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ABSTRACT

Purpose To investigate accelerated blood clearance (ABC) in-
duction upon repeated injections of PLGA-PEG nanoparticles as
a commonly used polymeric drug carrier.

Methods Etoposide-loaded PLGA-PEG NPs were developed and
administered as the test dose to rats pre-injected with various NP
treatments at certain time intervals. Pharmacokinetic parameters of
etoposide and production of anti-PEG IgM antibody were evaluated.
Results A notable ABC effect was induced by a wide range of
polymer doses (0.1 to 20 mg) of empty NPs, accompanied by
IgM secretion. However, a further increase in polymer dose
resulted not only in the abrogation of the observed ABC induction
but also in distinctly a higher value for AUC of the NIPs relative to
the control. The data from the PEG-negative group verified the
fundamental role of PEG for ABC induction. The first injection of
etoposide-containing PEGylated nanoparticles (a cell cycle phase-
specific drug) produced a strong ABC phenomenon. Three se-
quential administrations of etoposide-loaded NPs abolished ABC,
although a high level of IgM was still detected, which suggests
saturation with insignificant poisoning of immune cells.
Conclusion The presented results demonstrate the impor-
tance of clinical evaluations for PLGA-PEG nanocarriers that
consider the administration schedule in multiple drug delivery,
particularly in cancer chemotherapy.
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INTRODUCTION

Polymeric nanoparticles (NPs) have been extensively investi-
gated as carrier systems for targeted drug delivery to tumors.
They offer a promising means of modifying the original phar-
macokinetics and biodistribution of the encapsulated chemo-
therapeutic drug, raising its concentration in the target tissue
and limiting its interaction with healthy cells, consequently
improving the efficacy and reducing systemic toxicity (1).
Moreover, they also exhibit a good potential for surface mod-
ification and provide controlled and long-term release rates as
well as prolonged bioactivity in the optimal dosage range, all
of which result in decreased frequency of administration and
increased patient compliance (2—4). However, to remain avail-
able for a sufficiently long period in the blood circulation, NPs
must be able to escape from the clearance function of macro-
phages of the reticuloendothelial system (RES) located in the
liver (Kupfer cells) and in the spleen (mononuclear phagocyte
system, MPS) (5). In general, the proteins that are adsorbed
from the blood (opsonins) onto the surface of the NPs activate
a rapid uptake of the injected NPs by the MPS (6,7). Surface
modification of systemic drug carriers by poly (ethylene glycol)
(PEG) is one of the preferred ways to decrease opsonization by
reducing interactions with blood proteins due to its hydro-
philicity and steric repulsion effects (8). Doxil®/Caelyx®
(PEGylated liposomal doxorubicin) is an example of a PEG-
modified, long-circulating liposome that is currently used in
clinical chemotherapy that provides greater anti-tumor activ-
ity and lower toxicity than doxorubicin solution (9).
Nevertheless, some recent reports indicate that repeated
injections of PEGylated liposomes in the same animals at
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certain intervals induce significant immune responses,
resulting in a loss of the long circulation half-life of the
liposomes (10-12). This effect is called the “accelerated
blood clearance (ABC)” phenomenon in which the anti-
PEG IgM, produced in the spleen after i.v. injection of
PEGylated liposomes, selectively binds to PEG on the sur-
face of the second dose of the PEGylated liposomes to cause
rapid elimination and enhanced hepatic uptake of the sub-
sequent doses (13). This effect poses a considerable clinical
challenge because it decreases the therapeutic efficacy of an
encapsulated drug after repeated administration and may
cause adverse effects due to the altered tissue distribution of
the drug. Accordingly, some studies have aimed to evaluate
different structures that would be associated with less or no
ABC. In one attempt, Xu et al. prepared PEGylated lip-
osomes using cleavable PEG-lipid derivatives (PEG-CHMGC
and PEG-CHEMS) that showed a reduced or eliminated
ABC effect after repeated injection in Wistar rats (14). In
another study, Maitani and coworkers showed that
gadolinium-containing PEG-poly(L-lysine)-based polymeric
micelles did not induce ABC following their pre-
administration at various doses and time intervals, whereas
gadolinium liposomes induced the phenomenon. They con-
cluded that the hydrophobic core of the micelle or the lipid
bilayer of the PEGylated liposome has a major effect on this
phenomenon (15). In addition to the carrier structure,
the drug associated with the carrier also seems to be an
important factor that may affect the ABC phenomenon.
Laverman ¢ al. found that repeated injections of Caelyx®
did not induce the ABC phenomenon in a murine model
(11). Gabizon et al. reported a reduced clearance of PEGy-
lated liposomal doxorubicin after repeated injections in a
clinical application, which was attributed to the toxic activ-
ity of the encapsulated doxorubicin against the RES (16).
Ishida ef al. demonstrated that, due to its interference with
the proliferation of B cells, encapsulation of doxorubicin
within liposomes may reduce the production of anti-PEG
IgM and thus abrogate the immune response against PEGy-
lated liposomes (17). Cui e al. also reported that PEGylated
mitoxantrone liposomes did not induce the ABC phenome-
non (18). These results suggest that repeated injections of
liposomes loaded with cytotoxic drugs do not induce the
ABC phenomenon. However, Deng and coworkers (19)
recently showed that, unlike doxorubicin and mitoxantrone,
repeated injections of PEGylated liposomal topotecan could
still induce a strong ABC phenomenon in rats. They sug-
gested that topotecan is a cell cycle phase-specific drug that
can only inhibit a fraction of B lympholeukocytes in the S
phase of the cell cycle. Accordingly, in comparison to cell
cycle-nonspecific drugs, the toxic effect of topotecan on B
cells may be reduced dramatically, with the result that a first
injection of topotecan liposomes can still induce a strong
ABC phenomenon for the second dose.
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These findings suggest that anticancer drugs loaded with-
in liposomes, based on their roles in different stages of cell
proliferation, may induce different levels of ABC, although
this hypothesis requires further investigation.

Notably, ABC studies have focused mainly on PEGylated
liposomes, and very few studies have been reported on the
pharmacokinetic behavior of polymeric NPs after their re-
peated injections in spite of the growing popularity of these
nanostructures in drug delivery (20,21). To the best of our
knowledge, the induction of the ABC phenomenon by PLGA-
PEG NPs, an FDA-approved and commonly used polymeric
carrier, and particularly those encapsulating an anticancer
drug, has not been investigated.

Therefore, in this study, we first investigated whether the
ABC effect is caused by repeated injections of PLGA-PEG NPs
at various time intervals and polymer doses (ranging from 0.1
to 30 mg). We then studied the effect of etoposide, as a potent
and cell cycle phase-specific anticancer drug, on ABC induc-
tion after two and three injections of PLGA-PEG NPs. In
addition, we examined the production of the anti-PEG IgM
antibody as a potential reason for the ABC phenomenon.

MATERIALS AND METHODS
Materials

Poly (lactic-co-glycolic acid)-poly (ethylene glycol) (PLGA-
PEG) 5% (RGP d 5055) was obtained from Boehringer Ingel-
heim (Ingelheim, Germany). Etoposide was kindly provided
by Cipla (Mumbai, India). Analytical-grade dichloromethane
was purchased from Merck (Darmstadt, Germany). HPLC-
grade acetonitrile and methanol were obtained from Caledon
(Georgetown, Canada). All other chemical reagents used were
of pharmaceutical grade.

Preparation and Characterization of Etoposide
Loaded NPs

NPs were prepared by single-emulsion solvent evaporation
method. Briefly, an exact amount of PLGA-PEG (45 mg)
and etoposide (7.5 mg) were dissolved in DCM, This organic
phase was added to the stirred aqueous solution containing an
emulsifier and sonicated simultancously with a sonicator
(UP200S, Hielscher GmbH, Teltow, Germany) for about
2 min to form O/W single emulsion. The resulting NPs
suspension was allowed to stir uncovered at 400 rpm for 4 h
at room temperature until complete evaporation of the or-
ganic solvent. The freshly formed NPs were then separated by
centrifugation for 20 min at 13000Xg and 4°C (Optima L-
90 K Beckman Coulter, Fullerton, CA, USA) and washed
three times with distilled water, in order to gradually remove
free drug and excess surfactant completely.
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Drug content was measured in triplicate using a validated
HPLC (Knauer, Germany) method. The HPLC system con-
sisted of a Wellchrom K-1001 solvent delivery equipped with
a model K-2700 diode array UV/VIS at 240 nm (Knauer,
Germany). Analyses were carried out at ambient temperature
on a Chromolith Performance RP-18¢ (100 mmXx4.6 mm
1.d., Merck) coupled with a Chromolith RP-18e guard car-
tridge (5.0 mm X 4.6 mm i.d., Merck). The mobile phase was a
mixture of acetonitrile and water (28:72, v/v) with a flow rate
of 0.7 ml/min. The calibration curves were linear over the
concentration range of 0.05-10 pug/ml and the coefficients of
variation (CV) were all within 6%. Weighed amount of NPs
was dissolved in acetonitrile by vortex agitation to get a clear
solution and injected to HPLC via auto-injector after proper
dilution with mobile phase. The encapsulation efficiency
(% EE) and drug loading were calculated based on the fol-
lowing equations:

O%FF, — Amo.uflt of drug entrapped in NPs 100
Initial amount of drug added

Am f d t d in NP
%Drug loading = ( ount of drug entrappec In S) x 100

Total amount of NPs

The particle size, size polydispersity and zeta poten-
tial of the NPs were determined by dynamic light scat-
tering, using a Malvern Nano ZS (Malvern Instruments,
Worcestershire, UK). The instrument was calibrated
with standard latex NPs (Malvern Instruments, Worces-
tershire, UK). Experimental values were the average of
3 different formulations.

Animal Experiments

Male Wistar rats (250£ 10 g) were from the Pasteur Institute
of Iran (Tehran, Iran). Each rat was housed in a cage with a
12 h light/12 h dark cycle at ambient temperature (22°C) and
relative humidity of 551 5%. The rats were fasted overnight
before experimentation and had access to water ad lbitum. All
protocols and procedures were approved by the local ethics
committee for animal experiments of Shahid Beheshti Uni-
versity of Medical Sciences (Tehran, Iran).

Male Wistar rats were randomly divided into 14 groups,
and formulations were injected intravenously via the rat tail
vein (n="6 rats for each group). A dispersion of NPs was freshly
prepared and diluted in normal saline immediately before
administration. Control animals received an injection of nor-
mal saline as the first dose instead of NPs. The injection
schemes for the NPs are presented in Table I. Blood samples
(250 pl) were taken from the tail vein into heparinized micro-
centrifuge tubes immediately prior to (blank sample) and

following the test dose at the designated time intervals for up
to 24 h. After each sampling, 250 pl of normal saline was
administered to prevent changes in the central compartment
volume and electrolytes. Samples were centrifuged at 2500 X g
for 5 min, and plasma was subsequently separated and stored
at —20°C until analysis. Drug concentration in plasma was
analyzed using the HPLC method developed in our labora-
tory (22). The analytical method was linear in the concentra-
tion range of 0.04-10 pg/ml, with a limit of quantification
and limit of detection of at least 0.04 and 0.02 pg/ml,
respectively.

Pharmacokinetic analysis was performed by using noncom-
partmental method (23). The elimination rate constant (K) was
estimated from the least-square regression of plasma
concentration-time data points in the terminal log-linear region
of the curves. The elimination half-life (t;,0) was calculated as
0.693 divided by K. The area under the plasma concentration-
versus-time curve from time zero to the last measurable time
(AUC1.5) was calculated using the trapezoidal rule. The area
from the last time to the infinity (AUC,y.o) was estimated by
dividing the last measurable plasma concentration by K. The
total AUC (AUC_s, hereafter referred to as AUC) was
obtained by addition of AUC_ 1, to the AUC },50. It is worth
to mention that the ratio of AUC,, to total AUC was more
than 90% in all calculations. The clearance (Cl) was calculated
by dividing dose by AUC.

Determination of Anti-PEG IgM Antibody Levels

Quantification of the IgM antibody reactive to PEG-PLGA in
plasma was determined using a slightly modified procedure
based on a published ELISA method (21). Briefly, PEG-
PLGA (10 nmol) in 50 pl acetonitrile was added to a 96-well
Maxisorb ELISA plate (Nunc, Roskilde, Denmark) and air-
dried completely for 1 h (all incubations were carried out at
room temperature). Then, 200 pl of blocking buffer (50 mM
Tris—HCI (pH 8.0), 0.14 M NaCl and 1% BSA) was added to
each well and incubated for 1 h. After incubation, the wells
were washed three times with washing buffer (50 mM Tris/
HCI (pH 8.0), 0.14 M NaCl and 0.05% Tween 20), and
100 pl of serum samples were diluted appropriately and
added to the wells, followed by incubation for 1 h and washing
five times with the washing buffer. Horseradish peroxidase
(HRP)-conjugated antibody (100 pl of 0.2 pg/ml, goat anti-
rat IgM IgG-HRP conjugate, Bethyl Laboratories, Inc., TX,
USA) in blocking buffer containing 0.05% Tween 20 was
added to each well. After incubation for 1 h, the wells were
washed five times with washing buffer. Staining was carried
out by a 5 min incubation with 100 pl of o-phenylenediamine
(1 mg/ml, Sigma—Aldrich, MO, USA) and stopped by adding
100 pl of 2 N HySOy4. The absorbance was measured at
490 nm using a Stat Fax-2100 microplate reader (Awareness
Technology Inc., CA, USA).
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Table I The Injection Protocols

Group First injection characteristics Time interval between Second injection Third injection
doses (days)
injected NPs for the first dose Polymer drug dose
dose (mg)  (mghkg)

Control No 0 0 0 ET-high® No

I-3 Empty PLGA-PEG NPs 0.1 0 3 ET-high No

I-5 Empty PLGA-PEG NPs 0.1 0 5 ET-high No

I-7 Empty PLGA-PEG NPs 0.1 0 7 ET-high No
I-14 Empty PLGA-PEG NPs 0.1 0 14 ET-high No
1-28 Empty PLGA-PEG NPs 0.1 0 28 ET-high No
D-0.1° Empty PLGA-PEG NPs 0.1 0 7 ET-high No
D-1 Empty PLGA-PEG NPs | 0 7 ET-high No
D-10 Empty PLGA-PEG NPs 10 0 7 ET-high No
D-20 Empty PLGA-PEG NPs 20 0 7 ET-high No
D-30 Empty PLGA-PEG NPs 30 0 7 ET-high No
ET-low Etoposide loaded PLGA-PEG NPs 0.1 0. 7 ET-high No
ET-high Etoposide loaded PLGA-PEG NPs 20 8 7 ET-high No
PEG-negative Empty PLGA NPs 20 0 7 ET-high No
Dose3¢ Etoposide loaded PLGA-PEG NPs 20 8 7 ET-high ET-high

In each group n= 6 rats
#ET-high contains 8 mg/kg etoposide and 20 mg PLGA-PEG
®The results of D-0.1 and |-7 are the same

“time interval between the second and third doses is 7 days

Statistical Analysis

The results are expressed as the mean * standard deviation
and were analyzed with a one-way ANOVA using SPSS
17.0 software.

RESULTS
The Characteristics of NPs

NPs were prepared by the single emulsion-solvent evapora-
tion method, and their characteristics are listed in Table II.
The mean particle size for NPs was approximately 170 nm
with a polydispersity value of approximately 0.1. The
etoposide-loaded PLGA-PEG NPs were associated with a
high encapsulation efficiency (approximately 90%) and
showed a good sustained release profile of the drug (more
than a week).

Induction of the ABC Phenomenon
Previous studies on PEGylated liposomes have demonstrated
that the time interval between the liposome injections is a key

factor to elicit ABC and to the extent of this phenomenon that
is induced following prior injection of carriers (11). Therefore,
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the first step of the present study was to find the time interval
that resulted in the greatest increase in ABC of the PEGylated
PLGA NPs. Rats were divided into five groups (I-3, I-5, I-7, I-
14 and I-28) and were injected with etoposide-containing NPs
as the second dose (8 mg/kg etoposide) after various time
intervals after the first injection (3, 5, 7, 14 and 28 days,
respectively). Based on the pilot study, a low polymer dose of
empty PLGA-PEG NPs (0.1 mg) was applied as the first dose
to exclude the effect of the polymer dose on ABC. The control
group received a single 1.v. dose of etoposide-containing
PLGA-PEG NPs (8 mg/kg etoposide).

The log plasma concentration-zersus-time curves after the
second doses following different time intervals are shown in
Fig. 1; the profile in the absence of a prior injection is also
shown as a control. As observed in the 7-day time interval

Table Il NPs Characteristics for i.v. Injection to Rats

NPs Size Polydispersity Zeta Encapsulation
(nm) index potential (mV)  efficiency (%)
PLGA-PEG 1682 0.08 —3430+041 NA
Etoposide loaded 173 =3 0.07 —3220%=0.61 89.7x5.1
PLGA-PEG
PLGA |77 5 0.10 —23.90+0.76 NA

NA not applicable; Data is presented as mean = SD, n=3
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group (I-7), the second dose was cleared more rapidly from
circulation compared to the control and other groups. After
2 h, the concentration in the I-7 group was approximately 1/9
of the control (816+ 168 of I-7 versus 687811715 ng/ml of
control, p<0.00001). At 6 h, the concentration in I-7
remained the lowest, followed by I-5, with both being signif-
icantly lower than that of the control (52+16 of I-7 and 116+
42 ng/ml of I-3 versus 1507 £822 ng/ml for control; P<0.005).
When the time interval for injection was extended to 28 days,
the plasma concentration — time profile of the second dose was
similar to that of the control. Pharmacokinetic parameters
were also calculated and are shown in Table I1I. As shown,
the AUC value gradually decreased when the time interval
increased from 3 to 7 days. In the I-7 group, the AUC reached
the minimum level (640 136 pgmin ml™" versus the control
with 8743+ 1344 pgmin ml™', p<0.001), and the clearance
was the highest (3.2+0.6 mlmin ™' zersus the control with 0.6+
0.2 mlmin~', p<0.00001). After 14 days, these parameters
approached the control values, and the results of the 1-28
group were comparable to those of the control. These results
showed that, similar to PEGylated liposomes, repeated injec-
tions of PLGA-PEG NPs in rats induced the ABC phenome-
non and that the level of induction was strongly dependent on
the time interval between the doses. As the greatest increase in
ABC induction was observed with a time interval of 7 days
between two NP doses, all subsequent experiments were per-
formed using a 7-day time interval.

Effect on ABC of the Polymer Dose in the First
Injection of PLGA-PEG NPs

To evaluate the effect of the polymer dose in the first injection
on ABC induction, doses of 0.1, 1, 10, 20 and 30 mg of
polymer were used for the groups of rats as follows: D-0.1,
D-1, D-10, D-20 and D-30 groups (Table I). It is important to

1,000,000

——I-3
——]-
100,000 -5
—k—|-7
—=e|-14
10,000 —=H=1-28

=~ Control
1,000 -

100 -

L og Concentration (ng/ml)

10 -

0 5 10 15 20 2
Time (h)

Fig. | Log plasma concentration (mean =+ S.E.) vs. time profiles of

etoposide after the test dose administered following various time intervals

after the first injection of empty PLGA-PEG NPs (0.1 mg). The control

group received a single i.v. dose of etoposide-containing PLGA-PEG NPs
(8 mg/kg etoposide).

mention here that the results from the I-7 group with 0.1 mg
polymer were considered to be the results for D-0.1. Figure 2
shows the log plasma concentration-time curve after the test
dose 1n different groups in comparison to the control.

Increasing the polymer dose from 0.1 to 20 mg did not
significantly affect the profile at any time point. Further
increasing the polymer dose to 30 mg caused a considerable
increase in plasma concentration that was significantly
higher than even the control group (eg., at 2 h, 166618 *
4728 vs. control with 6878+ 1715 ugml_l, $<0.00005, and
at 6 h, 8938+4613 vs. 15074822 pgml ' in control, p<
0.0005). These results are in agreement with the pharmaco-
kinetic data (Table III). For the D-30 group, which received
a higher polymer dose in the first injection, the AUC value
(12644 £5126 pgmin ml~") for the test dose (second dose)
was distinctly higher ($<0.0005), and the clearance (0.2+
0.1 mlmin~ ") was lower than that of the control (p<0.01).
These results clearly indicate that an effective conversion of
ABC has occurred by using a high polymer dose as the pre-
treatment injection.

Effect on ABC of PEG in the First Injection

To evaluate the effect of the presence of PEG on ABC induc-
tion in rats, NPs were prepared with the PLGA matrix, a dose
of 20 mg polymer was injected as the first dose, and the test
dose was injected after 7 days (referred to as the PEG-negative
group in Table I). Log plasma concentration-versus-time curves
after the test dose in PEG-negative and control groups are
shown in Fig. 3. No significant differences were found in the
plasma concentrations of the two groups at 2 (8291 +2524
versus 68781715 ugml ™', p>0.05) and 6 h (1861663 versus
1507 £822 pgml ™', p>0.05) after the test dose injection. In
addition, the AUC obtained for the PEG-negative group was
56771042 pgmin ml™', and the clearance was 0.7+0.1
mlmin~", neither of which was significantly different from the
corresponding control values (>0.05). These results reveal
that the two groups of control and PEG-negative are quite
comparable in terms of pharmacokinetic parameters with no
ABC effect, which confirms the vital role played by the PEG
coating of injected NPs in ABC: induction.

Effect on ABC of the Presence of Etoposide
in the Initial Dose of PLGA-PEG NPs

The effect of etoposide, a cytotoxic drug, on the induction of
ABC was evaluated by the pre-administration of PLGA-PEG
NPs containing low (0.04 mg/kg) and high doses (8 mg/kg) of
etoposide to rats (groups ET-low and ET-high, respectively,
Table I). The results were compared to the control and to the
groups that were pretreated with the same dose of polymer as
empty NPs (groups of D-0.1 and D-20). The log plasma
concentration-time curves, after administration of the test
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Table Il Pharmacokinetic

Parameters of Etoposide after the Group AUC (ugminmli™")  p value® Clearance  p value® 1 (Min) p value®

Last Injection of Test Dose in (mimin~")

Different Groups
Control 3743.02 = 1344.14 0.59+0.21 208.77 +18.69
I-3 2051.52+372.58 > 0.05 .00+0.21 < 0.05 195.16 1634 > 0.05
-5 [101.28+273.86 < 0.0l 190046 < 0.05 123.26 = 16.81 < 0.05
-7 639.56=136.16 < 0.001 3.23%+0.63 < 0.00001 62.19+8.94 < 0.00001
[-14 197791 =392.24 < 0.05 1.04+=0.21 < 0.05 147.07+41.34 < 0.05
[-28 2822.94+918.99 > 0.05 0.74+0.25 > 0.05 252.52+29.76 > 0.05
D-0.1 639.56 = 136.16 < 0.001 323%+0.63 < 0.00001 62.19+8.94 < 0.00001
D-I 623.72+11535 < 0.0001 3.29+0.60 < 0.00001 71.29+14.16 < 0.00001
D-10 667.74+60.02 < 0.0001 3.02+0.28 < 0.0001  84.07=11.39 < 0.00001
D-20 849.55+231.00 < 0.0001 2.49=0.65 < 0.00l 147.60+£29.94 < 0.0l
D-30 12644.37+5126.08 < 0.00l 0.18+0.06 < 0.0l 330.67*=114.55 < 0.05
ET-low 884.82 = 194.07 < 0.05 2.32+045 < 0.05 106.05+13.31 < 0.00l
ET-high 1365.80+456.86 <00l .63+0.52 < 0.0l 157.74+52.54 > 0.05

Data is presented as mean = 5D, pEG-negative  5676.97+ 104243 > 0.05  036+0.09 > 0.05 174424250 > 0.05

n=6 Dose3 2847.04=516.27 > 0.05 0.72+0.12 > 0.05 199.97+26.26 > 0.05

“Compared to the control

dose to the aforementioned three groups, are depicted in
Fig. 4. As shown, plasma profiles for the ET-low and ET-
high groups were quite comparable at various time points, but
both profiles were significantly different from that of the
control. Additionally, the pharmacokinetic parameters, such
as AUC, Cl and t; 9, for ET-low and E'T-high were identical
(Table III). However, these parameters were significantly dif-
ferent from the control ($<0.05). These results show that pre-
treatment with etoposide-loaded PLGA-PEG NPs induces the
ABC effect and that the dose of the drug has no influence on
ABC. To better understand the influence of etoposide as a
cytotoxic drug on ABC induction, the pharmacokinetic data

1000000 =4—D-0.1
——-D-1

100000 =—D-10

=>=D-20

=3#=D-30

=@-Control

L og Concentration (ng/ml)
=

0 5 10 15 20 25
Time (h)

Fig. 2 Log plasma concentration (mean = S.E.) vs. time profiles of etoposide
after the test dose administered following the first injection of empty PLGA-
PEG NPs with different polymer doses. Polymer doses of O.1, I, 10, 20 and
30 mg were used for the groups of rats as follows: D-0.1, D-1, D-10, D-20
and D-30 groups The control group received a single i.v. dose of etoposide-
containing PLGA-PEG NPs (8 mg/kg etoposide).

@ Springer

from the ET-low and ET-high groups were compared to those
from D-0.1 and D-20, which were only different by drug
incorporation. Comparison of the ET-low group with D-0.1
and of the ET-high group with D-20 did not reveal any
significant differences in AUC, Cl, or t; 9. These data suggest
that drug incorporation did not affect the ABC phenomenon
induced by PLGA-PEG NPs.

Effect on ABC of the Third Dose of Etoposide-Loaded
PLGA-PEG NPs

To investigate the effects of the injection of sequential doses
(more than two doses) of drug-loaded PLGA-PEG NPs on the
ABC phenomenon, three injections of E'T-high were admin-
istered to a group of rats with a time interval of 7 days between
the doses (referred to as group Dose 3 in Table III). The log

1000000
—4—PEG-negative
= 100000
£ - Control
>
A3
= 10000
il
®
= 1000
5}
(8]
5 100
(@]
g
| 10
1
0 5 10 15 20 25 30

Time (h)

Fig. 3 Log plasma concentration (mean = S.E.) vs. time profile of etopo-
side following the test dose pre-administered with PEG negative NPs. The
control group received a single i.v. dose of etoposide-containing PLGA-
PEG NPs (8 mg/kg etoposide).
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Fig. 4 Log plasma concentration (mean = S.E.) vs. time profiles of etoposide
following the test dose pre-administered with different doses of etoposide-
loaded PLGA-PEG NPs in each group. The control group received a single i.v.
dose of etoposide-containing PLGA-PEG NPs (8 mg/kg etoposide).

plasma concentration-time curve of etoposide after the last
injection of the NPs has been shown in Fig. 5. The profile for
the third dose group was obviously comparable to that of the
control group, and this result was further confirmed by statis-
tical analysis of the representative plasma concentrations at 2,
6 and 10 h after the administration of the NPs. At all of these
time points, the concentration for the Dose 3 group was
greater than that for E'T-high (p<0.05), whereas the plasma
concentrations of Dose 3 and the control were not significantly
different for any of the time points, except for the 2 h time
point (p<0.01). These results were confirmed by the AUC, Cl
and t; /o data (Table III), which showed no significant differ-
ences when compared to the control (§>0.05). However,
when pharmacokinetic parameters following the third dose
(Dose 3) were compared to those measured after the second
dose (ET-high), it was found that the AUC and t; /o values
were higher ($<0.01) and that CI was lower for the Dose 3
group in comparison to the ET-high group.
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Fig. 5 Log plasma concentration (mean =+ S.E.) vs. time profiles of
etoposide following the test dose pre-administered with one (group ET-
high) or two (group Dose 3) doses of etoposide-loaded PLGA-PEG NPs.
The control group received a single i.v. dose of etoposide-containing
PLGA-PEG NPs (8 mg/kg etoposide).

IgM Determination in Rats Following Intravenous
Injection of NPs

The anti-PEG IgM antibody level was determined in each
group by using the ELISA method. Figure 6 shows the results
and the significant differences in animals that received the
second dose following various time intervals (groups I-3 to I-
28) in comparison to the control. The highest IgM level was
clearly observed in the rats of the I-7 group that received the
test dose after 7 days, which was in agreement with a higher
ABC induction in this group. By keeping the time interval at
7 days while increasing the polymer dose from 0.1 to 20 mg (D-
0.1 to D-20, Fig 6), the IgM reached a much higher level.
Further increase of the polymer dose to 30 mg did not affect the
IgM level. With regard to the effect of etoposide on IgM
production, our results indicated that the IgM levels in rats
pretreated with etoposide-loaded NPs (in ET-low and ET-high
groups) were the same as those in rats pretreated with the
corresponding empty NPs (D-0.1 and D-20, respectively). In
addition to confirming the effect of the polymer dose on the
antibody levels, these results could exclude the interference of
etoposide from antibody production. To further evaluate the
role of PEG, IgM levels were also determined in animals that
received PLGA-NPs as the first dose, and these levels were
found to be the same as that of the control animals. A high level
of the antibody was found in Dose 3 in which IgM was
produced after sequential doses of drug-loaded PLGA-PEG
NPs, whereas the intensity of the ABC phenomenon showed
the opposite trend (Fig. 5).

DISCUSSION

PEGylated nanocarriers represent promising approaches to
improve the pharmacokinetic characteristics of encapsulat-
ed drugs and to enhance their circulation half-life for better
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Fig. 6 Anti-PEG IgM response in each group of rats just before the test dose
injection and in the control group (without NP injection). Values represented as
the mean = S. E. of 6 serum samples. * p<0.05, ** p<0.01 and *** p <
0.001 compared to the control.
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therapeutic efficacy (24). PEG is assumed to provide a steric
barrier around the NPs because of its hydrophilicity that
prevents the adsorption of opsonins onto the surfaces of the
NPs and reduces particle uptake by MPS as the major
elimination route of NPs (25). However, the ABC phenom-
enon, which has been reported for some PEGylated nano-
structures, may pose challenges to the clinical application of
formulations that require repeated administration. This ef-
fect and possible underlying mechanisms have been exten-
sively evaluated for liposomes (26,27).

It 1s proposed that the PEG polymer is known as a highly
repetitive structure resembling a class-2 thymus- independent
antigen. Once the PEGylated liposomes reach the spleen after
the first injection, they bind to surface immunoglobulins on-
reactive B-cells in the splenic marginal zone and consequently
the production of anti-PEG IgM antibody is triggered that is
independent of T cell help (17,28). When the second dose of
PEGylated liposomes was injected the secreted IgM selectively
attach to the PEG on these liposomes. This, in turn, leads to
complement activation and opsonization of the liposomes by
C3 fragments and, consequently, to enhanced uptake of the
liposomes by the Kupffer cells in liver (29). However, recent
investigations have indicated that the structure and the con-
tents of NPs are crucial factors that could reduce or even
abolish the ABC phenomenon.

PLGA-PEG is an FDA-approved and commonly used
polymeric drug carrier (2); however, to the best of our knowl-
edge, there has been no report on the repeated injections and
ABC of this carrier. In this study, we evaluated ABC induction
by PEGylated PLGA NPs. The effects of encapsulated etopo-
side as a chemotherapeutic agent, the doses of the polymer
and the drug and the injection of a third dose on the ABC
phenomenon were also studied.

The results demonstrated ABC induction by PLGA-PEG
NPs in a time-dependent manner. Based on a pilot study, a
low dose of 0.1 mg polymer was pre-administered intrave-
nously to five groups of rats for the first step. The test doses
were injected after 3, 5, 7, 14 and 28 days in each group (I-3 to
1-28 groups). The results showed that a 7-day interval between
doses was the time period that triggered ABC most effectively
(Fig. 1). In addition, the anti-PEG IgM level in this group was
the highest among the aforementioned five groups. This find-
ing confirms previous reports that the production of IgM
directed against the PEG coating could be considered as the
most likely mechanism for the enhanced clearance of the
second injection (28,30) (Fig. 6). Dams ¢ al. investigated the
induction of blood clearance in rats, mice and rhesus
monkeys, and they found that the ABC phenomenon is ob-
served in rats and rhesus monkeys, but not in mice (10). In
2003, Ishida et al. (31) reported the same phenomenon in
mice, although they found accelerated elimination with a time
interval of 10 days between doses, which was different from
the 7-day interval for rats. Our findings also confirm 7 days as
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the optimal time interval for the most effective ABC: induction
in the rat, which is the most common model for i viwo studies.
As the time interval for triggering the ABC effect is dependent
on the animal species, determination of this time interval in
humans could be considered to be an important clinical issue.
Despite ABC triggering by even a low dose of PLGA-PEG
copolymer, drug-loaded NPs are usually applied in higher
polymer doses. Thus, it is necessary to clarify the effect of
the polymer dose on ABC induction. A set of experiments was
performed in four groups of rats in which pre-administered
NPs were injected in doses of 1, 10, 20 and 30 mg (D-1, D-10,
D-20 and D-30 groups). Data from I-7 rats administered a
0.1 mg polymer dose was considered as D-0.1 (Table I). The
pharmacokinetic parameters (Table III) and the plasma con-
centration vs. time profiles (Fig. 2) demonstrated comparable
induction of ABC using 0.1 to 20 mg of polymer, whereas a
further increase in the polymer dose up to 30 mg significantly
abolished the ABC and led to decreased clearance, which was
not only lower than that of the D-0.1 group (by 18.5 fold) but
also lower than that of the control (by 3.4 fold). These results
indicated that the elimination rate of NPs is strongly affected
by the highest PLGA-PEG dose, most likely because of satu-
ration of the MPS (32). In liposome experiments, Laverman et
al. (11) found an inverse correlation between the lipid dose and
ABC induction. Although their finding was confirmed by
other investigators for stealth liposomes (26), Ishihara et al.
(21) reported that the induction of the ABC phenomenon by
PLGA-PEG NPs was not clearly affected by the initial dose. In
the present study, we demonstrated that a specific range of the
polymer dose did not affect ABC induction, but that a higher
dose of polymer clearly suppressed the ABC phenome-
non. As various doses of polymeric structures are gen-
erally used in clinical applications, the effect of the polymer
dose on the clearance of NPs and ABC: induction should be
evaluated for every individual nanostructure and in a wide
range of doses.

We also tested the effect of polymer dose on the serum level
of anti-PEG IgM. There are few reports on the dose—response
effect on the anti-PEG IgM response. Lu ¢ al. showed that
successive high doses of 30 mg/kg/day of cationic bovine
serum albumin (CBSA) NPs could not produce CBSA-
specific IgM in mouse serum and did not display any ABC
phenomenon (33). In another study, Tagami e al. reported an
inverse relationship between the dose of a PEG-coated siRNA
lipoplex and anti-PEG IgM production in mice (34). In con-
trast, Taguchi found that the IgM response against PEGylated
hemoglobin vesicles (HbV) was dose-dependent in mice as the
degree of IgM elevation at a high dose of HbV was signifi-
cantly larger than that for a low dose (35). Different results
were obtained by Ma e al. who found no clear relationship
between the anti-PEG IgM levels and the phospholipid dose
(19). In this study, we observed that by increasing the polymer
dose from 0.1 to 20 mg, the level of IgM increased almost
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proportionally (Fig 6), although the degree of ABC induction
was not affected by the polymer dose or by the IgM level,
remaining somewhat constant in the mentioned range of
polymer dose (Fig 2 and Table III). These results show that
a threshold of IgM level is required for triggering MPS and
the enhanced clearance of NPs, as proposed by Ishida et al.
(17). However, higher antibody levels do not apparently ele-
vate the immune response. This finding may be explained by
the capacity of macrophages for phagocytosis being limited by
the number of the available phagocytic cells such that increas-
ing the IgM levels by increasing the polymer dose (Fig 6) will
not change the magnitude of the clearance of the second dose
(approximately 3 mlmin ™', Table III). A further increase in
the polymer dose from 20 to 30 mg did not significantly affect
IgM levels (Fig. 3), but as it is clear from Fig. 2 and Table 3,
the higher polymer dose (30 mg, D-30 group, Fig. 2, Table 3)
likely due to saturation of phagocytic cells, resulted in
an abrogation of ABC induction and higher values for
AUC and half-life of NPs in the relevant group (D-30) when
compared to those for the control (AUC=12644.37 and
3743.02 pgmin ml~" and t ,,5=330.67 and 208.77 min,
respectively; p<0.05).

The data from the PEG-negative group, in which a
relatively high dose of non-PEGylated PLGA NPs was
pre-administered, verified the fundamental role of PEG for
ABC induction. This finding was not consistent with those of
some previous studies performed for liposomes, which indi-
cated that the PEG coating was not necessarily required for
ABC induction (10,11,36). In addition, as shown in Fig 6,
the IgM level was not different from that observed in the
control group. This result is not in agreement with those
reported by Kiwada and co-workers (29) who indicated that
conventional liposomes, despite the lack of a PEG-coating,
could produce a significant level of anti-PEG IgM. They
suggested that the antigenic epitope capable of generating
anti-PEG IgM is present not only in the PEG moiety but is
also displayed in other components of the liposome or on
the liposomal structure. Taken together, our results indicate
that, unlike liposomes, the PEG moiety in PLGA-PEG NPs
does play an essential role in the induction of ABC effect
and also in the production of anti-PEG IgM.

As the other main purpose of our studies, we investigated
the effect of etoposide, a commonly used anticancer drug,
encapsulated in PLGA-PEG NPs on ABC induction. Long-
circulating polymeric NPs are frequently investigated for can-
cer drug delivery because of the EPR (enhanced permeability
and retention) effect. However, the induction of the immune
response upon repeated administration of nanocarriers may
present a tremendous challenge to their clinical use, as multi-
ple injections of nanostructures such as liposomes are very
common in clinical settings. It is noteworthy that, in contrast
to empty PEG-liposomes, doxorubicin-loaded liposomes have
not been reported to induce the ABC phenomenon (11,17).

The most likely reasons proposed were based on the drug
toxicity for RES and the reduced production of anti-PEG IgM
caused by the interference of doxorubicin with the prolifera-
tion of B cells. However, Deng and coworkers have recently
reported that a pre-injection of PEGylated liposomal topote-
can still produced a strong ABC effect (19). They assumed that
topotecan was a cell-cycle-specific drug, which could only
inhibit the population of B cells in the splenic marginal zone
occupying the S phase, and that its lipophilicity and unsatis-
factory retention inside liposomes might be reasons for the
observed ABC effect.

These data show that the characteristics of a drug that is
loaded into nanocarriers may significantly influence the
pharmacokinetic parameters after repeated doses. In this
study, we found a distinct ABC phenomenon with
etoposide-loaded PLGA-PEG NPs when injected as an ini-
tial dose (Fig. 4). The drug dose studies indicated that the
magnitude of ABC induction as well as the anti-PEG IgM
levels in rats pre-treated with drug-loaded PLGA-PEG NPs
(groups of ET-low and ET-high) were equal to those in rats
pre-treated with empty NPs (groups of D-0.1 and D-20).
The negligible influence of encapsulated etoposide on ABC
shows that, when compared to empty NPs, the uptake of
drug-loaded NPs by MPS did not have any marked effect on
their clearance function. This finding suggests that unlike
liposomal doxorubicin, the encapsulated etoposide seems to
have a minor toxic effect on B cells and macrophages, thus
inducing a strong ABC effect by repeated injection of the
drug-loaded PLGA-PEG nanoparticles. This finding sup-
ports the mechanism that has recently been proposed by
Deng and coworkers for topotecan liposomes (19). Etopo-
side, like topotecan, is a cell-cycle-specific drug (37) and is
expected to only affect the B cells that are in the G2/M
phase. Thus, drug-loaded NPs cannot inhibit the entire B
cell population of cells in the splenic marginal zone, which
could also be confirmed by the production of a high level of
IgM, leading to the appearance of an ABC effect (19). In
addition to this explanation, Deng and coworkers proposed
the unsatisfactory retention of topotecan within liposomes
due to its lipophilicity (plasma topotecan was detectable for
up to only 4 h) as another factor that could influence the
drug effects on B cells or macrophages. In the present study,
we were able to measure etoposide concentrations in the
plasma for up to 24 h, which demonstrates appropriate n
vwo stability of the formulated PLGA-PEG NPs. Therefore,
the specificity of the drug for particular phase(s) of the cell
cycle may be a plausible reason, although the exact mech-
anism requires further investigation.

Another objective of our investigations was the evalua-
tion of the ABC phenomenon after three sequential doses of
etoposide-loaded PLGA-PEG NPs (Group Dose 3, Fig. 5
and Table III). Neither the pharmacokinetic parameters nor
the plasma-concentration time curves obtained from Dose 3
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showed any ABC effect; while antibody level remained high
for all of the groups (Fig. 6). The high IgM level shows the
proper functioning of the B cells for antibody production.
Therefore, the extended circulation time of the third dose of
the NPs might be the result of MPS saturation and reduced
NP uptake due to the accumulation of polymer after repeat-
ed administration. Our results for the levels of the antibody
and ABC induction after the third dose are not in accor-
dance with the previous studies that have investigated the
ABC phenomenon after more than two sequential doses.
Dams and coworkers indicated that the ABC phenomenon
was less pronounced after the third and fourth doses in rats
that received weekly injections of empty PEGylated lipo-
somes. However, according to their findings, the ABC after
the second dose was not Ig-mediated (10). In contrast, a high
level of anti-PEG IgM was detected in our study. However,
Ishihara et al. showed that ABC is still induced by sequential
administration of PEG-PLA NPs (0.05 and 1 mg) con-
taining prostaglandin El. They found an inverse corre-
lation between the dose frequency and detected IgM
levels (38), which was attributed to the apoptosis and
anergy of immune cells in response to cumulative amounts
of polymer or encapsulated drug, an explanation that
was also proposed by Ishida et al. for liposomes (18). In
contrast, we found that the antibody levels produced after the
second and third doses (20 mg of polymer) were similarly high
(»p>0.05).

CONCLUSIONS

PEGylated PLGA NPs, a commonly used, long-circulating
polymeric nanocarrier, showed an obvious ABC phenome-
non 7 days after the pre-administration of empty PLGA-
PEG NPs with a low polymer dose. Increasing the first
injection polymer dose within the range of 0.1 to 20 mg
did not alter the intensity of ABC induction, whereas a clear
positive correlation was observed between the serum IgM
level and the polymer dose. Further increase of the polymer
dose to 30 mg led to enhanced circulation time of the test
dose beyond that of the control, whereas the IgM levels
plateaued. The critical role of PEG coating in the first
injection was verified by the pre-administration of empty
non-PEGylated PLGA NPs, which did not change the phar-
macokinetic characteristics of the test dose compared to the
control; in addition, no anti-PEG IgM was detected. The
ABC phenomenon was examined following the injection of
ctoposide-loaded PLGA-PEG in two and three sequential
doses. The results indicated that pre-injection of encapsu-
lated etoposide in different doses still induced the ABC
phenomenon for the second dose. The third dose did not
demonstrate ABC any longer, although the antibody level
remained high.

@ Springer

ACKNOWLEDGMENTS AND DISCLOSURES

This research was supported by a grant from Pharmaceut-
cal Sciences Research Center, Shahid Beheshti University of
Medical Sciences, Tehran, Iran. The authors wish to thank
Mr. Teimorian for his technical help.

REFERENCES

1. Legrand P, Lesicur S, Bochot A, Gref R, Raatjes W, Barratt G, e
al. Influence of polymer behaviour in organic solution on the
production of polylactide nanoparticles by nanoprecipitation. Int
J Pharm. 2007;344(1-2):33-43.

2. Dinarvand R, Sepchri N, Manoochehri S, Rouhani H, Atyabi F.
Polylactide-co-glycolide nanoparticles for controlled delivery of
anticancer agents. Int J] Nanomedicine. 2011;6:877-95.

3. Parveen S, Misra R, Sahoo SK. Nanoparticles: a boon to drug
delivery, therapeutics, diagnostics and imaging. Nanomedicine.
2012;8(2):147-66.

4. Brewer E, Coleman J, Lowman A. Emerging technologies of poly-
meric nanoparticles in cancer drug delivery. J] Nanomaterials. 2011;
Article ID 408675, 10 pages.

. Essa S, Rabanel JM, Hildgen P. Effect of polyethylene glycol
(PEG) chain organization on the physicochemical properties of
poly(D, L-lactide) (PLA) based nanoparticles. Eur J Pharm
Biopharm. 2010;75(2):96-106.

6. Alexis I, Pridgen E, Molnar LK, Farokhzad OC. Factors affecting
the clearance and biodistribution of polymeric nanoparticles. Mol
Pharm. 2008;5(4):505-15.

7. Gref R, Luck M, Quellec P, Marchand M, Dellacheric E,
Harnisch S, et al. ‘Stealth’ Corona-core nanoparticles surface
modified by polyethylene glycol (PEG): influences of the corona
(PEG chain length and surface density) and of the core composi-
tion on phagocytic uptake and plasma protein adsorption. Colloids
Surf B Biointerfaces. 2000;18(3—4):301-13.

8. Danhier F, Lecouturier N, Vroman B, Jerome C, Marchand-
Brynaert J, Feron O, et al. Paclitaxel-loaded PEGylated PLGA-
based nanoparticles: i vitro and i vivo evaluation. J Control
Release. 2009;133(1):11-7.

9. Sharpe M, Easthope SE, Keating GM, Lamb HM. Polyethylene
glycol-liposomal doxorubicin: a review of its use in the manage-
ment of solid and haematological malignancies and AIDS-related
Kaposi’s sarcoma. Drugs. 2002;62(14):2089-126.

10. Dams ET, Laverman P, Oyen W], Storm G, Scherphof GL, van
Der Meer JW, et al. Accelerated blood clearance and altered
biodistribution of repeated injections of sterically stabilized lip-
osomes. ] Pharmacol Exp Ther. 2000;292(3):1071-9.

11. Laverman P, Carstens MG, Boerman OC, Dams ET, Oyen W],
van Rooijen N, et al. Factors affecting the accelerated blood clear-
ance of polyethylene glycol-liposomes upon repeated injection. J
Pharmacol Exp Ther. 2001;298(2):607-12.

12. Ishida T, Kiwada H. Accelerated blood clearance (ABC) phenom-
enon upon repeated injection of PEGylated liposomes. Int J
Pharm. 2008;354(1-2):56—62.

13. Dufort S, Sancey L, Coll JL. Physico-chemical parameters that
govern nanoparticles fate also dictate rules for their molecular
evolution. Adv Drug Deliv Rev. 2012;64(2):179-89.

14. Xu H, Wang KQ, Deng YH, da Chen W. Effects of cleav-
able PEG-cholesterol derivatives on the accelerated blood
clearance of PEGylated liposomes. Biomaterials. 2010;31
(17):4757-63.

o



Accelerated Blood Clearance of PEGylated PLGA Nanoparticles

995

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Ma H, Shiraishi K, Minowa T, Kawano K, Yokoyama M, Hattori
Y, et al. Accelerated blood clearance was not induced for a
gadolinium-containing PEG-poly(L-lysine)-based polymeric mi-
celle in mice. Pharm Res. 2010;27(2):296-302.

Gabizon A, Isacson R, Rosengarten O, Tzemach D, Shmeeda H,
Sapir R. An open-label study to evaluate dose and cycle depen-
dence of the pharmacokinetics of Pegylated liposomal doxorubicin.
Cancer Chemother Pharmacol. 2008;61(4):695-702.

Ishida T, Atobe K, Wang X, Kiwada H. Accelerated blood clear-
ance of PEGylated liposomes upon repeated injections: effect of
doxorubicin-encapsulation and high-dose first injection. J Control
Release. 2006;115(3):251-8.

Cui J, Li C, Wang C, Li Y, Zhang L, Yang H. Repeated injection
of Pegylated liposomal antitumour drugs induces the disappear-
ance of the rapid distribution phase. J] Pharm Pharmacol. 2008;60
(12):1651-7.

Ma Y, Yang Q, Wang L, Zhou X, Zhao Y, Deng Y. Repeated
injections of PEGylated liposomal topotecan induces accelerated
blood clearance phenomenon in rats. Eur J Pharm Sci. 2012;45
(5):539-45.

Koide H, Asai T, Hatanaka K, Urakami T, Ishii T, Kenjo E, et al.
Particle size-dependent triggering of accelerated blood clearance
phenomenon. Int J Pharm. 2008;362(1-2):197-200.

Ishihara T, Takeda M, Sakamoto H, Kimoto A, Kobayashi C,
Takasaki N, et al. Accelerated blood clearance phenomenon upon
repeated injection of PEG-modified PLA-nanoparticles. Pharm
Res. 2009;26(10):2270-9.

Saadati R, Dadashzadeh S. Simple and efficient HPLC-UV quan-
titation of etoposide and its cis-isomer in rat micro-volume plasma
and tissue samples: application to pharmacokinetic and biodistri-
bution studies. J Liq Chromatogr Rel Tech. 2011;34(18):2130—48.
Shargel L, WU-Pong S, Yu A. Applied Biopharmaceutics &
Pharmacokinetics. 5th ed. New York: McGraw Hill; 2005.
Moghimi SM, Hunter AC, Murray JC. Long-circulating and
target-specific nanoparticles: theory to practice. Pharmacol Rev.
2001;53(2):283-318.

Torchilin VP, Omelyanenko VG, Papisov MI, Bogdanov Jr AA,
Trubetskoy VS, Herron JN, et al. Poly(ethylene glycol) on the
liposome surface: on the mechanism of polymer-coated liposome
longevity. Biochim Biophys Acta. 1994;1195(1):11-20.

Ishida T, Harada M, Wang XY, Ichihara M, Irimura K, Kiwada
H. Accelerated blood clearance of PEGylated liposomes following
preceding liposome injection: effects of lipid dose and PEG

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

surface-density and chain length of the first-dose liposomes. J
Control Release. 2005;105(3):305—17.

Ishida T, Maeda R, Ichihara M, Irimura K, Kiwada H. Accelerated
clearance of PEGylated liposomes in rats after repeated injections. J
Control Release. 2003;88(1):35—42.

Ishida T, Wang X, Shimizu T, Nawata K, Kiwada H. PEGylated
liposomes elicit an anti-PEG IgM response in a 'T' cell-independent
manner. ] Control Release. 2007;122(3):349-55.

Wang X, Ishida T, Kiwada H. Anti-PEG IgM elicited by injection
of liposomes is involved in the enhanced blood clearance of a
subsequent dose of PEGylated liposomes. J Control Release.
2007;119(2):236-44.

Ishida T, Ichihara M, Wang X, Kiwada H. Spleen plays an
important role in the induction of accelerated blood clearance of
PEGylated liposomes. J Control Release. 2006;115(3):243-50.
Ishida T, Masuda K, Ichikawa T, Ichihara M, Irimura K, Kiwada
H. Accelerated clearance of a second injection of PEGylated lip-
osomes in mice. Int J Pharm. 2003;255(1-2):167-74.

Laverman P, Brouwers AH, Dams ET, Oyen W], Storm G, van
Rooijen N, et al. Preclinical and clinical evidence for disappearance
of long-circulating characteristics of polyethylene glycol liposomes
at low lipid dose. J Pharmacol Exp Ther. 2000;293(3):996-1001.
Lu W, Wan J, She Z, Jiang X. Brain delivery property and
accelerated blood clearance of cationic albumin conjugated
Pegylated nanoparticle. J Control Release. 2007;118(1):38-53.
Tagami T, Nakamura K, Shimizu T, Ishida T, Kiwada H. Effect
of siRNA in PEG-coated siRNA-lipoplex on anti-PEG IgM pro-
duction. J Control Release. 2009;137(3):234—40.

Taguchi K, Urata Y, Anraku M, Watanabe H, Kadowaki D, Sakai
H, et al. Hemoglobin vesicles, polyethylene glycol (PEG)ylated
liposomes developed as a red blood cell substitute, do not induce
the accelerated blood clearance phenomenon in mice. Drug
Metab Dispos. 2009;37(11):2197-203.

Ishida T, Ichikawa T, Ichihara M, Sadzuka Y, Kiwada H. Effect of
the physicochemical properties of initially injected liposomes on
the clearance of subsequently injected PEGylated liposomes in
mice. ] Control Release. 2004;95(3):403—-12.

Hande KR. Topoisomerase II inhibitors. Update Cancer Ther.
2008;3:13-26.

Ishihara T, Maeda T, Sakamoto H, Takasaki N, Shigyo M, Ishida
T, et al. Evasion of the accelerated blood clearance phenomenon
by coating of nanoparticles with various hydrophilic polymers.
Biomacromolecules. 2010;11(10):2700-6.

@ Springer



