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MUC1 and maltose-binding protein recombinant fusion
protein combined with Bacillus Calmette-Guerin induces
MUC1-specific and nonspecific anti-tumor immunity in mice
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Abstract. Human mucin 1 (MUC]) is a target for immuno-
therapy. The major problemassociated withMUC]1-based cancer
vaccines is the weakness of the immunogenicity of MUCI.
The present study aimed to develop an efficient cancer vaccine
through generating a recombinant fusion protein consisting of
MUCI and maltose-binding protein (MBP) by inserting seven
tandem repeats encoding the human MUCI gene into the
PMAL-c2 expression vector. Bacillus Calmette-Guerin (BCG)
was used as an adjuvant. MUCI was found to predominantly
induce T helper type 2 (Th2) cell responses. MUC1/BCG and
MUCI-MBP were found to generate T helper (Th) type 1 and
2 responses, while MUCI-MBP/BCG induced a Thl immune
profile and stimulated MUCI-specific cytotoxic T lymphocyte
killing activity. MUC1-MBP, as well as MBP and BCG alone
were found to induce natural killer (NK) cell activity, with
MUCI-MBP/BCG observed to synergistically induce NK cell
activity. Furthermore, MUC1-MBP/BCG significantly inhib-
ited MUCI* B16 cell growth in mice. These findings show
that MBP augments the immunogenicity of MUCI1 and that
BCG enhances the efficacy of the MUCI1-MBP vaccine. Thus,
MUCI-MBP/BCG may have potential as a cancer vaccine for
clinical application.

Correspondence to: Professor Guixiang Tai, Department of
Immunology, Norman Bethune College of Medicine, Jilin University,
126 Xinmin Street, Changchun, Jilin 130021, P.R. China

E-mail: taiguixiang@163.com

Professor Sunjun Gao, Department of Hematology and Oncology,
The First Bethune Hospital of Jilin University, 71 Xinmin Street,
Changchun, Jilin 130021, P.R. China

E-mail: drsujung@gmail.yahoo.com.cn

Key words: Bacillus Calmette-Guerin, mucin 1, maltose-binding
protein, mucin 1-maltose-binding protein, cancer vaccine, T cell

Introduction

Mucin 1 (MUCI) is a transmembrane glycoprotein which
belongs to the human mucin family and consists of a
serine- and threonine-rich protein core with highly branched
carbohydrate side chains. The protein core of MUCI is
composed of extracellular, transmembrane and cytoplasmic
domains (1). The extracellular domain contains a region
of 20-125 tandem repeat sequences known as the variable
number tandem repeat (VNTR) domain. The MUCI tandem
repeat sequence consists of the following 20 amino acids:
SAPDTRPAPGSTAPPAHGVT (2). MUCI is primarily
expressed on epithelial cells and is aberrantly overexpressed
in various epithelial-derived tumor cells, including breast,
lung, ovarian, prostate and pancreatic tumors, as well as
hematological malignancies (3-8). In normal cells, MUCI1
is heavily glycosylated and is expressed exclusively at the
apical surface of ductal cells (9). In tumor cells, the expres-
sion of underglycosylated MUCI is greatly upregulated
and it is distributed across the entire cell surface (10).
Underglycosylated MUCI in malignant cells unmasks novel
peptide and carbohydrate epitopes. In addition, the PDTRP
epitope of the MUCT protein core has been shown to induce
the production of specific MUCI antibodies, as well as human
leukocyte antigen-unrestricted cytotoxic T lymphocyte
(CTL) activity against MUCI (11). Thus, MUCI is considered
to be a target for tumor immunotherapy (12,13). Numerous
MUCI-based cancer vaccines have been developed in order
to prevent adenocarcinoma growth through immune response
induction. These vaccination approaches have included
peptide and recombinant protein vaccines (14-16), as well as
carbohydrate (17), DNA (18) and dendritic cell vaccines (19),
with several of these vaccines entering clinical trials (20-22).
However, some of these vaccines have been observed to elicit
weak responses in humans, despite their antitumor responses
in animal models. In order to augment the antitumor effect of
these vaccines, numerous strategies have been developed to
enhance their immunogenicity, including the use of various
adjuvants, carrier proteins and viral vectors (15,22,23).
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The Escherichia coli maltose-binding protein (MBP) is an
~42 kDa, high affinity MBP protein responsible for binding and
transporting maltose from the periplasmic space in gram-nega-
tive bacteria (24). Proteins of interest are frequently fused with
MBP in order to improve their yield and facilitate purifica-
tion (25). MBP has been utilized as a chaperone in various
experimental vaccines, with recombinant protein-MBP found
to enhance immunogenicity (26,27). Previous studies by our
group demonstrated that MBP promotes lymphocyte prolif-
eration, directly activates T helper type 1 (Thl) and natural
killer (NK) cells and enhances Bacillus Calmette-Guerin
(BCG)-induced Thl cell activation (28,29). Therefore, it is
hypothesized that an MBP-fused MUC1 protein may enhance
the immunogenicity of MUCI. In order to investigate this
hypothesis, in the present study, seven VNTRs encoding the
human MUCI core peptide (140 amino acids) were cloned
into the pMAL-c2 expression vector to produce a recombi-
nant MUCI1-MBP fusion protein. The immunogenicity of the
MUCI1-MBP fusion protein was investigated by immunizing
C57BL/6 mice with MUC1-MBP and assessing the antitumor
activities using MUC1* and MUCI tumor cell challenge
models.

Materials and methods

Cell lines. The B16 mouse melanoma and YAC-1 NK-sensitive
Ilymphoma cell lines (American Type Culture Collection,
Rockville, MD, USA) were maintained in Iscove's Modified
Dulbecco's Media (IMDM) containing 10% fetal calf serum
(Gibco-BRL, Carlsbad, CA, USA), 100 U/ml penicillin
and 100 pg/ml streptomycin in a humidified atmosphere
of 5% CO, at 37°C. A stable human MUCI1-expressing B16
(B16-MUCI) cell line was established. In brief, B16 cells
were transfected with pcDNA3-MUCI plasmids containing
the full-length human MUCI sequence consisting of
22 VNTRs. MUCl-positive clones were then selected using
1,000 pg/ml G418 (Sigma-Aldrich, St. Louis, MO, USA) and
MUCI expression was assessed using flow cytometric analysis
with anti-MUCI monoclonal antibodies (clone, HMPV; BD
Biosciences, San Jose, CA, USA). A B16-neo cell line was
used as a negative control through transfecting B16 cells with
an empty pcDNA3 plasmid.

Preparation of proteins and peptides. The cDNA fragment of
the human MUCI core peptide encoding seven VNTRs was
cloned into pMAL-c2 plasmids (New England Biolabs, Beverly,
MA, USA) to generate a MUCI1-MBP fusion protein expres-
sion vector. Recombinant pMAL-MUCI plasmids and empty
pPMAL-c2 plasmids were transformed into Escherichia coli
DH5a. Expression of the MUCI-MBP fusion protein and the
MBP protein was induced in Escherichia coli DH5a cells
using 0.1 mM isopropyl-f-p-thiogalactopyranoside (IPTG;
Sigma-Aldrich). MUCI-MBP and MBP were purified using
amylose resin columns (New England Biolabs) as described
previously (30). The MUCI peptide was purified by cleaving
the MUCI1-MBP fusion protein using the Factor Xa protease
(New England Biolabs) at 20°C for 48 h. The purified MUC1
peptide, MUCI1-MBP fusion protein and MBP protein were
analyzed using 12% SDS-PAGE with Coomassie Brilliant
Blue staining and detected using western blot analysis with
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anti-MUCI1 (GP1.4) and -MBP (dilution, 1:1,000) monoclonal
antibodies (Neomarkers Inc., Freemont, CA, USA).

A synthetic MUCI1 peptide, which was used in
certain experiments and which corresponds to the
SAPDTRPAPGSTAPPAHGVT tandem repeat, was synthe-
sized by GL Biochem Ltd. (Shanghai, China) with 98% purity
and termed the MUCT synthetic peptide.

Mice and immunization. Female C57BL/6 mice, between
six and eight weeks old, were purchased from the Norman
Bethune Medical School of Jilin University (Changchun,
China) and maintained under specific pathogen-free condi-
tions. The experimental manipulation of mice was conducted
in accordance with the National Institute of Health Guide for
the Care and Use of Laboratory Animals and the approval of
the Scientific Investigation Board of Science and Technology
of Jilin Province (Changchun, China).

Mice were randomly divided into seven groups of
five animals and were treated with the following agents:
Phosphate-buffered saline (PBS) as a negative control,
BCG (Shanghai Institute of Biological Products Co., Ltd.,
Shanghai, China) as an adjuvant control, MBP, MUC1, MUC1
with BCG (MUC1/BCG), MUC1-MBP and MUCI-MBP
with BCG (MUCI1-MBP/BCG). Mice were subcutaneously
immunized with PBS, BCG (150 mg/kg), MBP (1.7 mg/kg),
MUCI (0.77 mg/kg), MUCI (0.77 mg/kg)/BCG (150 mg/kg),
MUCI-MBP (2.5 mg/kg) or MUCI-MBP (2.5 mg/kg)/BCG
(150 mg/kg), three times at one-week intervals.

ELISA for MUCI-specific immunoglobulin G (IgG)
subclasses. Five days after the final immunization, mouse
serum was isolated and MUCI-specific antibodies were
detected using ELISA. Briefly, 96-well plates were coated
with 1 pg/well MUCI1 peptide and incubated overnight at
4°C. Subsequent to blocking with PBS containing 2% bovine
serum albumin, serum samples diluted 1:500 for total IgG,
IgG1 and IgG2c were added and incubated for 1.5 h at 37°C.
Following three washes with PBS containing 0.1% Tween® 20,
plates were incubated with horseradish peroxidase-labeled
goat anti-mouse IgG, IgG1 and IgG2c for 1 h at 37°C. Plates
were then washed three times with PBS containing 0.1%
Tween 20 and incubated with the substrate o-phenylenedi-
amine for 10 min. The reaction was terminated by adding
0.2 mM H,SO,. Absorbance (A) was measured at 490 nm
using an ELISA reader (model 550; Bio-Rad Laboratories
Inc., Hercules, CA, USA). Results were calculated as the
A value from experimental groups minus the A value from
the PBS negative control group.

Interferon (IFN)-y ELISA. Splenic mononuclear cells were
cultured at a density of 5x10° cells/well in IMDM containing
100 U/ml interleukin (IL)-2 with or without 20 xg/ml MUCI1
synthetic peptide at 37°C in 5% CO, for five days. The culture
supernatants were then collected and IFN-y production was
assessed using an ELISA kit (eBioscience, Inc., San Diego,
CA, USA) according to the manufacturer's instructions.
Cytokine levels were calculated as the cytokine levels detected
upon stimulation with the MUCI synthetic peptide minus the
cytokine levels detected upon stimulation with the free MUC1
synthetic peptide.



%‘n SPANDIDOS
Z‘ PUBLICATIONS

A B
i I
% -
n MUCLABP (§24Da)
L
J 18P (i) =
W
i MUCI (2Da) .~

I

MOLECULAR MEDICINE REPORTS 10: 1056-1064, 2014

C
|

= UCIAEP (6Da) = MUCLYBP (R4Da)
« P (aih) = VP (£4D)
UL (10n) M0 (1900)

Figure 1. SDS-PAGE and western blot analysis of purified MUC1-MBP, MBP and MUC1 proteins. (A) Purified MUC1-MBP, MBP and MUCI1 were separated
using 12% SDS-PAGE and stained with Coomassie Brilliant Blue. Lane 1, protein molecular weight marker; lane 2, purified MBP protein; lane 3, purified
MUC1-MBP fusion protein; lane 4, purified MUCI peptide. (B and C) Purified proteins were analyzed using western blot analysis with (B) anti-MBP and
(C) anti-MUCI antibodies. Lane 1, MBP protein; lane 2, MUC1-MBP fusion protein; lane 3, MUCI1 peptide. MUCI, mucin 1; MBP, maltose-binding protein.

MUCI-specific CTL cytotoxicity assay. MUCl-specific CTL
cytotoxicity was measured using a lactate dehydrogenase
(LDH)-release assay (Promega Corporation, Madison, WI,
USA). Splenic mononuclear cells were cultured in IMDM
containing 100 U/ml IL-2 and 20 pg/ml MUCI synthetic
peptide at 37°C in 5% CO, for five days. These cells were used
as effectors. The B16-MUCI or Bl6-neo target cells were
plated at a density of 1x10* cells/well in 96-well plates and the
effector cells were added to triplicate wells according to the
manufacturer's instructions. The effector-to-target cell (E/T)
ratios investigated were 50:1,25:1 and 12.5:1. Cells were incu-
bated for 5 h at 37°C in an atmosphere of 5% CO,. The culture
supernatant (50 ul/well) from each well was then transferred
to a fresh 96-well plate. An LDH detection solution was added
to each well (50 pl/well) and incubated in the dark for 30 min
at room temperature, prior to the addition of the termination
solution (50 ul/well). The absorbance was measured at 490 nm
using an ELISA reader. The percentage of CTL target-killing
activity was calculated as follows: (effectors and target
mixture - effectors spontaneous - target spontaneous)/(target
maximum - target spontaneous) x 100.

NK cytotoxicity assay. Splenic NK cell cytotoxicity was
measured using an LDH-release assay (Promega Corporation)
as described previously (28). In brief, splenic mononuclear
cells from immunized mice were harvested as effectors and
YAC-1 cells were used as target cells. The target cells were
plated in 96-well plates at a density of 1x10* cells/well. Effector
cells were added at different ratios (100:1, 50:1 and 25:1) and
incubated for 5 h at 37°C in an atmosphere of 5% CO,. The
presence of LDH in the culture supernatant was detected as
described above.

Prophylactic and therapeutic activity in C57BL/6 mice. The
antitumor activity of the combination of MUC1-MBP with BCG
was investigated using B16-MUCI and B16-neo mouse mela-
noma models. Mice were randomly divided into seven groups
of five animals, which were treated with the following agents:
PBS, BCG, MBP, MUCI1, MUC1/BCG, MUCI1-MBP and
MUCI1-MBP/BCG. For the prophylactic experiments, mice were
immunized three times at one-week intervals according to the

aforementioned method. Five days after the final immunization,
mice were subcutaneously inoculated with 2x10° B16-MUCI1 or
Bl16-neo cells. For the tumor therapy experiments, mice were
subcutaneously inoculated with 2x10° B16-MUCI or B16-neo
cells, prior to immunization. After four days, mice were immu-
nized according to the aforementioned method. Tumor size was
measured using calipers every three days and tumor nodule
volumes were calculated according to the following formula:
(longest diameter) x (shortest diameter)?/2 (28).

Statistical analysis. Data are presented as the mean + standard
deviation. One-way analysis of variance was used to compare
significant differences between the means of all treatment
groups. A two-sided Student's t-test was used to compare the
means of individual treatments when the primary outcome
was statistically significant. A value of P<0.05 was considered
to indicate a statistically significant difference. All statistical
analyses were performed using SPSS 13.0 software (SPSS,
Inc., Chicago, IL, USA).

Results

Expression and purification of the MUCI peptide, MBP
protein and MUC-MBP fusion protein. MBP has been utilized
as a chaperone in various experimental anti-pathogenic
vaccines and recombinant MBP-protein vaccines have been
found to display enhanced immunogenicity (26,27). In order
to investigate effective cancer vaccines, a recombinant human
MUCI-MBP fusion protein (62 kDa) and the MBP protein
(42 kDa) were successfully expressed in pMAL-MUCI or
pPMAL-c2-transformed DH5a cells using IPTG induction
and purified using amylose resin affinity chromatography
(Fig. 1A). The MUCI peptide (19 kDa) was obtained following
Xa Factor protease cleavage of the MUCI1-MBP fusion protein
(Fig. 1A). These proteins were of very high purity (>95%)
and were verified using western blot analysis with anti-MBP
(Fig. 1B) or -MUCI monoclonal antibodies (Fig. 1C).

Combined immunization with the MUCI-MBP fusion
protein and BCG induces a MUCI-specific IgG2c antibody
response. To determine whether the MUCI1-MBP fusion
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Figure 2. Analysis of MUCl-specific IgG and IgG subclasses in mouse sera. Sera from mice immunized with MUCL, MUC1/BCG, MUC1-MBP and
MUCI-MBP/BCG were collected five days after the final immunization. MUC1-specific IgG, IgG1 and IgG2c in the sera at a dilution of 1:500 were
assayed using ELISA. Values were determined by measuring the absorbance at 490 nm. All values represent the mean + standard deviation from five
mice. "P<0.05 vs. MUCI group; “P<0.01 vs. all test groups. MUCI1, mucin 1; MBP, MBP, maltose-binding protein; IgG, immunoglobulin G; BCG, Bacillus

Calmette-Guerin.
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Figure 3. IFN-y production by Thl cells in response to MUCI. Splenic mononuclear cells from mice immunized with PBS, BCG, MBP, MUC1, MUC1/BCG,
MUCI-MBP or MUCI1-MBP/BCG were cultured in Iscove's Modified Dulbecco's Media containing 100 U/ml interleukin-2 and co-cultured with or without
20 ug/ml MUCI synthetic peptide for five days. IFN-y-producing cells were assessed using ELISA. Cytokine levels were calculated as the cytokine levels
detected upon stimulation with the MUCT synthetic peptide minus the cytokine levels detected upon stimulation with free MUCT synthetic peptide. Values are
presented as the mean + standard deviation from five mice. “P<0.01 vs. PBS group; “P<0.05 vs. MUC1/BCG and MUC-MBP groups. IFN, interferon; MUCI,
mucin 1; PBS, phosphate-buffered saline; BCG, Bacillus Calmette-Guerin; MBP, maltose-binding protein.

protein induces a MUCI antibody response, the presence of
anti-MUCI IgG antibodies was examined in mouse serum
using ELISA. MUCl-specific IgG antibodies were observed in
mice immunized with MUCI1, MUC1/BCG, MUCI1-MBP and
MUCI1-MBP/BCG (Fig. 2).

The antibody subclass induced by the immunization
reflects the relative contributions of the Thl- and Th2 immune
responses. Therefore, Th2-associated MUCI-specific IgG1
and Thl-associated MUC1-specific IgG2c antibody subclasses
were measured. As shown in Fig. 2, immunization with
MUCI1 was only observed to induce MUCI-specific IgG1
production. By contrast, immunization with MUC1/BCG and
MUCI-MBP induced significantly lower levels of IgG1 and
significantly higher levels of IgG2c compared with the MUCI1
group (P<0.05). MUC1-MBP/BCG immunization induced the
highest levels of IgG2c and the lowest levels of IgGl among
all of the test groups. These findings indicate that MUCI alone
induces a Th2 response, whereas MUC1/BCG and MUC1-MBP
induce Thl and Th2 responses. MUCI1-MBP/BCG further
shifted towards a Th1 profile.

Combined immunization with the MUCI-MBP fusion protein
and BCG induces Thl cell activation. To determine whether

MUCI-MBP/BCG induces Thl cell activation, mouse splenic
mononuclear cells were isolated from immunized mice and
incubated with or without the MUCI1 synthetic peptide for
five days. IFN-y secretion was then measured using ELISA.
Compared with the MUCI group, MUC1/BCG, MUCI1-MBP
and MUCI1-MBP/BCG vaccination was found to significantly
increase the production of IFN-y (P<0.01) (Fig. 3). However,
vaccination with MUC1-MBP in combination with BCG signifi-
cantly increased the levels of IFN-y compared with vaccination
with MUC1/BCG or MUC1-MBP alone (P<0.05) (Fig. 3). These
findings suggested that the combination of MUCI1-MBP with
BCG promoted MUC1-specific Thl activation.

Combined immunization with the MUCI-MBP fusion protein
and BCG induces specific CTL activity against MUCI. CTL
killing activity is a gold standard measurement used to determine
the efficacy of a tumor vaccine. To detect whether MUC1-MBP
immunization is capable of inducing MUCI-specific CTL
activity in mice, a B16 mouse melanoma cell line stably
expressing human MUCI, as well as a B16-neo negative control
cell line were established. Flow cytometric analysis revealed
that the B16-MUCI cells were 98.5% positive for MUCI, while
the B16-neo cells were 1.5% positive for MUCI (Fig. 4A).
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Figure 4. MUC1-MBP/BCG-induced MUCI-specific CTL cytotoxic activity. Splenic mononuclear cells from mice immunized with PBS, BCG, MBP, MUCI,
MUC1/BCG, MUCI-MBP or MUCI-MBP/BCG were cultured in Iscove's Modified Dulbecco's Media containing 100 U/ml interleukin-2 and co-cultured with
20 ug/ml MUCT1 synthetic peptide for five days and were used as effector cells. Either B16 cells transfected with the pcDNA3-MUCI plasmid (B16-MUC1),
containing full-length human MUCI consisting of 22 variable number tandem repeats or B16 cells transfected with the pcDNA3 empty plasmid (B16-neo)
were used as the target cells. (A) Flow cytometric analysis revealed that BI6-MUCI cells were 98.5% positive for MUCI, while B16-neo cells were only 1.5%
positive for MUCI. (B and C) MUCI-specific CTL cytotoxic activity was detected at various E/T ratios using the lactate dehydrogenase release assay with
either (B) B16-MUCT target cells or (C) B16-neo target cells. Values are presented as the mean = standard deviation from five mice. “P<0.05, “P<0.01 vs. the
other groups. MUCI, mucin 1; CTL, cytotoxic T lymphocyte; MBP, maltose-binding protein; BCG, Bacillus Calmette-Guerin; E/T, effector-to-target; PBS,

phosphate-buffered saline.

CTL cytotoxicity against B16-MUCI and B16-neo cells
was measured using the LDH-release assay. Lymphocytes
from immunized mice were isolated in mouse lymphocyte
separation medium and were used as effector cells. These
effector cells were then stimulated with the MUCI synthetic
peptide for five days. B16-MUCI or B16-neo cells were used
as the target cells. The killing activity of CTL cells against the
B16-MUCI cells was observed to be significantly increased
in the MUC1-MBP/BCG-immunized group compared with
the other groups at E/T ratios of 50:1 and 25:1 (P<0.01 and
P<0.05, respectively; Fig. 4B). Cytotoxicity against B16-neo
cells was not observed in any of the test groups (Fig. 4C).
These findings suggest that MUC1-MBP/BCG immunization
induces MUCI-specific CTL activity, while MUC1/BCG and
MUCI-MBP vaccines do not.

MUCI-MBP and BCG act synergistically on NK cell cyto-
toxicity. NK cells are capable of killing early-stage tumor
cells and we previously demonstrated that MBP is capable
of inducing NK cell activation (28). Therefore, in the present
study, splenic mononuclear cells were isolated from immu-
nized mice as effector cells and NK-sensitive YAC-1 cells
were used as target cells. The effector and target cells were
co-incubated for 5 h and the culture supernatant was collected

and tested for NK cell cytotoxicity using an LDH-release
assay. Compared with the PBS control group, NK cell
cytotoxic activity was significantly increased in the BCG,
MBP, MUC1/BCG and MUCI1-MBP groups at an E/T ratio
of 100:1 (P<0.05). Furthermore, in the MUC1-MBP/BCG
group, NK cell cytotoxicity was significantly higher at E/T
ratios of 100:1 and 50:1 (P<0.01 and P<0.05, respectively)
compared with the PBS control group (Fig. 5). These findings
demonstrate that BCG, MBP and MUC1-MBP induce NK
cell activation and that MUC1-MBP and BCG act synergisti-
cally on NK cells.

Combined immunization with the MUCI-MBP fusion protein
and BCG has an antitumor effect in vivo. To examine the
antitumor activity of the MUC1-MBP fusion protein, carci-
noma models were established using B16-MUCI cells that
were 98.5% positive for MUCI and B16-neo cells as negative
controls. To determine whether the vaccines had a protective
effect against tumors, female C57BL/6 mice were immunized
three times at one-week intervals and were then treated with
B16-MUCI or Bl6-neo cells five days after the final immuni-
zation. Tumor volume was measured every three days.
B16-MUC1 tumor growth was monitored for
21 days. After nine days, the B16-MUCI tumors in
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Figure 5. Combined immunization with MUCI-MBP and BCG induced
synergistic NK cell cytotoxicity. Splenic mononuclear effector cells were
obtained from mice immunized with PBS, BCG, MBP, MUCI1, MUC1/BCG,
MUCI-MBP or MUCI-MBP/BCG and co-cultured with YAC-1 cells
as target cells for 5 h. NK cell cytotoxicity was detected at various E/T
ratios using the lactate dehydrogenase-release assay. Values are presented
as the mean # standard deviation from five mice. For the “BCG, *“MBP,
*MUC1/BCG, *MUCI-MBP and "MUC1-MBP/BCG groups, P<0.05 vs.
PBS group; for the “"MUCI-MBP/BCG group, P<0.01 vs. PBS group. MUCI,
mucin 1; NK, natural killer; MBP, maltose-binding protein; BCG, Bacillus
Calmette-Guerin; E/T, effector-to-target; PBS, phosphate-buffered saline.

the BCG-, MBP-, MUC1/BCG-, MUCI-MBP- and
MUCI-MBP/BCG-immunized mice were observed to grow
less rapidly and display significantly lower sizes compared
with those in the PBS-immunized mice (P<0.05). However,
15 days after the subcutaneous injection of the B16-MUCI1
cells, the tumors were found to grow more rapidly in the mice
in all of the groups except for those in the MUC1-MBP/BCG
group as compared with the PBS control group (Fig. 6A).
The average B16-MUCI1 tumor weight was 3.87+1.01 g in
the mice in the PBS group compared with 1.51+0.67 g in
those in the MUCI-MBP/BCG group (P<0.05; Fig. 6C). As
shown in Fig. 6B, B16-neo tumor growth was monitored
for 18 days. After nine days, the B16-neo tumors in the
mice in the BCG-, MBP-, MUC1/BCG-, MUCI1-MBP- and
MUCI-MBP/BCG-immunized groups displayed signifi-
cantly lower volumes compared with those in the mice in
the PBS-immunized group (P<0.05). However, by 18 days,
no significant differences were observed in B16-neo tumor
volume and weight between the groups (Fig. 6B and D). These
findings demonstrate that the combination of MUC1-MBP
and BCG significantly inhibits B16-MUCI cell growth,
while BCG, MBP, MUC1/BCG and MUCI-MBP suppress
tumor growth of B16-MUCI1 and B16-neo only in the early
stages of tumor development.

In order to determine whether the vaccines had the
potential to treat tumor growth, female C57BL/6 mice were
subcutaneously inoculated with either B16-MUCI or B16-neo
cells on day 0 and then immunized with PBS, BCG, MBP,
MUCI, MUC1/BCG, MUC1-MBP or MUCI-MBP/BCG on
days five and 12. Tumor growth was monitored for 18 days
after tumor inoculation. Similar effects to those in the tumor
protection experiments were observed (Fig. 7); however,
the inhibition of tumor growth was not as significant as the
observed protective effects. These findings indicate that
specific T-cell immunity has an important role in the anti-
tumor activity, while specific humoral immunity has a less
important role. Natural immunity may only have an effect
during the early stages of tumor development.
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Discussion

Studies involving MUCI1-based protein/peptide vaccines have
shown that the MUCI peptide alone is incapable of inducing a
cellular immune response (16). However, the cellular immune
response has an important role in eliminating cancer cells.
Therefore, the present study aimed to develop an efficient
MUCI protein vaccine through generating a recombinant
fusion protein consisting of MUCI1 (140 amino acids) and
MBP. In brief, a MUCI cDNA fragment containing seven
tandem repeats was inserted into the pMAL-c2 plasmid.
MUCI peptides (140 amino acids) and MBP proteins were also
generated as controls. The immune responses to MUCI1-MBP,
MUCI and MBP were then assessed in mice.

In the mice immunized with MUCI, high MUCI anti-
body production and a predominantly Th2-associated IgGl
response were observed. However, in the mice immunized with
MUCI1-MBBP, higher levels of the Thl-associated I[gG2c isotype
and lower levels of IgG1 isotope were observed compared with
MUCI alone. Similarly, levels of the Thl cytokine IFN-y were
observed to increase in the MUC-MBP-treated mice but not
in the MUC]-treated mice. These findings suggest that MBP
may be an effective immune regulatory protein which may be
useful for vaccine development, due to its capacity to alter the
Thl immune response. In addition, MBP and MUCI-MBP
were found to induce NK cell activation, suggesting that
MBP enhanced MUC1 immunogenicity by inducing specific
and nonspecific immunity. MBP, a component of the maltose
transport system in Escherichia coli,is commonly considered
to have minimal or no bioactivity. However, previous studies
by our group showed that MBP promotes lymphocyte prolif-
eration and induces Thl and NK cell activation (28,29). In
these studies, MBP enhanced immune activities and retained
this function when it was conjugated to MUCI to generate the
MUCI1-MBP fusion protein. Therefore, MBP is an important
component of the MUCI-MBP vaccine.

BCG induces a Thl-type immune response and a previous
study by our group found that MBP enhances BCG-induced
Thl cell activation (29). Thus, in the present study, BCG
was used as an adjuvant to further investigate the immune
activities of MUCI-MBP and the MUCI peptide in mice.
MUCI1-MBP/BCG was found to induce higher levels of IgG2c
and IFN-vy as compared with the MUC1/BCG group, which is
indicative of a Thl-driven response. In addition, the combina-
tion of MUC1-MBP and BCG induced a stronger activation
of NK cells as compared with MBP or BCG alone. These
findings indicated that treatment with MUCI-MBP/BCG
induced strong, MUCI1-specific Thl cell activation, as well
as non-specific immunity, suggesting that MBP and BCG
had synergistic effects on specific and non-specific immunity.
BCG has been found to activate numerous cells, including
Thl and NK cells (31,32) and has been used as an adjuvant
to treat bladder cancer, malignant melanoma and lung cancer
in clinical applications (33,34). In the present study, BCG was
found to be a critical component of the MUCI1-MBP vaccine.

Thl cells have an important role in cellular immune
responses and are associated with successful antitumor
responses, particularly CTL killing activity, which is a gold
standard measurement used to determine the efficacy of a tumor
vaccine. In the present study, MUC1/BCG and MUCI-MBP
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Figure 6. Prophylactic immunization of mice with the MUCI1-MBP fusion protein and BCG inhibits growth in MUC1-expressing tumors. Mice were immu-
nized with PBS, BCG, MBP, MUC1, MUC1/BCG, MUC1-MBP or MUC1-MBP/BCG three times at one-week intervals. Mice were then treated with 2x10°
(A and C) B16-MUCI1 or (B and D) B16-neo cells. Tumor volume was monitored at the indicated time-points and tumor weight was measured following sacri-
fice. Values represent the mean + standard deviation from five mice. For the “BCG, “MBP, “MUC1/BCG, *MUC1-MBP and "MUC1-MBP/BCG groups, P<0.05
vs. PBS group; for the “MUCI-MBP/BCG group, P<0.01 vs. PBS group. MUCI, mucin 1; MBP, maltose-binding protein; BCG, Bacillus Calmette-Guerin;
PBS, phosphate-buffered saline.
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Figure 7. Therapeutic immunization of mice with the MUC1-MBP fusion protein and BCG inhibits growth in MUC1-expressing tumors. Mice were inoculated
with 2x10° (A and C) B16-MUCI1 or (B and D) B16-neo cells, then immunized with PBS, BCG, MBP, MUC1, MUC1/BCG, MUC1-MBP or MUC1-MBP/BCG
twice. Tumor volume was monitored at the indicated time-points and tumor weight was measured following sacrifice. Each value represents the mean + standard
deviation from five mice. For the “BCG, 2MBP, “MUC1/BCG, *MUC1-MBP and "MUC1-MBP/BCG groups, P<0.05 vs. PBS group; for the "MUCI-MBP/BCG
group, P<0.01 vs. PBS group. MUCI, mucin 1; MBP, maltose-binding protein; BCG, Bacillus Calmette-Guerin; PBS, phosphate-buffered saline.
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were not sufficient to induce effective CTL activity. However,
MUCI-MBP/BCG was found to induce MUCI-specific CTL
activation in mice. These findings indicate that the efficacy of
MUCI-MBP/BCG as a cancer vaccine involves three neces-
sary components: (i) BCG, due to its capacity to activate Thl
cells; (ii) MBP, due to its capacity to enhance the immuno-
genicity of MUC1 and BCG-induced Thl cell activation and
(iii) the specific target MUCI.

The protective and therapeutic effects of MUCI-MBP/BCG
on tumor growth were also investigated in mice. Immunization
with BCG, MBP, MUC1/BCG, MUCI-MBP or
MUCI-MBP/BCG was found to inhibit MUCI* B16 and
MUCI" B16 cell growth in early mouse melanoma models,
corresponding with the activation of the innate immune
response in these mice. Furthermore, only MUC1-MBP/BCG
immunization was observed to inhibit growth in the MUC1*
B16 cells in the late mouse melanoma model and no signifi-
cant effect was observed on the MUCI" B16 cells. These
findings suggest that the enhanced specific cellular immunity
induced by MUCI-MBP/BCG is essential to inhibit tumor
growth. Moreover, MUC1-MBP/BCG was found to have
better prophylactic than therapeutic efficacy, suggesting that
MUCI-MBP/BCG treatment may have beneficial effects for
early-phase or postoperative residual tumors, but may have
little effect on later phase tumors.

In conclusion, the present study showed that the combi-
nation of MUCI1-MBP and BCG not only induced a specific
antibody response, but also induced strong specific cellular
and innate immunity. Furthermore, immunization with
MUCI-MBP and BCG was observed to significantly inhibit
the growth of MUCI* tumors in a mouse melanoma model.
Thus, the combination of MUCI-MBP and BCG may be a
promising cancer vaccine for patients with cancer.
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