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PEGylated liposomes (approximately 100 nm in diameter) lose their long-circulating characteristic upon repeated

injection at certain intervals in the same animal (referred to as the ‘‘accelerated blood clearance (ABC) phenomenon’’),
as described by our group and by researchers in the Netherlands. Recently, it was demonstrated by our group that anti-
PEG IgM, induced by the first dose of PEGylated liposomes, is responsible for the ABC phenomenon. The IgM
produced in this manner then selectively bound to the surface of subsequently injected PEGylated liposomes, leading to
substantial complement activation. It is generally believed that nanocarriers coated with a polymer, such as PEG, have

no immunogenicity. However, unexpected immune responses occurred even in response to polymer-coated liposomes.
This immunogenicity to PEGylated liposomes presents a serious concern in the development and clinical use of
liposomal formulations. In this review, we demonstrate our recent observations regarding with the ABC phenomenon

against liposomes.
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Fig. 1. Structure of PEGylated Liposome (Sterically Stabi-
lized Liposome, STEALTH Liposome (SL))
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Fig. 2. Blood Clearance Profile and Hepatic or Splenic Accumulation of Second Injected SL in Rats

3H-CHE-labeled SL were injected at 3, 5 or 7 day post-first injection. Hepatic or splenic accumulation was determined at 24 hr post-second injection. Rats that
received a single injection of 3H-CHE-labeled SL served as a control. Each value represents mean+S.D. of three separate experiments. (cited from Ref. 11).
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Fig. 3. Electron Micrographs of Rat Livers 2 hr (A, B) after
Intravenous Administration of Second Dose SL
(A and B) a sinusoidal Kupffer cell, from a rat which had received SL
(0.001 umol/kg) as a first dose 5 day before, at 2 hr after second injection of
SL; bar in (A) =1um. (B) higher magnification view of the region marked
in (A); bar=200 nm. K, a sinusoidal Kupffer cell. (cited from Ref. 13)) .
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Fig. 4. Schematic Representation of the Time Frame of the
Two Phases of the So-called Enhanced Clearance Effect
The induction phase following the first injection with liposomes, and the
effectuation phase following the second or subsequent injections. The effect
is only observed when the time interval between first and second injection is
between 5 and 21 days. At represents the time interval between first and se-
cond injection. (cited from Ref. 14).
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Fig. 5. Effect of PEGylated Lipid Content on the Induction
of the ABC Phenomenon

Rats were pretreated with either HEPES buffered saline, CL without
PEG-coating or SL containing either 5, 10 or 15 mol% of mPEG,y,-DSPE.
3H-CHE-labeled SL were intravenously injected at 5 day post-first injection.
(A) Blood clearance profile of subsequently injected 3H-CHE-labeled SL.
(B) Hepatic and splenic accumulation of subsequently injected 3H-CHE-la-
beled SL at 24 hr following the injection. Each value represents the mean +
S.D. of three separate experiments. P values apply to differences between the
control and treated mice. **p<C0.01, ***p<0.005 (cited from Ref. 13).
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Fig. 6. Effect of Lipid Dose on the Induction of the ABC
Phenomenon

Rats were pretreated with SL at a dose of either 0.001, 0.01, 0.1, 1 or §
umol/kg of body weight. The rats pretreated with HEPES buffered saline in-
stead of liposomes were served as a control. At 5 day post-first injection, 3H-
CHE-labeled SL were intravenously injected. (A) Blood clearance profile of
subsequently injected *H-CHE-labeled SL. (B) Hepatic and splenic accumu-
lation of subsequently injected 3SH-CHE-labeled SL at 24 hr following the in-
jection. Each value represents the mean+S.D. of three separate experiments.
P values apply to differences between the control and treated mice. *p<{0.05,
*p<0.01, ***p<<0.005 (cited from Ref. 13).
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Fig. 7. Relationship between the Amount of Bound Serum
Proteins to SL and Hepatic Clearance (an Indication of the
Degree of induced ABC Phenomenon)

SL was incubated at 37°C for 30 min with the sera that were collected
from rats had already received first dose of SL at indicated days before. The
serum proteins associated with the SL were separated from unbound serum
proteins with gel chromatography. The Py value, which is an indication of
how much protein was bound to the SL, was calculated by dividing the total
proteins on the liposomes by the total lipid in the collected liposome frac-
tions. The hepatic clearance (CLh) was calculated as follows: CLh=Xh (24) /
AUC (0—24) where Xh (24) is the amount of liposomes accumulated in the
liver at 24 hr post-injection. AUC (0—24) is the area under the blood con-
centration-time curve from time 0 to 24 hr. (cited from Ref. 33).
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LC-MS/MS Analysis on Serum Proteins Specifically Bound to SL

(A) The right lane represents the bound proteins from serum collected 5 days after the first injection. The middle lane represents the bound proteins from nor-

mal serum. (cited from Ref. 33).
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Fig. 9. Semi-quantitative Determination of IgM in Lipo-

some-associated Proteins

Serum proteins associating with SL were prepared by incubation with
naive serum or serum collected at day 5 post-first injection and subsequent
chromatography on Sepharose 4 Fast Flow column. IgM in the fraction con-
taining liposomes was semi-quantitatively determined using the Rat IgM
ELISA Quantitation Kit. Closed column represents SL. Open column
represents CL. Each value represents the mean+S.D. of three separate ex-
periments. P values apply to differences between the control (naive serum)
and SL-treated rats. **p<{0.01, ***p<{0.005 vs HEPES-injected serum,
#p<0.005 vs CL, (cited from Ref. 33).
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SL @FH CLITHARTEL <{EW IgM &8 & 73
v, SL £ ® PEG $#I3IERF MR IgM OFEH
WHldT5H LRI N Lieh>T, ABCHA
FEHFICHWESN, SLICHEAET 2 IegM i, UR
YV —AEKHD PEG IR RICHEGT 2 Z &R
N/,

DWT, SLICKERMZRED IgM NEHE O PEG
BHICHRAEZHONEINERARD ZDIZ, UR
V—LRIEE 2T N EN T L — MCEMEL T,
INB5ZPIUEE L TELISA BITX D IgM D% FLH:
WZDWTHME L 7= (Fig. 10). 19 %55, PEG kY >

§E (mPEGyy0-DSPE) % [E L L 7= BRIZ9HE 73
IgM OFEA MBI IN/=DIZx LT (Fig. 10(0)),
fEE DA (HEPC, CHOL, DSPE) % [@EtH{k L 7=k
WA ER IgM Of GBI NN 2. K
DSPE X L TR EMZFH T % IgM N E I 173
Mo/=Z EMm5 (Fig. 10(D)), SLAT#%EICE>T
FHEIND SLITHMMEEZRD IgM” 14 anti-PEG
IgM Th 5 Z EMNE< R I Nk, £,
ti-PEG IgM #FE &3/ 5 ICH W/ SL o5&
AR 2 EMMNH D 2 E o= (Fig. 10

Z @ an-
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10000

(©). ZDZEMN5, SL ZHi#E L -BRICERX
N-RRGEVKERNTT ABC B4 %8 (Fig. 6)
1%, SL Ai#5I1CMR L TH W % anti-PEG IgM
DFEBEDEVIZED Z ENREEINT.

4-2-4. Anti-PEG IgM 733 (C & (T 5 IR HK D 1% 2

FoRR Vit i DU S % s IR IC B W T E
TWhakE 2 R0, £/ 1gM O X725 5 iklEs T
DT EMS, MiEZREH (splenectomy) L7z
v N2 HWTZED ABC HRFEHADEHIZDOWNT
Beat 217 > 7=, 40 SL #) [B14% 5-Ai 1 Mg &= g i L 7=
Fv MZBWT ABCHEDOHBIZBRI N
5EEHIT, anti-PEG IgM Ok N5 Z
EMGhotz. TS5 ORERMNS, HlEEHRS SL T
IEjts U C g 7> 5 anti-PEG IgM b S 3 Z &
R &4, induction phase 123 W\ T A fiisd T
HELREREHZRZLTWSZERBINZ. &5
IZ, SL A% 5% R AMICMEZMHLZEZ 3,
SL fiii#¢ 5% 3 HE CITMIgZ it 9% & ABC Bl
REHENWH T NZN, 4 HEHH WL S5 HEICH
i % fid i U 7= 38 81213 ABC B4 A 8 I & N
BB ENGMoT (Fig. 11). ZDI EM5,
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IgM Titers of Sera against Individual Lipid Components of SL

Titers of IgM reactive against individual lipid components of SL were determined in the sera collected at 5 day after the first SL injection. Sera were pooled
from rats treated with HEPES buffered saline (O), SL (0.001 umol/kg) (@), SL (5 umol/kg) (A). (cited from Ref. 19)
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Fig. 11. Impact of a Sequential Splenectomy on the Biodistri-
bution of Second-dose (test) SL

The animals were divided in 6 groups of 4 animals. Splenectomy was
carried out at either 1, 2, 3 or 4 day following first SL injection. Radio-la-
beled (test) SL was intravenously injected on day 5 post-first SL injection.
Rats receiving only the radio-labeled SL served as controls. Group 1: no pre-
dose, no splenectomy. Group 2: pre-dosed, splenectomized after 1 day.
Group 3: pre-dosed, splenectomized after 2 days. Group 4: pre-dosed,
splenectomized after 3 days. Group 5: pre-dosed, splenectomized after 4
days. Group 6: pre-dosed, no splenectomy. (A) Blood clearance. (B) Hepat-
ic accumulation at 24 h following injection of the test dose. Each value
represents the mean=+S.D. of three separate experiments. P values apply to
differences against control. ***p<0.005 (cited from Ref. 40).

PN #1T U7z SLIZB L2 3 |V TR e
W5 2, TOREE L T anti-PEG IgM O 43
WEFHEL TNDAREED R S 7z,

4-2-5. ABCHIRFEME LILOERENS,
SL #J Bl 5120 b U THE 2 5 anti-PEG IgM 73
M En, ZoIgM 22 [\ HPE SL £
RIS ST 5 2 & THRIRR DB ITIE (L S
N, #ERELTIOSL PiEZEEZNLTHY
ra7y—3 (Kupffer cell) ITX V@I NG <
20, ZOMHPHEENEDTHEND —EHD AT

from Anti-PEG IgM Induction to Accelerated Blood Clear-
ance of SL
(cited from Ref. 33) with minor modification) .

ZXLDHS MM ER S 7= (Fig. 12).

Figure 11 IZ;R L7 & D12, #)E#H% 5 SLIZ3 H
FREZM T THEZRE L, anti-PEG IgM % IfilH
WHMIETNDEEZLGNSD. —KRIZT, PUEIER
A2 U2HiRsEAIcB W T, PURRIRICRNT %
—RIEEIT 6 HREEOHKZEL, 5121015
20 HOMICRIBEDE =7 2 A 5 Z ENAHSNT
W3, ZORBIGEICBIZYALT—ZADEN
1%, #lER S SLICHB T 5 Rl iR T R i g
2 T Mg OB 2 2,8 & U 72\ T-cell independent
ISHEEE 2T L CWAHREMEZRIB L T b, Db
NORH O TIE, ABCHEFHEIZHBNT,
SL 1% T-cell independent antigen & U THEREL , &
figi ® marginal zone (MZ) IZFFET 5 MZ B-cell %
HEH LT B ZEZHLNILTNS, 5, 3561T
M 72 BeEt 2470, SL & MZ B-cell & O A {EH
X DM EITHMOMATHS FETH 5.

—H T, CLZHIBGLEGGICHEEIND
ABC B{ZRIZBWVWTHFEERIC IgM B 5 L TWd 2
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EEHSMNILTWBE. D LML, SLTHEL =
BHLIIRABD, SLZHEAETSIgMIZEEND
anti-PEG IgM OE|FI1EK <, PEG LSO LE k—
T BT D IgM DI T WS afEMEAURE
INTWD. F&, IgM OFREAMZRET D
ET, CLIZE- T#EINS ABC HLRDFEMIC
WONTWITEHDEEZ TS,

5. ®&bYIC

ARETRLUELDIC, ABCHALIZYRY —LAD
YL FEN R EE PR GREDEY, HK5HEDE
VW, BEREICISTEOHY - RENKESLZE
B HIEREITEMRBRTH D, FHIIEHEICBE T
HREN S, D S I 5 S N5 anti-PEG
IgM > Z D IgM O SL ND#EEITREK T % #fifk R
DOIEMALNEBE LB Z R L TWE T EHHH SN
L0, BERIROXDBREENEND DN, HiE
HORNWEEZ2ED I ENTEOEMEICEATE
bOEEAZTVWDS., 5% E5ICABCEHRDHEE -
FEMESEIA I NIUE, ABCHLZREMT S Z
EMTEDURY —LBHOHEFKIZHDRNDHD
LI N5,

VS / 70 /00—E54 T4 L ADOMEG
MED 5N, EERANOMHAZE B LT /NA X DB
ENEHLSNTWS, LML, ZTNSDOIHEDEL<
MEALLEEYOHREHEEZENELEDDTH
0, EERERRICED XD BRIENET ZMITDN
TiRFLEAERFTFEIN TR, AFETHEN LD
NONOWRHEFL, /N1 ABFERICET L TE
REDOHAEMERIZET 2 EBMFZ2TOINETH
5T EHERBLTEBD, £ OFNA ARFEICED
DIFEEICE > THERBRERE BT EZEA TN,

HE AWM EERFEEREA 2=
(B - EYHREHEAEE) TITON/ZbDTH O,
PHERITICE 2 0 I U TS N2 BB TITHRAS
. Fiz, HERERIRREHTH T 2 RMESE R T3
wEVEWZERT - ANIRAEIRIZ, SLEESY > /87 0
fEFTICIH HTEWAY o8 A T2 A - B 5T A
*, WIABBELICERB T 5. AR, K
e - MR FEREM M, ER AR, b
JFRC A MR A H,  FrH LS E SR AR,
JeHERFEMITUIR I, SEATFEREII M, hE
RRFAREITE, BOEEAVIUREME, X

fir - BREWH], EAMHOZEBRRIC K > THEITS
NEbOTHO, KWHO T Lo KD #E
ZRTD.
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