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Antitumor Effect of Double Immunization of Mice
with Mucin 1 and its Coding DNA
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Abstract. Objective: To evaluate the antitumor effect of mouse
immunization with human mucin 1 gene (muc 1) DNA plasmids
combined with simultaneous injections of human mucin 1
(MUC1) protein. Materials and Methods: MUC1 DNA was
cloned in pBK-CMV to prepare DNA plasmids and in
pET22b(+) to produce proteins. Three strains of mice,
immunized with DNA or DNA plus MUC 1, were inoculated with
tumor cells obtained from spontaneous tumors. IgG,,, production,
MUC -specific IFN-y-producing CD8* T cells, tumor growth and
mouse survival were monitored. Results: Only immunization with
DNA plus proteins induced IgG,, and intracellular IFN-y
production by CD8* T cells in the strains tested. DNA plus
protein immunization induced a better mouse survival in
comparison with the DNA groups. However, all immunized mice
invariably developed tumors. Conclusion: Immunization with
DNA plus proteins induced a better protection from tumor growth
than immunization with naked DNA. However, the efficacy of
immunization with MUC1-based antigens remains low.

Although the immune system can clearly recognize cancer
cells, there is little evidence that it does so to any effective
consequence in patients with advanced breast cancer. Human
mucin 1 (MUCI) is an epithelial mucin glycoprotein that is
overexpressed in 90% of all adenocarcinomas including
breast, lung, pancreas, prostate, stomach, colon and ovary,
making MUCI an attractive target for immune intervention.
Low-level cellular and humoral immune responses to MUC1
have been observed in patients with solid adenocarcinomas,

Correspondence to: E.V. Svirshchevskaya, Ph.D., Shemyakin and
Ovchinnikov Institute of Bioorganic Chemistry, RAS, Miklukho-
Maklaya St, 16/10, Moscow, 117997, Russian Federation. Tel: 095-
330-4011, Fax: 095-335-7103, e-mail: esvir@mail.ibch.ru

Key Words: DNA immunization, cellular response, mouse models
of breast cancer, MUCI, spontaneous tumors.

0250-7005/2005 $2.00+.40

however, they are not sufficiently strong to eradicate the
growing tumor. Different approaches have been suggested to
improve the immunization efficacy of MUCI1-based vaccines
such as a vaccine formulation comprised of liposomal-MUC1
lipopeptide and human recombinant interleukin-2 (IL2); a
novel breast cancer vaccine, Bacillus Calmette-Guerin
(BCG)-hIL2MUCI; immunization with fused DC and
MUCT-positive tumor cells (FC/MUC1); live recombinant
vaccinia virus expressing the human mucl and IL2 genes
(TG1031) (1, 2). Most research demonstrated only a partial
effect of MUCI immunization in inducing cellular immunity.
Another approach to immunotherapy for breast cancer is
focused on the induction of antibodies to MUCIL. It was
shown that vaccination of breast cancer patients in remission
with MUC1-keyhole limpet hemocyanin (KLH) conjugate
induced high titers of IgM and IgG antibodies specific to
MUC1 (3). However, there was no evidence of T cell
activation in these patients. These results are also supported
in mouse models. Mice immunized with liposomal-MUC1
lipopeptide and human recombinant IL2 developed T cells
that expressed intracellular IFN-y, and demonstrated a
cytotoxic effect against MUC1-expressing tumor cells in vitro.
However, the presence of MUCl-specific CTL did not
translate into a clinical response as measured by time of
tumor onset, tumor burden and survival (1).

In this work, we tried to induce an adaptive immune
response to MUCI, using a protocol of immunization which
ensured antigen presentation by two pathways associated
with the activation of both humoral (CD4%) and cellular
(CD8™) responses specific to MUCI.

Materials and Methods

Animals. Six-month-old BALB/cJCitMoise mice (hereafter, B/c),
CBRB-Rb(8.17)1lem (CBRB) and BYRB-Rb(8.17)1lem (BYRB)
mice bred at the Institute of Bioorganic Chemistry, Animal
Department, Moscow, were used in this study (4). The protocol for
the experimental animals was approved by the institutional committee.
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Antigens. MUC1 coding DNA and protein fragments
corresponding to exons 234 and 456 of the mucl gene were used
in this work. Total RNA was isolated from B/c homogenized
mammary carcinoma using a standard method (5). Coding DNA
was used as a template in polymerase chain reaction with a set of
muc1-specific primers designed to include BamHI and Xhol sites.
Both fragments were cloned into BamHI and Xhol sites of the
pET22b(+) (Novagen, San Diego, USA) vector, according to the
manufacturer’s instructions. Plasmids used for immunization of
mice were prepared using the Wizard Plus Minipreps DNA
Purification System (Promega, Madison, USA). The bacterial
expression of the mucl gene fragments MUC234 and MUC456
was fulfilled in E. coli BL-21 strain, using a standard method (6).
Recombinant MUCI1 proteins were isolated by Ni-
chromatography (Invitrogen, Carlsbad, CA, USA), according to
the manufacturer’s instructions.

Animal experiments. B/c, CBRB and BYRB females were used as
mammary carcinoma donors, while males of the same background
were used as tumor recipients. Intact male mice from group 1 (3
per group of each strain) were immunized twice, with a one-week
interval, by subcutaneous (s.c.) injection at the base of the tail
with 5 ug of each: plasmids muc234, muc456, proteins MUC234
and MUC456 in 100 pl of sterile water. The second group (3 per
group of each strain) was immunized with the same dose of DNA
(muc234 and muc456) only. The antigens were dissolved in sterile
water and gently admixed with an equal volume of Gerbu LQ
adjuvant (Gerbu Biochemicals, Gaiberg, Germany). Control
groups (4 mice per group of each strain) were treated with the
adjuvant dissolved in water. The experiments with the B/c mice
were repeated three times, with CBRB mice twice and with
BYRB mice only once. The number of mice per group was always
3-5. A comparison of the effect of immunization between
different strains of mice was made. Tumor suspensions were
prepared as described earlier (7). One million tumor cells were
inoculated into the right upper flank of mice in 200 upl of
phosphate-buffered saline (PBS). The size of the tumors was
measured in three dimensions by calipers and a mean diameter
was calculated, as described earlier (7). The mouse survival was
monitored twice a week.

ELISA. Antigen-specific I1gG; and IgG,, were determined,
according to the manufacturer’s instructions (Pharmingen) using
biotinylated isotype-specific anti-mouse antibody and ExtrAvidin-
conjugated horseradish peroxidase (HRP) (Sigma, Moscow,
Russian Federation).

Intracellular cytokine staining. Spleen cells depleted from
erythrocytes were cultured at 37°C and 5% CO, overnight in
complete RPMI-1640 medium (Sigma) with 10% fetal calf serum
(BioClot Ltd., Germany), L-glutamine and antibiotics (Sigma), in
the presence of a mixture of MUC234 and MUC456 at 5 ug/ml of
each. Brefeldin A (Sigma) (50 ug/ml) was then added and the
cells were incubated for a further 6 h. The cells were stained with
rat anti-mouse CD4 or CD8 Mab (Caltag, San Francisco, CA,
USA) in PBS with 1% bovine serum albumin and 0.05% NaNj
(PBAN) for 1 h, then washed in PBAN and blocked for 30 min
with 10% of normal mouse serum in PBAN to prevent FcR
binding. Afterwards, the cells were fixed in 1% paraformaldehyde
prepared in PBAN for 1 h at room temperature. Permeabilization
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was fulfilled by freshly prepared 0.2% saponin (Sigma) in PBAN
(saponin buffer). After washing, the cells were incubated with
anti-IFN-y-phycoerythrin (PE) mouse antibodies in saponin
buffer for 2 h at 4°C. Isotype controls included a mixture of
mouse IgG; and IgG,, labelled with FITC and PE. Afterwards,
the cells were washed in PBS with 1 mM EDTA and transferred
into FACS tubes.

Flow cytometry. To identify CD4+- and CD8*-producing IFN-y
splenocytes, cell surface molecules were labelled with antibodies
and analyzed by flow cytometry using FACScan (Becton
Dickinson, Franklin Lakes, NJ, USA) and CELLQuest software.
Live lymphocytes were gated using a two-dimensional display of
a mixture of anti-CD3-fluorescein isothiocyanate (FITC) and
anti-B220-FITC antibody fluorescence vs. side scatter. The
following Mabs were used for flow cytometry: anti-CD4-FITC,
anti-CDS8-FITC, anti-IFN-y-phycoerythrin (PE) and isotype
control Abs (Caltag).

Statistics. The Student’s r-test was used to determine the difference
between Abs levels, the number of IFN-y-producing T cells and
tumor size. Mouse survival was compared by the nonparametric
Mann-Whitney test, because of the low number of mice per group.

Results

Induction of humoral response to MUCI. Mice were
immunized either with plasmids only (DNA groups) or by a
combination of DNA (muc234 and muc456) and protein
antigens (MUC234 and MUC456). Immunization with DNA
induced a Th1/Th2 response associated with IgG; and IgG,,
production in B/c mice only (Figure 1). On the contrary,
immunization with DNA plus proteins induced a well-
shaped Th1 response in CBRB and BYRB mice visualized
only by IgG,, production, while Th2-associated IgG;, as
well as IgG,,, were produced by B/c mice.

Induction of cellular response to MUCI. The cellular
response, induced by MUCI1 immunization, was estimated by
IFN-y intracellular expression in CD4* and CD8" T cells.
Induction of MUCI-specific IFN-y production was fulfilled
by in vitro stimulation of splenocytes from immunized mice
with MUCI1 proteins. The results presented are calculated
from 3 separate experiments (total 9 to 12 animals per
group) as they were highly reproducible. The highest level of
IFN-y expression was found in mice immunized with DNA
and MUCI fragments (Figure 2). Among CD8* T cells,
from 4.3 to 4.8% increased IFN-y production when
stimulated in vitro with MUCI (Table I). Among the total
number of cells, from 0.8 (CBRB) to 1.3% (B/c) of CD8* T
cells were MUC-specific (data for B/c are shown in Figure
2). Spontaneous IFN-y production was higher both in the
DNA- and DNA plus proteins-immunized groups than in the
control groups (Table I). An increased number of CD4* T
cells in B/c, but not CBRB, mice also expressed IFN-y when
stimulated with MUCI in vitro (Figure 2).
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Figure 1. IgG; (a and c) or IgG,, (b and d) antibody production in B/c, BYRB and CBRB mice immunized either with plasmids (a and b) or plasmids
plus proteins (c and d). Sera were collected a week after the second immunization.

Protective effect of MUCI immunization. There was no
significant difference in the tumor sizes in the CBRB and
BYRB models, while the tumors grew a little quicker in the
B/c mice immunized groups (data not shown). However, the
mice immunized with DNA plus proteins showed a tendency
to a better survival in comparison with the control groups in
all strains studied (Figure 3). Unexpectedly, the B/c and
CBRB mice immunized with DNA died earlier than the
controls, while no difference was found in the BYRB strain.
The difference in both the decreased survival in the DNA-
immunized group and improved survival in the DNA plus
proteins group in comparison with controls was not
statistically significant for individual strains, possibly due to
the low number of mice per group. However, when mice from
different strains were pooled, the results demonstrated a
statistically significant difference estimated by Mann-Whitney
statistics: p=0.048 for DNA versus control group and p=0.045

for DNA plus proteins versus controls (Figure 4). The
difference between the DNA- and DNA plus proteins-
immunized groups was also significant by ¢-test (p=0.037).

Discussion

This induction of an adaptive immune response targeting
tumor cells involves intensive immunization by tumor-
associated antigens. The role of B cells and antibody
responses in antitumor defense is questionable in
experimental models, in spite of their usage in clinics (8).
On the contrary, the induction of cellular adaptive immunity
looks more promising for the production of anticancer
vaccines. Indeed, many papers demonstrate a better effect
of DNA-based approaches for tumor therapy (9). However,
their clinical relevance is not much higher than for antibody-
inducing protocols (3).
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Table 1. Spontaneous and antigen-induced intracellular expression of
IFN-y by CD4+ and CD8* T cells from spleens of B/c and CBRB mice
immunized with DNA (muc234 and muc 456) or DNA and proteins
(MUC234 and MUC456).

Immunization  CD4* T cells CD8* T cells
Spontaneous ~ MUCI14  Spontaneous MUC1
B/c % among CD4* T cells % among CD8* T cells
Control 2.81+0.80¢  1.62+0.17 3.80%+1.31 3.47+1.02
DNA2 1.73+0.15 2.56+0.82 5.91+2.84 7.73+2.37
(+0.8)¢ (+1.8)
DNA+ 3.05+1.25 4.62x1.15 10.61x2.51 14.92+3.35
proteinsP (+1.6) (+4.3)
CBRB
Control 2.73x1.15 2.97+0.95 4.43%+2.19 4.80+2.85
DNA 10.91+3.66 5.67x2.57 11.60+4.15 12.27+3.74
DNA+ 7.72%2.25 6.63+3.15 9.32+3.33 14.19%4.15
proteins (+4.8)

aMice were immunized with 5 ug of each muc234 and muc 456
plasmids in Gerbu adjuvant twice with a one-week interval. Tumor cells
were inoculated a week after the last immunization. IFN-y production
was analyzed a month after tumor inoculation.

bMice were immunized by a combination of 5 ug of each DNA and 5
ug of each protein MUC234 and MUC456.

CAverage and standard deviation represent percentage of PE-positive
cells among either CD4 or CD8 cells. The cut-off level was estimated
using isotype control Abs. The data are calculated for 3 experiments
conducted for B/c mice (in total 10 mice per group) and 2 experiments
conducted for CBRB mice (in total 7 mice per group). The data for 12
and 8 mice are shown for corresponding control groups.

dSplenocytes from immunized or control mice were stimulated in vitro
with 5 png of each MUC234 and MUC456 overnight.

CStatistically relevant (p<0.05) increase in stimulated cultures is shown
in bold in brackets.

positive cells among all live cells is shown
in the quadrants.

107 10°

CDa-FITC

To study the effect of anticancer vaccines and drugs,
different in vivo and in vitro models are used. The results
obtained in these models can not always be transferred into
clinical practice for different reasons. For example, mouse
models of breast cancer only partially resemble human
pathology, although many features of breast carcinogenesis
in humans can also be found in mice (7). The advantage of
our approach was the simultaneous use of different strains
of mice. In our collection, there are several strains with
either a high incidence of spontaneous mammary
carcinomas (CBRB, BLRB, BYRB) or strains where
carcinomas can be easily obtained by in vivo passage (B/c,
A/Sn). The results obtained in genetically different mice
permit the separate analysis of the effects of vaccination and
genetic variability.

We demonstrated that immunization of mice of three
different strains with both MUCI1 and its coding DNA
against mammary carcinoma does induce a slightly better
survival, especially when compared with DNA-immunized
groups. However, all immunized mice invariably developed
tumors with the same kinetics as the control animals. These
results are in agreement with results obtained by Mukherjee
et al. (1), where a MUCI-specific cellular response was
induced. However, the presence of MUCl1-specific CTL did
not translate into a clinical response as measured by time of
tumor onset, tumor burden and survival. On the other hand,
our results are not in agreement with another publication
by Johnen et al. (9), where MUCI1 immunization was highly
protective. The difference between the results is related to
the mouse model in which the effect of MUCI
immunization was studied. Both Mukherjee et al. and our
group used mouse breast cancer models that demonstrate
peripheral and central tolerance to MUCI and develop
spontaneous tumors of the mammary gland. On the
contrary, the tumor cell line MC38, expressing human
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Figure 3. Survival of B/c (a), CBRB (b) and BYRB (c) mice, immunized
either with mucl DNA or DNA and MUCI proteins (DNA +protein), after
tumor inoculation. No statistically significant difference was found between
groups, probably due to the low number of animals per group (3-4).

MUCI, was used in the work published by Johnen et al.
Even minor genetic differences can help the immune system
to mount an antitumor response. That is why care in the
choice of the model should be taken when different
protocols or drugs are tested.

The low antitumor effect of the MUC1 immunization
could be a result of the inability of effector cells to migrate
to the initial site of tumor growth due to the lack of danger
signals, such as the chemokine gradient, or adhesion
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Figure 5. Survival of pooled groups of mice (B/c, CBRB and BYRB),
immunized with DNA or DNA+proteins. Due to the increased number of
mice per group (9 in immune groups and 12 in a control group), a
statistical difference was found using nonparametric methods between the
immunized and control groups. The probability of coincidence between
the DNA-immunized group and control is shown with one asterisk and
between the DNA+protein group and control, with two asterisks. The
difference between the DNA- and DNA +proteins-immunized groups was
statistically significant using the t-test (p=0.037).

molecules, such as selectins, ICAM and VCAM. Another
reason for the low efficacy of immunization could be
connected to MHC class I loss by the breast carcinoma cells
in our models. Finally, effector cells, stimulated without
sufficient signals from APC, can quickly become anergic
(10). Taken together, it can be concluded that the induction
of even both humoral and cellular adaptive immune
responses to a single tumor-associated protein antigen
(mucin 1) only slightly improves the survival of mice. Some
other immune mechanisms should be activated to protect
mice from carcinoma growth from the very early stages.

Acknowledgements

This publication was made possible by grant 02-04-48726 from the
Russian Foundation for Basic Research and was supported within
the RAS Fundamental Research Program "Molecular and Cellular
Biology".

References
1 Mukherjee P, Madsen CS, Ginardi AR, Tinder TL, Jacobs F,
Parker J, Agrawal B, Longenecker BM and Gendler SJ: Mucin

1-specific immunotherapy in a mouse model of spontaneous
breast cancer. J Immunother 26(1): 47-62, 2003.

3897



ANTICANCER RESEARCH 25: 3893-3898 (2005)

Pecher G, Haring A, Kaiser L and Thiel E: Mucin gene
(MUCT1) transfected dendritic cells as vaccine: results of a
phase I/II clinical trial. Cancer Immunol Immunother 51(11-
12): 669-673, 2002.

Gilewski T, Adluri S, Ragupathi G, Zhang S, Yao TJ, Panageas
K, Moynahan M, Houghton A, Norton L and Livingston PO:
Vaccination of high-risk breast cancer patients with mucin-1
(MUCT) keyhole limpet hemocyanin conjugate plus QS-21. Clin
Cancer Res 6(5): 1693-1701, 2000.

Festing MFW: Inbred strains of mice. Mouse Genome
Informatics, The Jackson Laboratory, Bar Harbor, Maine.
World Wide Web 1999. (URL: http://www.informatics.jax.
org/external/festing/mouse/docs/CBRB.shtml).

Sambrook J, Fritsch EF and Maniatis T: Molecular Cloning, A
Laboratory Manual, 2nd edition, Cold Spring Harbor
Laboratory Press, NY, pp. 7.6-7.9, 1989.

PET System Manual, 10th edition, pp. 42, 48. http://www.takara-
bio.co.jp/goods/catalog/pdf/petsys.pdf

Vodovozova EL, Moiseeva EV, Grechko GK, Gayenko GP,
Nifant’ev NE, Bovin NV and Molotkovsky JG: Antitumour
activity of cytotoxic liposomes equipped with selectin ligand
SiaLe(X), in a mouse mammary adenocarcinoma model. Eur J
Cancer 36(7): 942-949, 2000.

3898

Lindencrona JA, Preiss S, Kammertoens T, Schuler T,
Piechocki M, Wei WZ, Seliger B, Blankenstein T and Kiessling
R: CD4+ T cell-mediated HER-2/neu-specific tumor rejection
in the absence of B cells. Int J Cancer 109(2): 259-264, 2004.
Johnen H, Kulbe H and Pecher G: Long-term tumor growth
suppression in mice immunized with naked DNA of the human
tumor antigen mucin (MUCI). Cancer Immunol Immunother
50(7): 356-360, 2001.

10 Blohm U, Roth E, Brommer K, Dumrese T, Rosenthal FM and

Pircher H: Lack of effector cell function and altered tetramer
binding of tumor-infiltrating lymphocytes. J Immunol 769(10):
5522-5530, 2002.

Received June 29, 2005
Accepted July 27, 2005



