatment
of superficial cancers, such as lung, gastric, bladder and cervical cancer. In this study, in order to enhance the efficacy of PDT,
photofrin liposome (PF-Lip) was prepared with dimyristoylphosphatidylcholine, dimyristoylphosphatidylglycerol and cholesterol.
Polyethyleneglycol modified photofrin liposome (PF-PEG-Lip) was prepared by modification of PF-Lip with monomethox-
ypolyethyleneglycol-2.3-dimyristoylglycerol. PF-Lip and PE-PEG-Lip entrapped with photofrin with 81.0+5.9 and 81.219.2%,
respectively. The particle size of each liposome was 114.3+5.7 nm (PF-Lip) and 1181 3.5 nm (PF-PEG-Lip), respectively. It was
suggested that PEGylated liposomes has no effect on the trapping ratio of PF and particle size. Phototoxicity was enhanced by
liposomalization, especially PEG-modification. However, PE-PEG-Lip inhibited the uptake of photofrin into tumor cells. The
amount of singlet oxygen from photofrin solution (PF-sol) and each liposome was PF-PEG-Lip=PF-Lip> PF-sol. The photofrin
release revel of PF-PEG-Lip was lower than that of PF-Lip.

In conclusion, the phototoxicity of PF-PEG-Lip was significantly higher than that of PF-sol or PF-Lip. It is expected that formation
of a fixed aqueous layer on the liposome membrane by PEGylation physically changed it into the stable state of PF-PEG-Lip.
© 2005 Elsevier Ireland Ltd. All rights reserved.

Keywords: Liposome; Photodynamic therapy (PDT); Photofrin; Singlet oxygen

1. Introduction

Photodynamic therapy (PDT), which involves
photosensitizer and laser has been established as a
potent and less invasive treatment for various malignant
tumors [1-4]. photofrin, a hematoporphyrin derivative

Abbreviations PDT, photodynamic therapy; PF-Lip, photofrin
liposome; PF-PEG-Lip, polyethyleneglycol modified photofrin

liposome; PF-sol, photofrin solution; DMPC, L-a-dimyristoylpho-
sphatidylcholine; DMPG, L-e-dimyristoylphosphatidyl-pL-glycerol;
PEG-DMG, 1-monomethoxypolyethyleneglycol-2,3-dimyristoylgly-
cerol; PBS, phosphate-buffered saline; T, transition temperature;
EDL, excimer dye laser; PMT, photomultiplier tube; EPR, enhanced
permeability and retention.

* Corresponding author. Tel.: +81 54 264 5610; fax: +-81 54 264
5615.

E-mail address: sadzuka@u-shizuoka-ken.ac.jp (Y. Sadzuka).

activated with red light of 630 nm, has been approved
and commercialized in European and Asian countries,
as well as in North America [5]. Especially in Japan,
PDT with photofrin has been supported by government
medical insurance since 1996. The antitumor effect of
PDT is triggered by the singlet oxygen generated
from the photosensitizer under laser irradiation [6-8].

0304-3835/$ - see front matter © 2005 Elsevier Ireland Ltd. All nghts reserved.
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The difference in coricentration of the photosensitizer
makes it possible to damage tumor tissue with less
damage to the surrounding normal tissues [9].

Liposomes have been applied as a carrier in various
fields to modify the distribution of the chemical agents
[10,11]. This strategy is based on the premise that
liposomes are preferentially absorbed by sites of
disease such as tumors. It is known that polyethylene-
glycol (PEG)-modification of liposomes avoids trap-
ping liposomes by the reticuloendothelial system
(RES), as a result, this increases the distribution of
liposomes in the tumor [12-14]. It is reported that
liposomalization of the photosensitizer enhanced the
effect of PDT based on its tumor accumulation [15].
Liposomal benzoporphyrin derivative monoacid ring A
(BPD-MA, verteporfin) shows an enhanced therapeutic
effect against Meth A sarcoma in nude mice, and
liposomal 2,3-dihydro-5,15-di(3,5-dihydroxyphenyl)-
porphyrin (SIMO01) shows an enhanced effect against
HT29 human adenocarcinoma in nude mice [16].
Furthermore, liposomal photofrin enhanced therapeutic
efficacy of PDT against 9L gliosarcoma, U87 human
glioma and human gastric cancer [17-19]. However,
there are few reports on the phototoxicity and the effect
of active oxygen generation by liposomalization of
photosensitizer and its PEGylation [20].

In this study, we investigated the liposomalization of
photofrin, and evaluated the cytotoxicity of liposomal
photofrin in vitro with M5076 ovarian sarcoma.
Furthermore, we attempted to make clear the mechan-
ism of the enhancement of PDT through the measure-
ment of singlet oxygen.

2. Material and method
2.1. Materials

Photofrin, porfimer sodium injection, was purchased
from Nippon Lederly Co., Ltd (Tokyo, Japan). L-a-
Dimyristoylphosphatidylcholine (DMPC) and L-a-
dimyristoylphosphatidyl-pL-glycerol (DMPG) were
kindly donated by Nippon Oil and Fat Co., Ltd
(Tokyo, Japan). 1-Monomethoxypolyethylene-glycol-
2,3-dimyristoylglycerol (PEG-DMG) was kindly pro-
vided by Nippon Oil and Fat Co., Ltd. RPMI-1640
medium was purchased from Nissui Pharmaceutical
Co., Ltd (Fokyo, Japan).

2.2. Tumor

An M5076 ovarian sarcoma was maintained through
intraperitoneal passage and implanted on the backs of

male C57BL/6 mice obtained from Japan SLC, Inc.
(Hamamatsu, Japan). The animals were housed in a
room maintained at 25+1°C and 5515% relative
humidity, and were given free access to regular food
pellets and water.

2.3. Preparation of liposomes

All liposomes were prepared according to a
modification of the method of Bangham et al. [21].

DMPC/cholestero/DMPG (100/100/60 pmol) and
30 mg of photofrin were dissolved in a chloroform/-
methanol mixture (4/1, v/v). The chloroform and
methanol were evaporated under a stream of nitrogen
gas. The thin lipid film was placed in a desiccator,
which was evacuated, and then the lipid film was
hydrated with 8.0 ml of phosphate-buffered saline

_(PBS(—)) in a water bath at 65 °C for 10 min. The

suspension was sonicated for 20 min above the phase
transition temperature (T,) with nitrogen gas bubbling.
The liposome suspension was extruded through two
stacked polycarbonate membrane filters with 0.2 pm
pores, and then passed five times through polycarbonate
membrane filters with 0.1 pm pores at above the T, to
obtain a homogeneously-sized liposome suspension.
PF-Lip was prepared by adding 2.0 ml of PBS(—) to
this suspension. On the other hand, PF-PEG-Lip was
prepared by adding 2.0ml of PBS(—) containing
15 pmol PEG-DMG, and then sonicated for 5 min.
Each liposome suspension was dialyzed against
PBS(—) at 4°C for 16h to remove untrapped
photofrin. The particle sizes and zeta-potentials of the’
liposomes were measured with an electophoretic light
scattering apparatus (ELS 8000; Otsuka Electronics,
Co., Ltd Osaka, Japan). Entrapment efficiency of
photofrin in liposome was measured to the following.
Liposomes encapsulating photofrin were mixed for 30 s
with lactate buffer (pH 4.0) and chloroform/isopropanol

(1/1, v/v), and then centrifugated at 1200g for 15 min.

Photofrin in the organic phase was calculated with a
fluorescence spectrophotometer (Hitachi F2000; Hita-
chi Ltd, Tokyo), at an excitation wavelength of 405 nm
and an emission wavelength of 630 nm.

2.4. PDT in vitro

M5076 ovarian sarcoma cells (1X10° cells/ml)
were suspended in RPMI 1640 medium containing
10% FBS in a 35-mm cell culture dish. This cell
suspension containing PF-sol, PF-Lip or PF-PEG-Lip
(PF concentration, 2, 5 or 10 pg/ml) was incubated for
60 min at 37 °C. Each cell suspension was exposed to
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laser light of 630 nm with 2 J/cm? of fluence (0.1 W,
192 s) and then incubated for 24h at 37°C. Cell
survival was determined by 4-[3-(2-methoxy-4-nitro-
phenyl)-2-(4-nitrophenyl)-2H-5-tetrazolio]-1,3-ben-
zene disulfonate sodium salt (WST-8) using a
commercially available kit (TetraColor ONE cell
proliferation assay system; Seikagaku Co., Tokyo,
Japan). Each cell suspension was transferred to a
microtube and centrifuged at 300g for 5 min. The cells
were washed and resuspended in RPMI-1640 medium.
TetraColor ONE (50 ul) was added to each cell
suspension and incubated for 3 h at 37 °C. Each cell
suspension was centrifuged at 300g for 5 min, and
absorbances at 492 and 630 nm of the supernantant
were measured using a microplate reader. Absobance
(A492-A630) correlates with the number of living cells.

2.5. Uptake of photofrin into tumor cells

M5076 ovarian sarcoma cells (1 X 10° cells/animal)
were intraperitonally transplanted into male C57BL/6
mice. Ascites fluid was collected on the 14th day after
transplantation. The M5076 ovarian sarcoma cells were
washed twice and then resuspended (5% 10° cells/ml)
in RPMI-1640 medium containing 10% FBS.

The cell suspension containing PF-sol, PF-Lip or
PF-PEG-Lip (photofrin concentration, 10 pg/ml) was
incubated at 37 °C for 90 min. For determination of the
time course of the intracellular drug concentration,
aliquots of the cell suspension were removed at
intervals. Each aliquot was cooled on ice and then
centrifuged at 150g for 3 min. The cells were washed

Laser (OPO/YAG-SHG)

and resuspended in 1.0 ml of ice-cold saline, mixed for
30s with 3.0ml THF and 0.5g NaCl, and then
centrifuged at 1200g for 15 min. The concentration of
the photofrin in the organic phase was determined as
described above.

2.6. Measurement of singlet oxygen

For the sample, PF-sol, PF-Lip, PF-PEG-Lip
and photofrin were dissolved in CH,CI/EtOH (9/1,
v/v). Each sample was diluted with PBS(—) or
CH,CIL,/EtOH (9/1, v/v), in order to achieve 0.5 as
the absorption at 630 nm.

A quartz cuvette filled with each sample was
irradiated by laser light (630 nm, 20 mW) generated
excimer dye laser (EDL). Reflected or scattered light
from the cuvette was guided to the detection system
(Fig. 1) which contained a spectroscope, a single
channel detector PMT (Hamamatsu Photonics, R5509-
42) or a multichannel detector (Hamamatsu Photonics,
NIR-PII) and a photon-counter. To separate the
1270 nom emission from the photosensitizer fluor-
escence, detectors were gated with a delay time from
the onset of the laser pulse irradiation and a gate time
width, synchronized with laser the pulses. In this study,
the energy generated at 1260—1280 nm was detected by
the system.

2.7. Determination of the release of PF from liposomes

PF-Lip and PF-PEG-Lip were incubated in 50%
FBS/PBS(—) for 3 h at 37 °C. The concentration of

Si Filter

Sample

Trigger

(Hamamatsu,R5509-42)
Spectroscope

Detector

Amp Y
5

':] Cooler
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Fig. 1. Detection system of 1270 nm emission from the singlet oxygen.
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Fig. 2. Phototoxicity of photofrin against M5076 ovarian Sarcoma by
PDT. M5076 ovarian sarcoma cell suspension containing PF-sol (@),
PF-Lip (M8) or PF-PEG-Lip (¢ ) (photofrin dose 2, 5 or 10 ug/ml) was
incubated for 1 h at 37 °C. Each sample was exposed to laser light
(630 nm, 2 J/cm?), and was then incubated for 24 h at 37 °C. Survival
ratio of M5076 ovarian sarcoma cells was determined by WST-8
assay. Data are presented as mean*SD (n=4). Significant
differences from PF-sol are indicated by (a) P <0.05 and (b) P<0.01.

photofrin was 1.0 ug/ml at both samples. After a
predetermined time, each liposome suspension was
cooled on ice and then centrifuged at 180,000g (4 °C)
for 60 min. The photofrin concentration in the super-
natant was determined as described above. The leakage
of photofrin from the liposomes was calculated from
the photofrin concentration in the supernantant before
and after being centrifuged.

2.8. Statistical analysis

Statistical analysis was carried out by Student’s
t-test and ANOVA,

3. Results

3.1. Physicochemical characteristics of photofrin
liposomes -

PF-Lip and PF-PEG-Lip entrapped photofrin with
81.0+5.9 and 81.2+9.2% efficiency, respectively,
suggesting that photofrin was stably incorporated into
the lipid bilayer. The particle size of each liposome was
114.34+5.7 nm (PF-Lip) and 118.443.5 nm (PF-PEG-
Lip). It was suggested that PEGylated liposomes has no
effect on these particle sizes. Because of the negative
charge of DMPG in the lipid bilayer, the zeta-potential of
PF-Lip was —38.24+9.9 mV. On the other hand, the zeta-
potential of PF-PEG-Lip was —5.31+9.7 mV, smaller
than that of PF-Lip, since PEG formed water layer, fixed
aqueous layers, on the surface of the liposomes.

3.2. PDT in vitro

M5076 ovarian sarcoma cell suspension (1.0X

~ 10° cells/ml) containing PF-sol or PF-Lip or PF-PEG-

Lip was incubated for 1 h at 37 °C. Each sample was
exposed to laser light of 630 nm with 2 Jfem?. At every
concentration, the photofrin induced cytotoxic effect
was PF-sol <PF-Lip <PF-PEG-Lip, suggesting that
photosensitizer induced toxicity was enhanced by
liposomalization, especially PEGylation. At the point
of 2 pg/ml photofrin, survival ratios in PF-Lip and PF-
PEG-Lip group significantly decreased (P <0.05 and
P<0.01, respectively), compared to that in PF-sol

group (Fig. 2).

3.3. Uptake of photofrin into tumor cells

In the determined period, the intercellular photofrin
level was PE-Lip > PF-sol > PF-PEG-Lip. Especially at
60 min, a significant difference (P <0.01)-was observed
(Fig. 3, PF-Lip: 2.454+0.31, PF-sol: 1.20%0.11, PF-
PEG-Lip: 0.61 +-0.04 ug/107 cells).

3.4. Measurement of singlet oxygen

A laser beam of 630 nm and 20 mW irradiated PF-
sol, PF-Lip, PF-PEG-Lip and photofrin in 90% CH,Cl,.
Then, the emission at 1260-1280 nm was detected by
the system, and accumulated these photon counts. As a
result, it was suggested that the amount of singlet
oxygen generated by irradiation was PF-PEG-Lip = PF-
Lip > PF-sol (Fig. 4, Table 1). Futhermore, photofrin in
90% CH,Cl, generated more singlet oxygen than PF-
PEG-Lip. There were reproducibility about this results.
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Fig. 3. Effect of liposomalization on photofrin uptake in M5076
ovarian sarcoma. Tumor cell suspension containing PF-sol (@), PF-
Lip (M) or PF-PEG-Lip (¢) (photofrin dose 10 mg/kg) was
incubated at 37°C. Data are presented as mean+SD (n=4).
Significant differences from PF-sol are indicated by (a) P <0.05, (b)
P<0.01 and (c) P<0.005.
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Fig. 4. Emission of 1270 nm from photofrin. Each sample was exposed to laser light (630 nm, 20 mW), and the generated singlet oxygen was
detected by PMT. (A) Photofrin in PBS, (B) PF-Lip in PBS, (C) PF-PEG-Lip in PBS, (D) photofrin in 90% CH,Cl,.

3.5. Determinaton of the release of photofrin from
liposomes

The photofrin release from each liposome was
examined by incubation at 37°C in 50% FBS/-
PBS(—). At the initial 60 min, 79.6 & 5.4% of photofrin
was released from PF-Lip; the remainder was released
by 180 min (Fig. 5). On the other hand, only 60.6+
16.3% of photofrin was released by PF-PEG-Lip
(Fig. 5). It was suggested that the release of photofrin
was inhibited by PEG-modification.

4. Discussion

PDT has been considered to show favorably in the
treatment of malignant tumors since both novel
photosensitizers and laser systems have developed
recently, and further development can be expected in
the future. The cytotoxicity of PDT is caused by the
photochemical reaction that occurs when the photo-
sensitizer is exposed to the light of a specific
wavelength. Several reports have demonstrated that
liposomalization of the photosensitizer enhanced the
efficiency of PDT based on high accumulation in
the tumor [22-26]. We previously reported that
liposomal photofrin enhanced therapeutic efficacy of
photodynamic therapy. Furthermore, the phototoxicity
‘and the effect of active oxygen generation by
liposomalization of AlPcS4 and its PEGylation have

been reported [27]. However, in the case of photofrin as
clinical medicine, the improvement of therapeutic
index are not examined sufficiently. Thus, we examined
the usefulness of liposome as a drug carrier and other
function.

Generally, it is considered that a lower trapped ratio
is shown in case of liposomalization of the hydrophilic
agent by the method of Bangham, since the volume
proportion of the inner/outer compartment is very small
when it is entrapped in the inner compartment. As
photofrin is an acidic drug (pKa=5.8) and PBS(—)
(pH 7.0) are used for hydration, the rate of the ionized
form is about 94.1%, so photofrin is easily entrapped in
inner compartment of the liposome. However, since the
photofrin trapping ratio in both PF-Lip and PF-PEG-
Lip was more than 80%, it was expected that photofrin
was entrapped in the liposome mernbrane, too. Namely,
it was suggested that photofrin existed in the liposome
membrane and inner compartment.

Table 1
Generation ability of the singlet oxygen

Absorption . Area under the photon  Ratio

count curve

PF-sol 0.5 31,640 1.00
PF-Lip 0.5 43,740 1.38
PF-PEG-Lip 0.5 44,340 1.40
PF-in CH,Cl, 0.5 963,000 304
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Fig. 5. Stability of liposomes containing photofrin. Photofrin release
levels are expressed as a percentage of total photofrin in PF-Lip (l)
or PF-PEG-Lip (¢ ). Each sample was incubated at 37 °C in 50%
FBS. Data are presented as mean + SD (n=3). Significant differences
from PF-sol are indicated by (a) P<0.01 and (b) P <0.001.

We evaluated the survival ratio of M5076 ovarian
sarcoma after PDT with PF-sol or each photofrin
. liposome. The survival of M5076 ovarian sarcoma was
PF-sol >PF-Lip >PF-PEG-Lip (Fig. 2) and there were
significant differences between each group. In contrac-
tion, on photofrin induced adverse reaction, we pre-
viously reported that dark toxicity of the formation used
was not observed [28]. These results suggested that the
phototoxicity of the photosensitizer was enhanced by
liposomalization, especially by PEGylation.

Then, in order to clarify the enhanced effect of the
PEGylation, we investigated the uptake of photofrin
into tumor cells, ability to generate the singlet oxygen
and the release of photofrin from the liposome. We
evaluated the effect of liposomalization of photofrin on
the uptake into M5076 ovarian sarcoma cells. As a
result, the concentration of intracellular photofrin was
the highest in PF-Lip group, whereas that of PF-PEG-
Lip was lower than PF-sol (Fig. 3). These results
suggested that the layer of PEG existed on the surface
of the liposome membrane inhibits the binding of
liposomes to cells, and thus prevents internalization of
liposomes into the cells.

The photosensitizer loaded into the tumor cells
generates singlet oxygen by laser irradiation, and thus
necrosis is induced in the cells [5-8]. Namely, it i$
expected that the affinity of agent to tumor cell, and the
ability to generate singlet oxygen is the most important
factor of PDT therapy [7).

It is considered that the cytotoxicity of PDT is
triggered by the singlet oxygen generated from the
photosensitizer [6-8), and detection of the singlet
oxygen is very important in understanding the
mechanism of PDT. We measured the amount of
singlet oxygen from PF-sol, PF-Lip, PF-PEG-Lip and

PF in 90% CH,Cl, in comparison to photofrin in
aqueous solvent. On exposure to light of a specific
wavelength, the photosensitizer is activated from its
ground state Sy to the excited state S;. A part of the
photosensitizer in the S, state transfers to the triplet
state T; by way of intersystem crossing, and then the
photoéensiﬁzer in the T, state transfers its energy to
surrounding triplet oxygen (30,), and causes the
generation of active singlet oxygen (*O,). When the
singlet oxygen decays to the triplet state, 1270 nm light
is released. We detected this emission using a photon-
counting method with a high sensitive single channel
detector, photomultiplier tube (PMT) or a multichannel
detector. The amount of singlet oxygen from photofrin
was PF-PEG-Lip=PF-Lip>PF-sol. It is known that
singlet oxygen disappears immediately in aqueous
solvents such as PBS(—), and their T),, is prolonged
in hydrophobic solvents such as CH,Cl,. It is known
that singlet oxygen in aquenous solvents disappears
rapidly. photofrin existed in liposome membrane as
hydrophobic environment and the ability to generate

" singlet oxygen increased. It was suggested that the

ability to generate singlet oxygen was influenced in the
PDT by liposomalization and the PEGylated liposome.

The photofrin release from each liposome was PF-
Lip>PF-PEG-Lip in 50%FBS/PBS(—) (Fig. 5). In
particular, in PF-Lip, photofrin was released from the
liposome during the incubation period. Since phase
transition temperature of DMPC is 23 °C, PF-Lip may
easily release photofrin by incubation at 37 °C. These
results suggested that photofrin entrapped in the
liposome membrane was not stable. Whereas, the
PEGylated liposome inhibited the release of photofrin
by about half. It was considered that formation of a
fixed aqueous layer on the liposome membrane by
PEGylation physically changed it into the stable state of
PF-PEG-Lip. Due. to this change, PF-PEG-Lip pro-
longed the photofrin retention time in its membrane.
Namely, it was demonstrated that PF-PEG-Lip was
effective for PDT in vitro.

Many previous reports have suggested that liposo-
malization of agents increases its accumulation in the
tumor because of enhanced permeability and retention
(EPR) effects [22~26]. Furthermore, it was known that
the PEGylation was effective for the avoidance of RES
trapping of liposomes. Therefore, PF-PEG-Lip is
expected to produce a higher accumulation in the
tumor than PF-Lip, and have a superior PDT effect
in vivo, too.

In this study, we found the novel superiority of
liposomalization on addition of function as the drug
carrier in PDT. PEGylation of the liposomes prolonged
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the retention time of the photosensitizer in the liposome
membrane, thus showing significantly higher cytotox-
icity. It is considered that this will make a great
contribution to study of PDT.
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Abstract

Pancreatic cancer is one of the most serions cancers with poor therapeutic results and prognosis. In here, we proposed a novel treatment
strategy of pancreatic cancer by injuring limited angiogenic vessels with liposome containing adriamycin. At first, we established an orthotopic
tumor model, which has a hypovascular characteristic of pancreatic tumor. In this model, we obtained the enhanced therapeutic efficacy with
liposome that modified by polyethylene glycol (PEG) and a peptide, Ala-Pro-Arg-Pro-Gly (APRPG), having an affinity to neovessels.
Histochemical analysis suggested the degradation of angiogenic vessels after treatment with APRPG-PEG-liposomal adriamycin. In addition, we
observed colocalization of fluorescence-labeled APRPG-PEG-liposome with angiogenic endothelial cells, although the biodistribution of *H-
labeled liposome did not show the difference in the amount of accumulation between PEG-modified liposome and APRPG-PEG-modified
liposome. These results suggested the availability of the anti-neovascular therapy against pancreatic cancer and supply a new sight indication on

chemotherapeutics against pancreatic cancer.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Pancreatic cancer is one of the most difficult cancers o

control: This cancer is difficult to diagnose, and shows high,

malignant potential. Five-year survival of patients suffering
pancreatic cancer is less than 5% in the United States, Japan and
Europe, and the incidence rate of it is equal to the death rate [1].
Therefore, it is suggested that existing chemotherapeutics have
a limitation of the effect on pancreatic cancer, and an effective
treatment modality is awaited. It is interesting to note that
pancreatic cancer has less vasculature in number than other
cancers such as breast or colorectal cancer known as
vasculature-rich cancers. In computed tomography (CT) and
magnetic resonance imaging (MRI), pancreatic tumor is
considered as a hypovascular lesion compared to normal
pancreatic tissue {2—4]. This property can be thought as the
reason why effective pancreatic tumor chemotherapy cannot be

* Corresponding auihor. Tel.: +81 54 264 5701: fax: +81 54 264 5705.
E-mail address: oku@u-shizuoka-ken.ac.jp (N. Oku).

0168-3659/% - sec front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.jconrel.2006.12.024

expected due to the low bioavailability of the chemotherapeutic
drugs. . _
On the other hand, angiogenic vessels are known to play an
important role in pancreatic tumor progression as well as other -
tumors [S]. In general, anti-angiogenic therapy is thought to be
effective for cancer treatinent. Actually, many anti-angiogenic
therapies that inhibit the certain steps of angiogenesis have
examined. For example, matrix metalloproteinase inhibitors and
anti-vascular endothelial growth factor (VEGF) agents etc., have
been developed [6—8). However, they are thought to be limited
for the induction of tumor dormancy [9,10]. We previously
proposed a novel therapeutic strategy targeted angiogenic
vessels, cancer anti-neovascular therapy (ANET), that kills the
proliferative endothelial cells followed by indirect induction of
tumor regression [11,12]. Neovessel endothelial cells are
growing, so it can be thought that these cells are susceptible to
anti-cancer drugs like tumor cells. The benefits that can be
gained from ANET are not only the effective tumor treatment but
also the inhibition of tumor hematogenous metastasis, the
avoidance of drug resistance, and wide range of application
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against many kinds of tumors. For ANET, we previously isolated
APRPG peptide from a phage-displayed peptide library by
biopanning of phage clones specifically bound to tumor
angiogenic vasculature. Jn vitro study, we observed higher
uptake of APRPG-modified liposome in human umbilical vein
endothelial cells (HUVECs) than non-modified one. Further-
more, higher accumulation of APRPG-modified liposomes in
tumor tissue than non-modified one was also observed in tumor-
bearing mice [12].

In here, we carried out a series of experiments focused on the
application of ANET to pancreatic tumor model, since it is
thought that ANET is more effective in hypovascular tumors
than hypervascular tumors. Firstly, we established hypovascular
orthotopic pancreatic tumor model, following the investigation
of biodistribution of angiogenic vessel-targeted liposome in the
tumor-bearing mice. In this experiment, we used APRPG-
polyethyleneglycol (PEG)-modified liposome as the angiogenic
vessel-targeted liposome. Modification by PEG is known to
protect. liposomes from opsonization and contact with lipopro-
teins through the formation of aqueous layers on the surface of
liposomes. Thus, the APRPG-PEG-modified liposome could
have long-circulating characteristic, and would have more
chance to contact with neovasculature. Next, we examined the
. intratumoral distribution of liposomes by using confocal laser
scan microscopy. And finally, we treated the orthotopic
- pancreatic tumor model with APRPG-PEG-modified liposomes
encapsulating adriamycin (ADM) and evaluated the therapeutic
effect. The obtained data indicated that ANET is effective for
pancreatic tumor treatment.

2. Materials and methods
2.1. Materials

Distearoylphosphatidylcholine (DSPC) and distearoylpho-
sphatidylethanolamine (DSPE) were kindly gifted form Nippon
Fine Chemical Co., Ltd. (Hyogo, Japan). PEG-APRPG-
conjugated DSPE (DSPE-PEG-APRPG) and PEG-conjugated
DSPE (DSPE-PEG) were prepared as described previously
[13]. Cholesterol was purchased from Sigma (St. Louis, MO,
USA). All other reagents used were the analytical grades.

2.2. Cell culture

Human pancreatic cancer cell line SUIT-2 was generously
donated by Dr. Haruo Iguchi (National Kyushu Cancer Center,
Fukuoka, Japan). SUIT-2 cells were cultured in RPMI 1640
supplemented with streptomycin, penicillin, and 10% fetal
bovine serum (FBS, Sigma) at 37 °C in a humidified atmosphere
containing 5% COs.

2.3. Orthotopic tumor model

BALB/c nude mice were anesthetized by intraperitoneal
injection of pentobarbital (Dainippon Sumitomo Pharmaceuti-
cal Co., Ltd. Osaka, Japan). After cutting abdomen of a2 mouse,
pancreas was exteriorized and dilated on its belly sterilized by

chlorhexidine gluconate solution. Then 20 pL of SUIT-2 cells
(5% 108 cells/mouse) were injected into pancreas. Then cut area

. was sutured and sterilized by chlorhexidine gluconate solution.

2.4. Histopathological examination

SUIT-2 cells (5x10° cells/mouse) were inoculated as
described in the Section 2.3. At day 3 and 9 afier tumor
implantation, mice were sacrificed and tumor was dissected.

" The tumor was embedded in optimal cutting temperature

compound (Sakura Finetechnochemical Co., Ltd., Tokyo,
Japan) and frozen at —80 °C. Nine-micrometer tumor sections
were prepared by using cryostatic microtome (HM 505E,
Microm, Walldorf, Germany), mounted on MAS coated slides
(Matsunami Glass Ind., Ltd., Japan), and air-dried for 1 h. The
turnor tissue sections prepared were stained with hematoxylin-
eosin and histopathological examination was performed.

2.5. Evaluation of micro vessel density (MVD) in pancreatic
tumor model

SUIT-2 cells (5%10° cells/mouse) were inoculated as
described in the Section 2.3. On the day 10 and 25 afier’
tumor implantation, mice were sacrificed and the tumor section
was prepared as described in the Section 2.4. The tumor tissue
sections prepared were fixed in acetone for 10 min at room
temperature, washed twice with phosphate-buffered saline
(PBS), pH 7.4, (5 min each time), and incubated with protein-
blocking solution containing 1% bovine Serum albumin in PBS
for 10 min at room temperature. Then, the samples were
incubated with an appropriately diluted (1:50) biotinylated anti-
mouse CD3! rat monoclonal antibody (Becton Dickinson Lab.,
Franklin Lakes, NJ, USA) for 18 h at 4 °C. Afier the sections
were rinsed thrice (2 min each time) with PBS, they were
incubated with streptavidin-Alexa fluor® 488 conjugates
(Molecular Probes Inc., Eugene, OR, USA) for 30 min at
room temperature in a humid chamber. Samples were washed
twice with PBS (2 min each time). Finally, sections were
counterstained and mounted with Perma Fluor Aqueous
Mounting Medium (Thermo Shandon, Pittsburgh, PA, USA).
These sections were fluorescently observed by using micro-
scopic LSM system (Carl Zeiss, Co., Ltd.): Endothelial cells
were identified as green fluorescence. Hot spot area of the
samples and CD31 positive area were quantified by ImageJ
software to obtain micro vessel density (MVD). For immunos-
taining, the sections treated with biotinylated anti-mouse CD31
rat monoclonal antibody were stained with VECTASTAIN®
ABC Kit (Vector Laboratories, Inc., Burlingame, CA, USA) by
using diaminobenzidine tetrahydrochloride (DAB, Funakoshi
Co., Ltd., Tokyo, Japan) as a colorimetric substrate. Then the
sections were rinsed with PBS and co-stained with hematoxylin.

2.6. Preparation of liposomes
Liposomes composed of DSPC and cholesterol with DSPE-

PEG or DSPE-PEG-APRPG (10:5:1 as a molar ratio, PEG-Lip
and APRPG-PEG-Lip, respectively) were prepared as described
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Fig. 1. Characteristics of orthotopic pancreatic tumor model. SUIT-2 cells
(5 7 10° cells) were implanted into the pancreas of BALB/c nude mice. At day 3
and 9 afier the tumor implantation, mice were sacrificed and mor sections were
prepared as described in Materials and methods. Then they were stained with
hematoxylin and eosin (2). On the day 10 and 25, tumor sections were also
prepared for evaluating vasuclarization. The sections were immunostained with
biotinylated anti-mouse CD31 monoclonal antibody, and visualized with DAB
as colorimetric subsiarate (b) or streptavidin-Alexa fluor® 488 conjugated-
second antibody. CD31 positive area was observed fluorescently by a laser
scanning microscopy and was quantified by ImageJ software (c). Significant
differences arc shown with asterisks: *, p<0.05 and **, p<0.0]. Scale bar
represents 100 pm.

previously [14]. In brief, lipids were dissolved in chloroform or
chloroform/methanol, dried under reduced pressure, and stored
in vacuo for at least 1 h. Then, the liposomes were formed by
hydration of the thin lipid film with 0.3 M glucose, and frozen
and thawed for 3 cycles using liquid nitrogen. Then liposomes
were sized by thrice extrusion through a polycarbonate
membrane filter with 100-nm pores. For a biodistribution
study, a trace amount of [®H]-cholesterylhexadecylether
(Amersham Pharmacia, Buckinghamshire, UK) was added to
the initial chioroform/methanol solution as described above. To
observe the intratumoral distribution of liposomes, they were
fluorescently labeled with 1,1’-dioctadecyl-3, 3, 3/, 3'-tetra-

[
f=
n

methylindocarbocyanine perchlorate (Dil Cig; Molecular
Probes Inc., Eugene, OR, USA), which was added to them at
the quantity equivalent to 1 mol% of DSPC. For therapeutic
experiment, ADM-encapsulated liposome was prepared by a
modification of the remote-loading method as described
previously [14]. The concentration of ADM was determined
at 484 nm absorbance. :

2.7. Biodistribution of liposome

Biodistribution study was performed at day 10 after SUIT-2
tumor implantation. Orthotopic pancreatic tumor model mice
were injected with radiolabeled liposomes containing [*H]
cholesterylhexadecylether vig a tail vein. Three or twenty-
four hours after injection, the mice were sacrificed under diethyl
ether anesthesia for the collection of the blood. Then the blood
was centrifuged (600 xg for 5 min) to obtain the plasma. After
the mice had been bled from the carotid artery, the heart, lung,
liver, spleen, kidney and tumor were removed, washed with
saline and weighed. The radioactivity in each organ as well as
plasma was determined with a liquid scintillation counter
(Aloka LSC-3100). Distribution data are presented as % dose
per 100-mg wet tissue, where the total amount in plasma was
calculated based on the average mice body weight, which was
25.5 g and average plasma volume, which was assumed to be
4.27% of body weight based on the data of total blood volume.
The animals were cared for according to the animal facility
guidelines of the University of Shizuoka.

2.8. Intratumoral distribution of liposome

Dil C,g-labeled liposomes were administered via a tail vein
of mice with orthotopic pancreatic tumor on the day 3, 9 and 18

0 5 10 15 20 25
% Injected dose/100-mg wet tissue

Fig. 2. Biodistribution of *H-labeled liposomes in various organs. Orthotopic
pancreatic tumor model mice were injected with *H-labeled-PEG-modified
liposome or APRPG-PEG-modified liposome viz a tail vein at day 10 afier
turmnor implantation. Three and twenty-four hours after injection, mice were
dissected and the radioactivity in each organ was determined (#=3). Data are
presented as percent of the injected dose per 100 mg tissue and S.D. Inset
indicates the liposomal accumulation in the tumor and in pancreas represented as
the percent-injected dose per 100 mg wet tissue. Data represents 3 h PEG-Lip
(open bar), 3 h APRPG-PEG-Lip (dark gray bar), 24 h PEG-Lip (light gray bar)
and 24 h APRPG-PEG-Lip (closed bar), respectively.
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Fig. 3. Intratumoral distribution of DilC,s-labeled liposomes. Orthotopic
pancreatic tumor model mice were injected with PEG-Lip (a—c) or APRPG-
PEG-Lip (d-f) labeled with DiICg via a il vein at day 3 (a, d), day 9 (b. €), and
day 18 (c, f) after tamor implantation. At 2 h afier injection of fluorescence-
labeled liposomes, frozen-sections of each tumor were prepared. Green portions
indicaie CD31-positive regions, red portions liposomal distribution, and yellow
portions show the focalization of liposomes at the site of vascular endothelial
cells. Scale bar represents 50 pm.

after tumor implantation. Two hours after injection of
liposomes, mice were sacrificed under diethyl ether anesthesia
and the tumor was dissected. Preparation of tumor sections and
CD31 staining were performed as described in the Section 2.5.
These tumor sections were fluorescently observed by using
microscopic LSM system (Carl Zeiss, Co., Ltd.): Endothelial
cells were identified as green fluorescence and liposomes were
detected as red.

2.9. Therapeutic experiment

Orthotopic pancreatic tumor model was prepared by the
injection of SUIT-2 cells (5%10° cells/mouse). Liposomes
encapsulating ADM or 0.3 M glucose solution were adminis-
tered intravenously into SUIT-2-bearing mice at day 3, 6, 9 and
12 after the tumor cell implantation. The injected dose of
liposomal ADM in each administration was 10 mg/kg as ADM.
The weight of tumor was examined at day 15. For histochemical
analysis, the sections of tumor were prepared, and then
immunostaining with anti-CD31 antibody and hematoxylin-
eosin staining were performed as described above.

2.10. Statistical analysis

Student’s #-test was used for statistical analysis, and p<0.05
were considered to be statistically significant.

3. Results
3.1. Preparation of orthotopic pancreatic tumor model

At first, we examined the characteristics of orthotopic
pancreatic tumor model by using SUIT-2 human pancreatic

tumor cell line. Histopathological examination indicated that
tumor cells invaded into neighboring pancreatic tissue at 3 and

9 days after tumor implantation (Fig. 1a). Then we investigated
whether the model showed hypovascular characteristics or not.
For this purpose, vascular density of the model was compared
with that of s.c. implanted SUIT-2 tumor model. The result of
immunostaining with anti-CD3! antibody showed that MVD of
orthotopic pancreatic tumor model was lower than that of s.c.
implanted model (Fig. 1b): The significant differences were
observed in CD31 positive area of day 10-orthotopic model mice
from that of day 10-s.c. model mice (» <0.05), day 25-orthotopic
model mice from day 25-s.c. model mice (»p<0.01). These data
indicated that orthotopic implantation of SUIT-2 cells developed

_ pancreatic tumor with hypovascular characteristics. The immu-

nostaining study also confirmed the hypovascular characteristics
of the orthotopic pancreatic tumor model (Fig. lc).

3.2. Biodistribution of liposomes

Before therapeutic experiment, we investigated the biodis-
tribution of the liposome in the orthotopic pancreatic tumor-
bearing mice, since the accumulation of drug carrier is
prerequisite for the therapeutic effect of entrapped drugs in the
carrier at the target site. Ten days after SUIT-2 tumor
implantation, *H-labeled PEG-Lip or APRPG-PEG-Lip was
injected wvia a tail vein. Three and twenty-four hours after
injection of liposomes, mice were sacrificed and tumor and other
organs were dissected for measuring the radioactivity in these
tissues. Both PEG-Lip and APRPG-PEG-Lip accumulated in
tumor time-dependently, although there was no significant
difference between those two kinds of liposomes (Fig. 2).
Thetefore, even though in the hypovascular tumor, enhanced
permeability and retention (EPR) effect of liposomes is achieved
to some extent, :
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Fig. 4. Therapeutic effect of APRPG-PEG-modified liposome encapsulating
ADM on orthotopic pancreatic tumor model mice. Orthoiopic pancreatic tumor
model mice were injected iv. with 0.3 M Glucose (control), PEG-LipADM or
APRPG-PEG-LipADM for 4 times at day 3, 6, 9 and 12 after tumor implantation
(n=6-8). Injected dose of liposomal ADM were adjusted to 10 mg/kg as ADM
concentration in each time. The weight of the tumors was measured at day 15.
Significant differences are shown with asterisks: *, p<0.05.
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3.3. Intratumoral distribution of liposomes

Next, we determined intratumoral distribution of the
liposomes in the present hypovascular tumor model. Three,
nine and 18 days after tumor implantation, Dil C,g-labeled
liposomes were injected via a tail vein of SUIT-2 orthotopicalty
implanted mice. Two hours after injection, frozen section of
tumor was prepared. After fluoroimmunostaing with CD31
antibody, the intratumoral distribution of liposomes was
observed with confocal laser scan microscopy. As shown in
Fig. 3a—c, red fluorescence indicating PEG-Lip localization was
observed in vascular like structure of CD31-staining (green
fluorescence). On the contrary, fluorescence of APRPG-PEG-
Lip was observed not only in the vessel like structure but also
with CD31-staining, suggesting that APRPG-PEG-Lip was
associated with angiogenic endothelial cells.

Fig. 5. Immunohistochemical analysis of dissected tumor after the treatment
tumor model mice with APRPG-PEG-modified liposome encapsulating ADM.
Orthotopic pancreatic tumor model mice were treated as described in the legend
of Fig. 4. Tumor sections were prepared from the mice treated with PEG-
LipADM (a-d) or with APRPG-PEG-LipADM (e-h). The sections were
immunostained with biotinylated anti-mouse CD31 monoclonal antibody and
visualized with DAB, and then co-stained with hematoxylin (a, c, e, g), or
stained with hematoxylin-eosin (b, d, f, h). Arrowheads indicate the houndary.of
normal and tumor tissues, and arrows in (h) indicate macrophages. Scale bar
represents 100 pm.

3.4. Therapeutic experiment by use of ADM-loaded liposomes

To examine the therapeutic effect of neovessel-targeted

_liposomal ADM on the orthotopic pancreatic tumor model

mice, ADM-encapsulated APRPG-PEG-modified liposome
{APRPG-PEG-LipADM) or ADM-encapsulated PEG-modified
liposome (PEG-LipADM) were injected via a tail vein of the
mice at 3, 6, 9 and 12 days after the tumor implantation. At day
15, tumor was removed and weighed to evaluate the effect of the
treatment. As shown in Fig. 4, the significant differences in
tumor weight of APRPG-PEG-LipADM-treated group from
control (p<0.05) and PEG-LipADM-treated group (»<0.05)
were observed. We also examined the body weight change of
these mice after tumor implantation as an indicator of side
effects, and observed that no significant difference between the
three groups tested (data not shown).

Finally the sections of dissected tumor tissues were
examined by immunostaining of CD31 and hematoxylin-eosin
staining. As shown in Fig. 5, CD31-positive cells were observed
in the tumor to some extent after treatment with PEG-LipADM.
On the contrary, vessel-like structures were disappeared in the
tumor after treatment with APRPG-PEG-LipADM, suggesting
that APRPG-PEG-LipADM degenerated neovessels inside the
tumor. Furthermore, the invasion of macrophages into the tumor
was observed in the latter case.

4. Discussion

General anti-angiogenic therapy is based on the inhibition of
the angiogenic cascade such as receptor binding of VEGEF,
signal transduction of VEGF, migration of proliferating
endothelial cells, and tube formation. However, it is uncertain
that the inhibition of angiogenic cascade is able to lead tumor
regression. ANET is different from the traditional anti-
angiogenic therapy, since this therapy eradicates proliferating
endothelial cells and is expected to eradicate tumor cells
through complete cutoff the blood supply to tumor tissues
resulting in regression of the tumors. Moreover, ANET would
not be expected to acquire drug-resistance, and would inhibit
hematogenous metastases. .

In here, we showed the therapeutic efficacies of ANET in
orthotopic pancreatic tumor model by using tumor neovascu-
lature-targeted liposome encapsulating an anti-cancer drug,
ADM. Since pancreatic cancer is known as hypovascular
cancer, injury of the small number of vascular cells may affect
on large extent of cells that depend on supply of oxygen and
nutrients to the vessel. Many experiments have been done to
treat pancreatic tumor by anti-angiogenic therapy. These results,
however, suggest that the effect of anti-angiogenic therapy
alone is thought to be inadequate, concomitant treatments with
anti-cancer drug or radiation have been tried [16,17]. On the
other hand, ANET injures the proliferative angiogenic endo-
thelial cells directly, and is expected to cause complete
regression of tumor cells. ’

At first, we confirmed the model used here had character-
istics of hypovascular tumor. As shown in Fig. 1, the CD31
positive area of orthotopic tumor model is significantly smaller
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than that of s.c. implanted tumor. The efficiency of ANET in
previous study was the case of s.c. implantation model [14]. The
present study is for the first time to investigate whether ANET
works in hypovascular tumor model. Biodistribution study by
using *H-labeled PEG-Lip and APRPG-PEG-Lip showed no
differences in the accumulation of liposome in the tumor. In
general, PEG-modification prevents liposomes from opsoniza-
tion and reticuloendothelial system (RES)-trapping {18]. This
enables liposomes to circulate a long time in bloodstream and to
accumulate in the interstitial spaces of tumor tissue through
leaking out of angiogenic vessels: This behavior is due to so-
called EPR effect [19,20], and such accumulation is called as
passive targeting. APRPG peptide-modification adds an ability
to actively interact with the angiogenic vessels, although the
total accumulation of PEG-Lip and APRPG-PEG-Lip in the
tumnor was not significantly different. This result is consistent
with our previous study using s.c. implanted tumor. We
previously observed that the accumulation of PEG-Lip and
APRPG-PEG-Lip was quite similar in s.c. implanted tumor
model [14], but the intratumoral distribution was much
different: PEG-Lip accumulated around angiogenic vessels,
and APRPG-PEG-Lip associated with angiogenic vessels [15].
Therefore, we next determined the intratumoral distribution of
the two liposomes by using confocal laser scan microscopy. On
the other hand, biodistribution study showed the spleen and
liver retention of liposomes. This retention is much lower than
that of liposome without PEG-modification and the drug in
them would show little effect on non-proliferative cells.

As shown in Fig. 3, APRPG-PEG-Lip and PEG-Lip were
mainly distributed inside of vessel like structure after 2 h
injection. Since these liposomes had long-circulating character-
istics, they would effectively reach the vessel of the pancreatic
tumor. Intravessel distribution of liposomes, however, was
much different in these two kinds of liposomes. APRPG-PEG-
Lip was colocalized with vessel marker CD31, although PEG-
Lip was rather evenly distributed inside the vessel like structure.
The accumulation of PEG-Lip at outside of vessels was not
observed at this time point, although these vessels should be
angiogenic vessels since APRPG-PEG-Lip having affinity to
only neovessels associated with the vessels. The target of
APRPG peptide is unclear at present, however, cellular uptake
of APRPG-modified liposome significantly increased in VEGF-
stimulated human umbilical vein endothelial cells (HUVECsS)
in vitro suggesting that some molecule which was expressed
on the surface of the cells by the stimulation is responsible for
the interaction. Moreover, a previous paper reported that one
peptide including the PRP motif had an affinity for VEGF
receptor [21]. Therefore, APRPG peptide may interact with
endothelial cells through a certain molecule on the cell surface.

Finally, we examined the effect of ANET on the pancreatic .

tumor, and observed significant suppression of tumor growth by
the treatment with APRPG-PEG-Lip encapsulating ADM.
Since APRPG-PEG-Lip directly associated with growing
angiogenic endothelial cells, ADM in the liposome might
damage the angiogenic vessels. Generally, in pancreatic cancer,
scirrthous gastric cancer and inflammatory breast cancer, drug
carrier-based DDS require a long-distance transportation to get

to the tumor cells which is a disadvantage for targeting DDS.
PEG-Lip accumulated passively is thought to remain in large
volume of stroma exists in pancreatic cancer, followed by poor
anti-tumor activity. The APRPG-based anti-neovascular system
may overcome this disadvantage by directly and effectively
injuring targeted proliferative angiogenic vessels. Immunohis-
tochemical analysis also supported the idea.

In conclusion, ANET has the possibility to treat hypovas-
cular pancreatic tumor by injuring the neovessels. APRPG-
modification of PEG-Lip endows it with binding ability to
angiogenic endothelial cells, therefore ADM encapsulated in
the liposome may effectively damage the cells, which causes
enhanced therapeutic efficacy compared to that by ADM in
PEG-Lip. Since PEG-Lip accumulated in orthotopic pancreatic
tumor in a similar extent to APRPG-PEG-Lip, the inferior
therapeutic efficacy of ADM in PEG-Lip to that in APRPG-
PEG-Lip might be due to the topological distribution difference:
PEG-Lip might reside in the interstitial spaces of the tumor, and
gradually release ADM which causes damage of growing cells.
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