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b-Glucan as an immune activator and a carrier in
the construction of a synthetic MUC1 vaccine†
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We describe the preparation of a cancer vaccine candidate by

conjugating a MUC1 peptide antigen to the b-glucan polysaccharide,

which serves both as a carrier and an immune activator. In contrast

to amorphous polysaccharides, peptide–b-glucan conjugates form

uniform nanoparticles that facilitate the delivery of antigens and

binding to myeloid cells, thus leading to the activation of both innate

and adaptive immunity.

Vaccination is one of the most significant medical developments in
history, which has greatly contributed to the improvement of
human health and the increase of the average lifespan.1 While
the early and most currently used vaccines have been developed
against infectious diseases, a new and promising direction has
emerged to use vaccination in the treatment of cancer.2,3 As an
attractive type of immunotherapy, therapeutic tumour vaccines
exploit the power of a patient’s own immune system to recognize
and kill cancer cells, thereby helping suppress tumour immune
escape.4 Thus, many efforts have been attempted towards the
construction of cancer vaccines, including the investigation of
suitable carriers,5–7 tumour specific antigens8–10 and adjuvants.11

Among these studies, a carrier protein has usually been employed
to deliver the peptide and glycopeptide antigens in a multivalent
form, in order to compensate for their lack of adequate stability
and immunogenicity. However, the extremely high immuno-
genicity, as well as the structural complexity and heterogeneity
of the carrier protein component, may lead to immunological
rejection and associated safety issues. Although a number of
carrier protein-free vaccine constructs have been developed,
such as those incorporating Toll-like receptor 2 ligands,12–14

gold nanoparticles,15 and self-assembling peptides,16,17 the
identification of effective constructs with high immunogenicity
is still a challenge that calls for innovative solutions.

b-Glucan is a well-established immune activator that has
promising medicinal applications.18–21 A recent study indicated
that b-glucan possesses compelling ability to reverse immune
tolerance,22 thus showing great potential as an immune activator
for immunotherapy.23,24 Mechanistically, b-glucan mainly interacts
with the C-type lectin receptor dectin-1, which is widely expressed
on the surface of myeloid immune cells such as dendritic cells
(DCs), neutrophils, and macrophages, stimulating important
immune processes such as antigen presentation, T cell and B cell
activation, and cytokine secretion.25,26 Since dectin-1 is a non-Toll-
like receptor, which is a type of innate pattern-recognition receptor
(PRR) expressed by myeloid antigen presenting cells (APCs), the
activation mode will be distinct in comparison to those of vaccines
based on Toll-like receptor (TLR) ligands such as Pam3Cys-
containing vaccines.27 Besides dectin-1, b-glucan can also bind
to other cell surface PRRs including complement receptor 3
(CR3) and the C-type lectin receptor SIGNR1,28 wherein multiple
pathway regulation should be beneficial for immune homeostasis.
Herein we report the construction and biological evaluation of a
b-glucan-based vaccine, where the carbohydrate component acts
as both antigen carrier and immune activator.

The schematic representation of the designed vaccine construct
is shown in Fig. 1. The MUC1 tandem repeat sequence GVTSAPDT
RPAPGSTPPAH, a well-studied cancer biomarker,29 was chosen as
the peptide antigen to validate our design. An ethylene glycol
spacer was used to link b-glucan and the MUC1 peptide. Based on

Fig. 1 Design and structure of the b-glucan–MUC1 conjugate based
vaccine.
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the aforementioned immunological roles of b-glucan, we
hypothesized that the recognition and uptake of the conjugate
by myeloid cells may be able to activate the innate immunity,
while the presentation of the MUC1 epitope may synergistically
activate the adaptive immunity. Antibodies against the MUC1
peptide antigen will be generated following B cell differentiation
into plasma cells, while macrophages, helper T cells, and other
immune cells could induce the secretion of various types of
cytokines, leading to a more robust immune response (Fig. 2).
Such new vaccine constructs that enable dual activation of both
innate and adaptive immunity could be particularly interesting
models for enhancing the efficacy of cancer immunotherapy.30

Our study started with the preparation of the b-glucan–
MUC1 peptide conjugate (Scheme 1). Using a typical Fmoc-
based solid-phase peptide synthesis (SPPS) strategy, the MUC1
peptide and a PEG linker were sequentially assembled on a
2-chlorotrityl chloride resin (2). After global deprotection using
a TFA/TIS/H2O (95 : 2.5 : 2.5, v/v/v) cocktail and purification by
HPLC, the desired peptide 3 with a PEG linker was obtained.

The conjugation reaction with the (1,3)-b-glucan polysaccharide
from a yeast extract was performed under 1,10-carbonyl-diimidazole
(CDI)-mediated conditions (see the ESI†). The resulting construct
was purified through dialysis to remove the excess peptide, followed
by lyophilisation to afford the b-glucan–MUC1 conjugate as a white
powder.

To confirm the covalent linkage between the peptide and
b-glucan, we first attempted to chemically characterize the conjugate
using solution NMR spectroscopy. However, no informative data
were obtained due to the poor solubility of b-glucan and its
derivative in all the deuterated solvents we tested. Alternatively,
13C solid-state cross polarization magic-angle spinning (CP/MAS)
NMR experiments were performed (see the ESI,† page S10), where
obvious signals from the peptide were observed in the downfield
region (d 115–145 ppm). Moreover, the signals corresponding to the
carbohydrate component were broader in the spectrum of conjugate
1 than those in the spectrum of b-glucan alone. By careful spectral
deconvolution, the broad peak at ca. 59 ppm was assigned to the
combined signals resulted from the C6 of the glucose units with
or without peptide derivatization (Fig. S4, ESI†). Using the BCA
colorimetric method, the peptide loading was determined to
be 7.7 mg of MUC1 antigen per 100 mg conjugate, which was
deemed sufficient for the vaccination experiments.

With the vaccine construct in hand, we first explored its bio-
physical and structural properties using zeta potential measure-
ments, transmission electron microscopy (TEM), and dynamic
light scattering (DLS). The zeta potential (Fig. 3a) of the
synthetic conjugate showed a higher negative value (�38 mV)
than that of b-glucan alone (�23 mV), suggesting that the
former is more evenly distributed and has better stability. The
morphology of the conjugate and b-glucan was characterized
using TEM, which revealed the size of the b-glucan–MUC1
nanoparticles to be in the range of 150 nm (Fig. 3c) while
the morphology of b-glucan was found to be irregular (Fig. 3d).

Fig. 2 Proposed mechanism of the conjugate in the process of antigen
presentation and immune response elicitation.

Scheme 1 Synthesis of the b-glucan–MUC1 conjugate 1. (a) Fmoc SPPS:
(1) deprotection: piperidine/DBU/DMF (2 : 2 : 96, v/v/v); (2) coupling:
Fmoc-AA-OH (4 equiv.) or 9-[(9H-fluoren-9-ylmethoxy)carbonylamino]-
4,7-dioxanonanoic acid (1.2 equiv.), HATU (4 equiv.), and DIEA (8 equiv.);
(3) cleavage: TFA/H2O/TIPS (95 : 2.5 : 2.5, v/v/v), 15% yield on a 0.02 mmol
scale. (b) Synthesis of the conjugate: (1) peptide 3, b-glucan (4), and 1,10-
carbonyl-diimidazole (5, 0.5 M in DMSO) (2) Wash with water, dialysis and
lyophilisation.

Fig. 3 Characterization of the b-glucan–MUC1 conjugate: (a) zeta
potential from dynamic light scattering (DLS) measurements; (b) size
distribution from DLS measurements; (c) TEM image of the conjugate;
(d) TEM image of untreated b-glucan.
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The DLS experiments also revealed a uniform size distribution
(intensity) of the conjugate nanoparticles (Table 1 and Fig. 3b),
further confirming that the attached peptides increase the stability
and homogeneity of the b-glucan nanoparticles.

Next, we assessed the efficacy of the b-glucan–MUC1 conjugate
by performing an immunological evaluation in mice. Groups of five
C57BL/6 mice were vaccinated subcutaneously with the synthetic
conjugate, with a mixture of the MUC1 peptide and b-glucan, with
the MUC1 peptide only, with b-glucan only and with PBS buffer,
respectively. After four immunizations at weekly intervals (days 0, 7,
14, 21), mouse sera were collected on day 28 and analyzed for the
production of anti-MUC1 IgG antibodies. As assessed by the
enzyme-linked immunosorbent assay (ELISA), mice vaccinated with
the b-glucan–MUC1 conjugate elicited high titers of anti-MUC1 IgG
antibodies (Fig. 4a and Fig. S8, ESI†), significantly higher (up to
13 fold) compared to the other control groups (Fig. 4a). In
contrast, the b-glucan/MUC1 peptide mixture group and the
PBS group did not show significant differences, which indicates
that the conjugation of b-glucan to the MUC1 peptide is necessary
for immune activation. Further analysis of the isotypes and subtypes
of the antibodies generated showed that IgG2b is the major subtype
(Fig. 4b), indicating the activation of Th1-type response as a ratio
of IgG2b/IgG1 4 1.31 The observed substantial amount of IgM
antibodies indicates the involvement of the C3 component of the
complement system, which often induces cytotoxicity.32

The activity of these anti-MUC1 antibodies was further
investigated for their ability to affect tumor cell binding. MCF-7
human breast tumor cells (MUC1 positive) were incubated with
antisera from the different vaccinated groups, and the cell surface
reactivity was monitored by fluorescence-activated cell sorting

(FACS) to measure the amount of cells that bind to the anti-
bodies. The anti-MUC1 antibodies induced by the b-glucan–
peptide conjugate showed significantly positive reactivity with
MCF-7 (Fig. 4c) in comparison to those induced by the mixture
of b-glucan/MUC1 peptide (Fig. 4d). Moreover, the control
groups (MUC1 and b-glucan only) did not show significantly
different reactivity than the pre-vaccination sera used as the
negative control (Fig. S9, ESI†).

To further investigate the immune activation elicited by the
synthetic vaccine, we analyzed the expression levels of interleukin-6
(IL-6) and interferon gamma (IFN-g) in the sera by ELISA. IL-6 is a
type-2 (Th2-like) cytokine that plays a role in both innate and
adaptive immunity, mediating several aspects of B cell and T cell
responses, and promoting antibody production and humoral
immunity.33 IFN-g is a type-1 (Th1-like) cytokine that has impor-
tant immunoregulatory properties, including proliferation and
differentiation of lymphocyte populations, promotion of NK cell
activity and increased antigen presentation. As shown in Fig. 5a
and b, the groups that were given the b-glucan component in the
vaccine, either mixed or conjugated with MUC1, expressed
significantly higher levels of IFN-g and IL-6 in sera than the
PBS group. Furthermore, mice immunized with the b-glucan–
MUC1 conjugate exhibited the highest expression levels, with
approximately 4-fold increase of IFN-g and IL-6 in comparison
to those immunized only with PBS buffer.

Taken together, the vaccination results demonstrate the
ability of the b-glucan–MUC1 conjugate to elicit potent immune
responses, as assessed by the production of high IgM and IgG
antibody titers reactive against MCF-7. Moreover, the production
of both cytokine types, as shown by the high IL-6 and IFN-g levels
observed, suggests the stimulation of Th1 (IFN-g) as well as Th2
(IL-6) immunity. The immunological results also reveal the poor
immunogenicity exhibited by the MUC1 peptide alone, which
could be related to the instability of the peptide in circulation
that leads to fast degradation and failed antigen delivery. In
contrast, the increased antibody titers and immune responses
observed in mice immunized with the conjugate could indicate
that b-glucan may not only serve as a immunostimulator but also
as a carrier facilitating the delivery of the MUC1 antigen within
the conjugate to the lymph nodes and other immune organs,
where further immune activation will take place. Overall, these
results suggest that the b-glucan–MUC1 conjugate could activate
both innate and adaptive immunity and could be a stable and
effective antigen–carrier construct for vaccine development.

Table 1 Data from the DLS experiments

Construct Diameter (nm) PDI

b-Glucan 534 0.80
Conjugate 162 0.30

Fig. 4 Immunological evaluation of the synthetic vaccine: (a) antibody
titers of different groups. (b) Antibody isotypes and subtypes of the
conjugate vaccine. Data are reported as mean � SD. (c and d) FACS
analysis of the binding of antisera induced by the conjugate (c), or the b-glucan/
MUC1 peptide mixture (d), to MCF-7 cells, respectively. Grey, blue and red lines
represent the cells incubated with PBS buffer, non-immunized sera, and
antisera from different experimental groups, respectively.

Fig. 5 ELISA test of induced IFN-g (a) and IL-6 (b) in sera from the
vaccinated mice. Data are reported as mean � SD, **P o 0.01.
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In summary, we have developed a novel vaccine construct by
covalently linking a synthetic MUC1 peptide to b-glucan, and
have studied its structural features as well as immunological
properties in mice. The observed diameter and uniform distribution
of the conjugate self-assembled nanoparticles can facilitate antigen
delivery, recognition and activation of myeloid immune cells, thus
resulting in the activation of both innate and adaptive immunity.
This is in line with our immunological results, which showed high
anti-MUC1 antibody titers cross-reactive with the MCF-7 tumor cell
line, as well as high levels of IL-6 and IFN-g in sera from mice
vaccinated with the b-glucan–MUC1 conjugate. In all, our work
demonstrates that b-glucan could be a promising carrier and
immune activator for increasing the stability and immunogenicity
of peptide antigens in the development of novel anticancer vaccine
candidates.
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