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Abstract

Dendritic cells (DCs) are potent professional antigen presenting cells that are
useful for cancer immunotherapy. We previously reported the preparation and
characterization of complexes of lipoplexes with pH-sensitive fusogenic liposomes,
which comprise polymers based on poly(glycidol) with carboxyl groups, to
transfect various malignant cell lines. The present study applied this kind of
vectors to transfection of a murine DC line DC2.4. We first optimized the ratios of
their components for efficient transfection. We subsequently investigated the
effects of ligands and pH-sensitive polymers to improve transfection activities. Our
results indicate that the anionic surface derived from pH-sensitive polymers might
be recognized by scavenger receptors on DC2.4 cells. In addition, no effects on
transfection or cell association were observed by attaching ligands such as
transferrin and mannan. We found that more sensitive pH-responding polymers
led to higher transfection activities into DC2.4 cells, which suggests that endosomal
escape is important for transfection into DC2.4 cells. These complexes with
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pH-sensitive fusogenic polymers exhibited higher activity than commercial
reagents. For those reasons, they are promising as gene vectors for DCs.

Keywords: dendritic cell / gene delivery / pH-sensitive polymer / lipoplex / fusogenic
liposome
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Introduction

Dendritic cells (DCs) are potent professional antigen presenting cells. They play a
crucial role in innate and adaptive immune responses [1–3]. In fact, DCs recognize,
acquire, process, and present antigens to native and resting T cells for induction of an
antigen-specific immune response. Because DCs presenting tumor-associated antigens
(TAAs) can activate TAA-specific immune response, many researchers have been
attracted to TAA-presenting DCs as a vaccine for cancer immunotherapy [4, 5]. A key
for vaccine production is delivery of TAA into DCs. The most extensively studied
approach for TAA-loading of DCs is to expose them to defined antigenic proteins or the
entire contents of tumor cells. Antigenic proteins are internalized via endocytosis and
degraded to peptide fragments. These peptides are presented by binding to major
histocompatibility complex (MHC) class II molecules, which mainly activate CD4+ T
cells, thereby inducing humoral immunity. Nevertheless, these vaccines have not been
useful for cancer immunotherapy to date, because fragmented antigen peptides do not
necessarily bind to MHC class II molecules efficiently because of the MHC molecules’
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diversity [6].
Another promising strategy for supplying DCs with TAA is the delivery of
TAA-coded DNA or mRNA to express TAA in DCs as an endogenous antigen. The
TAAs expressed in DCs are degraded by proteasomes after ubiquitination. These
fragmented peptides are presented by binding to MHC class I molecules, which mainly
activate CD8+ T cells to induce cellular immunity. Antigen peptides processed from
endogenous proteins bind efficiently to MHC molecules. Reportedly, some cancer cells
present their own TAA on the surface via MHC class I molecules for recognition by
CD8+ T cells. Therefore, the preparation of TAA-loading DCs by gene delivery can
induce antitumor immune responses in a practical manner, constituting a powerful tool
for cancer immunotherapy [5, 7].
Attempts have been made to develop efficient vectors for DCs from adenovirus
[8, 9]. Although the transfection efficiency of a conventional adenovirus is not high,
toward DCs, Okada et al. achieved efficient transfection of 90% DC2.4 cells using the
fiber-mutant adenoviral vector [8], indicating that modification of adenovirus might
engender production of efficient vectors for DCs. However, adenoviruses induced not
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only gene transfer, but also dispensable immune responses [10]. Consequently, non-viral
vectors have been attractive for gene delivery into DCs because of their low
immunogenicity and lack of pathogenicity, even though they have lower transfection
activity than virus-based vectors.
Recent progress in the area of non-viral vector-mediated gene delivery has
revealed various cellular processes that are involved in the vector-mediated transfection
of cells. They include cellular binding and subsequent internalization, transfer from
endosome into cytosol (endosomal escape), nuclear entry, and gene transcription [11,
12]. Therefore, to achieve efficient transfection of DCs, vectors must be rationally
designed specifically for DC to pass through these cellular processes efficiently. Among
these cellular processes, efficient cellular binding and endosomal escape greatly affect
the efficiency of non-viral vector-mediated transfection [11–13].
Previously, we prepared hybrid complexes comprising lipoplexes and liposomes
modified with pH-sensitive fusogenic polymers, such as succinylated poly(glycidol)
(SucPG) and 3-methylglutarylated poly(glycidol) (MGluPG) [14–17]. These complexes,
which are designated respectively as SucPG complex and MGluPG complex, generate
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fusion capability under mildly acidic conditions. In addition, these complexes have a
structure in which the positively charged lipoplexes are covered with negatively charged
polymer-modified liposomes. Consequently, once an appropriate ligand, such as
transferrin, was conjugated, they achieved efficient transfection of various
cancer-derived cell lines, such as HeLa and K562 cells, through efficient cellular
association via receptor-mediated endocytosis and through endosomal escape via
membrane fusion with endosome (Fig. 1) [14–17].
To advance the development of potent vectors that are designed specifically for
DCs based on the hybrid complexes consisting of pH-sensitive fusogenic liposomes and
lipoplexes, we attempted to optimize their structure from the viewpoints of ligand and
pH-sensitive properties, which would contribute to high cellular uptake and efficient
endosomal escape, respectively, using DC2.4 cells, a murine DC line, as a model of
DCs. Our results demonstrated that the structural optimization of the complexes was
able to produce an efficient non-viral vector for DCs.
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Materials & Methods
Materials
SucPG and MGluPG were synthesized according to our reports [18, 19].
SucPG and MGluPG with the composition (x:y:z, Fig. 1) of 18:74:8 and 9:81:10
(mol/mol/mol),

respectively.

TRX-20

(Fig.

2a)

[20]

and

L-dioleoyl

phosphatidyl-ethanolamine (DOPE) were provided from Terumo corp. and NOF corp.,
respectively. Dilauroyl phosphatidyl choline (DLPC) and transferrin were purchased by
Aldrich. Aminoethylcarbamylmethyl mannan (Fig. 2b) was synthesized as follows [21].
500 mg of Mannan (Sigma) was reacted with 483 mg of sodium monochloroacetate in 1
N NaOH solution at 55 oC for 5 h. The solution adjusted to pH 4.7 was followed by the
reaction with ethylenediamine dihydrochloride via 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide hydrochloride (EDC, Dojindo) on ice for 1 day. The reaction mixture was
purified by dialysis, and then lyophilized. The amounts of amino groups were detected
by fluorescamine assay [22], by which an amino group per 22 units was estimated (Fig.
2b).
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Cell culture
DC2.4 cells, which were an immature murine DC line, were provided from Dr.
K. L. Rock (Harvard Medical School, USA) and were grown in RPMI 1640
supplemented with 10% FBS (MP Biomedical, Inc.), 2 mM L-glutamine, 100 µM
nonessential amino acid, 50 µM 2-mercaptoethanol and antibiotics at 37 oC [23].

Preparation of pH-sensitive polymer-modified liposome-lipoplex complexes
Lipoplexes were prepared as reported previously [16]. Plasmid DNA, pCMV-Luc or
pEGFP-C1, in 5% glucose solution was added to lipid film including TRX-20, DLPC
and DOPE at the ratio of 1/1/2 (mol/mol/mol), and they were incubated for 10 min on
ice. SucPG or MGluPG-modified liposomes were prepared by suspending a mixture of
SucPG or MGluPG and EYPC in 5 mM Hepes solution containing 5% glucose (pH 7.4)
and subsequent extrusion through a polycarbonate membrane with a pore size of 50 nm.
Transferrin or aminoethylcarbamylmethyl mannan was conjugated to SucPG or
MGluPG using EDC as previously reported [14]. Briefly, to the liposome suspension
was added EDC (0.7 mg) at pH 6.0 and stirred for 2 h at 4 °C. Then, transferrin (3 mg)
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and 0.5 M ferric citrate (5 μl) or aminoethylcarbamylmethyl mannan (3 mg) was added
to the liposome suspension and the suspension was kept at 4 °C overnight. After the
liposome

suspension

was

adjusted

to

pH

7.4,

the

transferrin

or

aminoethylcarbamylmethyl mannan- conjugated SucPG or MGluPG-modified liposome
was purified using a Sepharose 4B column at 4 °C with 5 mM Hepes solution
containing 5% glucose (pH 7.4). A suspension of SucPG or MGluPG-modified
liposome either bearing or not bearing ligand (0.2 mM) was added to the lipoplex
suspension and incubated for 10 min in an ice bath.

Dynamic light scattering and zeta potential
Diameters and zeta potentials of the lipoplexes and the SucPG and MGluPG
complexes were measured using a Nicomp 370 ZLS dynamic light scattering instrument
(Particle Sizing Systems, Santa Barbara, CA) equipped with a 35 mW laser (632.8 nm
wavelength). Zeta potentials were measured by equipped an Avalanche photodiode
detector, and were detected at an 18.9 angle treated with 9.75 mV. Data was obtained as
an average of more than three measurements on different samples.

10

Transfection
Transfection to DC2.4 cells was done according to the following procedures.
For luciferase assay, DC2.4 cells (7.5 × 104 cells) cultured for 2 days in a 24-well plate
were washed with Hank’s balanced salt solution (HBBS, Sigma) and then incubated in
culture medium. The complexes or the lipoplexes containing pCMV-Luc (0.75 µg) were
added gently to the cells and incubated for 4 h at 37 °C. The cells were washed with
HBBS three times, followed by the incubation in culture medium at 37 °C for 40 h.
Then, transfected cells were evaluated by luciferase assay [14].
For GFP expression, the complexes or the lipoplexes containing pEGFP-C1
(0.75 µg) were added gently to the DC2.4 cells (1.5 × 105 cells) incubated for 2 days in
a 12-well plate. After 4 h-incubation at 37 °C, the cells were washed with HBBS three
times, followed by the incubation in culture medium at 37 °C for 24 h. Then,
GFP-transfected cells were evaluated using flowcytometer [16]. SuperFect (QIAGEN)
and Lipofetamine2000 (Invitrogen) were also used according to the manufacturer’s
instructions.
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Cellular uptake
The DC2.4 cells (1 × 105 cells) cultured for 2 days in a 12-well plate were
washed with HBBS and then incubated in culture medium. The complexes or the
lipoplexes containing plasmid DNA (1 µg), in which DOPE was substituted by
NBD-PE (3 mol%), were added gently to the cells and incubated for 4 h at 37 °C. The
cells were washed with HBBS three times, and then flowcytometerical analysis of
detached cells using trypsin was performed [16]. For inhibition assay, free transferrin,
mannan or dextran sulfate at different concentrations was preincubated to cell for an
hour before the incubation of these complexes labeled with NBD-PE.

Microscopic analysis
The DC2.4 cells (1.5 × 105 cells) cultured for 2 days in 35-mm glass-bottom
dishes were washed with HBBS, and then incubated in culture medium. The Lipoplexes
or the SucPG or MGluPG complexes containing FITC-labeled plasmid DNA (0.5 µg)
were added gently to the cells and incubated for 4 h at 37 oC. After the incubation, the
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cells were washed with HBBS three times, and then replaced by serum-free medium.
LysoTracker Red DND-99 (Molecular Probes) was used by the staining of intracellular
acidic compartments according to the manufacturer’s instructions. Briefly, LysoTracker
Red was added to cells at the final concentration of 75 nM. After the 5 min-incubation,
the cells were washed with HBBS there times. Confocal laser scanning microscopic
analysis of these cells was performed using LSM 5 EXCITER (Carl Zeiss Co. Ltd.).

Cytotoxicity
The cytotoxicity of the lipoplexes and the SucPG and MGluPG complexes was
assessed by WST-8 assay [24]. The cells were treated with the complexes for 4 h and
incubated for 40 h according to the transfection procedures. Then, the culture medium
was carefully replaced with 0.11 ml of fresh RPMI containing 10% FCS and 10 μl of
WST-8 (5 mg/ml) was added to each well. After 2 h-incubation at 37 °C, the survived
cells was determined by absorbance at 450 nm using Wallac 1420 ARVO SX multilabel
counter (Perkin Elmer Life Sciences).
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MHC class I presentation
Surface marker expression was analyzed according to the previous report [8].
DC2.4 cells were treated under the transfection condition. DC2.4 cells treated with 10
mg/ml Lipopolysaccharide (LPS; Nacalai Tesque, Inc., Kyoto, Japan) and 100 units/ml
recombinant murine interferon-γ (IFN-γ; Pepro Tech EC LTD., London, England) for 4
h were used as positive controls for DC maturation. At 24 h after transfection, cells were
analyzed by flowcytometry. The cells were scraped by a cell scraper (Sumitomo
Bakelite Co, Ltd, Japan) and 1 × 104 cells in 100 µl of staining buffer (phosphate
buffered saline (PBS) containing 0.1 % BSA and 0.01 % NaN3) were incubated with the
anti-mouse CD16/32-block Fc binding (eBioscience, CA, USA) for 30 min on ice to
block nonspecific binding of the antibody. After three times wash with the staining
buffer, the cells were incubated with biotin-conjugated mouse anti-mouse H-2Kb/H-2Db
(MHC class I) monoclonal antibody (BD Bioscience, NJ, USA) in the staining buffer
for 30 min on ice according to the manufacturer’s instruction. After three times wash
with the staining buffer, MHC class I expressed at the surface was detected by the 30
min-incubation of PE-conjugated streptavidin (SIGMA, Missouri, USA) at a 1:200
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dilution.

Results and Discussion
Transfection of DC2.4 cells
We performed luciferase assay to examine the transfection activity of the SucPG
complexes to DC2.4 cells. Our previous reports described that the most effective SucPG
complexes toward the transfection of HeLa cells were composed of the lipoplexes of
TRX-20, DLPC, and DOPE at the molar ratio of 1/1/2 and transferrin-conjugated
SucPG liposomes [16]. Accordingly, we first performed transfection of DC2.4 using
SucPG complexes consisting of the same components. Then we optimized their
composition for maximum transfection activity. Figure 3 shows that transfection activity
of SucPG complexes is affected by both the cationic lipid/nucleotide unit ratio (N/P
ratio) of the lipoplex and the SucPG-modified liposomes/lipoplex ratio, which is
defined as the ratio of the SucPG carboxylated unit to DNA nucleotide unit of the
complexes. The SucPG complexes achieved the highest transfection activities when the
lipoplex with the N/P ratio of 4 was used for their preparation, indicating that greater
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amounts of lipid components to DNA were necessary for efficient transfection of DC2.4
cells. The decreasing activities at higher N/P ratio might result from higher toxicity of
the complex. This figure also shows that the SucPG complexes at the N/P ratio of 4
exhibited more efficient transfection than the parent lipoplex, indicating that the
complexation of SucPG-modified liposomes was as effective for transfection of DC2.4
cells as for cancer cells [14-17]. The following assay was performed using lipoplexes
and SucPG complexes at the N/P ratio of 4.

Ligand effect on transfection of DC2.4 cells
The SucPG complexes with transferrin exhibited higher transfection activities
than the intact lipoplexes (Fig. 3). Although DCs have transferrin receptors, mannose
receptors are known to be largely expressed in DCs. Mannan, as a ligand for mannose
receptors, was used for delivery to DCs [10, 25–27]. Therefore, mannan was
incorporated to the SucPG complexes to increase their transfection activity. Mannan
derivatives with amino groups were synthesized [21] and bound to carboxyl groups of
SucPG using a condensation reagent, as in the method of attachment of transferrin to the
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complexes [14–17].
Figure 4 shows that the transfection activities of both the complexes bearing
transferrin and mannan were unexpectedly almost equivalent over a wide range of
carboxylated unit/nucleotide unit ratios. In addition, the complex without ligands also
exhibited activity at the same level. This figure indicates that ligands such as transferrin
and mannan were not effective to improve transfection activity of SucPG complexes to
DC2.4 cells.
Complexation of plain SucPG-modified liposomes with the lipoplex also tends to
increase the transfection activity (Fig. 4). Our previous study showed that their
complexation resulted in significant reduction of the transfection activity toward HeLa
cells because of reduction of affinity to cell [14, 16]. These facts imply that the
negatively charged surface derived from the SucPG-modified liposomes might not
suppress interaction between the complex and DCs.
We next investigated the cellular association of SucPG complexes to elucidate the
ligand effect. Figure 5a shows that the amount of plain SucPG complex associated to
DCs was almost equal to those of ligand-bearing complexes and was equal to that of the
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parent lipoplex. Our previous studies showed that the SucPG complexes without
transferrin to HeLa cells exhibited a much lower level of association to HeLa cells than
the parent lipoplex because the positively charged surface of the lipoplex was shielded
by negatively charged polymer-modified liposomes [14, 16]. Indeed, the SucPG
complexes without ligand showed lower association to the cells than those with ligand.
Therefore, Figure 5a suggests that the negatively charged liposomes of the complex
might be involved in its association to DC2.4 cells.
Inhibition assay was also performed using free transferrin and free mannan (Fig.
5b), which indicates that neither free transferrin nor free mannan inhibited the
association of these complexes. This result further confirms that transferrin and mannan
in the complexes only slightly affected association of the complexes to DC2.4 cells.
It is known that DCs engulf microorganisms or apoptotic cells with an anionic
component via scavenger receptors [28]. Considering that SucPG complexes contain
negatively charged moieties derived from SucPG-modified liposomes, involvement of
scavenger receptors is possible. Therefore, we also examined inhibitory effects of
dextran sulfate, which has been used as an inhibitor of interaction between negatively
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charged compounds and scavenger receptors [29]. Figure 5b shows that the addition of
dextran sulfate strongly suppressed cellular association of the SucPG complexes,
depending on the concentration. Consequently, the SucPG complexes were likely to
have been internalized mainly via scavenger receptors. In fact, enhanced uptake by
macrophages through scavenger receptors was also reported for poly(acrylic
acid)-coated liposomes [29].
Although we conjugated mannan and transferrin to the complexes, they only
slightly affected their association to the cells. Instead, the complexes were taken up
efficiently by DC2.4 cells through interaction with scavenger receptors, which bind to
anionic molecules [30]. In fact, DCs are known to have many kinds of scavenger
receptors [30]. Therefore, multivalent binding between these receptors and many
carboxylate anions of the polymer chains fixed on the complexes might cause their
strong interaction, resulting in the highly efficient association of the complexes to DCs.

Effect of pH-sensitive fusogenic polymers on transfection activity of complexes
We next examined the endosomal escape to improve transfection activities.
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Recently, another type of pH-sensitive complex, MGluPG complexes, in which SucPG
is substituted by MGluPG (Fig. 1), was prepared. The MGluPG was synthesized by the
reaction of poly(glycidol) with 3-methyl glutaric anhydride [19]. This polymer has more
hydrophobic side groups than SucPG and was therefore more fusogenic than SucPG
[19]. In addition, the MGluPG complexes exhibited greater fusion ability under mildly
acidic conditions than the SucPG complexes because of the stronger fusion activity of
MGluPG [17].
We transfected DC2.4 cells with MGluPG complexes containing EGFP gene.
First, the transfection condition of the complexes was optimized using MGluPG
liposomes. The SucPG complexes at N/P ratios of 4 exhibited the most efficient
transfection (Fig. 3). Therefore, we prepared the MGluPG complexes at the same N/P
ratio with varying ratios of carboxylated unit of MGluPG liposomes to the DNA
nucleotide unit of the lipoplex. Figure 6a shows that the complexation of MGluPG
liposomes improved the transfection activity of the parent lipoplex. In addition, the
MGluPG complex with the carboxylated unit/nucleotide unit ratio of 2 exhibited the
highest transfection activity. At that ratio, 25% of GFP-expressed cells were observed.
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Transfection activities of the complexes with optimal composition were compared
to those of commercially available reagents, such as Lipofectamine2000 and SuperFect.
Fluorescence intensity of EGFP for the transfected cells was detected using
flowcytometry (Fig. 6b). A larger population of the cells displayed more intensive
fluorescence for the cells treated with MGluPG complex than cells treated with other
complexes or reagents. Percentages of EGFP-positive cells and mean fluorescence
intensity of the treated cells were evaluated using flowcytometry and are shown in Fig.
6c. The MGluPG complex induced a much higher percentage and a much higher mean
fluorescence intensity to DC2.4 cells, that those of other reagents and complexes.
To confirm the high transfection activity of MGluPG complex, we further
compared the transfection activity of MGluPG complex with SucPG complex using the
luciferase gene. Results showed that luciferase activities of DC2.4 cells treated with
SucPG complex and those treated with MGluPG complex were 1.16 ± 0.14 × 107
RLU/mg protein (SucPG complex) and 2.02 ± 0.17 × 107 RLU/mg protein (MGluPG
complex), respectively, indicating that MGluPG complex induced twice-higher
luciferase activity than the SucPG complex.
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The cytotoxicity of the complexes was also examined using WST-8 assay [24]
and compared to that of the parent lipoplex. The survived cells after transfection with
the SucPG and MGluPG complexes and the lipoplex were estimated respectively as
50%, 54%, and 39%. Although these complexes exhibited some toxicity to DC2.4 cells
during the cellular treatment, their cytotoxicity was still lower than that of the parent
lipoplex. It is likely that, for the complexes, the negatively charged liposomes shielded
positively charged surface of the lipoplex, resulting in the lower toxicity for these
complexes than for the lipoplex.

Mechanism of the efficient transfection activity by the MGluPG complexes
We examined the cell association and the intracellular localization of this
complex to elucidate the cause of the high activity of the MGluPG complex. Figure 7A
shows

mean

fluorescence

intensities

of

DC2.4

cells

treated

with

the

fluorescent-lipid-labeled lipoplex or the complexes, as estimated using flow cytometry.
The mean fluorescence intensities of these treated cells were almost the same, indicating
that approximately equal amounts of the SucPG and MGluPG complex and lipoplex
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were associated with DC2.4 cells. Mean diameters and zeta potentials of these
complexes were estimated as 258 ± 13 nm and 19.6 ± 1.0 mV (SucPG complex) and
258 ± 15 nm and 19.8 ± 6.0 mV (MGluPG complex), respectively, indicating that these
complexes have similar particle size and surface charge. Consequently, it is highly
likely that these complexes are taken up through interaction with a scavenger receptor at
similar efficiencies.
We also examined the subcellular distribution of these complexes containing
FITC-labeled DNA in DC2.4 cells, in which the acidic compartments were stained
using LysoTracker. Figure 7B shows that many yellow dots were observed by treatment
with lipoplexes, indicating that the lipoplexes were localized dominantly at acidic
compartments such as endosomes/lysosomes. In cells treated with the SucPG or
MGluPG complex, green fluorescence was also observed at different locations from
those of the red dots, which suggests that the SucPG and MGluPG complexes were able
to escape from endosomal compartments. No large difference was found in the
intracellular localization of the complexes. Indeed, it might be difficult to identify small
differences in amounts of DNA existing in the cytosol using this technique. We
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observed that the MGluPG complex had about three-times-higher ability to induce
membrane fusion than the SucPG complex at around pH 5–4.5, as judged by
fluorescence resonance energy transfer assay using fluorescent lipids [17]. Such a high
fusion ability of MGluPG complexes might strongly promote the transfer of plasmid
DNA from endosomes to cytosol, resulting in the high transfection activities to DC2.4
cells.

Toward application to immunotherapy
We showed that SucPG and MGluPG complexes efficiently induced expression of
EGFP and luciferase in DC2.4 cells. Considering their use as a vector for DC-mediated
immunotherapy, MHC class I presentation for transgenes is important. Therefore, we
finally evaluated expression of MHC class I on the DC2.4 cell surface after transfection
with the complexes or the parent lipoplex containing luciferase gene. Figure 8 shows
that the expression level of MHC class I was up-regulated by transfection with the
lipoplex, SucPG complex or MGluPG complex, suggesting the MHC class I
presentation responded to the transgene expression. Indeed, it is necessary to examine
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whether the MHC class I is specific for transgene. We will examine that issue using
more appropriate genes, such as ovalbumin gene, as well as their ability to induce MHC
class I, which has target-specificity.

Conclusion
In this study, we prepared hybrid complexes of lipoplex and pH-sensitive
polymer-modified liposomes designed for transfection of DCs from the viewpoints of
ligand and pH-sensitive fusogenic properties. Results showed that, irrespective of
possession of ligands, such as mannan and transferrin, the complexes were taken up
efficiently by DC2.4 cells, probably because carboxylate anions of the polymers on the
complexes were recognized by scavenger receptors of the cells. In addition, the
complexes with polymers showing higher fusion ability, MGluPG, exhibited more
efficient transfection of DC2.4 cells, which might be attributable to their efficient
escape from endosomes. The complexes with the optimized structure achieved efficient
transfection, producing 25% of GFP-expressing DC2.4 cells, which was much higher
efficiency than some widely used commercially available reagents. Indeed, a wide
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disparity remains between viral vectors and the complexes. However, further
functionalization, which might enhance passage through intracellular barriers, such as
entry into the nucleus, can improve their transfection activity. For those reasons, the
MGluPG complexes and their relevant complexes are promising nonviral vectors for
DCs, which are useful for cancer immunotherapy.

Acknowledgements
We are grateful to Dr. Rock (Harvard Medical School, USA) and Dr.
Kadowaki (Kyoto University, Japan) for his generous gift of DC2.4 cells. This work
was supported in part by a Grant-in-Aid for Research on Nano-technical Medicine from
the Ministry of Health, Labor and Welfare of Japan and by a Grant-in-aid for Scientific
Research from the Ministry of Education, Science, Sports, and Culture in Japan.

26

References

[1] J. Banchereau, R.M. Steinman, Dendritic cells and the control of immunity, Nature
392(6673) (1998) 245-252.
[2] I. Mellman, R.M. Steinman, Dendritic cells: specialized and regulated antigen
processing machines, Cell 106(3) (2001) 255-258.
[3] N.C. Fernadez, A. Lozier, C. Flament, P. Ricciardi-Castagnoli, D. Bellet, M. Suter,
M. Perricaudet, T. Tursz, E. Maraskovsky, L. Zitvogel, Dendritic cells directly trigger
NK cell functions: cross-talk relevant in innate anti-tumor immune responses in vivo.
Nat. Med. 5(4) (1999) 405-411.
[4] J. Banchereau, A.K. Palucka, Dendritic cells as therapeutic vaccines against cancer,
Nat. Rev. Immunol. 5(4) (2005) 296-306.
[5] N.S. Wilson, J.A. Viladangos, Regulation of antigen presentation and
cross-presentation in the dendritic cell network: facts, hypothesis, and immunological
implications, Adv. Immunol. 86 (2005) 241-305.
[6] Kuebler PJ, Nixon DF Cytotoxic T cell induction with ratchet peptide libraries.

27

Vaccine. 14(17-18) (1996) 1664-70.
[7] A.Y. Huang, P. Golumbek, M. Ahmadzadeh, E. Jaffee, D. Pardoll, H. Levitsky, Role
of bone marrow-derived cells in presenting MHC class-I-restricted tumor antigens,
Science 264(5161) (1994) 961-5.
[8] N. Okada, T. Saito, Y. Masunaga, Y. Tsukada, S. Nakagawa, H. Mizuguchi, K. Mori,
Y. Okada, T. Fujita, T. Hayakawa, T. Mayumi, A. Yamamoto, Efficient antigen gene
transduction using Arg-Gly-Asp fiber-mutant adenovirus vectors can potentiate
antitumor vaccine efficacy and maturation of murine dendritic cells, Cancer Res. 61(21)
(2001) 7913-7919.
[9] N. Okada, Cell delivery system: a novel strategy to improve the efficacy of cancer
immunotherapy by manipulation of immune cell trafficking and biodistribution, Biol.
Pharm. Bull. 28(9) (2005) 1543-1550.
[10] P.H. Tan, S.C. Beutelspacher, Y.H. Wang, M.O. McClure, M.A. Ritter, G.
Lombardi, A.J. George, Immunolipoplexes: an efficient, nonviral alternative for
transfection of human dendritic cells with potential for clinical vaccination, Mol. Ther.
11(5) (2005) 790–800.

28

[11] L. Wasungu, D. Hoekstra, Cationic lipids, lipoplexes and intracellular delivery of
genes, J Control Release 116(2) (2006) 255-64.
[12] L.K. Medina-Kauwe, J. Xie, S. Hamm-Alvarez, Intracellular trafficking of nonviral
vectors, Gene Ther. 12(24) (2005) 1734-1751.
[13] R. Kircheis, T. Blessing, S. Brunner, L. Wightman E. Wagner. Tumor targeting with
surface-shielded ligand–polycation DNA complexes. J Control Release. 72(1-3) (2001)
165-70.
[14] K. Kono, Y. Torikoshi, M. Mitsutomi, T. Itoh, N. Emi, H. Yanagie, T. Takagishi,
Novel gene delivery systems: complexes of fusogenic polymer-modified liposomes and
lipoplexes, Gene Ther. 8(1) (2001) 5–12.
[15] N. Sakaguchi, C. Kojima, A. Harada, K. Koiwai, K. Shimizu, N. Emi, K. Kono,
Enhancement

of

transfection

activity

of

lipoplexes

by

complexation

with

transferrin-bearing fusogenic polymer-modified liposomes, Int. Pharm. 325(1-2) (2006)
186-190.
[16] N. Sakaguchi, C. Kojima, A. Harada, K. Koiwai, K. Shimizu, N. Emi, K. Kono,
Generation of highly potent nonviral gene vectors by complexation of lipoplexes and

29

transferrin-bearing fusogenic polymer-modified liposomes in aqueous glucose solution,
Biomaterials, in press.
[17] N. Sakaguchi, C. Kojima, A. Harada, K. Koiwai, K. Kono, Hybrid complexes of
lipoplex and pH-sensitive fusogenic liposomes as highly potent nonviral vectors:
correlation between fusion and transfection activities, Molecular Therapy, submitted.
[18] K. Kono, K. Zenitani, T. Takagishi, Novel pH-sensitive liposomes: liposomes
bearing a poly(ethylene glycol) derivative with carboxyl groups, Biochim. Biophys.
Acta 1193(1) (1994) 1–9.
[19] N. Sakaguchi, C. Kojima, A. Harada, K. Kono, Preparation of pH-sensitive
poly(glycidol) derivatives with varying hydrophobicities: their ability to sensitize stable
liposomes to pH. Bioconjugate Chemistry, submitted.
[20] T. Harigai, M. Kondo, M. Isozaki, H. Kasukawa, H. Hagiwara, H. Uchiyama, J.
Kimura, Preferential binding of polyethylene glycol-coated liposomes containing a
novel cationic lipid, TRX-20, to human subendothelial cells via chondroitin sulfate,
Pharm. Res. 18(9) (2001) 1284–1290.
[21] J. Sunamoto, T. Sato, M. Hirota, K. Fukushima, K. Hiratani, K. Hara, A newly

30

developed immunoliposome--an egg phosphatidylcholine liposome coated with pullulan
bearing both a cholesterol moiety and an IgMs fragment, Biochim. Biophys. Acta
898(3) (1987) 323–330.
[22] S. Udenfriend, S. Stein, P. Bohlen, W. Dairman, W. Leimgruber, M. Weigele,
Fluorescamine: a reagent for assay of amino acids, peptides, proteins, and primary
amines in the picomole range, Science 173(63) (1972) 871–872.
[23] Z. Shen, G. Reznikoff, G. Dranoff, K.L. Rock, Cloned dendritic cells can present
exogenous antigens on both MHC class I and class II molecules, J. Immunol. 158(6)
(1997) 2723–2730.
[24] Miyamoto, T., W. Min, and H. S. Lillehoj. Lymphocyte proliferation response
during Eimeria tenella infection assessed by a new, reliable, nonradioactive
colorimetric assay. Avian Dis. 46 (2002) 10–16.
[25] S.S. Diebold, M. Kursa, E. Wagner, M. Cotten, M. Zenke, Mannose
polyethylenimine conjugates for targeted DNA delivery into dendritic cells, J. Biol.
Chem. 274(27) (1999) 19087–19094.
[26] Z. Cui, S.J. Han, L. Huang, Coating of mannan on LPD particles containing HPV

31

E7 peptide significantly enhances immunity against HPV-positive tumor, Pharm. Res.
21(6) (2004) 1018–1025.
[27] Y. Hattori, S. Kawakami, S. Suzuki, F. Yamashita, M. Hashida, Enhancement of
immune responses by DNA vaccination through targeted gene delivery using
mannosylated cationic liposome formulations following intravenous administration in
mice, Biochem. Biophys. Res. Commun. 317(4) (2004) 992–999.
[28] M.L. Albert, S.F. Pearce, L.M. Francisco, B. Sauter, P. Roy, R.L. Silverstein, N.
Bhardwai, Immature dendritic cells phagocytose apoptotic cells via alphavbeta5 and
CD36, and cross-present antigens to cytotoxic T lymphocytes, J. Exp. Med. 188(7)
(1998) 1359–1368.
[29] M. Fujiwara, J.D. Baldeschwieler, R.H. Grubbs, Receptor-mediated endocytosis of
poly(acrylic acid)-conjugated liposomes by macrophages, Biochim. Biophys. Acta
1278(1) (1996) 59–67.
[30] N. Platt and S. Gordon, Scavenger receptors: diverse activities and promiscuous
binding of polyanionic ligands Chem Biol. 5(8) (1998) R193-203.

32

Figure legends

Figure 1, SucPG (a) and MGluPG (b) complexes.
Figure 2, Structures of TRX-20 (a) and aminoethylcarbamylmethyl mannan (b).
Figure 3, Expression of luciferase in DC2.4 cells treated with SucPG complexes with
various compositions prepared using TRX-20 lipoplexes of varying N/P ratios.
Compositions of SucPG complexes are expressed as molar ratios of succinylated units
(carboxylated units) of SucPG-modified liposomes and DNA nucleotide units of
TRX-20 lipoplexes.
Figure 4, Comparison of transfection activities of SucPG complexes modified with
various ligands, transferrin (square) and mannan (triangle). Plain SucPG complexes
without ligands were also shown as a control (diamond).
Figure 5, Cell association of the lipoplexes and SucPG complexes modified with
various ligands. (a) The amount of cell association of the lipoplexes and SucPG
complexes containing transferrin (Tf) and mannan (Man) at the carboxylated
unit/nucleotide unit of 1.5. The complex without ligands (Plain) was also shown as a
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control. (b) Inhibition of the complexes with transferrin (square) and mannan (triangle)
to the cell association. The complexes without ligands were also shown as a control
(diamond). Free transferrin (solid lines), free mannan (dotted lines) and dextran sulfate
(dash lines) were preincubated with DCs as an inhibitor. Relative fluorescence intensity
was calculated as the ratios of the amount of association in the presence of ligands to
that in the absence of ligands.
Figure 6, Transfection activities of the MGluPG complexes containing EGFP gene. (a)
Expression of EGFP in DC2.4 cells treated with MGluPG complexes with various
compositions prepared using TRX-20 lipoplexes with N/P ratio of 4. Compositions of
MGluPG complexes are expressed as molar ratios of carboxylated units of
MGluPG-modified liposomes and DNA nucleotide units of TRX-20 lipoplexes. (b)
Expression levels of EGFP among various transfection reagents. (c) Comparison of
transfection activities and gene expression levels among various transfection reagents.
Figure 7, Comparison of cell association (A), and intracellular localization (B) between
lipoplexes, the SucPG complexes and MGluPG complexes.
Figure 8, Immunofluorescence analysis of DC2.4 cells treated with (a) no treatment, (b)

34

lipoplex, (c) SucPG complex and (d) MGluPG complex. DC2.4 cells treated with 10
mg/ml LPS plus 100 units/ml IFN-γ for 24 h were used as positive control for
phenotypical DC maturation (e). Cells were stained by indirect immunofluorescence
using biotinylated monoclonal antibodies of H-2Kb/H-2Db (MHC class I) followed by
PE-conjugated streptavidin. Value in the upper right-hand corner of each panel
represents the mean fluorescence intensity in flow cytometry analysis in the presence of
specific antibodies.
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Yuba et al, Figure 3.
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Yuba et al, Figure 4.
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