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a b s t r a c t

Repeated injection of polyethyleneglycol-modified (PEGylated) liposomes causes a rapid clearance of
them from the bloodstream, this phenomenon is called accelerated blood clearance (ABC). In the present
study, we focused on the immune system responsible for the ABC phenomenon. PEGylated liposomes
were preadministered to BALB/c mice and [3H]-labeled ones were then administered to them 3 days
after the preadministration. Consistent with our previous results, the preadministration with PEGylated
liposomes triggered the rapid clearance of [3H]-labeled PEGylated liposomes from the bloodstream, but
that with PEGylated liposomes encapsulating doxorubicin (Dox) did not. In addition, we found that the
ABC phenomenon was observed when a mixture of free Dox and PEGylated liposomes was preadminis-
tered. These data indicate that immune cells responsible for the ABC phenomenon might be selectively
hymus-independent type 2 antigen
anocarriers

damaged by the Dox encapsulated in PEGylated liposomes. The ABC phenomenon was also observed in
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

r the
important information fo

. Introduction

PEGylated liposomes have been widely investigated as drug car-
iers and gene delivery systems. PEG forms a water shell on the
iposomal surface and provides a steric barrier to the liposomes
or avoiding interactions with plasma proteins, resulting in escape
rom trapping by the reticuloendothelial system (Lasic et al., 1991;
orchilin et al., 1994; Van Rooijen and Van Nieuwmegen, 1980).

herefore, PEGylated liposomes have the property of long circu-
ation and are useful for drug delivery to tumors and inflamed
ites, resulting in improving the therapeutic indices of encapsu-
ated drugs (Allen, 1994). As a representative example of liposomal

Abbreviations: ABC phenomenon, accelerated blood clearance phenomenon;
3H]-CHE, [3H] cholesterylhexadecyl ether; MPEG-DSPE, 1,2-distearoyl-sn-glycero-
-phosphoethanolamine-n-[methoxy(polyethylene glycol)-2000]; MPS, mononu-
lear phagocyte system; PEGylated liposomes, polyethylene glycol-modified
iposomes.
∗ Corresponding author. Tel.: +81 54 264 5701; fax: +81 54 264 5705.

E-mail address: oku@u-shizuoka-ken.ac.jp (N. Oku).

378-5173/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijpharm.2010.03.022
future development of liposomal medicines.
© 2010 Elsevier B.V. All rights reserved.

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-
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 �mol 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 �mol 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

http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:oku@u-shizuoka-ken.ac.jp
dx.doi.org/10.1016/j.ijpharm.2010.03.022
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EG chain was varied. In fact, both methoxy(polyethyleneglycol)-
000-distearoylphosphatidylethanolamine (mPEG2000-DSPE) and
PEG5000-DSPE induced the phenomenon, and the concentration

f mPEG2000-DSPE in the first-dose PEGylated liposomes did not
ffect on the induction of the phenomenon (Ishida et al., 2005). In
n earlier study, we also demonstrated that the spleen could play
key role in induction of the ABC phenomenon via secretion of

nti-PEG IgM antibody by splenic B cells (Ishida et al., 2006a,b,c).
nti-PEG IgM antibody was gradually secreted by the administra-

ion of PEGylated liposomes and bound to the liposomes in the
econdary injection, resulting in the rapid clearance of them from
he bloodstream via complement activation (Ishida et al., 2005,
007). Furthermore, the ABC phenomenon was triggered by pread-
inistration with not only PEGylated liposomes but also polymeric
icelles having PEG chains (Koide et al., 2008).
Our recent reports showed that the administration of Dox

ncapsulated in PEGylated liposomes (PEG–Dox) did not alter the
harmacokinetics of PEGylated liposomes injected as the test-dose
Ishida et al., 2006a,b,c; Laverman et al., 2001). In the present study,
e firstly focused on the effect of Dox in the liposomes on the

mmune cells responsible for the ABC phenomenon. Then, we inves-
igated the immune mechanism involved in this phenomenon.

. Materials and methods

.1. Materials

Dipalmitoylphosphatidylcholine (DPPC), cholesterol (Cho),
nd distearoylphosphoethanolamine-N-[methoxy(polyethyl-
neglycol)-2000] (mMPEG-DSPE) were kindly donated by
ippon Fine Chemical Co., Ltd. (Takasago, Hyogo, Japan).

3H]cholesterylhexadecyl ether ([3H]-CHE) was purchased from
mersham Pharmacia (Buckinghamshire, UK). All other reagents
ere analytical grade.

.2. Animal

Five-week-old male BALB/c and BALB/c nu/nu mice were pur-
hased from Japan SLC Inc. (Shizuoka, Japan). Five-week-old male
B17/Icr-Prkdcscid/CrlCrlj (BALB/c SCID) mice were purchased from
harles River Japan, Inc. (Kanagawa, Japan). The animals were cared
ccording to the animal facility guidelines of the University of
hizuoka.

.3. Preparation of liposomes

PEGylated liposomes composed of DPPC and Cho with mPEG-
SPE (10:5:1 as a molar ratio) were prepared as described
reviously (Maeda et al., 2004). In brief, lipids dissolved in chlo-
oform were evaporated to obtain a thin lipid film. Then, liposomes
ere formed by hydration with 10 mM phosphate-buffered 0.3 M

ucrose solution and then sized by 5-times extrusion through a
olycarbonate membrane filter with 100 nm pores (Nucleopore,
aidstone, UK). For a biodistribution study, a trace amount of [3H]-

HE (74 kBq/mouse) was added to the initial chloroform solution.
ox-encapsulated liposomes were prepared by a modification of

he remote loading method as described previously (Oku et al.,
994). The concentration of Dox was determined by its absorbance
t 484 nm. The particle size of PEGylated liposomes was measured
y use of a Zetasizer Nano ZS (MALVERN, Worcestershire, UK) after
ilution of the liposomes with PBS, pH 7.4.
.4. Biodistribution of PEGylated liposomes

Mice received an intravenous injection of PEGylated liposomes
2.0 �mol phospholipids/kg), PEG–Dox liposomes (1 mg/kg as a
harmaceutics 392 (2010) 218–223 219

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 �mol 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 × 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 �mol phospholipids/kg), PEG–Dox liposomes (1 mg/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 × g, 15 min, 4 ◦C). To prepare the ELISA plates,
10 �g of mPEG-DSPE in 20 �L ethanol was added to 96-well plates
(Nunc, Roskilde, Denmark). Then, the plates were air dried for
2 h to complete dryness and subsequently blocked with 10% fetal
bovine serum (FBS, Sigma–Aldrich, St. Louis, MO) in PBS for 1 h.
The diluted serum samples (100 �l) were added to the plates,
incubated for 1 h, 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 1 h, 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 �L of 2 M H2SO4, 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 [18F]-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 × g for 15 min (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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Fig. 1. Abolishment of the ABC phenomenon with Dox encapsulated in PEGylated
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 3H-labeled PEGylated liposomes: 3 days after
the pretreatment, 3H-labeled PEGylated liposomes were intravenously injected into
these mice (5 �mol 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
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ay 3 after the pretreatment. Each value represents the mean ± S.D. of 3 separate
xperiments. Data are presented for PBS (open bar), PEGylated liposomes (gray bar),
EG–Dox liposomes (closed bar), and a mixture of 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.

.8. Imaging of [18F]-labeled PEGylated liposomes by planar
ositron imaging system (PPIS)

Biodistribution of [18F]-labeled PEGylated liposomes was deter-
ined with a positron planar imaging system (PPIS, Hamamatsu

hotonics, Shizuoka, Japan). Mice anesthetized with chloral hydrate
ere positioned prone on an acrylic plate and placed between the 2

pposing detectors. An [18F]-labeled sample at the dose of 2.5 MBq
as intravenously injected into a mouse via a tail vein. The data
ere acquired with a 1-min time frame interval for 60 min, and 2

ummation images were created every 30 min.

.9. Statistics

Variance in a group was evaluated by using Student’s t-test.

. Results

.1. Abolishment of ABC phenomenon by preadministration with
ox encapsulated in PEGylated liposomes

Mice were intravenously injected with PEGylated liposomes,

EG–Dox liposomes, a mixture of free Dox and “empty” PEGy-
ated liposomes, or PBS for preconditioning. Three days later, these

ice were administered PEGylated liposomes labeled with [3H]-
HE as the test-dose. Fig. 1A shows the biodistribution of the
est-dose PEGylated liposomes 24 h after the injection. Pretreat-
harmaceutics 392 (2010) 218–223

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 1–30 min image, weak [18F] 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 cells in 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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Fig. 2. Imaging of biodistribution of PEGylated liposomes with PPIS. Whole-body imaging of biodistribution of [18F]-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 [18F]-labeled PEGylated liposomes.

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 3H-labeled PEGylated liposomes: 3 days after
the pretreatment, 3H-labeled PEGylated liposomes were intravenously injected into
these mice (5 �mol 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.

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, 3H-labeled PEGylated liposomes were administered via a tail
vein (5 �mol 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 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), 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, 3H-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-
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ined (n = 5). Data are presented as a percentage of the injected dose per tissue and
.D. Data are presented for PBS (open bar), PEGylated liposomes (gray bar), and non-
EGylated liposomes (closed bar), respectively. Significant differences: ***p < 0.001
s. PBS.

.5. Low specificity in the induction of the ABC phenomenon

We next focused on the specificity in the induction of the
BC phenomenon since T cell-independent B cell response against

hymus-independent type 2 (TI-2) antigen might trigger this phe-
omenon. To elucidate the specificity in the induction of the ABC
henomenon, we preadministered non-PEGylated liposomes to
ALB/c mice, and then studied the biodistribution of the test-dose
EGylated liposomes. As shown in Fig. 5, the hepatic uptake and
he clearance from bloodstream of the test-dose PEGylated lipo-
omes were increased dramatically in the mice pretreated with
on-PEGylated liposomes, as in the case of pretreatment with
EGylated liposomes. This indicates that the ABC phenomenon was
hus induced regardless of modification of the liposomes with PEG
hains.

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

We next determined the time-dependency of the production of
nti-PEG IgM antibody in BALB/c mice. The amount of anti-PEG IgM

ntibody was determined at days 1, 3, 7, 11, 14, 21 and 27 after pre-
reatment with PEGylated liposomes, PEG–Dox liposomes, or PBS.
nti-PEG IgM antibody production reached maximum level about 3
ays after the administration of PEGylated liposomes (Fig. 6). This
ransient increase in IgM antibody like T cell-independent B cell

ig. 6. Time-course of anti-PEG IgM antibody production. BALB/c mice were intra-
enously injected with PBS, PEGylated liposomes or PEG–Dox liposomes. At days 1,
, 7, 11, 14, 21, and 27 after the injection, serum samples were collected. Anti-PEG

gM antibody was then detected by ELISA.
harmaceutics 392 (2010) 218–223

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 encapsulated in the liposomes
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
IgM 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, naïve 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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elper T cells; and these IgM antibodies tend to have low affinity
Beringue et al., 2000). TI-2 responses are characterized by early

cell proliferation in all splenic compartments and differentia-
ion into antibody-producing plasma cells starting at day 3 after
mmunization, but the number of plasma cells falls markedly dur-
ng the second week after immunization (Garcia De Vinuesa et
l., 1999). These TI-2 antigens induce only limited isotype switch-
ng and do not induce memory B cells (Beringue et al., 2000). In
ddition, B cells respond against TI-2 antigens and profoundly par-
icipate in the response of complements (Zandvoort and Timens,
002). It is therefore considered that when PEGylated liposomes
nter into the bloodstream, complement components may bind
o the liposomal surface and activate B cells to secrete IgM anti-
odies such as anti-PEG IgM antibody. Marginal zone B (MZ-B)
ells in the spleen and B-1B cells in the intraperitoneal cavity
lay a central role in the immune response against TI-2 antigen
Martin and Kearney, 2002). Since we have already reported that
he phenomenon was not induced in rats that had had their spleens
emoved (Ishida et al., 2006a,b,c), we hypothesize that MZ-B cells
ecognize PEGylated liposomes as a TI-2 antigen and secrete anti-
EG IgM antibody. It appears that anti-PEG IgM antibody binds
o the test-dose PEGylated liposomes and makes complexes with
omplement components. Then, these complexes accumulate in
he liver, resulting in the rapid clearance of PEGylated liposomes.

Our present findings strongly suggest that PEGylated lipo-
omes and conventional liposomes without PEG modification are
ecognized as TI-2 antigens and that the induction of the ABC phe-
omenon is related to a T cell-independent B cell response.

. Conclusion

This study revealed that the ABC phenomenon occurred in
ALB/c nu/nu mice, but not in BALB/c SCID mice. Anti-IgM anti-
ody production, possibly derived from a T cell-independent B cell
esponse, would be essential for the induction of the phenomenon.

e anticipate that the elucidation of the ABC phenomenon will be
elpful for the development of future DDS formulations.
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