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The effects of MUC1 DNA vaccination on the orthotopic growth
and liver metastasis of colon carcinoma cells were investigated in
mice. Vaccination with MUC1 DNA resulted in immune responses that
were effective in suppressing mouse colon carcinoma cells transfected
with MUC1 cDNA. CD4+ T cells but not CD8+ T cells mediated this
antitumor response as shown by the in vivo depletion of lymphocyte
subpopulations with the use of anti-CD4 or anti-CD8 antibody.
The effects of neutralizing antibodies in vivo revealed that the
predominant effector molecule in preventing orthotopic tumor growth
was FasL, whereas the effector molecule effective in preventing
liver metastasis was tumor necrosis factor-a. Colon carcinoma cells
isolated from tumors growing in the ceca, spleens, and livers were
shown to be equally sensitive to FasL and tumor necrosis factor-a.
The results strongly suggest that elimination of tumor cells initiated
by DNA vaccination in the present protocol is mediated by antigen-
specific CD4+ T cells and the effector mechanisms in the cecum and
in the liver are distinct due to a unique organ microenvironment.
(Cancer Sci 2008; 99: 2477–2484)

The effector mechanisms in cancer immunotherapy of colon
carcinoma were investigated in a unique experimental

system. This system was unique because orthotopic and
metastatic growth of tumors was examined. A new protocol for
cancer immunotherapy is necessary to target residual diseases
and micrometastases left after surgical and other treatments.
However, it is not known whether the immunological effector
mechanisms responsible for the elimination of tumor cells
growing at different sites, such as primary sites and metastases,
are the same. It is well known that the malignant behavior of
tumor cells is affected by the organs where the tumor cells
grow.(1) The metastatic potentials of tumor cells are also known to
be influenced by the organ microenvironment.(1) Such effects
are likely to be mediated, at least in part, by the interactions
of tumor cells with host immune systems. Therefore, it is
important to use experimental models that mimic the actual
consequences of tumor cell–host interactions when the effects
of cancer immunotherapy and the effector mechanism in a
particular protocol is evaluated for an animal model. Orthotopic
transplantations of murine tumor cells are often used to investigate
tumor cell behaviors in vivo, as reported previously with lung
carcinoma cell growth in the trachea or lung, gastric carcinoma
cell growth in the gastric wall, renal cell carcinoma cell growth
in the kidney, and colon carcinoma cell growth in the cecum.(2)

However, few studies were reported based on the use of these
models to evaluate the efficacy of cancer immunotherapy.

The predominant site of colon carcinoma metastasis is the
liver. The formation of metastatic foci from micrometastases in
the liver is considered to be the most critical event in determining
the survival of patients. Therefore, two tumor transplantation

models, orthotopic transplantation and liver metastasis, were
used to evaluate the effect of the vaccine.

In the present study, we chose the tumor antigen MUC1 as the
target of immunotherapy because the level of MUC1 in colon
carcinoma correlates with the stage of disease.(3) Carcinoma-
associated MUC1 is known to be recognized by the immune
system in cancer patients due at least in part to aberrant glyco-
sylation.(4) MUC1-specific cyototoxic T lymphocytes (CTL)
have been detected in colon, pancreatic, and breast carcinoma
patients.(5,6) There are reports showing that breast and pancreatic
carcinoma patients who have antibodies specific for MUC1
have a better survival rate than those without antibodies.(7,8)

Therefore, MUC1 is considered to be an effective target of cancer
immunotherapy. DNA vaccination with MUC1 was used in our
previous studies and experimental lung metastasis of MUC1-
transfected B16-F10 melanoma cells was inhibited.(9) Effective
immunotherapy of infectious disease and cancer was previously
achieved by DNA vaccine,(10) and this method was considered
to be safe, inexpensive, and effective because plasmid DNA
contains CpG motifs that can act as potent adjuvants.(11,12)

The MUC1 DNA vaccine we used was effective in suppressing
tumor growth both in the orthotopic and liver metastasis models.
CD4+ T cells but not CD8+ T cells initiated the antitumor
immune responses. Furthermore, our attempt to elucidate the
effector mechanism after MUC1 DNA vaccination led us to a
novel finding that the effector molecules in the orthotopic
and liver metastasis sites were distinct. The different effector
mechanisms between these two sites were not likely to be due
to the properties of tumor cells growing under these organ
microenvironments because tumor cells collected from the ceca,
spleens, and livers showed equal sensitivity to the effector
molecules examined.

Materials and Methods

Mice. Specific pathogen-free 5-week-old female C57BL/6
mice were obtained from Charles River Japan (Yokohama,
Japan). B6 perforin-deficient (Pfp–/–) mice were obtained from
The Jackson Laboratory (Bar Harbor, ME, USA). All experimental
animals were housed under specific pathogen-free conditions and
handled according to the guidelines of the Bioscience Committee
of the University of Tokyo.

Construction of MUC1 cDNA. The full-length human MUC1
cDNA that contains 22 tandem repeats was provided originally
in the pDKOF vector by Dr O.J. Finn (University of Pittsburgh,
Pittsburgh, PA, US). The cDNA was cut out and recloned into
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the HindIII site of the pCEP4 vector, which includes the CMV
promoter (pCEP4-MUC1). The plasmid without the MUC1 cDNA
(pCEP4) was used as a control.

Establishment of MUC1 cDNA-transfected murine colon carcinoma
cell lines. SL4, a highly liver-metastatic variant of the colon 38
murine colon carcinoma cell line,(13) was transfected with human
MUC1 cDNA (pDKOF-MUC1) with lipofection using DOTAP
Liposomal Transfection Reagent (Roche, Basel, Switzerland).
After selection with G418 (Wako, Osaka, Japan), the limiting-
dilution method was used to obtain clonal populations. Although
SL4 cells, selected for their high metastatic potential to the liver,
grew well in the orthotopic site,(13) the ability of the clones to
grow at the orthotopic sites and to metastasize to the livers were
diverse. Among 70 mock-transfected and 24 MUC1-transfected
clones, clones suitable for the liver metastasis model were
selected according to their ability to metastasize to the liver
following intrasplenic injection. Clone SL4-M11, which showed
high metastatic ability to the liver, was chosen and confirmed to
grow at the orthotopic site. However, mice injected intrasplenically
with this clone died occasionally from unknown causes within
short time periods. Therefore, SL4-M8, which had metastatic
ability to the liver that was similar to the parental SL4 cells, was
used for the liver metastasis model. As a control, clones that were
transfected with empty plasmid vector (pDKOF) and showed
similar growth to SL4-M11 or SL4-M8 were used (SL4-P36 for
the orthtopic model and SL4-P46 for the liver metastasis model).
The expression of MUC1 on these clones was checked by flow
cytometric analysis with Epics XL (Beckman Coulter, Fullerton,
CA, USA) using the anti-MUC1 monoclonal antibody MY.1E12.(14)

Immunization. The MUC1 cDNA in the pCEP4 vector
(pCEP4-MUC1) and the pCEP4 plasmid alone were amplified
in Escherichia coli strain JM109 and purified using Qiagen
Mega-Plasmid columns (Qiagen, Hilden, Germany). Mice
were immunized intradermally three times at weekly intervals in
the forelimb with 25 μg DNA dissolved in 50 μL Hanks’ Balanced
Salt Solution.

Orthotopic transplantation and experimental liver metastasis
models. One week after the final immunization, SL4-M11 cells
(1 × 106 cells/50 μL) were injected into the space under the
cecal serosa of mice in the orthotopic model. Twenty-one days
after the challenge, mice were killed and the increase in weight
of the cecum due to tumor growth was measured. In the liver
metastasis model, SL4-M8 cells (5 × 105 cells/50 μL) were
injected into the spleen. Nineteen days after the challenge, the
weights of the spleen and liver were measured.

Cell depletion and neutralization of effector molecules in vivo.
For the depletion of lymphocyte subsets, mice were injected
with monoclonal antibodies specific for CD4 and CD8. Hybridoma
clones 53-6.72 (anti-mouse CD8) and GK1.5 (anti-mouse CD4)
were purchased from the American Type Culture Collection
(Manassas, VA, USA). Hybridoma culture supernatants were
purified on a protein G-Sepharose 4B (GE Healthcare, Amersham,
UK) column. Rat IgG (Sigma, St Louis, MO, USA) was used
as a control. One week after the final immunization, mice were
injected intravenously with 200 μg monoclonal antibody three
times at 4-day intervals. MUC1-transfected SL4 cells were
injected one day after the final injection of monoclonal antibody.

For the neutralization of effector molecules, mice were
injected intraperitoneally with anti-interferon (IFN)-γ mono-
clonal antibody (R4-6A2, 1 mg), anti-TNF-related apoptosis
including ligand (TRAIL) monoclonal antibody (N2B2, 300 μg),
anti-tumor necrosis factor (TNF)-α monoclonal antibody (MP6-
XT22, 500 μg), or anti-FasL monoclonal antibody (MFL4, 500 μg)
three times at 4-day intervals, starting 6 days after the final
immunization. MUC1-transfected SL4 cells were injected 1 day
after the first injection of monoclonal antibody.

Preparation of MUC1-transfected SL4 cells growing in vivo from
mouse organs. Naive C57BL/6 mice were injected with SL4-M8

or SL4-M11 cells. One week after the injection, mice were killed
and the ceca, spleens, and livers were resected, minced, and
washed with phosphate-buffered saline. The fragments of tumor
tissue were digested in RPMI-1640 containing 10% fetal calf
serum, 200 U/mL collagenase (Wako), and 0.02% DNaseI (Roche)
and agitated gently at 37°C for 2 h. To detect MHC class I,
MHC class II, and Fas expression on the MUC1+ tumor cells,
the cells were stained with biotinylated anti-MUC1 monoclonal
antibody (MY.1E12), fluorescein isothiocyanate-conjugated anti-
MHC I (5F1, kindly provided by Dr Shigeo Koyasu), phycoerythrin
(PE)-conjugated anti-MHC II (M5/114.15.2; eBioscience, San
Diego, CA, US), and PE-conjugated anti-Fas monoclonal antibody
(Jo-2; BD Bioscience, Franklin Lakes, NJ, US), respectively,
followed by allophycocyanin–streptavidin (eBioscience) and
analyzed by FACSAria (BD, Biosciences). To isolate tumor cells
growing in vivo, the cell suspensions were sorted by FACSAria
for MY.1E12 monoclonal antibody binding. The MUC1-positive
cells were used immediately in the following experiments.

FasL killing assay. To investigate the sensitivity of MUC1-
transfected SL4 cells growing in vivo to FasL, 51Cr release
assays were carried out. FasL-transfected cells (mFasL/L5178Y)
used as effector cells in this experiment were established as
described previously.(15) 51Cr-labeled target tumor cells were
cultured in triplicate in 96-well microtiter plates with mFasL/
L5178Y or control cells (L5178Y) at different effector : target
ratios. After incubation at 37°C for 4 h, 100 μL of the supernatants
were harvested and their radioactivity was measured using a
gamma counter (Aloka, Tokyo, Japan).

WST-1 cell proliferation assay. MUC1-transfected SL4 cells
(2 × 104 cells/200 μL) were cultured in 96-well microtiter plates
with different concentrations of recombinant mouse TNF-α
(R&D Systems, Minneapolis, MN, USA). After 3-day culture,
20 μL WST-1 reagent (Roche) was added to each well, and
incubated at 37°C for 90–120 min. Absorbance values at 450
and 655 nm were measured using a microplate reader and the
cell viabilities were calculated. The viability of cells cultured
without TNF-α was regarded as 100%.

Statistical analysis. Statistical analysis was carried out using
the Mann–Whitney U-test for the orthotopic and liver metastasis
model. Cytotoxic assays and cell proliferation assays were
analyzed using Student’s t-test. P-values less than 0.05 were
considered significant.

Results

MUC1-specific immune response elicited by MUC1 DNA vaccine
suppresses colon carcinoma growth at primary and metastatic sites.
To evaluate the efficacy of MUC1 DNA vaccine in the
orthotopic and liver metastasis models, the SL4 colon carcinoma
cell line was transfected stably with human MUC1 and the
clonal populations were obtained (Fig. 1). Female C57BL/6
mice were immunized intradermally three times at weekly
intervals with 25 μg of a vector containing full-length human
MUC1 cDNA (pCEP4-MUC1) or control vector without MUC1
cDNA (pCEP4) each time. One week after the final vaccination,
the mice were injected with SL4-M8 cells into the spleen or
SL4-M11 cells into the space under the cecal serosa. The effect
of MUC1 DNA vaccination was evaluated by measuring the
increase in weight of the cecum, spleen, and liver due to tumor
growth. When the mice were injected with SL4-P36 or SL4-P46
cells, the weights of the cecum, spleen, and liver did not change,
regardless of immunization. However, when the mice were
inoculated with MUC1-transfected SL4 cells, rejection of tumor
cells was observed only in the mice immunized with pCEP4-
MUC1 (Fig. 2). These results indicate that a MUC1-specific
immune response was induced by the MUC1 DNA vaccine as
shown previously in the experimental lung metastasis model
with B16 melanoma cells,(9) and that MUC1 DNA vaccine was
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effective in suppressing tumor growth in the orthotopic sites,
spleens, and liver metastases.

Identification of the effector cell population responsible for the
tumor rejection. To determine the effector cell population in the
suppression of tumor growth and metastasis, mice were injected
intravenously with anti-CD4 or CD8 monoclonal antibody 1 day
before the tumor injection. Injection of anti-CD4 monoclonal
antibody completely abolished the vaccine effects in the cecum,
spleen, and liver on the growth of SL4-M8 and M11 cells. In
contrast, the anti-CD8 monoclonal antibody did not influence
the therapeutic efficacy of the MUC1 DNA vaccination, as
shown in Figure 3. Thus, CD4+ but not CD8+ cells were shown
to mediate the tumor rejection induced by MUC1 DNA
vaccination in the present study. To confirm that MUC1-specific
CD4+ T cells were induced by the MUC1 DNA vaccination, the
Winn assays were carried out (data shown in Suppl. Fig. S1).
When CD4+ T cells but not CD8+ T cells isolated from the
mice immunized with MUC1 DNA were mixed with MUC1-
transfected B16-F10 melanoma cells and injected subcutaneously
into naive mice, an improved survival rate was observed. The
results indicate that MUC1-specific CD4+ T cells induced by the
MUC1 DNA vaccination played a pivotal role in the antitumor
immune responses.

Effector mechanisms induced by MUC1 DNA vaccine. MHC class
II expression on tumor cells might be essential for the
recognition of MUC1 on the MUC1-transfected SL4 cells
directly by the CD4+ T cells. Thus, MHC molecules expressed
on the MUC1-transfected SL4 cells were examined by the flow
cytometric analysis. Although these cells cultured in vitro were
shown to be negative for the expression of MHC class I and II
(Fig. 4a,c,f,h), cells from tumors growing in the ceca, spleens,
and livers obtained by collagenase treatment expressed low but
significant levels of MHC class I and II (Fig. 4b,d,e,g,i,j). From
these results, it is possible that MUC1-specific CD4+ T cells
recognize MUC1 peptides presented with MHC class II on the
MUC1-transfected SL4 cells in vivo.

To further investigate the mechanistic basis of antitumor
immune responses induced by MUC1 DNA vaccination, we
subsequently examined the effector molecules involved in
the rejection of MUC1-transfected SL4 cells. One of the most
important effector molecules determining antitumor effects
by CD4+ T cells and other immune cells is postulated to be
IFN-γ.(16) Injection of anti-IFN-γ monoclonal antibody starting
1 day prior to the tumor injection did not alter the vaccine
effects as shown in Figure 5. The dose of antibody used in
the present study was equal to previous reports in which the

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. MUC1 was expressed on the cell surfaces of MUC1-transfected but not mock-transfected SL4 cells. Mock-transfected and MUC1-transfected
cells, (a) SL4-P36 and (b) SL4-M11 for the orthotopic model and (c) SL4-P46 and (d) SL4-M8 for the liver metastasis model, were stained with the
anti-MUC1 monoclonal antibody MY.1E12 and analyzed by flow cytometry. Gray-filled histograms represent the controls and open histograms
represent the binding of anti-MUC1 monoclonal antibody.

Fig. 2. MUC1 DNA vaccine effectively suppressed tumor growth at orthotopic sites and in the liver metastases in a MUC1-specific manner. One
week after the final MUC1 DNA immunization, SL4-P36 or SL4-M11 cells (1 × 106 cells/50 μL) were injected into the space under the cecal serosa of
mice. (a) Twenty-one days after the challenge, the mice were killed and the weight of the cecum was examined. In the liver metastasis model,
SL4-P46 or SL4-M8 cells (5 × 105 cells/50 μL) were injected into the spleen. Nineteen days after the challenge, the weights of the (b) spleen and (c)
liver were measured. Open circles represent tumor-free mice and filled circles represent tumor-bearing mice. n.s., not significant; *P < 0.005.
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antibody injection reduced or abolished the effect of IFN-γ.(17–19)

Therefore, we concluded that the antitumor immune responses
induced by MUC1 DNA vaccination were independent of IFN-γ.

To further investigate other effector molecules involved in
the antitumor immune response induced by MUC1 DNA vac-
cination, we chose perforin, TRAIL, FasL, and TNF-α as candi-
dates because these molecules are also known to be engaged
in antitumor effector mechanisms with CD4+ T cells.(20–23) To
examine the involvement of perforin, B6 perforin-deficient
(Pfp–/–) mice were used, and neutralizing monoclonal antibodies
were used for TRAIL, FasL, and TNF-α. Immunization with
MUC1 DNA vaccine led to rejection of MUC1-transfected SL4
cells in Pfp–/– mice (n = 8 for the orthotopic model and n = 5 for

the liver metastasis model, data not shown). Treatment with
anti-TRAIL monoclonal antibody also did not influence the
vaccine effect (n = 10, data not shown). The absence of perforin
or TRAIL did not show any influence on MUC1-specific tumor
rejection, therefore perforin and TRAIL were excluded as
candidate effector molecules. We found that the neutralization
of FasL and TNF-α resulted in a reduction in the effect of
vaccination. In the orthotopic model, the injection of anti-FasL
monoclonal antibody abolished the vaccine effect but anti-TNF-
α monoclonal antibody did not (Fig. 6a). In contrast, in the liver
metastasis model, blocking of TNF-α but not FasL resulted in a
significant decrease in the antitumor immune response both in
the spleen and in the liver (Fig. 6b,c).

Fig. 3. Effector cells were CD4+ in both the orthotopic and liver metastasis models. One week after the final MUC1 DNA immunization, the mice
were treated with anti-CD4 (GK1.5) or CD8 (53–6.72) monoclonal antibody and injected with (a) SL4-M11 or (b,c) SL4-M8 as described in Figure 1.
Vaccine effects were assessed by tumor growth in the (a) cecum, (b) spleen, and (c) liver. Open circles represent tumor-free mice and filled circles
represent tumor-bearing mice. n.s., not significant; *P < 0.05; **P < 0.005.

Fig. 4. Tumor cells from the ceca, spleens, and livers expressed low but detectable levels of MHC class I and II molecules on their surfaces. The
cells grown (a,c,f,h) in vitro in cultures and obtained from tumors growing in (a,f) ceca, (d,i) spleens, and (e,j) livers were stained with the anti-MUC1
monoclonal antibody MY.1E12 and anti-MHC class I or II monoclonal antibody. Using flow cytometric analysis, MUC1+ cells regarded as tumor cells
were gated and analyzed further for MHC expression. The gray-filled histograms represent the isotype controls and the open histograms represent
(a–e) anti-MHC class I and (f–j) anti-MHC class II monoclonal antibody binding.
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Sensitivity of in vivo-derived tumor cells to FasL. For further
investigation of the differential effector mechanisms in the
cecum, spleen, and liver, we next examined whether there were
differences in the sensitivities of tumor cells to effector
molecules. To investigate the sensitivities of tumor cells to FasL,
we first checked whether Fas was expressed on the MUC1-
transfected SL4 cells by flow cytometry. These cells cultured
in vitro were shown to be negative for the binding of anti-Fas
monoclonal antibody (Fig. 7a,c). When these cells were tested
for their sensitivity as target cells to FasL-transfected cells in the
51Cr release assay, they were shown to be resistant to FasL-
induced apoptosis (Fig. 7f,h). These results were inconsistent
with the in vivo data in which anti-FasL treatment abolished
the vaccine effects on these cells, indicating that FasL was an
effector molecule in the cecum. Therefore, MUC1-transfected
SL4 cells were grown in vivo and their sensitivity to FasL-
transfected cells was compared to the cells grown in vitro. The
cells obtained from tumors growing in the ceca, spleens, and
livers were shown to express Fas (Fig. 7b,d,e), and were
sensitive to FasL-induced apoptosis (Fig. 7g,i,j). SL4-M8 cells
obtained from tumors growing in the spleens and livers and
SL4-M11 cells obtained from tumors growing in the ceca were

equally sensitive. Although the effects of the injection of
anti-FasL monoclonal antibody to reverse the DNA vaccine
therapy were only observed in tumors growing in the cecum,
these data indicate that MUC1-transfected SL4 cells growing in
the spleen and liver could also be killed through Fas–FasL
interaction in vitro.

Sensitivity of tumor cells growing in vivo to tumor necrosis
factor-a. The sensitivity of MUC1-transfected SL4 cells collected
from tumors growing in vivo or in vitro to TNF-α was examined
using the cell proliferation assay. As shown in Figure 8a, the
viabilities of MUC1-transfected SL4 cells obtained from
tumors growing in the ceca, spleens, and livers were decreased
dramatically by the addition of TNF-α in a dose-dependent
manner, and the sensitivities among MUC1-transfected SL4
cells from different organs were almost identical. The sensitivity
of MUC1-transfected SL4 cells (SL4-M8 and SL4-M11)
growing in vitro also did not show any difference in their
TNF-α sensitivity (Fig. 8b). These results indicate that
MUC1-transfected SL4 cells obtained from different organs
had similar sensitivities to FasL and TNF-α, in spite of the
organ specificity of effector molecules in vivo as shown in
Figure 6.

Fig. 5. The antitumor effector mechanism induced by the MUC1 DNA vaccine was independent of interferon (IFN)-γ. After MUC1 DNA
immunization, the mice were treated with anti-IFN-γ monoclonal antibody (R4-6A2) and injected with MUC1-transfected SL4 cells. Vaccine effects were
assessed by tumor growth in the (a) cecum, (b) spleen, and (c) liver. Open circles represent tumor-free mice and filled circles represent tumor-bearing
mice. n.s., not significant; *P < 0.005.

Fig. 6. The antitumor effector mechanism at the orthotopic sites was distinct from that in the liver metastasis. After MUC1 DNA immunization,
the mice were treated with anti-tumor necrosis factor (TNF)-α (MP6-XT22) or anti-FasL (MFL4) monoclonal antibody and injected with MUC1-
transfected SL4 cells. Vaccine effects were assessed by tumor growth in the (a) cecum, (b) spleen, and (c) liver. Open circles represent tumor-free
mice and filled circles represent tumor-bearing mice. n.s., not significant; *P < 0.05; **P < 0.005.
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Discussion

In the present study, we established models to examine
orthotopic growth and experimental liver metastasis in mouse
colon carcinoma cells expressing human MUC1. Primary tumor
growth and metastasis were prevented by MUC1-specific
antitumor immune responses induced by DNA vaccination. The
antitumor effector cells responsible for the elimination of
MUC1-transfected SL4 cells turned out to be CD4+ T cells, not
CD8+ T cells. In general, it is believed that CD8+ T cells play
important roles in antitumor immune responses and that an
immunization protocol to induce strong CD8+ CTL is preferable.
However, in the present study CD4+ T cells were able to initiate

an antitumor immune response that suppressed murine colon
carcinoma cell growth and metastasis. The possibility that
natural killer (NK) and NKT cells directly recognize and kill the
MUC1-transfected SL4 cells is not likely because anti-NK1.1
antibody treatment did not alter the effects of MUC1 DNA
vaccination in any organs (data not shown). The reason why
only CD4+ T cells act as effector cells is unclear. In general,
DNA vaccination is known to be able to induce CD8+ CTL.(10)

Furthermore, MUC1-specific CD8+ T cells were previously
reported after various means of immunization in mice.(24–26)

Therefore, the dose, timing of vaccination, and experimental
model used to determine the vaccine might affect the induction
and response of antigen-specific T cells.

Fig. 7. Tumor cells from the ceca, spleens, and livers expressed Fas and were sensitive to FasL-induced apoptosis. Fas expression and sensitivity to
FasL of (c–e,h–j) SL4-M8 and (a,b,f,g) SL4-M11 cells were examined. The cells were grown (a,c,f,h) in vitro and in vivo and were collected from (a,f)
ceca, (d,i) spleens, and (e,j) livers. (a–e) The cell surface expression of Fas was examined by anti-Fas monoclonal antibody binding by flow cytometric
analysis. MUC1+ cells that were regarded as in vivo-growing tumor cells were gated and analyzed. The gray-filled histograms represent the isotype
controls and the open histograms represent anti-Fas monoclonal antibody binding. (f–j) FasL killing assays were carried out. Target tumor cells
were collected from ceca, spleens, and livers by cell sorting using anti-MUC1 monoclonal antibody (MY.1E12) binding. Parental L5178Y cells (open
circle) and mFasL/L5178Y cells (filled circle) were used as effector cells. The percentage of specific 51Cr release was calculated according to the
following formula: 51Cr release (%) = 100 × ([cpm experiment – cpm spontaneous release]/[cpm maximum – cpm spontaneous release]). Spontaneous
release was obtained from target cells incubated with medium alone and the maximum release was obtained from target cells incubated with 1 M
HCl instead of effector cells. Data are represented as the mean ± SD (*P < 0.005). E:T, effector:target.

Fig. 8. Tumor cells from the ceca, spleens, and
livers were sensitive to tumor necrosis factor
(TNF)-α-induced apoptosis. MUC1-transfected SL4
cells injected into ceca (SL4-M11 cells) or spleens
(SL4-M8 cells) were grown in vivo at the injection
sites and as liver metastases. One week later,
tumors were collected from the ceca, spleens,
and livers and MUC1-positive cells were obtained.
Tumor cells grown (a) in vivo and (b) in vitro were
incubated with recombinant mouse TNF-α and
cell viability and proliferation were evaluated using
WST-1 cell proliferation assays. The viability of
cells cultured without TNF-α was regarded as 100%.
Data are represented as the mean ± SD. *P < 0.005.
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Although activated CD4+ T cells are known to produce a large
amount of IFN-γ, neutralization of IFN-γ in the effector phase
did not affect the antitumor response in our models. IFN-γ is
known to play important roles in tumor surveillance by upregu-
lating MHC and preventing angiogenesis.(27,28) In the control
(immunized with control vector) mice, IFN-γ seemed to play a
role in such innate antitumor responses at least in the orthotopic
model. In contrast, the IFN-γ-dependent antitumor effect
seemed to be negligible in the immunized group. The roles of
perforin, TRAIL, FasL, and TNF-α were also tested as these
molecules were identified as effector molecules involved in
tumoricidal activity of CD8+ T cells, NK cells, and CD4+ T
cells.(20–23) The results indicate that different effector molecules
are involved in the suppression of orthotopic growth and
eradication of metastasis; FasL is an effector molecule in the
cecum and TNF-α is an effector in the spleen and liver.

The differential effector mechanisms in the cecum, spleen,
and liver are possibly explained by different susceptibilities of
the tumor cells to the effector mechanisms, which are dependent
on the organ microenvironments. Another possibility is that the
different tumor cell clones (clonal populations) used in the
orthotopic and liver metastasis models determined the sensitivity
to effector molecules. However, these possibilities were eliminated
experimentally (Figs 7,8). We also obtained preliminary data that
TNF-α but not FasL is the effector molecule in the liver even
though the clone for the orthotopic model (SL4-M11 cells) was
used in the liver metastasis model. Therefore, the differences in
effector molecules revealed by neutralization with the antibodies
is likely to be due to the properties of the effector cells and not the
properties of the tumor cells in each organ. Our data strongly
suggest that the final effector mechanism initiated by the antigen-
specific CD4+ T cells in the cecum was different to that in the liver.
This is the first report to show that the same immunization protocol
elicits distinct effector mechanisms in an organ-specific manner.

Whether MUC1-specific CD4+ T cells directly recognize
and killed MUC1-transfected SL4 cells in vitro and in vivo is
presently unknown, although CD4+ T cells were shown to be
essential for the rejection of these cells. It is known that CD4+ T
cells can also kill target cells through many effector path-
ways.(20,29–31) Because MUC1-transfected SL4 cells growing
in vivo expressed low but detectable levels of MHC class II
molecules, it is possible that activated MUC1-specific CD4+ T
cells killed MUC1-transfected SL4 cells directly. Macrophages
should also be considered as candidate cells for killing MUC1-
transfected SL4 cells in a MUC1-specific manner because there
are reports that macrophages expressed TNF-α and FasL on
their surface and kill target cells.(32)

FasL and TNF-α are known to have different impacts on
the inflammatory responses of the liver and intestinal tissue.
Ogasawara and coworkers reported that mice injected with the
anti-Fas mAb Jo2 died rapidly of fulminant hepatitis.(33) In
another report on an acute GvHD model, FasL-defective T cells
showed minimal effects on the liver.(34) The pro-inflammatory
cytokine TNF-α is known to play a key role in the pathogenesis
of inflammatory bowel disease. It has been reported that a

pathological concentration of TNF-α inhibits the proliferation of
a mouse intestinal cell line.(35) Anti-TNF-α antibody treatment
was used effectively for the treatment of Crohn’s disease. From
these results it is strongly suggested that TNF-α is harmful to
the maintenance of homeostasis in the intestine. Furthermore,
pathogenesis after graft versus host diseases (GvHD) was previously
shown to be suppressed by anti-TNF-α monoclonal antibody in
the intestine and by anti-FasL monoclonal antibody in the
liver.(36) Therefore, effector molecules harmful to the organs
are apparently suppressed by unknown mechanisms after
MUC1 DNA vaccination and recruitment of an effector cell sub-
set might explain such organ specificity. Because tissue-derived
dendritic cells (DC) were reported to imprint the homing of
effector T cells,(37,38) DC in each organ might generate CD4+ T
cells that have distinct effector functions in each draining lymph
node. An alternative possibility is that the organ microenvironment
itself influences the mode of immune response. The effector
function of activated T cells might be regulated under the
organ-specific microenvironment in each organ by different
regulatory molecules such as interleukin-10 or transforming
growth factor (TGF)-β, which are known to play important roles
in the maintenance of homeostasis in the intestinal organs.(39–41)

Tissue resident cells, such as stromal cells, potentially produce
tissue-specific cytokines and other chemical mediators that may
modulate effector functions. Whether the CD4+ T cells in the
different organs were derived from the same subpopulation should
also be clarified. Because our method of immunization was
intradermal, the site where the MUC1-specific memory T cells
were generated was likely to be the skin-draining lymph nodes and
further investigations are necessary to determine the differential
characteristics of MUC1-specific memory T cells migrating
from these lymph nodes to the orthotopic and metastatic sites.

In conclusion, experimental orthotopic growth and liver
metastasis formation by MUC1-transfected SL4 cells was sup-
pressed successfully by MUC1 DNA vaccination. The effector
mechanism initiated by antigen-specific CD4+ T cells in the
orthotopic site was different from that in the liver metastasis.
This is the first report to show that the mode of immune
response is organ specific even when the initial immunization is
given through the same route. This organ-dependent immuno-
logical regulation should prove to be useful in the development
of an effective cancer immunotherapy. Further analysis must be
carried out using MUC1 transgenic mice, in which the immune
systems recognize MUC1 as a self antigen,(42) considering the
clinical application of cancer immunotherapy targeting MUC1.
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Supporting information

Additional Supporting Information may be found in the online version of this article:

Fig. S1. One week after MUC1 DNA vaccination, mice were killed. Single-cell suspensions were obtained from the spleens. After removal of
erythrocytes, splenocytes were passed through a nylon wool column to enrich T cells. CD4+ and CD8+ T cells were obtained by negative selection
using a mixture of biotinylated monoclonal antibodies (CD11b, Ly6G, DX5, B220, and CD8 or CD4) and streptavidin microbeads on a LS column
(Miltenyi Biotec, Bergisch Gladbach, Germany) according to the manufacturer’s specifications. These bulk T cells (5 × 106 cells), CD4+ T cells, or
CD8+ T cells (2.5 × 106 cells) were mixed with MUC1-transfected B16-F10 cells (5 × 104 cells)(9) and injected subcutaneously into naive C57B/6 mice.
The survival rates were determined (n = 5).
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