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[19_TD$DIFF]A B S T R A C T

Herein, we firstly developed a non-covalent glycosylated gold nanoparticles/peptides nanovaccinewhich
is assembled by β-cyclodextrin (β-CD) based host-guest recognitions. This nanovaccine can generate
significant titers of antibodies and improve the therapeutic effect against melanoma, suggesting
the immunogenicity of peptide antigens can be improved by loading with this carrier. The novel vaccine
carrier provides a platform for the transport of various antigens especially T cell-independent antigens.
© 2019 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.
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Peptide vaccines, as the popular therapeutic strategy, are
broadly applied in the fields of infection [1,2], cancer [3–6], etc. due
to the outstanding therapeutic effect as well as less side effects.
Compared to the attenuated live vaccines and inactivated vaccines,
peptide vaccines have the advantages of lower toxicity, convenient
preparation and storage. Therefore, they have bright prospects and
are expected to become the therapeutic strategy to overcome
cancer. In the past five years, more than 50 peptide vaccines have
been evaluated in clinical trials (data were obtained from www.
Clinicaltrials.gov), however, the clinical evaluation of peptide
vaccines is not satisfied as they are expected. A randomized,
double-blind phase III clinical trial of a personalized peptide
vaccine for recurrent glioblastoma (rGBM) failed to reach to the
primary endpoints (overall survival, OS) and secondary endpoints
(progression-free survival, progression-free survival at 6 months,
peptide-specific IgG response), which may be blamed for the
peptide antigen [7]. Poor immunogenicity was observed in peptide
antigens because they are T-cell independent, which results in
the fast elimination and weak immune responses in vivo. At
present, how to improve the immunogenicity of antigens and
effectively transmit information of antigens to APCs (antigen
presenting cells) are the main challenges of immunotherapy.
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In order to improve immunogenicity of peptide antigens, a
classic strategy is to develop nanovaccine carriers that conjugate
with antigens [8,9]. The investigations have shown that nano-
materials have proved to be excellent carriers due to the
characteristics of good biocompatibility, immunogenicity and
safety; moreover, some adjuvants could be carried by nano-
materials by chemical modification. The nanomaterials are not
only able to protect antigens from rapid degradation and
elimination, but promote antigens uptake by APCs and effectively
prolong antigens in vivo [10]. Kuai [20_TD$DIFF]et al. [11] loaded the antigen
peptide to synthetic high-density lipoprotein (sHDL) and found
that the nanodiscs could specifically transport Adpgk mutant
peptide ASMTNMELM and OVA257-264SIINFEKL to dendritic cells,
and promote presentation of peptide and maturation of dendritic
cell and activation of T cell. It is reported that [12] peptide E749-57
was loaded onto the injectable scaffolds prepared of mesoporous
silica rods (MSRs) and TC-1 tumours were completely eradicated.
In the C57BL6/J melanoma model, the vaccine with B16F10 or
CT26 as neoantigens displayed outstanding performance against
melanoma.

Among a large number of nanomaterials, gold nanoparticles
(GNPs) are themost common inorganic nanomaterials and are safe
and biocompatible [13,14]. Thanks to the large surface area,
different types of ligands can be loaded onto GNPs [14]. The most
popular ligand is glycoside, which is loaded onto the GNPs by
covalent interaction together with the peptide antigens;moreover,
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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Fig. 1. Schematic diagram of non-covalent glycosylated gold nanoparticles/
peptides nanovaccine. Reagents and conditions: (a) NaBH4, DMF, HAuCl4 [13_TD$DIFF]�3H2O,
24h, 25.22%. (b) AD-Acp-FFRKSIINFEKL or AD-Acp-SLLMWITQC, r.t., 4 [14_TD$DIFF]h. (c) C57BL/
6 J mice were immunized with the vaccine on day 0, 7, 14, 21 and (d) antibody titers
were analyzed by ELISA.
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Fig. 2. HTEM analysis of compounds 3 (a) and 4 (b). IgG titers of mice received the
vaccine containing 15.5 nmol 4 (c) and 31 nmol 4 (d). Independent t-testwas used to
analysis the differences in levels of antibody titers. *P < 0.05, **P < 0.01, Student’s
t-test. (e) Tumor size (e) and body weight (f) of mice bearing melanoma. *P < 0.05,
**P < 0.01, ***P < [15_TD$DIFF]0.001. Two way ANOVA.
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GNPs can promote the ingestion of peptide antigens by APCs.
According to the investigations [15–17], peptide vaccines based on
glycosylated GNPs induce a stronger specific immune response in
vivo and display inhibition of tumour; which demonstrated that
gold nanoparticles have been proven to be the excellent vaccine
carrier. Although outstanding performance was found in the GNPs
nanovaccine based on the covalent interaction among peptide
antigens, ligands and GNPs, however, the complicated route of
chemical modification may results in the long cycle of preparation
as well as the low yield [18]. Moreover, the nanoparticles size is
closely related to the ability to elicit an immune response.
However, the size of most glycosylated GNPs based on the
covalent interaction are too small to meet the need for the
nanovaccine carrier, thus it is necessary to develop a novel
nanovaccine based on GNPs with the appropriate size [19–21].

With the continuous development of nano-self-assembly tech-
nologies, the preparation of nanoparticles by non-covalent interac-
tion has attracted wide attention due to the reversibility of valence
interactions. [21_TD$DIFF]Differing with the covalent interaction, non-covalent
interaction realizes the controllable release for drugs. Therefore, we
turn our attention to an innovative, effective nano-system based on
thenon-covalent interactions, thehost-guest systemsof β-cyclodex-
trin (β-CD). β-CDwas obtained fromnature originally, it is the cyclic
oligosaccharides composed of 7 glucose monomers linked by 1,4-
glycosidic bondswith the feature of low toxic, biodegradable, light-
absorptive.What is more, there is hydrophilic rim but hydrophobic
cavity of β-CD because the “rings” of β-CD are composed of�OH of
the oligosaccharides while the cavity is affected by shield of C–H
bonds. Thus the β-CD often plays a role as a “host” to include some
hydrophobic compounds (guest) of appropriate size that match to
the cavity to form the host-guest complex [22]. These interactions
couldmake β-CD based nanomaterials self-assembled from several
nanometers to micrometers scale. Under the appropriate con-
ditions, such as the stimulation of pH [23], light [24,25], host-guest
systemwill bedissociated, so that thedrugs canbe released. Studies
haveshownthat theefficacyofdrugs canbe improvedbyβ-CDhost-
guest self-assembling system;however, asweknow, therehas been
no report about the application of β-CD host-guest self-assembly
system on vaccine carrier.

As discussed above, glycoside-modified gold nanoparticles with
covalent bonding are able to enhance the immunogenicity of the
peptide antigens. Herein, we have developed a non-covalent
glycosylated gold nanoparticles/peptides nanovaccine based on
β-CD host-guest self-assembly system for the first time.
1-Adamantanecarboxylic acid (AD) was chosen as the guest
because it is of appropriate polarity and matched size to the
cavity of β-CD. β-CD was firstly attached to gold nanoparticles by
chemical modification as a host group, peptides NY-ESO-1157-165
(SLLMWITQC) or OVA257-264 derived peptide (FFRKSIINFEKL) were
conjugated with the AD to form the guest group. According to the
investigation, the sequence FFRK of FFRKSIINFEKL is able to
promote hydrolysis of the respective epitopes in APCs [26]. Then
the novel nanovaccine was developed by host-guest interactions.
When the vaccine was injected in vivo, the host and guest
dissociated and the antigen was released.

As is shown in Fig. 1, Au-β-CD/AD-Acp-FFRKSIINFEKL (com-
pound [22_TD$DIFF]4) was synthesized by the following steps. Briefly, the
monomers containing host groups (sulfur-gold-β-cyclodextrin, Au-
β-CD, compound [23_TD$DIFF]3) and guest groups (AD-Acp-FFRKSIINFEKL)
were synthesized by classical coupling, respectively (Figs. S1, S2,
S10 and S11 in Supporting information). Finally, [24_TD$DIFF]4 were prepared
by stirring in double distilled water through host-guest inter-
actions. Thermogravimetric analysis (TGA, Fig. S4 in Supporting
information) was used for the analysis of β-CD content on gold
nanoparticles and the ratio of graft is 36.55% (Table S1 in
Supporting information).
Then, the sizes of compounds 3 and 4 were confirmed by high
resolution transmission electron microscopy (HTEM, [25_TD$DIFF]Figs. 2a
and b) and dynamic light scattering analysis (DLS, Figs. [26_TD$DIFF]S5 and
S6 in Supporting information). These results displayed that the size
of 3 is around 10 nmwhile the size of 4 is around 200 nm after graft
of AD-Acp-FFRKSIINFEKL.

The robust antibody titers are the symbol of outstanding
immunogenicity and the essential factor of vaccine, for further
immunological evaluation of compound 4, immunological studies
in vivowere performed. Each mouse of a group (n = 6) received the
emulsion containing 15.5 nmol 4with Freund’s complete adjuvant
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(CFA) on day 0 and 15.5 nmol 4with incomplete Freund’s adjuvant
(IFA) on day 7, 14, 21. For comparison, the group (n = 6) that each
mouse of which received the same dose of AD-Acp-FFRKSIINFEKL
mixed with CFA or IFA was set. On day 14, 21, 28, blood samples
were collected then sera were used to analyze the antibody titers.
The antibody titers including IgG (Fig. 2c), kappa, IgM (Figs. S8a
and b in Supporting information) were analyzed by enzyme-linked
immunosorbent assay (ELISA). From the results of ELISA, an
obviously higher level of IgG titers of 4 than those of AD-Acp-
FFRKSIINFEKL was observed, indicating that a strong immune
response could be elicited by FFRKSIINFEKL with the nanovaccine
based on β-CD host-guest self-assembly system.

It iswell known that immune effect is closely related to the dose
administered of vaccine [27]. In order to explore the correlation
between dose and immune effect of compound 4, a high dose
group was performed. The emulsion containing 31 nmol 4 was
injected into per mouse while the same dose of AD-Acp-
FFRKSIINFEKL was performed at the same time. From the results
of ELISA, the higher IgG antibody titerswere found inmice received
31 nmol 4 (Fig. 2d) and higher antibody titers of kappa, IgM were
observed at the same time (Figs. S8c and d in Supporting infor-
mation), which suggested that the high dose vaccine containing
31 nmol 4 could induce a stronger immune response in vivo.
Moreover, the high IgG1 antibody levels were observed among
antibody levels of IgG1, IgG2b and IgG3 on day 28 (Fig. S9 in
Supporting information).

The β-CD modified gold nanoparticle self-assembly system has
proved to be an outstanding vaccine carrier. Next an anti-tumour
peptide NY-ESO-1157-165 (SLLMWITQC) was chosen to investigate
whether the carrier based on β-CD host-guest self-assembly
system could be used in the field of cancer vaccine. The
SLLMWITQC is an excellent antigen of the New York Esophageal
Squamous Cell Carcinoma-1 (NY-ESO-1) and has excellent perfor-
mance in clinical trials [28]. 1-Adamantanecarboxylic acid-Acp-
SLLMWITQC (AD-Acp-SLLMWITQC, Figs. S14 and S15 in Supporting
information) was used to prepare compound 5 by the host-guest
interaction similar to compound 4. TEM analysis displayed that the
size of 5 is around 200 nm similar to the size of 4 (Figs. S3 and S7 in
Supporting information), which is the desired size for nanoparticle
vaccines. The result of the tumour challenge suggested that the
melanoma growth in mice receiving compound 5was significantly
inhibited compared to that received PBS or AD-Acp-SLLMWITQC,
indicating nanovaccine is able to improve the therapeutic effect
against melanoma (Fig. 2e). Moreover, there was no significant
difference in body weight among the three groups of mice on day
18, which suggested that there is no obvious toxicity of vaccine
based on β-CD modified gold nanoparticles (Fig. 2f) in vivo. The
reason might be the host-guest interaction would combine β-CD
with peptide antigens close to the glycosylation, which could
improve the immunogenicity of peptide antigens as covalent
glycosylated vaccines reported in previous studies [18,29]. These
results indicated that interactions between saccharides and
antigens could enhance the immunogenicity of antigens when
the forces increase to a certain value. Under in vivo microenviron-
ment conditions, the enzyme would break the host-guest
interaction and –SH-gold interaction so that the antigens would
dissociate from the GNP after been injected in vivo to stimulate the
body well.

In conclusion, a novel non-covalent glycosylated gold nano-
particles/peptides nanovaccine based on β-CD host-guest
self-assembly system was developed for the first time. The
preparation of this nanovaccine is convenient and the particles
are of appropriate sizes for vaccines. At present, most of vaccine
carriers can be linked with a few antigens by covalent interaction,
which hardly meet the need for the novel individualized vaccines.
The nanovaccine reported here is based on non-covalent interac-
tion between β-CDmodified gold nanoparticles and AD linkedwith
antigens; moreover, the immune studies in vivo show that the
improved immune respond as well as therapeutic effect against
melanoma were observed of the vaccine. Therefore, it is suitable
for many types of antigens, especially for the T cell independent
antigens, which provides a new choice for the design, application
and promotion of individualized vaccines.
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