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Fig. 5. Extravasation of Evans blue in LLC (a) and €26 tumors (b). Forty—exght hours after intravenous injection of Evanis blue solution, tumors were excised and were snap-
frozen, Cross-sections of tumor tissues were directly subjected to the observation under the microscope as described in Section 2. The result shown here is the representative
one among three independent tumor sections per group.

amount of VEGF was secreted in C26 tumor compared with that of Mediators that would be substantially responsible for enhancing
LLC tumor {Fig. 6¢). From these results, it was suggested that the the secretion of VEGF in these tumor tissues remain unclear, but
higher vascular permeability within C26 tumor (Fig. 5) would be should be identified for the development of the more efficient can-
ascribed to its higher se‘cre_tibn of VEGF within the tumor tissue. cer chemotherapy.-

E
%»

2

VEGF concentration (pg/mg protein)

0 ' ) j

uc C26

Fig. 6. immunohistochemical staining of VEGF in LLC (a) and €26 tumors (b), and quantification of VEGF ainount within the tumor tissue by ELISA (c). Tumor tissues were
excised from mice when the tumor became 500mm?® in volume and were snap-frozen. Acetone-fixed 5-wm thick sections of tumor tissues were prepared and then AEC
staining was performed for VEGF as described in Section 2. In"parallel, turnor tissues were homogenized in lysis buffer containing 5% pmnease inhibitor cocktail and VEGF
levels were quantified with commeércially available ELISA kit Results are expressed as the mean with the vertical bar showing 5.D. of four independent experiments. *p <0.05,
compared with LLC.
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The present study clearly demonstrated that besides the
improvement of retention of liposomal DOX in plasma, the higher
vascular permeability within tumor tissues would also be required
for liposomal DOX to be taken up more efficiently by tumor cells,
indicating that the permeability of vasculature within tumor tis-
sues is a critical factor for EPR effect-based anti-tumor effect of
liposomal DOX.

References

Amice, J., Dazord, L., Toujas, L., 1978, Impairment of inflammatory reactions in
tumour-bearing mice as measured by Evans blue extravasation. Eur. J. Cancer
14, 1287-1288. .

Clasen, RA., Pandolfi, S,, Hass, G.M., 1970. Vital staining, serum albumin and the
blood-brain barrier. J. Neuropathol. Exp. Neurol. 29, 266-284.

Dreher, MR, Liu, W., Michelich, CR., Dewhirst, MW., Yuan, F, Chilkoti, A,, 2006.
Tumor vascular permeability, accumulation, and penetration of macromolecular
drug carriers. ]. Natl. Cancer Inst. 98, 335-344.

Eghbali, M., Birnir, B., Gage, PW., 2003, Conductance of GABA, channels activated
by pentobarbitone in hippocampal neurons from newborn rats. J. Physiol. 552,
13-22.

Gabizon, A.A., 1995. Liposome circulation time and tumor targeting: implications
for cancer chemotherapy. Adv, Drug Del. 16, 285-294.

Gabizon, AA., Chemla, M., Tzemach; D., Horowitz, A.T., Goren, D., 1996. Liposome
longevity and stability in circulation; effects on the in vivo delivery to tumors and
therapeutic efficacy of encapsulated anthracyclines. J. Drug Target. 3, 391-398,

Gabizon, A.A., Shmeeda, H,, Zalipsky, S., 2006. Pros and cons of the liposome platform
in caricer drug targeting, J. Liposome Res. 16, 175-183.

Graff, BA, Bjomnaes, I, Rofstad, EK., 2000. Macromolecule uptake in human
melanomaxenagrafts: relationships to blood supply, vascular density, microves-
sel permeability and extracellular volume fraction. Eur. J. Cancer 36, 1433-1440.

Graff, B.A; Bjonaes, 1, Rofstad, EX., 2001. Microvascular permeability of human
melanoma xenografts to macromolecules: relationships to tumor volumetric
growth rate, tumor-angiogenesis and VEGF expression. Microvascular Res, 61,
187-198.

Haran, G., Cohen, R,, Bar, LK, Barenholz, Y., 1993, Transmembrane ammonium
sulfate gradient in liposomes produce efficient and stable entrapment of amphi-~
pathic weak bases, Biochim. Biophys. Acta 1151,201-215.

Heyes, J, Hall, K., Tailor, V., Lenz, R., MacLachlan, 1, 2006, Synthesis and character-
ization of novel poly(ethylene glycol)-lipid conjugates suitable for use in drug
delivery. J. Control, Release 112, 280-290,

Kliche, S., Waltenberger, }., 2001, VEGF receptor signaling and endothelial function.
IUBMB Life 52, 61-66.

Kratzke, RA., Kramer, B.S., 1996. Evaluation of in vitro chemosensitivity using human
lung cancer cell lines, ); Cell Biochem, 24, 160-164,. .

Lee,ES., Na, K., Bae, Y.H., 2005, Doxorubicin loaded pH-sensitive polymeric micelles
for reversal of resistant MCF-7 tumor. }. Control, Release 103, 405-418. :

Lim, }.G., Lee, HY,, Yun, .E., Kim, S.P, Park, JW.,, Kim, 5. Han, ], Park, MJ.,, Song,
D.K., 2004, Taurine block of cloned ATP-sensitive K* channels with different

119

sulfonylurea receptor subunits expressed in Xenopus laevis cocytes. Biochem.
Pharmacol. €8, 901-910. )

Maeda, H., Wu, J,, Sawa, T., Matsumura, Y., Hori, K., 2000. Tumor vascular perme-
ability and the EPR effect in' macromolecular therapeutics: a review, J. Control.
Release 65, 271-284, .

Mayer, LD., Tai, L.C,, Ko, D.S, Ma;in. D., Ginsberg, R.S., Cullis, P.R,, Bally, M.B., 1989.
Influence of vesicle size, lipid composition, and drug-to-lipid ratio on the bio-
logical activity of liposomal doxorubicin in mice. Cancer Res. 49, 5922-5930.

Mosmann, T.,-1983, Rapid colorimetric assay for cellular growth and survival: appli-
cation to proliferation and cytotoxicity assays. ], Immunol. Methods 65, 55~
63, - :

Nakamura, R, Saikawa, Y., Kubota, T., Kumagai, A,, Kiyota, T, Ohashi, M,, Yoshida,
M., Otani, Y., Kumai, K, Kitajima, M., 2006. Role of the MIT chemosensitiv-
ity test in the prognosis of gastric cancer patients after postoperative adjuvant
chemotherapy. Anticancer Res. 26, 14331437,

Northfelt, D.W,, Dezube, B, Thommes, J.A., Miller, B}, Fischl, M.A, Friedman-Kien,
A., Kaplan, LD., Mond, C.D, Mamelok, RD., Henry, D.H., 1998, Pegylated-
liposomal doxorubicin versus doxorubicin, bleomycin, and vincristine in the
treatment of AIDS-related Kaposi's sarcoma: results of a randomized phase Il
clinical trial, }, Clin. Oncol. 16, 2445-2451. :

Roberts, W.G,, Hasan, T,, 1993. Tumor-secreted vascular permeability factor/vascular
endothelial growth factor influences photosensitizer uptake. Cancer Res, 53,
153-157.

Schmidt, P.G., Adler-Moore, LP, Forssen, EA,, Proffit, RT, 1998. Unilameliar lipo-
somes for anticancer and antifungal therapy. In: Lasic, D.D., Papahadjopoulos,
D. (Eds.), Medical Applications of Liposomes, Elsevier Science BV, New York, pp.
703-731. '

Shaw, G.L, Gazdar, A.F, Phelps, R, Steinberg, S.M;, Linnoila, R1, Johnson, B.E., Oie,
H.K, Russell, EX., Ghosh, B.C., Pass, H.I, Minina, J.D., Mulshine, JL, ihde, D.C.,
1996, Correlation of in vitro drug sensitivity testing results with response to
chemaotherapy and survival: comparison of non-small cell lung cancer and small
cell lung cancer. }. Cell Biochem, 24, 173-185.

Smit, E.E, de Vries, E.G., Timmer-Bosscha, H., de Leij, LF, Oosterhuis, W, Scheper,
RJ., Weening, }J., Postmus, P.E., Mulder, N.H., 1992. In vitro response of human
small-cell lung-cancer.cell lines to chemotherapeutic drugs; no correlation with
clinical data, Int. . Cancer 51, 72=78.

Tanaka, S., Akaike, T., Wu, J,, Fang, J., Sawa, T., Ogawa, M., Beppu, T., Maeda, H.,, 2003,
Modulation of tumor-selective vascular biood flow and. extravasation by the
stable prostaglandin 12 analogue beraprost sodium. J. Drug Target 11, 45-52.

Tonn, J.C., Schachenmayr, W., Kraemer, H.P,, 1994. In vitro chemosensitivity test of
maligriant gliomas: clinical relevance of test results independent of adjuvant
chemotherapy. Anticancer Res. 14, 1371~1375.

Unezaki, S., Maruyama, K., Hosoda, J.1, Nagae, 1., Koyanagi, Y., Nakata, M., Ishida,
0., Iwatsuru, M., Tsuchiya, S., 1996, Direct measurement of the extravasation of
polyethyleneglycol-coated liposomes into solid tumor tissue by in vivo fluores-
cence microscopy. Int. J. Pharm. 144, 11-17,

Yamaoka, K., Tanigawa, Y., Nakagawa, T, Uno, T., 1981. A pharmacokinetic analysis
program (MULTI) for microcomputer. ), Pharmacobio-Dyn. 4, 879-885.

Yuan, F, Dellian, M., Fukumiura, D.; Leunig, M., Berk, D.A., Torchilin, V.P; Jain, RK,,
1995. Vascular permeability in a human tumor xenograft: molecular size depen-
dence and cutoff size, Cancer Res. 55, 3752-3756.



International Journal of Pharmaceutics 359 (2008) 272-279

Pharmaceutical Nanotechnology
Prolongation of residence time of liposome by surface-modification
with mixture of hydrophilic polymers

Tamer Shehata, Ken-ichi Ogawara, Kazutaka Higaki, Toshikiro Kimura*

Department of Pharmaceutics, Faculty of Pharmaceutical Sciences, Okayama University, 1-1-1 Tnuhima-ndka, Okayama 700-8530, japan

ARTICLE INFO ABSTRACT
Article history: The objective of this study is to evaluate the biodistribution characteristics of liposomes surface-modified
Received 7 January 2008 with the mixture of polyethylene glycol (PEG) and polyvinyl alcohol (PVA) as a drug carrier for passive tar-
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geting of drugs. The liposomes (egg phosphatidylcholine:cholesterol = 55:40, molar ratio) modified with
both PEG and PVA (4:1 molar ratio) (PEG4%/PVA1% liposome) provided the largest AUC, which could be
attributed to the smallest hepatic clearance of the liposomes. The liver perfusion studies clearly indicated
that lower hepatic disposition of PEG4%/PVA1% liposome was ascribed to the decreasein its hepatic uptake

';f?gfp'zi;m o via receptor-mediated endocytosis. Furthermore, the amounts of whole serum proteins and of opsonins
Polyviny! alcohol such as complement C3 and immunoglobulin G adsorbed on PEG4%/PVA1% liposome were significantly
Pharmacokinetics smaller than those on the liposome solely modified with PEG (PEG5% liposome). On the other hand, sev-
Opsonins eral proteins were adsorbed at Jarger amount on PEG4%/PVA1% liposome than PEGS% liposome, and the

protein identification by LC-MS/MS suggested that some of those proteins mcludmg albumin might func-
tion as dysopsonins. The decrease in the adsorbed amount of several opsonins and the increase in the
adsorbed dysopsohins would be responsible for its lower ‘affinity to the liver and long residence in the

Dysopsonins

systemic circulation of PEG4%/PVA1¥ liposome.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

~ Liposomes, mainly made from naturally occurring phospho-
lipids, are biocompatible vehicles. Liposomes can entrap both
hydrophilic and hydrophobic drugs in their aqueous internal com-
partment or within their membrane bilayer, respectively, and hence
it can protect the entrapped drug from external destructive con-
dition such as light, pH and enzymes. Therefore, liposomes' are
considered to be one of the advantageous candidates of drug car-
riers.(Lian and Ho, 2001; Torchilin, 2005). In spite of these merits,
their rapid clearance by the reticuloendothelial system (RES) lim-
its their application as drig carriers to other tissues and/ot cells
(Poste etal,, 1982; Senior, 1987; Allenetal 1991). Various strategies
have been developed in order to avoid RES uptake, including the
modifying of the liposomal surface with natural polysaccharides
such as mannan, pullulan, amylopectin and dextran (Sihorkar and
Vyas, 2001). Besides these approaches, long circulating liposomes
were developed by the incorporation of ganglioside GM1, phos-
phatidylinositol or lipid-conjugated polyethylene glycol (PEG) onto
the surface {Allen and Chonn, 1987; Gabizon and Papahadjopouios,
1988: Allen and Hansen, 1991). Among them, many studies have

* Corresponding author. Tel.: 481 86 251 7948; fax: +81 86 251 7926.
E-mail address: kimura@pharm.okayama-u.ac jp (T, Kimura).
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demonstrated that PEG-modified liposome exhibits it prolongéd
blood circulating property by inhibiting adsorption of various
opsonins such as xmmunoglobulm G(lgG)and complement-related
components (Banerjee 2001; Ishida et al., 2002). PEG liposome
has been widely used in an attempt to achieve a passive target-
ing of drugs due to its easy preparation, relatively low cost and its
multiple linkability to. other lipids (Allen et al., 1991; Maruyama
et al., 1999). Lately; the feasibility of modifying the surface of lipo-
somes with polyvinyl alcohol (PVA) or polyacrylic acid (PAA) having
a hydrophobic anchor(s) was reported, and it was confirmed that
the modification of the hposomal surface with PVA could improve
the physical stability of llposomes (Takeucm et al., 1998, 2000), In
addition, the blood nrculatlon time of PVA (MW: 20,000)-modified
liposome was comparable to that of PEG (MW: 2000)-liposome
(Takeuchi et al., 2001). However, there has been no report exam-
ining the effect of the modification of liposomnes with the mixture
of different hydrophilic polymers. In order to develop the longer
circulating liposomal preparations, therefore, we formulated the
liposomes surface-modified with the mixture of PEG and PVA, and
evalu@ted ‘their biodistribution charactenstncs in rats. The hepatic
disposition characteristics of these liposomes wereevaluated in the
liver perfusion experiments. In addition, to have a better under-
standing of their in vivo behavior, especially. their hepatic uptake,
the interaction of these polymer-madified liposomes with blood
commiponents was also studied.
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2. Materials and methods
2.1. Materials

Egg yolk phosphatidylcholine (EPC), cholesterol (Chol) and
distearoy! phosphatidylethanolamine-N-{methoxy poly(ethylene
glycol)-2000] (PEG-DSPE) were purchased from ASAHI KASEl
Chemicals Industry Inc. (Tokyo, Japan), Wako Pure Chemical
Industry Inc. (Osaka, Japan) and NOF Inc. (Tokyo), respectively.
[3H] Cholesteryl hexadecyl ether ([*H] CHE) was purchased from
PerkinElmer Life Science Inc. (Boston, MA, USA).-Polyvinyl alcohol
derivatives beanng a hydrophoblc anchor (C12H25—S ) at the ter-
minal of the molecule with molecular weight of 20,000 was a kind
gift from Kuraray Co. (Tokyo). Trypsin from porcine pancreas was
‘purchased from Sigma (St. Louis, MO, USA). Calcein was purchased
from Kanto Chemical Co. Inc. (Tokyo). Phospholipid content of lipo-
somes was determined using Phospholipid C-Test Wako (Wako Pure
Chemical, Osaka), Rabbit anti-rat IgG polyclonal antibody or goat
anti-rat complemen_t C3 polyclonal antibody was purchased from
Southern Biotech. (Birmingham, AL, USA) or from MP Biomedicals,
LLC (Solon, OH, USA), respectively. All other reagents were of the
finest grade available.

2.2. Preparation of liposomes

Small unilamellar liposomes were prepared by the hydration
method reported previously (Furumoto et al, 2007). PEG2000
is almost completely incorporated into liposomes at 5mol% of
total lipid contents, but its amount incorporated is saturated over
5-7mol% (Allen et al, 1991). Therefofe, we set the total poly-
mer content to be 5 mol%. EPC, Chol and/or PEG-DSPE from stock
solution were mixedat the molar ratio of EPC:Chol = 60:40 for con-
ventional liposome or EPC: Chol:polymer{s)=55:40:5 for polymer-
modified liposomes, respectively, the liposomes were radiclabeled
by incorporating trace amount of the non-exchangeable, non-
metabolizeable marker [*H] CHE to follow 'the biodistribution of
hposomes (Stein et al., 1980). Then, the lipid mixture was dried
under reduced pressure. The resultant dried lipid film was hydrated

with phosphate-buffered. saline (PBS, pH 7.4) under mechani-
cal agitation. The obtained liposomal suspensions were extruded
through polycarbonate membrane filters (Miilipore, Temecula,
CA, USA) with pore sizes of 200nm 5. times, followed by the
extrusion through 100-nm filter 10 times. In order to prepare
liposomes-containing PVA, furthermore, an- ahquot of the lipo-
somal suspensions were mixed with PVA polymer solution with
various concentrations to give an intended final PVA content and
was followed by the incubation at 10°C for 60 min according to
the method reported prevmusly (Takeuchr et al,, 1998). In the case
of calcein-containing liposomes, the hydration of dried lipid film
‘was performed with PBS (pH 7.4) containing calcein (0.2 mg/mL),
then the liposomal suspensions were -obtained by following the

same procedure as described above. Non-encapsulated calcein .

was removed by gel-filtration chromatography (Sepharose CL-4B,

Amersham Bioscience, Uppsala, Sweden). The amount of PVA asso-
ciated onto the liposomes was éstimated by the method reported
previously (Takeuchi et al., 1998). In brief, 0.3mL of liposomal
suspension was ultra-centrifuged at 300,000 x g for ‘120 min. The
mixture of 3mL of boric acid solution (4%, w/v) and 0.6mL of
I,/KI solution (0.05M/0.15 M) was added to 0.05mL of t_he super-
natant, then the solution was diluted to 10 mL with distilled water.
The polymer concentration was measured spectrophotometrically
at the wavelength of 620nm. The amount of associated PVA was
calculated by subtracting the PVA amount in the solution. It was
confirmed that more than 90% of added PVA was incorporated into
the liposomal membranes.

2.3, Liposomal size distribution and zeta potential measurenients

The size distribution and zeta potentials of liposomes in PBS (pH
7.4) were determined by dynamic light scattering spectrophotome-
ter (DLS~7000 Otsuka Electronics, Osaka) and by electrophoretic
light scattering spectrophotometer (ELS-6000, Otsizka Electronic),
respectively.

2.4. In vitro release of calcein from liposome

The in vitro release of calcein-from liposomes was evaluated by
equiilibrium dialysis method. In brief, 1 mL of liposomal suspension
was mixed with 1 mL of PBS (pH 7.4) containing 10% serum {v/v)
and the mixture was loaded into the membrane tube (Spectra/Por®
Membrane, MW(CO: 12,000-14,000, Spectrum Laboratories Inc.,
Breda, The Netherlands) After both ends were tightly closed, the
dialysis tubes were placed into 40 mL of PBS (pH 7.4) as an acceptor
medium, and were incubated at 37C for 12 h. The percentage of
released calcein from liposomes was calculated as follows:

lo

s x 100

release (%) =

where Ip and I; are the fluorescence intensities of calcein before
and after incubation, respectively: I,,;5; Was the florescence inten-
sity of total calcein loaded into liposomes, which was determined
after the destabilization of liposomes by 5% Triton X-100 (final
concentration), The florescence intensity of calcein was mea-
sured at 490 and 520 nm for excitation and emission wavelengths,
respectwely

2.5. Animals

Male Wistar rats (Japan SLC, Hamamatsu, Japan), maintained
at 25°C and 55% humidity, were allowed free access to standard
laboratory chow (Clear Japan, Tokyo) and water. Rats weighing
220-240g were randomly assigned to each experimental group.
Our investigations were performed after approval by our local eth-
jcal committee at Okayama University and in accordance with
Principles of Laboratory Animal Care (NIH publication #85-23).

2.6. In vivo disposition experiments

After rats. were anesthetized by intraperitoneal injection of
sodium pentobarbital (20 mg/kg), liposomes were injected into the
femoral vein at a dose of 10 wmol total lipid/kg. Body temperature
of rats was kept at 37°C using a heat lamp during the experi-
ment. Blood samples were withdrawn from the jugular vein at fixed
time points, followed by immediate centrifugation at 4000 x g. The
obtained plasma was collected (100 L) and scintillation medium
(Clear-sol I1, Nacalai. Tesque, Kyoto) was added. For the tissue dis-
tribution study, organs (liver, spléen, kidney, heart and lung) were
excised at 6 h after the intravenous injection, rinsed with PBS, and
weighed. To solubilize the organs, Soluene-350 (Packard Instru-
ment Inc., Meriden, CT, USA) was added and incubated for 2h at
50 °C before the solubilized solution was neitralized by HCl. Then,
scintillation medium was added to the samples, and radioactivity
was measured in a liguid scintillation counter (TRI—CARB® 2260XL,
Packard Instrument Inc.).

Plasma cohcentrations of liposomes (G,) versus time curves
were analyzed by the Eq. (1) using the non-linear least-squares
regressxon program MULT] (Yamaoka et al., 1978).

Gy =A-exp(~a-1)+ B-exp(-f 1) )
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The area under the plasma concentration-time curve (AUC) was
calculated by the following equation:

13
AUC, = / Cpdt (2)
0

Total body clearance (CLyy,;), elimination rate constant (k), dis-
tribution volume of central compartment (Vd.) and dis'tribt_xtion
volume at steady state (Vdss) were calculated by the following
equations:

Dose

Cliotal = AT (3)
Dose

ke - CLtotal (5)

Vdg = (1 + {-;% -Vdc) 6)

where AUC{® means AUC value from O to infinity. ky; and ky; are
first-order rate constants from peripheral to central compartment
and from central to peripheral compartment, respectively. Tissue
uptake clearance (Clygue) Was calculated by the following equa-
tion:

‘.
tissue

AUC{,
where AUC means AUC value from 0 to time tand ngsu e
the amount of liposomes in a tissue at time t.

Clijssue = (t = 360 min) i (7)

represents

2.7. Single-pass liver perfusion experiments

Liver perfusion was carried out following the procedure
reported previously (Furumoto et al,, 2002). After the liver was sta-
bilized by 13-min perfusion with Krebs-nger bicarbonate (KRB)
buffer, each liposomal preparation was continuously infused at'a
concentration of 0.5 nmol total lipid/mLin the presence of 1% serum
from the portal vein for 20.min. After 5-miin wash with KRB buffer,
the liver was excised, weighed and the accumulated amount of
liposomes in the liver was evaluated by measuring the radioac-
tivity in the liver as mentioned above, The serum was prepared
just before use as follows: Tat whole blood was collected from the
carotid artery and allowed to clot at room temperature for 20 min,
"then centrifuged at 1500 x g for 20 min at 4 C and the supernatant
obtained was used, To investigate the contribution of the receptor-
mediated endocytosis to the uptake of liposomes, the perfused liver
was pretreated with 10 g/mL trypsin for 10 min (Ogawara et al,
1999).

2.8. Quantitative and ‘qualitative detérmination of serum protein
associated orito liposomal surface

Aliquots of 3H-liposomal suspension (2.5 wmol total lipid/mL)
werte incubated with equal volume ‘of fresh rat serum for 20 min at
374C.Then, the liposomes were separated from bulk serum proteins
by Sepharose CL-4B gel filtration (Johnstone et al,, 2001). Fractionis
of liposomes were collected, and the amount of serum proteins
associated on llposomes was quantified by Lowry S method (Lowry
et al.,, 1951) and ‘the amount of liposomes-was quantiﬁed by mea-

suring the radioactivity. SDS—polyacrylamnde gel electrophoresis’

(SDS-PAGE) was performed by using the Mini Protean-lI elec-
trophoretic -apparatus (Bio-Rad, Hercules, CA, USA) on 12.5%
polyacrylamide gel (Ready Gel ], Bio-Rad). For the relative com-
parison of the proteins associated on the surface of each liposomal
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preparation, the same amount of protein (0.3 pg) was loaded onto
the gel. The detection-of proteins was performed by a silver-
stain procedure by using a silver-stain kit (Daiichi Pure Chermcals
Tokyo).

After SDS-PAGE was performed as- described above, proteins
were blotted bn cellulose nitrate membrane (Advantec, Tokyo).
For the detection of comiplement C3 or IgG, the blots were incu-
bated with 1:100 diluted goat: anti-rat complement €3 or 1:250
diluted rabbit anti-rat IgG polycional antibody. As second antibod-
ies, peroxidase-linked anti-goat polycional antibody (Cosmo Bio.
Tokyo) and- anti-rabbit polyclonal antibody (Zymed® laboratories
Inc., CA, USA) were used at 1:10,000 and 1:5000 dilution in biock-
ing buffe;, respectively. The protein band was visualized with the
enhanced chemiluminescence (ECL) system (Amersham Pharmacia
Biotech, Buckinghamshire, UK) and the densitometric intensities
of protein bands were quantified by Scion Image™ (Scion Cor-
poration, Frederick, MD). Since SDS-PAGE was conducted under
reducing condition where many small fragments can be generated
from the protein of interest, the densitometric intensities of bands
were integrated for each lane to semi-quantitatively evaluate the
amount of C3 and IgG.

2.9. Sample preparation for LC-MS/MS analysis.and data search

The protein bands were excised from the gel and transferred
to Ependorf tubes. The gel pieces were washed twice with 50%
acetonitrile/25mM ammonium bicarbonate, washed with 100%
acetonitrile and then dried in a speed vacuum concentration sys-
tem (CVE—]OOD Rnkakxkax, Tokyo). Approximately 30 L of trypsin
(20 pg/mL) in 25mM ammonium bicarbonate was added to the
dried residue and the samples were incubated overnight at 37 °C.
The supernatant was transferred to a separate Ependorf tube and
the peptides were further extracted from the gel pieces by incu-
bation in 50% acetonitrile/5% formic acid (FA) for about 4h at
room temperature. The supernatants obtained from the two steps
were pooled, dried by SpeedVac and dissolved in 5 uL 50% ace-
tonitrile/0.1% FA and stored at —20°C until.use. Sample analysis
was performed on Agilent 1100LC/MSD Trap XCT series system.
The ionization system was Chip Cube using HPLC-Chip-Ms (Agi-
lentTechnologies, Santa Cldra, CA, USA). The chip was automatically
loaded and positioned into the MS nanospray chamber. The chip
contained aZobrax 3OOSB-C18 (43 mm x 75 wm, 5 um) column and
a Zobrax BOOSB-Cm (40 nL, 5 um) enrichment column. The mobile
phase, the mixture of H,0/0.1% FA and acetomtnle/lO% H,0/0.1%
FA, was delivered at the flow rate of 300 nL/min. Tryptic peptides
were eluted from the column into the MS using gradient elution.
The capillary voltage was set to 1850V, the flow and température
of the drying gas were 4 L/min and 300 °C, respectwely The MS and
MS/MS data were analyzed by Data Analys:s software (Spectrum
Mill Ver. 3.3).

2.10. Statistical analysis

Results are expressed as the mean:+5.D, Analysis of variance
(ANOVA) was used to test the statistical significance of differ-
€nces among groups. Statistical significance in the differences of
the means was evaluated by using Student’s t-test or Tukey's test
for the smgle or multxple comparisons of expenmental groups,
respectively.

3. Results and discussion
In ordér to prolong the residence time of liposomes in the sys-

temic circalation, PVA as well as PEG were employed to modify
the surface of liposomes. In this study, we prepared five different
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Table 1
Composition and phys:ca! properties of llposomes

Results for pamcle size and zeta potential are expressed as the mean+S.D, of three
expenments
p<0.05, compared with naked liposorne.
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Fig. 1. Invitrorelease of caltein from surface-modified liposomal preparations. Each
liposomal preparation was incubated in PBS (pH 7.4) containing 10% rat serum (v/v)
at37°C for 12 h. Results are expressed as the mean with the vertical bar showing
S.D. of three experiments, *p<0.05, compared with naked liposome,

liposomal preparations including naked liposome, PEG liposome
(PEG5%), liposomes modified with the mixture of both PEG and PVA
(PEG4%/PVA1% and PEG1%/PVA4%) and liposome modified ‘with
PVA only (PVA5%). It is well known that PEG-DSPE js stably inserted
into the lipid bilayei' ofliposomes (Parr et al., 1994). The 1-h incuba-
tion with 50% rat serum at 37 °Crevealed that more than 90% of PVA
incorporated stably remained on the liposomes, suggesting that the
hydrophobic moiety of PVA derivative was also stably inserted into
the lipid bilayer of liposomes as suggested by Takeuchi et al.{1998).
Since several factors such as particle size, charge and lipid
composition have been reported toinfluence the in vivo fate of lipo-
somes.after intravenous administrations (Levchenko et al., 2002;
Muraoc et al., 2002; Awasthi et al,, 2003), the physicochemical prop-
erties of the liposomes ‘prepared- were examined (Table 1). The
particle sizes for naked and PEG liposomes were found to be almost
the same, while the modification of liposomes with PVA increased
the pamcle size dependmg on its molar ratio. The measurement
of zeta potential showed that the riegative charge of naked lipo-
some tended to be neutralized by the ‘surface-modification either

Table 2

Pharmacolanenc parameters of different hposomal formulations after mtravenous mjecnon into rats

Plasma conceritration (% of dose/mL).

300 360

0 60 120 480 240
Time (min)

Fig. 2. Plasma concentration-time profile of surface-mod:ﬁed liposomal prepara-
tions after mtravenuus injection into rats, Each liposomal preparatlon was injected
atadose of 10 pmol tota} lipid kg, Resultsare expressed asthe meanwith the vertical
bar showing S.D. of three rats. Keys ~O-, Naked; -01-, PEG5%; -A-, PEG4%/PVA1X;
—i-, PEG1%/PVA4%; -, PVAS%, "p<0.05 compared with PEG5X liposome.

with PEG, PVA or their mixture. In order to confirm the stability of
prepared liposomes in the presence of serum, calcein release from
each liposomal preparation was determined. As illustrated in Fig. 1,
the surface-modified liposomes were characterized by the signif-
jcant lower release of calcein compared to the naked liposome,
demonstrating their good stability in the presence of serum.

In vivo pharmacokinetics and biodistribution of the. surface-
modified liposomes were investigated after intravenous adminis-
tration to rats, Fig. 2 shows the plasma concentration-time profiles
of the llposomes, and the pharmacokinetic parameters obtained
are summarized in Table 2. As shown in Fig. 2, naked liposome was
rapldly ¢liminated from systemic circulation with thelargest values
of ke, Vdc dnd. Vdss (Table 2). On the other hand, other polymer-
modified liposomes exhibited longer blood circulatinig properties.
Among them, PEG4%/PVA1% liposome showed the smallest CLgyy)
and the largest AUCY, which was about 12 times or 1.2 times
larger than that of naked liposome or PEGS% liposome; respectively
(Table 2). In addition, the PEG4%/PVA1% liposome showed signifi-
cantly higher plasma levels than PEG5% liposome at 30 and 60 min
after intravenous injection, Moreover, the PEG4%/PVA1% liposome
provided the smallest values of both Vd. and k.; among the lipo-
somal preparatmns examined, where the small Vd. and kg wolld
mean the decrease in the rapid distribution to the liver just after
dosing and the delay of elimination from plasma. respectively. Tis-
sue uptake clearances calculated for various organs would support
the above consideration (Fig. 3). The hepatic clearances for the
liposomes modified Wwith polymers were significantly smaller than
that for naked liposome, and PEG4%/PVA1% liposome provided the
smallest value of he'patic clearance among the liposomes investi-
gated. Furthermore, it is worth to note that PEG4%/PVA1% liposome
showed significantly smaller clearances for liver (68%), spleen (38%)
and lung (22% of PEG5%) than PEG5% liposome. On the other hand,

'Each pharmacokmetw parameter was obtamed by followmg the equatwns descnbed in Secnon 2 Results are expnessed as the mean :tS.D of three rats.

" p<0.01, compared with naked liposome,
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Fig. 3. Tissue uptake clearances of surface-modified liposomes after intravenous’
injection into rats. Each hposomal préparation was injected at a dose of 10 umol
total lipid/kg. Each tissue was excised at 6 h after injection. Results are expressed as_
the mean with the vertical bar showing 5.D. of three rats. Keys: Il liver; {3, spleen:
, lung; O, kidney; ®, heart. ‘p<0.05 compared with naked liposome; ¥p<0.05
compared with PEG5% liposome.

the renal uptake clearance was larger for PEG4%/PVA1¥ liposome
than that for PEG5% liposome. The reason for it remains to be clari-
fied, but the longer circulation of larger amount of liposomes might
lead to the disposition of intact and/or degraded liposomes into
kidney. ’

To clarify the mechanism behind the less affinity of
PEG4%/PVA1% than PEG5% to the liver where these liposomes
were mainly distributed, a single-pass liver perfusion experiment
was performed by using thé perfusate containing 1% serum (v/v)
(Fig. 4). Naked liposome showed significantly higher hepatic
accumulation (4.3+1.2nmol total lipid) than the two polymer-
modified hposomes In- addition, the hepatic accumulation of
PEG4%/PVA1% liposome (0.6:£0.2nmol total lipid) was signifi-
cantly lower than PEG5% (1.9 0.3nmol total lipid). These results
were similar to those obtained in the in vivo study (Figs. 2 and 3
and Table 2). Furthermore, thé pretreatment of the perfused liver
with trypsin drastically decreased the hepatic accumulation of
both naked (0.96+0.1nmol total lipid) and PEG5% liposomes
(0.90-0.06 nmol total lipid). On the contrary, the same treat-
ment did not significantly. affect the hepatic accumulation of
PEG4%/PVA1% liposome (0.70+0.20nmol total lipid). These
results clearly indicate that the modification of liposomes with
the mixture of PEG4%/PVA1% can avoid the hepat:c disposition
via the receptor-mediated endocytosis, which, on the other hand,
,substantially contributes to ‘the hepatic disposition of PEG5%
‘liposome.

It is well known that the hepatic uptake of liposomes is
largely affected by the association of serum opsonins such as IgG,

Hepatic disposition in 20

) PEGS%

Fig. 4. Hepatic disposition of naked, PEG5% and PEG4%/PVA1% liposomes in single-
pass liver perfusion experiments. The liver perﬁxslon was _performed for 20 min,
Results are expreéssed as the mean {with the vertical bar showing §.D. of three exper-
iments, Keys: B, control; O, + frypsin treatiment. *#1p <0.05, compared with naked,

control or PEG5% hposome, respectively.
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Fig. 5. Amount of serum proteins associated on the surface of PEG5% and

PEG4%[PVA1% liposomes. Results are expressed as the mean with the vertical bar
showing S.D. of three experiments. "p <0.05, compared with PEG5% liposome.

fibronectin, complement components, C-reactive protein and oy-
macroglobulin (Tsujimoto et al., 1981; Rossi, and Wallace, 1983;

Bonte and Juliano, 1986; Huongetal., 2001; Price et al., 2001; Ishida
et al,, 2006; Moghimi et al,, 2006). In addition, the recognition of
surface-bound opsonins by their corresponding receptors is known
to be a main trigger for the hepatic uptake of particles via receptor-
mediated endocytosis (Moghimi and Davis, 1994; Liu et al,, 1995).
Therefore, we tried to evaluate the serum proteins associated on the
surface of PEG5% liposome and PEG4%/PVA1% liposome quantita-
tively and qualitatively. As 1llustrated in Fig.'5, the total amount of
serum protems adsorbed on the surface of the PEG4%/PVA1% lipo-

“some (13,0 # 0.3 pg/pmol total lipid) was significantly smaller than

that for PEG5% liposome (18.0 = 0.4 p.g/iumol total lipid). This result
was in good agreement with the previous report demonstrating
thatthe circulation half-lives of liposomes after intravenous admin-
istration is inversely related to the total protein amount associated
on the surface (Chonn et al., 1992). It has previously been reported
that the fixed aqueous layer thickness (FALT) around liposomes was
increased by the surface-modnﬁcanon with PEG and that thicker
FALT would be likely to-prevent sefum proteins from interacting
with liposomes (Shimada et al., 1995; Zeisig et al., 1996), More-
over, it has been postulated that surface-grafted PEG would form
either a mushroom or a brush conformation, depending on molecu-
lar weight and surface density of PEG on the liposomes, and that the
latter conformation would build the thicker FALT than the former
one (Needham et al., 1997; Nicholas et al., 2000; johnstone et al,,
2001).-Sadzuka et al. (2002) reported that the surface-modification
with the mixture of PEG500 and PEG2000 provided thicker FALT
than the madification with either PEG500 or PEG2000, and that the
liposomes modified with both PEG500 and PEG2000 revealed the
lowest hepatic uptake. They speculated that PEG500 ‘would facil-
jtate to transform of PEG2000 from the mushroom structure into
the brush one; and that the liposomes on which less amount of
opsonins would be adsorbed due to thicker FALT had lower affinity
to the liver (Sadzuka etal; 2002) Consndermg this background, we
speculated that PVA alone on the surface of liposomes would be
present as the mushroom (sht‘unk) structure with thin FALT. Then,
further addition of adeguate amount of PEG might facilitate the

: conformatlonal change of PVA to the brush-like (extended) struc-

ture with thicker FALT, leading to the decrease in the adsorbed
amount of serum proteins on 'PEG4%/PVA1% liposome. In the case
of PEG1%/PVA4% lippsome, the amount of PEG might be still insuf-
ficient to facilitate the conformation change of PVA. Sadzuka et
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Fig. 6. Compaiison of serum proteins associated on the surface of PEG5% and
PEG4%/PVA1% liposomes. The same amount of pmtem (0.3 pug) was loaded onto
each Jane, SDS-PAGE was performed following the prdcedure described in Section
2, and proteins were silver-stained. Solid and dotted arrows indicate the typical pro-
teins increased and decreased on PEG4%/PVA1% liposome, respectively, as compared
with PEG5% lippsome,

al. (2002) proposed that the optimal amount of PEG500 would -

be needed to support the brush-like structure of PEG2000 and it
could also be the case with PEG/PVA liposomes. To have better
understanding of the mechanisms; however, the conformational
dynamics of PVA molecule on the surface have to be elucidated
and will be the subject of our further study.

A Complemm 03
{kDa).

:)pﬂcal density units
SEERE

PEGS% PEGA%/PYATS
Fig. 7, Seml-quanuﬁcanon of complement C3 and immunoglobulin G associated on the surface of PEG5% and PEG4%/PVA1% liposomes by Western blot analysis. The same

amount of protein (1.2 pug) was loaded onto each lane. Results of semi-quantification are expressed as the mean with the bar showing S.D. of five experiments, *"'p <0.05
compared with PEG5% liposomes. .

‘Optical density units
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In order to identify the proteins adsorbed on the liposomes, SDS-
PAGE was at first performed. The results revealed that there was
quite large difference in the proﬁles of surface-associated serum
proteins between PEG5% liposome: and PEG4%[PVA1X hposome
(Fig. 6). The proteins highlighted with dotted-arrows seem to be
preferentially associated onto PEG5% liposome. On the other hand,
the proteins hlghhghted ‘with solid arrows (15, 25, 35 and 240kDa)
are associated more onto PEG4%/PVA1% liposome.’ Taken the results
obtained in the in vivo. and liver perfusion studles together, the-
protein§ with dotted arrows mighit contain opsonins enhancing
the hepatic uptake of PEG5% liposome, while the proteins with
solid arrows might possess dysopsonin-like activity suppressing
the uptake of PEG4%/PVA1% liposome.

As discussed above, complement C3 (C3) and IgG are the major
opsonins and are known to play important roles to promote the
hepatic uptake of liposomes via their corresponding receptors
expressed on the surface of Kupffer cells in the tiver (Ishida et al.,
2002). Therefore, we conducted the Western blot analysis to com-
pare the amounts of C3 and- 1gG associated on the surface of PEG5%
and PEG4%/PVA1% liposomes(Fig. 7). As shown in Fig. 7A and B, the
semi-quantification of the densitometric intensities derived from
C3 and IgG fragments revealed ‘that these typical opsonins associ-
ated more with PEG5% liposome than PEG4%/PVA1¥ liposome,

Besides opsonins, it has been suggested that there are some
dysopsonins in serum, which can inhibit phagocytosns of pathogens
or particles. Although it was repoited that immunoglobulin A and
aq-acid glycoprotein functioned as dysopsonins for microorgan-
isms (Van Oss et al., 1974; Absolom, 1986), there is no identified
serum components with dysopsonic activity for liposomes 'so
far. Then, we tried to identify the proteins which might act as
dysopsonin for PEG4%[PVA1% highlighted with solid arrows in
Fig. 6. After SDS-PAGE was performed for proteins associated on
PEG4%/PVA1% liposome, the proteins hlghhghted with solid arrows
in Fig. 6 were subjected to LC-MS/MS system for identification and
the results were summarized in Table 3. The analysis showed that
albumin would be one of the serum proteins preferentlally associ-
ated onto PEG4%/PVA1% liposome. Taken our.previous reports that
the pre-coating of polystyrene nanospheres with albumin or the
coupling of albumin onto the surface of PEG liposome réduced their
affinity to the liver (Ogawara et al,, 2004; Furumoto et al., 2007),
albumin might function as dyso_psomn for PEG4%/PVA1% liposome.

(B) immunoglobulina G
(kDa) PEG5% PEG4%/PVA1%

o
4

PEG5S% PEGA%/PVA1%
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Table 3
ldentification of several serum proteins associated on PEG4%/PVA1% liposome at
larger amount than PEG5% liposomes

LC-MS/MS data were, analyzed by Spectrum Mill with NCBInr database
(http:/fwww.ncbi.nim.nih.gov/). The following filters were used after database
searching: peptide score >6, peptide% SP1> 60 and protein score> 11. Band numbers
represent the proteins highlighted with solid arrows in Fig. 6.

In addition, apo A-1, A-1V, B and E were also shown fo preferentially
be associated onto PEG4%/PVA1% liposome. Although apoE itself
is known to function as an opsonin for the uptake of particles by
hepatocytes, Bisgaier et al. (1989) indicated that the co-existence
of apoE with apoA-I, A-IV or B leads to the conformational change
of apoE and abolishes its ability to enhance the uptake of liposomes
by HepG2 celis. Therefore, the enrichment of these apolipoproteins
on the surface of PEG4%/PVA1% liposome might abolish the opsonic
activity of apoE. However, the mechanisms by which the specific
proteins such as albumin, apo A-1, A-1V, Band E were preferentially
associated onto PEG4%/PVA1% liposome are still unclear and would
be investigated in the further study.

4. Conclusion

An incorporation of small percentage of PVA into PEG liposome
(PEG4%/PVA1% liposome) |mproved the in vivo disposition charac-
teristics, which could be ‘attributed to lower hepatic distribution
‘of PEG4%/PVA1% liposome. The decrease in the affinity to the liver
would be attributed to lower amount of serum proteins includ-
ing opsonins and larger amount of dysopsonins such as albumin
adsorbed on the surface. These findings can form a solid basis to
develop useful particulate drug carriers with better isi vivo dispo-
sition charactenstlcs To confirm the advantage of PEG4%/PVA1%
liposome, the in vivo anti-tumor activity of the liposome including
some anti-tumor drug will be investigated in our next study.
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LETTER TO THE EDITOR

ATX-S10(Na)-photodynamic therapy inhi-
bits cytokine secretion and proliferation
of lymphocytes

Photodynamic therapy (PDT) is a new therapeutic

modality for a variety of neoplasms, including skin

tumors, lymphomas, as well asscleroderma. Now PDT
using 5-aminolevulinic acid (ALA) is available for skin
diseases and its effects on cytokine production have
also ‘been reported [1,2]. ATX-S10(Na),13,17-bis(1-
carboxyproplonyl)carbamoylethyl -8-ethenyl-2-
hydroxy-3- hydroxy1mmoethyhdene -2,7,12,18-tetra-

methylporphyrin sodium salt, is a new hydrophilic

chlorine photosensitizer characterized by good accu-
mulation in tumors [3,4], and rapid elimination in
urine within 24—48 h. Thus ATX-510(Na) is regarded
as a good candidate for the second generation photo-
sensitizer of PDT. Recent study from our laboratory
has demonstrated that ATX-S10(Na)-PDT is effective
for various skin tumors [5].
Psoriasis is a chronic inflammatory skm disease
with hyperproliferative epidermis. It is assumed
“that T cells and various T cell-derived cytokines
reveal an essential role on induction and mainte-
nance of the psoriatic lesion [6]. In fact cyclosporine
and various blologlcal agents are effective for psor-
iasis. There are no reports, however, which describe
the effect of PDT on cytokine production or T cell
proliferation. In the present study, we investigated
the effect of ATX-S10(Na)-PDT on the production.of
cytokines and viability of various T cell lines.
These cell lines include HuUT102, MT-2, Jurkat,
MolLT4, which are derived from mycosis fungoides,
adult Tcell leukemia, acute lymphoblastic leukemia,

- Abbreviations: PBS, phosphate-buffered saline; PDT, photo-
dynarnic th'erapy
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and acute lymphoblastic leukemia, respectwely '
These were generous gifts from Dr. Hiroya Kobayashi
(Pathology, Asahikawa Medical College, Japan). The
cells were cultured in. RPMI 1640 medium containing
10% fetal calf serum, 100u/ml penicillin, and
100 pg/ml streptomycin at 37 °C in CO; in air. In
order to determine the production of cytokines,
10° cells were cultured for 24 h and supernatants
were collected. Then various cytokines, TNF-a,
IFN-v, IL-2, IL-5, IL-6, and IL-8, were assayed using
ELISA kits, which were purchased from BioSource
international, Inc. (California, USA). In a preliminary
study, HuT102 cells produced abundant cytokines,
such as TNF-a, IFN-y, IL-6, and IL-8, butnot IL-2, or IL-
5 (data not shown). Then we analyzed the effect of
ATX-$10(Na)-PDT on the cytokine production of
HuT102 cells.

HuT102 cells (1 x 10°) were cultured in the pre
sence of 10 ng/ml ATX-S10(Na) for 3 h and the cells
were washed with phosphate-buffered saline (PBS).
Then the cells were irradiated with diode laser
(LD670-05, Hamamatsu Photonics K.K, Hamamatsu,
Japan). At the indicated time the supernatants were
collected and cytokine assays were performed. ATX-
$10(Na)-PDT significantly inhibited TNF-a, IFN-y, IL-
6, and IL-8 production and the maximal effect was
observed at 24 h.(Fig. 1). The effect was irradiation
dose-dependent. ATX-S10(Na) or the laser irradia--
tion alone did not affect the cytokine secretions or
cell proliferation (data not shown). Similar inhibi-
tory effects on the cytokines production were
observed by ATX-S10(Na)-PDT using MT-2, Jurkat,
and MoLT4 cells (data not shown).

The effect of ATX-S10(Na)-PDT on cell prolifera-
tion was performed by non-radioactive proliferation
assay using tetrazolium as indicator (Promega, Madi-
son, WI). Various doses of laser were irradiated on
1 x10% HuT102 cells, which were pretreated by
10 ug/ml ATX-S10(Na) for 3 h. The decrease in cell
proliferation was observed at 6 h and the maximal
effect was detected at 24 h (data not shown) The
suppressive effect was detected at 40 mJ/em? w1th
dose-dependent inhibition up to 100 mJ/cm?

0923-1811/530. 00 © 2007 Japanese Society for Investigative Dermatology Published by Elsevier Ireland Ltd. Al rights reserved.
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Effect of ATX-510(Na)-PDT on cytokine secretion of HuT102 cells. Followmg ATX-510(Na)-PDT, supernatants of

cultured HUT102 cells were collected at the indicated time and TNF-«, IFN-v, IL-6, and IL-8 assays were performed. Data
are the means = S.E.M. from triplicate determinations of at least four independent experiments. *P < 0.05 compared

with 0 mJ/cm?; **P < 0.01 compared with 0 mJ/cm?.

(Fig. 2A). The effect of ATX-S10(Na)-PDT on cell
death was performed by counting viable cells using
0.5% trypan blue. The cell death was detected at
40 mJ/cm? with dose-dependent inhibition up to
100 mJ/cm? (Fig. 2A). The dead cells showed
nuclear condensation and bleb, the features of
apoptosis (data not shown). Similar inhibitory
effects were observed using MT-2, Jurkat, and
MoLT4 cells (data not shown).
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The present study demonstrated that ATX-
S10(Na)-PDT suppressed cytokine ‘secretion from T
lymphocytes. High dose irradiation (60 mJ/cm?)
suppressed cytokine secretion associated with
decreased cell proliferation. In contrast, low dose
irradiation (20 mJ/cm?) suppressed cytokine secre-
tion without the inhibition of cell proliferation, PDT
induces singlet oxygen, which results in cell death
by oxidative damage on cell membranes and
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Fig. 2 Effect of ATX-S1 O(Na) -PDT on cell prollferatlon and cell death of HuT102 cells. After ATX-S10(Na)-PDT, HuT102
ceus were cultured for 24 and then MTS assay (A) and counting number of dead cells which were stained by trypan blue (B)
were performed. Data are the\means + S.E.M. fromtriplicate detennmatlons of at least four independent expenments

*P < 0.01 compared with 0 mJ/cm?.
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mitochondria [7]. Our preliminary study disclosed
that 60 mJ/cm? irradiation induced apoptosis in
HuT102 cell. Thus the suppression of cytokine secre-
tion by PDT at high dose irradiation was most likely
due to the cell death. Kick et al. [8] demonstrated
that IL-6 expression in PDT-treated Hela cells is
modulated by AP-1. They also showed that PDT-
induced AP-1 activation is mediated by H;0, and
- antioxidants 1nducatmg redox-dependent regula--

tion. Previous study revealed that AP-1 activation
by redox signal inhibits IL-2 gene expression [9].

The suppression of cytokines by PDT with low
dose irradiation might be mediated by redox-regu-
lated transcriptional factors, such as AP-1, and
NF-kB.

Previous reports showed the effect of PDT on
cytokine production. Consistent with our results,
PDT using photofrin suppressed TNF-o and IL-8 pro-
duction in lymphocytes derived from psoriasis
patients [2]. In contrast, PDT using photofrin
induced TNF-a, IL-6, IL-8, and IL-10 production in
epithelial cells, mammary tumor cells, Hela cells,
and macrophages [1]. These results indicate that

the effect of PDT on cytokine production depends on

different tissues and/or photosensitizers.

The cytotoxic effect of ATX-510(Na)- -PDT on lym-
phoid cells was also demonstrated in the present
study, which may explain the effect of PDT on
cutaneous lymphoma [9]. It is well known that
electron beam is among the first line therapies for
the early'stage cutaneous lymphoma. Because cuta-
neous lymphomas such as mycosis fungoides require
long-term treatments, several adverse effects
including radiation dermatitis, bone marrow sup-
pression, and potential secondary carcinogenesis
might be expected. Because the cytotoxic effect
of ATX-S10(Na)-PDT was much less than that of the
electron beam treatment, ATX-S10(Na)- -PDT might
be another useful modality for the treatment of
cutaneous lymphomas, in which the electron beam
treatment is restricted by the maximal irradiation
dose and the resting time interval for the next
irradiation.

Psoriasis is an inflammatory skin disease accom-
panied with hyperproliferative epidermis and
increased microvessels in the upper dermis. itis
presumed that a variety of cytokines, such as,

TNF-a, IFN-y, IL-6, and IL-8, are involved ‘in the
pathogenesis of psoriasis [6]. Our study demon-
strated that these cytokines from lymphocytes
was suppressed by ATX-510(Na)-PDT. PDT using
photofrin or ALA has been clinically applied for
the treatment of psoriasis [10]. ATX-S10(Na)-PDT-
induced suppression of cytokine production as well
as lymphocyte cytotoxicity at higher dose might be
promising for its clinical use against psoriasis.

In summary, we have shown that ATX-S10(Na)-
PDT suppresses cytokine secretion of various lym-
phocyte cell lines. These results might provide a
clue for the new treatment modality for psoriasis,
cutaneous lymphomas, and other related skin dis-
orders.
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Abstract Photodynamic therapy (PDT) is an effective
cancer treatment modality that allows selective destruction
of malignant tumor cells, We asked whether PDT could
inhibit in vivo and in vitro growth of synovial sarcoma
cells. We analyzed PDT using ATX-S10-Na(il) and a diode
laser for a synovial sarcoma cell line (SYO-1). Photody-
namic therapy with ATX-S10-Na(Il) showed an in vitro
cytotoxic effect on the cultured SYO-1 cells. The in vitro
effect of PDT depended on the treatment concentration of
ATX-S10-Na(ll) and the laser dose of irradiation. ATX-
S10-Na(ll) was detected in the tumor tissue specimens that
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were excised from nude mice bearing SYO-1 within
6 hours after intravenous injection, but it was eliminated
from the tumor 12 hours after injection. Photodynamic
therapy suppressed the tumor growth of nude mice bearing
SYO-1, and high-dose irradiation induced no viable tumor
cells in histologic specimens. Photodynamic therapy. per-
formed after marginal resection of the tumor of nude mice
bearing SYO-1 reduced the rate of local recurrence of the
tumor: Our results suggest PDT using AT'X—SIO ‘Na(II) and
laser irradiation may be a potentlally useful treatment for
synovial sarcoma, especially to reduce the surgical margin
and preserve critical anatomic structures adjacent to the
tumor.

Introduction

Photodynamic therapy is a unique cancer treatment
modality based on the dye-sensitized photooxidation of
biologic matter in target tissue [25, 26]. An intravenous
injection of a light-sensitive agent (the photosensitizer) is
retained selectively by tumor cells. The photosensitizer can
be focally excited by laser light in the presence of oxygen
using light of a wavelength matched to an absorption peak
of the photosensitizer [3]), and it transfers energy from
photons to oxygen molecules. Direct killing of tumor cells,
vascular damage, and inflammatory responses contribute to
tumor destruction [2, 7]. Pbotodynamic therapy, with
systemic administration of photosensitizer and laser irra-
diation, has been used clinically in recent years. It has
advantages such as anatomic and functional preservation of
adjacent normal tissues, enabling ‘minimally invasive pro-
cedures and adjuvant therapy for unresectable cancers [16,
29, 31]. Various authors report PDT has an antitumor effect
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in lung [10, 18], esophageal [8], bladder [1, 12], and der-
matologic¢ cancers [24, 33]. Photodynaimic therapy also has
been used to treat noncancerous diseases such as choroidal
neovascularization [22], atherosclerosis [30], and benign
hyperproliferative skin [28].

Malignant musculoskeletal tumors typically require
wide surgical resection with normal surrounding tissue.
However, a wide surgical resection often results in poor
physical function postoperatively according to the amount
of excised normal tissue, including muscle, vessels, and
nerves. Preservation of such normal surrounding tissue can
lead to better postoperative function for the patient;
although there is a higher risk of local recurrence. Adjuvant
treatment may reduce the risk of local recurrence when
decreasing the surgical margin. The effect of chemotherapy
and radiotherapy remains controversial regarding muscu-
loskeletal tumors [4, 6, 32]. Photodynamic therapy could
be a novel adjuvant treatment for musculoskeletal tumors.
Several papers report the treatment of osteosarcoma with
acridine orange PDT and chondrosarcoma with BPD PDT
{5, 13, 14].

ATX-S10-Na(ll) is one of the hydrophilic chlorine
photosensitizers and has some advantages compared with
other photosensitizers. ATX-S10-Na(Il) can be eliminated
rapidly from normal tissue, usually within 48 hours after
injection, thus resulting in reduced skin photosensi'tization
[27]. Its absorption maximum lies at 670 nm, which-allows
deeper penetration of laser béams into tissues than a 630-
nm laser [19]. Photodynamic therapy with ATX-S10-Na(I)

Fig. 1 The diagram shows the

B & : 1. In vitro
experiments we. performed for .

can be more effective for treatment of deeply located or
large tumors, but has not been explored for use in soft

~ tissue sarcomas.

Exploring the possibility that PDT using ATX-
$10-Na(lT) could be a new therapy for synovial sarcoma we
asked four questions: (1) Does PDT have a cytotoxic effect
on human synovial sarcoma cells in vitro?; (2) Can ATX-
S10-Na(ll) accumulate specifically in the .tumor after
intravenous injection in vivo, and be eliminated from the
tumor quickly?; (3) Can PDT using ATX-S10-Na(Il} and
laser irradiation cause tumor necrosis and inhibit tumor
progression?; and (4) Can PDT using ATX-S10-Na(II) and .
laser irradiation reduce the rate of local recurrence after
marginal resection of synovial sarcoma? In this study, we
conducted in vivo and in vitro experiments using a human
synovial sarcoma cell line to assess these questions.

Materials and Methods

To answer these four questions we conducted four series of
experiments (Fig. 1). To assess an in vitro cytotoxic effect
of PDT, we measured the cell viability of synovial sarcoma
cells after PDT using laser irradiation (10-50 J/em?) fol-
lowing incubation with ATX-S10-Na(II) (3.25-50 pg/mL)
for 24 hours. To assess the in vivo accimulation of ATX-
S10'Na(ll) in the tumor, we performed fluorescence
microscopic examination of the tumor xenograft of syno-
vial sarcoma cells on nude mice after an intravenous

observation of in vitro' and’ in
vivo antitumor effects on syno-
vial sarcoma.

Cell viability after PDT

SYO-1 cells (2 x 10° per.well)

ATX-S10+Na(II) for 24 hours incubation
(0, 3.13, 6.25, 12.5, 25, and 50 pg/mL)

10, 20, and 50 J/em? irradiation [

MTT assay

Accumulation of ATX-S§10-Na(Il)

2. In vivo

Fluorescence microscopic examination at
0, 3, 6, 12, and 24 hours after injection

N

Tumor (SYO-1) xenograft

SYO-1 cells (10° cells/per mouse)

BALB/c'nude mice’

Cdntitumor ¢ffect of PDT alone
ATX-S10-Na(ll) (5 and 10 mg/kg)
100 J/cm? and 200 J/cm? irradiation
Tumor size at Days 0, 4,7, 11, 15

\Histologic examination at Day 15

_/
PDT as adjuvant therapy

Laser irradiation (100 J/cm?) 3 hours
after intravenous injection of ATX-
$10-Na(Il) (10 mg/kg) following
marginal resection of the tumor

.

/
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injection of ATX-S10-Na(II) (10 mg/kg) during a course of

0 to 24 hours. To assess the efficacy of PDT on the tumor

 in vivo, we measured the size of the tumor xenograft on
nude mice for 15 days after PDT treatment with laser
irradiation (100, 200 J/cm?) following intravenous injec-
tion of ATX-S10-Na(l) (5, 10 mg/kg) Because the
maximal laser penetration depth was reported as less than
8 mm [17], PDT was performed, when the diameter of the
tumor xenograft on the nude mice was 5.5 mm. The size of
each treated tumor (five mice for each group) at Day 15
after: PDT was compared with the size of the untreated
control tumors (five mice). Histologic examination of the
tumor Xenograft was performed on Day 15 after PDT. To
answer the question of PDT reducing local recurrence of
the tumor, we compared the rates of local recurrence after
ma:gmal resection followed by PDT with a 10 mg/kg
injection of ATX-S10-Na(Il) and 100 Yem? laser irradia-
tion, or after marginal resection alone (five mice in each
group). In all experiments, the concentration of ATX-
S10-Na(II) and the dose of laser irradiation were not
randomized.

ATX-S10-Na(Il),13,17-bis(1,2-dicarboxyethyl)carbamoyl
ethyl-8-ethenyl-2-hydroxy-3-hydroxyiminoethylidene-2,7,
12,18-tetramethylporphyrin sodium salt was synthesized
by a commercial laboratory (Photochemical Co, Ltd,
Okayama, Japan). We dissolved ATX-S10-Na() in phos-
phate-buffered saline, and ‘diluted in a culture medium

‘at appropriate concentrations. A diode laser, ALD-1
(Hamamatsu Photonics KK, Hamamatsu, Japan), was used
as the light source to excite ATX-S10-Na(ll), The diode
laser is a continuous-wave laser and its wavelength is
670 nm:

A human synovial sarcoma cell line, SYO-1 [11], was
incubated in Dulbecco’s modified Eagle’s medium sup-
plemented with 10% fetal bovine serum and antibiotics
(penicillin and streptomycin) in a humidified atmosphere
with 5% CO; at 37°C.

We incubated SYO-1 cells (2 x _l()3 per well) in a 96-
well nlig:mplate with 0, 3.13, 6.25, 12.5, 25, and 50 pg/mL
A’IX-SIO'Na(lI) for 24 hours. The cells were washed
with medium twice and then irradiated with 10, 20, and
50 J/cm® using the 670-nm diode laser. The laser power
was fixed at 150 mW/cm?. After additional 24-hour incu-
batlon of the cells at 37°C, cell viability was assessed by an

- MTT assay (Chemicon International, Inc, Temecula, CA).
Quantitation then was measured using a Model 550
miicroplate reader (BioRad, Hercules, CA). We prepared
eight wells for each condition and the cytotoxicity rate in
treated ' cells was represented as a percentage of MIT
value, and compared with that of untreated control cells.

- Fifty 4-week-old male BALB/c nude mice (BALB/c nu/
nu) were used for implantation of SYO-1 cells. We injected
single cell suspensions of SYO-1 cells (10° cells per

@ Springer

mouse) subcutaneously into the back of the mice. Growth
of the tumors was measured using a slide caliper. When the
diameter of the tumor reached 10 mm (1.5-2 weeks),
ATX-S10: Na(Il) (10 mg/kg) was injected intravenously
into five SYO-I-beanng mice. The tamors were removed at
0,3, 6,12, and 24 hours after injection, respectively. Four
frozen sections of the tumor were embedded in OCT
compound and prepared for fluorescence microscopy cou-
pled with a cooled CCD camera (Axxoplan 2 Imaging; Carl
Zeiss, Inc, Thornwood, NJ). A 5-um unstained frozen
section was excited by 520 nm light, and the fluorescence
of ATX-S10-Na(ll) was examined under a 585-nm band -
pass filter by the CCD camera.

When the diameter of the tumor on the back of the nude
mice reached 5.5 mm, ATX-S10-Na(ll) (5 and 10 mg/kg)
was injected intravenously. We irradiated the tumor site-
with 670 nm laser light (100 J/em?, 200 J/em?) 3 hours
after injection (five mice for each group). The duration of
PDT was related to the laser dose (11 minutes for 100 Jem?
and 22 minutes for 200 Jcm?). After PDT, the animals
were maintained in a dark room to avoid skin irritation.
The length and width of the tumors were measured at'Days
0,4,7, 11, 15 aftcr laser irradiation and then tamor volume
was calculated by using the equation: tumor volume
(mm?) = [maximum diameter (mm)][minimum diameter
(mm)]2/2 The mice were euthanized by an intraperitoneal
injection of a barbiturate (120 mg/kg) on Day 15 after
PDT. Tumor specimens excised from mice were fixed with
4% PFA and embedded in paraffin before undergoing
microscopic examinations, Slides of the-4-pm-thick spec-
imens were stained with hematoxylin and eosin. All
sections were viewed by two (TK, SM) individuals who
were blind fo results. Results did not differ between
observers. ' A

We examined the efficacy of PDT as an adjuvant
treatment to reduce surgical margins, such as for marginal
resections.of a tumor, without excising surrounding normal
tissue. It might be difficult to treat tumors that are large or
deeply localized with PDT alone owing to limitations in
laser penetration. After the diameter of the tumor on the
back of the mice was 12 mm, a marginal resection of the
tumor on mice bearing SYO-1 was performed 3 hours after
intraverious injection of ATX-S10-Na(ll). We divided the
mice into two groups: (1) marginal resection without PDT
(control), which means resection of the tumor without
excision of the surrounding normal tissue; and (2) marginal
resection followed by PDT with 100 J/em? laser irradiation -
3 hours after intravenous injection of 10 mgkg ATX-
S10:Na@) (n = 10 for each group). The mice were
observed until 8 weeks after marginal resection of the
turnors.

Each continuous variable of the tumor volume resulting
from PDT to the tumor xenograft was expressed as
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mean + SD. A nonparametric Mann-Whitney U test was
used to compare the tumor volume on Day 15 after PDT
with each condition (5 and 10 mg/kg ATX-S10-Na(ll) and
100 J/em® and 200 J/cm?® laser irradiation) with tumor
" volume of the untréated control group. We compared the
rate of tumor recurrence after marginal resection of the
xenograft with or without: PDT using Fisher’s exact prob-
ability test. Taking into account our power analysis, we
considered a probability value less than 5% as significant

throughout the study. All statistical analyses were per- .

formed using Stat View 5.0 sthware (SAS Institute Inc,
Cary, NC).

Results

MTT assay revealed PDT using ATX-S10-Na(Il) had a
cytotoxic effect on and inhibited the growth of SYO-1 cells
in vitro. The cytotoxic effect of PDT on SYO-1 cells was
dependent on the ATX-S10-Na(ll) concentration and the
level of laser irradiation (Fig. 2). A higher dose of laser
irradiation induced a strong antitumor effect under each
concentration of ATX-S10-Na(Il). No antitumor effect was
observed in the SYO-1 cells treated with laser irradiation
without ATX-S10-Na@) and also with the exposure to
ATX-S10-Na(I) without laser irradiation. Photodynamic

140

120

Viability (%)

0 3.13 6.25 12.5 25 50
ATX-S10-Na(ll) Dose (ug/mL)
Laser Dose (Vem?)
-~ 0 -+ 10 - 20 =50

Fig 2 An MTT assay showed an in vitro antitumor effect of PDT
using ATX-S10 Na(ll) with a diode laser on SYO-1 cells. The cells
were incubated with 0-to 50, pg/mL ATX-S10 ‘Na(@l) at 37°C for
24 hours before 670-nm diode lasér radiation with 0 to.50 Yem®. The
cytotoxicity rate in the treated cells is rcprescnted as a percentage’ of
MTT 'value and in comparison to that of the untreated control cells.
Higher dye concentrations -and laser madlauon levels induced an
anntumor effect in a dose-dependent manner.

therapy inhibited tumor growth of SYO-1-bearing mice by
Day 15 compared with the untreated control group (ATX-
S10-Na(Il) 5 mg/hkg and laser 100 Vem?, p = 0.047;
10 mg/kg and 100.Jem?, p = 0.021; 5 mg/kg and 200 Jiem?,

- p=10007; and 10 mg/kg and 200 Vem? p = 0.007)

(Fig. 3). The tumors had disappeared completely 4 days
after injections of 5 and 10 mg/kg ATX-810-Na([l) and
laser madxatlon with 200 Jcm?. Regrowth of the tumor
was not observed until 15 days after PDT unde( sqch
conditions, However, the tumor was growing gradually
after PDT with injections of 5 and 10 mg/kg ATX-
$10-Na(il) and laser irradiation with 100 Yem?, Injection -
of ATX—S]O -Na(ll) without irradiation or laser irradiation
without m‘;ectwn of ATX-S10 -Na(lI) did not inhibit tumor

. growth.

ATX-S10:Na(Il) accumulated into the tumor xenograft.
of SYO-1 cell on nude mice after the mtravenous injection.
A marked fiuorescence of ATX-S10- Na(H) was observed
in the tumor excised from SYO-1-bearing mice 3 and
6 hours after intravenous injection of ATX-S10-Na(Il)
(Fig. 4). The fluorescence of ATX-510-Na(Il) in the tumor
was minimally evident 12 and 24 hours after injection of
ATX-S10-Na(Il). ATX-S10-Na(ll) injected intravenously
was incorporated into the SYO-1 forming tumor and
thereafter remained inside the tumor for at least 6 hours.
ATX-S10-Na(ll) was .almost totally eliminated from the
tumor within the next 6 hours,

~%— No treatment

1500 ~
1 —— ATX Smg/kg, 100J/cm?
- —— ATX 10mg/kg, 100)/cm?
% 1 ~&— ATX Smg/kg, 2000/cm?
o N ‘
\; 1000 - —&— ATX 10mg/kg, 2003/cm?
£ .
=
2 - ok
5 ]
g ]
€ 500-
: |
100 T *
0- *

0 4 7 11 15
Day After ATX-S10-Na(Il)-PDT

Fig. 3 The tumor growth “of SYO-l-bearing mice after ATX-

$10-Na(fl) PDT is shown. Tumor growth was inhibited (*p <0.01,

*¥p < 0,05) within 15 days after PDT with 5 and 10 mg/kg ATX-

S10:Na(l) and 100 and 200 Jem? laser imadiation. No tumor

regrowth was seen within 15 da %'s after PDT with 5 and 10 mg/kg

ATX-S10-Na(Ill) and 200 J/cm? laser irradiation. The data are
reprcsemed as mean + standaxd deviation,
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Fig, 4A-C The illustrations show microscopic distribution of ATX-
$10-Na(I) ﬂuorescence in SYO-1-forming tumors on nude mice at
(A) 3 hours, (B) 6 hours, and (C) 12 hours after intravenous injection
of ATX-S10-Na(ll). A marked fliorescénce of ATX-S10-Na(il) was

The tumor was growing on Days 11 and 15 after PDT
with injection of 5 mg/kg ATX-510-Na(Il) and laser irra-
diation of 100 J/om® (Fig. SA), but was not observed
macroscopically on Day 15 after PDT with 10 mg/kg
ATX-S10-Na(ll) and 100 J/cm? laser irradiation (Fig. 5B)
and with 10 mg/kg ATX-S10-Na(l) and 100 J/em® laser
irradiation (Fig. 5C). No necrotic areas were observed
inside the tumors on Day 15 after PDT with injection of
5 mg/kg ATX-S10-Na(l) and irradiation with 100 J/em?
(Fig. 5D, E). Photodynamic -therapy with injection of
10 mg/kg ATX-S10-Na(ll) and irradiation with 100 J/em?
caused partial necrosis of the tumor in the mice. However,
an area of viable tumor cells remained under the necrotic
area (Fig. 5F, G). With PDT with m_jectxons with 5 and
10 mg/kg ATX-S10-Na(ll) and irradiation with 200 J/cm
necrotic tissue without viable tumor cells was seen in the
entire tumor area (Fig. 5H, I). Histologic analysis of the
skin overlying a tumor showed a normal structure in all of
the PDT-treated mice 15 days after treatment.

Photodynamic therapy substantially suppressed local
recurrence after marginal resection of the tumor. Nine of
10 mice had local recurrence within 8 weeks after marginal
resection of the tumor without PDT. Two of 10 mice had
local recurrence after marginal resection of the tumor fol-
lowed by PDT (Table 1). No side effects, such as delayed
wound healing or skin defects, were evident with PDT with
marginal resection (Fig. 6). None of the mice experienced
walking disability uniil 8 weeks after PDT. The rate of
local recurrence after marginal resection followed by PDT
was lower (p = 0.006) than that after marginal: resection
only. Local tumor recurrence occurred in the peripheral
area of PDT.

Discussion

Limb salvage surgery i$ considered the standard procedure
for soft tissue sarcoma such as synovial sarcoma. Wide
resection of the tumor with the- suxroundmg normal tissue is
necessary to prevent local recurrence for limb salvage
surgery. A cumtwe surgical margin sometimes requires
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observed in the tumor resected from SYO-1-bearing mice at (A) 3 and
®) 6 hours after the intrdvenous injection of ATX-S10-Na(ll), but
was not observed at (C) 12 hours after injection.

excision of the surrounding normal tissue, such as the
nerves, vessels, and muscles with tumor, that sometimes
leads to poor postoperauve limb function. Therefore,
reduction of the surgxcal margin such as preservation of
major vessels and nerves could result in better postopera-
tive function. However, this mlght increase the risk of local
tumor recurrence. In searching for better adjuvant therapy,
we explored the possibility that photodynamic therapy
using ATX-S10-Na(lI) could be a novel therapy for syno-
vial sarcoma. We asked whether PDT with ATX-
S10-Na(l) could have an in vitro cytotoxic effect on
synovial sarcoma cells, whether ATX-S10-Na(l) accu-
mulated in the tumor in vivo, whether PDT could inhibit
fumor progression in nude mice, and whether PDT could
suppress local tumor recurrence after marginal resection.
Our study has several limitations. The major limitations
of our investigation are limited penetration depth of laser
light and skin photosensitization after PDT. Because soft
tissue sarcomas, such as a synovial sarcoma, often oceur in
deep layers of soft tissue, the tumor should not be treated
only with PDT. We believe PDT can be apphed to the
surrounding tissue after tumor resection as an adjuvant
therapy to reduce the surgical margin. Photodynamic
therapy after tumor resection also may result in less skin
complications. Various studies on PDT using ATX-
S10-Na(ll) have been reported, but ATX-S10-Na(Il) has
not been studied 'for clinical use in humans. No data are
available regarding clinical complications or toxicities
caused by PDT using ATX-S10- ‘Na(Il). According to some
studies, major comphcauons or toxicities were not

-observed by the injection of ATX-S10-Na() into experi-

mental animals [20, 27, 28]. The lethal dose of ATX-
S10-Na(ll) for a rat seems to be approximately 1000 mg/kg
(personal communication, Dr. Isao Sakata, December 26,
2007). ‘

Patients treated with PDT using Photofrin stayed in a
dark room for approximately 1 week -after treatment
because of hyperphotosensmvxty of the skin induced by the
photosensitizer [20]. ATX-S10- Na(II) was developed as a
novel hydrophilic chlorine photosensitizer that was rapidly
eliminated from normal tissues after injection, thus

137



