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OVA, Cat-OVAs or poly-L-lysine (PLL), the assay was con-
ducted.

2.7. In vivo disposition experiment

OVA and Cat-OVAs were radiolabeled with '11In using
the bifunctional chelating agent DTPA anhydride according
to the method of Hnatowich et al. [21]. 1!} In-labeled antigen
proteins were subcutaneously injected into the footpad of
male ddY mice at a dose of 50 pl per mouse in 2 mg/ml pro-
tein solution. At appropriate times after administration, un-
der ether anesthesia, leg (injection site), the liver, kidney and
spleen were isolated, rinsed with saline and weighed. Plasma
was obtained from the blood by centrifugation. The amount
of 1''In radioactivity in urine was also determined by col-
lecting the urine remaining in the bladder. The radioactivity
in each sample was counted in a well-type Nal-scintillation
counter {ARC-500, Aloka, Tokyo, Japan).

2.8. CTL assay

C57BL/6 mice were immunized four times at weekly in-
terval in the footpad with OVA, Cat-OVAs or OVA emulsi-
fied in Freund’s complete adjuvant (CFA) [22] at a dose of
50 nl per mouse in 2 mg/ml protein solution. Ten days after
the last immunization, splenocytes were isolated from the
immunized mice and restimulated in vitro for 5 days with
mitomycin C-treated E.G7. Target cells (E.G7 or EL4; EL4
was used as a target control) were labeled with 3!Cr by in-
cubating with Nap*!CrQy in culture medium for 45 min at
37°C. After washing, 2 x 10* of 31Cr-labeled target cells
and serially diluted splenocytes were coincubated in 200 pl
culture medium for 4 h at 37 °C. Spontaneous release of ' Cr
with no effector cells and maximal release in the presence
of 1% NP40 were also evaluated. Cells were centrifuged
{1500 rpm) for 5 min, and 100 pl of each supernatant was
collected for radioactivity measurements. The cytolytic ac-
tivity of CTLs was calculated as [23]:

% killing

100 I observed release — spontaneous release
= X

|

maximal release — spontaneous release

2.9. Tumor challenge experiment

C57BL/6 mice were immunized twice at weekly intervals
in the footpad with each antigen. Eight days after the last
immunization, 1 x 10% per mouse of E.G7 were administered
intradermally into the back as a challenge. The tumor size
was measured with a slide caliper and expressed as a tumor
index, determined as the square root of (major axis x minor
axis). The survival time of the tumor-challenged mice was
also recorded.
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2.10. Assessment of local damage at the injection site

ddY mice were immunized subcutaneously in the foot-
pad with OVA, Catg-OVA, Catap-OVA, OVA/cationic lipo-
some complexes, or OVA emulsified in CFA. OVA/cationic
liposome complexes were prepared as follows: cationic
liposomes (DOTMA:DOPE = 1:1) were mixed at a final
concentration of 1.85mg/ml with OVA dissolved in 5%
dextrose and incubated for more than 30 min at RT [24.25].
After 24h, the footpad thickness was measured with a
micro-meter and the degree of footpad swelling was calcu-
lated by subtracting the mean thickness of the footpad of
mice which were injected with no antigen.

3. Results

3.1. In vitro cellular association of Car-OVAs with
antigen-presenting cells

We initially examined the cellular association of
Cat-OVAs with DC2 4 cells in comparison with native OVA
using FITC-labeled proteins. Confocal microscopic studies
demonstrated that, after a 1 h incubation at 37 °C, the flu-
orescence derived from OVA was observed in a punctate
pattern in the cells (Fig. 1A), indicating that OVA was prob-
ably internalized by endocytosis by the DCs. On the other
hand, much stronger fluorescent signals were observed in
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Fig. 1. Cellular association of FITC-labeled OVA and Cat-OVAs with
DC2.4 cells. DC2.4 cells were incubated with [ mg/ml FITC-labeled OVA
or 200 pg/ml FITC-labeled Cat-OVAs for 1 h at 37 or 4°C. The nuclei
were stained with propidium jodide. (A) OVA at 37°C; (B) Catg-OVA at
37°C; (C) Catyg-OVA at 37°C; (D) Catzp-OVA at 4°C.



2612

200
180
160
40T
120
100 |

--0OVA
—4+—Catg-OVA
—&-Cat,OVA

1L-2 (pg/ml}

10

100 1000

Antigen concentration {ug/ml}

Fig. 2. MHC class I presentation of native OVA and Cat-OVAs by
DC2.4 cells. DC2.4 cells {5 x 10% per well) were incubated with various
concentrations of antigen and CDS8OVAL.3 T hybridoma cells (1 x 10°
per well) at 37°C. After 24k, IL-2 production from CDSOVA13 T
hybridoma cells was measured by ELISA. Results are expressed as the
mean £ 5.D. (@) OVA; (A) Caty-OVA; () Catag-OVA. *P < 0.05 or
**P < 0.01 compared with the OVA group.

the cells treated with FITC-labeled Cat-OVAs, although the
applied concentration of Cat-OVAs was as little as one-fifth
compared with that of OVA (Fig. 1B and C). In partic-
ular, Catzg-OVA exhibited a marked cellular uptake. The
fluorescence derived from Catyg-OVA was also localized
in the cytoplasm, suggesting that part of the internalized
Catyp-OVA was transferred into the cytoplasm. At 4°C,
only binding at the cellular surface was observed (Fig. 1D).
These images confirm that Cat-OVAs are efficiently taken
up by DC24 through adsorptive endocytosis based on
electrostatic interaction.

3.2. MHC class I presentation and cytotoxicity

In order to examine whether Cat-OVAs are presented on
MHC class I following cellular uptake, we conducted an anti-
gen presentation assay (Fig. 2). In the case of native OVA,
a slight IL-2 induction was observed at a higher concentra-
tion. In contrast, Catg-OVA exhibited a high level of presen-
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Fig. 3. Effect of native OVA, Cat-OVAs and poly-L-lysine {PLL) on DC2.4
cell viability measured by MTT assay after 24-h incubation at 37°C.
Results are expressed as the mean = 5.D. (@) OVA; (A) Caty-OVA; (H)
Cata-OVA. *P < 0.05 or ** P < 0.01 compared with the OVA group.

tation on MHC class I, suggesting that this OVA derivative
has a potential to increase the immune response, However,
Catsp-OVA was scarcely presented under these experimen-
tal conditions in spite of extensive uptake by DC2.4 cells,
indicating that further cationization was less effective to the
class I peptide presentation in this system.

We also examined the cytotoxicity of OVA and Cat-OVAs
against DC2.4 by MTT assay because polycations such as
poly-L-lysine have cytotoxicity [26,27]1. OVA and Caty-OVA
did not show any significant cytotoxicity against the DCs,
although cellular damage was observed at higher concentra-
tions of Catyp-OVA (Fig. 3). Marked cytotoxicity was ob-
served for poly-L-lysine under the same conditions.

3.3. Augmentation of in vivo immune response by
cationization

Prior to in vivo evaluation, we examined the biodispo-
sition of native OVA and Cat-OVAs after subcutaneous
injection into the footpad. Native OVA and Cate-OVA grad-
vally disappeared from the injection site and distributed to
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Fig. 4. Time-course of plasma concentrations, tissue accumulation and urinary excretion of native OVA (A), Catg-OVA (B) and Catx-OVA (C) after
subcutancous injection in mice at a dose of 100 pg per mouse. Results are expressed as the mean + S.D. (@) Leg (injection site); (&) liver; (ll) kidney;

(¥} spleen: (O) plasma; () urine.
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Fig. 5. Induction of OVA-specific CTLs by immunization with native OVA, Cat-OVAs and OVA in CFA. Mice were immunized four times with 100 ug
OVA or Cat-OVAs and 10 days after the last immunization, splenocytes were isolated and SICr release assay was performed after 5 days. E.G7 (A) and
EL4 (B) were used as the target cells and specific lysis (C} was calculated by subtracting the % killing of EL4 from that of E.G7. (x) No treatment;

(@) OVA: {A) Caty-OVA; (H) Catz-OVA; {O) OVA in CFA.

various organs {Fig. 4A and B). In contrast, elimination of
Catyg-OVA from the injection site was very slow and more
than 50% of it remained there with restricted distribution to
organs (Fig. 4C).

To evaluate whether antigen-specific CTLs were elicited
by subcutaneous immunization with soluble antigens, native
OVA or Cat-OVAs, we examined the OVA-specific CTL
response using E.G7 cells expressing OVA (Fig. 5). The
splenocytes from the mice immunized with unmodified OVA
showed no significant induction of OVA-specific CTLs. A
slight CTL induction was observed in the group of Catg-OVA
immunization. The splenocytes from Catyo-OVA-treated
mice showed a very high level of OVA-specific CTL activ-
ity comparable with that from the mice treated with OVA in
CFA, which has a stronger immune stimulating activity than
any other adjuvants, although it produces severe toxicity.

We also examined the ability of Cat-OVA immunaization
to provide a protective effect in vivo against an E.G7 tumor
challenge. A significant inhibitory effect on tumor growth
was observed in Catzo-OVA-immunized mice (Fig, 6). Na-
tive OVA and Catg-OVA had marginal effect. OVA in CFA
displayed the most significant effect. Similar results were
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Fig. 6. In vivo growth inhibitory effect produced by immunization with
native OVA, Cat-OVAs and OVA in CFA. Mice were immunized twice
and 7 days after the last immunization, [ x 10% cells of E.G7 were chal-
lenged intradermally. (x) No treatment; (@) OVA; (&) Caty-OVA; (W)
Catap-OVA; (O) OVA in CFA. Results are expressed as the mean +S.E.M.
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Fig. 7. Prolongation of survival time by immunization with native OVA,
Cat-OVAs and OVA in CFA. Mice were immunized twice and 7 days after
the last immunization, 1x 109 cells of E.G7 were challenged intradermally.
(x) No treatment; (#) OVA; (&) Catg-OVA; (l) Cat2-OVA: (O) OVA
in CFA.

obtained for the survival of mice challenged with E.G7 tu-
mor cells {(Fig. 7, Table 2).

3.4. Tissue damage after local injection

In order to assess the local tissue damage at the injection
sites, we compared the footpad swelling at 24 h after immu-
nization (Fig. 8). A cationic liposome formulation was also
tested because there are several reports claiming that the im-
mune response is potentiated by antigens used with cationic
liposomes [24,25,28-30]. Subcutaneous injection of native
OVA did not induce any swelling at the injection site. As
expected, marked footpad swelling was observed in OVA

Table 2
Mean survival time of immunized mice on tumor challenge

Antigen Mean survival time
No treatment 337 + 0.843

OVA 414 £ 6.16
Catg-OVA 40.7 + 4.47
Catz-OVA 53.3 £+ 10.02¢
OVA in CFA 573 £ 10.5°

# Significantly prolonged compared to the no treatment group.
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Fig. 8. Footpad swelling in mice immunized with OVA, Cat-OVAs,
OVAfliposome complexes or OVA in CFA, Mice were immunized with
100 ng OVA, Cat-OVAs, OVA/lipesome complexes or OVA in CFA and
24 h after immunization, the footpad swelling was measured. Results are
expressed as mean £ S.D. *P < 0.05 or *P < 0.0]1 compared with the
OVA group.

in CFA-treated mice, probably due to local inflammation.
OVAJcationic liposome complexes also induced significant
footpad swelling. On the other hand, no significant swelling
was ohserved in mice challenged with Cat-OVAs, suggest-
ing that the soluble cationic proteins did not induce any local
damage at the injection sites.

4. Discussion

In the present study, we demonstrate, for the first time, that
antigen-specific CTLs can be effectively elicited by cation-
ization of a soluble antigen protein without any adjuvants.
We have evaluated the ability of two kinds of Cat-OVAs with
different cationic charges to elicit a CTL response through
enhanced uptake by APCs and concomitant participation in
the class I pathway. Caty-OVA, a cationized OVA detivative
with more cationic charges, showed a pronounced induction
of the OVA-specific CTL response after subcutaneous im-
munization. The CTL response was comparable with that
induced by OVA with CFA, which is the strongest adju-
vant afthough it has severe toxic effects. In contrast to the
CFA formulation that actually produced local tissue damage
in this study, Caty-OVA appeared to be safer. Catyg-OVA
also showed a significant protective effect on the growth of
OVA-expressing E.G7 tumor cells, although the effect of
OVA with CFA was superior to that of Catyg-OVA.

However, contrary to our expectation that both Cat-OVAs
showed a higher class I presentation compared with native
OVA due to enhanced cellular uptake by DC2.4 cells, in vitro
experiments demonstrated that Catyo-OVA failed to show an
efficient class I presentation whereas Catg-OVA showed a
high level of class I presentation in the DC2.4/CD8OVAL.3
system. For the antigen presentation, fragmentation of the
antigen and binding of the fragmented antigen to the class I
molecule would be necessary. CD8OVA1.3 recognizes cnly
SIINFEKL, one of the OVA class [ epitope. Probably, not
all but some-OVA epitopes are acylated by the cationization
process since it contains glutamic acid, a target amino acid
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of cationization. Although Cat-OVAs should undergo appro-
priate processing to generate the epitope for class I presenta-
tion after endocytic uptake by DC2.4 cells, acylation of the
epitope would affect the processing in the DCs. This effect
might be significant in the case of Catzp-OVA with a higher
degree of chemical modification and enhanced uptake by
DC2.4 cells did not result in efficient class I presentation.
Fven if the acylated epitope was successfully presented on
the class I, CD8OVA1.3 might not recognize the epitope,
It has been reported that alteration of epitopes could even
cause an antagonistic effect in antigen recognition via T cell
receptors [31] and the glutamic acid in this epitope may be
involved in recognition via T cell receptors [32]. In addition,
cytotoxicity of Catyy-OVA against DC2.4 cells at the higher
concentration may be involved in the results of the antigen
presentation assay. In the case of Catg-OVA, the effect of
epitope modification would be less likely, accounting for the
fact that this derivative exhibited a high presentation effi-
cacy of the epitope in the assay. Enhanced cellular uptake
of Catg-OVA by DC2.4 cells would significantly contribute
to this result. On the other hand, high level of cytolytic
activity against OVA-expressing E.G7 tumor cells was ob-
served in vivo by immunization with Catzg-OVA while that
against EL4 was low level. This result suggests that immu-
nization with Catyg-OVA elicited antigen-specific response
in which OVA-specific CTLs sheuld involved, although we
did not clarify the MHC restriction of the cytolytic activity,
Non-specific cytotoxic effect mediated by NK cells, CD4at
T cells and macrophages might be also involved in the result,
but it should not be significant according to the low leve] of
cytolytic activity against EL4. Therefore, antigen presenta-
tion may occur in a different way from that under in vitro
conditions. After subcutaneous immunization, APCs, resid-
ing in the skin including Langerhans cells, would play an im-
portant role in Cat-OVA uptake, processing and subsequent
antigen presentation. OQur pharmacokinetic study suggests
that Catzg-OVA should have an advantage over Catg-OVA
and native OVA in terms of efficient uptake by APCs in the
skin since Catyp-OVA showed a prolonged retention at the
injection site, which will significantly increase the availabil-
ity for the target cells. The processing of Cat-OVA in these
APCs may be different from that by DC2.4 cells. The acy-
lated epitope in Catzp-OVA might be properly processed to
generate the typical epitope, SIINFEKL, and presented on
MHC class I. In addition, some epitopes other than SIIN-
FEKL., presented on MHC class I not having glutamic acid
nor asparaginic acid, both of which are targets of cationiza-
tion, might be also involved in recognition by T cells.
Although previous studies have also demonstrated an in-
creased immune response using cationized antigen proteins,
CTL induction was not reported. Michael and co-workers
reported that the cationized form of BSA showed enhanced
immunogenicity in an animal mode! [10,33-35]. Farmer
et al. demonstrated that cationized diphtheria toxoid was an
effective inducer of human antigen-specific T cell response
[11,36]. In these studies, the enhanced immune response by



T. tkenaga et al, /Vaccine 22 (2004) 2609-2616 2615

cationized antigen proteins was due to enhancement of anti-
gen uptake by APCs and subsequent stimulation of helper
T cells. We also speculated that, after immunization with
Catag-OVA, efficient antigen presentation on MHC class 11
should occur as well as on class 1 and both CTLs and helper
T cells should be activated. It is possible that cytotoxic
CD4* T cells [37], macrophage-mediated tumor cytotoxic-
ity and antibody-mediated cellular cytotoxicity [38], as well
as CD8* CTL, were involved in protective effect on the
growth of tumor cells. It has been reported that CD4+ CTL
clones are capable of killing tumor cells such as melanoma
by perforin/granzyme pathway of Fas/FasL interaction and
that activated macrophages are able to recognize and lyse
tumor cells by the release of cytotoxic mediators including
TNF-a, IL-1, nitric oxide and reactive oxygen intermediates
or phagocytosis. Otherwise, it is also possible that CD8*
CTL activation takes place in a CD4™ T cells independent
manner because Catag-OVA was avidly taken up by APCs
[39]. This pheromenon may have contributed to the pro-
longed survival of tumor-challenged mice, since the respon-
siveness of CD4™1 T cells has been reported to be reduced
in the tumor-bearing state [40].

In the case of Catzp-OVA immunization, we anticipated
local tissue damage at the injection site because cytotoxicity
of Catyp-OVA was observed in vitro at the higher concen-
tration (Fig. 3). However, Catzg-OVA as well as Catg-OVA
showed no significant local tissue damage in vivo whereas
OVA/liposome complex showed local tissue damage (Fig. 8).
It was likely that the local concentration of Catzg-OVA did
not reach to a cytotoxic level presumably due to diffusion
of the soluble cationic protein at the injection site follow-
ing subcutaneous administration. The strategy of cationiza-
tion has been exploited for the purpose of efficiently deliv-
ering a variety of proteins, and either cationic polymers or
cationic liposomes are commenly utilized for gene delivery
(41]. In particular, it has been reported that cationic lipo-
somal delivery of OVA is a useful strategy for inducing an
OVA-specific CTL response [28,29]. The result of assess-
ment of local damage suggests that Cat-OVAs would be safer
than the cationic liposome formulation tested in this study.

In conclusion, this is the first demonstration that a high
level of CTL activity could be achieved by immunization
with a water-soluble cationized antigen without any adju-
vants. Moreover, no major local tissue damage by this vac-
cine was observed. These findings have important implica-
tions for the future design of protein- or peptide-based vac-
cines.
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SUMMARY

Exogenous antigens endocytosed in large amounts by antigen-presenting cells (APC) are pre-
sented on major histocompatibility complex (MHC) class I molecules as well as on class II
molecules, a process called cross-presentation. Among APC, dendritic cells (DC) play a key role
in cross-presentation by transporting internalized antigen to the cytosol. The present study
shows that ovalbumin (OVA) introduced with negative charges by succinylation (Suc-OVA),
maleylation (Mal-OVA) or cis-aconitylation (Aco-OVA} was efficiently taken up by DC via
scavenger receptors (SR). Mal-OVA and Aco-OVA were efficiently cross-presented by DC,
while cross-presentation of Suc-OVA was hardly observed. MHC class I presentation of
acylated OVA introduced directly into the cytosol was inefficient and presentation of exogenous
native OVA but not of Aco-OVA was markedly augmented by chloroquine, an inhibitor of
endosomal acidification, suggesting that deacylation in endosomes or lysosomes is necessary for
cross-presentation of acylated OVA, MHC class I presentation of exogenous native OVA and
Aco-OVA by DC was blocked by lactacystin and brefeldin A, demonstrating that exogenous
antigens taken up by DC are cross-presented through the conventional cytosolic pathway.
Therefore, SR-mediated delivery of antigen to DC leads to efficient cross-presentation, although
the pathway of chemical modification should be considered.
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INRODUCTION

Successful immunotherapy against cancer or infectious
diseases requires induction of cytotoxic T lymphocyte
(CTL)-mediated immune responses. Antigen-specific CTL
are generated when antigen-presenting cells (APC) pre-
sent peptides from antigen on major histocompatibility
complex (MHC) class I molecules to naive CD8* T cells.
In general, however, proteins taken up by APC are
degraded in endosomal/lysosomal compartments and
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presented on MHC class II molecules, while MHC class 1
molecules associate exclusively with peptides derived from
endogenously synthesized proteins, such as virus-encoded
proteins or tumour antigen.! Therefore, it is not expected
that exogenous antigen gain access to the MHC class I
antigen presentation pathway and initiate CTL responses.
However, APC are able to present exogenous antigens
on MHC class I molecules under certain conditions, a
process called cross-presentation. > Although macrophages
and B cells are capable of cross-presentation in vitre,**
dendritic celis (DC) are most likely to be crucial in this
process because of their distinctive ability to prime naive
T cells and generate CTL responses in vive.” In addition to
phagocytosis*® and macropinocytosis,”>'® antigen endocy-
tosed via Fcy receptors'! and scavenger receptors (SR)>'¥ 14
are efficiently cross-presented to CD8* T cells by APC.
SR, which recognize diverse polyanionic ligands,'® are
expressed on macrophages, B cells and DC, and negatively
charged proteins obtained by succinylation or maleylation
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are known to be SR ligands.'®!” Thus, using such chemical
modifications, antigens are expected to be efficiently taken
up by APC through SR-mediated endocytosis.

In this study, in order to investigate the possibility that
efficient cross-presentation of soluble antigens by DC can
be achieved through SR-mediated delivery and to study its
mechanism, ovaloumin (OVA), which was selected as a
model antigen, was introduced with negatively charges
obtained via three forms of acylation, namely, succinylation
(Suc-OVA), maleylation (Mal-OVA) and eis-aconitylation
(Aco-OVA). Cellular uptake and subsequent MHC class 1
presentation of these chemically modified OVA were stud-
ied using a well-characterized DC line, DC2.4.1817

MATERIALS AND METHODS

Chemicals

OVA, fluorescein isothiocyanate (FITC), polyinosinic
acid (poly[I]), polycytidylic acid (poly[C]), bovine serum
albumin (BSA), lactacystin, brefeldin A and chloroguine
were purchased from Sigma (St. Louis, MO). Succinic
anhydride was purchased from Nacalai Tesque (Kyoto,
Japan). Maleic anhydride and cis-aconitic anhydride were
purchased from Wako Pure Chemical Industries (Osaka,
Japan). Diethylenetriaminepentaacetic acid (DTPA)
anhydride was purchased from Dojindo Laboratory
{Kumamoto, Japan). The OVA,s7-264 peptide, SIINFEKL
was purchased from Bachem (Bubendorf, Switzerland).
" InCl, was supplied by Nihon Medi-Physics (Takarazuka,
Japan). All other chemicals were reagent-grade products
obtained commercially,

Cell lines
The murine DC line DC2.4 (haplotype H-2%) was a gener-
ous gift from Dr K. L. Rock (University of Massachusetts
Medical Center, Worcester, MA).'® DC2.4 cells display
dendritic morphology, express a series of DC-specific
markers, MHC class I and II molecules, costimulatory
molecules, and have phagocytic property and antigen-
presenting capacity.'® CDS8OVA1.3 T hybridoma cells,
which secrete IL-2 upon stimulation with SIINFEKL-K®
complexes,”® were kindly provided by Dr C. V. Harding
{Case Western Reserve University, Cleveland, OH).
DC2.4 cells were cultured in RPMI-1640 medium
(Nissui Pharmaceutical, Tokyo, Japan) supplemented with
10% fetal bovine serum (Equitech-Bio, Kerrville, TX),
50 pM 2-mercaptoethanocl, 2 mM L-glutamine, and anti-
biotics (all from Invitrogen, Carlsbad, CA). CD8OVAL3
cells were grown in Dulbecco’s modified Eagle med-
jum (Nissui) supplemented as described for RPMI-1640
medium,

Chemical modification of OVA

OVA was modified with succinic, maleic or cis-aconitic
anhydride (Aco-OVA) at alkaline pH.!%*!*? In brief, OVA
was dissolved in 0-2 M Tris buffer (pH 865), and an
appropriate amount of each anhydride was added to the
solution. The mixture was stirred until ail the anhydride
dissolved and kept at pH > 8 during the reaction. After the

225

K. Shakushiro et al.

reaction was complete, free anhydride was removed by gel
filtration with a Sephadex G-25 column (Amersham Bio-
sciences, Piscataway, NJ). The protein fractions were then
concentrated by ultrafiltration, and finally lyophilized. The
purity of these products was confirmed by isoelectric
focusing and unmodified OVA was not detected in all the
derivatives. Thus, the products were used in following

experiments without further purifications. The degree of
modification was assessed by estimating the loss of free

amino groups as measured by trinitrobenzenesulphonic
acid (TNBS).2

Evaluation of deacylation of acylated OV A by hydrolysis
Each acylated OVA was dissolved in phosphate-buffered
saline at pH 5-0 or 7-4, and incubated at 37°. At appro-
priate intervals, aliquots were collected and free amino
groups were determined using TNBS. Deacylation at each
time point was evaluated as the ratio of the remaining
acylated amino groups.

Confocal microscopy

OVA, Suc-OVA and Aco-OVA were labelled with FITC by
the method of Monsigny et al.** DC2.4 cells cultured on
glass coverslips were incubated with FITC-labelled proteins
at 37°, After 6 hr, cells were washed and fixed with 4%
paraformaldehyde. Confocal images were observed with a
laser scanning confocal microscope (MRC-1024, Bio-Rad,
Hercules, CA).

Cellular association experiments
For cellular association experiments, proteins were radio-
labelled with '''In using the bifunctional chelating agent
DTPA anhydride according to the method of Hnatowich
et al.®> This radiolabeling method is suitable for the study
of cellular association because any radicactive metabolites
produced after cellular uptake are retained within the
cells.?® DC2.4 cells cultured on 24-well plates were added to
Hanks’ balanced salt solution (HBSS) containing indicated
concentrations of ''In-labelled proteins and incubated
at 37°. After indicated times, the protein solution was
removed and cells were washed with ice-cold HBSS. Cells
were then solubilized with 0-3 N NaOH with 0-1% Triton-
X-100 and the radicactivity in the cell lysate was measured
using a well-type Nal-scintillation counter (ARC-500,
Aloka, Tokyo, Japan). The amount of cellular protein in
each cell lysate was estimated using a protein quantification
kit (Dojindo Laboratory).

In competition experiments, '''In-labelled Suc-OVA
was added to DC2.4 cells concomitantly with a variety of
unlabelled macromolecules.

Antigen-presentation assays

Various concentrations of antigen were added to DC2.4
cells (5 x 10*/well) cultured on 96-well plates and incubated
with CDSOVAL.3 T hybridoma cells {(10°/well) at 37°.
After 24 hr, the cell culture supernatants were collected and
freeze—thawed. Then, the response of CDSOVAL3 T cells
was determined by measuring interleukin-2 (IL-2) levels in
the supernatants with enzyme-linked immunosorbent assay
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(ELISA; AN'ALYZA mouse IL-2, Genzyme-Techne,

Minneapolis, MN). The antigen presentation experiments
were carried out in the presence of serum to maintain
normal cellular functions of DC2.4 and CDSOVAIL3
T cells during the experiments. Although serum might
contain SR ligands including lipoproteins that may affect
the antigen uptake, the effect of these putative ligands
would be negligible since the antigen concentration was
high (up to 1-5 mg/ml).

In some assays, antigen was introduced directly into the
cytosol by osmotic lysis of pinosomes.”’ Briefly, each anti-
gen was dissolved in hypertonic medium (RPMI-1640
medium containing 0-5 M sucrose, 10% polyethylene glycol
1000 and 10 mm HEPES) at 5 mg/ml. DC2.4 cells were
pelleted and resuspended at 2 x 10%ml in antigen-
containing hypertonic medium for 10 min at 37°. The sus-
pension was diluted to 30-fold with hypotonic medium
(60% RPMI-1640 and 40% water) and left for 2-3 min at
37°. Cells were then pelleted, resuspended in culture med-
ium and plated at different cell numbers. After a 3-hr
incubation at 37°, cells were fixed with 1% paraformalde-
hyde and incubated with CD8OVA1.3 T hybridoma cells
(10°Awell) for 20 hr, IL-2 levels in the culture supernatants
were determined by ELISA.

To study the pathway for antigen presentation, DC2.4
cells (10°/well) were incubated with 100 uM chloroquine,
10 zM lactacystin, or 5 ug/ml brefeldin A for 30 min prior
to the addition of antigen. Cells were further incubated for
6 hr at 37° in the continved presence of inhibitor, washed
and fixed. Then CD8OVAIL3 T hybridoma cells (10°/well)
were added and, after 20 hr, the IL-2 levels in the sup-
ernatants were measured.

RESULTS
Chemical modification of OVA

As shown in Table 1, the 18-3, 19-1, and 14-8 amino groups
of OVA were modified with succinic (Suc-OVA), maleic
(Mal-OVA) and cis-aconitic anhydride (Aco-OVA),
respectively. These three derivatives seemed to possess
enough negative charges to have an affinity for SR.2®

Deacylation of acylated OVA by hydrolysis
In the recognition of antigenic peptide presented on MHC

molecules, T cells strictly discriminate the structure of the

Table 1. Characteristics of acylated OVA*

Number of Estimated

modified Number of free molecular
Compound amino groups amino groups weight
OVA 0 21 46 000
Suc-OVA 183 27 47 800
Mal-OVA 19-1 1-9 47 900
Aco-OVA 148 62 48 300

*The numbers and molecular weights were estimated using TNBS.
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Figure 1. Deacylation of acylated OVA under acidic or neutral
conditions, Acylated OVA in phosphate buffered saline pH 50 (a)
or 7-4 (b} was incubated for the indicated times at 37°. The ratio of
remaining acyl groups on each protein was determined by estima-
ting the number of acylated amino groups at each time point using
TNBS. Resulis are expressed as the mean + SD (n=3).

peptide using T-cell receptors (TCR). Accordingly, the acyl
group on the antigenic peptide may affect the TCR recog-
nition. It has been demonstrated that maleyl and cis-
aconityl groups introduced into proteins are removed by
hydrolysis at an acidic pH, unlike succinyl groups.?® Thus,
deacylation of each acylated OVA by hydrolysis was
investigated at pH 7-4 and 50, assuming physiological and
endosomal/lysosomal conditions, respectively. At pH 50,
the acyl groups of Aco-OVA were removed by hydrolysis
in a time-dependent manner (), = 397 hours) (Fig. 1a).
Mal-OVA also underwent hydrolysis, although the rate was
slower than Aco-OVA (1), = 788 hr). On the other hand,
deacylation of Suc-OVA was hardly observed under these
conditions. All three derivatives were stable at pH 74
(Fig. 1b). These results suggest that after being endocyto-
sed, Aco-OVA and Mal-OVA are deacylated in acidic
compartments such as endosomes and lysosomes and
returned to native OVA, whereas they are stable in the
extracellular fluid.

Internalization of acylated OVA into endocytic
compartments

Figure 2 shows confocal microscopic images of uptake of
FITC-labelled native and acylated OVA by DC2.4 cells.
Punctate vesicular staining by FITC-labelled proteins was
observed within DC2.4 cells, suggesting that after binding
to the DC, acylated OVA was internalized into endocytic
compartments.

Cellular association experiments

Allthe '"'In-labelled proteins were taken up by DC2 4 cells in
a time- and concentration-dependent manner, and acylated
OVA were more efficiently taken up by DC2.4 cells than
native OVA (Fig. 3). Because the association of each protein
was saturable and its amount was higher in acylated QVA
than in native OVA which is taken up through mannose
receptors,”” it is likely that other receptors, probably SR
also participate in the uptake of acylated OVA.

To study the uptake mechanism of acylated OVA, com-
petition experiments were performed using '''In-labelled
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Figure 2. l_nr.raocllular localization of FITC-labelled native OVA (a), Suc-OVA (b), and Aco-OVA (c) in DC2.4 ceils. DC2.4
cells were incubated with 1 mg/ml FITC-labelled proteins for 6 hr at 37°.
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Figure 3. Time-course and concentration~dependence of ceilular
association of '''In-labelled native or acylated OVA in DC2.4 cells.
DC2.4 cells were incubated with '''In-labelled proteins at 5 pg/ml
for indicated times (a} or at various concentrations for 3 hr (b) at
37°, Results are expressed as the mean + SD (n=3). *P < 005
versus OVA by Student’s 1-test.

Suc-OVA and excess amounts of unlabelled native or acyl-
ated OVA, maleylated BSA (Mal-BSA), poly[I], or poly[C}.
The amount of cellular association of ''In-Suc-OVA with
DC2.4 cells was significantly reduced by all kinds of unla-
belled acylated OVA (Fig. 4). Furthermore, poly[l] and
Mal-BSA, but not poly[C], inhibited the cellular association
of '"'In-Suc-OVA. These results demonstrate that each
acylated OVA is endocytosed by DC via the same recep-
tors, that is, SR.
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Figure 4. Inhibition of cellular association of Wy Jabelled Suc-
OVA with DC2.4 cells, ""'In-Suc-OVA (10 ug/ml) was added to
DC2.4 cells concomitantly with unlabelled protein (500 pg/ml),
poly[f] or poly[C] (100 pg/ml) and incubated for 3 hr at 37°.
Results are expressed as the mean + SD (n=3). *P < 001 versus
control by Student’s f-test.
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Figure 5. MHC class I presentation of exogenous native or acylated
OVA by DC2.4 cells. DC2.4 cells (5 x 10*/well} were incubated
with various concentrations of antigen and CD8OVAL3 T hybri-
doma cells (10°/well} at 37°. After 24 hr, IL-2 production from
CDSOVAL3 T hybridoma cells was measured by ELISA. Results
are expressed as the mean £ SD (n=3). *P < 005 versus OVA by
Student’s #-test.

Cross-presentation of native and acylated OVA

Figure 5 shows MHC class I presentation of exogenous
native and acylated OVA by DC2.4 cells. Aco-OVA and
Mal-OVA, which showed enhanced uptake by DC2.4 cells
and deacylation under acidic conditions, were efficiently
cross-presented to CDSOVAL3 T hybridoma cells. In
contrast, despite the higher association with DC2.4 cells,
Suc-OVA induced a lower response of CD8OVAL.3 cells
than native OVA.

The most prominent difference between Suc-OVA and
Aco-OVA or Mal-OVA seems to be the chemical stability
under acidic conditions (Fig. 1). Therefore, to ascertain
whether deacylation in endosomes or lysosomes is essential
for MHC class I presentation, each antigen was delivered
directly into the cytosol of DC2.4 cells, and the response of
CDSOVAL1.3 T cells to the antigen-introduced DC2.4 cells
was examined. When cytosolically delivered, Aco-OVA and
Mal-OVA failed to generate a higher response of CD8O-
VAL3 cells than native OVA (Fig. 6). Furthermore, the
effects of endosomal acidification on MHC class I pre-
sentation of exogenous native OVA and Aco-OVA was
also studied using chloroquine, which raises the pH in
the endosomal/lysosomal compartments. Treatment with

© 2004 Blackwell Publishing Ltd, Immunology, 112, 211-218
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Figure 6. MHC class 1 presentation of osmotically introduced
native or acylated OVA in DC2.4 cells. Each antigen (5 mg/ml)
was introduced directly into the cytosol of DC2.4 cells by osmotic
lysis of pinosomes. After a 3-hr incubation at 37°, cells were fixed,
further incubated with CDSOVAL3 T hybridoma cells (10°/well)
for 20 hr, and the levels of IL-2 in the supernatants were deter-
mined by ELISA. Results are expressed as the mean + §D (2=3).
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Figure 7. Effects of chloroquine on MHC class I presentation of
exogenous antigen by DC2.4 cells. DC2.4 cells (10° /well) were
incubated with or without chloroquine (100 gm) for 30 min at 37°
and mixed with 3 mg/ml native OVA or Aco-OVA. After a 6-hr
chase in the continued presence of chloroquine, cells were washed,
fixed and incubated with CD8OVAL3 T hybridoma cells (10°/well)
for 20 hr. IL-2 levels in the culture supernatants were determined
by ELISA. Results are expressed as the mean £ SD (n=23).
*P < 0-005 versus control by Student’s r-test.

chloroquine dramatically enhanced the MHC class I pres-
entation of exogenous native OVA, while the presentation
of Aco-OVA was reduced (Fig. 7). Taken together, these
results indicate that acyl groups on lysine residues in OVA
prevent processing for MHC class I presentation by DC
and/or recognition of antigenic peptide SIINFEKL by
T cells. Consequently, exogenous Suc-OVA failed to elicit
the response of CDROVAL3 T cells, whereas Aco-OVA

and Mal-OVA were efficiently presented because of their
reversibility at acidic pH.

The results in Fig. 7 also suggest that after endocytosis
of exogenous antigens, peptides to be presented on MHC
class I molecules are generated outside the endosomal/
lysosomal compartments in DC. Endogenous cytosolic
proteins are primarily degraded into peptides by
proteasomes. The peptides are then transported into the

© 2004 Blackwell Publishing Ltd, Immurology, 112, 211-218
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Figure 8. Effects of lactacystin and brefeldin A on MHC class I
presentation of exogenous antigens by DC2.4 cells. DC2.4 cells
(10° Awell) were incubated with or without lactacystin (10 um) or
brefeldin A (5 ug/ml) for 30 min at 37° and mixed with 3 mg/m]
native OVA, Aco-OVA or 01 pg/m! SIINFEKL. After a 6-hr
chase in the continued presence of inhibitors, cells were washed,
fixed and incubated with CDBOVAL3 T hybridoma cells (10°/well)
for 20 hr. IL-2 Jevels in the culture supernatants were determined
by ELISA. Results are expressed as the mean £ SD (n=1).
*P < 0-05 versus control by Student’s r-test,

endoplasmic reticulum (ER) by transporters associated
with antigen processing (TAP), where they bind to nascent
MHC class I molecules. The newly assembled peptide-
MHC complexes are transported to the cell surface and
presented to CD8* T cells.’’ To examine whether exo-
genous native and acylated OVA is cross-presented by DC
via this pathway, the effects of lactacystin, a proteasome
inhibitor, and brefeldin A, an inhibitor of anterograde
ER-Golgi transport were examined. Both lactacystin and
brefeldin A blocked MHC class I presentation of exogenous
native OVA and Aco-OVA but not of SIINFEKL, which
does not require intracellular processing for presentation
(Fig. 8). These results indicate that exogenous native and
acylated OVA are transported to the cytosol from endo-
somes or lysosomes and processed via the conventional
MHC class I presentation pathway.

DISCUSSION

It is well-known that cross-presentation occurs when
APC take up a large amount of exogenous antigens by
phagocytosis,*® macropinocytosis,>'® or receptor-mediated
endocytosis.>! 71432 APC express a variety of endocytic
receptors, such as mannose receptors,*® Fcy receptors,'!-**
and SR.S.IZ—H

Among APC, DC are considered to be responsible for
in vivo cross-presentation. It has been demonstrated that
DC are the only type of APC that efficiently transport
exogenous antigens to the cytosol.”® Therefore, specific
receptor-mediated antigen delivery to DC can be a prom-
ising approach for the development of effective vaccines.

In the present study, OVA was introduced with negative
charges for the purpose of efficient SR-mediated uptake
and cross-presentation by DC. Three kinds of negatively
charged OVA, Suc-OVA, Mal-OVA, and Aco-OVA were
synthesized and evaluated with respect to cellular associ-
ation and cross-presentation.
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Acylated OVA was efficiently taken up by DC2.4 cells
compared with native OVA (Fig. 3), and the uptake was
mediated by SR (Fig. 4). SR family has been divided into
six classes'” and most SR can bind a variety of anionic
macromolecules, including modified low density lipopro-
teins (LDL), polynucleotides, and negatively charged
proteins. It has been reported that SR are involved in the
cross-presentation of antigen from apoptotic (C'D'Bf))n and
live (SR-A)"* cells by DC and that of maleylated antigen
by macrophages and B cells.’ Moreover, SR-, especially
lectin-like oxidized LDL receptor-1 (LOX-1)-mediated up-
take and cross-presentation of heat-shock protein-antigen
conjugates by DC has been recently reported,’® thereby
supporting the usefulness of SR-mediated antigen delivery
to DC. In this study, which SR are expressed on the surface
of DC2.4 cells and involved in the uptake of acylated OVA
was not examined in detail although it is of particular
interest. The distinct, but partly overlapping, binding
properties of the SR classes represent a complication in
defining their respective activity in terms of ligand uptake,
Therefore, the biological response after the recognition of
acylated OVA might be unpredictable. However, this
approach can also be efficacious in fn vive vaccination, since
OVA-specific CTL were efficiently induced after subcuta-
neous injection of acylated OVA in mice (Yamasaki et al.
manuscript in preparation). We speculated that LOX-1
might be involved in the uptake of acylated OVA because
the inhibition profile shown (Fig. 4) was consistent with
that of LOX-1."* In fact, expression of LOX-1 on the sur-
face of DC2 .4 cells was confirmed by immunostaining (data
not shown). However, the details remain to be elucidated.

After SR-mediated endocytosis by DC24 cells,
enhanced presentation of antigenic peptides SIINFEKL on
MHC class I molecules to CD8OVAL.3 T hybridoma cells
was observed in the case of Mal-OVA and Aco-OVA, while
presentation of Suc-OVA was inefficient (Fig. 5). Native
and acylated OVA taken up by DC were accumulated in
endocytic compartments (Fig. 2), and under acidic condi-
tions, maleyl and cis-aconityl, but not succinyl groups on
lysine residues in OVA were removed by hydrolysis
(Fig. 1a). Thus, it appears that deacylation of Mal-OVA
and Aco-OVA occurs in endosomes or lysosomes and that
Suc-OVA remains unhydrolysed in such compartments.
Reduced presentation of Suc-OVA is thought to be
attributed to this chemical stability in the acidic compart-
ments. Direct introduction of acylated OVA into the
cytosol resulted in a lower response of CD8OVAL3 T
cells than that of native OVA (Fig. 6), supporting this
speculation.

The speculation was further confirmed using chloro-
quine, an inhibitor of endosomal acidification. MHC class I
presentation of exogenous native OVA by DC2.4 cells was
markedly augmented by chloroquine treatment and the
level of MHC class I presentation of Aco-OVA was re-
duced by this drug (Fig. 7), probably as a consequence of
suppression of deacylation in the acidic compartments. It is
conceivable that enhanced cross-presentation of native

OVA was caused by the inhibitory effect of chloroquine
on proteolysis by cathepsins, which require an acidic
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environment for activity. This finding also indicates that
proteolysis of OVA in the endosomal/lysosomal compart-
ments is not required for the cross-presentation by DC and
that the processing takes place in the cytosol. Rather,
endocytic degradation is likely to abrogate the cross-
presentation. Chloroquine has been reported to slightly
enhance MHC class I presentation of exogenous bead-

conjugated OVA by DC24 cells 8 although the data on
native OVA were not available, The difference in sensitivity
to chloroquine between native and bead-conjugated OVA
can be explained by the difference in size, because transport
of internalized antigen to the cytosol within DC is size-
selective.’

The cytosolic pathway for cross-presentation of native
and acylated OVA within DC was examined using lac-
tacystin, a proteasome inhibitor, and brefeldin A, an
inhibitor of anterograde ER-Golgi transport. MHC class I
presentation of exogenous native OVA and Aco-OVA
by DC2.4 cells was inhibited by both drugs (Fig. 8),
suggesting that internalized antigen in the endosom-
allysosomal compartments are delivered to the cytosol
and presented on MHC class I molecules via the con-
ventional pathway. It has been reported that in cross-
presentation of Mal-OVA by macrophages, processing
takes place in endosomes or lysosomes, not in the cyto-
sol.’ These two results probably reflect the type of APC
used in each study, because antigen transport to the cytosol
is restricted to DC3 and the endosomal MHC class I pres-
entation pathway is exclusively involved in the case of
macrophages.®2°

In summary, exogenous Mal-OVA and Aco-OVA are
efficiently taken up by DC via SR, deacylated in endosomes
or lysosomes and transferred to the cytosol. The deacylated
Mal-OVA and Aco-OVA in the cytosol are then processed
via the conventional c¢ytosolic pathway, which results in
enhanced MHC class I presentation. Although DC also
cfficiently take up Suc-OVA by SR-mediated endocytosis,
conceivably the succinyl groups on lysine residues are not
removed since Suc-OVA is chemically stable under acidic
conditions. As a result, even if transported to the cytosol,
Suc-OVA induces a poor response of CDSOVAIL3 T-cell
hybridomas. Possible reasons for this are that succinyl
groups inhibit ubiquitin conjugation on lysine residues
which is thought to be important in proteasomal degrada-
tion®® and that succinylated SIINFEKL cannot be recog-
nized by CDS0VAL3 cells through TCR, since
lysine residue on SIINFEKL is important for TCR
recognition.*™*

In conclusion, the present study reveals that efficient
¢cross-presentation can be achieved by antigen delivery to
DC by chemical modification. In applications involving
various types of tumour antigen, cis-aconitylation might be
superior to maleylation, because cis-aconitylation can
introduce two minus charges per amino group and there-
fore it can give antigen an affinity for SR with less modi-
fication than maleylation.*® These findings should provide
useful information for optimizing the design of in vive

cancer immunotherapy strategies based on the targeting of
antigens in a soluble form to DC.
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Furpose. Galactosylated emulsions containing cholesten-5-yloxy-/N-
(4-((1-imino-2-p-thiogalactosylethyl)amino)butlyformamide (Gal-
C4-Chol) as a “homing device™ were developed for hepatocyte-
selective drug targeting. The targeting efficiency of galactosylated
emulsions was evaluated by a distribution study in mice.

Methods. Soybean oil/EggPC/cholestero] (Chol) {weight ratio, 70:25:
5} (bare) emulsions and soybean oil/EggPC/Gal-C4-Chol (weight ra-
tic, 70:25:5} (Gal) emulsions were prepared and labeled with [*H]cho-
lesteryl hexadecyl ether (CHE). |'*Clprobucol as a model lipophilic
drug was incorporated in the emulsions or EggPC/Chol/Gal-C4-Chol
(Gal) liposomes. Their tissue and intrahepatic distribution were
evaluated following intravenous injection in mice.

Results, After intravenous injection, Gal-emulsions were rtapidly
eliminated from the blood and accumulated in the liver, in contrast to
the bare-emulsions. The liver uptake clearance of Gal-emulsions was
3.2- and 1.2-times greater than that of bare-emulsions and Gal-
liposomes, respectively. The uptake ratio in liver parenchymal cells
(PC) and nonparenchymal cells (NPC) of Gal-emulsions was higher
than that of Gal-liposomes, being 7.4 and 3.0, suggesting that Gal-
emulsions are an effective PC-selective carrier. The hepatic uptake of
Gal-emulsions, but not that of bare-emulsions, was significantly in-
hibited by the pre-dosing of not only lactoferrin but also Gal-
liposomes, suggesiing asialoglycoprotein receptlor-mediated endocy-
tosis. Furthermore, ['*C]probucol incorporated in Gal-emulsions was
efficiently delivered to the liver compared with Gal-liposomes.
Conclusion. Gal-emulsions have been proven to be an alternative
carrier for hepatocyte-selective drug targeting.

KEY WORDS: galactosylated emulsions: hepatocytes; lipophilic
drug; targeting.

INTRODUCTION

Receptor-mediated drug targeting is a promising ap-
proach to cell-selective drug delivery (1). One particular
method exploits the sugar recognition mechanisms that spe-
cific cell types possess. Receptors for carbohydrates, such as
the asialoglycoprotein receptor on hepatocytes and the man-
nose receptor on several macrophages and liver endothelial

! Department of Drug Delivery Research, Graduate School of Phar-
maceutical Sciences, Kyoto University, Sakyo-ku, Kyoto 606-8501,
Japan.

? Department of Biopharmaceutics and Drug Metabolism, Graduate
School of Pharmaceutical Sciences, Kyoto University, Sakyo-ku,
Kyoto 606-8501, Japan.

3 To whom correspondence should be addressed. {e-mail: hashidam@
pharm kyoto-u.ac.jp)

0724-8741/0440600-0932/: © 2004 Plenum Publishing Corporation

Research Paper

cells, recognize the corresponding sugars on the nonreducing
terminal of sugar chains. Recently, we synthesized a novel
galactosylated cholesterol derivative, that is, cholesten-5-
yloxy-N-(4-((1-imino-2-D-thiogalactosylethyl)amino)butyl)
formamide (Gal-C4-Chol), to modify liposomes with galac-
tose moieties for hepatocytes drug targeting (2). However, for
certain lipophilic drugs, liposomal carrier systems are of lim-
ited use for delivery because of their restricted solubilizing
capacity. Even though a drug carrier exhibits a favorable in
vivo disposition profile, limited solubility of the incorporated
drugs may lead to failure in achieving sufficient therapeutic
efficacy.

Lipid emulsions are considered to be superior to lipo-
somes due to the fact that they can be produced on an indus-
trial scale, are stable during storage, are highly biocompatible,
and have a high solubilizing capacity as far as lipophilic drugs
are concerned (3,4) because lipid emulsions possess an oil
phase in particulate form, so that it can dissolve large amounts
of highly lipophilic drugs. In this context, lipid emulsions have
widely been used as drug carriers, especially as long-
circulating drug carriers for passive targeting (5-7). Cell-
specific drug targeting is sometimes urgently required for a
variety of clinical purposes; however, there are few reports of
cell-specific drug targeting using lipid emulsions. Recently,
Rensen et al. developed novel apo E-associated emulsions for
hepatocytes targeting (8,9). These apo E-associated emul-
sions are reported 10 be selectively taken up by liver paren-
chymal cells and are useful for delivery of antiviral drugs, such
as iododeoxyuridine, to hepatocytes. However, introduction
of apo E to the carrier is rather complicated, and so there can
be problems as far as the reproducibility and stability of apo
E emulsions are concerned. The lipid emulsion (oil-in-water)
surface exhibits aqueous properties; thus, a galactose moiety
could be covered on the emulsion surface when Gal-C4-Chol
was added because galactose is a hydrophilic molecule, and so
the galactose moiety would be fixed on the emulsions surface.

The purpose of this study was to elucidate the biodistri-
bution characteristics of galactosylated (Gal-) emulsions after
intravenous administration as a novel drug carrier to hepato-
cytes. Then, we examined the applicability of probucol, which
is a model lipophilic drug, to investigate the usefulness of the
drug carrier. The targeting efficiency of probucol incorpo-
rated in emulsions was compared with that in EggPC/Chol/
Gal-C4-Chol liposomes, which is the optimized lipid compo-
sition for the targeted delivery of probucol by Gal-liposomes
(10). {*H]Cholesteryl hexadecyl ether (CHE) was used as an
emulsion marker (11).

MATERIALS AND METHODS

Chemicals

N-(4-aminobutyl}carbamic acid terr-buty] ester was pur-
chased from Tokyo Chemical Industry (Tokyo, Japan). Cho-
lesteryl chloroformate was obtained from Sigma Chemicals
(St. Louis, MO, USA). Egg phosphatidylcholine (EggPC) and
soybean oil were purchased from Wako Pure Chemicals In-
dustry Ltd. (Osaka, Japan). Cholestero! (Chol} and Clear-Sol
I were purchased from Nacalai Tesque (Kyoto, Japan). Solu-
ene 350 was obtained from Packard (Groningen, The Neth-
erlands). [*H]Cholesteryl hexadecyl ether (CHE) was pur-
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chased from NEN Life Science Products Inc. (Boston, MA,
USA). [**C]Probucol was purchased from Draiichi Radioiso-
topes (Tokye, Japan). All other chemicals were of the highest
purity available.

Synthesis of Gal-C4-Chol

Gal-C4-Chol was synthesized by the method described
previously (2). Briefly, cholesteryl chloroformate was reacted
with N-(4-aminobutyl) carbamic acid fert-butyl ester in chlo-
roform for 24 h at room temperature and then incubated
with trifluoroacetic acid for 4 h at 4°C. N-(4-aminobutyl)-
(cholesten-5-yloxyl)formamide was obtained after evapora-
tion of the solvent. A quantity of the resultant material was
added to an excess of 2-imino-2-methoxyethyl-1-thiogalacto-
side (12) in pyridine containing triethylamine. After 24 h in-
cubation at room temperature, the reaction mixture was
evaporated, resuspended in water, and dialyzed against dis-
tilled water for 48 h using a semipermeable membrane (12
kDa cutoff). Finally, the dialyzate was lyophilized.

Preparation ef Emulsions and Liposomes

Bare-emulsions consisted of soybean oil, EggPC, and
Chol at a weight ratio of 70:25:5. Gal-emulsions contained
soybean oil, EggPC, and Gal-C4-Chol at a weight ratio of
70:25:5. Bare-liposomes consisted of EggPC and Chol at a
molar ratio of 60:40. Gal-liposomes consisted of EggPC, Chol,
and Gal-C4-Chol at a molar ratio of 60:35:5. The lipid mixture
was dissolved in chloroform, vacuum-desiccated, and resus-
pended in 5 ml sterile phosphate-buffered saline (pH 7.4).
The suspension was sonicated for 20 min (200 W) under a
current of nitrogen. As for liposomes, after hydration, the
suspension was sonicated for 3 min (200 W), and the resulting
liposomes were passed through 200-nm (5 times) and 100-nm
(5 times) polycarbonate membrane filters using an extruder
device. The concentration of the emulsions and liposomes
was adjusted to 0.5% based on radioactivity measurement so
that the total EggPC, Chol, and Gal-C4-Chol content was
equivalent to 0.5 g per 100 ml. Radiolabeling of the emulsions
and liposomes was performed by addition of [PH]CHE (500
uCi) and/or [M*Clprobucol (50 nCi) with probucol (13.8 pg)
to the lipid mixture before formation of a thin film layer,
[**C]Probucol dissolved serum was prepared by addition of
mouse serum into a thin film of [**C]probucol (50 uCi) and
probucol (13.8 pg). [**C)Probucol dissolved serum was then
filtrated through a Mullex HV sterile filter (Millipore, Bed-
ford, USA) before the animal experiments. The particle sizes
of the emulsions and liposomes without radioisotope were
measured in a dynamic light-scattering spectrophotometer
(LS-900, Otsuka Electronics, Osaka, Japan). The zeta poten-
tial of emulsions and liposomes without radioisotope was
measured electrophoretically using a zeta-potential analyzer
(LEZA-500T, Otsuka Electronics). The density of Gal-C4-
Chol on emulsions and liposomes was determined by calcu-
lating the galactose content of Gal-emulsions and liposomes
using the anthrone sulfuric acid method (13).

In vivo Distribution

Five-week-0id male ddY mice (25.0-30.0 g) were ob-
tained from Shizuoka Agricultural Co-operative Association
for Laboratory Animals (Shizuoka, Japan). All animal experi-
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ments were carried out in accordance with the Principles of
Laboratory Animal Care as adopted and promulgated by the
U.S. National Institutes of Health and the Guideline for Ani-
mal Experiments of Kyoto University, FHJCHE (1.0 wCif100
1) and/or ["*Clprobucol (0.1 pn.Ci/100 pl)-labeled emulsions
or liposomes were injected into the tail vein of mice at a dose
of 5 mg/kg. In the hepatic uptake inhibition experiments, vari-
ous compounds were intravenously injected 1 min prior to the
intravenous injection of emulsions or liposomes. At given
times, blood was collected from the vena cava under anesthe-
sia and mice were then sacrificed. The liver, kidney, spleen,
heart, and lung were removed, washed with saline, blotted
dry, and weighed. A complete urine collection was obtained
by combining the excreted urine and that remaining in the
bladder. Ten microliters of blood, 200 pl of urine, and a smalli
amount of each tissue were digested with 0,7 ml Scluene-350
by incubating the samples overnight at 45°C. Following di-
gestion, 0.2 ml isopropanol, 0.2 ml 30% hydroperoxide, 0.1 ml
5 N HCI, and 5.0 m] Clear-Sol 1 were added. The samples
were stored overnight, and the radioactivity was measured
using a liquid scintillation counter (LSA-500, Beckman, To-
kyo, Japan}.

Hepatic Cellular Localization

The separation of liver parenchymal cells and non-
parenchymal cells was performed according to collagenase
perfusion method (14). Briefly, mice were anesthetized with
pentobarbital sodium (40-60 mg/kg) and given an intravenous
injection of [PHJCHE (0.5-1.0 pnCi/ 100 ul)-labeled emulsions
or liposomes, The body temperatures were kept at 37°C with
a heat lamp during the experiment. Then, 30 min after ad-
ministration, the liver was perfused first with Ca*, Mg?*-free
perfusion buffer [10 mM N-2-hydroxyethylpiperazine-N'-2-
ethanesulfonic acid (HEPES), 137 mM NaCl, 3 mM KCl, 0.5
mM NaH,PO,, and 0.4 mM Na,HPO,, pH 7.2] for 10 min
followed by perfusion buffer supplemented with 3 mM CaCl,
and 0.05% (w/v) collagenase (type I; pH 7.5) for 10 min. As
soon as the perfusion started, the vena cava and aorta were
cut, and the perfusion rate was maintained at 3-4 ml/min.
Following the discontinuation of perfusion, the liver was ex-
cised, and its capsular membranes were removed. The cells
were dispersed by gentle stirring in ice-cold Hank’s-HEPES
buffer containing 0.1% BSA. The dispersed cells were filtered
through cotton mesh sieves, followed by centrifugation at 50
x g far 1 min. The pellets containing parenchymatl cells (PC)
were washed twice with Hank’s-HEPES buffer by centrifug-
ing at 50 x g for 1 min. The supernatant containing non-
parenchymal cells (NPC) was similarly centrifuged twice. The
resulting supernatant was then centrifuged twice at 200 x g for
2 min. PC and NPC were resuspended separately in ice-cold
Hank's-HEPES buffer (4 ml for PC and 1.8 ml for NPC). The
cell numbers and viability were determined by the trypan blue
exclusion method. Then, the radioactivity in the cells (0.5 m!)
was determined as for the other tissue samples.

Calculation of Organ Clearance

Tissue distribution data were evaluated using the organ
distribution clearances as reported previously (15). Briefly,
the tissue uptake rate can be described by the following
equation:
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dx,

—dT = CLuplakc

"Gy 1)
where X, is the amount of [*H]-labeled emulsions or lipo-
somes in the tissue at time f, CL . is the tissue uptake
clearance, and C, is the blood concentration of [*H]-labeled
emulsions or liposomes. Integration of Eq. (1) gives

Xr = CLuplake ) AUC(()~1| (2)

where AUC ,_, represents the area under the blood concen-
tration-time curve from time 0 to &. The CL,,,..,, value can be
obtained from the initial slope of a plot of the amount of
[PH]-labeled emulsions or liposomes in the tissue at time ¢
{X,) vs. the area under the blood concentration-time curve
from time 0 to r [AUC ,_,)-

Statistical Analysis

Statistical comparisons were performed using Student’s
unpaired £ test. p < 0.05 was considered to be indicative of
statistical significance.

RESULTS

Physicochemical Properties of Emulsions

Sinusoids in the liver lobules have a unique type of en-
dothelial lining consisting of endothelial cells with flattened
processes perforated by small fenestrae about 100 nm in size
(16). Therefore, emulsions and liposomes with a diameter less
than this can readily pass through the fenestration into the
Disse space. Accordingly, we prepared emulsions and lipo-
somes less than 100 nm in diameter in order to allow free
access to hepatocytes.

Tabie I summarizes the lipid composition, particle sizes,
and zeta potential of the emulsions and liposomes prepared.
These emulsions and liposomes were very similar in size with
a mean diameter of approximately 100 nm. As shown by the
zeta potential, the surface charge of each particle was almost
neutral. In addition, the particle size and zeta potential of the
emulsions and liposomes were kept constant for a period of at
least 2 months at 4°C (data not shown).

Biodistribution of [*H]-Labeled Emulsions

[PH]CHE was selected as a tracer of emulsion (11,17) and
liposomes (10,11). Figures 1 and 2 show the blood concentra-
tion-, tissue accumulation-, and urine excretion-time course of

Ishida et al.

[*H}-labeled soybean oil/EggPC/Chol (70:25:5) {bare) emul-
sions, soybean oil/EggPC/(Gal-C4-Chol (70:25:5) {Gal) emul-
sions, EggPC/Chol (60:40) (bare) liposomes, and EggPC/
Chol/Gal-C4-Chol (60:35:5) (Gal) liposomes after intrave-
nous injection. In contrast to the bare-emulsions, Gal-
emulsions were rapidly eliminated from the blood circulation
and mostly recovered in the liver, accounting for 75% of the
dose, within 30 min. Gal-liposomes, which have the same Gal-
C4-Chol density as that of Gal-emulsions, were also rapidly
eliminated from the blood circulation and mostly recovered in
the liver, accounting for 60% of the dose, within 30 min.

Pharmacokinetic Analysis of Biodistribution of
[*H]-Labeled Emulsions

To compare the disposition profiles of emulsions and
liposomes, initial distribution in the early phase up to 10 min,
in which the contribution of metabolites can be ignored, was
quantified using tissue uptake clearances parameter. -

Table 11 summarizes the area under blood concentration-
time curve (AUC) and tissue uptake clearances calculated for
the initial 10 min for liver (CL,;,., ), kidney (CLy; 4.y ). Spleen
(CLsplc:n)v lung (CLIung)1 hean (CLhcarl)i and urine (CLurine)
of the [*H)-labeled emulsions and liposomes. The AUC of
Gal-emulsions was much lower than that of bare-etnulsions.
The liver uptake clearance of Gal-emulsions was 3.2-times
greater than that of bare-emulsions. Also, the liver uptake
clearance of Gal-emulsions was 1.2-times higher than that of
Gal-liposomes.

Effect of Gal-C4-Chol Content of Emulsions on
Hepatic Accomulation

The amounts of [*H)-labéled emulsions recovered in the
liver at 30 min after intravenous injection of Gal-emulsions
containing various amounts of Gal-C4-Chol was evaluated.
The density of Gal-C4-Chol in the emulsions was calculated
to be 3.0 x 10'2, 8.9 x 10'%, and 1.5 x 10'*unit surface area
(cm?) for Gal-emulsions containing, respectively, a 1%, 3%,
and 5% weight ratio of Gal-C4-Chol. All emulsions prepared
have almost similar particle sizes {data not shown). As shown
in Fig. 3, the liver accumulation of Gal-emulsions increased
with the amount of Gal-C4-Chol in the emulsions. The rela-
tionship between the liver accumulation and the galactose
density of the emulsions on the emulsions surface correlates
well, suggesting that the galactose density on the surface of
the emulsions is important as far as recognition by the asia-
loglycoprotein receptors on hepatocytes is concerned.

Table L. Lipid Composition, Mean Diameter, and Zeta Poiential of the Tested Emulsions and Liposomes

Mean Zeta potential®
Formulations Lipid composition diameter” (nm) (mV)
Bare-emulsions Soybean oil:EggPC:Chol (70:25:5) (weight ratio) 1000+23 40+14
Gal-emulsions Soybean oil:EggPC:Gal-C4-Chol (70:25:5) (weight ratio) 1045+ 38 47+05
Bare-liposomes EggPC:Chol (60:40) (molar ratio) 93.3+11.2 4402
Gal-liposomes EggPC:Chol:Gal-C4-Chol (60:35:5) (molar ratio) 962+ 58 90=x17

EggPC, egg phosphatidylcholine; Chol, cholesterol.

* Diameter of emulsions and liposomes was measured by dynamic light-scattering spectrophotometry. Results are expressed as the mean + SD

of three experiments.

b Zeta potential of emulsions and liposomes was measured by electrophoretic light-scattering spectrophotometry, Results are expressed as the

mean + SD of three experiments.
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Fig. 1. Blood concentration of ['H]-labeled (A) bare-(Q) and Gal-(®) emulsions and
(B) bare-(O) and Gal-(®) liposomes after intravenous injection into mice. Each value
represents the mean + SD of three experiments. Statistically significant differences

(*p < 0.05, **p < 0.01) from control group.

Hepatic Cellular Localization of [*’H]-Labeled Emulsions

Figure 4 shows the hepatic cellutar localization of [*H]-
labeled emulsions and liposomes 30 min after intravenous
injection. Compared with bare-emulsions, Gal-emulsions ac-
cumulated selectively in PC with a PC/NPC ratio of 7.4.
Moreover, Gal-liposomes also accumulated selectively in PC
with a PC/NPC ratio of 3.0, Thus, the PC selectivity of the
Gal-emulsions is higher than that of Gal-liposomes.
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Inhibition of Hepatic Uptake of Emulsions by Pre-dbsing
Various Agents

Figure 5 shows the effect of pre-dosing with various
agents on the hepatic accumulation of [*H]-labeled bare- and
Gal-emulsions. The liver uptake of Gal-emulsions was signifi-
cantly inhibited by pre-dosing lactoferrin, which is a ligand of
chylomicron remnant receptors on liver parenchymal cells,
and Gal-liposomes, which contain a ligand for asialoglycopro-
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Fig. 2. Tissue accumulation of [*H]-labeled (A) bare-emulsion, (B) Gal-emulsion, (C})
bare-liposomes, and (D) Gal-liposomes after intravenous administration into mice.
Radioactivity was determined in the liver (W), kidney {A), spleen (O), lung (V). heart
{0¢), and urine (A). Each value represents the mean + SD of three experiments.
Statistically significant differences (*p < 0.05, **p < 0.01) from each bare emulsion (A

vs, B) or bare liposomes (C vs. D).
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Table Il. Area Under the Blood Concentration-Time Curve (AUC) and Tissue Uptake Clearance of [*H]-Labeled Emulsions and Liposomes
After Intravenous Injection Into Mice”

Clearance” (ul/h)

AUC
Formulations (% of dose x h/ml) CLjiver CLyisney CL,picen Cliyng CLpcun CL,ine
Bare-emulsions 37 9480 201 570 179 31 3
Gal-emulsions 1.9 31,200 1350 1040 239 705 1360
Bare-liposomes 10 2960 121 407 152 102 6
Gal-liposomes 24 25,300 313 2610 129 76 67

* AUC and clearance {CL) were calculated for the period until 10 min after injection. An average of three experiments is shown. -

tein receptors on liver parenchymal cells, whereas no inhibi-
tion was observed in the case of bare-emulsions.

Blood Elimination and Hepatic Accumulation of
[**C]Probucol Incorporated into [*H]-Labeled
Gal-Emulsions and Gal-Liposomes

Figure 6 shows the blood concentration and liver accu-
mulation of ["*CJprobuco! dissolved in serum, which repre-
sents the original distribution of probucol, [**C]probuco] in-
corporated into [*H]-labeled Gal-emulsions and Gal-
liposomes after intravenous injection. ['*C}Probucol was
dissolved in serum to analyze the inherent distribution of pro-
bucol to investigate the controlled distribution of probucol by
Gal emulsions and liposomes. Rapid blood elimination of
[*“CJprobucol was observed in Gal-emulsions, followed by
Gal-liposomes. Similarly, the fastest blood elimination of
[PH]JCHE was observed in Gal-emulsions, followed by Gal-
liposomes. As for the liver accumulation, rapid liver uptake of
[**C]probucol was observed in Gal-emulsions followed by
Gal-liposomes. Similarly, the highest hepatic uptake of
[*H]CHE was observed in Gal-emulsions, followed by Gal-
liposomes.

The Uptake Clearance of [**C)Probucol Incorporated into
[*H]-Labeled Gal-Emulsions and Gal-Liposomes

Table III summarizes the AUC and tissue uptake clear-
ances of {'*C]probucol incorporated into [H]-labeled Gal-
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Fig. 3. Liver accumulation of [*H]-]abeled Gal-emulsions 30 min af-
ter intravenous administration into mice. Gal-emulsions were pre-
pared with various amounts of Gal-C4-Chol. Each value represents
the mean £ SD of three experiments.

emulsions and Gal-liposomes. The lowest AUC was observed
in Gal-emulsions followed by Gal-liposomes. The liver up-
take clearance of ["*C]probucol incorporated into [*H]-
labeled Gal-emulsions was 1.6-times higher than that into
Gal-liposomes.

DISCUSSION

This manuscript summarizes our initial efforts to inves-
tigate whether Gal-emulsions would offer a significant advan-
tage as an alternative carrier for drug targeting to hepato-
cytes. Several investigators have demonstrated that the lipo-
somes that were modified with native glycoproteins (18,19) or
synthetic glycolipids possessing tris-galactosides (20) were ef-
ficiently recognized by asialoglycoprotein receptors, How-
ever, there are several potential problems in using these com-
pounds due to their complicated structures, difficulty in
achieving industrial-scale production, and possible antigenic-
ity. Recently, we synthesized Gal-C4-Chol having bifunc-
tional properties of a lipophilic anchor moiety for stable in-
corporation into liposomes and a galactose moiety for recog-
nition by the asialoglycoprotein receptors (21). Our strategy
for efficient targeting of liposomes by glycosylation is to
achieve stable fixation of the sugar moiety on the surface of
the liposomes under in vivo conditions, Therefore, cholesterel
was chosen as a hydrophobic anchor, which is stably associ-
ated with the liposomal membrane (22,23), and only mono-
galactoside was introduced to the lipid as a ligand because
introduction of many hydrophilic galactose moieties to a lipid
anchor would result in their removal from liposomes by in-
teraction with lipoproteins and/or other lipid compartments
under in vive conditions (20). In fact, we found that eggPC or

{A) Emulsions
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Cellular uptake (% of dase/10% celts)
Celluar uptake (% of dose/10% cells)
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Fig. 4. Hepatic cellular localization of (A) [*H]-labeled emulsions
and (B) [*H]-labeled liposomes after intravenous administration into
mice. Radioactivity was determined 30 min postinjection in PC (H).
and NPC (0J). Each value represents the mean + SD of three experi-
ments. Statistically significant differences (*p < 0.05, **p < 0.01) from
control group.
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Fig. 5. Inhibition of liver uptake of [*H]-labeled emulsions after in-
travenous preinjection of various compounds. Liver accumulation
was determined at 5 min. Emulsions were injected without (O} or
with preinjection of lactoferrin (&), Gal-liposomes ({I}), or an ex-
cess of bare-emulsions ( E ). Each value represents the mean + SD
of three experiments. Statistically significant differences (*p < 0.05,
**p < 0.01) from control group.

DSPC/Chol/Gal-C4-Chol (Gal-} liposomes were rapidly
taken up by hepatocytes via asialoglycoprotein receptor-
mediated endocytosis (10,21). Thus, the Gal-C4-Chol combi-
nation with soybean oil, EggPC, and Chol gave emulsion for-
mulations with suitable pharmaceutical characteristics for tar-
geting under in vivo conditions.

As shown in Figs. 2 and 4, [’H)-labeled Gal-emulsions
exhibited marked hepatic uptake and rather high PC/NPC
ratios, suggesting that Gal-emulsions were more efficiently
taken up into hepatocytes compared with bare-emulsions. To
investigate the uptake mechanism of Gal-emulsions, we per-
formed a compelitive inhibition experiment involving pre-
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dosing lactoferrin, Gal-liposomes, and bare-emulsions (Fig.
5). Pre-dosing lacteferrin, which is a ligand of chylomicren
remnant receptors on liver parenchymal cells (24), signifi-
cantly inhibited the liver uptake of Gal-emulsions. It has also
been reported that lactoferrin can bind to asialoglycoprotein
receptors on liver parenchymal cells (24,25); therefore, this
result does not make it clear whether the uptake of Gal-
emulsions involves chylomycron remnant receptor— or asia-
loglycoprotein receptor-mediated endocytosis. However, the
liver uptake of Gal-emulsions was also markedly inhibited by
Gal-liposomes, which contain a ligand of asialoglycoprotein
receptors (10), but was not inhibited by bare-emulsions (Fig.
5). Taking these findings into consideration, this suggests that
Gal-emulsions were taken up by asialoglycoprotein-mediated
endocytosis after intravenous administration.

We have established methods for introducing galactose
moieties directly into various molecular species and devel-
oped various macromolecular drug carrier systems (26,27),
protein derivatives (28,29), and liposomes (30-33) that show
superior liver targeting via asialoglycoprolein receptor—
mediated endocytosis. As far as the molecular design of the
galactosylated protein is concerned, we have demonstrated
that the recognition of galactosylated protein by the liver cells
is based on the estimated surface density of the galactose
residues (34). In this study, we showed that the galactose
density on the surface of the Gal-emulsions is an important
factor for recognition by the asialoglycoprotein receptors on
hepatocytes, suggesting that enhancing the recognition by
asialoglycoprotein receptors can be controlled by the amount
of added Gal-C4-Chol. This observation correlates well with
the effect of the galactose density of galactosylated liposomes,
which possess a mono-galactoside, that have been studied by
Murahashi ef al. (33).

In order to achieve drug targeting by a cell-selective ap-
proach, the drug release properties from emulsions are im-
portant for drug targeting, and so we investigated the rela-
tionship between the movement of Gal-emulsions and incor-
porated probucol. We previously investigated the in vivo
disposition of drugs with a variety of lipophilicities, incorpo-
rated into liposomes, lipid emulsions, and micelles, based on
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Fig. 6. (A) Blood concentration and (B) liver accumulation of ['*C}-labeled probucot
dissotved in serum (Q) or [F'H]CHE-labeled Gal-emulsions () and [*H]JCHE-labeled
Gal-liposomes (A} or ["*C]-labeled probuco! incorporated Gal-emulsions (O) and
{'*C]-labeled probucol incorporated Gal-liposomes (A} after intravenous administra-
tion into mice. Each value represents the mean + SD of three experiments. Statistically
significant differences (*p < 0.05, **p < 0.01) between Gal-emulsions and Gal-
liposomes.
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