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ABSTRACT Immunological unresponsiveness estab-
lished by the elimination or anergy of self-reactive lymphocyte
clones is of importance to immunization against tumor-
associated antigens. In this study, we have investigated in-
duction of immunity against the human MUC1 carcinoma-
associated antigen in MUCI1 transgenic mice unresponsive to
MUCI1 antigen. Immunization of adult MUC1 transgenic mice
with irradiated MUC1-positive tumor cells was unsuccessful
in reversing unresponsiveness to MUC1. By contrast, fusions
of dendritic cells with MUC1-positive tumor cells induced
cellular and humoral immunity against MUC1. Immunization
with the dendritic cell fusions that express MUCI resulted in
the rejection of established metastases and no apparent
autoimmunity against normal tissues. These findings demon-
strate that unresponsiveness to the MUC1 tumor-associated
antigen is reversible by immunization with heterokaryons of
dendritic cells and MUC1-positive carcinoma cells.

The human DF3/MUCTI glycoprotein is overexpressed and
aberrantly glycosylated in breast and other carcinomas (1-4).
The finding that lymphocytes from certain patients with
carcinomas recognize and lyse MUCI-positive tumor cells (5,
6) has suggested that this antigen is a potential target for
anticancer vaccines. Whereas MUCI is expressed on the apical
borders of normal epithelium (1-3) and unresponsiveness to
self-antigens is an obstacle to the development of antitumor
immunity, MUCI transgenic (MUCL1.Tg) mice provide a
potential model to assess the induction of anti-MUC1 immune
responses. In this context, MUC1.Tg C57BL6 mice express
MUCI in a pattern and at a level similar to that found in
humans (7). Significantly, the MUC1.Tg mice are tolerant to
stimulation by MUCI antigen (7).

Dendritic cells (DC) are potent antigen-presenting cells (8)
that sensitize CD4" T cells to specific antigens in a major
histocompatibility complex-restricted manner (9, 10) and gen-
erate antigen-specific cytotoxic T lymphocytes (CTLs) from
naive T cells in vitro (11, 12). Moreover, DCs are the only
antigen-presenting cells known to prime naive CTLs and to
induce antigen-specific CTLs in vivo (13). DCs pulsed with
tumor antigens or synthetic peptides derived from such anti-
gens have been effective as vaccines in the induction of CTL
responses and antitumor activity (14-17). Other studies have
demonstrated that transduction of DC with recombinant viral
vectors expressing tumor antigens generates vaccines that
induce antigen-specific antitumor immune responses (18-20).
Fusions resulting in heterokaryons of DC and carcinoma cells
as vaccines have provided an alternative strategy for inducing
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immunity against both known and unidentified tumor antigens
(21).

The present studies demonstrate that MUC1.Tg mice re-
spond to fusions of DC and MUC1-positive MC-38 carcinoma
cells with induction of anti-MUC1 immunity. The findings
demonstrate that a DC fusion cell vaccine can reverse unre-
sponsiveness to a tumor-associated antigen and induce the
rejection of established metastases.

MATERIALS AND METHODS

MUCI1 Transgenic Mice. A C57BL/6 mouse strain trans-
genic for human MUCI was established as described (7). Tail
DNA (500 ng) was subjected to PCR amplification by using
MUCI primers (bp 745-765 and bp 1,086-1,065) to confirm
the presence of MUCI1 sequences. The PCR product was
detected by electrophoresis in a 1% agarose gel (7).

Cell Culture and Fusion. Murine (C57BL/6) MC-38 and
MBA49 carcinoma cells were stably transfected with a MUC1
cDNA (22-24). Cells were maintained in DMEM supple-
mented with 10% heat-inactivated fetal calf serum, 2 mM
L-glutamine, 100 units/ml penicillin, and 100 ug/ml strepto-
mycin. DCs were obtained from bone marrow culture and
fused to the carcinoma cells as described (21).

Immunizations. MUC1.Tg mice were injected subcutane-
ously on day 0 and day 7 with 1 X 10® MC-38/MUCI cells
exposed to 100 Gy ionizing radiation (Gammacell 1000;
Atomic Energy of Canada, Ottawa). FC/MUCI fusion cells
(5 X 10°) were administered subcutaneously on day 0 and day
7 for the tumor prevention studies. The FC/MUCI cells (1 X
10°) were given intravenously on days 2 and 9 or days 4 and 11
after injection of MC-38/MUCT tumor cells in the treatment
studies.

In Vitro T Cell Proliferation. Single-cell preparations of
spleen and lymph nodes were suspended in RPMI 1640
medium supplemented with 10% heat-inactivated fetal calf
serum, 50 uM 2-mercaptoethanol, 2 mM L-glutamine, 100
units/ml penicillin, and 100 pg/ml streptomycin. The cells
were stimulated with 5 units/ml purified MUC1 antigen (25).
After 1, 3, and 5 days of culture, the cells were pulsed with 1
wCi [*H]thymidine per well for 12 h and then collected on
filters with a semiautomatic cell harvester. Radioactivity was
quantitated by liquid scintillation.

Generation of CD8+ T Cell Lines. Lymph node cells (LNC)
were suspended in complete RPMI 1640 medium containing
5 units/ml MUCI antigen. Murine interleukin 2 (10 units/ml)
was added after 5 days of culture. On days 10 and 15 the cells
were restimulated with 5 units/ml MUCI1 antigen and 1:5
irradiated (30 Gy) syngeneic spleen cells as antigen-presenting
cells. T cell cultures were analyzed after Ficoll centrifugation
to remove dead cells and passage through nylon wool to

Abbreviations: CTL, cytotoxic T lymphocyte; LNC, lymph node cell;
DC, dendritic cell; FC, fusion cell.
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deplete residual antigen-presenting cells. The T cells were
stained with fluorescein isothiocyanate-conjugated antibodies
against CD3e (145-2C11), CD4 (H129, 19), CD8 (53-6.7),
afTcR (H57-597), and y8 TcR (UC7-13D5) (PharMingen).
After incubation on ice for 1 h, the cells were washed, fixed,
and analyzed by FACScan (Becton Dickinson).

Cytotoxicity Assays. In vitro cytotoxicity was measured in a
standard 3!Cr-release assay. Briefly, cells were labeled with
SICr for 60 min at 37°C and then washed to remove unincor-
porated isotope. The cell targets (1 X 10*) were added to wells
of 96-well v-bottom plates and incubated with effector cells for
5hat 37°C. The supernatants were assayed for >'Cr in a gamma
counter. Spontaneous release of 3!Cr was assessed by incuba-
tion of targets in the absence of effectors, and maximum or
total release of >'Cr was determined by incubation of targets
in 0.1% Triton X-100. Percentage of specific 3!Cr release was
determined by the following equation: percent specific re-
lease = [(experimental — spontaneous)/(maximum — spon-
taneous)] X 100.

Humoral Immune Responses. Microtiter plates were coated
overnight at 4°C with 5 units per well purified MUCI antigen.
The wells were washed with PBS containing 5% horse serum
albumin and then incubated for 1 h with 4-fold dilutions of
mouse sera. After washing and incubation with goat anti-
mouse IgG conjugated to horseradish peroxidase (Amer-
sham), antibody complexes were detected by development with
o-phenylenediamine (Sigma) and measurement in an ELISA
microplate autoreader EL310 at an OD of 490 nm.

Immunohistology. Freshly removed tissues were frozen in
liquid nitrogen. Tissue sections (5 wm) were prepared in a
cryostat and fixed in acetone for 10 min. Sections were
incubated with mAb DF3 (anti MUC1), anti-CD4 (H129, 19),
or anti-CD8 (53-6.7) for 30 min at room temperature and then
subjected to indirect immunoperoxidase staining by using the
Vectastain ABC kit (Vector Laboratories).

RESULTS AND DISCUSSION

Recent studies have demonstrated that vaccines derived from
fusions of DC and MC-38/MUCI carcinoma cells (FC/
MUC1) induce potent antitumor immunity (21). To assess the
effects of vaccinating MUC1.Tg mice with FC/MUCI, we
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immunized twice with 5 X 10> FC/MUCI and, as controls,
with 10° irradiated MC-38/MUCI cells or PBS. After chal-
lenge with 10 MC-38 or MC-38/MUCT cells, all mice immu-
nized with irradiated MC-38/MUCI1 cells or PBS developed
tumors (Fig. 14 and data not shown). By contrast, no tumor
growth was observed in mice immunized with FC/MUCI1 (Fig.
1A). Immunization of the MUC1.Tg mice with FC/MUCI1 had
no effect on growth of the unrelated MB49 bladder carcinoma
(24) (Fig. 14). However, MB49 cells that express MUCI1
(MB49/MUCT1) failed to grow in the FC/MUCI-immunized
mice (Fig. 14). To extend these results, CTLs from the
FC/MUCI1-immunized mice were assayed for lysis of target
cells. CTLs from MUC1.Tg mice immunized with irradiated
MC-38/MUCI cells or PBS exhibited little if any reactivity
against MC-38/MUCT cells (data not shown). By contrast,
CTLs from the mice immunized with FC/MUCI induced lysis
of MC-38, MC-38/MUC1, and MB49/MUCI1, but not MB49,
cells (Fig. 1B). As shown previously in wild-type mice (21),
immunization with FC/MUCI1 induces immunity against
MUCI1 and other unknown antigens on MC-38 cells. Thus, the
demonstration that MB49/MUCI, and not MB49, cells are
lysed by the CTLs confirms that FC/MUC1 induces a MUCI1-
specific response. Moreover, the finding that human MUCI-
positive MCF-7 cells are not lysed by these CTLs indicates that
the response is major histocompatibility complex restricted.
Immunization of the MUCI1.Tg mice with FC/MUCT also
induced a specific antibody response against MUC1 compared
with that obtained in mice immunized with irradiated MC-
38/MUCI cells or PBS (Fig. 1C).

To determine whether T cells from the MUC1.Tg mice can
be primed to induce an anti-MUCI response, draining LNCs
were isolated from mice immunized with irradiated MC-38/
MUCT cells or FC/MUCI. The LNC were stimulated with
MUCI antigen in vitro. The results demonstrate that LNC
from mice immunized with PBS or irradiated MC-38/MUC1
cells fail to proliferate in the presence of MUCI antigen (Fig.
24). By contrast, LNC from mice immunized with FC/MUC1
responded to MUC1 with proliferation (Fig. 24). To confirm
the induction of CTLs against MUCI, draining LNC were
isolated from MUCI transgenic mice immunized with FC/
MUCI1 and cultured in the presence of MUCI antigen and
irradiated splenocytes. Cells were analyzed by FACScan at the
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FiG. 1. Reversal of unresponsiveness to MUCI antigen in MUCI transgenic mice immunized with FC/MUCI. (4) MUC1.Tg mice were

immunized twice (7-day interval) with PBS or 5 X 10° FC/MUCTI cells. The mice (10 per group) were challenged with 1 X 109 MC-38 cells, 1 X
106 MC-38/MUCT cells, 5 X 10° MB49 bladder carcinoma, or 5 X 10° MB49/MUCI cells. Tumors >3 mm in diameter were scored as positive.
Similar results were obtained in three separate experiments. (B) MUC1.Tg mice were immunized twice (7-day interval) with 5 X 10> FC/MUC1
cells. After 20 days, splenocytes were isolated and incubated at the indicated effector:target ratios with >!Cr-labeled MC-38 (0), MC-38/MUCI1
(®), MB49 O, and MB49/MUCT (m) target cells. CTL activity was determined by >!Cr release. (C) MUC1.Tg mice were immunized twice with
5 X 10° FC/MUCI (@), irradiated MC38/MUCI (m), or PBS (O). Serum samples were collected at 14 days after the last immunization and analyzed
for the presence of antibodies to MUCI by an enzyme-linked immunoabsorbent assay.
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Induction of MUCl-specific CTLs by FC/MUCI. (4) MUC1.Tg mice were immunized twice (7-day interval) with 5 X 105 FC/MUCI1

cells (@), 1 X 10° irradiated MC-38/MUCT cells (m), or PBS (O). Two weeks later, draining LNCs were isolated and stimulated with 5 units/ml
MUCT antigen. Cells were cocultured for 1, 2, and 5 days. Uptake of [*H]thymidine was measured 6 h after a pulse with 1 uCi per well (1 Ci =
37 GBq). T cell proliferation was expressed as the mean of three determinations. Similar results were obtained in three separate experiments. (B)
Draining LNCs were isolated from MUC1.Tg mice immunized twice (7-day interval) with 5 X 105 FC/MUCI cells and cocultured in the presence
of 5 units/ml purified MUCI antigen. After 1 week, the LNC were restimulated with 5 units/ml MUCI1 antigen and irradiated splenocytes. At day
10-15, the LNC were collected by Ficoll centrifugation and analyzed by flow cytometry. (C) Naive LNC isolated from unimmunized MUC1.Tg
mice or CD8+ T cells isolated from FC/MUC1-immunized MUC1.Tg mice were incubated at the indicated effector: target ratios with 'Cr-labeled
MC-38 (0), MC-38/MUC1 (@), MB49 (O0), and MB49/MUCT (m) target cells. CTL activity was determined by >'Cr release.

beginning and at 10-15 days of culture. The results demon-
strate the selection of a predominantly CD8" T cell population
after incubation with MUCI antigen (Fig. 2B). Moreover, the
CD8* T cells exhibited specific CTL activity against MC-38/
MUCI1 and MB49/MUCT targets compared with naive T cells
from unimmunized MUCIL.Tg mice (Fig. 2C). Collectively,
these findings demonstrate that immunization with FC/MUCI1
reverses unresponsiveness to MUCI in the MUC1.Tg mice.
The finding that unresponsiveness to MUCI can be reversed
by immunization with FC/MUCI suggested that this vaccine
could be used to treat disseminated disease in a background of
MUCI1 expression by normal epithelia. In a treatment model,
MC-38/MUCI1 pulmonary metastases were established by tail
vein injection of MC-38/MUCT cells into the MUC1.Tg mice.
Whereas control mice treated with vehicle developed pulmo-
nary metastases, mice immunized with FC/MUCT on days 2
or 4 had no detectable metastases (Fig. 34). These findings
indicated that FC/MUCI1 immunizations can be used to treat
metastatic disease in the MUCL.Tg mice. Importantly, mice

protected against MC-38/MUCI1 tumor exhibited persistent
expression of MUCI antigen in normal bronchial epithelium
(Fig. 3B) and other tissues that express the transgene (7). Also,
staining of MUC1-positive tissues with anti-CD4 and anti-CD§
antibodies failed to demonstrate T cell infiltration (data not
shown).

The early work of Medawar and colleagues (26) and Burnet
(27) led to the hypothesis that lymphocytes are rendered
tolerant by antigenic recognition in neonatal life. However,
more recent work has shown that neonatal T cells can be
activated by varying the dose of antigen (28), the adjuvant (29)
and the type of antigen presenting cell (30). In the present
studies using adult MUC1.Tg mice that are tolerant to MUC1
antigen (7), immunization with the DC-tumor cell fusions
expressing MUCI was highly effective in inducing cellular and
humoral immunity against MUCI. The results support a
mechanism of clonal anergy, that is the presence of reactive
clones against MUCI that are functionally inactive, in the
MUCI1 transgenic mice. Immunization with the DC-based
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Treatment of established pulmonary metastases in MUC1.Tg mice with FC/MUCI. (4) MUC1.Tg mice were injected intravenously

(tail vein) with 1 X 10° MC-38/MUCT cells. Control mice were immunized with PBS (eight per group) on days 2 and 9 after tumor challenge.
Groups of 10 mice were immunized with 1 X 10° FC/MUCI on days 2 and 9 or days 4 and 11. The mice were sacrificed 10 days after the last
immunization. Pulmonary metastases were highlighted by staining the lungs with India ink (Left). The data for all mice in the three groups is
presented as metastases (mean = SE) enumerated by sectioning the lungs (Right). (B) Sections of bronchi from MUC1.Tg mice immunized twice
(7-day interval) with PBS (Left) or 1 X 10° FC/MUCI (Right) and sacrificed 15 days later. The sections were stained with the anti-MUC1 (mAb
DF3) antibody. MUCT antigen is detectable along the apical borders of secretory epithelium lining the bronchi.

vaccine activates these clones and thereby reverses anergy.
Alternatively, the vaccine may have induced new anti-MUC1
CTLs that had been removed from the repertoire by clonal
deletion. Reversal of unresponsiveness against a self-antigen in
adult mice has potential importance, given the limitations of
animal models, to the field of antitumor immunotherapy. In
this context, the present studies demonstrate that immuniza-
tion with the DC-tumor cell fusions induces an immune
response that is sufficient to achieve rejection of established
metastases. Of further interest is the demonstration that
induction of an anti-MUCI response that confers antitumor
immunity has little if any effect on normal secretory epithelia
that express MUCI at apical borders along ducts. One poten-
tial explanation for selectivity of the anti-MUCI1 response
against tumors could be low levels of MUCI1 peptide/major
histocompatibility complex class I complexes on normal cells.
Although further studies are needed to define the basis for
selectivity, our findings suggest that the induction of anti-
MUCI immunity may represent an effective strategy for the
treatment of MUCI-positive human tumors.
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