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ABSTRACT: The new generation vaccines are safe but poorly
immunogenic, and thus they require the use of adjuvants. Adjuvants
that can control the balance and induction level of cellular and humoral
immunities are urgently required for the treatment of and/or protection
from infectious diseases and cancers. However, there are no adjuvants
which can achieve these requirements. In this study, amphiphilic poly(y-
glutamic acid) (y-PGA) with various kinds of hydrophobic amino acid
ethyl esters (AAE) was synthesized (y-PGA-AAE) and used to prepare
antigen-encapsulated nanoparticles (NPs). y-PGA-graft-Leu (y-PGA-
Leu, where Leu = leucine ethyl ester), y-PGA-graft-Phe (y-PGA-Phe,
where Phe = phenylalanine ethyl ester), and y-PGA-graft-Trp (y-PGA-
Trp, where Trp = tryptophan ethyl ester) formed monodispersed NPs
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that encapsulated ovalbumin (OVA). The type and the induction level

of the antigen-specific cellular and humoral immunities could be controlled by the kinds of hydrophobic segments and vaccine
formulation (encapsulation or mixture) used. When OVA was encapsulated into NPs, the cellular immunity was dominantly
induced, while humoral immunity was dominant when OVA was mixed with NPs. These results are a first report to demonstrate
that the balance and induction level of cellular and humoral immunities could be controlled by modifying compositions of NPs
and vaccine formulation. Our results suggest that y-PGA-AAE NPs can provide safe and efficient nanoparticle-based vaccine
adjuvants, and the results also provide guidelines in the rational design of amphiphilic polymers as vaccine adjuvants which can

control the balance of immune responses.

B INTRODUCTION

Vaccination protects against infectious diseases and cancers by
inducing strong immune responses. Until now, various antigens
have been developed such as attenuated pathogens, whole
inactivated organisms, and inactivated bacterial toxins, though
they require labor-intensive production processes and often
suffer from toxicity and immunogenicity. Recently, next-
generation antigens such as subunits, recombinant proteins,
and synthetic peptides have been employed to develop safe and
efficient vaccine systems. Although these antigens are generally
safe, they are often poorly immunogenic. Therefore, a vaccine
adjuvant which ensures both safety and antigen delivery system
is eagerly required for the induction of potent immune
responses.’ These adjuvants possess two functions: antigen
delivery and immune stimulation.” They deliver antigens to
antigen presenting cells (APCs) such as dendritic cells (DCs)
and macrophages, and induce immune responses. Recently,
“immunoengineering” has been attracted many researchers to
develop next-generation vaccine systems.”* This offers the
design of carriers including polymeric nanoparticles (NPs),
dendrimers, and liposomes whose components are made of
biocompatible or biodegradable polymers.” They can load
various antigens, and they are taken up by APCs, which initiates
an antigen-specific immune response.”” For the induction of
immune responses, the intracellular behavior of antigens in
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APCs is essential. The antigens are usually localized into
endosomes after cellular uptake by APCs, and they are
degraded to peptides and subsequently present on APC
surfaces.® Humoral immunity, which produces antibodies that
protect against infection, is induced after presentation of the
antigens in endosomes via major histocompatibility complex
(MHC) class II. On the other hand, cellular immunity, which
kills infected cells by inducing antigen-specific cytotoxic T
lymphocytes (CTLs), is induced after presentation of antigens,
which escape from endosomes and are processed by
proteasomes, via MHC class 1.”° These observations suggest
that the type and the induction level of antigen-specific cellular
and humoral immunities could be manipulated by controlling
the antigen behavior (cellular uptake, maturation, biodistribu-
tion). Manipulation of the immune responses could provide
novel vaccine strategies against infectious diseases, and also
provide new treatment methods for cancer, allergies, and
autoimmune diseases. However, there are no adjuvants and
vaccine carriers which can manipulate the balance of immune
responses. For the development of a vaccine adjuvant which
can control a balance of immune responses, NPs are one of the
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greatest candidates, as their physicochemical properties (size,
hydrophilic/hydrophobic balance, compositions) are easily and
precisely controlled. With a greater mechanistic understanding
of the interactions between vaccine carriers and immune cells,
significant efforts have been paid to target and manipulate
immune responses.” Recently, several reports have revealed that
the hydrophobicity of particulate adjuvants and antigens is a
key factor for initiating immune responses.'®'" The hydro-
phobicity of NPs drastically influenced their interaction with
the cells, and thus the consequent immune responses.'>'?
Moreover, the interactions between polymers and cell
membranes were affected by the hydrophobicity of the
polymers,"*"> which suggested that the intracellular behavior
of antigens may be controlled by engineering polymer
composition. Since controlling the antigen behavior in cells is
essential for the induction of antigen-specific immune
responses, we may be able to manipulate them by varying the
composition (hydrophobicity, type of hydrophobic segments)
of polymers which are contained in NPs.

In a previous study, amphiphilic copolymers composed of
poly(y-glutamic acid) (y-PGA) as the hydrophilic backbone and
L-phenylalanine ethyl ester (Phe) as hydrophobic segments (y-
PGA-Phe) were synthesized and NPs were prepared from them
to develop nanoparticle-based vaccine adjuvants.'®'” The
encapsulated antigen into y-PGA-Phe NPs was efliciently
taken up by APCs, which resulted in the induction of the
potent antigen-specific immune response.'® We showed that -
PGA-Phe NPs could stimulate APCs via Toll-like receptor
(TLR) 4 due to their adjuvant effect."”** We also reported that
7-PGA-Phe NPs possess membrane-disruptive activities at
endosomal pH, and escaped from endosomes after they were
located there.”' Recently, we reported that the hydrophobicity
of y-PGA-Phe NPs (grafting degree of Phe) significantly
affected interactions with immune cells (membrane disruptive
activity, cellular uptake, and maturation of DCs), and
consequent antigen-specific immune responses.zz’23 On the
other hand, it has been reported that individual amino acids
have different hydrophobicity.”*** In addition, membrane-
disruptive synthetic peptides containing both hydrophobic NPs
and various amino acids, which are activated at endosomal pH,
have been developed.*®*” Therefore, the sequence and/or
types of amino acids are crucial for interactions between cells
and vaccine carriers. These data suggest that interactions of
NPs with APCs could be controlled by changing the type of
hydrophobic segment, such as hydrophobic amino acids grafted
to polymers, and thus could achieve the manipulation of
immune responses.

In this study, for the manipulation of antigen-specific
immune responses, amphiphilic y-PGA copolymers, which
were grafted with various types of amino acid ethyl esters
(AAE) as hydrophobic segments (y-PGA-AAE), were synthe-
sized, and protein-encapsulated y-PGA-AAE NPs were
prepared from the aforementioned copolymers. The relation-
ships between the hydrophobic segment of y-PGA-AAE NPs
and the cellular uptake of encapsulated proteins, the maturation
of DCs, and the induction of antigen-specific cellular/humoral
immunity were investigated. Our results demonstrated that the
hydrophobic segment of y-PGA-AAE NPs is a key factor to
control interactions with DCs, and thus we successfully
manipulated the balance and induction level of antigen-specific
cellular and humoral immunities.
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B RESULTS AND DISCUSSION

Synthesis and Preparation of Protein-Encapsulated y-
PGA-AAE NPs. Amphiphilic y-PGA-AAE copolymers were
synthesized by coupling reactions between amine groups of
AAE and carboxylic groups in y-PGA using EDC. Grafting
degrees of AAE were determined by 'H NMR using integrals of
7-PGA and AAE. Grafting degrees of Leu, Phe, and Trp were
87%, 50%, and 71%, respectively. These grafting degrees were
selected to avoid the influence of the surface hydrophobicity of
NPs. The surface hydrophobicity of y-PGA-AAE NPs was
evaluated by measuring contact angles of y-PGA-AAE
copolymers. Liu et al. evaluated the surface hydrophobicity of
microparticles by measuring the contact angles of copolymers
spin coated on glass substrates, and demonstrated that there
was a correlation between surface hydrophobicity of micro-
particles and immune responses.®” In this study, y-PGA-AAE
copolymers were coated on glass substrates and contact angles
were measured by dropping deionized water. The contact
angles of y-PGA-AAE copolymers showed almost same values
by controlling the grafting degrees of AAEs (Figure 1). The
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Figure 1. Evaluation of the hydrophobicity of y-PGA-AAE copolymers
by measuring contact angles. y-PGA-AAE (10 mg/mL in HFIP) was
coated on a glass substrate with a spin coater. Contact angles were
measured by dropping deionized water (10 drops/sample). The data
represent mean =+ SD in each group.

contact angles of y-PGA-Leu, y-PGA-Phe, and y-PGA-Trp were
79 + 4°,76 + 2°, and 76 + 5°, respectively. These copolymers
were used to prepare y-PGA-AAE NPs and OVA-NPs for the
following experiments.

In this study, ovalbumin (OVA) or FITC-labeled OVA
(FITC-OVA) was used as a model antigen for evaluating
antigen-specific immune responses and cellular uptake. To
prepare the OVA-NPs or FITC-OVA-NPs, y-PGA-AAE
copolymers were dissolved in DMSO at a concentration of
10 mg/mL. These solutions were then added to NaCl solutions
containing OVA or FITC-OVA, and OVA-NPs or FITC-OVA-
NPs were prepared. y-PGA-AAE copolymers could form NPs
due to their intra-/intermolecular hydrophobic interactions. In
this study, we adjusted the size of y-PGA-AAE NPs, OVA-NPs,
and FITC-OVA-NPs to 200 nm by changing the NaCl
concentration from 0.1 to 0.35 M to eliminate the size effect
of y-PGA-AAE NPs on the interaction with cells and on the
immune response. When the grafting degree of AAE was low, a
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Figure 2. (a) Size distributions of y-PGA-AAE NPs. (b) Size distributions of OVA-NPs. (c) Entrapped amount of OVA-NPs prepared at various
hydrophobic side chains. The particle size in PBS was measured by DLS (n = 3). The amount of entrapped OVA was measured by the Lowry
method (n = 3). y-PGA-AAE (10 mg/mL in DMSO) was added to equal volume of 875 ug/mL OVA. To regulate the size of the OVA-NPs, the

NaCl concentration was varied from 0.035 to 0.35 M. *p < 0.01.
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Figure 3. (a) Viability of OVA-NPs. DCs were incubated with OVA-NPs (20 ug/mL OVA, 500 yg/mL NPs) of various hydrophobic side chains for
24 h at 37 °C. Cells were then stained with trypan blue dye, and the viability was evaluated. Data are expressed as mean + SD in each group (n = 3).
(b) The effect of hydrophobic side chains of OVA-NPs on in vivo inflammatory responses. Mice were injected subcutaneously with OVA-NPs. After
14 days, subcutaneous tissues were collected, fixed, stained with hematoxylin and eosin, and evaluated for inflammatory responses. The original

magnifications of these photographs are 40X. Scale bars represent 100 ym.

higher NaCl concentration was needed (0.35 M for y-PGA-
Phe). On the other hand, a low NaCl concentration was
enough for the preparation of OVA-NPs or FITC-OVA-NPs
with higher grafting degrees (0.1 M for y-PGA-Leu and y-PGA-
Trp). These were due to the amphiphilic balance and
electrostatic repulsion of carboxyl groups in y-PGA-AAE.
Since y-PGA-AAE with lower grafting degrees possessed
tewer hydrophobic moieties and a larger number of carboxyl
groups, it required a higher amount of NaCl to reduce
electrostatic repulsion of y-PGA-AAE. On the other hand, y-
PGA-AAE with higher grafting degrees possessed more
hydrophobic moieties and a lesser number of carboxyl groups,
and required a lower amount of NaCl to form NPs. The size
distributions of y-PGA-AAE NPs, OVA-NPs and the amount of
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encapsulated OVA into y-PGA-AAE NPs are shown in Figure
2. y-PGA-AAE NPs and OVA-NPs of various AAEs showed
monodispersed 200 nm-sized NPs (Figure 2ab). The zeta
potentials of OVA-NPs were negative for all AAE, while the
values were different: —19 + 2 mV for Leu,,, —25 + 1 mV for
Phe.,, and —28 + 1 mV for Trp.,.. The amount of
encapsulated OVA into y-PGA-Leu NPs was slightly higher,
while y-PGA-Phe NPs and y-PGA-Trp NPs encapsulated
almost the same amount (Figure 2c). The encapsulation
efficiency was 53 + 1% for Leu,,, 42 + 1% for Phe,,,, and 42 +
2% for Trp.,. The size distributions of FITC-OVA-NPs and
the amount of encapsulated FITC-OVA into y-PGA-AAE NPs
were almost the same as those of OVA-NPs (data not shown).
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Figure 4. (a) Cellular uptake of FITC-OVA-NPs by DCs. Cells were incubated with FITC-OVA (4 ug/mL) or FITC-OVA-NPs (4 pg/mL FITC-
OVA, 100 pug/mL NPs) of various hydrophobic segments for predetermined time periods at 37 °C. The uptake amount was measured by flow
cytometry. The data are expressed as the mean fluorescence intensity &+ SD in each group (n = 3). (b) Histogram of the cellular uptake of FITC-
OVA or FITC-OVA-NPs by DCs incubated for 180 min at 37 °C. (c) Representative fluorescence microscopic images of the cellular uptake of
FITC-OVA or FITC-OVA-NPs. Cells were observed using confocal fluorescence microscopy.

a) ”
1500 *

g 1000

g

g

= 500

0 —— -
PBS Leu Phe Trp
-PGA-AAE NPs

b) *
1500

"

s
PBS OVA Leu Phe
Encapsulation

1000

TNF-u (pg/iml)

3
=}

Trp

Figure S. Induction of inflammatory cytokines by (a) y-PGA-AAE NPs or (b) OVA-NPs. DCs were incubated with (a) y-PGA-AAE NPs (500 pg/
mL) or (b) OVA (20 ug/mL) or OVA-NPs (20 pg/mL OVA, S00 pug/mL NPs) with various hydrophobic side chains for 24 h at 37 °C. Culture
supernatants were collected, and cytokines (TNF-a) were measured by ELISA. Data are expressed as mean + SD in each group (n = 3). *p < 0.01.

Cytotoxicity is a critical factor for use of these NPs in vitro
and in vivo experimentations. Therefore, DCs incubated with -
PGA-AAE NPs or OVA-NPs were stained with trypan blue dye
and viability was evaluated. OVA-NPs of various AAEs showed
high viabilities, about 80% at S00 pg/mL for NPs and 20 pug/
mL for OVA which were comparable to untreated DCs (Figure
3a). y-PGA-AAE NPs also showed high viabilities, about 80% at
500 pg/mL (data not shown). To evaluate the biocompatibility
of OVA-NPs in vivo, OVA-NPs were administered subcuta-
neously. In subcutaneous tissues of mice injected with PBS,
OVA, Leu,,, Phe,, Trp., and OVA + Adx, there was no
tissue injury such as skin hyperplasia, eschar, or ulcus. On the
other hand, subcutaneous tissues which were administered with
Phe.,, Trp.,o and OVA + Adx showed inflammatory cell
infiltration (Figure 3b). It has been reported that the injection
of cationic liposomes resulted in large cell infiltration including
monocytes, macrophages, and natural killer cells at injection
sites, efficiently stimulating the immune system.33’34 Therefore,
inflammation at the site of injection of OVA-NPs may be a
factor responsible for antigen-specific immune responses.
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Cellular Uptake of FITC-OVA-NPs by DCs. To evaluate
the effect of hydrophobic segments of y-PGA-AAE NPs on the
cellular uptake of antigen-encapsulated y-PGA-AAE NPs, DCs
were incubated with FITC-OVA-NPs at 37 °C. The
fluorescence intensity obtained by flow cytometry demon-
strated that encapsulated FITC-OVA was efficiently taken up
into cells, while the uptake amount of free FITC-OVA alone
was low (Figure 4a). The uptake amount of the encapsulated
FITC-OVA into y-PGA-Leu NPs and y-PGA-Phe NPs
increased in a time dependent manner, whereas those in y-
PGA-Trp NPs reached a plateau within 60 min. Hydrophobic
segments of y-PGA-AAE NPs affected the uptake speed. y-
PGA-Leu NPs and y-PGA-Trp NPs reached a plateau after 1 h,
while y-PGA-Phe NPs did not (Figure 4b). Hydrophobic
segments also affected the uptake amount of encapsulated
FITC-OVA. The uptake amount of FITC-OVA encapsulated
into y-PGA-Trp NPs was about 50 times higher than FITC-
OVA alone. On the other hand, the uptake amount of FITC-
OVA encapsulated into y-PGA-Leu NPs and y-PGA-Phe NPs
was about 3 times higher than that in y-PGA-Trp NPs. As the
contact angles of y-PGA-AAE copolymers showed similar
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values (Figure 1), which indicated that the type of hydrophobic
side chains might affect the cellular uptake of OVA-NPs by
DCs. The cellular uptake of FITC-OVA-NPs was also observed
with confocal fluorescence microscopy, which showed that the
FITC-OVA alone and FITC-OVA-NPs were taken up by DCs
and localized inside cells (Figure 4c).

Stimulation of DCs by y-PGA-AAE NPs and OVA-NPs.
The activation potentials of y-PGA-AAE NPs or antigen
encapsulated y-PGA-AAE NPs and their relationship to
hydrophobic segments were evaluated by measuring tumor
necrosis factor (TNF)-a, which is known as a proinflammatory
cytokine.”> DCs were incubated with y-PGA-AAE NPs or
OVA-NPs, and the amount of TNF-a secreted in supernatants
was measured. As shown in Figure Sa, the activation potential
of y-PGA-AAE NPs was significantly affected by the hydro-
phobic segment. y-PGA-Trp NPs showed about 8 times higher
secretion of TNF-a than y-PGA-Leu NPs. Phe,,. and Trp,,.
also significantly stimulated DCs to secrete a large amount of
TNF-a as compared with OVA alone, while the activation
potential of Leu,,. was comparable to the OVA alone (Figure
Sb). The activation potential of OVA-NPs of various AAEs
showed the same tendency as that of y-PGA-AAE NPs. We also
measured costimulatory molecule (CD) 40 on the DCs by flow
cytometry. The expression level of CD40 which was stimulated
by OVA-NPs showed same tendency as the secretion level of
TNF-a which was stimulated by OVA-NPs (data not shown).
It has been reported that the hydrophobicity of NPs drastically
affects the immune response." In a previous study, we revealed
that the hydrophobicity of y-PGA-Phe NPs (grafting degree of
Phe) significantly affected the activation level of DCs, which
was proportional to the hydrophobicity.”> Tayar et al. also
reported that each amino acid has different hydrophobicity
(logP); tryptophan (—1.15) > phenylalanine (—1.44) > leucine
(=1.72).** In Figure 5, the activation potential of »-PGA-AAE
NPs and OVA-NPs was y-PGA-Trp NPs > y-PGA-Phe NPs >
y-PGA-Leu NPs and Trp., > Phe,. > Leu,,, which
demonstrated that there is good correlation between activation
potential of y-PGA-AAE NPs and the hydrophobicity of each
amino acid. As the surface hydrophobicity of y-PGA-AAE NPs
was almost same regardless of hydrophobic segments, it
suggests that the hydrophobic segments in NPs may affect
the activation of DCs. Although, there had no correlation
between cellular uptake and activation potential of OVA-NPs,
might be due to differences in the stimulation behavior of
OVA-NPs. In a previous study, we reported that y-PGA-Phe
NPs stimulates DCs via TLR4.'? It has been reported that -
PGA stimulated APCs via TLR4, which results in the induction
of innate immunity and antitumor activity.”> It has also been
reported that TLR4 possesses hydrophobic regions and can
bind to many different types of hydrophobic parts that initiate
innate immune responses.'’ Taken altogether, it suggests that
y-PGA-AAE NPs stimulate DCs via TLR4 with different
degrees which are derived from differences in the hydro-
phobicity of grafted side chains, and thus results in differences
in the secretion of TNF-a.

Induction of Antigen-Specific Inmune Response by
OVA-NPs of Various AAEs. As shown above, hydrophobic
segments affected the activation of DCs. Therefore, the effect of
hydrophobic segments on the induction of antigen-specific
cellular immunity was evaluated in vivo. OVA-NPs or OVA +
NPs of various AAEs were injected subcutaneously to mice on
days 0 and 7, their spleens were harvested on day 14, and the
immune stimulatory potential was evaluated by measuring
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interferon (IFN)-y producing cells with an enzyme-linked
immunospot (ELISPOT) assay. Lymphocytes isolated from
spleens were stimulated with an OVA,g,_,¢, CTL epitope
peptide, and OVA,g, ,¢-specific IFN-y-producing cells were
determined. OVA-NPs could efficiently induce higher antigen-
specific cellular immunity than OVA + Adx (Figure 6). In this
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Figure 6. Antigen-specific IFN-y producing T cells induced by (a)
OVA-NPs or (b) OVA + NPs. Spleen cells (2 X 10° cells/well) of
mice immunized with the indicated samples were stimulated with
OVA,5;_ 56 peptide (10 ug/mL) and evaluated for INF-y production
by ELISPOT. Data are expressed as the number of IFN-y positive
spots per well. The data represent means =+ SD in each group (n = 3).
*p < 0.01, **p < 0.05.

study, Adx was used as a control. The hydrophobic segments
drastically affected the induction level of the cellular immunity:
the value for Phe,,. was about 2.5-hold higher than that for
OVA + Adx, while that for Leu,,. was comparable to that for
OVA + Adx. The cellular immunity was also induced with OVA
+ NPs, although the induction level was lower than those with
OVA-NPs and OVA + Adx (Figure 6). We also evaluated the
amount of produced antigen-specific antibodies (Abs). In this
study, immunoglobulins IgG and IgE were determined.

IgE Ab, which is known as the cause of allergies, was not
detected from all samples, suggesting that OVA-NPs and OVA
+ NPs were relatively safe vaccine systems (data not shown).
OVA-NPs and OVA + NPs produced OVA-specific IgG Ab,
while the amount produced was lower than with OVA + Adx
(Figure 7). Leu,, suppressed the production of IgG Ab
compared with OVA alone. The amount of IgG Ab produced
by OVA + NPs tended to be higher than that produced by
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Figure 7. Antigen-specific serum Ab induced by OVA-NPs or OVA +
NPs. Sera were analyzed for anti-OVA IgG Ab titers determined by
ELISA (8 to 262 144 times dilution). The results represent mean +
SD of end point titers for three mice (n = 3). *p < 0.01, **p < 0.0S.
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OVA-NPs. Interestingly, the balance of the antigen-specific
immune response was controlled by antigen formulation
(encapsulation or mixture) and the kinds of hydrophobic
segments (Figure 8). In Figure 8, the x-axis represents the
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Figure 8. Manipulation of the balance of antigen-specific cellular/
humoral immunity by (a) OVA- NPs or (b) OVA + NPs. The x-axis
represents the relative amount of OVA-specific IgG Ab by OVA-NPs
or OVA + NPs to OVA alone. The y-axis represents the relative spot
forming unit of produced IFN-y by OVA-NPs or OVA + NPs to OVA
alone. The plot located in the upper left means that the antigen-
specific cellular immunity-biased immune response is induced. The
plot located in the lower right means that the antigen-specific humoral
immunity-biased immune response is induced.

relative produced amount of OVA-specific IgG by OVA-NPs or
OVA + NPs to OVA alone. The y-axis represents the relative
spot forming unit of produced IFN-y by OVA-NPs or OVA +
NPs to OVA alone. The plot located in the upper left indicates
that the antigen-specific cellular immunity-biased immune
response is induced. The plot located in the lower right
means that the antigen-specific humoral immunity-biased
immune response is induced. The antigen-specific cellular
immunity-biased immune response was induced when the
antigen was encapsulated into y-PGA-AAE NPs (Figure 8a),
while humoral immunity-biased immune response was induced
when the antigen was mixed with y-PGA-AAE NPs (Figure 8b).
The induction level of the immune response was changed by
varying the kinds of hydrophobic segments; Phe,,. induced the
highest cellular immunity, whereas Leu,,. induced the lowest,
while Leu,, induced the cellular immunity-biased immune
response as the plot of Leu,,. located in the most left side of
OVA in Figure 8a compared with Phe,. . and Trp.,. These
results may be due to differences in the behavior of antigens at
the injection site, interactions between OVA-NPs or OVA +
NPs and APCs, especially the intracellular behaviors of
antigens. The behavior of internalized antigens in APCs is
crucial for the induction of immune responses. When antigens
are taken up by APCs, they are usually localized into
endosomes, and antigen-specific humoral immunity is induced
when antigens remain in endosomes, while cellular immunity is
induced when antigens escape from endosomes.® In a previous
study, we revealed that y-PGA-AAE NPs showed membrane-
disruptive activities at endosomal environment.”® Therefore,
OVA-NPs taken up by DCs should escape from endosomes
after cellular uptake, and thus resulted in inducing a higher level
of cellular immunity-biased immune response. On the other
hand, the endosomal escape of OVA + NPs might not be
efficient, and thus resulted in inducing a humoral immunity-
biased immune response. The cellular uptake behaviors of
antigens also affect the induction level of the immune response.
The encapsulated OVA in y-PGA-AAE NPs was efficiently
taken up by DCs compared with OVA alone (Figure 4), while
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the uptake amount of OVA + NPs was comparable with OVA
alone (data not shown), and thus resulted in differences in the
induction level of the immune response.

The hydrophobic segments affected the induction level of the
cellular immunity, this may be due to differences in interactions
(cellular uptake and activation potential) between y-PGA-AAE
NPs and DCs. Phe,, induced higher cellular immunity than
Trpe,o and this result tended to repeat itself as the cellular
uptake of OVA encapsulated into y-PGA-AAE NPs (Figure 4a).
On the other hand, Phe,, induced higher cellular immunity
than Leu,,., which corresponds with the activation potential of
OVA-NPs (Figure S). The aforementioned results are
schematically illustrated in Figure 9. Overall, the data
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Figure 9. Schematic illustration of the effect of vaccine formulation
and hydrophobic side chains of y-PGA-AAE NPs on cellular
interactions.

demonstrated that the cellular uptake of the encapsulated
antigen, the type of induced immunity and/or induction level
could be manipulated by changing the hydrophobic segment. y-
PGA-Leu NPs and y-PGA-Phe NPs would be useful when the
induction of an antigen-specific cellular immunity-biased
immune response is required. For the mechanistic under-
standing of how hydrophobic segments affect the balance of
induced immune response, elucidation of the intracellular
behaviors of the encapsulated antigens should be essential. In a
previous study, we revealed that the hydrophobicity of y-PGA-
Phe NPs affected the degradability of encapsulated antigens.*”
It has been reported that the induction efficiency of antigen-
specific immune responses changed by the degradability of
antigens loaded onto polymeric particles.”® Taken altogether,
although the surface hydrophobicity of y-PGA-AAE NPs was
the same (Figure 1), the hydrophobicity of each side chain
(amino acid) was different. This should affect the degradability
of encapsulated antigens, which might result in the difference in
the induction level of the immune response. The size of NPs is
also an important factor to control interactions with APCs, and
biodistribution. In a previous study, the size of y-PGA-Phe NPs
affected the cellular uptake and the intracellular degradability of
the encapsulated proteins,”" and migration behavior to the
lymph nodes.”® These results suggest that the intracellular
behaviors and biodistribution of y-PGA-AAE NPs could be
controlled more precisely by changing the size, and might lead
to a more efficient manipulation of the immune response.
Nevertheless, our results demonstrated that hydrophobic
segments in NPs significantly affect interactions with DCs,
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and thus the balance of antigen-specific immune responses
could be manipulated.

H CONCLUSION

Amphiphilic y-PGA copolymers were synthesized with various
types of hydrophobic segments, and OVA-NPs were prepared
from these copolymers. These NPs demonstrated low
cytotoxicity and good biocompatibility. The cellular uptake of
the encapsulated antigen and the activation behavior of DCs by
OVA-NPs were changed by varying the kinds of hydrophobic
segments. Moreover, the type and the induction level of the
antigen-specific cellular and humoral immunities were manip-
ulated by varying the vaccine formulation (encapsulation or
mixture) and by varying the kinds of hydrophobic segments.
When OVA was encapsulated into NPs, the cellular immunity
was dominantly induced, while humoral immunity was
dominant when OVA was mixed with NPs. These results are
the first to report that the balance and induction level of cellular
and humoral immunities could be controlled by modifying
compositions of NPs and vaccine formulations. These data
suggest that we could select suitable carriers for the protection
from and/or treatment of infectious diseases, cancers, allergies,
and autoimmune diseases. Our results suggest that y-PGA-AAE
NPs can provide safe and efficient nanoparticle-based vaccine
adjuvants, and the results also provide guidelines for the
rational design of amphiphilic polymers as vaccine adjuvants
which can control the balance of immune responses.

B EXPERIMENTAL SECTION

Materials. y-PGA (M,, = 500 000), 1,1,1,3,3,3-hexafluoro-2-
propanol (HFIP), dimethyl sulfoxide (DMSO), and 1-ethyl-3-
(3-(dimethylamino)propyl) carbodiimide (EDC), were pur-
chased from Wako Pure Chemical Industries (Osaka, Japan). L-
Leucine ethyl ester (Leu), L-phenylalanine ethyl ester (Phe), -
tryptophan ethyl ester (Trp), ovalbumin (OVA), RPMI 1640
medium, fetal bovine serum (FBS), and bovine serum albumin
(BSA) were purchased from Sigma-Aldrich (MO, USA). FITC-
labeled OVA (FITC-OVA) was purchased from Life Tech-
nologies (CA, USA). AddaVax (Adx) was purchased from
InvivoGen (CA, USA). The antibiotics were purchased from
Nacalai Tesque Inc. (Kyoto, Japan). Granulocyte macrophage
colony stimulating factor (GM-CSF) was purchased from
PeproTech (NJ, USA). Isoflurane was purchased from Abbott
Japan Co. Ltd. (Tokyo, Japan). OVA,s,_», peptide was
synthesized by Operon Biotechnology Co. Ltd. (Tokyo,
Japan). Horseradish peroxidase-conjugated anti-mouse IgG
and IgE goat antibodies were purchased from Southern
Biotechnology (AL, USA). 3,3’,5,5'-Tetramethylbenzidine
(TMB) substrate solution and TMB stop solution were
purchased from Kirkegaard & Perry Laboratories, Inc. (MD,
USA).

Synthesis of y-PGA-AAE Copolymers. y-PGA (3.1 unit
mmol) was hydrophobically modified by Leu (3.4 mmol), Phe
(3.1 mmol), or Trp (2.3 mmol) using EDC (3.4 mmol for Leu,
3.1 mmol for Phe, and 3.1 mmol for Trp) in 50 mM sodium
hydrogen carbonate solution (60 mL) for 1 h on ice, and then
for 24 h at room temperature.28 The feeding ratio of Leu, Phe,
or Trp to y-PGA was 1:1.1, 1:1, or 1:0.75, respectively.
Synthesized y-PGA-AAE copolymers were then dialyzed against
water for S days and freeze-dried for 3 days. y-PGA-AAE
copolymers were confirmed by FT-IR spectroscopy (Spectrum
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100, PerkinElmer, USA) and 'H NMR (ECS-400, JEOL,
Japan).

Hydrophobicity Measurements. Hydrophobicity of y-
PGA-AAE copolymers was evaluated by measuring water
contact angles. y-PGA-AAE (10 mg/mL in HFIP, 0.5 mL)
was coated onto glass slides with a spin coater (Spincoater 1H-
D7, Mikasa, Co., Ltd,, Japan) at 1500 rpm, and contact angles
were evaluated using a DropMaster 500 (Kyowa Interface
Science Co., Ltd., Japan). Contact angles were measured after
water droplets (0.5 uL) were cast onto substrates and placed
for 5 s. The contact angle of each sample was measured 10
times.

Preparation of y-PGA-AAE NPs and Protein-Encapsu-
lated y-PGA-AAE NPs. y-PGA-AAE NPs were grepared
according to methods described in a previous report.”” Briefly,
7-PGA-AAE (10 mg/mL in DMSO) was added to an equal
volume of sodium chloride (NaCl) solution. The size of y-
PGA-AAE NPs was regulated by changing the salt concen-
tration. The resulting solutions were dialyzed for 3 days to
remove DMSO and salt. y-PGA-AAE NPs were then dispersed
into phosphate-buffered saline (PBS). In this study, OVA was
used as a model antigen to evaluate the induction of antigen-
specific immune responses. FITC-OVA was also used to
evaluate the cellular uptake of encapsulated proteins. To
prepare OVA-NPs or FITC-OVA-NPs, y-PGA-AAE (10 mg/
mL in DMSO) was added to an equal volume of OVA or
FITC-OVA solution (875 ug/mL).* The sizes of OVA-NPs or
FITC-OVA-NPs were adjusted by the salt concentration. The
resulting solution was dialyzed for 2 days and then dispersed
into PBS. The size distributions and zeta potentials of these
NPs were measured by a dynamic light scattering (DLS)
method using a Zetasizer Nano ZS (Malvern Instruments, UK).
The amount of the encapsulated OVA was measured with the
Lowry method by dissolving OVA-NPs with 2% sodium
dodecyl sulfate (SDS). The amount of the encapsulated FITC-
OVA was measured by the fluorescence intensity.

Mice. Female C57BL/6] (H-2K" 6—8 weeks of age) mice
were purchased from CLEA Japan (Tokyo, Japan). All
experiments were approved by Osaka University and were
carried out in accordance with the institutional guidelines for
animal experimentation.

Preparation of DCs. Bone marrow-derived DCs were
generated, as previously reported.*® Briefly, femurs and tibias
were removed from mice, both ends of the bones were cut with
scissors, and the bone marrow was flushed with PBS using a
syringe with a 26-gauge needle. The suspension was passed
through a 50 ym cell strainer (BD Bioscience). Cells (2.5 X 10°
cells/10 mL) were suspended in RPMI 1640 medium
supplemented with 10% heat-inactivated FBS, 1% antibiotics,
and 20 ng/mL recombinant mouse GM-CSF and placed into a
bacteriological Petri dish. Fresh culture medium was added to
the dish on day 3. On day 7, the non-adherent or loosely
adherent cells were harvested and used as DCs.

Cytotoxicity Test of y-PGA-AAE NPs. To evaluate the
cytotoxicity of y-PGA-AAE NPs and OVA-NPs, DCs were
seeded into 48-well plates at 5 X 10° cells/well with y-PGA-
AAE NPs (500 pug/mL) or OVA-NPs (20 pug/mL OVA, 500
ug/mL NPs) and incubated for 24 h. DCs were then collected,
and viability was evaluated by staining with trypan blue dye.

Cellular Uptake of FITC-OVA-NPs by DCs. To evaluate
the effect of side chains of NPs on the cellular uptake by DCs,
FITC-OVA was used. DCs (1 X 10° cells/ml) were incubated
with FITC-OVA (4 pg/mL) or FITC-OVA-NPs (4 ug/mL
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FITC-OVA and 100 pg/mL NPs) for determined time periods
at 37 °C. Cells were washed with PBS, and the cell-associated
fluorescence was measured by flow cytometry (Cytomics
FC500, Beckman Coulter, US). The cellular uptake of FITC-
OVA-NPs after 180 min incubation was also observed using a
confocal fluorescence microscopy (DSU-IX81-SET fluores-
cence microscope, Olympus, Japan).

Stimulation of DCs by y-PGA-AAE NPs and OVA-NPs.
DCs were seeded into 48-well plates at 5 X 10° cells/well with
7-PGA-AAE NPs (500 pug/mL), OVA (20 ug/mL), or OVA-
NPs (20 pug/mL OVA and 500 pg/mL NPs) and incubated for
24 h at 37 °C. To analyze cytokine production, supernatants
were collected, and amounts of TNF-a secreted were measured
by an enzyme-linked immunosorbent assay (ELISA) (Life
Technologies, CA, USA).

Immunization of Mice and Histopathological Exami-
nation of Injection Site. Mice were anesthetized by
isoflurane and immunized with OVA-NPs or OVA + NDPs.
The mice (three mice per group) were immunized subcuta-
neously twice with PBS, OVA, OVA-NPs, OVA + NPs, or OVA
+ Adx on days 0 and 7. Adx is known as a squalene-based oil-in-
water nanoemulsion based on the formulation of MF59 that has
been licensed in Europe for adjuvanted flu vaccines.>’ The
amounts of injected OVA and y-PGA-AAE NPs were fixed at
10 pg and 200 pg per injection, respectively. On day 14
following the first immunization, spleen cells and blood were
collected. Spleen cells collected from each group of mice were
pooled and the immune response was evaluated. The
histopathological examination of injection sites was also
conducted. After final immunization, subcutaneous tissues
were collected, fixed with 4% paraformaldehyde phosphate
buffer solution, and embedded in paraffin. Sections (S5 pm)
were prepared for hematoxylin and eosin staining. Histopatho-
logical examinations were performed at the Applied Medical
Research Laboratory, Osaka, Japan.

ELISPOT Assay. Interferon (IFN)-y-producing cells were
determined using an enzyme-linked immunospot (ELISPOT)
kit for mouse IFN-y (BD Biosciences, CA, USA). Lymphocyte
cells were isolated by density-gradient centrifugation, and cells
(2 X 10° cells/well) were stimulated with OVA,g;_,4, peptide
(1 pg/mL) in a 96-well ELISPOT plate. Plates were incubated
for 24 h at 37 °C, washed, and further incubated with a biotin-
conjugated detection antibody for 2 h at room temperature.
After washing, plates were incubated with streptavidin-
conjugated horse radish peroxidase and incubated for 1 h.
Plates were washed and incubated with substrate for 15 min.
The colorimetric reaction was terminated by washing with
water. After the plates were dried, the number of spots was
counted using a microscope.

ELISA. Sera were examined for anti-OVA antibody (Ab)
titers by ELISA. Briefly, flat-bottomed 96-well Nunc MaxiSorp
plates (Thermo Scientific, MA, USA) were coated with OVA
suspended in carbonate—bicarbonate buffer (1 ug/mL) and
subjected to overnight incubation at 4 °C. Plates were washed
with T-PBS (0.05% Tween 20 in PBS) and incubated with
blocking buffer (1% BSA and 1% skim milk in T-PBS) for 2 h at
room temperature. Serum samples diluted with blocking buffer
were added to each well. After incubation for 2 h at room
temperature, plates were incubated with a horseradish
peroxidase-conjugated anti-mouse IgG or IgE goat Ab. Plates
were developed by adding TMB substrate to each well and
incubated for 10 min. Colorimetric reactions were terminated
by adding TMB stop solution, and the absorbance of each well
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was measured at 450 nm by a microplate reader (xMark,
Microplate Spectrophotometer, BioRad, USA). End point titers
were determined by optical density of 0.1.
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B ABBREVIATIONS

APCs, antigen presenting cells; DCs, dendritic cells; NPs,
nanoparticles; MHC, major histocompatibility complex; CTL,
cytotoxic T lymphocyte; OVA, ovalbumin; y-PGA, poly(y-
glutamic acid); AAE, amino acid ethyl ester; Leu, leucine ethyl
ester; Phe, L-phenylalanine ethyl ester; Trp, tryptophan ethyl
ester; TLR, Toll-like receptor; OVA-NPs, OVA-encapsulated y-
PGA-AAE NPs; FITC-OVA-NPs, FITC-OVA-encapsulated y-
PGA-AAE NPs; OVA + NPs, mixture of OVA and y-PGA-AAE
NPs; Leu,,, OVA-encapsulated y-PGA-Leu NPs; Phe,,, OVA-
encapsulated y-PGA-Phe NPs; Trp.,, OVA-encapsulated y-
PGA-Trp NPs; Leu,,, mixture of OVA and y-PGA-Leu NPs;
Phe,;,, mixture of OVA and y-PGA-Phe NPs; Trp,;,, mixture of
OVA and y-PGA-Trp NPs; OVA-Adx, mixture of OVA and
Adx; Ab, antibody; TNF-@, tumor necrosis factor a; INF-y,
interferon y
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