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ABSTRACT: Adenosine diphosphate (ADP)-encapsulated liposomes coated with a fibrinogen y-chain dodecapeptide [H12 (dodecapeptide
(*OHHLGGAKQAGDV*)-(ADP)-liposome] is a synthetic platelet substitute, in which the surface is covered with polyethylene glycol
(PEG). It has been reported that repeated injections of PEGylated liposomes induce an accelerated blood clearance (ABC) phenomenon,
which involves a loss in the long-circulation half-life of the material when administered repeatedly to the same animals. The objective of
this study was to determine whether the ABC phenomenon was induced by repeated injections of H12-(ADP)-liposome in healthy and
anticancer drug-induced thrombocytopenia model rats. The findings show that the ABC phenomenon was induced by healthy rats that were
repeatedly injected with H12-(ADP)-liposomes at the interval of 5 days at a dose of 10 mg lipids/kg. The ABC phenomenon involves the
production of anti-H12-(ADP)-liposome immunoglobulin M (IgM) and complement activation. On the other hand, when thrombocytopenia
model rats were repeatedly injected with H12-(ADP)-liposomes under the same conditions, no ABC phenomenon, nor was any suppression
of anti-H12-(ADP)-liposome IgM-mediated complement activation observed. We thus conclude that the repeated injection of H12-(ADP)-
liposome treatment in rat model with anticancer drug-induced thrombocytopenia did not induce the ABC phenomenon. © 2015 Wiley
Periodicals, Inc. and the American Pharmacists Association | Pharm Sci
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INTRODUCTION

To further enhance the quality and efficiency of drug delivery
substances, they are frequently modified with polyethylene gly-
col (PEG).! There is now little doubt that PEGylation is useful
and is in widespread use because it results in a prolonged half-
life, a higher stability and a lower immunogenicity. In fact, some
of PEGylated products, such as PEGylated epoetin-p? and a PE-
Gylated liposomal formulation of doxorubicin,? take advantage

of these characteristics, and have been approved for use in clin-
ical settings.

However, it is widely known that the intravenous injec-
tion of PEGylated products, including liposomes and micelles,
causes a second dose of PEGylated products to lose their long-
circulating characteristics and accumulate in the liver, when
administrated twice in the same animal [referred to as the
“accelerated blood clearance (ABC) phenomenon”].* This phe-
nomenon has been reported for a number of animal species,
including rhesus monkeys, dogs, rabbits, guinea pigs, rats, and
mice.*” Moreover, Ishida and coworkers®® reported that the
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abundant secretion of anti-PEG immunoglobulin M (IgM), pro-
duced by the spleen in response to the first dose of PEGylated
liposomes, plays a crucial role in the induction of the ABC phe-
nomenon. Interestingly, the probable existence of naturally oc-
curring anti-PEG antibodies in human beings has also been
reported,'®!! which indicate that repeated injections of PEGy-
lated products might induce the ABC phenomenon, even in a
clinical situation. Therefore, it would be advisable to examine
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the pharmacokinetic properties of PEGylated products with re-
spect to the effects of repeated injections before the beginning
of a clinical trial, because the ABC phenomenon may cause ad-
verse effects or decrease the pharmacological effects of a formu-
lation, because of the development of altered pharmacokinetics
of PEGylated products.

The dodecapeptide (*"HHLGGAKQAGDV*) (H12)-(ADP)-
liposome was developed as a synthetic platelet substitute, of
which the surface of phospholipid vesicles is modified with
PEG. In order to enhance the hemostatic effect, this PEGylated
liposome-based artificial platelet substitute bears a synthetic
H12 on its surface, corresponding to the carboxy-terminus of
the fibrinogen y-chain, and the physiologic platelet agonist
adenosine diphosphate (ADP) in the interior. In fact, it was
reported that these modifications enable the liposomes to accu-
mulate at the site of an injury in vivo by specifically binding to
glycoprotein ITb/I11a on activated platelet membranes,'?!® thus
decreasing bleeding time in a dose-dependent manner in both
thrombocytopenic rat and rabbit models.'**® Furthermore, we
recently reported that H12-(ADP)-liposomes have an adequate
circulation time in the blood to permit them to function as a
platelet substitute in healthy animals and a thrombocytopenic
model rat.'®1?7 Because of these characteristics, H12-(ADP)-
liposomes show hemostatic effects comparable to platelet-rich
plasma and also result in an improved survival in rabbits with
acute thrombocytopenia.'$19

As it is likely that repeated injections of H12-(ADP)-liposome
would be required, as a platelet substitute, in clinical settings,
the possibility remains that repeated injections of the H12-
(ADP)-liposome might induce the ABC phenomenon. If the
ABC phenomenon were induced by repeated injections, then
the hemostatic effects of H12-(ADP)-liposomes could be com-
promised. In addition, changes in the pharmacokinetic prop-
erties of H12-(ADP)-liposomes may cause unexpected adverse
effects. Therefore, clarifying the pharmacokinetics of H12-
(ADP)-liposomes after repeated injections at a dose is effec-
tive for producing therapeutic effects in animal studies, and
thereby for possible use in clinical settings as a platelet sub-
stitute should provide useful information for future clinical
applications. ,

In the present study, we investigated the issue of whether
the first injection of H12-(ADP)-liposome at a dose of 10 mg
lipids/kg that is proposed for use in clinical practice as a platelet
substitute affects the pharmacokinetic behavior of H12-(ADP)-
liposome after the second injection in healthy rats and rats
models of an adaptation disease (thrombocytopenia). In addi-
tion, we also investigated the issue of whether anti-H12-(ADP)-
liposome IgM-mediated complement activation occurs after the
first injection, and which lipid component of the H12-(ADP)-
liposome is recognized by IgM.

MATERIALS AND METHODS
Reagents

Cholesterol and 1,2-dipalmitoyl-sn-glycero-3-
phosphatidylcholine (DPPC) were purchased from Nippon
Fine Chemical (Osaka, Japan), and 1,2-distearoyl-sn-
glycero-3-phosphatidylethanolamine-N-(monomethoxyPEG)
(PEG-DSPE, 5.1 kDa) was from NOF (Tokyo, Japan).
1,5-Dihexadecyl-N-succinyl-L-glutamate (DHSG) and H12-
PEG-Glu2C18, in which the fibrinogen y-chain dodecapeptide
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(C-HHLGGAKQAGDYV, Cys-H12) was conjugated to the end of
the PEG lipids, were synthesized as reported previously.2°

Preparation of '*C, *H Double-Labeled H12-(ADP)-Liposomes

¢, *H double-labeled H12-(ADP)-liposomes were prepared as
previously reported.!'® The diameter and zeta-potential of the
14 C-labeled H12-(ADP)-liposomes used in this study were in the
range of 250 + 50 nm and —10 + 0.9 mV, respectively. Before
being used in pharmacokinetic experiments, all of the samples
were mixed with unlabeled H12-(ADP)-liposomes. The 5%~10%
of added 1 mM ADP was encapsulated in the inner space of the
vesicle.

The Pharmacokinetic Experimental Protocol in Healthy Rats

All animal experiments were undertaken in accordance with
the guidelines principles and procedures of Kumamoto Univer-
sity for the care and use of laboratory animals. All animals
were maintained under conventional housing conditions, with
food and water ad libitum in a temperature-controlled room
with a 12-h dark/light cycle. All male Sprague-Dawley (SD)
rats (270-300 g) were purchased from Kyudou Company (Ku-
mamoto, Japan).

Eight male SD rats were anesthetized using ether and re-
ceived a single injection of a nonlabeled H12-(ADP)-liposomes
(10 mg lipids/kg) via the tail vein. This dose is lowest rec-
ommended dosage to exert a sufficient hematostatic effect in
thrombocytopenicrats.!* Five days after the first injection of the
nonlabeled H12-(ADP)-liposomes, the same SD rats received
a C, ®H-labeled H12-(ADP)-liposomes (10 mg lipids/kg) via
the tail vein under ether anesthesia. Four rats were randomly
selected to undergo a plasma concentration test. Under ether
anesthesia, approximately 200 pL of a blood sample from all ad-
ministered groups were collected from the tail vein at multiple
time points after the injection of the 1*C, *H-labeled H12-(ADP)-
liposomes (3, 10, 30 min, 1, 2, 3, 6, 12, and 24 h) and the plasma
was separated by centrifugation (3000g, 5 min). An additional
four rats were sacrificed and their livers were collected at 2 h
after an injection of *C, *H-labeled H12-(ADP)-liposomes.

Pharmacokinetic Studies in Thrombocytopenic Rats

Thrombocytopenic rats induced by busulphan (Sigma—Aldrich,
St Louis, Missouri) treatment were created as in our previous
report.’” Ten days after the final administration of busulphan,
eight thrombocytopenic rats were anesthetized with ether and
given a single injection of nonlabeled H12-(ADP)-liposomes
(10 mg lipids/kg) via the tail vein. Five days after the first injec-
tion of the nonlabeled H12-(ADP)-liposomes, the same throm-
bocytopenic rats received C, 3H-labeled H12-(ADP)-liposomes
(10 mg lipids/kg) via the tail vein under ether anesthesia. Four
rats were randomly selected to undergo a plasma concentration
test. Under ether anesthesia, approximately 200 pL blood sam-
ple from all administered groups were collected from the tail
vein at multiple time points after the injection of the “C, H-
labeled H12-(ADP)-liposomes (3, 10, 30 min, 1, 2, 3, 6, 12, and
24 h) and the plasma was separated by centrifugation (3000g,
5 min). An additional four thrombocytopenic rats were sacri-
ficed and their livers were collected 2 h after an injection of *C,
3H-labeled H12-(ADP)-liposomes.
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Measurement of *C and *H Radioactivity

The C, ®*H radioactivity in plasma and livers were deter-
mined by liquid scintillation counting (L.SC-5121; Aloka, Tokyo,
Japan) with Hionic Fluor (Perkin Elmer, Yokohama, Japan) as
previously reported.'®

Quantitative Determination of Anti-H12-(ADP)-Liposome IgM

Normal (n = 4) or thrombocytopenic rats (n = 4) were injected
with H12-(ADP)-liposome (10 mg lipids/kg) via the tail vein
under ether anesthesia. At each time point (1-7, 10, and 14
days) after the injection, blood was collected from the tail vein.
Plasma was collected after centrifugation (3000g, 5 min), and
was stored at —80°C until used.

ELISA was employed to detect IgM against H12-(ADP)-
liposome using a previously described method, with minor
modifications.® A 100-uL of 475 ng lipids/mL. H12-(ADP)-
liposomes (comprising DPPC, cholesterol, DHSG, PEG-DSPE,
and H12-PEG-Glu2C18) were added to 96-well plates (NUNC,
New York). The plates were incubated for 2 h at 25°C. After
incubation, the wells were washed three times with a wash so-
lution (50 mM Tris, 0.14 M NaCl, 0.05% Tween 20, pH 8.0). A
blocking solution [560 mM Tris, 0.14 M NaCl, 1% bovine serum
albumin (BSA), pH 8.0] was then added to each well and the
plate incubated for 2 h at 25°C. After incubation, the wells
were washed three times with wash solution and 100 pL of
plasma sample, diluted 1:100 with sample solution (50 mM
Tris, 0.14 M NaCl, 0.05% Tween 20, 1% BSA, pH 8.0), and
were added to the wells. After incubation for 90 min, the wells
were washed three times with wash solution and 100 pL of
peroxidase-labeled affinity purified antibody to mouse IgM (),
diluted 1:1000 with sample solution, and were added to each
well. After incubation for 60 min, the wells were washed three
times with wash solution. Coloration was initiated by adding
100 p.L of o-phenylene diamine (1 mg/ml). After incubation, the
reaction was terminated by adding 100 pL of 1 N HySO4 and
the absorbance was measured at 490 nm using a Microplate
reader (Model 680; BIO-RAD, Tokyo, Japan).

Quantitative Determination of Anti-Lipid IgM

A 10-nmol aliquot of each lipid (DPPC, cholesterol, DHSG, PEG-
DSPE, or H12-PEG-Glu2C18) in 50 uL of 100% ethanol was
added to 96-well plates (NUNC). The plates were incubated
for 4 h at 37°C to dry completely. Following processes were
identical to those described in the Quantitative Determination
of Anti-H12-(ADP)-Liposome IgM section.

Measurement of Complement Activity (CH50)

Normal rats (n = 4) or thrombocytopenic rats (n = 4) were in-
jected with H12-(ADP)-liposomes (10 mg lipids/kg) via the tail
vein under ether anesthesia. At stipulated time point, blood was
collected from the tail vein. The blood was centrifuged (3000g,
5 min) to obtain plasma samples for analysis. All plasma sam-
ples were stored at —80°C prior to analysis by a commercial
clinical testing laboratory (SRL, Tokyo, Japan). The CH 50 was
detected by the method of Mayer.?!

Data Analysis

A noncompartment model was used for the pharmacokinetic
analysis. Each parameter was calculated using the moment
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analysis program available on Microsoft Excel. Data are shown
as the mean + SD for the indicated number of animals. Statis-
tical evaluation of pharmacokinetic data was compared using
unpaired Student’s ¢-test. Statistical significance of the results
for CH50 was tested with paired Student’s ¢-test, and any other
statistical evaluation among each group was compared using
one-way analysis of variance, followed by Bonferron post hoc
test. A probability value of p < 0.05 was considered to indicate
statistical significance.

RESULTS AND DISCUSSION

Pharmacokinetic Properties of H12-(ADP)-Liposome After
Repeated Injection in Healthy Rats

In a previous study, we found that repeated injection of a
low dose of hemoglobin-vesicles (HbV), the liposomal charac-
teristics of which were similar in terms of liposomal struc-
ture to H12-(ADP)-liposomes, resulted in the induction of the
ABC phenomenon accompanied by the production of anti-HbV
antibodies.® However, it is well known that a variety of factors,
including the lipid dose used, physicochemical properties (de-
gree of PEGylation, PEG chain length, surface charge, and size)
and the encapsulated drug of the initially injected liposome,
dosing intervals, all can strongly affect the pharmacokinetic
response to a subsequent injection.?? It is noteworthy that the
end of the PEG lipids on the surface of H12-(ADP)-liposomes is
partly modified with H12. Therefore, we first investigated the
pharmacokinetic properties of the second injected H12-(ADP)-
liposomes in the healthy rats using 4C, *H-labeled H12-(ADP)-
liposomes, in which the encapsulated ADP and membrane com-
ponent (cholesterol) were labeled with “C and ®H, respectively.
The time interval for the injection was selected for 5 days based
on a previous report, in which the ABC phenomenon in rats was
observed the most strongly, when the time interval for the in-
jection was 4-5 days.??

Figure 1la shows the time course for the plasma concentra-
tion curve for the 14C, 3H-labeled H12-(ADP)-liposomes admin-
istrated once or twice to healthy rats at a dose of 10 mg lipids/kg.
The plasma concentration curves for C radioactivity and 3H
radioactivity indicate that, in the second injection, the radioac-
tivity was rapidly cleared compared with the first injection (Fig.
1a). The plasma clearance for both “C radioactivity and 3H ra-
dioactivity in the second injection was increased significantly
compared with the corresponding values for the first injection
(Table 1).

As the second injected PEG-liposomes accumulate at rel-
atively high levels in the liver when the ABC phenomenon
occurs,?® the effect of repeated injections on the hepatic dis-
tribution of 1*C, 3H-labeled H12-(ADP)-liposomes was exam-
ined. Figure 1b shows the hepatic distribution for *C and *H
radioactivity (% of dose/g tissue) at 2 h after the administra-
tion of *C, 3H-labeled H12-(ADP)-liposomes once or twice to
healthy rats at a dose of 10 mg lipids/kg. As expected, the hep-
atic distribution for both the *C and ®H radioactivity in the
second injection was much higher than the values for the first
injection at 2 h after the administration of C, 3H-labeled H12-
(ADP)-liposomes at a dose of 10 mg lipids/kg (Fig. 1b). These
results indicate that the ABC phenomenon was clearly induced
at 5 days after the injection when healthy rats were injected
with H12-(ADP)-liposomes at a dose of 10 mg lipids/kg.
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Figure 1. (a) Plasma concentration curve for “C and 3H radiola-
beled H12-(ADP)-liposomes after the first injection (closed symbol) or
the second injection (open symbol) of 3H, 4C radiolabeled H12-(ADP)-
liposome at a dose of 10 mg lipid/kg to healthy rats. (b) The hepatic
distribution of C and 3H radioactivity at 2 h after the first injection
(closed bar) or the second injection (open bar) of 3H, C radiolabeled
H12-(ADP)-liposome at a dose of 10 mg lipid/kg to healthy rats. The
data for the first injection were cited from our previously reported
paper.!® Each point represents the mean + SD (n = 4). *¥p < 0.01
versus first injection.

Production of IgM Against H12-(ADP)-Liposome and Complement
Activity After H12-(ADP)-Liposome Injection in Healthy Rats

It is known that the ABC phenomenon is induced by the selec-
tive binding of IgM to the second injected PEGylated liposome,
resulting in the activation of complement and consequently an
enhanced uptake of the second injected PEGylated liposome, by
Kupffer cells via complement receptor-mediated endocytosis.?3
Therefore, we examined the issue of whether IgM against H12-
(ADP)-liposomes is elicited by an initial injection of H12-(ADP)-
liposome at a dose of 10 mg lipids/kg in healthy rats. Figure 2a
shows the values for the quantitative determination of plasma
IgM against H12-(ADP)-liposomes after the injection of H12-
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Figure 2. (a) Determination of IgM against H12-(ADP)-liposomes af-
ter a single intravenous injection of H12-(ADP)-liposomes at a dose of
10 mg lipid/kg in healthy rats. (b) CH50 values in healthy rats before
treatment with H12-(ADP)-liposomes (0 day) or 5 days after a single in-
travenous injection of H12-(ADP)-liposomes at a dose of 10 mg lipid/kg.
Each bar represents the mean + SD (n = 4). **p < 0.01 versus 0 day,
*p < 0.05 versus 0 day.

(ADP)-liposomes at a dose of 10 mg lipids/kg in healthy rats.
In line with a previous report in which rats were used,?* IgM
against H12-(ADP)-liposome was elicited starting from 3 days
after the injection of H12-(ADP)-liposomes (Fig. 2a).

Table 1. The Pharmacokinetic Parameters of Inner ADP [(8-4C)ADP] and Outer Lipids Membranes [(1,2-3H(N))-Cholesterol] Derived from
3H, 1“C-Radiolabeled H12-(ADP)-Liposomes After One or Two Intravenous Injections at a Dose of 10 mg Lipids/kg to Normal Rats

First Injection

Second Injection

3H 14C 3H 14C
tie (h) 8.18 £ 0.77 8.21 + 1.01 1.32 + 0.62¢ 0.64 + 0.22¢
AUC (h-% of dose/mL) 584 + 6.5 54.2 + 10.1 2.65 + 0.42¢ 1.36 + 0.10¢
CL (mL/h) 1.78 + 0.18 1.89 + 0.32 38.3 + 6.6° 73.8 + 5.4¢
Viss (mL) 17.7 +£ 85 19.5 + 3.6 34.9 + 13.2¢ 18.8 + 8.0

%p < 0.01 versus first injection. Each value represents the mean = SD (n = 46).
1

The data for the first injection are cited from our previously reported paper.

t1/2, half-life; AUC, area under the concentration—time curve; CL, clearance; Vg, distribution volume.
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Figure 3. Determination of the specific recognition site of IgM against
H12-(ADP)-liposome after a single intravenous injection of H12-(ADP)-
liposome at a dose of 10 mg lipid/kg in healthy rats. Each point rep-
resents the mean + SD (n = 4). #¥p < 0.01 versus 1 day of H12-PEG-
Glu2C18, #p < 0.01 versus 1 day of DSPE-PEG, *p < 0.05 versus 1
day of DSPE-PEG.

Furthermore, we also measured the CH50 levels in healthy
rats before and at 5 days after the injection of H12-(ADP)-
liposomes. The findings show that at 5 days after the H12-
(ADP)-liposome injection, the CH50 values decreased compared
with that before H12-(ADP)-liposome injection (Fig. 2b). In pre-
vious, Hashimoto et al.?’ reported that subsequent complement
activation following IgM binding is the most important step in
dictating the in vivo fate of PEGylated products. Therefore,
the production of IgM against H12-(ADP)-liposomes and com-
plement activation would relate to the induction of the ABC
phenomenon of H12-(ADP)-liposomes in the healthy rats.

Determination of the Specific Recognition Site of IgM Against
H12-(ADP)-Liposome in Healthy Rats

To evaluate the specific recognition site of IgM against
H12-(ADP)-liposomes, a modified ELISA was employed using
each lipid component (DPPC, cholesterol, DHSG, DSPE-PEG,
and H12-PEG-Glu2C18) of the H12-(ADP)-liposome. Figure 3
shows data for the quantitative determination of the specific
recognition site of IgM against H12-(ADP)-liposomes during 14
days after the H12-(ADP)-liposome at doses of 10 mg of lipid/kg.
IgM was observed to bind strongly to DSPE-PEG and H12-
PEG-Glu2C18. On the contrary, IgM against other lipid compo-
nents (DPPC, cholesterol, and DHSG) were negligible during
all times examined after the injection of H12-(ADP)-liposomes.
Previous reports have emphasized that the antigenic epitope
capable of generating anti-PEG IgM is the repeating -(O-CHg-
CH,)- subunit in the PEG moiety.2%?7 The fact is that modifi-
cation of the liposome surface with a polyglycerol-derived lipid,
in which the repeating -(O-CH3-CHy),,- subunit in the PEG is
changed to a -(O-CHy-CH(CH;OH)), - subunit, enables both the
production of anti-polyglycerol IgM and the induction of the
ABC phenomenon to be avoided.?®?® It therefore appears that
anti-H12-(ADP)-liposome IgM would react with both DSPE-
PEG and H12-PEG-Glu2C18, even though the end of PEG is
modified with H12.
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Figure 4. (a) Plasma concentration curve of 14C and 3H-radiolabeled
H12-(ADP)-liposome after the first injection (closed symbol) or the
second injection (open symbol) of 3H, 4C-radiolabeled H12-(ADP)-
liposome at a dose of 10 mg lipid/kg to busulphan-induced thrombo-
cytopenic model rats. (b) The hepatic distribution of 14C and 3H ra-
dicactivity at 2 h after the first injection (closed bar) or the second
injection (open bar) of 3H,!4 C-radiolabeled H12-(ADP)-liposome at a
dose of 10 mg lipid/kg to busulphan-induced thrombocytopenic model
rats. The data for the first injection were cited from a previous report.!”
Each point represents the mean + SD. (n = 4).

Pharmacokinetic Properties of H12-(ADP)-Liposome After
Repeated Injection in Anticancer Drug-Induced
Thrombocytopenic Rats

We next investigated whether repeated injections of H12-
(ADP)-liposomes resulted in the development of the ABC phe-
nomenon in busulphan-induced thrombocytopenic rats, as was
observed in the case of healthy rats. Figure 4a shows the time
course for the plasma concentration of #C, *H-labeled H12-
(ADP)-liposomes that were injected into thrombocytopenic rats
at a dose of 10 mg lipid/kg, which was lowest recommended
dosage to exert a sufficient hematostatic effect in thrombocy-
topenic rats.!* Contrary to healthy rats, the plasma concen-
tration curves for 14C radioactivity and *H radioactivity in the
second injection were not significantly different from those for
the first injection. The pharmacokinetic parameters, plasma
clearance, for both “C radioactivity and *H radioactivity were
also not different between the first and a significant reduction
was observed compared with the values for the first injection
(Table 2). In addition, the hepatic distributions of *C and °H
radioactivity (% of dose/g tissue) at 2 h after the administration
of C, ®H-labeled H12-(ADP)-liposomes were similar between
the first and the second injections (Fig. 4b). Furthermore, as
shown in Figure 5a, anti-H12-(ADP)-liposome IgM was elicited
at negligible levels during the 14 days after the first injection.
Accompanying the minor changes in anti-H12-(ADP)-liposome
IgsM production, the CH50 values were not changed at 5
days after the H12-(ADP)-liposome injection as compared with

Taguchi et al., JOURNAL OF PHARMACEUTICAL SCIENCES
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Table 2. The Pharmacokinetic Parameters of Inner ADP [(8-14C)ADP] and Outer Lipids Membranes [(1,2-3H(N))-Cholesterol] Derived from
3H, “C-Radiolabeled H12-(ADP)-Liposomes After One or Two Intravenous Injections at a Dose of 10 mg Lipids/kg to Thrombocytopenic Rats

First Injection

Second Injection

SH g SH 14c
tie (h) 1.81 + 0.39 1.68 + 0.78 1.96 + 1.35 1.53 £ 0.60
AUC (h-% of dose/mL) 10.7 + 4.1 10.2 + 4.3 7.34 + 2.69 7.40 £ 3.93
CL (mL/h) 104 + 4.2 114 + 5.4 16.0 + 8.78 17.0 + 10.4
Vs (mL) 20.7 + 2.9 20.2 + 1.9 28.3 + 13.5 24.1 + 6.54

Each value represents the mean &= SD (n = 4).
The data for the first injection are cited from our previously reported paper.!”

t1y2, half-life; AUC, area under the concentration—time curve; CL, clearance; Vyss, distribution volume.
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Figure 5. (a)Determination of IgM against H12-(ADP)-liposomes af-
ter a single intravenous injection of H12-(ADP)-liposomes at a dose
of 10 mg lipid/kg in busulphan-induced thrombocytopenic model rats.
(b) CH50 values in busulphan-induced thrombocytopenic model rats
before the administration of busulphan (control) and H12-(ADP)-
liposomes (0 day) or 5 days after a single intravenous injection of H12-
(ADP)-liposomes at a dose of 10 mg lipid/kg. Each bar represents the
mean + SD (n = 4).

before the administration of busulphan and H12-(ADP)-
liposomes (Fig. 5b).

The induction of the ABC phenomenon appears to be time-
dependent, and to involve two phases; an induction phase, fol-
lowing the first injection, during which the immune system

Taguchi et al., JOURNAL OF PHARMACEUTICAL SCIENCES

is primed (reflected in the production of antiliposome IgM),
and an effectuation phase, following the second injection, dur-
ing which PEG-liposomes are rapidly cleared from the blood-
stream (reflected by the enhanced uptake by Kupffer cells).?®
It was previously reported that the intravenous injection of
doxorubicin-encapsulated liposomes did not induce the ABC
phenomenon, when they are administrated twice in the same
murine model.?3! However, Laverman et al.?* reported that
the effects of a second injectection of doxorubicin-encapsulated
liposomes were altered dramatically when empty PEGylated
liposome were injected 1 week prior to the first injection. On
the basis of these fact, it is thought that a cytotoxic drug (e.g.,
doxorubicin) delivered via PEGylated liposomes inhibits the
secretion of anti-PEG IgM from MZ-B cells, and consequently
attenuates the ABC phenomenon, which means that a cyto-
toxic drug inhibits the induction phase. To induce a thrombocy-
topenic condition, rats were intraperitoneally injected with a
total busulphan at a dose of 20 mg/kg before the injection
of H12-(ADP)-liposomes. Busulphan is a bifunctional alkylat-
ing agent and is mainly cytotoxic for proliferating tissues and
depletes noncycling primitive stem cells, including spleen.3?
Therefore, the busulphan pretreatment may have impaired
splenic MZ-B cells and anti-H12-(ADP)-liposome molecules
might not be produced by the first injection of H12-(ADP)-
liposomes, resulting in abrogating the induction of the ABC
phenomenon in thrombocytopenic rats induced by busulphan.
In fact, the suppression of anti-H12-(ADP)-liposome IgM-
mediated complement activation was observed (Fig. 5).

Our present study clearly shows that H12-(ADP)-liposomes
themselves did not induce the ABC phenomenon under the con-
ditions of these experiments, that is, thrombocytopenia induced
by an anticancer drug. However, predosing with topotecan, a
cell-cycle phase-specific drug-containing PEGylated liposomes
did induce the ABC phenomenon as the result of a second dose
in mice, rats, and dogs.?33¢ In addition, it is well known that
not only anticancer drugs, but also other noncytotoxic drugs are
capable of inducing thrombocytopenia.?® Furthermore, Suzuki
et al.53% reported that doxorubicin-encapsulated liposomes in-
duce the ABC phenomenon in mice, rats, dogs, minipigs, and
monkeys when injected repeatedly at very lower doses. There-
fore, the possibility of the ABC phenomenon being induced by
the repeated injection of H12-(ADP)-liposomes with the pro-
duction of IgM against H12-(ADP)-liposome in patients with
thrombocytopenia who take noncytotoxic drugs (including non-
cytotoxic anticancer drug) or low doses of a cytotoxic anticancer
drug, cannot be completely excluded. It will be necessary to ac-
cumulate further evidence in these points.
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CONCLUSION

Repeated injections of H12-(ADP)-liposomes to rat models of
an adaptation disease (thrombocytopenia) at the putative dose
for a clinical situation (10 mg lipids/kg) did not appear to in-
duce the ABC phenomenon accompanied with the suppression
of anti-H12-(ADP)-liposome IgM-mediated complement activa-
tion. As the thrombocytopenic rats used in this study reflect
the clinical features of patients with thrombocytopenia induced
by anticancer drugs, a similar phenomenon would be expected
in clinical situations. Therefore, the results obtained in this
study suggest that, in a clinical situation, the repeated use of
H12-(ADP)-liposomes would not be expected to induce the ABC
phenomenon. The above findings clearly show that H12-(ADP)-
liposomes have potential for the treatment in the patients with
thrombocytopenia from the view point of pharmacokinetics.
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SRS 5 —SMBHZREFT”

R BAY. AT 20, 2B W0, ek g0, sk 3R

Tk REY. RM OAFS. B OB, FEOKED. mE O FLY

EF

[iZUiz] BRL EOFHRIKIC X AMETIE, FEEETH 2 MEHE» 5. B QM % &6
THIENREN, bhvbhiil —F—FRERKZHWT, & b Blast Lung Injury OFEISEML
FeBEEMIINI~ 7 A EFVOEEIZKIIL TH Y. 4. H12-ADP-liposome 5 H3E kiR % 5
452 ME L7z, [F7iE] H12-ADP-liposome %<7 A DRBEHRA L5 L=k, L —F—FHig
Bk 8 #AMUEL,LOBEE L n=13), EHAEEAES (0=12). 7 FENED 2\ ADP-
liposome #¥%5- (n=10), PBS-liposome &5 (n=10) (s FHICL — Y —FREREZBH L. 5 H
BOEERE B L2, [FR] H12-ADP-liposome BEAMBERIC I L THBICER Lo WHREZIOKRET
Tl H12-ADP-liposome B Cl3 4 A5 HIZ X CIERSH () MicommEBEasHE~ L Twiz,
I RS RSSO TNF-a 2 EOREEY 4 M A4 YiREO EAFNGE S hTwvi, [##]
H12-ADP-liposome D513, HBHEIC L 2 BB OMGICHEH TH 2 REEIRE SN2,

1.8%=

Blast Lung Injury (38EE DL CICERBIMETHRE T 4, 14 FDE VT - v ¥ — 7 O TH
RSO R ST LB+ 87 Z OHEEI D 34.5% T Blast Lung Injury O4& 8t % 32
D7Ve T2 1969 406 1974 EEDLT A VT ¥ FRFOBHE O 47% 120 F AMREEEED T
52, 25 ZF B MIIFBEICRVTRRE - HRIEC I ABRELFEY RTVEETH b, FHUIHRE DM
fo & BEAIMAE OB % @8 202, MO 24AE L., B, ES 535 - mg - £ T
SELREZFIERIToOTH L, REAOPHEMRIT, BIZDODDRBEREMOBWHIZL D 2R %2
BEPOABRLETIHNRIEIH S DD, 1R % Blast Injury T2 b HHEEEEIIH L TITE
HTHsY,

HAEIZE 5 F C Blast Lung Injury 126 L CORERM RHEBRIIHILL T2 v, EREIA FI 4
VIZEHERE, FOERER. FERMLA. MIREH, HioHEE BREEZHERL TV L ICHE WY,

Blast Lung Injury ®REEEIL, WL 200 E UM EDHENEE L T\ b, HiluE 0N A
ERE V) FTIE, ATHRIIC X 505 (VILD CHEULTw5, I EBREE/KMEDBEIZH
LTI, BlIFERBEEETVIZABLTYS, Ih6 2@ T 20 Mia~olii & B - K
HOBETH b, FORERHEIC, ARMTF/ Y rERE 7T ¥V v ERHMENSEETHL S
EBRbhoTER

bbbz AL/MIE LT H12-ADP-liposome ((F3% 210 nm) #BFE L TE 74, ZhidM/MR
PERET DDA R M/DHERE S > 7 D IIb/Hla EEEREZ S =4y N2, 747V )5 7
BWHNEF Y INVERIZH S 12AO~RTF F (HHLGGAKQAGDV A% : H12) # ) RV —AROER
ARG EEBIZ, VRV —2ABMIZTF /v 5-2) VB (ADP) 28H ¥ Tw5aY, HI2-
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X1 YORNOL—Y—FEERR (LISW) fRat

ADP-liposome I I/ AT IZ B THMRIE L OB 2 Hish 3 4 & & ITRE LT/ ADP %l
3 %, H12-ADP-liposome (20 mg/kg) O¥¢5 TEICMY 2 I/ P 5% [ B 5 ) 1 i 458 [ 6k % 118 & &
@V WHEIC % 572 T ADP it P2Y £F4E %A L l/MRERRENRH 220 Tl %, 77/
PR S NESRREICERAT AL E LN S Z & A5, H12-ADP-liposome #%5-7% Blast Lung
Injury O L WIEERIZ OB A b0 EF 272, ABF%EIZ e T @ Blast Lung Injury DR IEML
7B o< 7 218 7V &2 v T, H12-ADP-liposome {2 & 5 Blast Lung Injury D& - #dy
MREEZRIETH L L LT, TOXAXAEHTEMGE Lz,

2.5
i RA KRB ERMEBARIC L A REE 21T, 5144 LD C57BL/6 w7 X (25+2g) %
R L.
) L—¥—FRggEyg (LISW) £#&
BEMmMDQASL vF W= L—HF—%F -y b (RRITL+T7 27UV EE12.0
mm - E& 0.5mm) (CHBREHEL., 75 X<HE, SHEEZREL LA,
2) LISW 88 Z & % Blast Lung Injury ®3ECRME
< R ZHEHE BRAMICEZE L (B, V—F—#B2 vy 2AAUELVEESELI AT
LISW A28 L, Blast Lung Injury 2% L726 6]. 6.5]. 7]. 7.5]. 8], 857 (n=
392). 9] (n=2) ® LISW M4t#. [EHEICL L2 EBHELIET A& ME L Y 2055, 604
EERIRE 2 L2 BER L. BEREFEAT - VIR LI,
3) H12-ADP-liposome #5-12 & % $a%h4
H12-ADP-liposome (n=13). ADP-liposome (n=10), PBS-liposome (n=10), ¥ A K (n=
12) % 120 pL BEIR? S5 Lze 20, LISWS] ZAMICHEE L, SEMEICE 22808 %
BAIE 3 2% & 1) 22256, 60 [Pl 28 L. BERIIAETr —JIZR L7
4) HI12-ADP-liposome %512 & BB RED X &1 = X A fEHH
LISW EE o 1 BFBIATIC, A2A ZAEIEDE (ZM241385) 10 mg/kg 27 A FHEG L7
(n=6), FKIZ A2B THAKEFIE (PSB1115) 10mg/kg #~< 7 AOBEEMNICIEA LY (n=6),
Z D1, H12-ADP-liposome 120 pL % B&#IRA S5#H5- L. LISW 8 ] # AMilCIRE L7, SOEZEIS
LAERELEHIETHMEME LD 25, 60 FRIRIKELR EZEEL, BEREIFATF—JI2
EL7.
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5) Sonoclot®iZ & % Ifil # 5% 5 ¢l & i B
(DH12-ADP-liposome. ADP-liposome, PBS-iposome, AHAiEK 120 uL 2 RBEHRD %5 L1

(n=29"2), 5 HHICHEIKEIIRD SR L 7=
(@H12-ADP-liposome (n=6), ADP-liposome (n=5), PBS-liposome (n=5), £¥HEHEK (n=6)

% 120 uLBEIR A 55 L 72,5 2412 LISW 8 ] 2 s L T2 /2 BICSRERRBIAR 2> SHRIM L 72,

WihoW AL MmEHEE & b2, Sonoclot® (Sienco. CO) ZME L. HED S & E A
T TORR % K3 5 clotting time (CT) & &EDTHK %27~ clotting rate (CR) Z#llE L. 11
BRE R % AR EHE L 727,

6) SRR IIRET :

H12-ADP-liposome, AEHAEKZ 120 pL BERS S5 L7 (n=572), 5 0&ICLISW8]
RS, 3MMRIC~ Y AOM, OB PR, BES & BB HEAERERICERI L2, HLA
BAEAZESBIEEPRET LA, 2 BIRELHRI. HE #28%217-C. EEFME LT
Yelvertons & ® Pathological injury A 2 7% ZBIE LT, fif L7,

Pathological injury A 27 = (E+G+ST) x (SD) 64 A&
®Extent : MO ZHEE L LT, WL ODEICEBENRATHS D) (1~7 1K)

O Grade : MEDEREEE LT, FMEOMEABZHEL Td0 (1~4 4)

® Severity Type © HHILRPBEOEFEE L LT, HEEIREEIBE®THL D> (1~5 H)

® Severity Depth/Disruption : {£E & LC, #EEBIIWE  £FEFTRATWVWSAS (1~4 1)
7) BETFHEMEICL 2%

H12-ADP-liposome, ¥ RIEK%Z 120 ul BEIRD? S5 L7z (n=2 3D2), LISW O 24 BEfE %
R L 720 B UABEAEAZSREBRSPRC LGS, CORATREEZRIL 72,

8) REZMLEHEWE (BAL) 747

H12-ADP-iposome (n=7). ADP-liposome (n=3). PBSliposome (n=3), £HEIHEK (n=3),
H12-ADP-liposome + ZM241385 (n=4). H12-ADP-liposome +PSB 1115 (n=3). #iddn &t EH %
NZNOEY 2 HEE L-TH 6 LISW 8] #HMICHE L. 3REEEICYT T 24 6 BAL i AL
720 BALHEH 7 V7 3 Y iREES Bradford 3% (Bio Rad) T#ll7F L72o BAL #H® TNF-a B L ¥
MIP-2 # 12 ELISA ¥ (R & D Systems) TEE L7,

9) HETEAT

H = | Wilcoxon signed rank test 12 & - THEBE L7, 2 BRI DO#ETZ Student's ¢ test ZfFH
L7270 fiiX ANOVA %4/ L. Bonferroni post-hoc test 4T o 720 W d p<0.05 2 ¥t E
BEL7,

3.#&R
MIER X #Z Blast Lung Injury HILIZ & W EMIICRBEEZR L. UFAMOBIIPEEL L L
FiFIERICAE L2 (K2 B8P, BaEoBmAs, M TIEICE L, LISWEBEIC L2 TCHED
MEICIE, 8T UL ETRHN (BM) D030 TRTIRMUMIZETC L, o TUBOEFER
OMEFTCIZAHI (Fm) OLWHEEZRNL,
1) EFRLR
X 312779 & 912, H12-ADP-liposome HAMBEEICHE L TERBICEFERIE 2o /2o HI2-ADP-
liposome (9/13). ADP-liposome (2/10). PBS-iposome (0/10). AKX (1/12) TH-o72,
777 Y v RFERETEE, H12-ADP-liposome 12 & 2 AR %L HE L7z, (ZM241385 : 0/6,
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Bg 2 Blast Lung Injury <20

106 ™
R
é H12-ADP-lipesome * 62% {(n=1]3)
=
Zos0 L
5
“ ADP-liposome
L 20% (n=10)
o EBREK $% (n=12)
o PBS-lipasome 3 ‘ 0% (n=10)
" 2 4 £ (e
& AR
F 001 mxn Chy sguare and Yates (st
B3 TEROLE
x® 1 MBLSUICMAREREET—5
LISW {(—) Normat Saline TTZ—(ADP) (ADP) I.(PBS)
(h=6) (h=6) liposomes -liposomes -liposomes
(n=6) (n=5) (n=5)
WBC count (X 10%/pL) 5.6+2.1 2.1+£2.4" 4.0+2.2 4.8+1.8 5.3%1.7
RBC count {X10%/pL) 8.0+0.7 5.5+2.2%"* 8.3+1.0 8.0%0.5 7.4%+1.1
Hemoglobin concentrations (g/dL) 12.8%x1.4 8.6%£3.7" 13.6x3.1 13.3%1.2 13.1%1.8
Platelet counts (X 10%/pL) 238+71" 99154 11129 109+19 99+23
Clotting time (CT) (sec) 65+14" 13179 134+58 119433 129+19
Clotting rate (CR) 32.5+5.5" 15.0+6.7 14.0£6.1 19.2+8.1 14.70%x1.4

Hematological parameters and coagulation factors/activities in mice after LISW exposure (followed by
administration of Normal Saline, H12- (ADP) -liposomes, (ADP)-liposomes or (PBS)-liposomes.) Data are mean
+8SD, *p<0.05, **p<0.01vs.LISW (=), H12-(ADP)-liposomes, (ADP)-liposomesor (PBS)-liposomes. 'p
<0.01 vs. Normal Saline, H12- (ADP) -liposomes, (ADP)-liposomes or (PBS)-liposomes

PSB1115 : 1/6)
2) Sonoclot®\Z & % Il & %5EE FFMh & M
LISW (=) ¥ 7% b % Blast Lung Injury % L Cix. H12-ADP-liposome, ADP-liposome. PBS-
liposome, ABAEKDWITNERS LA2GE T Sonoclot® I izHiEIE 4 <, CT ® CR ZHHR
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g 44 . ?MMWWM‘”

3] [ — 1

7] | w30
oo Q

g0 | T

< §2° i

g ﬁ %10 l

o g

o)

E 32 S — 22 0 L

= Hi2-(ADP) Normal H12-(ADP) Normal

a -liposome Saline -liposome  Saline
* p=0 004, n=5 Mann-Whitney U-test ¥ p<0 001, n=8. Mann-Whitney U-test

4 FRIEOEEETE

BB Do 2o LISW 2 X % Blast Lung Injury
& 1 TlE, H12-ADP-liposome. ADP-liposome. PBS-
liposome. AHEEKRKOVWTIZ2HE LLBAETDH
I CT A2 fFICEER L CRIE PR L Ao MI/ME
HHEMLA (FE1)
3) JmBEHERAT R
fifi AL o Dl BB, B 3 & OV BB L AR E 72
EOREFRE ol RIEFTRE LTI, £H 5 B
OEETHLLMIZE A0 HAE Uiz, ZMiTlk,
AEAEKESHECHEEMMASE U—F T,
H12-ADP-liposome % 5-# Cid. B O WAEMEH I 23
A HN LI E %o 72, Pathological injury A 27
iX H12-ADP-liposome #&5-#F (40.0+2.0) %M &
BWREGRE (35.2+2.3) IR LTABIKERL T»
7o (M4k). 3612, MifglcBirs 1#\BH7-0 0
HFERMIZ W T b, HI12-ADPliposome %58  C
(16.7+6.2) PAMEEAKKSH (28.4+8.5) X
LTHBEIIERLTW (M445).
4) BB R
BlilaBE D EMIME DL - Bl & & IThiNIC
FRIMERASTRH L Tz (K 5A), HHEREEDED
L7z (X 5B), H12-ADP-liposome %58 Cid BH
I P T I/ & $%43 3 H12-ADP-liposome 4% ®5 MnEBRETRMER
Aw iz (F5C),
5) BAL 5#f
LISW R4t 3 REZ D BAL O 7 V7 3 VigHiZ H12-ADP-liposome 5 ICBWTOAE
FIZBAL LTz (M6A), & 512 HI2-ADP-liposome #5-12, BAL #*F ® TNF-a 8 X U MIP-2
OBFBBZAEBEIZER L 77/ ¥ ¥ A2A SHEAHEPIEIX. H12-ADP-liposome #4512 X %
BAL 4 ® TNF-a i8I REHE L2, 77/ ¥ ¥ A2B EMAKFEHEE L H12-ADP-liposome #%




6 Shock Vol.29 No.2 2014
BERIC K SEFCHMBBLM Y > T T DA LMVIMR (H12-ADP-liposome) D#aazhR

Albumin {mg/mi)

PES SADPY FEZ
hpaRome  Bpotme  Loos
o ve Normal Saline
T -
B | C
[ |
L t0 .
E 1000 § S
= <
& ! =
800 - o
® w0 d
% =
Z 200
*__
0 ! - 1z
Nomal 1PES) {ADP) HIZL(ADP)  HIZLADIFT H124ADP Normal PRS) {ADPY HI2ADPY  H12HADP) H124ADP}
sahng Bposome  -Eposoms  Epasomé ok saling Jiposeme hposome liposems  liposome hposome
4 «ZM24185 +PEBIS
Fope s ve Normal Saline, ©F e 0.05 vs  HIZLADP)-liposomes - PSB 1S

M6 SEsMmEHREITER

512X 5 BAL #ih o MIP-2 DRAshR%=HE L (K6B. C),

4. ER

LISW B & A BEEHM R I~ = 2128w T, H12-ADP-liposome X ffith il # ¥R L, EHFEE
BN S 7z, B IR RE O R & B ORI S Mg i O RT R, Tsokos HIZ & -
TG 27zt b+ o Blast Lung Injury OWREAT Y & &BL 72,

Yelvertons & {3 Pathological injury A 27 36 Sl L& BEMEE L T L TV AYA, 4E Hl2-
ADP-liposome #512X 0, 36 HLUTICHRRBTETBY, EGTFHREL2EELLILEAH LTV S,
LISW FE&H#l 4 il i H12-ADP-liposome # T b A B AR 58 L MR IC, AlA&H o Bl 250 0
EERICEY, FTRICERII V. D LAERNATHLIEMOBMARBENLZ EXFHROLEIZ
DB oTnbLHREINL, THiI LISW OFBEFITRFRENIIISAMOMEZHES 5 & K
W2, B ofifET s a7 7 — VU SR SR REEY A A 4 AR B O F2. B
BICER 3% Z & % H12-ADP-liposome 28l L TWwWa b D e Ex b hl, $7bH, HI2-ADP-
liposome I IAK D ILMAEH & & b2, BT TR SN S ADP ASREESCRFENT 7T/ ¥ el %
ARTDTEEZVALEZONRS, — IS, ERFHRETT 7/ ¥ Vi Al A2A BLU A3 ZHE
FEEALT 5, MBI 7T VY ABBRBREIREEOTF /Yy CEAT AL EZ bR T
5%, Witk 3 v 7 Tl 77/ ¥ VISRERT CHRRBAMCIB S h b, & ICEBHEREL LD B
BT T ¥ A2B SRRMEAMNERLT S EREshTWwEY,

SHE., 75/ Y BRI R Mo 2 BHEENIRETCIE, Blast Lung Injury (& X 4 i EREEE M
rEHA 2 ThDH MIP-2 BULTLE L iFPIRD#EERE % H12-ADP-liposome % 57% A2B X BEF % 4
LTHHIL, Ao FROYUBIIOLI o T AR EN, L LS, REEYA b
4 YD TNF-alZoWTREEHZT - 3o ed o7

Z @ Blast Lung Injury €7V CTERUMGEOREBPEE L TV 5, HildEE DM EER I3
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LClid. AT X 2H5ME (VILD ([CEBL TwWb, T - REFE/ARILE OBEICEH LT, &
MFEREBEE T VICEMULTWS, VILLICE L Tid. Eckle 5250 - EMIME S 7 OREH M
DABZEBENLTREONL EHME LAY, 512, A2BZHMAZ AL T VILIIC & 5 EMMmE
BB vascular leak # BT 5 Z LIZHE L. A2B BN EEE 1D A0 [FiFfIR] R %
AL, 7Y 75 AHUE L CTHBREII ORI oTWAE ERNTWSEY, & 52 Eckle b i3k
BERJE TNV TELULMBAOFHEROEEEREL A2B ZE A2 AL THEH S Z L 0HEL
fb‘%mo
Hasko 513, A2A SEEZNTETF/ ¥ v O8E/IEY 5 v 7 BRAIEZHRE LTW5EY,

—HEAIICD A2A SBEREN LT 7/ 3 Y OMBENROMEDN S v LA LEDL, HBREIZL
DFERINBEBEERBIIBIL 7T/ ¥ OREIARH LR BV, MIRFOT T/ ¥ OER
HIAFEEIE (1~28) Z 25 HRBICRES LT F )V  DERBROBREZHEL L LTS,
ABE%E Tl H12-ADP-liposome O ILMEMAARREICEOREEHL TV RBFAHTHY, 5% S5
AR DPLETH %,

o

H12-ADP-liposome #5118 (2 & 5 BIERIMG OB AV H FI T 2 TEEHATRIR S 172,

&!l

¥
ATFFEI3 JSPS BHIF R 25462843 MBI % % 1T 72 DT,
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