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MUC1 expressing tumor growth was
retarded after human mucin 1 (MUC1)
plasmid DNA immunization

Hye-Youn Son1,†, Hwan-Kyu Jeong2,†, Vasso Apostolopoulos3 and Chul-Woo Kim4

Abstract

Introduction: Naked DNA is one of the attractive tools for vaccination studies. We studied naked DNA vaccination
against the human tumor antigen, mucin, which is encoded by the MUC1 gene.

Methods: We constructed the pcDNA3.0-MUC1 (pcDNA-MUC1) plasmid expressing an underglycosylated MUC1
protein. BALB/c mice were immunized intradermally thrice at 2-weeks intervals with pcDNA-MUC1. Two weeks after the
last immunization, tumor challenge experiments were performed using either the CT26 or TA3HA tumor cell lines, both of
which transduce human MUC1.

Results: Immune cell population monitoring from pcDNA-MUC1-immunized animals indicated that immune cell acti-
vation was induced by MUC1-specific immunization. Using intracellular fluorescence activated cell sorting and enzyme-
linked immunosorbent spot assay, we reported that interferon-γ secreting CD8+ T cells were mainly involved in MUC1-
specific immunization. In all mice immunized with MUC1 DNA, tumor growth inhibition was observed, whereas control
mice developed tumors (p < 0.001).

Conclusion: Our results suggest that intradermal immunization with MUC1 DNA induces MUC1-specific CD8+ T cell
infiltration into tumors, elicits tumor-specific Th1-type immune response, and inhibits tumor growth.
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Introduction

To develop effective immunotherapy, we often include a
tumor antigen in the construction of vaccines against
cancer. The human MUC1 gene contains the sequence of a
large transmembrane polypeptide (>400 kDa) consisting of
a uneven number of 20 amino acids tandem repeats.1

MUC1 is expressed on a variety of epithelial-derived
cells and is heavily glycosylated in the benign state; its
distribution is restricted to the apical surface of the ductal
cells.2 In contrast, in the malignant state, the expression of
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underglycosylated MUC1 is increased which is distributed
along the entire surface of cells.3 Underglycosylation of
MUC1 lead to unmasking novel epitopes on the protein in
breast malignancies which is unique to the malignant state.4

In such malignant form, MUC1 has been revealed to be
immunogenic with each tandem repeat containing epi-
topes.5 As MUC1 antibodies have been seen in breast
cancer patients albeit at a low rate, it has been suggested
that underglycosylated MUC1 may be capable of stimu-
lating a potent immune response.6 In this manner, it is
possible to target MUC1 for vaccine immunotherapy, and
several attempts have been made by using MUC1 as a
cancer vaccine.7 Most of them have focused on the use of a
synthetic peptide including several tandem repeats, with
some of them conjugated to a carrier protein.8–10 These
MUC1 vaccines have been revealed to stimulate a modest
humoral response. However, it is challenging to assure that
the immune response provoked is targeted specifically for
the tumor cells without adverse effects on the host.11–13

DNA vaccines are proposed to be more appropriate for
clinical use than other methods, such as vaccines with
peptides or autologous cancer cells, or the adoptive transfer
of cytotoxic T lymphocytes for several reasons: (a) when
the DNA vector is ready, DNA vaccines are affordable and
simple to use; (b) autologous immune cells, cancer cells, or
adjuvants are not needed; (c) high levels of antigen ex-
pression can be retained; and (d) DNAvaccination does not
require facilities and techniques for cell culture. Thus, it is
reasonable to present that DNAvaccination targeting tumor
antigens has significant potential for anticancer
immunotherapy.14

Vaccination with tumor antigens-encoding DNA has
been suitable for maintaining high levels of tumor antigen
expression at the vaccination site and eliciting immune
response, especially cellular immunity specific to the an-
tigens encoded by the DNA.15,16 Attempts at using viral
vectors have achieved limited success, except those that
involve DNA insertion into the host genome.17 Finn et al.
reported that the MUC1 protein was expressed by host cells
infected with MUC1 viral vectors; consequently, they
expressed heterogeneous glycosylated target proteins,
proposing a variable glycosylation pattern or instability in
the recombinant protein expression. Thus, the viral vectors
induced relatively low potency of tumor immunity as
stimulation of multiple T cell epitopes occurred
simultaneously.18

This study reported the use of naked MUC1 plasmid
DNA containing 42 tandem repeats as a tumor vaccine. It
delivers the underglycosylated form of the corresponding
protein showing homogenous patterns of glycosylation.
After three vaccinations, we evaluated the growth inhibi-
tion of similar MUC1 gene-transduced tumor cells in a
xenograft model. In addition, this study proves for the first
time that using immunohistochemistry to induce CD8+ T

cell infiltration into the tumor mass is important for tumor
retardation.

Materials and methods

This mice-based study was performed based on analysis of
a database of cancer patients which showed the importance
of MUC1 during cancer progression. After immunizing
MUC1-tranduced cells into mice, we examined the ef-
fectiveness of the MUC1 DNA vaccine through several
experiments such as western blotting and fluorescence
activated cell sorting (FACS).

cBioPortal database analysis

Cancer genomics analysis was performed by querying the
online cBioPortal for Cancer Genomics (http://www.
cbioportal.org/; date last accessed, 2 January 2022). The
cBioPortal for Cancer Genomics is associated with the
Memorial Sloan Kettering Cancer Center and provides
comprehensive analyses of complex tumor genomics and
clinical profiles from research on 105 cancer types in The
Cancer Genome Atlas (TCGA). cBioPortal was used to
identify which type of cancer would be more effective in
DNA vaccine and guide further study. TCGA PanCancer
Atlas Studies were firstly used to examine which type of
cancer is related to MUC1 gene alteration. Subsequently, a
more detailed search was performed based on 24 studies,
including 14 breast cancer studies and 10 colon cancer
studies.19–47 The data used included the following: Breast
Cancer (MSK, Cancer Cell 2018)21; Breast Cancer (MSK,
Nature Cancer 2020)22; Breast Cancer Xenografts (British
Columbia, Nature 2015)23; Breast Invasive Carcinoma
(Broad, Nature 2012)24; MAPK on Resistance to Anti-
HER2 Therapy for Breast Cancer (MSKCC, Nat Comm
2021)25; Metastatic Breast Cancer (MSK, Cancer Dis-
covery 2021); Breast Cancer (SMC 2018)26; Breast In-
vasive Carcinoma (TCGA, Firehose Legacy); Breast
Cancer (MSK, Clinical Cancer Res 2020)27; Breast Cancer
(MSKCC, NPJ Breast Cancer 2019)28; Breast Invasive
Carcinoma (British Columbia, Nature 2012)29; Breast
Cancer (METABRIC, Nature 2012 & Nat Commun 2016)
30–32; Breast Invasive Carcinoma (Sanger, Nature 2012)33;
The Metastatic Breast Cancer Project (Provisional, Feb-
ruary 2020); Colon Adenocarcinoma (CaseCCC, PNAS
2015)34; Colon Cancer (CPTAC-2 Prospective, Cell 2019)
35; Colorectal Adenocarcinoma (DFCI, Cell Reports 2016)
36; Colorectal Adenocarcinoma (Genentech, Nature 2012)
37; Colorectal Adenocarcinoma Triplets (MSKCC, Ge-
nome Biol 2014)38; Colorectal Cancer (MSK, Gastroen-
terology 2020)39; Disparities in metastatic colorectal cancer
between Africans and Americans (MSK, 2020); Metastatic
Colorectal Cancer (MSKCC, Cancer Cell 2018)40; Rectal
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Cancer (MSK, Nature Medicine 2019)41; and Colorectal
Adenocarcinoma (TCGA, Nature 2012).42

PrognoScan database analysis

PrognoScan (http://www.prognoscan.org/; date last ac-
cessed, 7 February 2022) is an online database for in-
vestigating underlying tumor indicators and therapeutic
targets. It is a large collection of cancer microarray datasets
that are collected from the public domain with clinical
annotation and assesses the relationship between the ex-
pression of certain genes and prognosis using the minimum
p-value approach. The PrognoScan database was searched
to confirm the significance of MUC1 alteration in patients
with breast and colon cancers. This tool allowed the ex-
pression of MUC1 to be divided into “high” or “low,”
according to the median expression of the genes. Blue and
red curves correspond to low and high MUC1 expressions,
respectively.48

MUC1 constructs

Schematic diagrams of plasmids pcDNA3.0-MUC1
(pcDNA-MUC1) and pLXIN-MUC1 are illustrated in
Figure 2(a) and (b), respectively. The humanMUC1 gene,
with 42 tandem repeats (accession no. J05582), was
cloned techniques into the BamHI site of plasmid vector
pcDNA3.0 (Invitrogen) through standard subcloning, and
was designated pcDNA-MUC1. All restriction enzymes
were obtained from New England Biolabs (Beverly, MA),
and the reactions were performed according to the
manufacturer’s guidelines. For the retroviral construct,
the same procedure was performed, except that the ret-
roviral vector pLXIN (Invitrogen) was used to clone the
MUC1 gene; the construct was designated pLXIN-
MUC1. All DNA constructs were investigated by
BamHI restriction mapping and sequencing to confirm the
correct insert.

MUC1-transduced cells

Packaging cell line PA317 (CRL-9078) was transfected
with the pLXIN-MUC1 construct using lipofectamine
(Life Technologies, CA) and grown in 10% fetal bovine
serum (FBS)-supplemented Dulbecco’s Modified Eagle
Medium (DMEM) containing G418. The most productive
clones, as determined by reverse transcriptase polymerase
chain reaction (RT-PCR), were selected and cultured to
obtain the MUC1-containing virus particles. Target cell
lines CT26 (murine colon carcinoma, H-2d, KCLB 8000)
and TA3HA (murine mammary carcinoma, H-2d,
CVCL_4321) were transduced with viral supernatants
in the presence of 8 μg/ml polybrene. The quantity of
G418 used was 1200 μg/ml for CT26 and TA3HA. After

being transferred to 10-mm dishes, each clone was cul-
tured under G418-containing media supplemented with
10% FBS to establish stable cell lines expressing human
MUC1, which were designated CT26-MUC1 and
TA3HA-MUC1.

MUC1 cell surface expression

Two hundred and ninety-three cells originating from
Human kidney were transiently transfected with the
pcDNA-MUC1 using lipofectamine (Life Technologies,
CA) and grown in 10% FBS-supplemented DMEM for
48 h. The cell surface expression of MUC1 was deter-
mined on both established (CT26, TA3HA) and transient-
transfected (293) MUC1-expressing cells. Moreover, 5 ×
105 cells were incubated with anti-MUC1 antibodies for
30 min at 4°C; isotype-matched antibodies were used as a
negative control. Anti-MUC1 monoclonal antibody for
the non-glycosylated backbone was purchased from
BIOMEDA (BIOMEDA, USA). After washing with
0.1% bovine serum albumin-phosphate-buffered saline
(BSA-PBS), cells were incubated with anti-mouse
fluorescence conjugates (BD Pharmingen, CA) for
30 min at 4°C. After washing with 0.1% BSA-PBS, cells
were fixed with 2% paraformaldehyde-PBS.45 Staining
was analyzed using a Coulter EPICS XL Flow Cytometer
(BD Coulter, FL).

Western blotting

Cell lysates were prepared from both established and
transient-transfected MUC1-expressing cells using lysis
buffer. Equal aliquots were resuspended with sodium do-
decyl sulfate (SDS) sample buffer and boiled for 10 min.
The supernatant was loaded on an 8% SDS gel, and the
protein was separated by electrophoresis. Molecular mass
was determined by calibration of the gels with protein
standards. When electrophoresis was completed, the pro-
teins were transferred to a nitrocellulose membrane (Bio-
Rad Laboratories, CA), and non-specific sites were blocked
with 5% non-fat powdered milk and 0.1% Tween 20 in
Tris-buffered saline (TTBS). The presence of MUC1 was
determined by immunoblotting with anti-MUC1 anti-
bodies, similar to flow cytometry, and Erk1/2 with an anti-
mouse Erk1/2 mouse antibody (Sigma, MO) was used to
control protein integrity. After completion of the primary
incubation overnight at 4°C, the membranes were washed
with TTBS and incubated with goat anti-mouse
peroxidase-labeled secondary antibody (Amersham Phar-
macia Biotech, NJ) for 1 h at 25°C. The immunoblot was
developed by the enhanced chemiluminescence method
(Amersham Pharmacia Biotech, NJ) as directed by the
manufacturer.
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Immunization

Specific pathogen-free 6-week-old female BALB/c mice
were obtained from SLC (Japan) and handled under spe-
cific pathogen-free conditions according to the guidelines
issued by the Seoul National University Animal Research
Committee. Mice were intradermally administered 100 μg
of pcDNA-MUC1 suspended in 50 μL of endotoxin-free
tris-ethylenediaminetetraacetic acid (TE; QIAGEN) into
each thigh using a 30-G insulin syringe (Becton Dickinson,
NJ) three times at 2-weeks intervals. Anesthesia was in-
duced by injecting 0.3 mL of 1:1:9 solution of Rompun
(Parke Davis, Germany), ketamine (Bayer, Germany), and
saline (RKS) intraperitoneally.

In vivo MUC1 location

The skin near the injection site was taken from immunized
mice and digested for 72 h at 56°C with 0.1 mg/mL
proteinase K in 0.1 M Tris-acetate buffer, pH 7.5, 0.2%
SDS, 5 mM ethylenediamine tetra acetic acid, and 200 mM
sodium chloride. DNA was phenol-chloroform extracted,
precipitated with 0.1 volume of isopropanol, and re-
suspended in TE buffer (pH 8.0). TheMUC1DNA location
was detected by PCR using the specific primers
GGCTCCTCGGTGACTCTAGGATGC (forward) and
CATGAATTCTGGGCTCAATTTTCTTGTCC (reverse).
To control DNA integrity, the mouse β-actin gene (codons
135–223) was amplified using the primers GGCTCCTCG
GTGACTCTAGGATGC (forward) and CATGAATTCTG
GGCTCAATTTTCT-TGTCC (reverse). PCR conditions
used were 34 cycles of 60 s at 94°C, 60 s at 55°C, and 60 s
at 72°C.

In vivo MUC1 expression

The skin near the injection site was taken from immunized
mice and lysed using a homogenizer. Total RNAs were
extracted from lysates in the presence of RNase inhibitors
according to the TRIzol reagent protocol (Molecular Re-
search Center, OH). RNAs were dissolved in diethyl py-
rocarbonate (Sigma-Aldrich, MO)-treated water. cDNA
was generated from an mRNA template using a 15-mer
poly-dT oligonucleotide (Invitrogen, CA) and superscript
reverse transcriptase enzyme (GIBCO-BRL, CA) at 37°C
for 1 h using the SuperScript Preamplification System
protocol. MUC1 gene expression was detected by PCR
using the same primers and protocols as described above.

Anti-MUC1 antibody

Serum from immunized mice was collected 5 days after the
third injection and tested for MUC1 antibody levels by
enzyme-linked immunosorbent assay (ELISA). Blood was

allowed to clot overnight at 4°C. The serum was then
removed and stored frozen at �20°C until use. The ELISA
test was performed as described elsewhere.46 Briefly,
10 μg/mL peptide (CT1-30; PDTRPAPGSTAPPAHGVTS
APDTRPAPGSTA) contained one repeat and 10 amino
acids from the next repeat of the VNTR, 1 mg/mL MUC1
fusion protein was coated in the wells of a microtiter plate,
nonspecific binding was blocked with 2% bovine serum
albumin, and serial dilutions of serum were added for 2 h at
15–22°C. After washing, goat-anti mouse Igs (Sigma–
Aldrich) were added and then rewashed, and rabbit anti-
goat IgG conjugated with horseradish peroxidase (Amer-
sham Bioscience, Sweden) was added. The reaction was
developed using a chromogen substrate kit (3,30,5,50-tet-
ramethylbenzidine solution and hydrogen peroxide; Bio-
Rad Life Sciences, CA). Absorbance was read at 450 nm
versus the reference absorbance at 620 nm using a Mul-
tiskan EX/RC (Labsystems, Finland).

Fluorescence activated cell sorting (FACS)

Cells were washed with 0.1% BSA-PBS and stained with
suitable antibodies (CD3, CD22, CD4, CD8, or CD40) in
the dark and on ice for 30 min. Cells were centrifuged twice
and washed with 0.1% BSA-PBS. Cells were detected
using the FACSCanto system (BD, NJ).

Intracellular FACS

CD3 cell surface antigen staining was performed as de-
scribed above, and cells were fixed in a 0.5 mL/tube
Fixation Buffer (BioLegend, SD) in the dark for 20 min
at room temperature and centrifuged at 350 ×g for 5 min.
The supernatant was discarded. Fixed cells were re-
suspended in Intracellular Staining Perm Wash Buffer
(BioLegend, SD) and centrifuged at 350 ×g for 5–10 min.
Fixed/permeabilized cells were resuspended in residual
Intracellular Staining Perm Wash Buffer, and 5 μl of
fluorophore-conjugated antibody of interest (interferon
[IFN]-γ or interleukin [IL]-4) was added for 20 min in the
dark at room temperature. Moreover, 2 mL of Intracellular
Staining Perm Wash Buffer was washed and centrifuged at
350 ×g for 5 min. Fixed and intracellularly labeled cells
were resuspended in 0.5 mL Cell Staining Buffer. Cells
were centrifuged twice and washed with 0.1% BSA-PBS.
The stained cells were detected using FACSCanto (BD,
NJ).

Enzyme-linked immune absorbent spot
(ELISPot) assay

The spleen, non-draining lymph nodes (LNs), and draining
LNs were extracted from mice 10 days after the third
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injection and tested for MUC1-specific cytokine-producing
lymphocytes. The enzyme-linked immune absorbent spot
(ELISpot) assay was performed, as described
elsewhere.47,48 Briefly, to assess IFN-γ secretion,
MultiScreen-IP plates (poly [vinylidene fluoride] mem-
branes, Millipore) were coated overnight at 4°C with
50 μL/well of anti-human IFN-γ or IL-4 capture antibody
(Biosource, International, Camarillo CA) diluted at 2 μg/
mL in PBS. After overnight incubation at room tempera-
ture, coated plates were washed and blocked as described
above. Effector cells (100 μL/well) were added at specified
concentrations followed by 5 × 104 target cells per well
(100 μL). After the effector and target cells were incubated
at 37°C, the plates were washed with PBS + 0.05% Tween
20 and 50 μL/well of biotinylated anti-human IFN-γ or IL-4
detecting antibody (PharMingen, San Jose, CA) diluted to
1.3 μg/mL in PBS with 1% BSA, and 0.05% Tween 20 was
added. Plates were incubated with detecting antibody for
2 h at room temperature and washed four times with PBS,
and 50 μL of streptavidin-alkaline phosphatase (Gibco
BRL Life Technologies) diluted with 1:1500 in PBS with
1% BSA was added. After 1-h incubation at room tem-
perature with streptavidin-alkaline phosphatase, the plates
were washed and the spots were visualized and enumer-
ated, as stated above.

Tumor challenge

Two weeks after the finalMUC1DNA injection, mice were
challenged subcutaneously with 5 × 104 or 5 × 105 CT26-
MUC1 cells or 1 × 105 TA3HA cells suspended in 100 μL
of PBS. Tumors were measured twice a week, and tumor
sizes (mm3) were calculated using horizontal (mm) ×
vertical (mm) × depth (mm).

Statistical analyses

The Mann–Whitney U method was used in this study.
Polynomial regression analysis of tumor size over time and
within groups showed a p value < 0.001.

Results

MUC1 is related to several types of cancers,
including breast and colorectal cancers

We first searched for MUC1 gene alteration counts to
specify what type of cancer would be effective in MUC1
DNAvaccine. From the TCGA PanCancer Atlas Studies,
which include samples from 10,953 patients,MUC1 was
identified as being modified in different types of cancers,
including hepatocellular carcinoma, endometrial carci-
noma, and non-small cell lung cancer. Colon cancer also
presented relatedness with MUC1 alteration (blue box),

and invasive breast carcinoma seems to be the type
highly related toMUC1 alteration (red box; Figure 1(a)).
We then selected samples from breast and colon cancers
with detailed subtypes. By comparing 8125 samples of
human breast cancer from 14 different studies and 3254
samples of human colon cancer from 10 different studies,
breast invasive ductal carcinoma, colon adenocarci-
noma, and colorectal adenocarcinoma primarily showed
MUC1 gene alteration. Breast invasive lobular carci-
noma also showed close relevance withMUC1 alteration
following breast invasive ductal carcinoma. Both trun-
cating and missense mutation types were observed in
colon and colorectal adenocarcinomas. Truncating mu-
tations were presented in one patient of each subtype,
and missense mutations were mainly shown in 12 pa-
tients with colorectal adenocarcinoma. The plot chart
comparing each of the breast cancer samples demon-
strated that the missense mutant type was only observed
in breast invasive ductal carcinoma. An amplification, a
mutation that increases the copy number of a specific
DNA segment (mostly in cancer cells), was observed in
breast invasive ductal carcinoma, as shown in the red
circle. Therefore, MUC1 alterations, specifically mis-
sense and amplification mutations, are identified to be
highly related to breast invasive ductal carcinoma
(Figure 1(b)).

Additionally, the relationship betweenMUC1 alteration
and human breast and colon cancers was specified among
groups of different races. Asians comprised a larger
fraction of individuals in the MUC1 unaltered group
(21.55%) than in theMUC1 altered group (8.26%), with a p
value of 5.541*10�4. The opposite tendency was observed
in African Americans; they comprised 23.14% of the al-
tered group, which is higher than their proportion in the
unaltered group (14.06%) (Figure 1(c)).

Finally, the prognostic value of MUC1 expression has
been reported by the PrognoScan database. In the present
study based on microarray data, increased expression of
MUC1 mRNAwas significantly associated with decreased
overall survival (OS), disease-free survival (DFS), and
disease-specific survival (DSS) in breast cancer. The OS
tendency was similar in the high and low groups in colon
cancer. However, the DFS and DSS plots showed that the
group with high MUC1 expression had a lower survival
rate (Figure 1(d)). Therefore, MUC1 gene alteration ap-
pears to be related to several types of human cancers,
including breast and colon cancers, and further experiments
were conducted to examine the effectiveness of the MUC1
DNA vaccine.

In vitro MUC1 expression

The presence of DNA inserts for MUC1 cDNA (N- and C-
termini and 42 tandem repeats) was confirmed from both

Son et al. 5



Figure 1. TCGA PanCancer Atlas Studies with minimal total count set as 200. (a) Samples from 10,953 patients from the TCGA
PanCancer Atlas Studies were used. The data contain invasive breast carcinoma, non-small cell lung cancer, endometrial carcinoma,
hepatocellular carcinoma, prostate carcinoma, and colorectal adenocarcinoma. (b) Log scale value of mutation count was classified into
several subtypes. The circle indicates which type of mutation occurred in each sample (green for missense and red for amplification). (c)
The number of samples was divided into groups of different races such as American Indian, Alaska native, Asian, African American, and
White. (d) Prognostic significance ofMUC1 gene expression in patients with breast and colorectal cancer (OS, DFS, and DSS time in the
PrognoScan database). OS, overall survival; DFS, disease-free survival; DSS, disease-specific survival; HR, hazard ratio.
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pcDNA-MUC1 and PLXIN-MUC1 vectors by restriction
enzyme mapping and sequencing (data not shown). Their
schematic diagrams are illustrated in Figure 2. MUC1 was
expressed on the cell surface of 293 cells after transient
transfection with pcDNA-MUC1 and either the CT26 or
TA3HA clone with transduced PLXIN-MUC1 (Figure 3(a)).
To examine the expression pattern, we used an anti-
endomysial antibody against the protein backbone. Flow
cytometry results showed that MUC-1 was expressed as a
glycosylated protein on all cell surfaces. We also performed
immunoblotting to characterize MUC1 and compare it with
the naturally expressed form using antibodies similar to that
used in flow cytometry.We used protein extracts fromMCF7
human breast cancer cells (lane 5) and MUC1 fusion protein
comprising 5-VNTR repeats (lane 6) as positive controls. As
presented in Figure 3(b), MUC1 expressed by pcDNA-
MUC1 or by PLXIN-MUC1 was a single band of ap-
proximately 200 kDa, indicating a homogeneous glyco-
sylation pattern. They comprised VNTR and non-VNTR,
which were similar to naturally expressed human MUC1 on
MCF7. The extracts from 293-pcDNA3.1 and CT26-PLXIN
served as negative controls (lanes 1 and 3), with no bands
being shown.

In vivo MUC1 location and expression

Female 6-week-old BALB/c mice were intradermally in-
jected with 200 μg, 100 μg in each thigh, of pcDNA-MUC1
or pcDNA3.1. At the designated times, immunized mice
were sacrificed, and the total DNAwas extracted from the
skin, including the injection site, and used for PCR to locate
MUC1DNA.MUC1DNAwas detected over 2 weeks post-
vaccination (Figure 4(a)). We also evaluated MUC1 gene
expression using RT-PCR, and the total RNA extracted
from the injection site was used as a template. MUC1 RNA
was also detected over 2 weeks post-vaccination (Figure
4(b)). These results suggest that injected DNA is present
and expressed over 2 weeks after being transfected in vivo.

Immune cell repertoire

Immune cells were prepared in the spleen, mesenteric LNs,
non-draining LNs, and draining LNs from immunized
mice. The immune cells were stained with CD3 for T cells,
CD22 for B cells, CD8 or CD4 for CD3 subsets, or CD40
for activated T cells, especially CD4 T cells. CD3-positive
T cells were dominant in MUC-1-immunized draining LN
cells, especially CD8-positive cytotoxic T cells (Figure

Figure 1. Continued.
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Figure 3. In vitro expression of MUC1. (a) Flow cytometric analysis of MUC1 cell surface expression on 293 MUC1-transiently
transfected cells and MUC1-transduced CT26 or TA3HA cell lines. (b) Western blotting. Protein was extracted from 293 MUC1-
transiently transfected cells and MUC1-transduced CT26 cell lines; they were immunoblotted for the presence of MUC1. Lysates from
MCF7 cell lines (1ane 5) and mock vector-transfected, or -transduced cells (1anes 1 and 3) served as the positive and negative controls,
respectively.

Figure 2. Schematic diagram for MUC1 constructs. (a) pcDNA3.0-MUC1 (pcDNA-MUC1). Human MUC1 was sub-cloned from the
APR-MUC1 cloning vector into the pcDNA3.0 expression vector (Invitrogen), which was controlled using a CMV promoter, which
also contains a neomycin resistance gene under the control of a SV40 promoter. (b) PLXIN-MUC1. HumanMUC1was sub-cloned from
the APR-MUC1 cloning vector into the PLXIN retroviral vector (Invitrogen), which was controlled using a 50 LTR promoter, which also
contains a neomycin resistance gene under the control of an IRES promoter.
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5(a)). Draining LN cells were restimulated with PMA/
ionomycin to detect T cell activation (Figure 5(b)). The
CD3 portion was high in MUC-1-immunized mice
draining LN cells, and CD40+CD4 T cells were high in
MUC-1-immunized mice draining LN cells, suggesting
that MUC-1 immunization induces Th1-dependent
immunity.

These effects were also monitored in tumor-bearing
mice draining LNs 30 days after tumor inoculation
(Figure 6). In the MUC-1-immunized group, CD3-positive
T cells were dominant, especially CD8 T cells. However,
Mac1 was high in the pcDNA-immunized group, implying
the presence of suppressive monocytes.

This result confirms that MUC-1 immunization induces
T cell-dependent immunity, especially CD8 cytotoxic T
cells.

Immune responses to MUC1

To determine MUC1-specific T cell response, we used
intracellular FACS and ELISpot assay. Two weeks post-
vaccination, the spleen, non-draining LNs, and draining
LNs were extracted from the immunized mice, and lym-
phocytes were restimulated in vitro for 48 h with CT26 or
CT26-MUC1. INF-γ-positive cells were detected in the
spleen immunized with MUC1 DNA, but IL-4-positive
cells were detected in the spleen immunized with pcDNA
(Figure 7(a)). Moreover, draining LN cells were stimulated
with PMA/ionomycin, and INF-γ�positive CD8 T cells
were detected in the MUC1 DNA-immunized group
(Figure 7(b)). In the ELISpot assay, an image of the spots
was captured; subsequently, the intensity of spots in each

well was counted (Figure 8(a)). As a result, CD8+ IFN-γ
spots were high in the spleen and LN cells from NIS-
immunized mice, but there was no difference in IL-4 levels.

In addition, mice were eye-bled 1-week post-
immunization, and serum samples drawn were assayed
for anti-MUC1 antibodies using ELISA plates coated with
a synthetic peptide corresponding to the MUC1 tandem
repeats (Figure 8(b)). The levels of anti-MUC1 antibody
were higher compared with those of the sera from
pcDNA3.0-immunized mice, which did not show any
reactivity.

Taken together, immunization with pcDNA-MUC1
induced either MUC1-specific Th1 immune response or
humoral response (high IFN-γ secreting T cells and high
Igs).

Tumor growth

BALB/c mice were intradermally immunized three times at
2-weeks intervals with plasmid DNA, pcDNA-MUC1, or
pcDNA3.1. Immunized mice were challenged with MUC1
expressing tumor cells to examine an induction of immune
response following DNAvaccination. Moreover, 5 × 104 or
5 × 105 CT26-MUC1 cells or 1 × 105 TA3HA-MUC1 cells
were inoculated into mice 2 weeks post-final vaccination.
We examined tumor growth; it was calculated twice a week
after tumor inoculation (Figure 9(a) [CT26-MUC1 cells],
Figure 9(b) [TA3HA-MUC1 cells]). All mice in the
pcDNA3.0 DNA-immunized group developed large intra-
abdominal masses of tumor but not those in the pcDNA-
MUC1-immunized mice group. The rate of tumor growth
in pcDNA-MUC1-immunized mice was also significantly
lower than that observed in the control mice (p < 0.001).

These results suggest that in the control vaccines,
pcDNA3.0 exhibited no inhibitory effect on the growth of
the primary tumor. However, pcDNA-MUC1 DNA vac-
cination inhibited the rate of tumor growth.

Discussion

In this study, we provided evidence for the im-
munopotency, especially tumor infiltration capacity, of a
MUC1 DNA vaccine against cancer.

Despite various attempts to kill cancer targeting MUC1
antigens, most were not effective. In this study, we focused
on the following points: (1) peptide or protein MUC1
vaccines resulted in ineffective humoral immunity, al-
though they were modulated to be more immunogenic,11–13

and (2) heterogeneous glycosylation patterns induced
relatively low potency of tumor immunity as they stimu-
lated multiple T cell epitopes at once.18 To solve these, the
vaccine, pcDNA-MUC1, was designed to upregulate im-
mune potency using a natural form of MUC1 (a) ex-
pressing a whole protein containing 42 tandem repeats and

Figure 4. In vivo expression of MUC1 DNA. DNA immunized
lingual skin was prepared and DNA or RNA was extracted.
MUC-1 existence was monitored in DNA PCR (a), and the gene
expression was monitored in RT-PCR (b).
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Figure 6. Immune cell population after tumor inoculation. Thirty days after tumor inoculation in MUC1 immunized mice, draining LN
cells were prepared and subpopulations were monitored. CD3 for T cells; CD22 for B cells; CD4 or CD8 for T cells; and CD3-Mac1+

cells for immunosuppressive cells.

Figure 5. Immune cell population after triple immunization. One week after final immunization, spleen, draining LN, non-draining LN,
and mesenteric LN cells were prepared. (a) T and B cell population, and CD4 and CD8 portions were determined, (b) PMA/ionomycin
stimulated draining LN cells were discriminated from CD40 positive CD4 T cells.
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N- and C-termini, derived from a pancreatic tumor; (b)
expressing an underglycosylated protein; and (c) stimulating
an effective adaptive immune response in vivo to kill cancer.

It has previously been shown that the lower-molecular-
weight range refers to the early intermediate non-
glycosylated form of mucin produced during

Figure 7. Immune cell activation. Intracellular FACS (IFN-g or IL-4) in spleen, draining LN, or non-draining LN cells prepared 1 week
after final immunization. (a) pcDNA or MUC1 DNA restimulation and (b) PMA/ionomycin restimulation.

Figure 8. MUC-1 specific immunity. MUC-1 specific immunity was monitored 1 week after triple immunization. (a) ELISPOT (IFN-g or
IL-4) in spleen, draining LN, or non-draining LN cells and (b) MUC-1 specific humoral immunity.
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biosynthesis, and the lower band refers to the protein after
cleavage of a 20-amino acid signal peptide.18 The fully
glycosylated protein of 22 tandem repeats showed an
apparent mass of >200 kDa,49 and the underglycosylated
form appeared in malignant cancers.8 As seen in Figure 3,
the expression of MUC1 was likely to be an under-
glycosylated malignant form; it was a single peptide of
approximately 400 kDa, advantageous for its use as a
cancer vaccine. In addition, mRNA corresponding to
MUC1 was detected in mice immunized withMUC1 DNA
(Figure 4).

In the analysis of the ability of theMUC1 plasmid vector
to inhibit the growth of xenografted MUC1 transducing
cancer cells, tumors in pcDNA-MUC1-immunized mice
grew significantly more slowly than the tumors observed in
animals immunized with the control vector (Figure 9). Our
observations indicate that three intradermal injections of
MUC1 cDNA suppress the development of MUC1 ex-
pressing cancer cells in BALB/c mice and this occurs in an
MUC1-specific manner. These results are significant, as
MUC1 is a major carcinoma-associated antigen that is
known to induce immune responses in many patients with
epithelial cancer.

DNA vaccination by intradermal injection has widely
been shown to elicit immune responses against translated
polypeptides.50–52 In line with this, we found that MUC1
DNA vaccination results in the production of antibodies
that are reactive with a synthetic MUC1 peptide, a highly
glycosylated MUC1 protein purified from human milk,
and CT26-MUC1 cells (Figure 8(b); data not shown). It
was evident from our results that humoral immune re-
sponses specific for MUC1 were induced. It is

hypothesized that when plasmid DNA is intradermally
injected, keratinocytes or dermal DCs transcribe the
DNA.53–56 The antibodies generated by MUC1 DNA
vaccination imply that antibody class switching had
occurred, indicating that the MUC1 DNA vaccine also
primes CD4+ T cells, which mediate such class switches.
To confirm this, we also confirmed the cytokine repertoire
through intracellular FACS (Figure 7) using lymphocytes
from the spleen, draining LNs, non-draining LNs, and
ELISpot (Figure 8(a)) from draining LNs after MUC1
DNA vaccination. Intradermal injection of MUC1 DNA
initiated predominantly IFN-γ-producing T cells. To as-
sess whether this Th1-type dominant phenomenon is also
effective in tumor regression, splenocytes were prepared
at 1-month post-tumor inoculation and used for FACS. At
that time, when CD8+ T cells were dominant, immuno-
suppressive Mac1 cells were not in the MUC1-
immunized group.

A single transfer of restimulated bone marrow cells from
patients with breast cancer caused regression of xeno-
grafted autologous tumors in NOD/SCID mice.57 Such a
phenomenon has also been observed in MUC1 transgenic
mice, in which MUC1 specific T cells were effective in
controlling mammary gland and melanoma tumors.
However, human cancer cells have their own low-level
humoral and cellular immune reactions to several antigens
including MUC1.58 As this kind of native response makes
it difficult to eradicate tumors through DNA vaccines,
further experiments devising strategies to obtain effective
immune responses are needed.

In conclusion, we constructed a novel MUC1 DNA
vaccine expressing a whole protein with 42 tandem

Figure 9. Tumor growth. Mean tumor volume after tumor engraftment in animals immunized with pcDNA-MUC1 or pcDNA3.0. Mice
were inoculated with (a) 5×104 or 5×105 CT26-MUC1 tumor cells or (b) 5×105 TA3HA-MUC1 tumor cells, 2 weeks post-final
immunization. We used more than 6 mice per group.
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repeats for cancer prevention. Our vaccine, pcDNA-
MUC1, inhibited the growth of MUC1 expressing can-
cer in BALB/c mice, which was in line with Th1 immune
response. Moreover, CD8-positive T cell infiltration is
important in killing tumors. Future experiments are
planned to engineer vaccines to improve the efficacy of
tumor immunity.

Conclusion

In this study, the immunopotency of the tumor infiltration
capacity of a MUC1 DNAvaccine against cancers has been
shown. After constructing a MUC1 DNA vaccine ex-
pressing a whole protein of 42 tandem repeats, injecting
pcDNA-MUC1 inhibited the growth of MUC1 expressing
cancer in BALB/c mice, which was in line with Th1 im-
mune response. Further study regarding CD8-positive T
cell infiltration will enhance the effectiveness of the vac-
cine against cancer.
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