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Cross-presentation, exogenous antigen presentation onto major histocompatibility complex class | mole-
cules on antigen presenting cells, is crucially important for inducing antigen-specific cellular immune
responses for cancer immunotherapy and for the treatment of infectious diseases. One strategy to induce
cross-presentation is cytosolic delivery of an exogenous antigen using fusogenic or endosomolytic mole-
cule-introduced nanocarriers. Earlier, we reported liposomes modified with pH-responsive polymers to
achieve cytosolic delivery of an antigen. Polyglycidol-based or polysaccharide-based pH-responsive poly-
mers can provide liposomes with delivery performance of antigenic proteins into cytosol via membrane
fusion with endosomes responding to acidic pH, leading to induction of cross-presentation. Mannose
residue was introduced to pH-responsive polysaccharides to increase uptake selectivity to antigen pre-
senting cells and to improve cross-presentation efficiency. However, direct introduction of mannose
residue into pH-responsive polysaccharides suppressed cytoplasmic delivery performance of liposomes.
To avoid such interference, for this study, mannose-containing glycans were incorporated separately into
pH-responsive polysaccharide-modified liposomes. Soybean agglutinin-derived glycopeptide was used
as a ligand for lectins on antigen presenting cells. Incorporation of glycopeptide significantly increased
the cellular uptake of liposomes by dendritic cell lines and increased cross-presentation efficiency.
Liposomes incorporated both glycopeptide and pH-responsive polysaccharides exhibited strong adjuvant
effects in vitro and induced the increase of dendritic cells, M1 macrophages, and effector T cells in the
spleen. Subcutaneous administration of these liposomes induced antigen-specific cellular immunity,
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resulting in strong therapeutic effects in tumor-bearing mice. These results suggest that separate incor-
poration of glycopeptides and pH-responsive polysaccharides into antigen-loaded liposomes is an
effective strategy to produce liposome-based nanovaccines to achieve antigen cross-presentation and

rsc.li/biomaterials-science induction of cellular immunity towards cancer immunotherapy.

nity-relating diseases."™ In addition to conventional protein-

based vaccines, mRNA-based vaccines emerged during the coro-

1. Introduction

Immune systems can recognize pathogens or abnormal cells
within the body and can eliminate them via specific mecha-
nisms. By using and/or activating such specific mechanisms,
effective treatment modalities and prophylactic vaccines have
been developed for cancer, infectious diseases, and other immu-
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navirus pandemic.”® In the case of mRNA-based COVID-19 vac-
cines, mRNA molecules are encapsulated in lipid-based nano-
particles to protect them from degradation and to deliver them
into intracellular spaces for mRNA translation to antigenic pro-
teins. These lipid-based nanoparticles are also regarded as acting
as an adjuvant by damaging or killing the cells at injection sites
to release damage-associated molecular patterns (DAMPs).”®
Such DAMP release is expected to promote antigen-specific
immune responses further after vaccination.

For vaccination, the production of antigen-specific anti-
bodies is crucially important for protection against infection
by pathogens. It is induced by the presentation of an antigen
onto major histocompatibility complex (MHC) class II mole-
cules of antigen presenting cells (APCs). By contrast, cellular
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immune responses must occur to eliminate infected cells or
cancerous cells within the body, which are induced by the
presentation of an antigen onto MHC class I molecules.
Generally, exogenous antigenic proteins are internalized into
APCs via endocytosis. They are degraded within the endosome/
lysosome, which engenders antigen presentation onto MHC
class II and induction of humoral immunity. For the presen-
tation of an exogenous antigen onto MHC class I, a phenom-
enon designated as cross-presentation, control of the uptake
mode and the intracellular fate of antigen are extremely
important.” ™! Cytosolic antigen delivery, antigen delivery into
weakly acidic intracellular compartments, induction of specific
receptor-mediated antigen uptake, and other antigen delivery
routes have been investigated for the induction of cross-pres-
entation of an exogenous antigen.'””*® However, the compre-
hensive picture of cross-presentation, including the relation
between antigen delivery routes and cross-presentation
efficacy, detailed molecular mechanisms, and cell phenotype
dependence, remains unclear. Therefore, the collection of
basic research data related to cross-presentation using various
antigen carriers is necessary for designing efficient antigen
delivery systems to induce antigen-specific cellular immunity.
As explained above, cytosolic delivery of antigen is an
effective approach to induce cross-presentation because an
antigen delivered into cytosol would behave as an endogenous
antigen.’®™? To date, various antigen delivery systems have
been reported as promoting the cytosolic delivery of an
antigen, such as virus-derived fusogenic protein-introduced
liposomes, cell-penetrating peptide-introduced carriers, and
endosomolytic molecule-introduced carriers.'®™*° The authors
have also reported several antigen delivery systems using lipo-
somes modified with pH-responsive polymers.>® Carboxylated
polyglycidol-modified liposomes have delivered model anti-
genic protein (ovalbumin, OVA) successfully into cytosol of
murine dendritic cell line or bone marrow-derived dendritic
cells, resulting in induction of cross-presentation of OVA.*!
Polysaccharides such as dextran or f-glucans can also be used
as a backbone of pH-responsive polymers. pK, of carboxy
groups for these polysaccharide derivatives is 6-6.5, indicating
that carboxy groups are deprotonated in physiological con-
ditions but are protonated in endosomal acidic pH conditions.
After protonation of carboxy groups, these polysaccharide
derivatives form hydrophobic domains, which could destabi-
lize co-existing liposomal membranes only at acidic pH.>*">*
These polysaccharide-based pH-sensitive polymer-modified lipo-
somes induced fusion with endosomal membrane, resulting in
successful cytosolic delivery of OVA and induction of OVA-specific
cellular immune responses in vivo.”>>* However, the cross-pres-
entation efficiency of these polysaccharide derivative-modified
liposomes is still moderate. To improve cross-presentation
efficiency, mannose residues were introduced into carboxylated
polysaccharide derivatives to promote their uptake selectivity to
APCs and mannose receptor (MR)-mediated cross-presentation.>®
The mannose residue introduction increased the uptake selecti-
vity considerably, but cross-presentation efficiency was not so
improved, probably because the introduction of mannose residue
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into polysaccharide derivatives might have decreased the cytoso-
lic delivery performance.>

Considering the findings obtained from those earlier
studies, in this study, a pH-responsive polysaccharide deriva-
tive and a glycopeptide containing several mannose residues
were introduced separately to antigen-loaded liposomes to
balance the promotion of cell uptake via lectins and the cyto-
solic antigen delivery performance of pH-responsive polysac-
charide derivatives (Fig. 1). Here, soybean agglutinin (SBA)-
derived glycopeptide (Man9GIcNAc2-Asn) was selected as a
ligand for lectins expressing on APCs. Man9GlcNAc2-Asn from
SBA is a homogenous ligand used to study the binding of
C-type lectins, DC-SIGN and DC-SIGNR. Both receptors bind to
N-linked high mannose oligosaccharide and the highest level
of binding was found for Man9GIcNAc2-Asn-glycopeptide
which decreased with smaller glycans.”® Binding affinity of
Man9GIcNAc2 glycopeptide to DC-SIGN was found to be more
than 50-fold higher than mannose.>” Glycan array screening
data showed that Man9 and other high mannose oligosacchar-
ides are the best ligands for langerin, another C-type lectin.?®
A solid-phase binding competition assay also showed C-type
carbohydrate recognition domain 4 (CRD4) of MR binds Man9
oligosaccharide with more than 40-fold higher affinity than
mannose.”® These studies indicate the potential of
Man9GlcNAc2 as an ideal ligand for targeting these lectins on
APCs.>*! For the present study, the effects of SBA glycopep-
tide and pH-responsive dextran derivative modification to lipo-
somes on cell uptake specificity, cross-presentation efficiency,
and adjuvant effect were investigated. Furthermore, the per-
formances of these liposomes for induction of antigen-specific
immune responses were evaluated, as were their therapeutic
effects on tumor-bearing mice.

2. Materials and methods
2.1. Materials

Egg yolk phosphatidylcholine (EYPC) was kindly donated by
NOF Co. (Tokyo, Japan). 1,2-Dipalmitoyl-sn-glycero-3-phos-
phothioethanol (DPPTE) was bought from Avanti Polar Lipids
(Birmingham, AL, USA). OVA and fetal bovine serum (FBS)
were purchased from Sigma-Aldrich (St Louis, MO).
Phospholipid C test-Wako was from Wako Pure Chemical
Industries Ltd (Osaka, Japan). 1,1-Dioctadecyl-3,3,3',3"-tetra-
methylindocarbocyanine perchlorate (Dil) was from Life
Technologies (Carlsbad, CA). N-[(4-Maleimidomethyl)cyclo-
hexyl carbonyloxy]sulfosuccinimide, sodium salt (sulfo-SMCC)
was obtained from Dojindo Laboratories (Kumamoto, Japan).
Tween20 and lipopolysaccharide (LPS) were from nacalai
tesque (Kyoto, Japan). Bio-Gel P-100, Bio-Gel P-4 and Precision
Plus Protein™ Dual Color Standards were from Bio-Rad, USA.
Pronase was from Roche, Germany. Coomassie (Bradford)
protein assay kit was from Thermo Fisher Scientific K.K.
(Tokyo, Japan). pH-Responsive dextran derivative with carboxy-
lated unit: 58% and anchor unit: 8% (MGlusg-Dex-Ag) was syn-
thesized as previously described.”® Soybean agglutinin was
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Fig. 1 Soybean agglutinin-derived glycopeptide-introduced pH-responsive polysaccharide-modified liposomes promote the cross-presentation

and induction of antigen-specific cellular immune responses.

purified as described previously using affinity chromatography
on lactosylamine-Bio-Gel P-100 column.**** For the prepa-
ration of SBA glycopeptide Man9GlcNAc2-Asn, denatured
affinity purified soybean agglutinin was digested with Pronase
and glycopeptide separated on Bio-Gel P-4 as reported
previously.***®> Free amino group contents in SBA aqueous
solution were determined by a fluorescamine assay.

2.2. Preparation of liposomes

EYPC (20 mg) and DPPTE (0.996 mg, 5 mol%) dissolved in
3 mL of chloroform was added to a 10 mL round-bottom flask.
After evaporation of chloroform, MGlusg-Dex-Ag (9 mg, lipids/
polymer = 7/3, w/w) dissolved in 0.9 mL of methanol were
added to the flask and the solvent was evaporated. The remain-
ing organic solvent was further removed under vacuum for
>2 h. Obtained mixed thin film (total lipids: 1.25 x 10~> mol)
was hydrated by 4 mg mL™" OVA in phosphate-buffered saline
(PBS) by 2 min-sonication using a bath-type ultrasonic cleaner
(AS ONE, ASU-10). The liposome suspension was further
treated by 5 times cycles of freezing and thawing and was
extruded 31 times through a polycarbonate membrane with a
pore size of 100 nm. The liposome suspension was centrifuged
(163 383g, 1 h) at 4 °C to remove unencapsulated OVA. For con-
jugation of SBA glycopeptide onto the liposomes, 5 equiv. of
sulfo-SMCC was reacted with amino groups within SBA glyco-
peptide for 2 h at room temperature, then reaction mixture
was purified by G-25 column. Subsequently, purified male-
imide group-introduced SBA glycopeptides were mixed with
DPPTE-introduced liposomes and were incubated for 24 h at
4 °C. The liposome suspension was centrifuged (163 383g, 1 h,
twice) at 4 °C to remove unconjugated SBA glycopeptide.
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2.3. Characterization of liposomes

Diameters and zeta potentials of the liposomes (0.1 mM of
lipid) 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 lipid and OVA in liposome sus-
pension were measured using phospholipid C test-Wako and
Coomassie protein assay reagent, respectively.

2.4. Cellular association of liposomes

Dil-labeled liposomes were prepared as described above except
that a mixed thin film containing Dil (0.1 mol% for total
lipids) was dispersed in PBS containing OVA. DC2.4 cells, a
murine dendritic cell line, (1.5 x 10° cells) cultured for 2 days
in a 12-well plate were washed twice with PBS and then incu-
bated in serum-free medium (0.95 mL). Dil-labeled liposomes
(6 mM lipid concentration, 0.05 mL) were added gently to the
cells and then incubated for 4 h at 37 °C. After incubation, the
cells were washed with PBS three times. Fluorescence intensity
of the cells was determined via a flow cytometric analysis
(CytoFLEX, Beckman Coulter, Inc.). Fluorescence intensity for
untreated cells was subtracted from each data to remove auto-
fluorescence of cells. Dil-derived fluorescence intensity per
lipid for each liposome was also measured using a spectrofluo-
rometer and was compensated.

2.5. Confocal laser scanning microcopic analysis

DC2.4 cells (3 x 10° cells) cultured for 2 days in a glass-bottom
dish were washed twice with PBS and then incubated in a
serum-free medium (1.9 mL). Dil-labeled liposomes (6 mM

This journal is © The Royal Society of Chemistry 2024
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lipid concentration, 0.1 mL) were added gently to the cells and
incubated for 5 h at 37 °C. After incubation, the cells were
washed with PBS three times and observed using a confocal
laser scanning microscopy LSM5 EXCITER (Carl Zeiss).

2.6. Evaluation of antigen presentation

DC2.4 cells (1.5 x 10° cells) cultured for 2 days in a 6-well plate
were washed with PBS twice and then incubated in culture
medium. OVA-loaded liposomes (final OVA concentration:
30 ug mL™") or OVA class I epitope peptide (SIINFEKL) were
added gently to the cells, followed by incubation for 24 h at
37 °C. After incubation, the cells were transferred to the
round-bottom 96-well plate and then washed with 2% FBS-con-
taining PBS (FACS buffer) twice. The cells were treated with
anti-mouse CD16/32 antibody (0.5 pg/0.1 mL, eBioscience, 93)
for 30 min on ice to block Fc receptors. After three times
washing by FACS bulffer, cells were further incubated with bio-
tinylated anti-mouse OVA,s4 564 (SIINFEKL) peptide bound to
H-2K" (0.125 pg/0.1 mL, eBioscience, 25-D1.16) for 30 min on
ice. After three times washing by FACS buffer, cells were
stained with streptavidin-PE (Sigma, St Louis, MO, USA) for
30 min on ice. After three times washing by FACS buffer, cellu-
lar fluorescence was detected by a flow cytometer (CytoFLEX,
Beckman Coulter, Inc.).

2.7. Cytokine production

DC2.4 cells (2 x 10* cells) cultured for 2 days in a 96-well plate
were washed with PBS twice and then incubated in serum-free
medium. OVA-loaded liposomes (final lipid concentration:
0.1 mM) or SBA glycopeptide (0.1 mg mL ") were added gently
to the cells, followed by incubation for 36 h at 37 °C. After
incubation, plates were centrifuged (1500 rpm, 5 min) to
remove cell debris and the supernatants were collected.
Cytokine production in the supernatants was measured using
mouse uncoated ELISA kit (for TNF-a, IL-1f or IL-12,
Invitrogen) according to the manufacturer’s instruction.

2.8. Animals

Seven-week-old female C57BL/6 mice (H-2") were purchased
from Oriental Yeast Co., Ltd (Tokyo, Japan). All animal experi-
ments were approved by the Institutional animal experimen-
tation committee in Osaka Metropolitan University (approval
no. 22-1) and were performed in compliance with the insti-
tutional guidelines of animal care and use.

2.9. Analysis of immune cell composition in the spleen and
in vitro stimulation of splenocytes

On days 7 and 14, 50 pg of OVA-loaded liposomes were subcu-
taneously injected to C57BL/6 mice under anesthesia with iso-
flurane. After 24 h of each injection, spleen was harvested
from the mice and single cell suspension of the spleen was
prepared by gentle mashing and passing through a 70 pm
mesh Cellstrainer™ (Falcon®). Erythrocytes were removed by
incubating the cell pellet for 5 min in RBC lysis buffer
(pluriSelect Life Science UG & Co. KG) at room temperature.
Single cells from spleen were seeded into 96-well plates with
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1.0 x 10° cells per well and washed by FACS buffer. Antibodies
against the following molecules were used with a given combi-
nation of fluorescence-labeling: B220 (RA3-6B2, BioLegend),
CD3e (145-2C11, BD Biosciences), CD4 (RM4-5, BD
Biosciences), CD8a (53-6.7, BD Biosciences), CD11b (M1/70,
BioLegend), CD11lc (N418, BioLegend), CD44 (IM7, BD
Biosciences), CD45 (30-F11, BD Biosciences), CD62L (MEL-14,
BD Biosciences), CD206 (C068C2, BioLegend), F4/80 (BMS,
BioLegend), MHC II (AF6-120.1, BioLegend). Staining was
carried out on ice for 20 min (each diluted 1:200 in FACS
buffer). After washing twice, cell populations were analyzed via
a flow cytometric analysis (CytoFLEX, Beckman Coulter, Inc.)
using a CytoExpert software.

Single cells from spleen (2 x 10° per 2 mL) were incubated
with various concentrations of OVA solution (0, 50, 100 pg
mL™") for 4 days. After the incubation, the concentration of
IFN-y was measured using mouse uncoated ELISA kit (for IFN-
v, Invitrogen) according to the manufacturer’s instruction.

2.10. Induction of antitumor immunity

E.G7-OVA cells, OVA-expressing T-lymphoma, (5 x 10° cells per
mouse) were subcutaneously inoculated into the left back of
C57BL/6 mice under anesthesia with isoflurane. On days 7 and
14, 50 pg of OVA-loaded liposomes were injected subcu-
taneously 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 con-
tained 5 mice.

2.11. Statistical analysis

Statistically significant differences between experimental
groups were determined using Prism software (v9, GraphPad).
Where one-way ANOVA followed by Tukey’s HSD post hoc test
was used, variance between groups was found to be similar by
Brown-Forsythe test. A log-rank test was employed for analyz-
ing mouse survival. The symbols *, **, ¥** ‘and **** indicate P
values less than 0.05, 0.01, 0.001, and 0.0001, respectively.

3. Results and discussion

3.1. Preparing glycopeptide derivative-modified and
polysaccharide derivative-modified liposomes

Model antigenic protein-loaded liposomes modified with both
pH-responsive polysaccharide derivatives and SBA-derived gly-
copeptides were prepared by the hydration of a mixed thin
film composed of lipids and polysaccharide derivatives and
subsequent extrusion to adjust the liposome size. As a lipid
component, DPPTE was incorporated to present thiol groups
on the liposome surface. Amino groups in SBA glycopeptide
were reacted with sulfo-SMCC for the modification of male-
imide groups. Maleimide-introduced SBA glycopeptides were
conjugated with liposomal surface via thiol-maleimide reac-
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(A) Diameter, (B) polydispersity index (PDI), (C) zeta potential and OVA-loading efficiency (D) of egg PC liposomes modified with and without

SBA and/or pH-sensitive polysaccharide derivative (MGlusg-Dex-Ag). Each bar shows the mean + SEM (n = 3).

tion. The prepared liposome sizes were approximately
90-110 nm (Fig. 2A), which corresponds to the pore size of the
polycarbonate membrane during extrusion. Their polydisper-
sity index values were around 0.10 (Fig. 2B), indicating that
these liposomes have a narrow size distribution irrespective of
their modification of the pH-responsive polysaccharide deriva-
tive or glycopeptides. Modification of pH-responsive polysac-
charide derivatives decreased the zeta potential of the lipo-
somes (Fig. 2C), suggesting modification of the carboxylated
polymers on the liposomal surface. Model antigenic protein
(OVA) loading amounts and loading efficiencies were approxi-
mately 80-100 g mol~" lipids and 20-25% (Fig. 2D), which are
almost identical to findings reported from our earlier study.>®
These data suggest the successful preparation of antigen-
loaded liposomes. To confirm that the pH-responsive property
of these liposomes is retained after SBA glycopeptide modifi-
cation, liposomes encapsulating a fluorescent dye (pyranine)
and its quencher (p-xylene-bis-pyridinium bromide) were pre-
pared. As shown in Fig. S1,} liposomes stably retained the con-
tents at pH 7.4. In contrast, remarkable pyranine leakage from
liposomes was observed below pH 6.5. At pH 5.5, which corres-

1494 | Bjomater. Sci., 2024, 12,1490-1501

ponds to endosomal pH, almost 100% of the contents were
released within 30 min. These results indicate that pH-respon-
sive polysaccharide derivative (MGlusg-Dex-Ag) on the liposome
surface does not interact with liposomal membrane at a phys-
iological condition, whereas protonated MGlusg-Dex-Ag at
acidic condition could disrupt liposomal membrane immedi-
ately. In addition, SBA modification did not interfere pH-
responsiveness of polysaccharide derivatives.

3.2. Glycopeptide incorporation effects on antigen delivery
and cross-presentation performance of liposomes

Next, the effects of modification of polysaccharide derivatives
and/or SBA glycopeptide on cellular association of liposomes
were investigated. Dil-labeled liposomes were applied to a
murine dendritic cell line (DC2.4 cell). Then the cell fluo-
rescence and the intracellular distribution of liposomes were
measured respectively using a flow cytometer and confocal
laser scanning microscopy (CLSM) (Fig. 3). For SBA glycopep-
tide-modified liposomes (SBA-lip), the average fluorescence
intensity was slightly high but it was almost equal to that of
cells treated with unmodified liposomes. By contrast, pH-

This journal is © The Royal Society of Chemistry 2024
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responsive polysaccharide modification (pH-lip) showed sig-
nificantly increased cellular association of liposomes with den-
dritic cell lines, which might result from the recognition of
carboxylates on the liposome surface by scavenger
receptors.>'***® Moreover, both modification of SBA glycopep-
tides and pH-responsive polysaccharide derivatives (SBA-pH-
lip) further enhanced the cellular association of the liposomes.
This tendency was also confirmed using CLSM analysis
(Fig. 3B). Internalization of SBA-pH-lip within cells was evalu-
ated further using a Z-stacked image (Fig. S21). To analyze the
effect of lectin on the cellular association of these liposomes,
cellular association of liposomes in the presence of excess free
SBA was evaluated (Fig. S371). Cellular association of SBA-lip
was slightly decreased in the presence of free SBA (Fig. S3A,T P
= 0.10). Considering that the SBA glycopeptide maximum
density on the liposome surface derived from DPPTE content
(5%) is not so high, single introduction of SBA glycopeptide
onto the liposomes is not so effective to promote the inter-
action of glycans with lectins on the dendritic cell surface. In
contrast, cellular association of SBA-pH-lip was significantly
reduced in the presence of excess SBA (Fig. S3BY), suggesting
the recognition of SBA-pH-lip by lectins. The high density of
carboxylates and high molecular weight (approx. 70 kDa of
dextran main chain) of pH-responsive polysaccharide on the
liposomes might support the approach of liposomes on the
surface of dendritic cell lines via multivalent interactions. In
turn, that approach might promote the access of mannose resi-
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dues within SBA glycopeptide into binding sites of lectins.
Thus, both modification of SBA glycopeptide and pH-respon-
sive polysaccharide might cooperatively promote the cellular
association of liposomes via lectin binding and recognition by
scavenger receptors.

Antigen cross-presentation, which is a phenomenon by
which an exogenous antigen is presented onto MHC class I
molecules of APCs,”'' is necessary for inducing cellular
immune responses. After DC2.4 cells were incubated with OVA-
loaded liposomes, the cross-presentation capabilities of
various liposomes were evaluated using a specific antibody
that recognizes OVA class I epitope peptide (SIINFEKL)/MHC
class I complexes. As Fig. 4 shows, modification of SBA glyco-
peptide and/or pH-responsive polysaccharide derivatives
exhibited higher percentages and higher fluorescence intensity
of SIINFEKL/MHC-I complex presentation than those of unmo-
dified liposome-treated cells. Especially, SBA-pH-lip showed a
significantly higher cross-presentation property than unmodi-
fied liposomes about both percentage and fluorescence inten-
sity. As reported in earlier reports,”'* this finding might be
attributable to enhanced cellular association of SBA-pH-lip
(Fig. 3) and cytosolic release of OVA molecules the via pH-
responsive endosomal membrane disruption property of the
pH-responsive polysaccharide derivative. Therefore, these
results suggest that double modification of SBA glycopeptide
and pH-responsive polysaccharide derivative is an efficient
approach to promote antigen cross-presentation.

SBA-pH-Lip

(A) Relative fluorescence intensity of DC2.4 cells treated with various Dil-labeled liposomes for 4 h (0.3 mM lipid concentration).

Fluorescence intensity for the untreated cells was subtracted. Statistical analyses were done using analysis of variance (ANOVA) with Tukey's test: **P
< 0.01, ***P < 0.001 and ****P < 0.0001. (B) Confocal laser scanning microscopic (CLSM) images of DC2.4 cells treated with Dil-labeled liposomes.
DC2.4 cells were incubated in the presence of liposomes (0.3 mM lipids) for 5 h at 37 °C. The intracellular distribution of lipids (red) was found using

CLSM. Scale bars = 10 pm.
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(A) Percentage and (B) fluorescence intensity of MHC class I/OVA epitope peptide (SIINFEKL) complex-expressing DC2.4 cells treated with

various OVA-loaded liposomes modified with or without SBA and/or pH-sensitive polysaccharides. Statistical analysis was done using ANOVA with

Tukey's test: *P < 0.05 and **P < 0.01 (n = 3).

3.3. Adjuvant property of glycopeptide derivative-modified
and polysaccharide derivative-modified liposomes

Not only antigen delivery performance, but also the adjuvant
property of antigen carriers is important for inducing antigen-
specific immune responses.’>*® various toll-like receptor
(TLR) ligands such as monophosphoryl lipid A, CpG-DNA, and
other adjuvant molecules can be incorporated into the lipo-
somes to provide the adjuvant property. Reportedly, pH-
responsive polysaccharide derivatives themselves also have
adjuvant properties that can induce pro-inflammatory cytokine

production from dendritic cells or macrophages.”*>*' In
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addition, SBA glycopeptide itself can induce cytokine pro-
duction from a dendritic cell line (Fig. 5A-C). Here, the effects
of SBA glycopeptide and/or pH-responsive polysaccharide
modification on the adjuvant property of the liposomes were
investigated by measuring inflammatory cytokine production
from the dendritic cell line. As expected, both SBA-lip and
SBA-pH-lip induced significantly higher TNF-a and IL-6 pro-
ductions from DC2.4 cells than PBS-treated cells did, which
might result from the adjuvant property of SBA glycopeptide.
For IL-1p and IL-12, pH-lip and SBA-pH-lip promoted the
secretion of these pro-inflammatory cytokines. IL-1f pro-
duction is known to be promoted by the activation of inflam-
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(A) TNF-a, (B) IL-1p, (C) IL-6, or (D) IL-12 production from DC2.4 cells treated for 36 h with various liposomes (0.1 mM lipids). Free SBA

(0.1 mg mL™) and LPS (5 ug mL™) were used as controls. Statistical analyses were done using ANOVA with Tukey's test: *P < 0.05, **P < 0.01, ***P <

0.001, and ****P < 0.0001.
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masomes through intracellular release of the contents within a
lysosome such as cathepsin.”? Both pH-lip and SBA-pH-lip
exhibited pH-responsive content release property (Fig. S1t). In
addition, pH-responsive polysaccharide derivatives on the lipo-
somes can promote the cytosol release of liposomal contents
via destabilization of endosomal and lysosomal membranes
after protonation of carboxylates within these weakly acidic
intracellular compartments.*"?*> For that reason, modification
of pH-responsive polysaccharide derivatives might also
promote an inflammasome-pathway to promote the secretion
of IL-1p and/or other inflammatory cytokines. IL-12 secretion

View Article Online

Paper

is known to be promoted TLR pathways.*’ Considering that
adjuvant effect of pH-responsive polysaccharides is inhibited
by TLR4 agonist (data not shown), pH-lip might induce TLR4-
mediated IL-12 secretion from DC2.4 cells. In addition, SBA
glycopeptide induced TNF-a and IL-6 productions (Fig. 5A and
C), suggesting the recognition of SBA glycopeptide via TLR4.
High cellular association of SBA-pH-lip (Fig. 3A) might
promote TLR4 recognition of SBA glycopeptide on the lipo-
somes, leading to significantly higher IL-12 production from
DC2.4 cells. Thus, double modification of SBA and pH-respon-
sive polysaccharide derivatives onto the liposome would be an
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Fig. 6 Effects of subcutaneous injection of liposomes on T cell populations in the spleen. (A) Experimental schedule. Mice were injected subcu-
taneously with PBS or liposomes on days 7 and 14. Single cells were extracted from the spleen on day 15, followed by flow cytometric analysis.
Graphs depict the frequency of (B) naive CD8+ T cells (CD62L+ CD44-) of CD3+ cells, (C) central memory CD8+ T cells (CD62L+ CD44+) of CD3+
cells, (D) effector memory CD8+ T cells (CD62L— CD44+) of CD3+ cells, (E) naive CD4+ T cells (CD62L+ CD44-) of CD3+ cells, (F) central memory
CD4+ T cells (CD62L+ CD44+) of CD3+ cells, and (G) effector memory CD4+ T cells (CD62L— CD44+) of CD3+ cells (mean + SEM; n = 4-6).
Statistical analyses were conducted using ANOVA with Tukey's test: *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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effective approach to obtain the synergy of adjuvant effects
derived from each component and thereby promote pro-
inflammatory cytokines of various kinds.

3.4. Effects of subcutaneous injection of liposomes on
immune cell populations in the spleen

Considering the highly adjuvant effect of SBA-pH-lip, we inves-
tigated the change in immune cell population in the spleen
after liposome injection. First, OVA-loaded various liposomes
were administered subcutaneously to the mice once a week.
After 24 h following the second injection, the spleen of each
was harvested. Single spleen cells were stained with various
antibodies to bind specific surface markers of each immune
cell population. Fig. S47 portrays results for dendritic cells,
monocytes, and macrophage populations. Injection of pH-lip
and SBA-pH-lip increased dendritic cells significantly within
the spleen (Fig. S4At), which might reflect the strong adjuvant
effects of these liposomes. The percentages of monocytes and
macrophages were not altered after liposome injection
(Fig. S4B and S4Ct), but all liposomes significantly increased
M1 macrophages and decreased M2 macrophages (Fig. S4D-
S4Ff). Considering that these liposomes promoted TNF-a pro-
duction from the dendritic cell line (Fig. 5A), liposomes of all
types might polarize macrophage populations effectively into
immunity-activating M1 phenotypes in vivo. Fig. S5t presents
changes in the T cell and B cell populations after liposome
injection. Whole T cell population tended to decrease
(Fig. S5AT), and the B cell population tended to increase after
injection of pH-lip and SBA-pH-lip (Fig. S5B}). CD4-positive T
cells decreased significantly after injection of pH-lip and SBA-
pH-lip (Fig. S5Dt), but no effect was found on the CD8/CD4
ratio in the spleen by liposome injection (Fig. S5ET). As shown
in Fig. 6, change in the T-cell subpopulation was evaluated
further. For CD8-positive T cell populations, central memory T
cells tended to decrease after liposome injection, but adminis-
tration of pH-lip and SBA-pH-lip significantly increased the
percentages of effector T cells in the spleen (Fig. 6B-D),
suggesting that cellular immune responses were induced by
the efficient cross-presentation capability and highly adjuvant
effects of these liposomes. In the case of CD4-positive T cell
populations, naive T cells were decreased significantly
(Fig. 6E), which might correspond to the decrease of CD4-posi-
tive cells within T cells, as shown in Fig. S5D.7 Injection of
liposomes, especially SBA-pH-lip, significantly increased both
central memory and effector T cells (Fig. 6F and G). These find-
ings suggest that SBA-pH-lip can induce not only CD8-positive
T cell-based cellular immune responses but also CD4-positive
T cell-based humoral immune responses.

3.5. Induction of antitumor immunity by glycopeptide
derivative-modified and polysaccharide derivative-modified
liposomes

To investigate the capabilities of liposomes for induction of
antigen-specific immune responses, splenocytes harvested
from OVA-loaded liposome-immunized mice were stimulated
by OVA during in vitro culture (Fig. 7A). When compared to

1498 | Biomater. Sci,, 2024, 12, 1490-1501

View Article Online

Biomaterials Science

A OVA-loaded liposome, s.c. injection
‘l' In vitro culture
with OVA

A

l l
I T
C57BL/6 mice, & 7wo 0 7

L >

1415 19 Day
Harvest of splenocytes IFN-y ELISA
*
6000 ) o
mm PBS
* .
= T == SBAlip
£ 4000 B pH-lip
8 mm SBA pH lip
2
£ 2000
0 T
0 ug/mL 50 pg/mL 100 pg/mL

In vitro OVA stimulation

Fig. 7 In vitro stimulation of splenocytes from mice immunized with
OVA-loaded liposomes. (A) Experimental schedule. Splenocytes (2 x 10°
per 2 ml) isolated from the mice immunized with PBS or various OVA-
loaded liposomes twice were incubated with various concentrations of
OVA for 4 days. IFN-y secretion in the supernatant was detected using
ELISA (B). Splenocytes were collected at 24 h after final immunization.
Statistical analyses were done using ANOVA with Tukey's test *P < 0.05
(n=5).

PBS-treated and SBA-lip-injected groups, pH-lip-treated and
SBA-pH-lip-treated groups showed significantly higher IFN-y
secretion by splenocytes only in the presence of antigen stimu-
lation (Fig. 7B). These results indicate that OVA-specific cellu-
lar immune responses were induced by the subcutaneous
administration of OVA-loaded pH-lip or SBA-pH-lip because
these liposomes can enhance effector T cell populations
within the spleen (Fig. 6D and G), cytotoxic CD8-positive T
cells, and/or Th1 cells secreted IFN-y in response to OVA
stimulation.

Finally, antitumor effects of these liposomes on tumor-
bearing mice were evaluated. OVA-expressing T lymphoma cells
(E.G7-OVA cells) were injected to the mice for the establish-
ment of tumor-bearing mice. On days 7 and 14 after tumor cell
inoculation, OVA-loaded liposomes were injected into the mice
subcutaneously. Then, tumor growth and survival were moni-
tored (Fig. 8A and S61). When PBS was injected as a control,
tumor volumes grew remarkably. All mice reached the pre-
determined endpoint tumor volume (2000 mm?®) within 25
days. If OVA-loaded SBA-lip was injected into the mice, then
tumor growth was suppressed slightly (Fig. 8B and S67), but
the mice survival was not prolonged significantly (Fig. 8C). In
fact, SBA-lip can induce immunity-activating M1 macrophages
(Fig. S4D7) but not effector T cells in the spleen (Fig. 6D and
G). Therefore, cellular immune response induced by SBA-lip
injection might be insufficient to suppress tumor growth. By
contrast, administration of pH-lip or SBA-pH-lip apparently
decreased the tumor volume from 5 days after first injection of
these liposomes (Fig. 8B and S6t). Mice survival was also pro-

This journal is © The Royal Society of Chemistry 2024
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Fig. 8 Antitumor effects induced by various liposomes. (A) Experimental schedule. E.G7-OVA (5 x 10° per mouse) were inoculated subcutaneously
into the left backs of C57BL/6 mice. Then the tumor volume (B) and survival of mice (C) were monitored. Mice were injected subcutaneously with
50 pg of OVA-loaded liposomes on days 7 and 14. Mice treated with PBS were used as controls. Statistical analysis was done using Log-rank tests for

(B): *P < 0.05 and **P < 0.01 (n = 5).

longed significantly by these liposomes (Fig. 8C). It is note-
worthy that 40% of mice treated with SBA-pH-lip became com-
pletely tumor-free. These results are attributable to the
effective activation of dendritic cells, M1 macrophages, and
effector T cells and to the simultaneous induction of OVA-
specific cellular immune responses. To investigate immune
responses after subcutaneous injection of liposomes more
directly, immune cell populations within tumor were analyzed.
Tumor-bearing mice were treated with OVA-loaded liposomes
at 7 days after E.G7-OVA cell inoculation. Tumor was excised
on day 13 to obtain enough size of tissue even in pH-lip and
SBA-pH-lip groups. Pictures of excised tumor was shown in
Fig. S7,T suggesting that pH-lip and SBA-pH-lip groups tended
to decrease tumor size compared with PBS or SBA-lip groups
even on day 13. Single live cells within tumor were stained
with antibodies for various cell surface markers and were ana-
lyzed using a flow cytometry (Fig. S8-5107). As almost same
with analyses in spleen (Fig. S4, S5 and Fig. 6), the increase
in dendritic cell, M1 macrophage and effector CD8+ T cell
populations and the decrease in CD4+ T cells were observed in
pH-lip or SBA-pH-lip groups compared with PBS or SBA-lip
groups. These data suggest that effector CD8+ T cell-based cel-
lular immune responses were effectively induced within tumor
in pH-lip or SBA-pH-lip groups. These responses were further
supported by dendritic cells and M1 macrophages within
tumor microenvironments, resulting in effective tumor growth
suppression and extension of mouse survival (Fig. 8). However,
the difference in therapeutic effects between pH-lip and SBA-
pH-lip was not significant at present experimental setting
(Fig. 8). Considering significantly higher cellular association
(Fig. 3A), in vitro adjuvant effect (Fig. 5) and in vivo perform-
ance of SBA-pH-lip compared with pH-lip, further optimization
of SBA glycopeptide conjugation amounts and types of glyco-

This journal is © The Royal Society of Chemistry 2024

peptides with higher affinity to the lectins will promote the
immunity-inducing effect of these liposomes in not only adju-
vant property but also in vivo therapeutic effect level.

4. Conclusion

To promote the cellular association of liposomes and intra-
cellular delivery of antigenic proteins, SBA-derived glycopep-
tides and pH-responsive polysaccharide derivatives were modi-
fied respectively onto antigen-loaded liposomes. As expected,
modification of the SBA glycopeptides enhanced liposome
uptake by dendritic cell lines. Further modification of pH-
responsive polysaccharide derivatives promoted the cross-pres-
entation of exogenous antigen successfully. These liposomes
exhibited a strong adjuvant property, resulting in induction of
antigen-specific effector T cells in vivo and exerting highly
therapeutic effects on tumor-bearing mice. Therefore, the
results presented herein are expected to provide a useful
design of glycan and/or lipid-based antigen carriers for the
induction of cross-presentation and antigen-specific cellular
immune responses for use with cancer immunotherapy or vac-
cines against infectious diseases.
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