Synthesis and PET Imaging of ['°F]-Labeled SiRNA

Viel et al. reported the conjugation of '*F to oligonucleotide by
using (N-[3-(2-['*F]fluoropyridin-3-yloxy)-propyl]-2-bromoac-
etamide (['*F]JFRyBrA), and this method also required the
annealing process (10, 11). In spite of their efforts, detail
pharmacokinetic information about naked siRNA or siRNA in
DDS carriers is still largely lacking.

In the present study, we developed a novel technique for
labeling siRNA with a positron emitter, '°F, in which double-
stranded siRNA was labeled to gain conformational accuracy
for examining the pharmacokinetics of siRNA by using ['®F]SFB
as an 'F labeling reagent. ['*F]SFB have been widely used to
form a stable amide bond by reacting with primary amino groups
for a short time and very easily for labeling certain peptides
(12), antibodies (13), or DNA oligonucleotides (I4). Because
!8F has an extremely short half-life (109 min), avoidance of
the annealing process by labeling of double-stranded siRNA is
favorable. ['*F]-labeled siRNA thus prepared was identified by
ESI-TOF-MS, HPLC, and autoradiography after electrophoresis.
By use of this positron emitter-labeled siRNA, we actually
examined the biodistribution of siRNA by PPIS in the presence
or absence of cationic liposome, a DDS carrier of siRNA. We
also performed NIRF imaging for verifying the in vivo behavior
of siRNA and discussed the correspondence of the imaging
results obtained from NIRF imaging and PPIS imaging.

EXPERIMENTAL PROCEDURES

Materials. 4,7,13,16,21,24-Hexaoxa-1,10-diazabicyclo[8.8.8]-
hexacosane (K[2.2.2]), tetra-n-propyl-ammonium hydroxide (Pr,NOH),
N,N,N',N'-tetramethyl-O-(N-succinimidyl)uronium tetrafluorobo-
rate (TSTU), CH;CN (anhydrous), and fetal bovine serum were
obtained from Sigma-Aldrich (Saint Louis, MO, USA). Potas-
sium carbonate+ 1.5H,0 was purchased from Merck (Darmstadt,
Germany). Anion-exchange resin AG1-X8 (OH™ form, 100—200
mesh) was from Bio-Rad Laboratories (Hercules, USA). N,N-
Dimethylformamide (DMF) was purchased from Wako Pure
Chemical Industries, Ltd. (Osaka, Japan). A cationic lipid for
transgene use, 1,2-dioleoyl-3-trimethylammonium-propane (DOT-
AP), was purchased from Avanti Polar Lipids Inc. (Alabaster,
AL, USA). Cholesterol was kindly provided by Nippon Fine
Chemical Co., Ltd. (Takasago, Hyogo, Japan). Trizol reagent
was obtained from Invitrogen Co. (Carlsbad, CA). An alfalfa-
free feed was purchased from Oriental Yeast co. Ltd. (Tokyo,
Japan). Escain was purchased from Mylan Pharmaceuticals
(Morgantown, WV). All other chemicals and solvents were
analytical grade and were used without further purification
unless otherwise stated. ['*F]Fluoride was produced with a
cyclotron (HM-18, Sumitomo Heavy Industries, Tokyo, Japan)
at Hamamatsu Photonics PET Center by the '®0(p,n)'*F nuclear
reaction using ['*0]H,O. Labeled compounds were synthesized
by using modified CUPID system (Sumitomo Heavy Industries,
Tokyo, Japan). The HPLC column used for the purification of
succinimidyl 4-['*F] fluorobenzoate (['*FISFB) was an Inertsil
ODS3 (10 x 250 mm, 5 um, GL Sciences Inc., Tokyo, JAPAN).
Nonradioactive fluorine-conjugated siRNA was identified by
using a UPLC/ESI-QTOF-MS system, which consisted of an
ACQUITY ultraperformance liquid chromatography (UPLC)
system and an electrospray ionization quadrupole time-of-flight
mass spectrometer (SYNAPT High Definition Mass Spectrom-
etry system; Waters, Milford, MA, USA). An ultraviolet—visible
(UV/vis) detector (ACQUITY TUV, Waters) was used. The
UPLC column used for the identification of fluorine-labeled
siRNA was an Acquity UPLC BEH C18 column (2.1 x 100
mm, 1.7 xm, Waters Corp.). The particle size and zeta-potential
of nanoparticles were measured by using a Zetasizer Nano ZS
(Malvern, Worcs, UK). Gel for obtaining an autoradiogram of
8F and siRNA after electrophoresis was used an FLA-7000
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system (Fuji Film, Tokyo, Japan), respectively. Fluorescence
imaging was performed by using a Xenogen IVIS Lumina
System coupled to Living Image software for data acquisition
(Xenogen Corp., Alameda, CA). PET imaging was performed
by using a planar positron imaging system (PPIS, Hamamatsu
Photonics, Shizuoka, Japan). Radioactivities in each organs were
measured by gamma-counter (ARC-2000, Aloka, Tokyo, Japan).

Experimental Animals. Five-week-old male BALB/c mice
male were purchased from Japan SLC Inc. (Shizuoka, Japan).
The animals were cared for according to the Animal Facility
Guidelines of the University of Shizuoka. All animal experi-
ments were approved by the Animal and Ethics Review
Committee of the University of Shizuoka.

siRNA Sequence. Alexa Fluor 750-labeled siRNA (AF750-
siRNA) was purchased from Japan Bio Services Co., Ltd.
(Sai Japan). Antisense strand contained a fluorescence at
the 3’ end of the strand. siRNA for positron emitter-labeling
was synthesized and purified by Hokkaido System Science.
The nucleotide sequences of the siRNA were those of an
unspecific scrambled RNA, and the antisense strand contained
a 3’ amino C6 linker for the radioactive labeling of the siRNA
duplex (Scheme 1). The sequences of the siRNA used were
5"-CGAUUCGCUAGACCGGCUUCAUUGCAG-3’ (sense) and
5-GCAAUGAAGCCGGUCUAGCGAAUCGAU-3’ (antisense).

Synthesis of Ethyl-(4-Trimethyk jum)k Tri-
fluoromethanesulfonate. Ethyl 4-dimethylaminobenzoate was
synthesized according to the procedure reported by Haka et al.
(15). The synthetic compound was assigned by 'H NMR and
13C NMR. Ethyl 4-dimethylaminobenzoate 11.4 g (59 mmol)
was dissolved in 70 mL anhydrous CH,Cl,. Ten grams of
CF3S0;CHj (64.9 mmol) was added dropwise to the solution,
and the mixture was stirred overnight at room temperature. A
crystalline precipitate was formed by the addition of Et;O (100
mL) and collected by suction filtration. Recrystallization from
CH,CI/Et,O gave 10.2 g (48%) of ethyl 4-trimethylammoni-
umbenzoate trifluoromethanesulfonate.

Radiosynthesis of [*FIKF/K[2,2,2] Complex. ['*F]KF/K-
[2,2,2] was obtained by use of a previously reported method
(16). In brief, ["*F]fluoride was trapped by ion-exchange resin
AG1-X8 and eluted from the resin by 0.5 mL of 40 mM K,COs.
To this fluoride solution, 15 mg of K[2,2,2] in CH;CN (2 mL)
was added. Water was removed by azeotropic distillation at 110
°C under He flow (400 mL/min) for 5 min. To the residue, the
addition of CH3CN (1 mL) and azeotropic distillation were
repeated twice. Then, the residue was dried under reduced
pressure for 1 min, and the reaction vessel was purged with a
flow of He (50 mL/min) for 1 min to ensure complete dryness.
Finally, the reaction vessel was cooled to room temperature and
used for further labeling.

Preparation of Succinimidyl 4-[**F]fluorob ([**F1-
SFB). ['*F]SFB was prepared according to the one-pot procedure
of Tang et al. (7) with some modifications. The precursor (5
mg) in 1.5 mL of CH;CN was added to the dried [SFIKF/
K[2,2,2] complex mentioned above and reacted at 80 °C for 10
min. After the reaction mixture had been cooled, 20 uL of 1 M
PryNOH in 0.5 mL of CH3;CN was added; and hydrolysis was
carried out at 120 °C for 5 min. Then, to the reaction mixture,
TSTU (15 mg) in 0.5 mL of CH;CN was added and converted
to ["®F]SFB at 80 °C for 5 min. The reaction mixture was diluted
with 2.0 mL of 5% CH;COOH and transferred to the HPLC
injector. Crude product was purified by semipreparative HPLC
(CH3CN:H,0 = 300:700, 6 mL/min, 254 nm). The radioactive
peak eluted at 25.7 min was collected, diluted with 30 mL of
H,0, and passed through a Sep-Pak C18 cartridge (Waters).
['8F]SFB retained on the cartridge was released with 4 mL of
CH,Cl, and recovered into a V-vial by passage through a Sep-

(FUJIFILM Corporation, Tokyo, Japan) and LAS-3000 mini 59 Pak Dry cartridge (Waters). Then, the ['*F]SFB was concen-
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Scheme 1. Synthesis of the ['*F]SFB and ['*F]-Labeled siRNA
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Table 1. Gradient Flow Table

time (min) 0.1 M TEAA (%) CH;CN (%) flow rate (mL/min)
0-2 95—90 5-10 0.3
2-3 90-75 10—25 03
3~7 75—60 25—40 0.3
7-10 60—0 40—-100 0.3

trated by a flow of He (200 mL/min) at 60 °C and used for
labeling. ["*F]SFB with (a specific radioactivity of 51.4 GBg/
pumol, a radiochemical yield of 21.1%) was obtained.

Radiolabeling of siRNA with ['*F]SFB. siRNA (40 nmol)
in 16 uL of 50 mM borate buffer, pH 8.5, was added to the
["*FISFB (60 nmol) in 3.6 uL of DMF. The mixture was
vortexed for a few seconds and then incubated at room
temperature for 20 min. The reaction mixture was purified and
concentrated by ultrafiltration through a 10 000 molecular weight
cutoff filter (Amicon, Millipore, Bedford, MA, USA). The
mixture was centrifuged at 4000 x g with RNase-free phosphate-
buffered saline (PBS). ['®F]-labeled siRNA with a radiochemical
yield of 37.9% and a specific activity of 25.5 GBg/umol was
obtained. Nonradioactive fluorine-conjugated siRNA was syn-
thesized in a similar manner except that 150 nmol cold SFB
was used instead of 60 nmol ['*F]SFB.

Analytical Methods. Nonradioactive fluorine-conjugated
siRNA was identified by using a UPLC/ESI-QTOF-MS system.
The analytical column was maintained at 40 °C. A ultraviolet—
visible (UV/vis) detector, equipped with a 500 nL flow cell,
was also directly connected between the column outlet and the
QTOF-MS instrument. Fractionation of fluorine-conjugated
siRNA was performed at a flow rate of 0.3 mL/min using as
the eluent the gradient of 0.1 M triethylammonium acetate
(TEAA, pH 7.0) and CH;CN. Gradient profile is presented in
the Table 1.

Evaluation of siRNA Labeling. Precursor siRNA, fluorine-
conjugated siRNA (non-RI), and ['®F]-labeled siRNA (0.5 ug)
were applied to a 15% polyacrylamide gel and electrophoresed.
Then, the gel was exposed to an imaging plate for obtaining an
autoradiogram of '8F by using an FLA-7000; the gel was stained
for 5 min in ethidium bromide (EtBr), and siRNA was detected
by using a LAS-3000 mini system.

['8FHabeled siRNA

Preparation of Cationic Lip and Their Compl
with siRNA. DOTAP and cholesterol (1:1 as a molar ratio)
were dissolved in ferr-butyl alcohol for freeze—drying and
hydrated in RNase-free PBS. The liposomes were frozen and
thawed for 3 cycles using liquid nitrogen and extruded 10 times
through a polycarbonate membrane filter having a pore size of
100 nm (Nucleopore, Maidstone, UK). Then, the cationic
liposome and siRNA were mixed gently and incubated for 10
min at room temperature to form liposome/siRNA complexes.
The nitrogen moiety of cationic liposome to the phosphorus of
siRNA (N/P ratio) was 24:1 in the complexes. The particle size
and zeta-potential of liposome/siRNA complexes diluted with
RNase-free PBS were measured. The particle size of liposome/
siRNA complexes was 218 + 3.0 nm (n = 3), and the particles
showed monodispersion (polydispersity index = 0.16). The zeta-
potential was 36.3 £ 1.9 mV.

Near-Infrared Fluorescence Imaging in Vivo. The biodis-
tribution of AF750-siRNA was assessed by using an IVIS
Lumina System. Mice were fed an alfalfa-free feed to reduce
the effect of background fluorescence. The animals were
anesthetized continuously via inhalation of 2% escain. siRNA
or liposome/siRNA complexes containing 15 ug AF750-siRNA
were injected via a tail vein under anesthesia. Alexa Fluor 750
fluorescence was acquired every 10 min for up to 60 min after
the injection. After monitoring, the mice were sacrificed under
anesthesia. Then, the organs, namely, heart, lungs, liver, spleen,
and kidneys, were collected and imaged ex vivo with the IVIS.

PPIS Imaging of ['*F]-Labeled siRNA. Biodistribution of
['®F]-labeled siRNA was imaged noninvasively by using a
PPIS (18—20). Animals were anesthetized with an intraperito-
neal injection of pentobarbital at 50 mg/kg, and then fixed on
an animal holder. To determine the whole-body biodistribution
of siRNA, we administered the ['*F]-labeled siRNA intrave-
nously (2.5 MBg/mouse). The scan was started immediately
after the administration and performed for 60 min. Images were
analyzed by using software ImageJ. After the PPIS scan, the
mice were sacrificed for the collection of the blood from a
carotid artery under anesthesia. Then, the heart, lungs, liver,

60 spleen, and kidneys were removed, and the biodistribution of
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Figure 1. UPLC analysis of fluori SiRNA. D dioactive

fluorine was to siRNA and with the UPLC system.
(A) Peak of precursor siRNA at 3.47 min. (B) Peaks of unreacted siRNA
at 3.47 min and fluorine-labeled siRNA at 3.87 min after the reaction.

['®F]-labeled siRNA was measured with a gamma counter.
Distribution data were presented as percent dose per wet tissue.
The total volume of blood was assumed to be 7.56% of the
body weight. A time—activity curve was obtained from the mean
pixel radioactivity in the region of interest (ROI) of the PPIS
images.

Evaluation of siRNA Stability against Serum-Mediated
Degradation. Fluorine-conj d (0.5 ug) naked siRNA or that
complexed with liposomes was incubated in 90% fetal bovine
serum for 60 min at 37 °C. The siRNA was extracted from the
serum by using Trizol reagent and subjected to 15% polyacryl-
amide gel electrophoresis. The gel was stained for 5 min in
EtBr, and siRNA was detected by using a LAS-3000 mini
system.

RESULTS

['*F]-Labeling of siRNA and Its Radiochemistry. The
methods for synthesis of ['®F]SFB and ['*F]-labeling of siRNA
are shown in Scheme 1. At first, we prepared non-radioisotope
(non-RI) fluorine-conjugated siRNA and identified the com-
pound by using LC/ESI-TOF-MS (Table 1). Unreacted siRNA
showed a peak at 3.47 min (Figure 1A). After the reaction,
HPLC analysis indicated 2 main peaks, namely, labeled siRNA
at 3.87 min and precursor siRNA at 3.47 min, respectively
(Figure 1B). These peaks were fractionated by HPLC and
analyzed by ESI-TOF-MS, giving multiply charged ion peaks
of m/z [M-8H]*~ 2196.1, [M-7H]’~ 2510.9, and [M-6H]*~
2930.0 (data not shown), which corresponded to the labeled
siRNA (expected mass of m/z [M-8H]*~ 2196.7, [M-7H]"~
2510.7, and [M-6H]®" 2929.3). The overall yield of labeled
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Figure 2. Demonstration of ['*F] labeling of siRNA. Precursor siRNA,
fluorine-conjugated siRNA, and ['*F]-labeled siRNA were applied to
a 15% polyacrylamide gel, electrophoresed, and stained with ethidium
bromide. The gel was exposed to an imaging plate for detecting '*F.

basis of the result from non-RI fluorine-grafting to siRNA, [**F]-
labeled siRNA was prepared according to the same procedure,
and then electrophoresis assay and subsequent autoradiography
were performed to confirm the production of ['®F]-labeled
siRNA. Electrophoresis assay with an imaging plate showed
that the siRNA was labeled with ['®F]-fluorine without any other
exposure bands (Figure 2). In addition, the main band visualized
by EtBr staining showed the same position as the band on the
same polyacrylamide gel observed by autoradiography. As a
result, ["*F]-labeled siRNA was successfully prepared without
any positron emitter-labeled byproducts, and the labeled siRNA
was not degraded under the experimental conditions used.

Biodistribution of siRNA Determined with near-Infrared
Fluorescence Imaging in Vivo. We examined the in vivo
behavior of siRNA by use of the NIRF imaging system. Mice
were intravenously administered naked AF750-siRNA or lipo-
some/AF750-siRNA complexes via a tail vein. The fluorescence
imaging of AF750-siRNA was started immediately after the
injection and monitored for 60 min. The biodistribution of
AF750-siRNA is shown in Figure 3. The results indicated that
the fluorescence compound was accumulated in the bladder
immediately after the administration of naked AF750-siRNA
and then excreted in the urine (Figure 3A). On the contrary,
fluorescence was observed at the upper part of the body where
the lung was positioned after the administration of liposome/
AF750-siRNA complexes. The total fluorescence intensity of
the image of mice injected with naked AF750-siRNA was
apparently higher than that obtained with the liposomal formula-
tion: Fluorescence in bladder after injection of naked siRNA
was quite intense because bladder is located near the body
surface, while that in lungs after injection of cationic liposome
complexes was weak because lungs are located more deep from
body surface compared with bladder.

The ex vivo imaging showed that a small amount of
fluorescence remained in the kidneys but that no fluorescence
was detected in the other tissues examined (Figure 3B). In
contrast, the fluorescence of the cationic liposome/AF750-siRNA
complexes accumulated in the lungs, being consistent with the
in vivo imaging data.

Stability of Fluorine-Conjugated siRNA against Serum-
Mediated Degradation. We evaluated the stability of naked
fluorine-conjugated siRNA and cationic liposome/fluorine-
conjugated siRNA complexes in serum for 60 min (Figure 4).
The naked fluorine-conjugated siRNA incubated in PBS (con-
trol) was not decomposed. However, the band of naked siRNA
obtained by electrophoresis of the sample that had been
incubated in the presence of serum disappeared, indicating that
the siRNA had been degraded by RNase within 60 min. In
contrast, the band of siRNA was detected in the case of the
cationic liposome/siRNA complexes exposed to the serum,
indicating that complex formation protected siRNA from RNase
in the serum.

In Vivo PPIS Imaging of siRNA Trafficking. Next, we
examined ['8F]-labeled siRNA trafficking by use of PPIS. Mice

siRNA was greater than 30% based on the peak area. On the 61 Wwere intravenously administered naked ['*F]-labeled siRNA in



760 Bioconjugate Chem., Vol. 21, No. 4, 2010

A 0-1 10 20 30

Naked siRNA

Liposome/siRNA
complex

Heart Lung

w

Naked siRNA

Liposome/siRNA
complex

Figure 3. NIRF in vivo imaging with AF750-siRNA and lip

/AF750-siRNA 1

Hatanaka et al.

Spleen  Kidney

(A) AF750- siRNA (top) or liposome/AF750-siRNA

complexes (bottom) were intravenously administered to BALB/c mice. Images were acquired every 10 min for up to 60 min after the administration.
The white arrowhead shows the bladder region, and the yellow arrowhead, the lung region. (B) Ex vivo imaging of AF750-siRNA and liposome/

AF750-siRNA complexes at 60 min after administration.
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Figure 4. Stability of naked siRNA or liposome/siRNA complexes in
FBS. siRNA (0.5 xg) was incubated with PBS (—) or 90% FBS at 37
°C for 60 min. siRNA was extracted and electrophoresed on a 15%
polyacrylamide gel after a 60 min incubation and stained with EtBr.
Untreated siRNA was used as a control marker.

PBS (—) or liposome/['*F]-labeled siRNA complexes via a tail
vein. The real-time imaging of [*F]-labeled siRNA using PPIS
was acquired for 60 min, and images were integrated every 5
min (Figure 5A). The 'SF radioactivity of the naked ['®F]-labeled
siRNA accumulated inside the kidneys immediately after
administration. This accumulation was not detected in NIRF in
vivo imaging because of the influence of tissue depth. Then,
'8F was transferred to the bladder and subsequently excreted in
the urine. In contrast, most of the '°F radioactivity after the
administration of cationic liposome/['®F]-labeled siRNA com-
plexes were retained in the lungs for 60 min, and only
insignificant accumulation of them was observed in the bladder.
The time—activity curve of 'F in naked siRNA showed transient
accumulation in kidney immediately after injection (19%
injected dose/tissue at 2 min), and half of that was transferred
to bladder at 21 min, and then the excretion of '*F to bladder
was gradually increased (Figure 5B). In contrast, the most of
the 'F after injection of liposome/siRNA complexes im-
mediately accumulated in lungs and was maintained up to 60
min (76% injected dose/tissue). The biodistribution data obtained

I8F after administration of naked ['*F]-labeled siRNA had not
been distributed in any tissues tested, whereas the radioactivity
after the injection of the cationic liposome/['*F]-labeled siRNA
complexes was highly distributed in the lungs (Figure 5C). These
results corresponded roughly to the data obtained from the
fluorescence ex vivo imaging.

Moreover, to confirm whether the accumulation of '®F in the
lungs after administration of cationic liposome/['®F]-labeled
siRNA reflected the accumulation of the liposomes of the
complex, we examined the biodistribution of cationic liposome/
siRNA complexes prepared with [*H]cholesterylhexadecyl ether
as a component. As a result, the liposomal complexes with
siRNA were distributed in the lungs quite similarly to the
distribution of the '®F, suggesting that cationic liposome/siRNA
accumulated in lungs as the complex form (Supporting Informa-
tion Figure S1).

DISCUSSION

Recently, the topical application of siRNA medicines has
reached clinical trial, and siRNA delivery systems for systemic
injection have been extensively studied for the next generation
of siRNA medicines (27). Pharmacokinetic information on
siRNA molecules is considered to be particularly important for
the acceleration of the development of siRNA medicine. Among
the technologies for pharmacokinetic analysis, PET imaging
technique is considered to be applicable to both preclinical trial
and microdosing study (human phase 0 study). Using subtoxic
and subpharmacologic doses, PET microdosing studies can be
performed to screen for drug candidates for clinical trials on
the basis of their pharmacokinetic properties (22, 23).

In the present study, we labeled double-stranded siRNA
with'*F to obtain pharmacokinetics information about siRNA

with a gamma counter after organ dissection showed that the 62 and siRNA in DDS carriers. We used ['*F]-fluorine as a short-
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Figure 5. PPIS imaging with ['*F]-labeled siRNA and liposome/['*F]-labeled siRNA complexes. (A) Naked siRNA (top) or liposome/siRNA complexes
(bottom) at 2.5 MBq in 0.2 mL were intravenously administered to BALB/c mice. Images were acquired with a 1 min frame at 1, 10, 20, 30, 40,
50, and 60 min after the administration. The green arrowhead shows kidneys; the white one, the bladder; the red one, urine; and the yellow one,
the lungs. (B) Real-time changes in ['*F]-labeled siRNA and liposomal ['®F]-labeled siRNA. Time activity curves of '*F with naked siRNA shows
kidney (blue) and bladder (red) and that of '*F with cationic liposome/siRNA shows lung (black) and bladder (green). (C) After the PPIS scan, the
mice were sacrificed, and biodistribution of '°F in each organ was then measured with a gamma counter.

lived positron-emitting radionuclide (half-life: 109 min), which
has been applied to humans for cancer diagnosis in the form of
[2-'%F]2-deoxy-2-fluoroglucose (['*FIFDG). The advantages of
the present methodology to label siRNA are that (1) the
modification of double-stranded RNA with amino group enables
fast preparation and purification without the time-consuming
process of annealing and (2) the methodology maintains the
conformational accuracy of the siRNA. Indeed, reaction of
siRNA and ["*F]SFB was complete within 20 min. In addition,
fluorine-conjugated siRNA was identified by LC and ESI-TOF-
MS (Figure 1) and did not decompose during the reaction or
purification process (Figure 2).

It is well-known that one of the most important factors
regarding the biodistribution of liposomes in vivo is the charge
of the liposomal surface. Positively charged complexes ag-
gregate in the presence of serum proteins (24), are entrapped
in the lung capillaries, and thus accumulate in the lung
tissue (25, 26) after intravenous administration. In fact, when
liposomes were labeled with [*H]cholesterylhexadecyl ether, the
radioactivity of cationic liposome/siRNA complexes accumu-
lated in the lungs (Supporting Information Figure S1). However,
since nucleic acids such as siRNAs and oligodeoxynucleotides
(ODNs) are known to be eliminated from the circulation via
the kidneys and excreted into the urine 60 min after administra-
tion via a tail vein (27, 28), distribution studies on siRNAs or
ODNss besides on their carriers are important for the develop-
ment of nucleic acid medicines. In the distribution study,
[*H]cholesterylhexadecyl ether was lated in the liver to
some extent, although the accumulation of siRNA was not

We speculate that siRNA was degraded in the liver and excreted,
while cholesterylhexadecyl ether did not.

In the present study, we first used AF750-siRNA and
examined its in vivo behavior by using NIRF fluorescence
imaging. NIRF fluorescence was rapidly cleared from the
bloodstream and excreted in the bladder after the administration
of naked AF750-siRNA (Figure 3). In contrast, the fluorescence
of cationic liposome/siRNA complexes accumulated in the
lungs. However, the differential fluorescence intensities between
in vivo images and ex vivo ones indicated the limitation of NIRF
imaging. Quantitative analysis could not be applied due to the
influence of tissue depth on the fluorescence intensity. Moreover,
it is possible that fluorescence self-quenching and/or resonance
energy transfer affect the intensity.

In contrast to NIRF imaging, PPIS or PET technology
provides quantitative analytic data with high spatial resolution.
8F was observed in the kidneys until 10 min after the
administration of naked ['®F]-labeled siRNA, and subsequently,
it was transferred to the bladder and excreted into urine (Figure
5). This result is consistent with previous result reported by
Viel et al. who used '®F-labeled naked siRNA (17). Other reports
also presented the renal excretion of siRNA (27, 29, 30). In
addition, Bartlett et al. reported that the excretion of *Cu-labeled
naked siRNA was quite fast (9). They indicated that the siRNA
in a complex with cyclodextrin- ining polycation d
quite rapidly and suggested the instability of the complex.
Therefore, determination of siRNA trafficking instead of carrier
trafficking is important for the development of siRNA medi-

observed after injection of cationic liposome/siRNA complex. g4 cines. In contrast to the in vivo fate of naked siRNA, the 18F of
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cationic liposome/['*F]-labeled siRNA complexes was spread
throughout the lungs and was retained in them at least up to 60
min.

Next, we investigated the stability of siRNA in the presence
of serum by performing an electrophoresis assay. The data
indicated that naked siRNA was degraded when incubated for
60 min in serum, whereas the liposome/siRNA complexes were
not (Figure 4). These results suggest that naked siRNA has a
short half-life in vivo and is rapidly eliminated by renal excretion
as a degraded form. However, further study is needed to clarify
whether the excreted siRNA is in the intact form or degraded
form. On the other hand, a part of the '*F showed enterohepatic
circulation. This enterohepatic circulation would be mediated
by some of the fragmented siRNA having the polar moiety (the
alkyl chain on the 3’ end of the antisense strand) and nonpolar
moiety (siRNA).

As indicated above, the serum stability study showed that
the liposomal siRNA was not degraded in the presence of serum.
Furthermore, the '8F distribution of liposomal ['*F]-labeled
siRNA was similar to the distribution of the [*H]-labeled
liposome carrier: Both were accumulated in the lungs after
intravenous administration. Taken together, our data strongly
suggest that liposomal siRNA would be delivered to the lungs
in its intact form. In conclusion, we developed a novel positron
emitter-labeling methodology for siRNA and evaluated the in
vivo trafficking of ['®F]-labeled siRNA by PPIS. The results of
present study suggest that siRNA is stable as a complex with
liposomes and should be deliverable specific tissues depending
on the characteristics of the carrier. Therefore, designing the
DDS carrier expands the usefulness of siRNA in vivo, and the
present technology might support the development of siRNA
medicines.
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ARTICLE INFO ABSTRACT

Am‘cl_e history: injection of lycol-modified (PEGylated) liposomes causes a rapid clearance of
Received 9 Dec?"lbﬂ 2009 (hem from the bloodstream, this phenomenon is called accelerated blood clearance (ABC). In the present
Received in revised form 8 February 2010 study, we focused on the immune system ible for the ABC ph PEGylated li
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were preadministered to BALB/c mice and [*H]-labeled ones were then administered to them 3 days
a&er the preadministration. Consistent with our previous results, the preadministration with PEGylated
triggered the rapid clearance of [*H]-labeled PEGylated liposomes from the bloodstream, but
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Polyezl,;;sl;ne glycol that with PEGylated liposomes encapsulan_ng doxorubicin (Dox) did not. In a_ddmon we found that the
Liposome ABC phenomenon was observed when a mixture of free Dox and PEGylated liposomes was preadminis-
Accelerated blood clearance tered. These data indicate that immune cells ible for the ABC pl might be selectively
Thymus-independent type 2 antigen d d by the Dox enc d in PEGylated lip The ABC ph was also observed in

Nanocarriers BALB/c nu/nu mice, but not in BALB/c SCID mice. The amount of anti-PEG IgM antibody induced by the
stimulation with the PEGylated liposomes was significantly increased in the BALB/c nu/nu mice, but not
in the BALB/c SCID ones. These data indicate that a T cell-independent B cell response would play a sig-
nificant role in the ABC phenomenon. Furthermore, the present study suggests that PEGylated liposomes
might be recognized by B cells as a thymus-independent type 2 (TI-2) antigen. The present study provides
important information for the future development of liposomal medicines.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction drugs, Doxil® has been used clinically. Doxil® is PEGylated lipo-
somes encapsulating doxorubicin, which is used for reducing side
effects of Dox such as cardiotoxicity and for enhancing its anti-
cancer activity through enhanced permeability and retention (EPR)
effect (Berry et al., 1998; Maeda et al., 2000; Muggia, 1999). On

the other hand, we and others have found that a repeat injec-

PEGylated liposomes have been widely investigated as drug car-
riers and gene delivery systems. PEG forms a water shell on the
liposomal surface and provides a steric barrier to the liposomes
for avoiding interactions with plasma proteins, resulting in escape

from trapping by the reticuloendothelial system (Lasic et al., 1991;
Torchilin et al., 1994; Van Rooijen and Van Nieuwmegen, 1980).
Therefore, PEGylated liposomes have the property of long circu-
lation and are useful for drug delivery to tumors and inflamed
sites, resulting in improving the therapeutic indices of encapsu-
lated drugs (Allen, 1994). As a representative example of liposomal

Abbreviations: ABC phenomenon, accelerated blood clearance phenomenon;
[’H] CHE, [*H] choles(ery]hexadecyl ether; MPEG-DSPE, 1,2-distearoyl-sn-glycero-
methoxy(] glycol)-2000]; MPS, mononu-
clear phagocyte system; PEGylated liposomes, polyethylene glycol-modified
liposomes.
* Corresponding author. Tel.: +81 54 264 5701; fax: +81 54 264 5705.
E-mail address: oku@u-shizuoka-ken.ac.jp (N. Oku).

0378-5173/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.ijpharm.2010.03.022

tion of PEGylated liposomes into certain animals such as mice,
rats and rhesus monkey triggers the rapid clearance of the sec-
ond dose through their accumulation in the liver (Dams et al.,
2000; Ishida et al., 2003a,b). This phenomenon, called as the accel-
erated blood clearance (ABC) phenomenon, is expected to have
a considerable impact on the clinical use of liposomal formula-
tions (Dams et al., 2000; Ishida et al., 2003a,b). A previous study
of ours indicated that when rats were pretreated with a high
dose (more than 5 pmol phospholipids/kg) of PEGylated liposomes,
the induction of the ABC phenomenon was weakened. However,
when rats were pretreated with a low concentration of them
(1 wmol phospholipids/kg), the phenomenon was strongly induced
(Ishida et al., 2006a,b,c). This phenomenon was widely observed
even if the content of PEG lipid in liposomes or the length of the
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PEG chain was varied. In fact, both methoxy(polyethyleneglycol)-
2000-distearoylphosphatidylethanolamine (mPEG,q00-DSPE) and
mPEGs0g0-DSPE induced the phenomenon, and the concentration
of mPEG000-DSPE in the first-dose PEGylated liposomes did not
affect on the induction of the phenomenon (Ishida et al., 2005). In
an earlier study, we also demonstrated that the spleen could play
a key role in induction of the ABC phenomenon via secretion of
anti-PEG IgM antibody by splenic B cells (Ishida et al., 2006a,b,c).
Anti-PEG IgM antibody was gradually secreted by the administra-
tion of PEGylated liposomes and bound to the liposomes in the
secondary injection, resulting in the rapid clearance of them from
the bloodstream via complement activation (Ishida et al., 2005,
2007). Furthermore, the ABC phenomenon was triggered by pread-
ministration with not only PEGylated liposomes but also polymeric
micelles having PEG chains (Koide et al., 2008).

Our recent reports showed that the administration of Dox
encapsulated in PEGylated liposomes (PEG-Dox) did not alter the
pharmacokinetics of PEGylated liposomes injected as the test-dose
(Ishida et al.,2006a,b,c; Laverman et al., 2001). In the present study,
we firstly focused on the effect of Dox in the liposomes on the
immune cells responsible for the ABC phenomenon. Then, we inves-
tigated the immune mechanism involved in this phenomenon.

2. Materials and methods
2.1. Materials

Dipalmitoylphosphatidylcholine (DPPC), cholesterol (Cho),
and distearoylphosphoethanolamine-N-[methoxy(polyethyl-
eneglycol)-2000] (mMPEG-DSPE) were kindly donated by
Nippon Fine Chemical Co., Ltd. (Takasago, Hyogo, Japan).
[3H]cholesterylhexadecyl ether ([*H]-CHE) was purchased from
Amersham Pharmacia (Buckinghamshire, UK). All other reagents
were analytical grade.

2.2. Animal

Five-week-old male BALB/c and BALB/c nu/nu mice were pur-
chased from Japan SLC Inc. (Shizuoka, Japan). Five-week-old male
CB17/lcr-Prkdcs€id/CrlCrlj (BALB/c SCID) mice were purchased from
CharlesRiver Japan, Inc. (Kanagawa, Japan). The animals were cared
according to the animal facility guidelines of the University of
Shizuoka.

2.3. Preparation of liposomes

PEGylated liposomes composed of DPPC and Cho with mPEG-
DSPE (10:5:1 as a molar ratio) were prepared as described
previously (Maeda et al., 2004). In brief, lipids dissolved in chlo-
roform were evaporated to obtain a thin lipid film. Then, liposomes
were formed by hydration with 10mM phosphate-buffered 0.3 M
sucrose solution and then sized by 5-times extrusion through a
polycarbonate membrane filter with 100nm pores (Nucleopore,
Maidstone, UK). For a biodistribution study, a trace amount of [*H]-
CHE (74 kBgq/mouse) was added to the initial chloroform solution.
Dox-encapsulated liposomes were prepared by a modification of
the remote loading method as described previously (Oku et al.,
1994). The concentration of Dox was determined by its absorbance
at 484 nm. The particle size of PEGylated liposomes was measured
by use of a Zetasizer Nano ZS (MALVERN, Worcestershire, UK) after
dilution of the liposomes with PBS, pH 7.4.

2.4. Biodistribution of PEGylated liposomes

Mice received an intravenous injection of PEGylated liposomes
(2.0 wmol phospholipids/kg), PEG-Dox liposomes (1mg/kg as a
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Dox dosage), a mixture of free Dox (1 mg/kg) and “empty” PEGy-
lated liposomes or PBS. Three days later, [3H]-labeled PEGylated
liposomes (5.0 wmol phospholipids/kg) were administered to the
mice via a tail vein. Twenty-four hours after the second adminis-
tration, these mice were sacrificed under deep anesthesia for the
collection of blood. Then, the blood was heparinized and separated
by centrifugation (700 x g, 15 min, 4 °C) to obtain the plasma. After
the mice had been bled from the carotid artery, their heart, lungs,
liver, spleen, and kidneys were removed and weighed. The radioac-
tivity in plasma and each organ was determined with a liquid
scintillation counter (LSC-3100, Aloka, Tokyo, Japan). Tissue dis-
tribution data were presented as % dose per wet tissue. The total
radioactivity in the plasma was calculated based on the average
body weight of the mice, where the average plasma volume was
assumed to be 4.27% of the body weight based on the data on total
blood volume.

2.5. Detection of anti-PEG IgM antibody

Mice were intravenously injected with PEGylated liposomes
(2.0 wmol phospholipids/kg), PEG-Dox liposomes (1mg/kg as a
Dox dosage), a mixture of free Dox (1 mg/kg) and “empty” PEGy-
lated liposomes or PBS. Three days later, these mice were sacrificed
and their blood was withdrawn. Serum was collected after cen-
trifugation (700 x g, 15min, 4°C). To prepare the ELISA plates,
10 pg of mPEG-DSPE in 20 L ethanol was added to 96-well plates
(Nunc, Roskilde, Denmark). Then, the plates were air dried for
2h to complete dryness and subsequently blocked with 10% fetal
bovine serum (FBS, Sigma-Aldrich, St. Louis, MO) in PBS for 1h.
The diluted serum samples (100 ul) were added to the plates,
incubated for 1h, and washed 5 times with 1% FBS-PBS. Anti-
bodies bound to mPEG-DSPE were detected with HRP-conjugated
goat anti-mouse IgM antibody (Bethyl Laboratories, TX, USA).
After incubation with the anti-IgM antibody for 1h, each well
was washed 5 times with 1% FBS-PBS. The coloration was ini-
tiated by the addition of o-phenylene diamine dihydrochloride
(Sigma, St. Louis, MO, USA) that had been diluted with distilled
water. After a 15-min incubation, the reaction was stopped by
adding 100 pL of 2M H;S04, and the absorbance was recorded at
490 nm.

2.6. Synthesis of a positron emitter-labeled probe

The synthesis of 1-[18F] fluoro-3,6-dioxatetracosane (SteP2) was
prepared as described previously (Urakami et al., 2007). Briefly,
[18F] fluoride was produced with a cyclotron (HM-18, Sumit-
omo Heavy Industries, Tokyo, Japan) at Hamamatsu Photonics
PET Center, and the labeled compound was synthesized from the
precursor.

2.7. [18F]-Labeling of PEGylated liposomes

[18F]-Labeling of PEGylated liposomes were performed by a
solid-phase transition (SophT) method (Urakami et al, 2007).
About 100 MBq of ['8F]-SteP2 in ethanol solution was transferred
to a glass test tube, and the solvent was removed completely at
90 °C with a flow of helium gas. PEGylated liposomes were added
to the tube and incubated at 37 °C for 15 min with 5-s mixing by use
of a vortex stirrer every 3 min. After the incubation, the PEGylated
liposomes were centrifuged at 100,000 x g for 15min (Beckman,
Fullerton, CA, USA), and the supernatant was transferred to a new
tube. Radioactivity of supernatant, precipitate, and original tube
for labeling was measured with a curiemeter (IGC-3, Aloka, Tokyo,
Japan) to calculate the labeling efficiency.
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liposomes. BALB/c mice were intravenously injected with PBS, PEGylated liposomes,
PEG-Dox liposomes or a mixture of free Dox and “empty” PEGylated liposomes.
(A) Biodistribution of the test-dose *H-labeled PEGylated liposomes: 3 days after
the pretreatment, 3H-labeled PEGylated liposomes were intravenously injected into
these mice (5 wmol DPPC dosage/kg). Twenty-four hours after the second injection,
the mice were sacrificed, and the radioactivity in the plasma and each organ (only
liver data shown) was determined. Data (n=>5) are presented as a percentage of the
injected dose per tissue and S.D. and (B) anti-PEG IgM in the serum collected at
day 3 after the pretreatment. Each value represents the mean +S.D. of 3 separate
experiments. Data are presented for PBS (open bar), PEGylated liposomes (gray bar),
PEG-Dox i bar),and a free Dox and PEGylated liposomes
(hatched bar). Significant differences: *p<0.05, **p<0.01, and ***p<0.001 vs. PBS;
#p<0.05,**p<0.01, and #**p<0.001 vs. PEG-Dox.

2.8. Imaging of ['8F]-labeled PEGylated liposomes by planar
positron imaging system (PPIS)

Biodistribution of ['8F]-labeled PEGylated liposomes was deter-
mined with a positron planar imaging system (PPIS, Hamamatsu
Photonics, Shizuoka, Japan). Mice anesthetized with chloral hydrate
were positioned prone on an acrylic plate and placed between the 2
opposing detectors. An [18F]-labeled sample at the dose of 2.5 MBq
was intravenously injected into a mouse via a tail vein. The data
were acquired with a 1-min time frame interval for 60 min, and 2
summation images were created every 30 min.

2.9. Statistics
Variance in a group was evaluated by using Student’s t-test.
3. Results

3.1. Abolish of ABC ph by pr
Dox encapsulated in PEGylated liposomes

ation with

Mice were intravenously injected with PEGylated liposomes,
PEG-Dox liposomes, a mixture of free Dox and “empty” PEGy-
lated liposomes, or PBS for preconditioning. Three days later, these
mice were administered PEGylated liposomes labeled with [3H]-
CHE as the test-dose. Fig. 1A shows the biodistribution of the
test-dose PEGylated liposomes 24 h after the injection. Pretreat-
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ment with the PEG-Dox liposomes did not alter the plasma level
or hepatic uptake of the test-dose compared with that with PBS.
However, in case of pretreatment with the mixture of free Dox
and “empty” PEGylated liposomes, the amount of test-dose sig-
nificantly decreased in the plasma and significantly increased in
the liver. The biodistribution pattern for this group was similar to
that for the PEGylated liposome-injected group. The accumulation
of the test-dose in other organs did not show significant differ-
ences among all groups tested (data not shown). Next, anti-PEG IgM
antibody secretion was examined 3 days after the preconditioning
(Fig. 1B). When either PEGylated liposomes or the mixture of free
Dox and PEGylated liposomes were administered, production of
anti-PEG IgM antibody was increased about 6-fold compared with
the baseline level obtained for the PBS group. Whereas, when the
mice were injected with the PEG-Dox liposomes, the production
did not increase at all.

3.2. Imaging of biodistribution of PEGylated liposomes with PPIS

To assess the ABC phenomenon non-invasively, we next
examined the change in the real-time distribution of PEGylated
liposomes by use of PPIS. [18F]-Labeled PEGylated liposomes were
intravenously administered to the mice that had been pretreated
with PEGylated liposomes, PEG-Dox liposomes or PBS 3 days
before, and the biodistribution was imaged (Fig. 2). The biodistribu-
tion of [18F]-labeled PEGylated liposomes was imaged for 60 min,
and the images were integrated into 1-30 and 31-60 min com-
posite images. In the 1-30min image, weak [!8F] signals were
observed in the lung, spleen, kidney and bladder, and strong sig-
nals were detected in the liver, particularly in the mice pretreated
with PEGylated liposomes. In the 31-60 min image, these signals
were reduced in the lung, spleen, kidney and liver in the groups
pretreated with PBS or PEG-Dox, and were significantly increased
in the bladder in both groups. However, relatively strong signals
remained in the group pretreated with the PEGylated liposomes.

3.3. Induction of ABC phenomenon in BALB/c nu/nu mice

BALB/c nu/nu (T cell-deficient) mice were preadministered PBS,
PEGylated liposomes or PEG-Dox ones to clarify the role of T cells
in the induction of the ABC phenomenon. In the mice pretreated
with PEGylated liposomes, the amount of PEGylated liposomes sig-
nificantly decreased in the plasma and significantly increased in
the liver. This indicates that the ABC phenomenon was induced in
BALB/c nu/nu mice (Fig. 3A). Consistent with the data for BALB/c
mice, the pretreatment with PEG-Dox liposomes did not alter the
pharmacokinetics of the test-dose PEGylated liposomes in these
BALB/c nu/nu mice. The anti-PEG IgM antibody production was sig-
nificantly increased in the mice pretreated with the PEGylated but
not PEG-Dox liposomes (Fig. 3B). All results obtained for the BALB/c
nu/nu mice were similar to those obtained for the BALB/c ones.

3.4. Significant role of B cells in the ABC phenomenon

Since T cells did not seem to be involved in the induction of the
ABC phenomenon, we next determined the function of B cellsin this
phenomenon by using SCID mice, which are known to be deficient
in both T and B cells. The biodistribution of test-dose PEGylated
liposomes in BALB/c SCID mice was determined. As a result, any
preadministrations (PEGylated liposomes, PEG-Dox liposomes, or
PBS) did not alter the pharmacokinetics of the test-dose PEGylated
liposomes. These results indicate that the ABC phenomenon was
not induced in BALB/c SCID mice and that B cells play an important
role in the induction of the ABC phenomenon (Fig. 4A). In addition,
anti-PEG IgM antibody was not detected in any of the BALB/c SCID
groups (Fig. 4B).
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Low

Fig. 2. Imaging of biodistribution of PEGylated liposomes with PPIS. Whole-body imaging of biodistribution of ['8F]-labeled PEGylated liposomes in BALB/c mice pretreated
‘with PBS (A), PEGylated liposomes (B), or PEG-Dox liposomes (C) was performed by use of PPIS. Data were integrated into 1-30 (left image) or 31-60 min (right image)

periods following the injection of ['¢F]-labeled PEGylated liposomes.
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Fig. 3. Induction of the ABC phenomenon in BALB/c nu/nu mice. BALB/c nu/nu mice
were intravenously injected with PBS, PEGylated liposomes or PEG-Dox liposomes.
(A) Biodistribution of the test-dose >H-labeled PEGylated liposomes: 3 days after
the pretreatment, >H-labeled PEGylated liposomes were intravenously injected into
these mice (5 umol DPPC dosage/kg). Twenty-four hours after the second injection,
the mice were sacrificed, and the radioactivity in the plasma and each organ (only
liver data shown) was determined. Data (n=>5) are presented as a percentage of the
injected dose per tissue and S.D. and (B) anti-PEG IgM in the serum collected at day
3 after the pretreatment. Each value represents the mean + S.D. of 3 separate exper-
iments. Data are presented for PBS (open bar), PEGylated liposomes (gray bar), and
PEG-Dox liposomes (closed bar). Significant differences: **p <0.01 and ***p <0.001
vs. PBS; *p<0.01 and *p<0.001 vs. PEGylated liposomes.

69

E

50

40

Injected dose (%)
w
&

Plasma Liver

) B
o
°

o
=3
S

Absorbance (490 nm|

PBS PEGylied
liposomes

PEG-Dox.
liposomes

Fig. 4. No induction of the ABC phenomenon in BALB/c SCID mice. BALB/c SCID
mice were intravenously injected with PBS, PEGylated liposomes or PEG-Dox lipo-
somes. (A) Biodistribution of the test-dose 3H-labeled PEGylated liposomes: 3 days
after the pretreatment, >H-labeled PEGylated lj i viaatail
vein (5 wmol DPPC dosage/kg). Twenty-four hours after the second injection, these
mice were sacrificed; and the radioactivity in the plasma and each organ was then
determined. Data (n=5) are presented as a percentage of the injected dose per tissue
and S.D. and (B) anti-PEG IgM in the serum collected atday 3 after the pretreatment.
Eachvalue represents the mean = S.D. of 3 separate iments. Data are

for PBS (open bar), PEGylated liposomes (gray bar), and PEG-Dox (closed bar).
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Fig. 5. Induction of the ABC phenomenon with non-PEGylated liposomes. BALB/c
mice were intravenously injected with PBS, PEGylated liposomes, or non-PEGylated
liposomes. Three days after pretreatment, *H-labeled PEGylated liposomes were
administered via a tail vein. Twenty-four hours after the second injection, these mice
were sacrificed; and the radioactivity in the plasma and each organ was then deter-
mined (n=5). Data are presented as a percentage of the injected dose per tissue and
s.D. Data are presented for PBS (open bar), PEGylated liposomes (gray bar), and non-
PEGylated liposomes (closed bar), respectively. Significant differences: ***p<0.001
vs. PBS.

3.5. Low specificity in the induction of the ABC phenomenon

We next focused on the specificity in the induction of the
ABC phenomenon since T cell-independent B cell response against
thymus-independent type 2 (TI-2) antigen might trigger this phe-
nomenon. To elucidate the specificity in the induction of the ABC
phenomenon, we preadministered non-PEGylated liposomes to
BALB/c mice, and then studied the biodistribution of the test-dose
PEGylated liposomes. As shown in Fig. 5, the hepatic uptake and
the clearance from bloodstream of the test-dose PEGylated lipo-
somes were increased dramatically in the mice pretreated with
non-PEGylated liposomes, as in the case of pretreatment with
PEGylated liposomes. This indicates that the ABC phenomenon was
thus induced regardless of modification of the liposomes with PEG
chains.

3.6. Time-dependency of anti-PEG IgM antibody production

We next determined the time-dependency of the production of
anti-PEG IgM antibody in BALB/c mice. The amount of anti-PEG IgM
antibody was determined atdays 1,3,7,11, 14, 21 and 27 after pre-
treatment with PEGylated liposomes, PEG-Dox liposomes, or PBS.
Anti-PEG IgM antibody production reached maximum level about 3
days after the administration of PEGylated liposomes (Fig. 6). This
transient increase in IgM antibody like T cell-independent B cell
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~®-PEG-Dox liposomes
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Fig. 6. Time-course of anti-PEG IgM antibody production. BALB/c mice were intra-
venously injected with PBS, PEGylated liposomes or PEG-Dox liposomes. At days 1,
3,7, 11,14, 21, and 27 after the injection, serum samples were collected. Anti-PEG
1gM antibody was then detected by ELISA.

response was observed in this experiment. On the contrary, the
PBS and PEG-Dox liposomes groups showed little production of
anti-PEG IgM antibody.

4. Discussion

The ABC phenomenon implies caution about the pharma-
cokinetics of nanoparticles in the case of repeated injection of
nanomedicines, especially in the clinical setting. Thus, elucidat-
ing the mechanism of the ABC phenomenon is important for the
development of DDS (drug delivery system) drugs. In this study, we
determined the biodistribution of test-dose PEGylated liposomes
in mice preadministered PEG-Dox liposomes or a mixture of free
Dox and “empty” PEGylated liposomes. We and Laverman et al.
previously reported that the ABC phenomenon was not induced
when the rats were pretreated with PEG-Dox liposomes (Ishida et
al,, 2006a,b,c; Laverman et al., 2001). These reports indicated that
preadministration of PEG-Dox liposomes could abolish the induc-
tion of the ABC phenomenon, although the effect of the mixture
of free Dox and “empty” PEGylated liposomes has not been clar-
ified. The production of anti-PEG IgM antibody was increased by
the administration of the mixture of free Dox and “empty” PEGy-
lated liposomes in a manner similar to that of PEGylated liposomes,
but no increase was seen with PEG-Dox liposomes. These data sug-
gest the importance of Dox delivery to immune cells by PEGylated
liposomes, and indicate that Dox encap d in the lip
was delivered to the immune cells responsible for the ABC phe-
nomenon. And then, Dox that had been taken up into the immune
cells could induce apoptosis of them, resulting in no induction of the
IgM antibody against PEGylated liposomes and ABC phenomenon.
In general, free Dox causes adverse reactions such as leucopenia
and cardiotoxicity. Liposomal Dox was developed to reduce these
side effects, which could significantly increase the tolerable dosage
(O'brien et al., 2004). If the induction of the ABC phenomenon
was canceled by a non-specific effect of Dox, the mixture of free
Dox and “empty” PEGylated liposomes would have abolished the
induction of the phenomenon. Accordingly, we conclude that the
encapsulation of cytotoxic agents in PEGylated liposomes prevents
the induction of the ABC phenomenon.

The ABC phenomenon was observed in the BALB/c nu/nu mice,
but not in the BALB/c SCID mice. In addition, production of anti-PEG
IgM antibody was increased by the injection of PEGylated lipo-
somes in BALB/c nu/nu mice but not in BALB/c SCID mice at all. These
results suggest that the induction of ABC phenomenon is indepen-
dent of the T cells, but dependent on B cells. On the other hand,
the phenomenon was also induced by the preadministration of
non-PEGylated liposomes, suggesting that the specificity of the IgM
antibody would be comparatively low. In this point, we previously
reported that the administration of PEGylated liposomes triggered
1gM antibody production against both PEG moieties and lipid moi-
eties in rats, although the reactivity of IgM antibody against the
latter was not so high (Wang et al., 2007). Anti-PEG IgM antibody
produced by preadministration of PEGylated liposomes was tran-
siently increased and then decreased rapidly. These data suggest
that PEGylated liposomes might be recognized as a TI-2 antigen.

In general, most antigens in the natural world are T cell-
dependent antigen. In the immune response to them, naive B cells
can differentiate into immunoglobulin-secreting cells or they can
seed a germinal center and develop into memory B cells after expo-
sure to a T cell-dependent antigen (Ahmed and Gray, 1996; Liu
et al., 1988, 1991). However, there are other type antigens which
are composed of repetitive structures such as polysaccharides or
lipopolysaccharide derived from bacteria and belong to the TI-2
antigen category. These antigens activate B cells, which then pro-
duce antibodies such as IgM and IgG without the interaction with
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helper T cells; and these IgM antibodies tend to have low affinity
(Beringue et al., 2000). TI-2 responses are characterized by early
B cell proliferation in all splenic compartments and differentia-
tion into antibody-producing plasma cells starting at day 3 after
immunization, but the number of plasma cells falls markedly dur-
ing the second week after immunization (Garcia De Vinuesa et
al., 1999). These TI-2 antigens induce only limited isotype switch-
ing and do not induce memory B cells (Beringue et al., 2000). In
addition, B cells respond against TI-2 antigens and profoundly par-
ticipate in the response of complements (Zandvoort and Timens,
2002). It is therefore considered that when PEGylated lip
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Ishida, T., Atobe, K., Wang, X., Kiwada, H., 2006a. Accelerated blood clearance
of PEGylated liposomes upon repeated injections: effect of doxorubicin-
encapsulation and high-dose first injection. . Control. Release 115,
251-258.

Ishida, T., Harada, M., Wang, X.Y., Ichihara, M., Irimura, K., Kiwada, H., 2005. Accel-
erated blood clearance of PEGylated liposomes following preceding liposome
injection: effects of lipid dose and PEG surface-density and chain length of the
first-dose liposomes. J. Control. Release 105, 305-317.

Ishida, T., Ichihara, M., Wang, X., Kiwada, H., 2006b. Spleen plays an important role in
the induction of accelerated blood clearance of PEGylated liposomes. J. Control.
Release 115, 243-250.

Ishida, T., Ichihara, M., Wang, X., Yamamoto, K., Kimura, J., Majima, E., Kiwada, H.,
2006c. Injection of PEGylated liposomes in rats elicits PEG-specific IgM, which
is ible for rapid elimination of a second dose of PEGylated liposomes. J.

enter into the bloodstream, complement components may bind
to the liposomal surface and activate B cells to secrete IgM anti-
bodies such as anti-PEG IgM antibody. Marginal zone B (MZ-B)
cells in the spleen and B-1B cells in the intraperitoneal cavity
play a central role in the immune response against TI-2 antigen
(Martin and Kearney, 2002). Since we have already reported that
the phenomenon was not induced in rats that had had their spleens
removed (Ishida et al., 2006a,b,c), we hypothesize that MZ-B cells
recognize PEGylated liposomes as a TI-2 antigen and secrete anti-
PEG IgM antibody. It appears that anti-PEG IgM antibody binds
to the test-dose PEGylated liposomes and makes complexes with
complement components. Then, these complexes accumulate in
the liver, resulting in the rapid clearance of PEGylated liposomes.
Our present findings strongly suggest that PEGylated lipo-
somes and conventional liposomes without PEG modification are
recognized as TI-2 antigens and that the induction of the ABC phe-
nomenon is related to a T cell-independent B cell response.

5. Conclusion

This study revealed that the ABC phenomenon occurred in
BALB/c nu/nu mice, but not in BALB/c SCID mice. Anti-IgM anti-
body production, possibly derived from a T cell-independent B cell
response, would be essential for the induction of the phenomenon.
We anticipate that the elucidation of the ABC phenomenon will be
helpful for the development of future DDS formulations.
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Ischemia-reperfusion injury is induced by recovery of blood flow after ischemia. This
phenomenon is a main cause of ischemic brain injury. The integrity of the blood-brain
barrier (BBB) fails after cerebral ischemia and reperfusion. Further elucidation of this
phenomenon promotes to develop treatment strategies for ischemia-reperfusion injury. In
the present study, we attempted to examine the time-dependent change of ischemia-
Stroke reperfusion injury in relation to BBB disorders at acute phase in a transient middle cerebral
Reperfusion injury artery occlusion (t-MCAO) model rat as a cerebral infarction and reperfusion model. Brain
BBB cell damage after the reperfusion was assessed by 2, 3, 5-triphenyltetrazolium chloride
t-MCAO (TTC) staining. To clarify a time-dependent change of the integrity of BBB, fluorescein
Macromolecule isothiocyanate (FITC)-dextran (150 kDa) was injected intravenously into t-MCAO rats, and
time-dependent localization of FITC-dextran was monitored in ex vivo. As a result, obvious
brain damage was firstly observed at 3h after reperfusion following 1h of MCAO. In
contrast, the leakage of FITC-dextran from cerebral vessels was observed immediately after
the reperfusion. The present data suggest that the integrity of BBB failed prior to the
occurrence of serious brain damage induced by ischemia-reperfusion, and that
macromolecules such as water-soluble polymers and proteins which cannot pass through
the BBB under normal condition would reach brain parenchyma at early stage after
reperfusion. These findings would be useful to establish a novel treatment strategy for
reperfusion injury after cerebral infarction.
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1. Introduction considered to be related with increase in permeability by

change of cerebral vascular tonus and disruption of base-

The BBB strictly limits material exchange in the brain, which
makes drug delivery to the brain tissue difficult. However, it is
known that the integrity of the BBB fails after cerebral
ischemia and reperfusion, resulting in increase in cerebrovas-
cular permeability (Yang and Betz, 1994). Several factors
including reactive oxygen species, matrix metalloprotease
(MMP)-2, and -9, vascular endothelial growth factor (VEGF) are

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

ment membrane after reperfusion following cerebral stroke
(Rosenberg et al., 1998; Zhang et al., 2002).

In the treatment of cerebral stroke, ischemic penumbra is
one of the most important concepts (Lo, 2008). It is defined as
ischemic but still viable cerebral tissue. This area recovers if
cerebral blood flow is rapidly improved. The aim of treatment
for acute phase of cerebral stroke is to recover cerebral blood

0006-8993/$ - see front matter © 2010 Elsevier B.V. All rights reserved.

doi:10.1016/j.brainres.2010.01.039




BRAIN RESEARCH 1321 (201

165

flow and to revive the function of neuronal cells in the
penumbra. However, many deleterious mediators are upre-
gulated and injure brain tissue by reperfusion after ischemia.
For example, reactive oxygen species such as hydrogen
peroxide, hydroxyl radicals and superoxide are produced by
reperfusion following brain ischemia (Kontos, 2001). They
cause cerebral vasodilatation, resulting in brain tissue injury.
In fact, a-amino-3-hydroxy-5-methylisoxasolepropionic acid
(AMPA) is known to mediate superoxide generation, and the
inhibition of AMPA receptor improves ischemic outcome (Erdo
et al, 2005). Many other pathways are also involved in
secondary brain lesion after cerebral infarction (Cunningham
et al, 2005; Huang et al., 2006). This cerebral ischemia-
reperfusion injury substantially influences prognosis and
mortality of patients treated with thrombolytic agents for
cerebral infarct therapy. Therefore, improvement of ischemia-
reperfusion injury is essential for the treatment of cerebral
ischemia and required to protect a cerebral neuronal cell.
Although mechanisms of reperfusion injury after cerebral
infarction have been widely studied in the world, clinically
available drug at present is only Radicut® (edaravone), a free
radical scavenger, for cerebral neuroprotection during cerebral
ischemia/reperfusion (Yoshida et al., 2006).

In the case of acute disease such as cerebral infarction,
therapeutic time window (TTW) is an important concept. It is
defined as the promising time to achieve therapeutic efficacy.
For example, tissue plasminogen activator (t-PA), a thrombo-
lytic agent, for treatment of cerebral stroke is decided to inject
within 3 h because it has prospects of worsening symptoms
more than 3 h after ischemia (Marler and Goldstein, 2003).

t-MCAO model rats by a filament method are used to the
study of ischemia-reperfusion injury after focal ischemia
(Nagasawa and Kogure, 1989). This method can make a stable
cerebral occlusion model using a nylon uniformly coated with
silicon. In addition, reperfusion is induced easily by pulling the
thread out of the artery. Since this model needs no materials
such as t-PA to induce reperfusion, the influences of reperfusion
can be observed directly without considering superfluous factors.

Macromolecules with biocompatibility and size above
40 kDa possess long-circulating characteristic in bloodstream,
and tend to localize at the site where the vascular permeability
is increased (Seymour et al,, 1995). In fact, vascular perme-
ability is known to increase at inflammatory site, and a
dendritic polymer complexed with ibuprofen is reported to
localized and retained at the inflammatory site resulting in a
high anti-inflammatory effect (Kannan et al., 2004; Svenson,
2009). Moreover, in myocardial ischemia/reperfusion that shows
similar pathological event to cerebral ischemia/reperfusion,
macromolecular agents accumulated in the infarction zone at
early stage by vascular permeability increase (Lukyanov et al.,
2004). Howeveritisn’t known that time-dependent change in the
extent of diffusion of macromolecules into brain tissue by
disruption of the BBB after cerebral ischemia/reperfusion in
acute phase.

In the present study, we attempted to clarify the time-
dependent relationship between ischemia-reperfusion damage
and localization of macromolecules by increasing BBB perme-
ability in t-MCAO model rats for the purpose of the determina-
tion of effective term for the treatment of reperfusion injury
using macromolecular drugs or drugs in macromolecules.
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2. Results
2.1.  Brain damage assessment

The time-dependent change of ischemia/reperfusion damage
was assessed by TTC staining. A ratio between right and left
hemisphere section areas represents brain edema. When this
ratio significantly exceeds 1, edema is induced on the side of
the occlusion. Fig. 1 shows representative photographs of the
brain damage in the t-MCAO rats. Total brain slice areas and
damaged ones are calculated by Image J, and their mean
values are shown in Table 1. The damage of the brain tissue
was firstly observed in the section of the MCA at 3h after
the reperfusion. At 6 h after the reperfusion, the damage was
observed more broadly than at 3h, and the cell death
progressed to cerebral cortex. Moreover, the most wide-
spread damage was observed at 24 h after the reperfusion.
Similarly, the brain edema was firstly observed at 3 h after the
reperfusion. However, significant cerebral damage was not
observed until 3 h after the reperfusion.

2.2.  Leakage of FITC-dextran

Time course of the change in cerebral blood vessel perme-
ability after reperfusion in the t-MCAO rat were monitored by
the leakage of FITC-dextran with in vivo imaging system. Fig. 2
shows the leakage of FITC-dextran into brain parenchyma
at 1 h after the administration. Table 2 shows average of total
photon counts obtained from five rats at each time. Interest-
ingly, the leakage of the FITC-dextran from cerebral vessels
was observed immediately after the reperfusion in the t-MCAO
rat model. This leakage was observed up to 6 h but not at 24h
after the reperfusion. The FITC-dextran localization in brain
tissue became broadly as time advances within 3 h. However,
the fluorescence intensity was diminished at6 h compared with
thatat3h.

In the present study, we did not use the same slices in both
TTC staining and FITC imaging due to the technical limitation.
However the slices were obtained essentially by the same
procedure except the injection of FITC-dextran in the latter
experiment. Therefore, both TTC staining and FITC imaging
would be comparable.

3. Discussion
In the present study, the reperfusion was performed by with-
drawing the filament at 1 h after the occlusion using t-MCAO
model rats. Although nerve cells suspend electrical activity
under ischemic condition, their life is maintained for a few
hours because of conservation of ion gradient and cellular
membrane pump function (Back, 1998). Therefore, the damage
observed in the present study could be mainly derived from
reperfusion. Taken together, most of the penumbra area might
be protected from death by restoration of blood flow if a
treatment for neuroprotection is performed within therapeu-
tic time window.

Cells death of the core infarct area arises predominantly
from necrosis, whereas cell death of penumbra area is caused
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Fig. 1 - Photographs of brain sections prepared from the t-MCAO model rats. The d

q - P

g were

d by TTC

staining after a 1 h-infarct following 0, 1, 2, 3, 6 or 24 h reperfusion. White areas show the damaged regions and red areas show

surviving regions.

mainly by apoptosis following cerebral ischemia (Dirnagl et al.,
1999; Lopez-Sanchez et al., 2007; Xu et al., 2006). Therefore, an
antiapoptotic agent would protect neuronal cells and attenu-
ate reperfusion injury. In fact, pretreated inhibition of
caspase-3 results in decrease of cerebral damage in the pen-
umbra area following 2 h infarct (Zhu et al., 2004). Apoptosis is
a key factor improving reperfusion injury, and the detail
researches contribute to a new treatment strategy for ische-
mia-reperfusion injury.

The BBB dysfunction results in cerebral edema, hemor-
rhage formation and neuronal cell death after cerebral
infarction. On the other hand, it permits some drugs that
cannot penetrate the BBB in normal condition to reach brain
parenchyma. Therefore, it would be one of the promising
strategies for improving ischemia-reperfusion injury to deliv-
ery agents to brain tissue from cerebral blood flow by
increasing BBB permeability. Opening of the BBB has been
studied by using many tracers in ischemia/reperfusion. After
2 h occlusion and 3 h reperfusion caused great increase in BBB
permeability, which was monitored by the uptake of sucrose
(Rosenberg et al., 1998). In the present study, we determined
the leakage of macromolecule in more acute phase ischemia/
reperfusion. The leakage of FITC-dextran into brain tissue was
observed just after the reperfusion in the t-MCAO rat model.
These data suggest that tight junction of the BBB fails by
reperfusion or 1h infarct and thus macromolecules such as
dextran leak out from bloodstream into the brain tissue. Our
findings are consistent with previous reports: For example, a

Table 1 -

ime-dependent change of brain

Times after Total volume Damage volume Right brain/

reperfusion (cm®) (cm®) left brain
oh 1.600.02 0 1.000.00
1h 1.61£0.02 0 1.01£0.01
2h 161£0.07 0 1.0120.01
3h 170003 0.05£0.06 1.0420.02"
6h 1.72+0.06 0.27+0.07 1.06+0.01*
24h 1.81+0.05 0.42+0.03 1.12+0.04™

Values are means +SD; n=5. Right brain/left brain shows the degree
of edema. Statistical di were

analysis of variance (ANOVA) followed by Dunnett’s muluple
comparison tests as compared with Oh after reperfusion group.
('p<0.05, *'p<0.01).
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function of myogenic tone, which favors partial vasoconstric-
tion and plays an important role in regulation of cerebrovas-
cular blood flow in response to changes in perfusion pressure,
was diminished at early stage after ischemia (Cipolla et al.,
1997; Cipolla and Curry, 2002). MMP-2 derived from astrocyte
increases at 3 h after reperfusion in the same model rat as the
present study (Yang et al., 2007). Therefore, this data suggest
that upregulation of MMP-2 is greatly associated with the
present result that leakage of FITC-dextran was most broadly
at 3 h after reperfusion. Hydroxyl radicals that are one of the
most reactivity free radicals greatly increase at immediately
after reperfusion in the same model rat as the present study
(Kato et al., 2003). Free radicals are related with BBB disruption
on how to directly attack cerebral endothelial cells and to
mediate MMPs. This report is also associated with the resultin
the present study. Focusing on the result of 0, 1 and 3 h after
reperfusion, fluorescence of FITC-dextran was observed at
nearby MCA. In addition, the leakage of FITC-dextran was
outspread as time advances. Therefore, BBB disruption
progress gradually with time by partial infarct, in this study
case is by MCA, after reperfusion.

When neuroprotective agents are delivered to brain tissue
for the treatment of ischemia-reperfusion injury by enhanced
permeability of a failed BBB, a time widow from appearance of
BBB disruption to disappearance of it is very important notion.
The integrated data demonstrated that the increase of
cerebral vascular permeability from BBB dysfunction was
occurred at stages before generation of obvious cerebral cell
damage in the t-MCAO model rats. This is important infor-
mation for the treatment and prevention of reperfusion injury.
In general, therapeutic agents for acute phase treatment
are beneficial as early injection as possible. However, it is
also quite important to know until when do these agents are
effective after ischemia-reperfusion. For this reason, here we
evaluated the permeability change in BBB and brain damage
after ischemia-reperfusion to set TTW in acute phase disease.
From the present results, we propose that TTW of reperfusion
injury is from immediately after reperfusion up to 3h. At6h
after the reperfusion, the brain tissue was broadly impaired,
and the leakage of FITC-dextran was diminished, hence
suggesting that the possibility to save brain cells is lowered.
Obvious cerebral cell death was rarely observed up to 3 h after
the reperfusion, and the localization of FITC-dextran was
observed earlier than outset of the obvious cerebral cell death.
Therefore, some treatments before 3 h after reperfusion are
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Fig. 2 - The leakage of FITC-dextran in the t-MCAO model rats. Time-dependent change in the i ity of BBB after the reperfusion
was i d by the leal of FITC-d The t-MCAO rats were inj d with FITC-d lution (15 mg/ rati.v.).
FITC-dextran localized in the brain sections was visualized with IVIS. Bar shows the ive level of fl i i
ranging from low (blue), to medium (green), to high (yellow, red). This is the representative from five independent animal

experiments, all of which demonstrated similar profile of responses.

expected to be significantly effective for the improvement in (Nagasawa and Kogure, 1989). Anesthesia was induced with
reperfusion injury. 3% isoflurane and maintained with 1.5% one during cerebral

In conclusion, macromolecules leaked out from blood- stroke surgery. Rectal temperature was maintained at 37 °C
stream into brain parenchyma before the obvious cerebralcell ~ with heating pad. After a median incision of the neck skin, the
death appeared in t-MCAO model rats, and this localization right carotid artery, external carotid artery, and internal
was broadly more than the damage area at 3h after the carotid artery (ICA) were isolated with careful conservation
reperfusion. The present study suggests that an approach of the vagal nerve. A 4-0 monofilament nylon suture coated
within 3 h after reperfusion is important and promising for the with silicon was introduced into the right ICA and advanced
treatment or prevention of reperfusion injury to provide great  into the origin of the MCA. A silk ligated the MCA at side of
therapeutic response. inserting point. After the operation, the neck was closed and
anesthesia was discontinued. Success of the surgery was
judged by the appearance of hemiparesis. Reperfusion was

4, Experimental procedures performed by withdrawing the filament about 10mm at 1h
after the occlusion under isoflurane anesthesia in this all
4.1.  Animal study.

Male Wistar rats (8 weeks old) weighing 170-210 g were pur- 4.3, Brain damage assessment in t-MCAO rat

chased from Japan SLC Inc. (Shizuoka, Japan). The animals

were cared according to the Animal Facility Guidelines of the The ischemia/reperfusion damage in the t-MCAO rat model
University of Shizuoka. All animal experiments were approved  was assessed by morphometric analysis of the brain sections
the by the Animal and Ethics Review Committee of the  stained with 2, 3, 5-triphenyltetrazolium chloride (TTC, Wako

University of Shizuoka. Pure Chemical Ind. Ltd., Tokyo, Japan). The brain was
dissected at 0, 1, 2, 3, 6 or 24 h after reperfusion and sliced
4.2.  Preparation of t-MCAO model rat into 2mm thick coronal sections using a rat brain slicer

(Muromachi Kikai, Tokyo, Japan). These sections were stained
Transient middle cerebral artery occlusion (t-MCAO) was with 2% TTC in PBS for 30 min at 37 °C. Then, they were fixed
induced by inserting a filament into internal carotid artery  in 10% formalin neutral buffer solution. All sections were put
in grass slides and photographed with a digital camera

(OLYMPUS E-300). We measured the unstained area, the
Table 2 - Total photon counts of brain sections. stained area and each hemisphere with an image analysis

Injection Ischemic side Nonischemic side system (NIH Image ]). The damage regions were considered as
time (x107) (x107) completely white area. Edema was calculated from a ratio
oh 418+0.32" 2582016 between right and left hemisphere sections area.

1h 571+1.28" 3.64+0.69

3h 6.70+2.47" 3832057 4.4.  Leakage of FITC-dextran into brain tissue

6h 421111 3.37£0.59

230 L2007 sEor Time-dependent change of the integrity of BBB after reperfu-
Values are means=SD; n=5. Accumulation of FITC-dextran in the sion was determined using fluorescein isothiocyanate (FITC)-
brain was determined as described in the legend of Fig. 2. Total dextran (150 kDa, Sigma-Aldrich, Saint Louis, MO, USA) as a
photon counts were obtained from the IVIS images. Total photon macromolecule. FITC-dextran (0.5mL) dissolved in saline

counts of ischemic side are significantly higher than those of

nonischemic side at 0, 1 and 3h. (p<0.05). (30 mg/mL) was injected via a tail vain of the t-MCAO rat

model at 0, 1, 3, 6 or 24 h after reperfusion, respectively. One

75



168

BRAIN RESEARCH 1321 (2010) 164-168

hour after the injection, the brain was dissected and sliced
into 2mm thick coronal sections in the exactly same way
as above experiment. All sections were put in grass slides
and their fluorescence was measured at with in vivo imaging
system (IVIS, Xenogen Corp., Alameda, CA).
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Liposomal amphotericin B (AMPH-B), also known as AmBisome, exhibits a potent antifungal effect through
its binding to ergosterol contained within the fungal cell membrane. However, the mechanism responsible
for the movement of AmBisome-derived AMPH-B to the fungal cell membrane through the cell wall is not yet
clear. Therefore, in the present study we aimed at elucidating this mechanism operating in Saccharomyces
cerevisiae. AmBisome showed its antifungal effect against S. cerevisiae at 35 °C but not at 4 °C, whereas free

Keywords:

Amms::sne AMPH-B was effective at both temperatures. A significant difference in the amount of AMPH-B transferred to
Temperature-dependency the fungal cells between incubation at 4 and 35 °C was also observed when AmBisome was used. Confocal
Cell wall microscopic study, however, indicated that NBD-labeled AmBisome was localized on the surface of the fungal
Ergosterol cells at either temperature. To decrease the affinity of AMPH-] B for the lij we

Membrane fluidity AMPH-B in fluid li C egg yolk ph holine (EPC) instead of hydrogenated soy PC
(HSPC). These liposomes showed the antifungal effect even at 4 °C. On the contrary, AMPH-B in liposomes
containing ergosterol (Erg-AmB) instead of cholesterol showed a significantly weaker antifungal effect at

35 °C with reduced transfer of AMPH-B to the fungal cells. These results suggest that not the binding of

AmBisome to target cells but the transfer of AMPH-B from lij of
membrane is critical for the antifungal activity of

to the cell
on the e,

This transfer is

fluidity of the liposomal membrane, and the affinity of AMPH-B for the fungal cell membrane.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Since patients with infectious diseases caused by certain bacteria or
fungi are at a high risk for death, the development of effective drugs for
these diseases is of great importance. Mycosis is an infectious disease
caused by fungal invasion, and it is divided into 3 classes based on the
infection site. Among them, infection by fungi at deep internal organ such
as lung and brain is the most serious and is known as deep mycosis.
Amphotericin B (AMPH-B), a drug with strong antifungal activity, is
effective against deep mycosis and also has a wide antibacterial spectrum
[1.2]. As to its mechanism of action, AMPH-B is known to bind to
ergosterol contained in the fungal cell membrane, which binding induces
a permeability change in the membrane [3,4]. Since AMPH-B also has the
ability to bind to cholesterol to some extent [5], it causes side effects such
as nephrotoxicity [6]. In order to reduce the side effects of AMPH-B, a
liposomal formulation of AMPH-B, known as AmBisome, has been
developed. AmBisome is a small unilamellar vesicle containing AMPH-B

Abbrevialivns: AMPH-B, amphoteridn B; EPC, egg yolk prmsphandy]dmline: EPG, egg
soy

DSPG,
', NBD-PE, N-4-nif 2 13-diazol

thatis stahly retained i in the hydrophobic part of the hposomal membrane
by ¢ with ct Since ization of
AMPH-B prolongs the cxrculauon of AMPH-B in the bloodstream and
decreases the transfer of AMPH-B to cell-membrane cholesterol, the use
of AmBisome reduces the side effects of AMPH-B [7-11]. The mechanism
of transfer of AMPH-B from AmBisome to the fungal membrane is still
unclear, since AmBisome retains the drug in the liposomal membrane
rather tightly. By electron microscopy Adler-Moore et al. previously
examined the localization of liposomal lipids of AmBisome after exposure
to fungal cells such as Candida glabrata and Aspergillus fumigatus and
observed that AmBisome-derived lipids were distributed throughout the
cytoplasm of the fungal cells after long-term incubation [12,13]. They also
speculated that AmBisome has an affinity for the fungal cell wall and
initially binds to it and that the liposomal lipids from AmBisome become
dispersed throughout the cytoplasm after damage to the fungal cell
membrane caused by AMPH-B released from disrupted AmBisome [13].
Their report indicates that the transfer of AmBisome-derived AMPH-B to
the fungal cell membrane is a key step in the action of AmBisome against
fungi.

In the present study, we aimed at elucidating the mechanism
underlying the transfer of AMPH-B from AmBisome to the fungal cell

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

0168-3659/$ - see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j,jconrel.2009.09.019

by using Saccharomyces cerevisiae as a model fungal cell. S.
cerevisiae has a thick cell wall similar to that of other fungal cells [14].
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At first, we examined the temperature dependence of AmBisome activity
against S. cerevisiae, and observed that, unlike AMPH-B, the antifungal
activity of AmBisome was drastically suppressed at a low temperature.
Then, we examined the localization of AmBisome in yeast cells at
different temperatures by confocal laser-scanning microscopy and
measured the amount of AMPH-B taken up into the cells. The transfer
of AMPH-B from AmBisome to the cell and the antifungal activity of the
liposomes were increased by raising the incubation temperature.
Interestingly, AMPH-B in a fluid liposomal membrane was taken up
into the cells more easily and was fungicidal ata low temperature. On the
contrary, AMPH-B in ergosterol-containing liposomes was taken up into
the cells in less amount; and the cytotoxic action was suppressed even at
a high temperature. The results indicate the importance of translocation
of AMPH-B from AmBisome to the cells in its antifungal activity.

2. Materials and methods
2.1. Reagents

AmBisome was the product of Dainippon Sumitomo Pharma Co.,
Ltd. (Osaka, Japan) Hydrogenated soy phosphatidylcholine (HSPC),
distearoylphosphatidylglycerol (DSPG), egg yolk phosphatidylcholine
(EPC), egg yolk phosphatidylglycerol (EPG), and cholesterol were gifts
from Nippon Fine Chemical Co., Ltd. (Hyogo, Japan). Amphotericin B
(AMPH-B), ergosterol, and N-4-nitrobenzo-2-oxa-13-diazol phospha-
tidylethanolamine (NBD-PE) were purchased from The United States
Pharmacopeial Convention, Inc. (Rockville, MD, U.S.A.), Sigma-Aldrich
Co. (St Louis, MO, U.S.A.), and Avanti Polar Lipids, Inc. (Alabaster, AL,
US.A.), respectively. Rhodamine-dextran (10kDa) was purchased
from Wako Pure Chemical Industries, Ltd.

2.2. Yeast cell culture

Yeast cells of the S. cerevisiae ATCC 9763 (ATCC, U.S.A.) were used as
amodel of fungal cells in this experiment. They were colonized on YPD/
agar medium and kept at 4 °C. Before experimental use, a single colony
was picked up and grown in YPD medium with shaking at 30 °C for at
least 12 h; and the ODgo of the cell suspension was adjusted to 0.1 using
RPMI 1640 medium (Sigma-Aldrich Co.) buffered to pH 7.0 with
0.165 M MOPS (Dojindo Laboratories, Kumamoto, Japan).

2.3. Preparation of liposomes

AmBisome (liposomal AMPH-B) was composed of HSPC, DSPG,
cholesterol, and AMPH-B (10:4:5:2 as a molar ratio). AmBisome solution
was prepared by hydration of lyophilized AmBisomal components with
ultrapure water. For preparation of NBD-labeled AmBisome, the
Iyophilized AmBisomal components were firstly dissolved in chloro-
form, after which NBD-PE solution was added to them. Then, they were
Iyophilized again with t-butanol and rehydrated with succinate-buffered
solution (pH 5.5). Unincorporated NBD-PE was removed by gel filtration
chromatography with a PD-10 column. For preparation of AmBisome
encapsulating rhodamine-dextran, the lyophilized AmBisomal compo-
nents were hydrated with rhodamine-dextran solution; and then free
rhodamine-dextran was d by column chromatography with
Sepharose™ 4 Fast Flow (GE Healthcare UK Ltd., England). AMPH-B in
liposomes containing ergosterol (Erg-AmB) was prepared with HSPC,
DSPG, ergosterol, and AMPH-B (10:4:5:2 as a molar ratio). The thin lipid
film containing AMPH-B was hydrated with succinate-buffered solution
with 9% sucrose at 60 °C and freeze-thawed with liquid nitrogen for
3cycles. The obtained liposomal solution was sized by sonication.
Unincorporated AMPH-B was removed by column chromatography with
Sepharose™ 4 Fast Flow. Liposomal AMPH-B composed of highly fluid
phospholipids (Egg-AmB) was prepared with EPC, EPG, cholesterol, and
AMPH-B (10:4:5:2 as a molar ratio) in the similar manner as used to
prepare Erg-AmB. The particle size of each liposome was measured by
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dynamic light scattering analysis with a Zetasizer Nano (Malvern
Instruments, Malvern, UK.) and was about 100 nm in diameter.

2.4. Colony formation assay

Each liposomal AMPH-B diluted in succinate-buffered solution
with 9% sucrose or free AMPH-B dissolved in 0.1% DMSO (final conc.)
at a concentration of 20 uM as AMPH-B was added to a yeast cell
suspension and incubated in MOPS-buffered RPMI 1640 medium at 4
or 35 °C for 0.5 or 3 h. Then, the cell suspension was centrifuged and
washed twice with PBS. The cell pellet was resuspended in PBS and
plated on YPD/agar medium. After 24 h of incubation at 30 °C, the
number of colonies formed was counted.

2.5. Confocal microscopy

NBD-labeled liposomal AMPH-B (20 nM) was added to a yeast cell
suspension, which was then incubated in MOPS-buffered RPMI 1640
medium at 4 or 35 °C for 3 or 24 h with shaking. After having been
washed 3 times with PBS, the cells were fixed with 4% paraformal-
dehyde and stained with Fluorescent Brightener 28 (Sigma-Aldrich
Co., US.A.) for cell-wall imaging. After another 3 washes with PBS, the
cells were attached to MAS-coated glass slides (Matsunami Glass Ind.,
Ltd., Japan) by centrifugation, and then localization of liposomes in
yeast cells was observed under an LSM510 META confocal laser-
scanning microscope (Carl Zeiss, Inc., Germany).

2.6. Measurement of the amount of AMPH-B transferred to yeast cells

Liposomal AMPH-B (20 uM) was added to a yeast cell suspension,
which was then incubated in MOPS-buffered RPMI 1640 medium with
shaking at 4 or 35 °C for 0.5 or 3 h. After having been washed with PBS,
the cells were disrupted by using glass beads with shaking and
sonication, and AMPH-B in the cells was extracted with methanol.
After centrifugation, the methanol extract was evaporated; and the
residual AMPH-B was dissolved in the mobile phase for HPLC analysis.
The HPLC conditions were the following: Column, TSKgel ODS-100Z
4.6 x250 mm (Tosoh Co., Japan); mobile phase, acetonitrile and 2.5 mM
EDTA (pH 5.0), 4:6 (v/v); temperature, 35 °C; injection volume, 50 pL;
flow rate, 1.0 mL/min; and UV detection, 405 nm. Smart Chrom
software was used for control of the HPLC system and data processing.

In the inhibition experiment, AmBisome was added to a yeast cell
suspension, which was subsequently incubated in the presence or
absence of drug free cholesterol liposomes (Cho-Lip) or vacant
ergosterol liposomes (Erg-Lip) in MOPS-buffered RPM1 1640 medium.
After a 3-h incubation, the amount of AMPH-B transferred to the cells
was measured.

2.7. Investigation of AmBisome disruption

Rhodamine-encapsulating AmBisome was added to different
numbers of yeast cells (ODgoo=0.1 or 0.3), and the cells were
incubated in MOPS-buffered RPMI 1640 medium for 0.5 or 3 h at 4 or
35 °C. After centrifugation for washing, the supernatant medium was
collected and ultracentrifuged to separate the intact AmBisome into
the pellet. The resulting supernatant was then collected, and the
fluorescence intensity of the rhodamine-dextran that had been
released into the medium from AmBisome was measured.

2.8. FRAP experiment

NBD-labeled AmBisome and Egg-AmB were similarly prepared as
described above and then gradually frozen to make giant-sized
liposomes. Then, these liposomes were applied on MAS-coated slide
glasses and dried in the dark at room temperature for overnight. FRAP
experiments were performed with LSM510 META confocal laser-



