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Abstract

Efficient vaccine carriers for cancer immunotherapy require two functions: antigen

delivery to dendritic cells (DCs) and the activation of DCs, a so-called adjuvant effect.

We previously reported antigen delivery system using liposomes modified with

pH-sensitive polymers, such as 3-methylglutarylated hyperbranched poly(glycidol)

(MGlu-HPG), for the induction of antigen-specific immune responses. We reported that

inclusion of cationic lipids to MGlu-HPG-modified liposomes activates DCs and

enhances antitumor effects. In this study, CpG-DNA, a ligand to Toll-like receptor 9

(TLR9) expressing in endosomes of DCs, was introduced to MGlu-HPG-modified

liposomes containing cationic lipids using two complexation methods (Pre-mix and

Post-mix) for additional activation of antigen-specific immunity. For Pre-mix, thin

membrane of lipids and polymers were dispersed by a mixture of antigen/CpG-DNA.

For Post-mix, CpG-DNA was added to pre-formed liposomes. Both Pre-mix and

Post-mix delivered CpG-DNA to DC endosomes, where TLRO is expressing, more

efficiently than free CpG-DNA solution did. These liposomes promoted cytokine

production from DCs and the expression of co-stimulatory molecules in vitro and

induced antigen-specific immune responses in vivo. Both Pre-mix and Post-mix

exhibited strong antitumor effects compared with conventional pH-sensitive



polymer-modified liposomes. Results show that inclusion of multiple adjuvant

molecules into pH-sensitive polymer-modified liposomes and suitable CpG-DNA

complexation methods are important to design potent vaccine carriers.



1. Introduction

Recent advances in immunology and biotechnology have produced efficient

therapeutic approaches based on human immune systems. Especially because of the

success of immune checkpoint inhibitors such as ipilimumab and nivolumab, cancer

immunotherapy is nearly regarded as a fourth standard cancer therapy [1]. Immune

checkpoint inhibitors have revealed clearly that immune systems can attack and

eliminate cancer cells, with roles played mainly by cytotoxic T lymphocytes (CTLs).

Establishing more effective cancer immunotherapy requires an effective CTL induction

system and canceling of immunosuppressive effects in tumor microenvironments using

immune checkpoint inhibitors. Adoptive T cell transfer therapy, which is the treatment

by administration of cancer-specific T cells cultured ex vivo, has been studied for such

purposes [2]. Another strategy for the induction of cancer-specific CTLs is the

utilization of dendritic cells (DCs). DCs can induce cancer-specific CTLs via

presentation of the endogenous antigen mediated by major histocompatibility complex

(MHC) class I molecules [3]. In general, exogenous antigen is presented by MHC class

II to induce helper T lymphocytes (Th), which assist the CTL-mediated cellular immune

responses or B cell-mediated antibody production. Therefore, the delivery of exogenous

antigen into cytosol is necessary to regard the antigen as an endogenous antigen and to



induce MHC class-I-mediated antigen presentation. Therefore, the cytoplasmic delivery

system of exogenous antigen to DCs is necessary to induce antigen-specific CTLs for

the establishment of efficient cancer immunotherapy.

Cytoplasmic delivery systems of various types have been reported in the

literature [4]. Among them, lipid-based antigen delivery carriers are particularly useful

because they can induce membrane fusion or destabilization of endosomal membrane

and can achieve cytoplasmic delivery of antigen. Typical examples of cytoplasmic

delivery systems using lipid-based carrier are viral fusogenic protein-incorporated

liposomes such as Sendai virus-derived fusogenic protein-introduced liposomes [5] or

Virosome, influenza virus fusogenic protein (hemagglutinin)-incorporated liposomes [6].

Sendai virus-derived fusogenic protein-introduced liposomes generated fusion with

plasma membrane and directly delivered the antigenic protein into cytosol of DCs [7].

Virosome induces fusion with endosomal membrane because hemagglutinin changes its

conformation under weakly acidic pH in endosomes. Also, exposed hydrophobic moiety

in hemagglutinin is inserted to the endosomal membrane, thereby causing the adjacency

of virosome to the endosomal membrane. Sendai virus-derived fusogenic

protein-introduced liposomes and Virosome could induce antigen-specific CTLs but

they might induce unexpected immunity-related effects derived from viral components.



Therefore, cytoplasmic delivery systems without viral components are sought, such as

liposomes modified with synthetic molecules or peptides having fusogenic activity. We

previously reported synthetic fusogenic polymers using carboxylated poly(glycidol)

derivatives and these polymer-modified liposomes for the cytoplasmic delivery of

contents [8—12]. Carboxylated poly(glycidol) derivatives change their properties from

hydrophilic to hydrophobic after protonation of carboxylic acid groups under weakly

acidic pH and destabilize lipid membrane. Modification of egg yolk

phosphatidylcholine (EYPC) liposomes with these polymers produces liposomes having

pH-responsive fusogenic ability [8]. Especially, 3-methylglutarylated hyperbranched

poly(glycidol) (MGlu-HPG, Fig. 1) showed excellent membrane disruptive ability under

acidic pH because of its bulky three-dimensional structures [8]. MGlu-HPG-modified

liposomes delivered ovalbumin (OVA) or its CTL epitope peptide used as model

antigens to cytosol of DCs and induced stronger OVA-specific CTL responses than

complete Freund’s adjuvant [8-10].

In the antigen presentation process, DCs present antigen to T cells via MHC

molecules (first signal), activate T cells by co-stimulatory molecules (second signal),

and cytokines (third signal) [13, 14]. These signals are important for the induction of

antigen-specific immune response. If antigen presentation occurs without the second



signal, then immune tolerance (anergy of T cells) is induced [15]. Furthermore,

cytokines play crucially important roles of controlling immunity and deciding the T cell

subtype [16]. Activated state (matured) DCs express high levels of MHC molecules and

co-stimulatory molecules; moreover, they produce specific cytokines [17]. Therefore,

efficient antigen carriers require not only cytoplasmic delivery performance but also

activation ability of DCs to induce DC maturation, which is designated as an adjuvant

function.

Adjuvant function is crucially important for vaccines to control immune

response through DC activation [18]. Alum has been the most famous and general

adjuvant since the 1920s. A vaccine composed of antigen and alum can induce

antigen-specific antibody response [19]. However, because alum has no ability to induce

CTL response [19] and administration of alum/OV A mixture to tumor-bearing mice

showed no antitumor effect in our experimental condition (data not shown). Therefore,

more efficient adjuvant molecules are necessary to activate CTL response. Reportedly,

surface chemistry of nanoparticles strongly affected their adjuvant function. For

examples, cationic polysaccharide (chitosan)- or hydrophobic pluronic F68-coated lipid

nanoparticles activated peripheral blood mononuclear cells [20]. Carboxylated graphene

oxides or poly(ethylene imine)-modified graphene oxides showed activation of APCs,



whereas poly(ethylene glycol) (PEG)-modified ones were inert to immune systems [21].

Ma et al also reported the importance of terminal functional groups of PEG on quantum

dots for activation of APCs [22]. Cationic lipids and cationic lipid-introduced liposomes

also have adjuvant functions [23, 24]. We recently reported that the incorporation of 3,

5-didodecyloxybenzamidine (TRX, Fig. 1) as a cationic lipid to MGlu-HPG-modified

liposomes promoted their activation property of DC by the synergetic effect of carboxyl

groups on MGlu-HPG and cationic functional groups of TRX [25]. As a result,

TRX-inclusion increased the conjugation of MGlu-HPG polymers onto liposome

surface via electrostatic interaction with TRX and the increase of carboxylate density on

liposome surface induced the activation of dendritic cells [25]. TRX-incorporated

liposomes induced high CTL response and antitumor effect against tumor-bearing mice

[25]. However, its therapeutic effect remained lower than that of liposomes containing

monophosphoryl lipid A (MPLA), which is an adjuvant derived from bacterial

lipopolysaccharide [25]. We examined the combination of TRX and MPLA for

activation of antitumor immunity. Unexpectedly, inclusion of TRX and MPLA to

MGlu-HPG-modified liposomes reduced the antitumor effect (unpublished data), which

suggests the competition in intracellular signaling between TRX and MPLA.

Toll-like receptors (TLRs) are pattern recognition receptors (PRRs). DCs detect



and distinguish viruses and bacteria invading a living body using TLRs. Then they

induce appropriate immunity against pathogens [26]. Many TLR ligands including

MPLA, poly(I:C) and CpG-DNA have been explored as adjuvant molecules for antigen

delivery system. Among them, we focused on CpG-DNA because CpG-DNA is

unmethylated CG sequence-containing oligonucleotide and can be chemically

synthesized in a low cost. Actually, CpG-DNA has been used as adjuvant for activation

of antigen-specific immune response by combination of various antigen delivery

nanomaterials [27-30]. Because CpG-DNA is recognized by TLR9, which expresses in

endosome of DCs [31], the delivery control of CpG-DNA molecules in DCs would be

of importance to achieve efficient activation of DC via TLR9. Reportedly,

TRX-introduced MGlu-HPG liposomes delivered their contents in endosomes rather

than cytosol because of the restriction of MGlu-HPG polymers on the surface of

liposomes [25]. In this study, CpG-DNA was introduced to pH-sensitive polymer

(MGlu-HPG)-modified liposome-based antigen carrier to control intracellular

distribution of CpG-DNA and improve their adjuvant function (Fig. 1). CpG-DNA has

an anionic phosphoester backbone [32]. Therefore, CpG-DNA is expected to complex

with cationic lipid (TRX) on the liposomal membrane through electrostatic interaction.

In addition, multiple introduction of adjuvant molecules (CpG-DNA and TRX) is



expected to show synergistic effect on immunity induction. Here, two complexation

methods of CpG-DNA to liposomes were investigated (Fig. 2): Pre-mix for which

CpG-DNA was mixed with liposomal lipids when liposomes were formed and Post-mix

for which CpG-DNA was mixed with pre-formed liposomes. The CpG-DNA

complexation method effects on the immunity-inducing activity of liposomes were

examined in vitro and in vivo.

2. Materials and Methods

2.1. Materials

EYPC was kindly donated by NOF Co. (Tokyo, Japan). 3, 5—

Didodecyloxybenzamidine hydrochloride (TRX) were kindly donated by Terumo Corp.,

Ltd. (Kanagawa, Japan). Lissamine rhodamine B—sulfonyl phosphatidylethanolamine

(Rh—PE) was purchased from Avanti Polar Lipids (Birmingham, AL, USA). OVA,

bovine serum albumin (BSA) and MPLA were purchased from Sigma (St. Louis, MO.).

Triton X—100 were obtained from Tokyo Chemical Industries Ltd. (Tokyo, Japan).

Quant-iT Oligreen ssDNA reagent was obtained from Molecular Probes (Oregon, USA).

ODN 1826 (CpG-DNA: 5’-TCCATGACGTTCCTGACGTT-3") and Tween20 were

obtained from Nacalai Tesque, Inc., (Kyoto, Japan). 3-Methylglutarylated



hyperbranched poly(glycidol) with polymerization degree of 60 (MGlu-HPG) was
prepared as previously reported [8]. The ratios of hydroxyl units, MGlu units and decyl
amide units for MGlu-HPG was 9/80/11, as estimated using "H NMR [8].
2.2. 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 (Nacalai
Tesque) supplemented with 10% FBS (MP Biomedical, Inc.), 2 mM L—glutamine
(Wako), 100 mM MEM nonessential amino acid (Nacalai Tesque), 50 uM 2—
mercaptoethanol (2-ME, Gibco), 100 U/mL penicillin, and 100 pg/mL streptomycin at
37 °C [33]. E.G7-OVA, which is a chicken egg OVA gene—transfected murine T
lymphoma and which presents OVA with MHC class I molecules, was obtained from
the American Type Culture Collection (Manassas, VA) [34].
2.3. Animals

Female C57BL/6 mice (H-2°, 7 weeks old) were purchased from Oriental
Yeast Co., Ltd. (Tokyo, Japan). The experiments were carried out in accordance with
the guidelines for animal experimentation in Osaka Prefecture University.
2.4. Preparation of liposomes

Liposomes were prepared according to the standard thin film hydration method.



To a dry, thin membrane of EYPC and TRX (0 or 30 mol%) (total lipids; 1.25 x 10~
mol) and MGlu-HPG (lipids/polymer = 7/3, w/w) was added 500 uL of OVA (4
mg/mL) phosphate buffered saline (PBS) (pH 7.4) and the mixture was sonicated for 2
min using a bath—type sonicator. The liposome suspension was further hydrated by
freezing and thawing, and was extruded through a polycarbonate membrane with a pore
size of 100 nm. The liposome suspension was centrifuged with the speed of 55,000 rpm
for 2 h at 4 °C twice to remove free OVA and CpG-DNA. For CpG-DNA inclusion to
liposomes, two complexation methods were examined. In the case of Pre-mix, mixed
thin membrane was dispersed by mixture of OVA/CpG-DNA (2.5, 5, 7.5 g/mol lipid) in
PBS. Lipid concentration and OVA encapsulation were determined by Test-Wako C
(Wako Pure Chemical Industries, Ltd) and Coomassie (Bradford) Protein assay reagent
(Thermo-Scientific). CpG-DNA amounts in liposomes were determined by Quant-iT
Oligreen ssDNA assay as following procedure. Lipid dispersion was mixed with
Triton-X 100 (0.2% vol) and Oligreen ssDNA assay reagent in fluorescence microtiter
plate. Microplate was excited at 480 nm and fluorescence emission intensity was
detected at 520 nm using Microplate Reader (SH-8000 CORONA ELECTRIC Co.,
Ltd.).

2.5. Dynamic light scattering and zeta potential



Diameters and zeta potentials of the liposomes (0.1 mM lipids) in 0.1 mM
phosphate aqueous solution were measured using a Zetasizer Nano ZS ZEN3600
(Malvern Instruments Ltd, Worcestershire, UK). Data was obtained as an average of
more than three measurements on different samples.

2.6. Cellular uptake of liposome and CpG-DNA

The DC2.4 cells (1 x10° cells) cultured for 2 days in a 12-well plate were
washed with Hank’s balanced salt solution (HBSS) and then incubated in culture
medium. The liposomes which lipids were substituted by Rh-PE (0.6 mol%) or the
liposomes containing FITC-CpG-DNA were added gently to the cells and incubated for
4 h at 37 °C. The cells were washed with HBSS three times, and then the detached cells
using trypsin were applied to a flow cytometer (CytoFlex, Beckman Coulter, Inc).

2.7. Intracellular behavior of liposomes

The FITC-CpG-DNA -incorporated liposomes containing Rh-PE were
prepared as described above except that a mixture of polymer and lipids containing Rh-
PE (0.6 mol%) was dispersed in PBS containing FITC-CpG-DNA (5 g/mol lipid).
DC2.4 cells (2 x 10’ cells) cultured 2 days in 35-mm glass—bottom dishes were washed
with HBSS, and then incubated in serum—free RPMI-1640 medium (1 mL). The FITC—

CpG-DNA -loaded liposomes (0.1 mM of lipid concentration, 5 g/mol lipid of



CpG-DNA concentration, total volume was 2 mL) were added gently to the cells and
incubated for 4 h at 37 °C. After the incubation, the cells were washed with HBSS three
times. In the case of staining cellular acidic compartments, LysoTracker Red or
LysoTracker Green (Invitrogen) was used. Confocal laser scanning microscopic
(CLSM) observation of these cells was performed using LSM 5 EXCITER (Carl Zeiss
Co. Ltd.). Co-localization analysis was performed with LSM Software ZEN 2009 (Carl
Zeiss Co. Ltd.).
2.8. Cytokine production from DC2.4 cells treated with liposomes

The DC2.4 cells (3 x 10° cells) cultured for 2 days in a 6-well plate were
washed with HBSS, and then incubated in serum—free RPMI-1640 medium (2
mL).Cytokine (TNF—a and IL—12) production in supernatants of DC2.4 cells treated
with liposomes was measured using an enzyme-linked immunosorbent assay kit
(ELISA Development Kit, PeproTech EC Ltd.) according to the manufacture’s
instruction.
2.9. Analysis of liposome-treated DC phenotype

The DC2.4 cells (3 x 10° cells) cultured for 2 days in a 6-well plate were
washed with HBSS, and then incubated in serum—free RPMI-1640 medium (2 mL). The

OVA-loaded liposomes (0.1 mM of lipid and 1 pug/mL CpG-DNA concentration, 1 mL)



were added gently to the cells and incubated for 6 h at 37 °C. The cells were washed
with HBSS three times and cultured for 20 h. Cell phenotype was confirmed by a flow
cytometric analysis. Briefly, 10° cells in 100 pL of staining buffer (PBS containing
0.1% BSA and 0.01% sodium azide) were incubated for 30 min on ice with the anti—
Fc yRII/III monoclonal antibody (eBioscience, 2.4G2) to block nonspecific binding of
the subsequently used antibody reagents. The cells were re—suspended in 100 puL of
staining buffer and incubated for 30 min on ice, using the manufacturer’s recommended
amounts of biotinylated antibodies: anti-mouse H-2K®/D" (BD Pharmingen, 28—8—6)
and FITC-labeled anti-CD80 (abcam, 16—10A1). The cells were then re—suspended in
100 pL of staining buffer containing 10 uL. of R-Phycoerythrin (PE)—conjugated
streptavidin (Sigma), and relative fluorescence intensity was measured against cells
treated with PE—conjugated streptavidin alone. After incubation for 30 min on ice,
10,000 events of the stained cells were analyzed for surface phenotype, using a flow
cytometer (CytoFlex, Beckman Coulter, Inc). Between all incubation steps, cells were
washed three times with staining buffer.
2.10. In vivo stimulation of antigen-specific T cells

50 pug of OVA-loaded liposomes or PBS were subcutaneously injected into the

right backs of the mice under anesthesia twice at a week intervals. After a week from



second immunization mice were sacrificed and splenocytes were suspended in RPMI—
1640 medium supplemented with 10% FBS, 100 U/mL penicillin, 100 pg/mL
streptomycin, 50 uM 2-ME. Splenocytes (2 x 10° in 2 mL) were cultured with or
without 50 ug/mL of OV A for 5 days. After incubation, the concentration of IFN-y was
measured using murine I[FN-y ELISA development kit (PeproTech, London, UK)
according to the manufacture’s instruction.
2.11. Treatment of tumor-bearing mice with liposomes

E.G7-OVA cells (1 x 10° cells) were subcutaneously inoculated into the left
backs of C57BL/6 mice under anesthesia with isoflurane. On days 5 and 12, 50 pg of
OV A -loaded liposomes were subcutaneously injected into the right backs of the mice
under anesthesia with isoflurane. Tumor sizes were monitored from the day of
inoculation. Mice immunized with PBS were used as controls to confirm the
development of cancer following the first inoculation with E.G7-OVA cells. Mice were
sacrificed when tumor volumes become over 2,500 mm’. All treated groups contained
four mice.
2.12. Statistical analysis

Student's t—test (Fig. 3) or Tukey-Kramer-test were performed in the statistical

evaluation of the results (Figs. 4, 6-8). Survival data in Figure 9 was evaluated using



Log-rank test (Tables S2-S4).

3. Results and Discussion

3.1. Preparation of cationic lipid- and CpG-DNA-introduced liposomes

This study investigated the inclusion of both cationic lipids and CpG-DNA to

pH-sensitive polymer-modified liposomes for the preparation of an efficient antigen

delivery system. Figure 2 presents a summary of the preparation scheme of

antigen-loaded liposomes used for this study. A mixed thin membrane composed of

EYPC and MGlu-HPG was dispersed in PBS containing OVA. Liposome suspension

was extruded through a 100 nm polycarbonate membrane. Then it was purified by

ultracentrifugation. This liposome was designated as Lip. TRX-Lip was prepared from

mixed thin membrane composed of EYPC, TRX, and MGlu-HPG according to the same

procedure. Two complexation methods of CpG-DNA were examined: Pre-mix for which

a mixed thin membrane with or without TRX was dispersed in a mixture of

OVA/CpG-DNA solution, designated respectively as Pre-mix TRX+ and Pre-mix TRX-.

The CpG-DNA contents in liposomes were ascertained using an ssDNA assay kit (Fig.

3). Figure 3 shows that the CpG-DNA contents in Pre-mix TRX+ were significantly

greater than those of Pre-mix TRX—. More than 80% of CpG-DNA in feed complexed



with TRX-containing liposomes, whereas the complex efficiency of Pre-mix TRX— was

less than 13%. These results demonstrate that CpG-DNA binds efficiently to cationic

lipids on the liposomal membrane Via electrostatic interaction. In addition, the stability

of CpG-DNA loading was evaluated using Pre-mix TRX+. After 24 h-incubation in a

physiological condition, Pre-mix TRX+ suspension was ultracentrifuged and CpG-DNA

concentrations in liposome pellet and supernatant were respectively determined using

ssDNA assay kit. According to the results, only 3.7 + 1.3 % of CpG-DNA was detected

from supernatant (n = 3). This indicates that more than 96% of CpG-DNA molecules

tightly bound to liposome surface via electrostatic interactions with TRX even after 24

h-incubation. Another method for CpG-DNA complexation is Post-mix for which the

same amount of CpG-DNA in Pre-mix TRX+ was added to pre-formed Lip and

TRX-Lip, which are designated respectively as Post-mix TRX— and Post-mix TRX+.

Because they were used without further purification, the content of CpG-DNA (4.60 +

0.44 g/mol, determined by ssDNA assay kit) was almost same with feed content (5

g/mol). OVA content of each liposome was summarized in Table S1. TRX-inclusion

increased the OVA content per liposome (from 150 g/mol to 240 g/mol), which might

result from electrostatic interaction between TRX and acidic protein OVA. In contrast,

CpG-DNA inclusion hardly affected the OVA contents in liposomes.



The particle size and C-potential of each liposome at pH 7.4 were evaluated

using DLS and electrophoretic light scattering (Table 1). All liposomes were

approximately 100 nm, which corresponds to the pore size of the polycarbonate

membrane used for extrusion. All liposomes showed negative values of zeta potentials,

which indicates that the liposome surface was covered by MGlu-HPG having many

carboxyl groups. The TRX-containing liposomes exhibited more negative zeta

potentials than liposomes without TRX, which suggests that the introduction of cationic

lipid increased the amounts of MGlu-HPG polymers on the surface of liposome via

electrostatic interactions. That result is consistent with those presented in earlier reports

of the literature [25]. The inclusion of CpG-DNA to liposomes only slightly affected the

size and zeta potentials of each liposome without CpG-DNA. Therefore, liposomes

might retain their structure even in the presence of CpG-DNA molecules.

3.2. Cellular association of cationic lipid- and CpG-DNA-introduced liposomes

Next, the cellular association of liposomes to dendritic cells was examined. For

4 h, DC2.4 cells were treated with rhodamine lipid-incorporated liposomes. Then,

cellular fluorescence was measured using flow cytometric analysis. Figure 4A shows

that liposomes with TRX (TRX-Lip, Pre-mix TRX+) exhibited over 10 times higher



cellular fluorescence than those of liposomes without TRX (Lip, Pre-mix TRX-).

Reportedly, more anionic nanoparticles are taken up more efficiently by dendritic cells

or macrophages by the recognition of scavenger receptors on these cells, which are

receptors to recognize anionic surface of apoptotic cells or aged erythrocytes [35, 36].

Liposomes with TRX showed much lower zeta potentials than those of liposomes

without TRX (Table 1). Therefore, liposomes with TRX might be recognized efficiently

by scavenger receptors on DC2.4 cells, which is consistent with results of our earlier

study [25]. The inclusion of CpG-DNA to Lip or TRX-Lip caused the reduction of

cellular association of liposomes to some extent, which suggests that CpG-DNA on the

liposome surface might interrupt the interaction of carboxylate of MGlu-HPG with

scavenger receptors.

Cellular association of CpG-DNA was investigated using FITC-labeled

CpG-DNA (Fig. 4B). Compared with free CpG-DNA solution, Pre-mix TRX+ showed

much higher FITC fluorescence, indicating that CpG-DNA was delivered efficiently by

Pre-mixed liposomes. In contrast, both Post-mix TRX—/+ showed lower fluorescence

intensity than that of free CpG-DNA, which suggests that the liposomes with negative

charges (Table 1) might act as an inhibitor and suppress the cellular association of

CpG-DNA molecules.



3.3. Intracellular distribution of cationic lipid- and CpG-DNA-introduced

liposomes

TLRO exists at endosomal lumen of immunocompetent cells. Therefore, precise

delivery of CpG-DNA molecules to the inside of endosomes might cause efficient

activation of immunocompetent cells. Therefore, the intracellular distribution of

CpG-DNA delivered by liposomes was investigated next. For 4 h, DC2.4 cells were

treated with FITC-CpG-DNA solution or FITC-CpG-DNA-introduced liposomes. The

DC2.4 cells were then observed using CLSM (Fig. 5A). For cells treated with

CpG-DNA solution, most of the FITC fluorescence was observed from the cell

periphery, which suggests that most of the CpG-DNA adsorbed onto the cell surface and

that their internalization efficiency was quite low. For cells treated with Pre-mix TRX—,

red punctate fluorescence and green fluorescence were observed from the same

intracellular locations, indicating that liposomes and CpG-DNA were internalized to

cells. However, their fluorescence was quite low because the cellular association of

liposomes and CpG-DNA contents in liposomes were low (Figs. 3 and 4A). In contrast,

cells treated with Pre-mix TRX+ showed much stronger red and green fluorescence than

those of Pre-mix TRX-. According to the co-localization analysis of FITC fluorescence



derived from CpG-DNA and rhodamine fluorescence derived from liposome, over 80%

of FITC pixels in the region of interest (ROI, dashed white lines in the CLSM image)

co-localized with thodamine pixels (Fig. 5B), which indicates that Pre-mix TRX+

efficiently delivered both liposome and CpG-DNA to inside of cells. For more detailed

evaluation of intracellular distribution of liposomes and CpG-DNA, cells treated with

Pre-mix TRX+ were stained with LysoTracker (Fig. 5C). Figure 5C demonstrates that

rhodamine and FITC-CpG-DNA fluorescence derived from Pre-mix TRX+ overlapped

respectively with LysoTracker green and LysoTracker red. Their co-localization

efficiency in the ROI was higher than 80% (Fig. 5D). These results suggest that Pre-mix

TRX+ delivered CpG-DNA to endosomes in DC2.4 cells. Therefore, Pre-mix TRX+ is

expected to stimulate DCs effectively via interaction with TLR9.

Intracellular delivery performance of CpG-DNA by “Post-mix” liposomes was

also examined (Fig. 5A). In the case of cells treated with Post-mix TRX—, red

fluorescence was located within cells, but most of the green fluorescence was observed

from the cell periphery as it was in the case of free CpG-DNA solution-treated cells.

This result suggests that liposomes and CpG-DNA were taken up independently by cells

in the case of Post-mix TRX-. It is particularly interesting that in the case of cells

treated with Post-mix TRX+, most of the green fluorescence located within cells, unlike



the case of Post-mix TRX-. To elucidate the internalization mechanism of CpG-DNA

by Post-mix TRX+, time-dependence of the intracellular distribution of CpG-DNA and

liposomes was evaluated (Fig. S1). Figure S1 shows that green and red fluorescence

was observed only slightly at an earlier stage (30 min of incubation time). After 1-h

incubation, strong red fluorescence was observed from inside of cells. Moreover, the

green fluorescence almost overlapped with the red fluorescence. After 4-h incubation,

both red and green fluorescence were observed from inside the cells, but a part of the

green fluorescence was located at a different site from that of red fluorescence. These

results suggest that CpG-DNA might form a complex with liposomes in the culture

medium and be internalized. Eventually, it is released from liposomes. To investigate

the complex formation with CpG-DNA and liposomes, Lip or TRX-Lip and CpG-DNA

were incubated for 10 min or 4 h and ultracentrifuged. Then the amounts of CpG-DNA

in the supernatant and the precipitated liposomes were measured using an ssSDNA assay

kit (Fig. S2). According to Figure S2, about 60% of CpG-DNA was detected from the

liposome fraction after 4 h-incubation with TRX-Lip, whereas almost all CpG-DNA

molecules were detected from the supernatant in the case of Lip. These results indicate

that CpG-DNA can bind to TRX-Lip via electrostatic interaction in Post-mix TRX+.

After application to culture medium, some CpG-DNA molecules might start to bind to



TRX-Lip. Then, CpG-DNA/TRX-Lip complexes might internalize to cells. Therefore,

Post-mix TRX+ can promote the internalization of CpG-DNA to dendritic cells. The

co-localization efficiency of FITC with rhodamine was also evaluated between Pre-mix

TRX+ and Post-mix TRX+ (Fig. 5B). Figure 5A shows that the ROI was set only to the

inside of cells, as shown by dashed white lines in the CLSM images. Pre-mix TRX+

showed higher than 80% co-localization efficiency, as described above. In contrast,

Post-mix TRX+ exhibited low co-localization efficiency compared with Pre-mix TRX+.

MGlu-HPG-modified liposomes with TRX (TRX-Lip) are destabilized in response to

weakly acidic pH inside of endosomes, as described in reports of earlier studies [25].

However, because CpG-DNA molecules in Pre-mix TRX+ might bind tightly to

liposomal membrane via electrostatic interaction, CpG-DNA molecules might exist in

endosomes with liposomes even after pH-responsive destabilization of liposomes. In

contrast, the interaction between CpG-DNA and liposomes in Post-mix TRX+ might be

low. Therefore, CpG-DNA molecules were released from endosomes when the

endosomal membrane was destabilized by TRX-Lip. Such differences in the

intracellular distribution of CpG-DNA inside of dendritic cells might cause the different

activation profiles of dendritic cells, as described below.



3.4. Activation of dendritic cells by cationic lipid- and CpG-DNA-introduced

liposomes

Next, the activation of dendritic cells by liposomes was evaluated in the

viewpoints of cytokine production from DCs or upregulation of surface marker

molecules. Figure 6 depicts the cytokine production from DC2.4 cells treated with

CpG-DNA or various liposomes. Compared with cells with no treatment, cells treated

with CpG-DNA solution produced high levels of TNF-a, which indicates that DC2.4

cells were activated by CpG-DNA, but no production of IL-12 was observed.

Lip-treated cells also produced TNF-a, but various amounts of CpG-DNA inclusion to

Lip by Pre-mix method (Pre-mix TRX-) did not affect the TNF-a production from cells.

In addition, IL-12 production was not detected by these liposomes under experimental

conditions. Compared with Lip and Pre-mix TRX—, TRX-Lip induced high levels of

both TNF-a and IL-12 production, which is consistent with results of our earlier study

[25]. Furthermore, inclusion of CpG-DNA to TRX-Lip by Pre-mix method strongly

promoted TNF-a and IL-12 production but not by Post-mix method. Considering the

difference in intracellular distribution of CpG-DNA between Pre-mix TRX+ and

Post-mix TRX+ (Fig. 5A), Pre-mix TRX+, which mainly delivered CpG-DNA to

endosomes, might induce the activation of cells through TLR9 in endosomes more



efficiently than Post-mix TRX+, which delivered CpG-DNA not only to endosomes but

also to cytosol (Figs. SA and S1), resulting in higher production of cytokines. IL-12

from DCs is the determinant factors of the differentiation of naive Th into Th1 [37].

Therefore, Pre-mix TRX+ is expected to promote cellular immune response through

Th1 induction.

Surface marker molecules such as MHC classes I, II, and co-stimulatory

molecules (CD80) play important roles in antigen presentation. Maturated DCs highly

express MHC and co-stimulatory molecules and lead the activation of antigen-specific

immune responses. Therefore, the expression of these surface markers on DC2.4 cells

treated with CpG-DNA or various liposomes was analyzed using immunofluorescence

staining (Figs. 7 and S3). The treatment of CpG-DNA solution affected the expression

of MHC and CD80 molecules only slightly. Cells treated with Lip showed a slight

increase of MHC class I molecules but not of CD80 molecules, which indicates that

MGlu-HPG liposomes with no adjuvants (Lip) were unable to activate the dendritic

cells fully. Compared with Lip, TRX-Lip promoted the expression of both MHC and

CD80 molecules. This result indicates that TRX induced maturation of DCs, as reported

previously [25]. CpG-DNA-introduced liposomes (Pre-mix TRX+ and Post-mix TRX+)

also induced strong maturation of DC2.4 cells, but no significant difference exists



between TRX-Lip, Pre-mix, and Post-mix, except for CD80 expression. Figure 7C

shows that Post-mix showed high expression of CD80 compared with Pre-mix. As

shown in Fig. S1, CpG-DNA molecules in Post-mix TRX+ first bound to liposomes.

Then they were delivered not only to endosomes but also to cytosol. The cytosol

contains inflammasome of NALP3, which is known as a cytosolic DNA sensor [38].

Therefore, Post-mix TRX+ might activate dendritic cells not only by TLR9 in

endosome but also NALP3 in cytosol. Such multiple stimulations might induce the high

expression of CD80 molecules by Post-mix TRX+. Therefore, it is likely that methods

of CpG-DNA inclusion to liposomes (Pre-mix or Post-mix) strongly affect the

activation properties of dendritic cells, which might be attributed to the intracellular

distribution of CpG-DNA.

3.5. In vivo immune responses of cationic lipid- and CpG-DNA-introduced

liposomes

Next, in vivo immune response induced by liposomes was investigated. Various

liposomes containing OVA were administered subcutaneously to mice. At 7 days after

immunization, splenocytes were collected and cultured in vitro in the presence of OVA

for 5 days. IFN-y production from splenocytes during the 5-day culture was measured



using ELISA (Fig. 8). IFN-y, which is known as Th1 cytokine, is important for

induction and activation of cellular immunity. Splenocytes from mice treated with PBS

only slightly produced IFN-y irrespective to OVA concentration used in vitro culture. In

contrast, in the cases of liposome-treated mice, IFN-y production increased depending

on OVA concentration during in vitro culture. These results indicate that OVA-specific

cellular immune responses were induced in spleen by the administration of liposomes.

According to the preliminary result of biodistribution of pH-sensitive polymer-modified

liposomes after subcutaneous administration, most of liposomes remained at

administered site even after 24 h and a part of liposome-derived fluorescence was

overlapped with CD11c-expressing cells (dendritic cells) (data not shown). Considering

the highly negative zeta potentials of liposomes (Table 1), the cellular association of

liposomes to cells existing at administered site seems to be quite low except for antigen

presenting cells (dendritic cells, Langerhans cells and macrophages), which have

scavenger receptors to recognize the anionic molecules [35, 36]. Actually, cellular

association of TRX-Lip to dendritic cells was quite high as previously reported [25].

Antigen presenting cells including CD11c-expressing dendritic cells that took up these

anionic liposomes would migrate to lymph nodes. Actually, liposome-derived

fluorescence was observed in lymph node (data not shown). Antigenic proteins were



released in endosomes and were delivered to cytosol of antigen presenting cells by

membrane fusion activity of MGlu-HPG [25] and these cells were simultaneously

activated by MGlu-HPG, TRX and/or CpG-DNA, which induced the antigen

presentation to naive T cells and subseqeunt activation of OVA-specific cellular

immunity in spleen (Figure 9). Compared with Pre-mix TRX— and TRX-Lip, Pre-mix

TRX+ and Post-mix TRX+ exhibited significantly strong cellular immune responses.

This result suggests the importance of co-delivery of CpG-DNA and cationic lipids for

induction of efficient cellular immune responses. Furthermore, Post-mix TRX+ induced

the highest production level of IFN-y unlike the in vitro results in cytokine production

(Fig. 6). Considering the result in high expression of CD80 molecules by Post-mix

TRX+ (Fig. 7C), high expression of co-stimulatory molecules might be the most

important for induction of in vivo cellular immune responses.

3.6. Cancer immunotherapeutic effect by cationic lipid- and CpG-DNA-introduced

liposomes

Therapeutic effects by liposomes on tumor-bearing mice were investigated. The

E.G7-OVA cells, which are OVA-expressing tumor cells, were injected to mice. At 5

and 12 days after tumor inoculation, liposomes of various types were administered



subcutaneously to mice. Then, tumor growth was monitored. Figures 9A and 9B depict

a comparison of the immunotherapeutic effects of TRX-Lip, Pre-mix TRX—, and

Pre-mix TRX+. Compared with PBS-treated mice, all mice treated with these liposomes

showed a decrease of tumor volumes, indicating that OVA-specific cellular immunity

induced by these liposomes efficiently killed E.G7-OVA tumor cells. TRX-Lip and

Pre-mix TRX- showed almost identical antitumor effects, which might be attributed to

the almost identical cellular immune responses of these liposomes (Fig. 8). Among

these liposomes, Pre-mix TRX+ exhibited the strongest antitumor effect and survival

rate: the tumor volume of mice treated with Pre-mix TRX+ started to decrease 3 days

after first immunization and disappeared once. Antitumor effect of conventional

MPLA-introduced MGlu-HPG-modified liposomes was compared with Pre-mix TRX+

(Figure S4). MPLA-introduced MGlu-HPG-modified liposomes also showed strong

antitumor effect but their survival was not significant with Pre-mix TRX+ (p = 0.661).

Therefore, both TRX and CpG-DNA inclusion to MGlu-HPG-modified liposomes are

effective to obtain adjuvant effect as same with conventional MPLA-introduced

liposomes. Figures 9C and 9D compare the antitumor effects of Pre-mix TRX+ and

Post-mix TRX+. As shown in Fig. 9C, Post-mix TRX+ showed tumor regression at

earlier timing than that of Pre-mix TRX+ did, which might reflect higher cellular



immune response by Post-mix TRX+ (Fig. 8). However, survival of mice treated with
Post-mix TRX+ was not significant compared with that of Pre-mix TRX+ (p = 0.257,
Table S3). In these experiments, separate immunization of TRX-Lip and CpG-DNA
solution at different sites was also examined as a comparison of Post-mix TRX+, which
injects TRX-Lip and CpG-DNA solution at same sites immediately after mixing.
Figures 9C and 9D both show that separate delivery of TRX-Lip and CpG-DNA
produced relatively low antitumor effects and survival rates compared with those of
Post-mix TRX+ (p = 0.105, Table S3). This result suggests that the co-delivery of
antigen-loaded liposomes and adjuvants to DCs existing in same region is necessary for
the induction of effective cellular immunity.

Finally, therapeutic effects for more progressive tumors were investigated (Figs.
9E and 9F). Liposomes were administered at Day 9 when tumor volumes reached
approximately 500 cm’, which is eight times larger than at Day 5. In these experiments,
Lip, TRX-Lip, and Post-mix TRX+ were administered to tumor-bearing mice. Their
therapeutic effects were evaluated. The tumor volumes of Lip-treated mice decreased to
some degree, but increased again from Day 25. Both TRX-Lip and Post-mix TRX+
showed decreased tumor volume from earlier timing (Day 13) than Lip did (Day 20). In

addition, Post-mix TRX+ showed stronger antitumor effects and prolongation of the



survival of mice than those of Lip did (p = 0.0311, Table S4). Therefore, the

simultaneous delivery of CpG-DNA, cationic lipids and antigen by multiple

adjuvants-introduced liposome-based systems is an effective strategy for induction of

cancer-specific cellular immune responses.

4. Conclusion

This study investigated the immunity-inducing performance of CpG-DNA- and

cationic lipid-introduced pH-sensitive polymer-modified liposomes. Two complexation

methods of CpG-DNA to liposomes were compared: Pre-mix and Post-mix. Cationic

lipid inclusion to liposomes promoted not only the binding of CpG-DNA to liposomes

but also internalization of CpG-DNA. Both Pre-mix and Post-mix with cationic lipids

activated dendritic cells efficiently in vitro. Especially, Post-mix promoted the

expression of co-stimulatory molecules, which is important for efficient antigen

presentation. Post-mix induced higher cellular immune responses than those of Pre-mix.

Pre-mix and Post-mix showed almost identical antitumor effects on tumor-bearing mice

and these therapeutic effects were high compared with conventional pH-sensitive

polymer-modified liposome-based system. Therefore, multiple introduction of adjuvant

molecules is suitable to prepare antigen carriers with high immunity-inducing effects for



effective cancer immunotherapy.
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Table 1. Particle size and £-potential of liposomes

Liposome Mean diameter (nm) C-potential (mV)
Lip 97 +6 -18+6
Pre-mix (TRX-) 100+ 3 -19+5
Post-mix (TRX-) 88+6 11+1
TRX-Lip 110+ 6 -63x4
Pre-mix (TRX+) 1088 -65+3

Post-mix (TRX+) 109 £ 10 -60+5




Figure captions

Figure 1. Design of pH-sensitive polymer (MGlu-HPG)-modified liposomes based

immunity-inducing system containing cationic lipid (TRX) and Toll-like receptor 9

ligand (CpG-DNA) for efficient antigen delivery and activation of dendritic cells. These

liposomes deliver not only double stimulation molecules, CpG-DNA and cationic lipids,

to endosomes but also antigen to cytosol of dendritic cells after endosomal membrane

destabilization by MGlu-HPG. Antigen in cytosol is presented to T lymphocytes

through MHC class I molecule and up-regulation of co-stimulatory molecules and

cytokine production by double stimulation molecules promote the activation of

cytotoxic T lymphocytes.

Figure 2. Preparation schemes of antigen-loaded liposomes used in this study.

Figure 3. The amounts of CpG-DNA in Pre-mix liposomes with (closed symbols) or

without (open symbols) TRX at various feeds of CpG-DNA. ** p <0.01.

Figure 4. (A) Relative fluorescence intensity of DC2.4 cells treated with 0.6 mol%

Rh-PE-labeled liposome. Cells were incubated with liposomes for 4 h at 0.5 mM of

lipids and 2.5 pg/mL of CpG-DNA in the absence of serum. (B) Relative fluorescence

intensity of DC2.4 cells treated with FITC-CpG-DNA-complexed liposome. Cells were

incubated with liposomes for 4 h at 0.1 mM of lipids and 0.5 pg/mL of FITC-CpG-DNA



in the absence of serum. * p <0.05. ** p <0.01.

Figure 5. (A) CLSM images of DC2.4 treated with FITC-CpG-DNA or various

liposomes. Cells were incubated with 0.6 mol% Rh-PE-labeled liposomes for 4 h at 0.1

mM of lipids and 0.5 pg/mL of FITC-CpG-DNA in the absence of serum. Scale bar

represents 10 um. (B) Co-localization analysis of FITC fluorescence with rhodamine

fluorescence in region of interest (ROI) indicated with white dashed-lines in Figure 5A.

(C) CLSM images of DC2.4 cells treated with Pre-mix TRX+ containing Rh-PE (left) or

FITC-CpG-DNA (right). Cells were stained by LysoTracker Green (left) or Red (right).

(D) Co-localization analysis of fluorescence derived from endo/lysosomes with

fluorescence derived from liposomes or CpG-DNA in ROI indicated with white

dashed-lines in Figure 5C.

Figure 6. TNF-a (A) and IL-12 (B) productions from DC2.4 cells treated with

liposomes for 24 h in the absence of serum. Lipid and CpG-DNA concentrations were

0.5 mM and 2.5 pug/mL, respectively. After incubation, each cell medium was collected

and centrifuged, and then cytokine levels in the supernatant were measured by ELISA. *

p<0.05. **p<0.01.

Figure 7. Immunofluorescent staining of DC2.4 treated with CpG-DNA or various

liposomes. Cells were incubated with liposomes for 6 h at 0.1 mM of lipid



concentration and 0.5 pg/mL of CpG-DNA concentration in the absence of serum. Then
cells were incubated with cell culture medium containing 10% FBS for 20 h. After
incubation, surface molecules of cells were stained using specific antibodies. * p < 0.05.
Figure 8. In vitro stimulation of splenocytes from mice immunized with 50 pug
OVA-loaded and 0 or 1 pg CpG-DNA-complexed liposomes at days 7 and 14. 7 days
after second immunization, splenocytes (4 x 10%2 mL) isolated from immunized
C57BL/6 mice were incubated with or without 50 pg/mL, 25 pg/mL of OVA for 5 days.
IFN-y production in the supernatant was measured by ELISA. * p <0.05. ** p <0.01.
Figure 9. (A-D) Antitumor effects induced by subcutancous administration with
OVA-loaded various liposomes. C57BL/6 mice were immunized on days 5 and 12 with
PBS (closed diamonds), TRX-Lip (closed circles), Pre-mix TRX- (open triangles),
Pre-mix TRX+ (closed triangles), Post-mix TRX+ (closed squares), TRX-Lip and
CpG-DNA injected different sites (closed diamonds). Arrows indicated the days of
sample administration. Changes in tumor volume of mice (A, C) were monitored after
E.G7-OVA cells (1 x 10° cells/mouse) inoculation. All treated groups contained four
mice. The amounts of OVA and CpG-DNA administered were 50 pug and 1 ug per
mouse, respectively. (B, D) Kaplan-Meier curves for (A) and (C), respectively. (E, F)

Antitumor effects for late stage tumor induced by subcutaneous administration with



OVA-loaded various liposomes. C57BL/6 mice were immunized on days 9 and day 16
with PBS (open diamonds), Lip (open circles), TRX-Lip (closed circles), Post-mix
TRX+ (closed squares). Change in tumor volume of mice (E) was observed after

E.G7-OVA cells (1 x 10° cells/mouse) inoculation. (F) Kaplan-Meier curves for (E).



Figure 1.

Figure 2.



o
L

E-
1

N
1

CpG-DNA contents after purification
(g/mol lipids)
- w

%

Figure 3.

Figure 4.

k%
A
Kok
A -l %
25 5

7.5

CpG-DNA in feed (g/mol lipids)




Figure 5.



7 * . *
6 : .
)
E 51
o
=,
s
4
E
E ¥
@
e 31
o
o *
4
L 2
g
1 4
o
Liposome — — + + + + + + + + +
™ - = = = - - 4+ 4+ 4+ 4+ +
CpG-DNA
foferoi B 0 25§ 5 75 0 25 5 75 5
CpG-DNA
(ug/mL) 0 2.5
Untreated CpG Lip Pre-mix TRX Pre-mix Post-mix
cells DNA TRX— -Lip TRX+ TRX+
B 0.3
¥
&%
oy
E
£ 02
c
2
® *
T
@
2
c
=3
o
o
- 01
=
Not detected
0
Uposome — — + + + + + + + + +
™ @ - = = = = = & 4+ * + +
CpG-DNA
{g/mel lipids) 0 25 5 7.5 0 25 5 7.5 5
CpG-DNA
{ug/mL) 0 25
Untreated CpG Lip Pre-mix TRX Pre-mix Post-mix
cells DNA TRX— -Lip TRX+ TRX+

Figure 6.



IFN-y concentration (ng/mL)
(@) ]

Immunization

Il Post-mix TRX+ ]
B Pre-mix TRX+
| TRX-Lip
" Pre-mix TRX—
| PBS :
]

I"TI_T_PT- 1

Figure 8.

—

0 25

OVA solution (ug/mL)

Stimulation in vitro




Figure 9.



