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Induction of cellular immunity is important for effective cancer immunotherapy. Although various
antigen carriers for cancer immunotherapy have been developed to date, balancing efficient antigen
delivery to antigen presenting cells (APCs) and their activation via innate immune receptors, both of
which are crucially important for the induction of strong cellular immunity, remains challenging. For this
study, branched B-glucan was selected as an intrinsically immunity-stimulating and biocompatible
material. It was engineered to develop multifunctional liposomal cancer vaccines capable of efficient
interactions with APCs and subsequent activation of the cells. Hydroxy groups of branched B-glucan
(Aquap) were modified with 3-methylglutaric acid ester and decyl groups, respectively, to provide
pH-sensitivity and anchoring capability to the liposomal membrane. The modification efficiency of
Aquap derivatives to the liposomes was significantly high compared with linear B-glucan (curdlan)
derivatives. Aquap derivative-modified liposomes released their contents in response to weakly acidic
pH. As a model antigenic protein, ovalbumin (OVA)-loaded liposomes modified with AquaP derivatives
interacted efficiently with dendritic cells, and induced inflammatory cytokine secretion from the cells.
Subcutaneous administration of Aquap derivative-modified liposomes suppressed the growth of the
E.G7-OVA tumor significantly compared with curdlan derivative-modified liposomes. AquaP derivative-
modified liposomes induced the increase of CD8" T cells, and polarized macrophages to the antitumor
M1-phenotype within the tumor microenvironment. Therefore, pH-sensitive Aquap derivatives can be
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rsc.li/materials-b efficiently.

1. Introduction

Cancer immunotherapy has gained much attention as a
promising therapeutic approach for cancers since the success
of immune checkpoint inhibitors." To obtain therapeutic
effects against cancers, the induction and activation of cell-
based immunity (cellular immunity) are crucially important
because cytotoxic T lymphocytes (CTLs) attack antigen-
expressing tumor cells directly and specifically.>® However,
cancer-specific CTLs are not induced effectively in most
patients. In addition, the CTL activity is suppressed in
immunosuppressive microenvironments of tumor tissues.*
Therefore, engineering approaches are desired to control the
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immune responses artificially for the induction of cellular
immunity and to cancel immunosuppressive environments
within tumors.

To induce cancer-specific cellular immunity, exogenous
antigens should be presented onto major histocompatibility
complex (MHC) class-I molecules of antigen presenting cells
(APCs) in a process designated as “cross-presentation”.>”” For
induction of cross-presentation, the control of antigen delivery
processes, such as antigen uptake by endocytosis through
specific receptors expressed on APCs (such as mannose
receptors) and cytosolic transport of antigens, is extremely
important.”™® Cytosolic release of antigens can be achieved by
mimicking viral entry into cells using membrane fusion with
the plasma membrane or endosomal membrane.”'° To date,
various virus-derived fusogenic protein-based or synthetic
molecule-based membrane fusion systems have been
developed to achieve efficient cytosolic delivery of antigens.®'®

In addition to the control of antigenic intracellular pathways,
activation of innate immune pathways is crucially important to
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induce antigen-specific cellular immunity. For example, when
pathogens invade the body, dendritic cells (DCs) are activated via
pattern recognition receptors such as toll-like receptors (TLRs) to
induce adaptive immunity against pathogens effectively.'' ™
Importantly, activated DCs decrease the uptake capability of
antigens.'®"” Therefore, to induce antigen-specific immune
response effectively, it is desirable to accumulate antigen
delivery functions and adjuvant functions for the activation of
innate immunity into a single carrier. However, precise control of
antigen delivery processes and adjuvant functions using artificial
immunity-inducing system remains challenging because the
intracellular fate of both antigen and adjuvant molecules should
be controlled accurately to achieve a cooperative effect.

We have previously synthesized various carboxylated poly-
glycidols or polysaccharides and modified them onto antigen-
loaded liposomes to achieve cytosolic release of antigens within
APCs."®?'  Carboxylated polyglycidols or polysaccharides
possess a hydrophobic nature after protonation of carboxy
groups at acidic pH, which induced destabilization of liposomal
and endosomal membranes after internalization to the cells,
leading to cytosolic delivery of the antigen.'®' In addition,
carboxylated polyglycidols with a hyperbranched structure were
found to have enhanced liposome uptake by DCs compared with
carboxylated polyglycidols having a linear structure.’ This finding
suggests that the bulky branched backbone structure of polymers
can improve interactions with immune cells. Curdlan, a linear
B-glucan, is known to induce the activation of APCs via
recognition by Dectin-1 on DCs and macrophages.*>** We demon-
strated that liposomes modified with 3-methylglutarylated curdlan
(MGlu-Curd-A, Fig. 1) can deliver model antigens into the cytosol
of DCs and thereby induce activation of these cells.* After
subcutaneous injection to tumor-bearing mice, ovalbumin (OVA)-
loaded, MGlu-Curd-A-modified liposomes induced OVA-specific
cellular immunity and tumor regression more effectively than
OVA-loaded liposomes modified with either 3-methylglutarylated
dextran or mannan.**

The backbone structure of carboxylated polymers dramatically
affects multiple aspects of liposome-based antigen delivery
systems such as cellular uptake, activation of innate immunity
and adaptive immunity. Based on our previous observations
revealing that hyperbranched polyglycidol derivatives demon-
strated superior performance compared with their linear counter-
parts, here we sought to use p-glucan “Aquap” (Fig. 1) instead of
curdlan to develop a liposome-based antigen delivery system with
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further enhanced therapeutic effects. Aqua} has a branched
structure. It is known to promote the secretion of inflammatory
cytokines from APCs.”>*” We synthesized MGlu unit-introduced
Aquap derivatives and evaluated the therapeutic potential of Aquaf
derivative-modified liposomes containing OVA both in vitro and
in vivo. The results show that the difference in the backbone
structure of fB-glucan increased the modification efficiency of
polysaccharide derivatives to the liposomes and improved the
immunity-inducing functions considerably, especially in the
infiltration of CD8" cells into tumor tissue and the modulation of
the macrophage composition in a tumor microenvironment.

2. Materials and methods
2.1. Materials

B-1,3-1,6-Glucan (Aquap, Mw: 100 kDa, the degree of branching
is 0.71 calculated from '"H NMR) was kindly donated by Osaka
Soda Co., Ltd (Osaka, Japan). Egg yolk phosphatidylcholine
(EYPC) was kindly donated by NOF Co. (Tokyo, Japan). 3-
Methylglutaric anhydride, curdlan from Alcaligenes faecalis
(Mw: 294 kDa), ovalbumin (OVA), fetal bovine serum (FBS),
p-xylene-bis-pyridinium bromide (DPX), DNase I, and dextran
sulfate sodium salt from Leuconostoc spp. were purchased from
Sigma-Aldrich (St. Louis, MO.). Collagenase D was obtained
from Roche (Basel, Switzerland). 1-Aminodecane, pyranine and
Triton X-100 were obtained from Tokyo Chemical Industries
Ltd (Tokyo, Japan). 4-(4,6-Dimethoxy-1,3,5-triazin-2-yl)-4-
methyl morpholinium chloride (DMT-MM), phenol and
phospholipid C test-Wako were obtained from Wako Pure
Chemical Industries Ltd (Osaka, Japan).

1,1'-Dioctadecyl-3,3,3’,3’-tetramethylindocarbocyanine per-
chlorate (Dil) was obtained from Life Technologies (Carlsbad,
CA). Fixable Viability Dye eFluor® 520 was obtained from
eBioscience (San Diego, CA). Sulfuric acid and calcium chloride
(CaCl,) were obtained from nacalai tesque (Kyoto, Japan). The
Coomassie (Bradford) Protein Assay Kit was obtained from
Thermo Fisher Scientific K.K. (Tokyo, Japan). Sodium hydrogen
carbonate was purchased from Kishida Chemical Co., Ltd (Osaka,
Japan). Cellulose tubing for dialysis (MWCO: 12 000-14 000) was
obtained from Viskase Companies, Inc. (Lombard, IL).

2.2. Synthesis of p-glucan derivatives

3-Methylglutarylated AquaP (MGlu-AquaB) and 3-methylglu-
tarylated curdlan (MGlu-Curd) were prepared by reaction of Aquaf
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Fig. 1 Design of antigen-loaded liposomes modified with pH-sensitive B-glucan derivatives as cancer immunity-inducing systems.
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and curdlan with 3-methylglutaric anhydride, respectively (Fig. S1
and Table S1, ESIf). A given amount of 3-methylglutaric anhydride
shown in Table S1 (ESIt) was added to a N,N-dimethylformamide
(DMF) solution of Aquaf or curdlan and stirred at 90 °C for 24 h
under a nitrogen atmosphere. Then, saturated sodium hydrogen
carbonate aqueous solution was added to the reaction mixture for
neutralization, and the reaction mixture was purified through a
dialysis against water with a dialysis membrane (MWCO: 12 000-
14000) for 3 days. The product was collected by freeze-drying.
"H NMR for hydrolyzed MGlu-Aquap (400 MHz, D,O + NaOD): § 0.9
(d, J = 6.0 Hz, -CO-CH,-CH(CH,)-CH,-), 2.0 (dd, J = 9.9, 14.3 Hz,
-CO-CH,~CH(CH;)-CH,-), 2.2-2.3 (m, ~CO-CH,~CH(CH,)-CH,-),
3.2-4.3 (br, glucose 2H, 3H, 4H, 5H, 6H), 4.5 (d, J = 7.6 Hz, B1,6-
linked 1H), 4.7-5.1 (m, HDO, B1,3-linked 1H)*® (Fig. S2b, ESIY).
"H NMR for hydrolyzed MGlu-Curd (400 MHz, D,O + NaOD): § 0.9
(d, J = 6.0 Hz, -CO-CH,-CH(CH;)-CH,-), 2.0 (dd, J = 9.9, 14.3 Hz,
-CO-CH,~CH(CH;)-CH,-), 2.2-2.3 (m, ~CO-CH,~CH(CH,)-CH,-),
3.4-4.1 (br, glucose 2H, 3H, 4H, 5H, 6H), 4.7-5.1 (m, HDO, fp1,3-
linked 1H)* (Fig. S2c, ESIY).

As an anchor moiety for the fixation of MGlu-Aquaf and
MGlu-Curd onto liposome membranes, 1-aminodecane was
combined with carboxy groups of MGlu-Aquaf and MGlu-Curd.
Each polymer was dissolved in water. A given amount of
1-aminodecane shown in Table S2 (ESIt) was reacted with the
carboxy groups of the polymer using DMT-MM at room
temperature for 24 h with stirring. The obtained polymers were
purified through dialysis against water with a dialysis
membrane (MWCO: 12 000-14 000) for more than 3 days until
no water permeation within the dialysis membrane takes place.
The product was recovered by freeze-drying. "H NMR for
hydrolyzed MGlu-Aquap-A (400 MHz, D,O + NaOD): ¢ 0.8-1.0
(m, -CO-CH,-CH(CH3)-CH,-, CO-NH-CH,~(CH,)s~CH3), 1.1-
1.7 (br, -CO-NH-CH,~(CH,)s-CH3), 2.0 (dd, J = 9.9, 14.3 Hz,
-CO-CH,-CH(CH;)-CH,-), 2.2-2.3 (m, -CO-CH,-CH(CH;)-
CH,-), 3.2-4.3 (m, glucose 2H, 3H, 4H, 5H, 6H), 4.5 (d, J =
7.6 Hz, B1,6-linked 1H), 4.7-5.1 (m, HDO, P1,3-linked 1H)
(Fig. S2b, ESIt). 'H NMR for hydrolyzed MGlu-Curd-A
(400 MHz, D,O + NaOD): 6 0.8-1.0 (m, -CO-CH,-CH(CH)-
CH,-, CO-NH-CH,~(CH,)s-CH;), 1.1-1.7 (br, -CO-NH-CH,-
(CH,)s-CH3), 2.0 (dd, J = 9.9, 14.3 Hz, -CO-CH,-CH(CH;)-
CH,-), 2.2-2.3 (m, -CO-CH,-CH(CH;)-CH,-), 3.4-4.1 (m,
glucose 2H, 3H, 4H, 5H, 6H), 4.5 (d, p1,6-linked 1H), 4.7-5.1
(m, HDO, p1,3-linked 1H) (Fig. S2c, ESIt).

2.3. Preparation of B-glucan derivative-modified liposomes

A given amount (5-10 mg) of EYPC dissolved in chloroform was
added to a round-bottom flask. After evaporation of chloro-
form, B-glucan derivatives (lipid/polymer = 7/3, w/w) dissolved
in methanol were added to the flask and the solvent was
evaporated. The remaining organic solvent was further
removed under vacuum. The obtained mixed thin film of EYPC
and B-glucan derivatives was dispersed in phosphate-buffered
saline (PBS) for the phenol-sulfuric acid method or OVA/PBS
solution (4 mg mL ") for other experiments by a brief sonication,
and the liposome suspension was further hydrated by freezing
and thawing and was extruded through a polycarbonate
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membrane with a pore size of 200 nm. The liposome suspension
was purified with ultracentrifugation for 1 h at 4 °C twice.

2.4. Characterization of liposomes

The diameters and zeta potentials of the liposomes (0.1 mM of
lipid concentration) were measured using a Zetasizer Nano ZS
(Malvern Instruments Ltd, Worcestershire, UK). Data were
obtained as an average of more than three measurements on
different samples.

The concentrations of the lipid and OVA in liposome
suspension were measured using phospholipid C testWako and
a Coomassie Protein Assay Reagent, respectively. Polysaccharide
contents per lipid were measured by using a phenol-sulfuric
acid method. To 200 pL aqueous solution of f-glucan
derivative-modified liposomes, 200 puL of 5% phenol aqueous
solution and 1 mL of 98% sulfuric acid were sequentially
added. The mixture was vortexed and then incubated for 1 h.
For a calibration curve, mixtures of 0-500 pug mL™" of B-glucan
derivatives and EYPC suspension at an equal concentration to
tested B-glucan derivative-modified liposomes were prepared.
Absorption spectra (400-600 nm) for samples were measured
and polysaccharide contents were calculated from the secondary
differentiation of absorbance at 497 nm.

Pyranine-loaded liposomes were prepared as described
above except that the mixture of polymer and EYPC was
dispersed in aqueous 35 mM pyranine, 50 mM DPX, and
25 mM phosphate solution (pH 7.4). Liposomes encapsulating
pyranine (lipid concentration: 2.0 x 10> M) were added to PBS
of varying pH at 37 °C and the fluorescence intensity at 512 nm
of the mixed suspension was followed bt excitation at 416 nm
using a spectrofluorometer (Jasco FP-6500). The release
percentage of pyranine from liposomes was defined as:

Release (%) = (F - F)/(Fr — F;) x 100

where F; and F, mean the initial and intermediary fluorescence
intensities of the liposome suspension, respectively. F; is the
fluorescence intensity of the liposome suspension after the
addition of Triton X-100 (final concentration: 0.1%).

2.5. Cellular association of liposomes

Dil-labeled liposomes were prepared as described above except
that a mixture of polymer and lipid containing Dil (0.1 mol%)
was dispersed in PBS containing OVA. DC2.4 cells, murine
dendritic cell lines (7.5 x 10* cells) cultured for 2 days in a
24-well plate, were washed twice with HBSS and then incubated
in serum-free medium (0.25 mL). Dil-labeled liposomes (1 mM
lipid concentration, 0.25 mL) were added gently to the cells and
then incubated for 4 h at 37 °C. After incubation, the cells were
washed with HBSS three times. The fluorescence intensity of
these cells was determined via a flow cytometric analysis
(CytoFlex, Beckman Coulter, Inc.). The relative fluorescence
intensity for each liposome was calculated using the fluores-
cence intensity of the cells treated with unmodified liposomes.
For an inhibition assay, 10 ug mL ™" dextran sulfate was pre-
incubated with cells for an hour. Then, Dil-labeled liposomes

J. Mater. Chem. B, 2021, 9, 7713-7724 | 7715
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were added to the cells. After 4 h incubation, the fluorescence
intensity of these cells was measured as described above.

2.6. Cytokine production from dendritic cell lines

DC2.4 cells (3 x 10° cells) cultured for 2 days in a six-well plate were
washed with HBSS twice and then incubated in serum-free RPMI-
1640 medium. B-glucan derivatives in PBS (final concentration:
0.5 mg mL ") or OVA-loaded liposomes (final lipid concentration:
0.5 mM corresponding to 0.4 mg mL " lipid) were added gently to
the cells, followed by incubation for 24 h at 37 °C. After incubation,
supernatants were collected, and cytokine (IL-12 and IL-1f)
production was measured using an enzyme-linked immunosorbent
assay kit (ELISA Development Kit, PeproTech EC Ltd) according to
the manufacturer’s instruction.

2.7. Mice

Seven-week-old female C57BL/6 mice (H-2”) were purchased
from Oriental Yeast Co., Ltd (Tokyo, Japan). All animal
experiments were approved by the Institutional animal
experimentation committee in Osaka Prefecture University
(Approval No. 19-1, 20-1) and were performed in compliance
with the institutional guidelines of animal care and use.

2.8. Induction of antitumor immunity

E.G7-OVA cells, OVA-expressing T-lymphoma (5.0 x 10° cells
per mouse), were subcutaneously inoculated into the left back
of C57BL/6 mice under anesthesia with isoflurane. On days
8 and 14, 100 pg of OVA-loaded liposomes were subcutaneously
injected into the right backs of the mice under anesthesia with
isoflurane. Tumor sizes were monitored from the day of tumor
inoculation. Mice immunized with PBS were used as a control
to confirm the development of tumors following the first
inoculation of E.G7-OVA cells. Mice were sacrificed when tumor
volumes became over 2000 mm?®, All treated groups contained
five mice.

2.9. Analysis of immune cell composition in the tumor

E.G7-OVA cells (5.0 x 10> cells per mouse) were subcutaneously
inoculated into the left back of C57BL/6 mice under anesthesia
with isoflurane. On day 6, 100 pg of OVA-loaded liposomes were
subcutaneously injected into the right backs of the mice under
anesthesia with isoflurane. On day 12, mice were sacrificed and
tumor tissues were excised. Tumors were cut into small pieces
and digested by incubating in sodium pyruvate-free DMEM
medium supplemented with 1.2 mM CaCl,, 2 mg mL*
Collagenase D and 0.04 mg mL~' DNase I at 37 °C for 1 h.
Single cell suspension of the tumor was prepared by gently
mashing and passing through a 70 um mesh Cellstrainer™
(Falcon®). Erythrocytes were removed by incubating the cell
pellet for 5 min in ammonium chloride buffer (7.47 mg mL ™"
NH,Cl, 2.06 mg mL ™" tris(hydroxymethyl)Jaminomethane, pH
7.4) at 4 °C. Tumor cells were seeded into 96-well plates with
1.0 x 10° cells per well and washed with PBS. To discriminate
between live and dead cells, the cells were incubated for 30 min on
ice with Fixable Viability Dye eFluor® 520 (diluted 1:1000 in PBS),
and washed with FACS buffer (PBS containing 2% FBS) twice.
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The cells were incubated with 5 pg mL™' CD16/CD32 monoclonal
antibody (eBioscience) for 20 min at 4 °C to block Fc receptors, and
then washed twice. To analyze T cell populations, the cells were
stained with anti-CD8-PE (eBioscience, 53-6.7), anti-CD3g-PerCP-
Cy5.5 (BD Bioscience, 145-2C11) and anti-CD4-PE/Cy7 (BD
Bioscience, RM4-5) for 20 min at 4 °C. For analysis of macrophage
populations, the cells were stained with anti-CD206-PE (BioLegend,
C068C2), anti-CD11b-PerCP-Cy5.5 (BD Pharmingen™, M1/70) and
anti-I-A>-PE/Cy7 (BioLegend, AF6-120.1) antibodies for 20 min at
4 °C (each diluted 1:200 in FACS buffer). After washing twice, cell
populations were analyzed via a flow cytometric analysis.

2.10. Statistical analysis

Statistically significant differences between experimental
groups were determined using Prism software (v8, GraphPad)
Where one-way ANOVA followed by Tukey’s HSD post hoc test
was used, variance between groups was found to be similar by
the Brown-Forsythe test. The symbols *, **, *** and ****
indicate P values less than 0.05, 0.01, 0.001, and 0.0001,
respectively.

3. Results

3.1. Synthesis of p-glucan derivatives and modification onto
the liposomes

Synthesis of pH-sensitive Aquaf derivatives was performed as
shown in Fig. S1 (ESIT), and Tables S1 and S2 (ESIt). Hydroxy
groups of Aquap were reacted with 3-methylglutaric anhydrides
to introduce carboxylic esters (MGlu groups). Decyl groups were
further introduced via amide bonds as an anchor moiety to fix
Aquap derivatives onto the liposomal membrane. pH-Sensitive
curdlan derivatives were synthesized according to our previous
report.”* For "H NMR analysis of obtained compounds, broad
peaks appeared corresponding to MGlu groups (0.9 and 1.9-
2.3 ppm) and decyl groups (0.8-1.7 ppm) along with sugar moieties
(3-2-4.7 ppm) (Fig. S2a, ESIt), indicating the introduction of MGlu
groups and decyl groups into B-glucans. The percentages of MGlu
groups (MGlu%) and anchor groups (anchor%) of p-glucan
derivatives were calculated from the peak area ratio of sugar
moieties and MGlu groups or decyl groups after hydrolysis by
NaOD (Tables S2 and S3, Fig. S2b and S2b, ESIt). The B-glucan
derivatives bearing various percentages of MGlu groups with
comparable anchor% were successfully synthesized (Tables S1
and S2, ESIt). Each B-glucan derivative was designated as MGluxX-
Curd-AY or MGluX-Aquaf-AY, where X and Y respectively represent
MGlu% and anchor% per hydroxy groups. The MGlu and anchor
densities per 100 B1,3-linked sugar units for both Aquaf and
curdlan derivatives were also calculated (Table S2, ESIT). The MGlu
and anchor densities of Aquaf} derivatives were relatively high
compared with those of curdlan derivatives because of MGlu and
anchor groups introduced into the branched sugar units of Aquap.

Using hydration of a mixed thin film composed of EYPC and
B-glucan derivatives, the B-glucan derivatives were introduced
onto liposomes. Table 1 shows the size and zeta potentials of
the prepared liposomes: all liposomes had 100-200 nm of

This journal is © The Royal Society of Chemistry 2021
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Table 1 Characterization of B-glucan derivative-modified liposomes
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Liposome Size (nm) PDI {-Potential (mV) OVA/lipid (g mol ™) Encapsulation efficiency (%)
Unmodified 175 £ 15 0.17 £ 0.02 —7.90 + 2.8 253 £ 96 39.6 £ 15
MGlu70-Aquap-A6 126 + 14 0.23 £ 0.04 —42.3 + 8.0 143 + 43 22.4 £ 6.7
MGlu56-Aquafp-A4 119 £ 3.1 0.20 £ 0.02 —42.3 + 5.4 116 + 19 18.1 + 3.0
MGlu38-Aquaf-A3 127 £13 0.17 £ 0.01 —46.0 + 10 107 £ 25 16.7 + 3.9
MGlu21-Aquap-A2 148 + 21 0.25 £ 0.06 —40.1 + 5.0 186 + 8.8 29.1+1.4
MGlu71-Curd-A6 210 £ 32 0.16 £ 0.08 —45.3 + 2.4 111 £ 25 17.4 + 3.9
MGIlu62-Curd-A4 139 + 27 0.21 £ 0.01 —31.0 + 12 204 £ 2.5 319+ 04
MGIu37-Curd-A4 154 + 6.6 0.14 £ 0.02 —41.1 + 3.4 114 + 28 17.8 + 4.4
MGlu13-Curd-A4 103 £ 8.0 0.17 £ 0.01 —27.6 £ 6.6 118 £ 10 18.5 £ 1.6

average size, corresponding to the pore size of polycarbonate
membrane used for extrusion. It was confirmed by TEM
observation that the liposome structure with a lipid bilayer was
maintained even after the modification of B-glucan derivatives
(Fig. S3, ESIt). Liposomes prepared from the mixture of EYPC
and B-glucan derivatives exhibited large absolute values of negative
zeta potentials compared with EYPC liposomes without polymer
modification, suggesting that B-glucan derivatives were modified
onto liposomal membranes. The amounts of B-glucan derivatives
per lipid were evaluated using the phenol-sulfuric acid assay, which
is a standard quantitative assay of sugar.***' The muodification
efficiency of Aquaf and curdlan derivatives were compared using
B-glucan derivative-modified liposomes without OVA loading
(Fig. 2). It was obvious that AquaP derivatives exhibit higher
modification efficiency than curdlan derivatives, and this might
be due to the difference in the anchor density of B-glucan
derivatives (Table S2, ESIT). B-glucan derivatives with relative high
anchor density, i.e. Aquap derivatives, were fixed to liposomes
with high efficiency. As a model antigenic protein, OVA was

© MGIu70-Aquap-A6
® MGIlu37-Curd-A4
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Fig. 2 The modification efficiency of B-glucan derivatives to liposomes.
Correlation of modification amounts with feeding amounts of B-glucan
derivatives on liposomes was shown. Modification amounts of B-glucan
derivatives on liposomes were measured by the phenol-sulfuric acid
method. Each point is the mean £+ SD (n = 3).
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encapsulated into each liposome. The amounts of OVA per lipid
(g mol™") were 100-250 and the encapsulation efficiency of
OVA was 17-40%, which is comparable with our previous reports
using carboxylated chondroitin sulfate derivative-modified
liposomes and carboxylated hyperbranched polyglycidols.>**

Destabilization of AquaP derivative-modified liposomes in
response to a decrease in pH to acidic pH was evaluated using
liposomes encapsulating both a fluorescent dye (pyranine) and its
quencher (DPX). The increase in fluorescence intensity derived
from pyranine released from the liposomes at varying pHs
was monitored (Fig. 2). Although the release of pyranine from
unmodified EYPC liposomes never exceeded 20% of the total
amounts in any evaluated pH range, Aquaf derivative-modified
liposomes could release pyranine in response to acidic pH in the
same way as that with curdlan derivative-modified liposomes
(Fig. 3 and Fig. S4, S5, ESIY).

3.2. Adjuvant properties of Aquaf derivative-modified
liposomes and their cellular interaction

Adjuvant effects of Aquaf derivatives without modification onto
liposomes were evaluated and compared with those of curdlan
derivatives by measuring secretions of inflammatory cytokines
from the dendritic cell line (DC2.4 cell) (Fig. 4a and b).
After 24 h incubation of DC2.4 cells with B-glucan derivatives,
inflammatory cytokines in a cell culture supernatant were
quantified by ELISA assay. Aquap with high MGlu% (MGlu63,
75) induced significantly higher amounts of IL-12 and IL-1f
secretion than parental Aquaf and Aquap derivatives with low
MGlu%, although there was no clear correlation between
cytokine production and MGlu% for curdlan derivatives.
In particular, MGlu75-Aquaf showed significantly high IL-1
secretion compared with the other p-glucan derivatives.
Adjuvant effects of liposomes modified with f-glucan
derivatives were also evaluated (Fig. 4c and d). In both IL-12
and IL-1P secretions, significantly high secretion for liposomes
modified with Aquaf derivatives having high MGlu% compared
with the other liposomes is observed. The results suggest
that liposomes modified with AquaP derivatives having
high MGlu% activated DCs more effectively than liposomes
modified with curdlan derivatives did.

The effect of feeding amounts of B-glucan derivatives to
DC2.4 cells was evaluated in the amount of IL-12 secreted
from the cells (Fig. 4e). Focusing on MGlu70-Aquafp-A6 and
MGlu37-Curd-A4, a similar tendency to the relationship
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between the feeding amount and the fixed amount of B-glucan
derivatives to liposomes shown in Fig. 2 was observed.
However, in the comparison of B-glucan derivative-modified
liposomes with similar amounts of the fixed p-glucan derivatives,
Aquaf derivative-modified liposomes promoted IL-12 secretion
from DC2.4 cells more than curdlan derivative-modified
liposomes did (Fig. 4e). When f-glucan derivative-modified
liposomes were prepared at a feeding rate of 0.11 mg/1 mg lipid
of MGlu70-Aquaf-A6 and of 0.43 mg/1 mg lipid of MGlu37-Curd-
A4, the obtained liposomes showed an identical fixed amount of
B-glucan derivatives (Fig. 2). As these B-glucan derivative-modified
liposomes were compared, the IL-12 secretion of MGlu70-Aquap-
A6-modified liposomes was 10 times higher than that of
MGlu37-Curd-A4-modified liposomes (Fig. 4e). Fig. S6 (ESIY)
depicts the correlation between IL-12 production and MGlu group
amounts on the liposomes, which is calculated from MGlu% of
each B-glucan derivative and its modification amount on the
liposomes. In comparison of 0.08-0.1 mol mol ' MGlu group
amounts per lipid, MGlu70-Aquaf-A6-modified liposomes showed
much higher IL-12 production from the cells than MGlu37-Curd-
A4- and MGlu71-Curd-A6-modified liposomes did, suggesting that
a high MGlu density of Aquaf derivative-modified liposomes
derived from the branching structure of Aquap promoted the
activation of DC2.4 cells. These results indicate that Aquaf has
superior DC activation capability as a backbone of carboxylated
polysaccharides to curdlan.

Interactions (association and/or uptake) of Aquap derivative-
modified liposomes with DC2.4 cells were compared with those
of curdlan derivative-modified liposomes. DC2.4 cells were
treated with fluorescently labeled liposomes, and the fluorescence
intensity of the cells was then evaluated using flow cytometry.
In the case of Aquap derivative-modified liposomes, all kinds of
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liposomes showed higher interactions than unmodified
liposomes irrespective of MGlu% (Fig. 5a). On the other hand,
the interaction of curdlan derivative-modified liposomes with the
cells increased with an increase in MGlu% of curdlan derivatives.
The interaction of liposomes with the cells in the presence of
dextran sulfate, which is known to interact with scavenger
receptors,’* was also evaluated in order to discuss the mechanisms
of cellular interactions with B-glucan derivative-modified lipo-
somes. Although there was almost no change in fluorescence
intensity of the cells treated with MGIlu13-Curd-A4- and
MGlu37-Curd-A4-modified liposomes even in the presence of
dextran sulfate, the cellular interactions of MGlu62-Curd-A4-
and MGlu71-Curd-A6-modified liposomes were inhibited by the
presence of dextran sulfate (Fig. 5b). This result suggests that
MGlu units introduced into curdlan in high percentages were
recognized by scavenger receptors. Interestingly, the inhibitory
effect of dextran sulfate on the interaction of Aquap derivative-
modified liposomes with the cells was different from that of
curdlan derivative-modified liposomes. Dextran sulfate strongly
suppressed the interaction of liposomes modified with Aquaf
derivatives having low MGlu%. However, the cellular inter-
actions of Aquaf derivative-modified liposomes in the presence
of dextran sulfate was improved with an increase in MGlu%, and
MGlu70-AquapB-A6-modified liposomes showed the enhancement
of cellular interactions by dextran sulfate (Fig. 5b). These results
suggest that the recognition mechanism by DCs differs between
curdlan derivative- and Aquaf derivative-modified liposomes.

3.3. Induction of antitumor immunity by Aquap derivative-
modified liposomes

Antitumor effects of Aquaf derivative-modified liposomes were
evaluated using tumor-bearing mice. After OVA-expressing tumor
cells (E.G7-OVA cells) were inoculated to mice, OVA-loaded
liposomes modified with f-glucan derivatives or PBS were
administered subcutaneously to tumor-bearing mice on Days 8
and 14 after tumor inoculation. In the case of mice treated with
PBS, tumor volumes increased rapidly and reached endpoints
within 30 days (Fig. 6 and Fig. S7, ESIt). On the other hand, Aquaf3
derivative-modified liposomes suppressed tumor growth in all-
treated mice more significantly than PBS (Fig. 6 and Fig. S7, ESI}).
Suppression of tumor growth was not observed in some mice
administered with curdlan derivative-modified liposomes (Fig. 6
and Fig. S7, ESIf). This result suggests that AquaP derivative-
modified liposomes have a higher therapeutic effect on the
E.G7-OVA cancer model than curdlan derivative-modified
liposomes. After the first injection of the liposomes, some mice
showed a mild decrease of body weight (about 5%), but they
recovered quickly 2 days after the first injection (Fig. S8, ESIT).
A decline of body weight was not observed after second injection
of liposomes. Therefore, toxicities of liposomes are apparently not
severe. Aquap derivative-modified liposomes did not show any
cytotoxicity to the fibroblast in vitro (Fig. S9a, ESIt), suggesting
that these liposomes show no remarkable cytotoxicity to the
resident cells at the injection site. We have also investi-
gated antigen-specific immune responses by measuring IFN-y
production from splenocytes of the mice immunized with

This journal is © The Royal Society of Chemistry 2021
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Fig. 6 Antitumor effects of OVA-loaded liposomes modified with B-glucan
derivatives. C57BL/6 mice were immunized on days 8 and 14 after tumor
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inoculation of E.G7-OVA cells (5.0 x 10° cells per mouse). Arrows indicate
the days of sample injection. All treated groups included five mice. Statistical
analyses comprised analysis of variance (ANOVA) with Tukey's test.
**P < 0.01 compared with PBS (on day 16).

OVA-loaded liposomes. As shown in Fig. S9b (ESIt), no IFN-y
production was detected in the absence of in vitro antigen (OVA)
stimulation. In contrast, splenocytes of the mice immunized with
Aquap derivative-modified liposomes showed significant IFN-y

7720 | J Mater. Chem. B, 2021, 9, 7713-7724

production in the presence of OVA stimulation. These results
indicate that Aquaf derivative-modified liposomes could induce
OVA-specific cellular immune responses, which led the selective
cytotoxicity against OVA-expressing tumor cells (E.G7-OVA cells) in
the tumor-bearing mice.

3.4. Analysis of immune cell composition after immunization
of B-glucan derivative-modified liposomes

We investigated whether the administration of Aquaf
derivative-modified liposomes changed the composition of
intratumoral immune cells, or not. Since MGlu37-Curd-A4-
and MGIlu71-Curd-A6-modified liposomes showed an almost
identical antitumor effect, MGlu71-Curd-A6-modified liposomes
were used as a comparison for Aquaf derivative-modified
liposomes. Tumors were harvested at 6 days after administration
of OVA-loaded liposomes modified with B-glucan derivatives
to tumor-bearing mice. The immune cell population in
tumors was analyzed using flow cytometry. The frequency of
intratumoral CD4" T cell population did not change in any of the
administered mice, but the frequency of intratumoral CD8" T
cells increased significantly in mice administered with Aquaf
derivative-modified liposomes compared with PBS-administered
mice (Fig. 7). In addition, the frequency of CD8" T cells in mice
administered with MGlu38-Aquap-A3-modified liposomes was
significantly higher than that in mice administered with
MGlu71-Curd-A6-modified liposomes. These results indicate
that Aquap derivative-modified liposomes have excellent
capability of activating cellular immunity and of promoting the
infiltration of CTLs into the tumor.

We next analyzed the intratumoral macrophage population
using flow cytometry. The frequency of macrophages expressing
MHC-II (M1-phenotype with antitumor character) increased only

This journal is © The Royal Society of Chemistry 2021
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in mice treated with MGlu38-Aquaf-A3-modified liposomes
(Fig. 8a). The proportion of macrophages expressing CD206
(M2-phenotype with pro-tumor character) tended to decrease
more in mice treated with all B-glucan derivative-modified
liposomes than in mice treated with PBS. Particularly, the
percentage of intratumoral M2 macrophages in mice treated
with MGlu70-Aquap-A6-modified liposomes was decreased
significantly compared with mice treated with PBS (Fig. 8b).
The ratio of M1 and M2 macrophages calculated from the results
in Fig. 8a and b tended to be higher in AquaP derivative-
modified liposome-administered mice than PBS-administered
mice (Fig. 8c). This result was further confirmed by immuno-
fluorescence staining of the tumor section. As shown by yellow
dots in Fig. S10a (ESIf), the administration of Aquap derivative-
modified liposomes tended to increase MHC-II" CD11b" cells
within tumor tissue compared with PBS or MGlu71-Curd-A6-
modified liposomes. Furthermore, the administration of all
B-glucan derivative-modified liposomes decreased CD206"
CD11b" cells within tumor tissue compared with PBS-treated
groups (Fig. S10b, ESIT). These results suggest that the adminis-
tration of Aquaf derivative-modified liposomes can polarize
macrophages in tumors to the tumor-suppressive M1-phenotypes.

4. Discussion

Activation of cancer antigen-specific CTLs, more specifically the
infiltration of CTLs into tumor tissue, is important for the
success of immunotherapy.>? To activate CTLs efficiently,
promotion of cross-presentation of antigenic proteins by APC
is necessary, as is the activation of APC.>” Cross-presentation is

This journal is © The Royal Society of Chemistry 2021

facilitated primarily by inducing transfer of antigenic proteins
to the cytosol of APCs. Antigenic proteins are degraded in the
cytosol and are presented on MHC-I molecules as epitope
peptides.>” The functional polymers having carboxylated units
are protonated in response to weakly acidic pH in endosomes
of APCs. The polymer then becomes hydrophobic, which causes
membrane fusion or destabilization of liposomes and the
endosomal membrane. Therefore, they are often used to
promote the transfer of antigenic proteins to the cytosol.>**

To induce antigen-specific immune responses effectively,
accumulation of an adjuvant and an antigen in a single carrier,
and their simultaneous delivery to APCs are ideal. In our previous
study, highly functional antigen carriers were developed by mod-
ifying antigen-loaded liposomes with carboxylated curdlan
derivatives.>® These liposomes simultaneously achieved an
efficient uptake of antigenic proteins by APCs, antigen release
into the cytosol, and activation of APCs through innate immunity
pathways.”*

In this study, we sought to improve the immunity-activation
ability of liposomes by changing the backbone structure of
carboxylated polysaccharides from linear B-glucan (curdlan) to
branched B-glucan (Aquap). AquaP} was derivatized using a
method described previously (Fig. S1, ESIt). Modification of
B-glucan derivatives to the liposomes was confirmed by zeta
potential measurement and the quantification of polysaccharide
contents in liposome solution (Fig. 2). Aquap derivative-modified
liposomes exhibited an identical pH-sensitive content release
property with curdlan derivative-modified liposomes (Fig. 3,
Fig. S4 and S5, ESIf). It is particularly interesting that the
modification efficiency of AquaP derivatives was much higher
than that of curdlan derivatives (Fig. 2). This difference might be
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explained from the difference in the anchor density (Table S2,
ESIT). B-Glucan is known to form a triple helix structure in an
aqueous solution,>®*” whereas our previous data using Congo
red suggested that introduction of MGlu units into curdlan
interfered the triple helix formation of curdlan derivatives.**
Since both of curdlan derivatives and Aquap derivatives used in
this study might also take random coil structures in an aqueous
solution, an increase in the anchor density by introducing
anchor groups into branched monosaccharide units of Aquaf
would increase the possibility of decyl group insertion into the
liposomal membrane via hydrophobic interactions, resulting in

7722 | J Mater. Chem. B, 2021, 9, 7713-7724

efficient fixation of Aquap derivatives onto liposomes compared
with linear curdlan derivatives.

B-Glucan derivatives induced secretion of inflammatory
cytokines from DC2.4 cells. Their modifications onto liposomes
further increased the amounts of secreted cytokines, even
though the amounts of B-glucan derivatives added to the cells
in later experiments were rather low: the concentrations of
B-glucan derivatives in Fig. 4a, b and ¢, d were calculated as
0.5 mg mL~" and 0.06-0.13 mg mL ™", respectively. Modification
of B-glucan derivatives onto liposomes might exert a multivalent
effect of B-glucan derivatives and induce a strong activation
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signal via receptors on DCs.** When compared between
liposomes modified with an almost identical amount of curdlan
derivatives or Aquap derivatives (Fig. 4e), AquaP derivative-
modified liposomes induced cytokine secretion from DCs more
effectively than curdlan derivative-modified liposomes did.
The results suggest that the backbone structure of B-glucan
derivatives affects the adjuvant ability of the B-glucan
derivative-modified liposomes. Furthermore, high MGlu density
of Aquap derivative-modified liposomes derived from the
branching structure of Aquap might also contribute the
remarkable activation of DCs (Fig. S6, ESIT). Liposomes modified
with AquaP derivatives with low MGlu% showed higher cellular
association than that of liposomes modified with curdlan
derivatives with low MGlu% (Fig. 5a). This might result from
high MGlu density of Aquap derivative-modified liposomes
compared with curdlan derivative-modified liposomes. The
results suggest that conventional curdlan derivative-modified
liposomes were taken up mainly via scavenger receptors
(Fig. 5b), which is consistent with our previous report using
curdlan derivative-modified liposomes.>* The cellular uptake of
Aquaf derivative-modified liposomes was also fundamentally
inhibited by the addition of dextran sulfate, but the effect
diminished as the MGlu% of AquaP derivatives increased
(Fig. 5b). Surprisingly, in MGlu70-Aquaf-A6-modified liposomes,
the addition of dextran sulfate promoted intracellular uptake.
Taken together, the detailed mechanisms by which the
cells recognize Aquaf derivatives remain elusive. Additional
experiments using other inhibitors for Dectin-1 or TLRs, or
knockout of these receptors are necessary to reveal interaction
mechanisms between Aquaf derivatives and the cells.

In our previous report, administration of curdlan derivative-
modified liposomes induced significant suppression of tumor
growth.>* By contrast, in this study, OVA-loaded, curdlan
derivative-modified liposomes did not suppress tumor growth
in some mice (Fig. S7, ESIt). We infer that this is true because
we performed liposome administration at a later stage of
tumor growth (likely to be more immunosuppressive) than in
experiments in our previous report.>* The average tumor
volume at first injection in the current study was 324 +
19.9 mm?, which is 6.8 times larger than that of our previous
study (47.5 4+ 10.8 mm?). In such a later-stage tumor, antitumor
immunity induced by curdlan derivative-modified liposomes
might not be sufficient to induce significant tumor regression.
Even in a late-stage tumor, administration of AquaP derivative-
modified liposomes significantly suppressed the growth of
large E.G7-OVA tumors in all mice compared with PBS and
curdlan derivative-modified liposomes (Fig. 6 and Fig. S7,
ESIt). After subcutaneous injection, Aquaf derivative-
modified liposomes that have high modification efficiency of
polysaccharide derivatives might be taken up by APCs and
promote inflammatory cytokine secretions from these cells,
which resulted in effective activation of antitumor cellular
immune responses compared with curdlan derivative-
modified liposomes. CD8" T cells induced by immunization
of Aquap derivative-modified liposomes migrated to the tumor
tissue effectively (Fig. 7b), which contributed the significant
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suppression of tumor growth directly. Macrophages in a tumor
are polarized to the tumor-suppressive Mi1-phenotype by
stimulation with IFN-y.>*° Consequently, IFN-y secretion
from CD8" T cells infiltrated to the tumor might also
induce the polarization of tumor-associated macrophages to
Mi1-phenotyes and increase the M1/M2 ratio in the tumor
(Fig. 8 and Fig. S10, ESIf), which canceled immunosuppression
within tumor and assisted suppression of tumor growth in the
treatment of AquaP derivative-modified liposomes.

5. Conclusions

For this study, carboxylated AquaP derivatives, which have a
branched structure as a backbone, were synthesized to enhance
the antitumor efficacy of antigen-loaded liposomes. The
modification efficiency of Aquaf derivatives to the liposomes
was significantly higher than that of conventional curdlan
derivatives. Aquaf derivative-modified liposomes released
their cargo in response to weakly acidic pH, which corresponds
to an endosomal/lysosomal environment. OVA-loaded, Aquaf
derivative-modified liposomes interacted effectively with a DC
cell line and induced secretion of inflammatory cytokines.
Furthermore, the liposomes increased the percentage of intra-
tumoral CD8" T cells and polarized intratumoral macrophages to
the M1-phenotype, resulting in significant growth suppression of
large E.G7-OVA tumor in mice. The results obtained from this
study underscore the importance of the selection of the
backbone structure to induce strong cellular immunity and to
obtain enhanced therapeutic effects. The results demonstrate
that Aquap derivative-modified liposomes can be promising
materials for liposomal vaccines to achieve efficient delivery of
antigens, activation of DCs and antigen-specific immunity.
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