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Abstract
A MUC1-based vaccine was used in a preclinical model of colon cancer. The trial was conducted in
a MUC1-tolerant immune competent host injected with MC38 colon cancer cells expressing MUC1.
The vaccine included: MHC class I-restricted MUC1 peptides, MHC class II-restricted pan helper
peptide, unmethylated CpG oligodeoxynucleotide, and granulocyte macrophage-colony stimulating
factor. Immunization was successful in breaking MUC1 self-tolerance, and in eliciting a robust anti-
tumor response. The vaccine stimulated IFN-γ-producing CD4+ helper and CD8+ cytotoxic T cells
against MUC1 and other undefined MC38 tumor antigens. In the prophylactic setting, immunization
caused complete rejection of tumor cells, while in the therapeutic regimen, tumor burden was
significantly reduced.
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Introduction
Colorectal cancer is the third most common malignancy in the US with 75% of cases diagnosed
early and treated effectively with surgery, chemotherapy, radiation therapy, or a combination
of these modalities. However, 25% of patients that present with metastatic disease have a five-
year survival of only 10%. Complications from metastatic disease are the leading causes of
cancer-related deaths. In recent years there has been great interest in cancer vaccines, which
have the potential of controlling metastatic disease, prolonging time to recurrence, and
ultimately serving as a preventive measure. MUC1 (CD227) is a membrane-tethered mucin
glycoprotein expressed on the apical surfaces of normal glandular epithelia and it is over
expressed and aberrantly glycosylated in >70% of human colon cancer [1–3]. Recent
description of MUC1 as a target for cytotoxic T lymphocytes (CTLs) has raised interest in
using this protein as a target for immunotherapy [4–14]. Several preclinical and clinical trials
targeting the tumor-associated MUC1 antigen have elicited strong anti-tumor CTLs [1,2,12,
14–24]. Importantly, there have been several reports of two HLA-A2 binding peptides derived
from the MUC1 protein [25–27]. MUC1-specific CTLs have also been induced in vivo after
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vaccination of breast, ovarian, and metastatic renal cancer patients with peptide-pulsed
dendritic cells (DCs) [16,28,29]. However, these approaches have generated only modest and
infrequent clinical responses. One reason may be that traditionally, cancer-specific vaccines
have focused on the activation of the CD8+ CTLs, often involving direct stimulation of
immunity using HLA-class I binding peptide epitopes. Recently it has become clear that
activation of the CTL immune effector arm alone is insufficient to mediate an effective
anticancer response. A major problem is that CD8+ T cells alone cannot be sustained without
the concomitant activation of CD4+ T helper (Th) cells. In fact, it is now widely recognized
that the Th cell regulates nearly all aspects of the adaptive immune response [30]. In addition,
Th cells can recruit the innate immune system during immune augmentation. Therefore, the
focus of the immune response in cancer has shifted away from activating CTL immunity alone
to activating Th cell immunity concurrently with CTLs. In this study, in addition to the MHC
class I MUC1 epitopes, we have utilized a MHC class II pan T helper peptide,
TPPAYRPPNAPIL, derived from the hepatitis B virus core antigen sequence that is capable
of activation of Th cells [30]. This vaccine formulation achieves an effective antitumor
immunity.

In addition to the peptide vaccine, we have used adjuvants that include synthetic
oligonucleotides containing CpG motifs and GM-CSF. CpG ODN are recognized by cells of
the innate immune system through the Toll-like receptor 9 (TLR9), leading to potent
stimulation of both the innate and the adaptive immune responses [31–33]. The net effect of
TLR9 activation is to induce Th1 biased cellular and humoral effector functions with strong
CTL generation [33]. In murine models of cancer and in phase I/II clinical trials in patients
with metastatic melanoma and non-small cell lung cancer, CpG ODN has improved tumor
responses to conventional therapies such as chemotherapy, radiotherapy, and immunotherapy
[34–41]. GM-CSF is a commercially available cytokine currently used in patients undergoing
chemotherapy to shorten the duration of post-chemotherapy neutropenia. Recently published
evidence also suggests that GM-CSF plays an important role as an immune adjuvant [42,43].
The following observations illustrate the mechanisms by which GM-CSF can potentiate the
immunogenicity of an antigen: 1) GM-CSF is a key mediator of DC maturation and function
[44]; 2) GM-CSF increases surface expression of class I and II MHC molecules as well as co-
stimulatory molecules of DCs in vitro [44]; 3) GM-CSF enhances antibody responses to known
immunogens in vivo [45]; 4) tumor cells transfected with genes encoding/expressing GM-CSF
are able to induce long lasting, specific anti-tumor immune responses in vivo [46]; and 5) GM-
CSF encapsulated in biodegradable microspheres mixed with whole tumor cells resulted in
systemic anti-tumor immune responses comparable to those of GM-CSF transfected tumor
cells [47]. Addition of GM-CSF to a peptide vaccine has been successfully utilized in patients
with metastatic melanoma [48]. Thus, GM-CSF was included in our MUC1-peptide vaccine
formulation with the expectation that it would enhance immunogenicity of the peptides. Based
on existing data suggesting the potent immune adjuvant properties of CpG ODN and GM-CSF,
we elected to test the efficacy of both these agents in the setting of a MUC1/pan T helper
peptide vaccine immunization in a MUC1-tolerant colon cancer mouse model. To optimally
enhance the antigenicity, the peptides and immune adjuvants were delivered emulsified in
incomplete Freund’s adjuvant (IFA). In addition, the local inflammatory properties of IFA may
play an important role in attracting antigen presenting cells to the site of injection [49,50].

Herein we present results of the vaccination strategy containing MHC class I-binding MUC1
peptides along with a MHC class II-binding pan helper peptide and adjuvants in a colon cancer
mouse model. Subcutaneous tumors were elicited by injecting the syngeneic MC38 colon
cancer cell line expressing full-length human MUC1 into human MUC1.Tg mice. These mice
exhibit T and B cell tolerance and are immune competent [51]. Both clinical and immunological
responses were achieved in the preclinical study with induction of Th cells and CTLs against
MUC1 and other undefined tumor antigens presented by the MC38 colon cancer cells.
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Materials and Methods
Tumor Generation

MC38 colon cancer cells transfected with full length human MUC1 (MC38.MUC1) or empty
vector containing the neomycin resistance gene (MC38.neo) were maintained in DMEM
medium supplemented with 5% fetal calf serum (FCS), 100U of penicillin, 0.1μg of
streptomycin, 2mM L-glutamine, and 150μg/ml G418. Cells were maintained in log phase at
37°C with 5% CO2. Eight to ten-week-old MUC1.Tg mice were injected subcutaneously in
the left flank with 1 x 106 MC38 colon cancer cells in 100μl of PBS. For prophylactic
experiments, MC38 cells were injected 7 days after the first immunization (Figure 1A). For
therapeutic experiments, tumors were allowed to grow for 7 days prior to the first immunization
(Figure 1B).

Vaccination Strategy
The vaccine included: a) two MHC class I-restricted MUC1 peptides, APGSTAPPA and
SAPDTRPAP (100μg); b) one MHC class II helper peptide TPPAYRPPNAPIL (140μg)
(hepatitis B virus core antigen sequence 128–140 [52]); c) mouse unmethylated CpG
oligodeoxynucleotide constructs (CpG ODN, 100μg) (Coley Pharmaceuticals, Canada); and
d) granulocyte macrophage-colony stimulating factor (GM-CSF, 10,000 Units or 2μg, Cell
Sciences, Canton, MA). All peptides and adjuvants were emulsified in IFA and administered
subcutaneously at a site away from the tumor injection. Schematic representation of the
treatment schedules for the prophylactic and therapeutic studies are shown in Figure 1.

Tumor Palpation
Mice were palpated every day starting at day 7 post-tumor cell injection until sacrifice. At time
of sacrifice, tumors in the vehicle treated mice were approximately one gram in weight and
were well vascularized. MC38.MUC1 tumors stained positive for human MUC1 and
MC38.neo tumors were negative by immunohistochemistry (data not shown). Palpable tumors
were measured by calipers and tumor weight was calculated according to the formula: grams
= (length in cm) x (width) 2/2 [53]. In accordance with IACUC regulations, all surviving mice
were sacrificed when tumors reached 10% of body weight. Mice were carefully observed for
signs of ill health, including lethargy, abdominal distention, failure to eat or drink, marked
weight loss and hunched posture.

IFNγ Elispot Assay
From the tumor draining lymph nodes (TDLNs), CD4+ and CD8+ T cells were isolated using
the magnetic activated cell sorter (MACS, Miltenyi Biotech, Auburn, CA). IFN-γ ELISPOT
assay was performed using capture IFN-γ antibody as recommended by the manufacturer
(Mabtech, Stockholm, Sweden). Autologous irradiated DCs pulsed with the immunizing
peptides (class I-restricted H2-Db binding APGSTAPPA + H2-Kb binding SAPDTRPAP +
class II-restricted pan-helper-peptide TPPAYRPPNAPIL) were used as stimulator cells at a
responder to stimulator ratio of 10:1. DCs were prepared according to the protocol published
previously [10,54]. In some experiments, DCs were pulsed with either the MUC1 peptides or
the helper peptide separately. Control wells contained T cells stimulated with DCs pulsed with
irrelevant peptide (vesicular stomatitis virus peptide, RGYKYQGL). Spot numbers were
determined using computer assisted video image analysis by Zellnet Consulting, Inc. (FortLee,
NJ). DCs pulsed with irrelevant peptides were used as control. Splenocytes from a C57BL/6
mice stimulated with concavalin A (Con A) was used as positive control (data not shown).
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51Chromium (Cr)-release assay
Determination of CTL activity was performed using a standard 51Cr-release method.
Splenocytes, CD4+ and CD8+ T cells from TDLN served as effector cells. Autologous
irradiated DCs pulsed with immunizing peptide were used as stimulator cells and co-incubated
with the effector cells at an effector : stimulator ratio of 10:1 for 48h. Effector cells were then
recovered and incubated with 51Cr-labeled tumor target cells at effector : target ratios of 100:1,
50:1 and 25:1. Target cells included MC38.MUC1, MC38.neo, B16.MUC1, and B16.neo cell
lines. Epithelial tumor targets express low levels of MHC class I on the cell surface. Thus,
target cells were treated with 5ng/ml IFN-γ (Amersham, Piscataway, NJ) one day prior to the
assay to up-regulate MHC class I surface expression and loaded with radioactivity
(100μCi 51Cr (Amersham) per 106 target cells) for 3h. Effectors and targets were co-incubated
for 6h. Radioactive 51Cr released at the end of 6h was determined using the Topcount Micro-
scintillation Counter (Packard Biosciences, Shelton, CT). Specific lysis was calculated
according to the following formula: (experimental cpms- spontaneous cpms/complete cpms -
spontaneous cpms) x 100. Spontaneous 51Cr release in all experiments was 10–15% of
complete 51Cr release.

Statistical Analysis
Biostatisticians at the Mayo Clinic Biostatistics Core Facility conducted statistical analysis for
all data. A two-factor ANOVA was used to generate significant differences between
experimental groups. For the ELISPOT analysis, data were adjusted for operator (different
days at which assays were conducted).

Results
Complete prevention of MC38.MUC1 tumor growth in MUC1.Tg mice immunized with the
vaccine formulation

In a prophylactic setting, MC38.MUC1 or MC38.neo tumor cells (1 X 106 cells per mouse)
were injected 7 days post first immunization. Two more immunizations were administered at
days 7 and 14 post-tumor challenge and mice were sacrificed on day 21 (Figure 1A). We
observed complete rejection of MC38.MUC1 tumors in MUC1.Tg mice receiving MUC1-
specific immunization in combination with CpG ODN and GM-CSF (p < 0.001 compared to
all other groups) (Figure 2A). Tumor burden for all experimental groups is represented as
percent of tumor burden in vehicle-treated mice. All 8 mice in the peptide + adjuvant group
remained tumor free. Mice in all other treatment groups developed tumor but with lower
incidence and lower tumor weight compared to mice treated with vehicle (Figure 2A, p < 0.001
for peptides, peptides + CpG ODN and peptides + GM-CSF groups compared to vehicle; p <
0.04 for GM-CSF and CpG + GM-CSF groups compared to vehicle). Mice treated with CpG
ODN alone was the only group that did not show lower tumor burden compared to vehicle-
treated mice. Four of the eight mice in the full treatment group (peptide + GM-CSF + CpG
ODN) were re-challenged with MC38.MUC1 tumor cells two months post primary
vaccination. All 4 mice rejected the tumor cells, suggesting a strong memory response against
MC38.MUC1 cells (data not shown).

Partial effect of the vaccine on MC38.neo tumor growth in MUC1.Tg mice
Interestingly, the immunization strategy with peptides + CpG ODN + GM-CSF was also
successful in partially reducing MC38.neo tumor growth in MUC1.Tg mice (Figure 2B, p <
0.01 compared to all other groups), presumably due to an immune response elicited by the pan-
helper-peptide immunization, CpG ODN and GM-CSF. Mice in all other treatment groups had
slightly lower tumor weights but were not significantly different from mice treated with vehicle
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(Figure 2B). Thus, the vaccine formulation not only elicited a MUC1-specific immune response
but also an MC38 tumor-specific immune response.

In vivo stimulation of IFN-γ-producing CD4+ helper T cells and CD8+ cytotoxic T cells in
MUC1.Tg mice immunized with the vaccine formulation

To elucidate the mechanism of anti-tumor response, CD4+ and CD8+ T cells were isolated
from lymph nodes of immunized and non-immunized mice and analyzed for MUC1-specific
IFN-γ spot formation (ELISPOT). CD4+ and CD8+ T cells were stimulated overnight with
syngeneic DCs pulsed with the three immunizing peptides. In the MC38.MUC1 challenged
mice, both IFN-γ-producing CD4+ and CD8+ T cells were observed (Figure 3A and B). An
irrelevant peptide, vesicular stomatitis virus peptide (RGYKYQGL, VSV NP52–59) showed
numbers of spots similar to vehicle (data not shown). Compared to CD4+ T cells, we observed
lower numbers of IFN-γ spot-forming CD8+ T cells (Figure 3A and B, note the difference in
scale for the y-axis). A strong CD4+ helper T cell response was elicited, possibly due to the
presence of the pan-helper-peptide and CpG ODN, both known to target the CD4+ helper T
cell population [33,55–57]. A significant increase in IFN-γ-producing CD4+ T cells was noted
in peptide + CpG ODN and peptide + CpG ODN + GM CSF groups compared to the vehicle
group (p < 0.05 for peptides + CpG ODN, and p < 0.001 for peptides + CpG ODN + GM CSF).
The only group that showed significant increase in IFN-γ-producing CD8+ T cells were mice
treated with peptides + both adjuvants compared to mice treated with vehicle and all other
groups including the adjuvants alone group (p < 0.05). We therefore selected to confirm the
ELISPOT data with an in vitro CTL assay only from the two groups (vehicle versus peptides
+ adjuvants). Tumor targets were MC38.MUC1 and MC38.neo tumor cells and effectors were
either splenic T cells, or sorted CD4+ or CD8+ T cells from TDLNs. Compared to vehicle
treated mice, splenic T cells from mice immunized with peptides + adjuvants showed the
highest CTL activity against MC38.MUC1 targets (data not shown). Moderate levels of CTL
activity were also observed with MC38.neo target cells, suggesting that the immunization
elicited CTLs not only against MUC1 tumor antigen but also against other unknown MC38
tumor antigens (data not shown). This result substantiates the moderate decrease in tumor
burden observed with the immunization in the MC38.neo challenged mice (Figure 2B).

In the MC38.neo challenged mice, immunization stimulated the CD4+ T cells to produce IFN-
γ in all groups compared to vehicle. However, significantly higher spot formation was detected
in the groups treated with peptides + CpG ODN and peptides + CpG ODN + GM CSF (p <
0.05 and p < 0.01, respectively). These groups were also significantly different from adjuvants
alone or peptide alone groups suggesting the important role of pan-helper-peptide and CpG
ODN. GM-CSF by itself did not have much effect. The CD8+ T cells showed only modest
increase in spot formation with no statistical significance between groups (Figure 4A and B).
The modest increase is once again due to the adjuvants (particularly CpG ODN), since groups
that received CpG ODN in the vaccine formulation showed increased spot formation. The data
suggest that the pan-helper-peptide + CpG ODN can elicit a reasonable immune response
against MC38 tumor cells and mount a partial anti-tumor response regardless of the presence
of MUC1 antigen. Furthermore, the data imply that both adjuvants administered with the
peptide vaccination may be better than one adjuvant alone in eliciting a robust anti-tumor
response (Figure 2). It should be noted that in Figure 4, the mice were challenged with
MC38.neo cells and not MC38.MUC1 cells; therefore there is no MUC1-specific response but
the response is due to the adjuvants and helper peptide. If you compare Figure 4 with Figure
3 (in which the mice were challenged with MC38.MUC1 cells), there is a significant increase
in the CD8+ T cell response with peptides + adjuvants versus all other groups, suggesting that
the response is clearly MUC1 peptide-specific.
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Significant reduction in established MC38.MUC1 tumors in MUC1.Tg mice immunized with
the vaccine formulation

To test the efficacy of the vaccine formulation in a therapeutic setting, MC38.MUC1 tumor
cells (1 x 106 cells/mouse) were established in MUC1.Tg mice for 7 days. Tumors were well-
vascularized and palpable by this time. Immunization was administered on days 7, 14, 21, and
28 post-tumor injection and mice were sacrificed on day 34 (Figure 1B). We opted to conduct
the therapeutic part of the study using MC38.MUC1 tumor cells with 4 groups of mice. The
experimental groups included: a) peptides + CpG ODN + GM-CSF, b) peptides, c) CpG ODN
+ GM-CSF, and d) vehicle. A significant reduction in tumor growth was observed in the group
treated with peptides + adjuvants compared to mice treated with vehicle (Figure 5, p = 0.003).
Although tumor burden in the peptide alone group was not significantly different from the
control (p=0.12), the adjuvants alone group (GM-CSF + CpG ODN) showed a significant
reduction in tumor burden as compared to vehicle (p=0.011), suggesting that the adjuvants
were strong enough to cause a reduction in tumor burden even without the tumor associated
antigen (TAA)-specific peptides. The MUC1 peptide vaccine did not significantly affect the
growth of the established MC38.neo tumors compared to peptides alone or adjuvants (data not
shown).

Immunization elicited a strong IFN-γ response in CD4+ T cells isolated from mice bearing
established MC38.MUC1 tumors

At sacrifice, CD4+ and CD8+ T cells were sorted from TDLNs. Cells were stimulated for 24
hours with irradiated DCs pulsed with the immunizing peptides on an ELISPOT plate. To
delineate the effect of the MUC1 peptide from the pan-helper-peptide, the DCs were pulsed
with either the MUC1 peptides, or the pan helper peptide or both. Compared to the vehicle-
treated group, CD4+ T cells from mice treated with adjuvants, peptides, or peptides + adjuvants
showed significantly increased IFN-γ spot formation (Figure 6A, p < 0.02 for adjuvants, p <
0.001 for peptides and p < 0.001 for peptides + adjuvants). Significant differences were also
achieved between adjuvants and peptides groups (p < 0.001 except for the DCs pulsed with
MUC1 peptide arm) and between adjuvants and peptides + adjuvant group (p < 0.001).
Similarly a significant difference was noted between peptides and peptides + adjuvants groups
in all three DC arms (p < 0.001). Thus, an additive effect of adjuvants + peptides is detected
in the IFN-γ-producing CD4+ T cell parameter with our immunization strategy in a therapeutic
setting. As can be appreciated from Figure 6A, IFN-γ production in the CD4+ T cells was
stimulated primarily by the pan-helper-peptide since there was no difference in spot formation
between DCs stimulated with pan-helper-peptide alone or pan-helper-peptide + MUC1 peptide
in any of the experimental groups. DCs pulsed with MUC1 peptide alone showed significantly
lower spot formation than DCs pulsed with pan-helper-peptide in mice treated with peptides
or peptides + adjuvants (p < 0.001), once again confirming that the pan-helper-peptide is the
main stimulator of IFN-γ production by CD4+ T cells. CD8+ T cells showed modest albeit
significant increase in IFN-γ production in the adjuvants group as well as in the peptides +
adjuvants group compared to the vehicle regardless of the peptides used to pulse the DCs
(Figure 6B, p = 0.02). The peptides group did not show significant difference in IFN-γ-spot
formation compared to vehicle and like the vehicle group, showed significantly lower spot
formation than the other two groups (adjuvants alone or peptides + adjuvants, p = 0.02) except
for the DCs pulsed with pan-helper-peptide alone arm (p = 0.6, Figure 6B), suggesting that the
CD8+ T cells were less influenced by the pan-helper-peptides compared to the CD4+ T cells.
Thus, the immunization strategy stimulated a strong CD4+ IFN-γ-producing T cell response
primarily to the pan-helper-peptide.
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Immunization elicited CTLs against MC38 and MUC1 tumor antigens in mice bearing
established MC38.MUC1 tumors

Although the CD8+ T cells did not produce much IFN-γ in the ELISPOT assay, we determined
if splenic T cells from immunized mice showed lytic activity against the tumor, since we did
observe a significant decrease in the tumor burden with immunization (Figure 5). To further
establish if the CTLs were specific against MUC1 and/or the tumor cell itself, we utilized two
different tumor cell targets, one specific for the immunized mice, MC38 colon cancer cells,
and the other, an irrelevant melanoma cell line, namely, B16. Both cell lines expressed either
full-length MUC1 or empty vector (neo). The results are summarized in Figure 7. When B16
cells were utilized as the target, the CTLs were lytic only against the cells that expressed MUC1
but not against B16.neo (p < 0.001). Note that there is no cytolysis from mice immunized with
vehicle or adjuvants alone when B16 was used as the target. Lytic activity was only observed
when mice were immunized with peptides alone (p < 0.001 compared to vehicle) or peptides
+ adjuvants (p < 0.001 compared to vehicle) confirming that the immunization elicited CTLs
specifically against the MUC1 antigen and not against a non-specific tumor cell. In contrast,
when MC38 cells were used as targets, the lytic activity was not only against the MC38.MUC1
but also against MC38.neo cells (p < 0.001 for all experimental groups compared to the vehicle
group). Another important data that emerged from this experiment was that mice treated with
adjuvants alone elicited a cytolytic response against the MC38 tumors regardless of whether
MUC1 was expressed or not. These results explain clearly the lower tumor burden in the
adjuvants group as well as begin to explain the anti-tumor effect on MC38.neo tumors (Figure
2). The peptides alone group generated CTLs only against the MC38.MUC1 but not against
MC38.neo (p < 0.001 between MC38.MUC1 and MC38.neo targets). Mice treated with vehicle
showed no lytic activity against any tumor target.

Discussion
Although MUC1-based immunotherapy has been able to induce MUC1-specific CTL
responses in a substantial number of cancer patients, the response has not been long lasting,
and has mostly remained without a significant clinical response. We hypothesize that this may
be because less focus has been given to the generation of Th cells that are required to sustain
a long-lasting anti-tumor response. We have developed a MUC1-based vaccine strategy that
generates a robust CD4+ Th cell response with sustained antigen-specific CD8+ CTL response
that clearly translated to a successful anti-tumor response. The vaccine consisted of peptides
derived from MHC class I-restricted MUC1 epitopes and MHC class II restricted pan-helper
T cell epitope. CpG ODN and GM-CSF were used as adjuvants. The vaccine was tested both
in a prophylactic and a therapeutic setting in an appropriate mouse model of MUC1 tolerance.
The MUC1.Tg mice were challenged with MC38 colon cancer cell lines transfected with full-
length human MUC1 (MC38.MUC1) or empty vector containing the neomycin resistance gene
(MC38.neo). In the prophylactic setting, the vaccine specifically caused rejection of the
MC38.MUC1 tumors but not the MC38.neo tumors, although a 50% reduction in tumor burden
was observed in these tumors (Figure 2). This apparently was due to the robust CD4+ Th cell
response elicited by the pan-helper-peptide and the adjuvants, CpG ODN and GM-CSF, present
in the vaccine formulation (Figure 4). This Th response facilitated the generation of a moderate
CD8+ CTL response accompanied by a modest anti-tumor response. In contrast, both the
CD4+ Th and CD8+ CTL responses were highly significant in the immunized mice challenged
with the MC38.MUC1 tumor cells compared to mice treated with vehicle (Figure 3). This
immune response translated to a significant anti-tumor response (Figure 2). Even more
important is that the vaccination strategy generated a strong memory response against the
MC38.MUC1 tumor cells, such that mice that were tumor free after primary immunization
remained tumor free for months after re-challenge with the same MC38.MUC1 tumor cells
(data not shown). Since the peptide vaccine was utilized in the study, we monitored the humoral
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response by testing for MUC1 antibody levels in the serum of immunized mice using a specific
ELISA. The levels of MUC1 antibody were found to be below the detectable levels (data not
shown). Similarly, we tested for Th1 versus Th2 cytokines in the T cell supernatant collected
from the ELISPOT plates at 24h post stimulation with DCs pulsed with the immunizing peptide.
Cytokine bead array (CBA) analysis revealed an increase in IFN-γ and TNF-α levels, although
IL-4, IL-5 and IL-10 were undetectable (data not shown). Together, these data suggest a
predominantly Th1 type cellular immune response with minimal Th2 response. This is not
surprising since both CpG ODN and GM-CSF are known to promote a Th1-type response
[48,49,55].

In the therapeutic setting, the vaccination was effective in significantly reducing the tumor
burden compared to the vehicle or peptides alone treated groups (Figure 5). To our surprise
there was no significant difference between the adjuvant and the adjuvant + peptides group
(Figure 5), suggesting that the adjuvants alone were potent enough to cause a clinically
significant anti-tumor response. This was most prominent in the therapeutic setting and was
much less obvious in the prophylactic setting (compare Figure 2A with Figure 5). In fact, in
the prophylactic setting the peptides alone group had a much more significant anti-tumor
response than the adjuvants alone group. These data raise several questions regarding the
differences in immune status of tumor-bearing mice versus non-tumor bearing mice and how
the two respond to the same vaccination. Tumor-bearing mice (in this case the mice in the
therapeutic arm with 7-day established tumor) may have existing low-level anti-MUC1 or anti-
MC38 responses, which were accentuated with the addition of the adjuvants. In the
prophylactic setting the immunization was given prior to tumor challenge and therefore the
response to the peptides was stronger than to the adjuvants alone. Thus, the global immune
status of the host receiving the vaccination impacts greatly on the host’s ability to generate
CTL immune responses to the peptide vaccines. It is clear from the therapeutic study that CTLs
were generated not only against MUC1 but also against other tumor antigens presented by the
MC38 colon cancer cells (Figure 7). This represents an important mechanism by which the
immune system can efficiently eliminate malignant cells and suggests the induction of epitope
spreading.

Although patients with advanced colorectal cancer have thus far derived no substantial clinical
benefit from peptide vaccination, we do not know enough regarding the global immune status
of the patients to abandon our efforts in this direction. We agree with those who find it
premature to give up on active cancer vaccines, because much work remains [58–61]. For
example, we must gain a better understanding of T cell functions, such as T cell avidity for
tumor cells, T cell homing to the tumor site, durability of the T cell response, and activation
of more than one effector mechanism.

To address the limitation of previous peptide-based therapeutic antitumor vaccine strategies
and low clinical efficacy in the clinic, scientists have used several approaches to improve
vaccine potency. These include selection of more immunogenic peptides, modifying naturally
occurring peptides by increasing affinity to MHC class I molecules, combining peptides
derived from multiple tumor associated antigens, combining MHC class I and class II binding
peptides from the same antigen, and by using novel immune adjuvants. We have successfully
combined the last two strategies and as a result increased the Th cell response and therefore
the CTL response in our model system.

MUC1 occurs naturally as a heavily glycosylated protein which contains two well-known
tumor-associated carbohydrate antigens (TACA): the disaccharide Thomsen-Friedenreich
(TF) antigen (β-Gal-(1->3)-α-GalNAc-O-serine/threonine and its precursor, the
monosaccharide Tn (GalNAc-O-serine/threonine) [62,63]. TACA-containing glycopeptides
are appealing CTL-based vaccines as they are widely expressed in a variety of tumors including
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colon cancer, their expression is largely tumor specific, they are induced early in neoplastic
transformation, and they elicit a high affinity, degenerate carbohydrate-specific response
[64]. Future studies will focus on generating glycosylated and/or anchor-improved MUC1
peptides that will have higher MHC binding and thus greater ability to activate T cells [65].
The idea that the glycopeptides from highly glycosylated proteins can serve as CTL-based
vaccines has been pioneered by Olivera Finn [66], Vasso Apostolopoulos [67] and Alexandra
Franco [52,64] and colleagues. Eliciting immunity to the novel anchor-modified glycosylated
MUC1 peptides may result in robust anti-tumor immunity and long-term immune memory.
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Figure 1.
A) Schematic of the experimental design for prophylactic study, B) Schematic of experimental
design for therapeutic study
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Figure 2. A) Complete inhibition of MC38.MUC1 colon cancer tumor cells in a MUC1.Tg mice post
peptide immunization
MUC1.Tg mice immunized with MUC1-based peptide vaccine in combination with pan-
helper-peptide, GM-CSF and CpG ODN. Immunizations were given 1 week prior to tumor
challenge with MC38.MUC1 cells followed by two boosts one week apart. Tumors were
measured using digital calipers and final weight calculated as (L x W2)/2. Each point represents
data from one mouse. The vehicle group was significantly different from the other groups (p
< 0.001 compared to all other groups). Other significant differences were also determined (p
< 0.001 for peptides, peptides + CpG ODN and peptides + GM-CSF groups compared to
vehicle; p < 0.04 for GM-CSF and CpG + GM-CSF groups compared to vehicle). B) Reduced
tumor burden of MC38.neo colon cancer tumor cells in a MUC1.Tg model post peptide
immunization. MUC1.Tg mice immunized with MUC1-based peptide vaccine in combination
with pan-helper-peptide, GM-CSF and CpG ODN. Immunizations were given 1 week prior to
tumor challenge with MC38.MUC1 cells followed by two boosts one week apart. Tumors were
measured using digital calipers and final weight calculated as (L x W2)/2. Each point represents
data from one mouse. Immunization with peptides + CpG ODN + GM-CSF was successful in
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significantly but partially reducing MC38.neo tumor growth in MUC1.Tg mice (p < 0.01
compared to all other groups). †p < 0.04, ††P < 0.01, †††P < 0.001.
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Figure 3. Induction of IFN-γ production by CD4+ and CD8+ T cells in response to MUC1 and pan-
helper-peptides, which was enhanced by GM-CSF and CpG ODN in MC38.MUC1 challenged mice
At sacrifice, CD4+ and CD8+ T cells were sorted from lymph nodes. Cells were stimulated for
24h with irradiated DCs pulsed with the immunizing peptides on an ELISPOT plate. Each
point represents data from one mouse. A) Number of IFN-γ spots in CD4+ T cells: a
significant increase was noted in peptides + CpG ODN and peptides + CpG ODN + GM CSF
groups compared to the vehicle group (p < 0.05 for peptides + CpG ODN, and p < 0.001 for
peptides + CpG ODN + GM CSF). B) Number of IFN-γ spots in CD8+ T cells: the only group
that showed significant increase in IFN-γ producing CD8+ T cells were mice treated with
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peptides + adjuvants compared to mice treated with vehicle (P < 0.05). †† p < 0.001, † p < 0.05
compared to vehicle treatment. Note that the y-axes differ in A and B.
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Figure 4. Induction of IFN-γ production by CD4+ but not CD8+ T cells in response to MUC1 and
pan-helper-peptides, was enhanced by GM-CSF and CpG ODN in MC38.neo challenged mice
At sacrifice, CD4+ and CD8+ T cells were sorted from lymph nodes. Cells were stimulated for
24h with irradiated DCs pulsed with the immunizing peptides on an ELISPOT plate. Each
point represents data from one mouse. A) Number of IFN-γ spots in CD4+ T cells:
significantly higher spot formation was detected in the groups treated with peptides + CpG
ODN and peptides + CpG ODN + GM CSF (p < 0.05 and p < 0.01, respectively). These groups
were also significantly different from adjuvants alone or peptide alone groups (p < 0.05). B)
Number of IFN-γ spots in CD8+ T cells: a modest increase in spot formation was noted with
no statistical significance between groups. †† p<0.01, † p<0.05 compared to vehicle treatment.
Note that the y-axis differs in A and B.

Mukherjee et al. Page 18

Vaccine. Author manuscript; available in PMC 2008 February 19.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5. MUC1 peptide vaccine significantly reduced burden of established MC38.MUC1 tumors
in MUC1.Tg mice
Tumors were established for 7 days by subcutaneous injection of MC38.MUC1 cells (1 x
106) into the flanks of MUC1.Tg mice. Tumor-bearing mice were immunized weekly with
MUC1-based peptide vaccine in combination with pan-helper-peptide, CpG ODN and GM-
CSF. Tumors were measured (cm) and final weight (gm) calculated as (L x W2)/2. A significant
reduction in tumor growth was observed in the vaccine treatment compared to vehicle control
or peptide alone (††p = 0.003). The adjuvants alone (CpG ODN + GM-CSF) also showed a
significant reduction in tumor burden compared to vehicle or peptides only (†p = 0.01).
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Figure 6. IFN-γ production by CD4+ T cells was induced in response to pan-helper-peptides, which
was enhanced by CpG ODN and GM-CSF
At sacrifice, CD4+ and CD8+ T cells were sorted from TDLN. Cells were stimulated for 24
hours with irradiated DCs pulsed with the immunizing peptides on an ELISPOT plate. A)
Number of IFN-γ spots from CD4+ T cells: Compared to vehicle treated, mice treated with
adjuvants, peptides, or peptides + adjuvants showed significantly increased IFN-γ spot
formation (p < 0.02 for adjuvants, p < 0.001 for peptides and p < 0.001 for peptides + adjuvants).
Significant differences were also achieved between adjuvants and peptides group (p < 0.001
except for the DCs pulsed with the MUC1 peptide arms) and between adjuvants and peptides
+ adjuvant groups (p < 0.001). Significant differences were noted between peptides and
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peptides + adjuvants group in all three DC arm (p < 0.001). B) Number of IFN-γ spots from
CD8+ T cells: There was a significant increase in IFN-γ production in the adjuvants group as
well as in the peptides + adjuvants group compared to the vehicle regardless of the peptides
used to pulse the DCs (p =0.02). The peptides group did not show significant difference in
IFN-γ-spot formation compared to vehicle but showed significantly lower spot formation than
the other two groups (adjuvants alone or peptides + adjuvants, p = 0.02) except for the DCs
pulsed with pan-helper-peptide alone (p = 0.6). †p ≤ 0.02, ††p < 0.001 compared to vehicle.
Note that y-axis differs in A and B.
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Figure 7. Immunization with MUC1-peptide vaccine increased MUC1-specific CTL activity in mice
with established MC38.MUC1 tumors
Effector cells (splenocytes) from immunized mice were subjected to a standard 51Cr-release
assay. Targets were MC38.MUC1, MC38.neo, B16.MUC1, and B16.neo cells. N = 4 to 6 mice
per group. MC38 targets are designated with ▴ and B16 targets with Δ. CTLs were lytic against
the B16.MUC1 cells but not against B16.neo (p < 0.001). Note that there is no cytolysis from
mice immunized with vehicle or adjuvants alone when B16 was used as the target. Lytic activity
was only observed when mice were immunized with peptide alone (p < 0.001) or peptides +
adjuvants (p < 0.001). With MC38 tumor targets, lytic activity was against MC38.MUC1 and
MC38.neo cells (p < 0.001 for all experimental groups compared to the vehicle group). The
peptides alone group generated CTLs only against the MC38.MUC1 but not against MC38.neo
cells (p < 0.001). Mice treated with vehicle showed no lytic activity against any tumor target.
††P < 0.001 compared to vehicle. E : T ratios of 100:1, 50:1 and 25:1 were conducted and
titrations were observed. Due to multiple targets and multiple animals per experimental group,
we selected to show E : T ratio of 100:1.
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