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We previously identified the aberrantly expressed cell cycle regulator
cyclin B1 as a tumor antigen recognized by antibodies and T cells from
patients with breast, lung, and head and neck cancers. Ordinarily
expressed only transiently in the G2/M stage of the cell cycle in normal
cells, cyclin B1 is constitutively expressed at high levels in the cyto-
plasm of these and many other tumor types, leading to its recognition
by the cancer patient’s immune system. We report here an unex-
pected observation that cyclin B1-specific antibody and memory CD4
and CD8 T cells are also found in many healthy individuals who have
no history of cancer. Moreover, young as well as older healthy people
have these responses suggesting that events other than cancer, which
occur either early in life or throughout life, may lead to aberrant cyclin
B1 expression and anti-cyclin B1 immunity. The role, if any, of
immunity to this tumor-associated antigen is not known. We wanted
to determine specifically whether immunity to cyclin B1 might be
important in the immunosurveillance of cyclin B1� tumors. We
therefore tested in mice the effectiveness of vaccine-elicited anti-
cyclin B1 immunity against a cyclin B1� mouse tumor that was chosen
based on our published observation that cyclin B1 overexpression is
associated with the lack of p53 function. We found that cyclin B1 DNA
prime-protein boost vaccine protected mice from a challenge with a
tumor cell line that was established from a tumor arising in the p53�/�

mouse that spontaneously overexpresses cyclin B1.

cancer vaccines � human immunology � immunosurveillance �
tumor immunology

Overexpression of cyclin B1 has been documented in many human
cancers, including colorectal, lung, cervical, and head and neck

carcinomas (1–5). Additionally, this overexpression has been shown to
correlate with worse prognosis in lung, laryngeal, esophageal, and
tongue cancers (1, 3, 5–8). Whereas cyclin B1 is expressed transiently
in normal cells, in cancer cells, it is expressed constitutively in all stages
of the cell cycle (9). Additionally, cancer-associated cyclin B1 overex-
pression is evident primarily in the cytoplasm where it can be subject to
proteasomal processing and presentation in MHC class I. We reported
isolation of cyclin B1 peptides from MHC class I molecules of tumor
cells that were recognized by tumor-specific memory T cells present in
patients with cyclin B1 overexpressing tumors (10). We later showed
that patients with cancer and premalignant lesions that overexpress
cyclin B1 have cyclin B1-specific antibodies of IgM, IgG and IgA
isotypes (11).

Cyclin B1 overexpression in many tumors is secondary to the loss
of p53 function either through p53 mutations or a deletion (9).
Considering that alterations in p53 function happen in many tumors
early in the process of transformation, cyclin B1 is a good candidate
antigen for both immunotherapy and immunoprevention of a large
number of human tumors. Additionally, because cyclin B1 is
required for entry into mitosis, it is unlikely that a growing tumor
could lose cyclin B1 expression and escape anti-cyclin B1 immunity.

While studying anti-cyclin B1 humoral responses in cancer pa-
tients, we discovered that many healthy individuals also had anti-
cyclin B1 antibodies. To determine how frequently this may occur,
and eventually to determine the potential significance of these

immune responses, we collected blood samples from individuals in
different age groups and with no known history of cancer. We
found that in addition to antibodies, healthy individuals have both
CD4� and CD8� antigen-experienced T cells specific for cyclin B1.
This begged the question of whether these responses could be
involved in immune surveillance of cyclin B1 overexpressing tu-
mors. To directly test this, we used a transplantable cyclin B1
overexpressing tumor derived from a p53�/� mouse. We found that
anti-cyclin B1 immunity elicited through a vaccine can inhibit tumor
growth and significantly increase overall survival.

Results
Healthy Individuals Have Anti-Cyclin B1 Antibodies. We studied
individuals with no history of cancer to determine the prevalence
of anti-cyclin B1 antibodies. Considering that there is a wide and
continuous range of antibody titers in cancer patients, we wanted to
find out whether this range would be recapitulated in the healthy
population, or whether we would find instead individuals that either
do or do not have anti-cyclin B1 antibody. Plasma was collected
from 65 individuals ages 20–75 years and tested by ELISA for the
presence of anti-cyclin B1 antibody. As shown in Fig. 1A, many
healthy individuals had detectable levels of cyclin B1-specific IgG
that ranged from very low to very high. Because even the lowest
levels are positive values when calculated based on the antigen-
negative background control values (as described in detail in the SI
Text), we cannot determine where the cut-off point is between the
true antibody positive and true antibody negative individuals and
have chosen instead to divide the individuals as having antibody
levels above or below the mean OD value of 0.149. Twenty-seven
individuals, �40%, are found above the mean. Because cyclin B1
is overexpressed in cancer and the risk of neoplastic events is
thought to increase with age, we sought to determine whether the
prevalence or levels of anti-cyclin B1 IgG increased with age as well.
We found no correlation between age and antibody levels in an
adult population (Fig. 1B). To gain insight into the quality of cyclin
B1-specific T cells that helped B cell isotype switching, we also
looked for the predominant anti-cyclin B1 IgG subtypes. Although
all subtypes were found, the anti-cyclin IgG was predominantly
IgG3 (Fig. 1C), which has been suggested to be an indicator of Th1
T cell-mediated help (12, 13).

Healthy Individuals Have Cyclin B1-Specific T Cells. Because IgG is a
T cell-dependent isotype, it can be expected, even though it is not
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always the case, that individuals positive for anti-cyclin B1 IgG
would have cyclin B1 specific T cells. We had characterized cyclin
B1 specific T-cell responses in cancer patients with cyclin B1
overexpressing tumors (10). Therefore, we sought to determine
whether cyclin B1-specific T cells could be found in PBMC from
healthy individuals. Plastic adherence was used to separate mono-
cytes and grow dendritic cells (DCs), and lymphocytes were frozen
until needed. DCs were loaded with cyclin B1, control antigen
ovalbumin (OVA), or no antigen. DCs were then cultured in the
presence of TNF�, IL-6, and PGE2 to promote their maturation
before they were cocultured with autologous lymphocytes or with
purified CD8� T cells. Assessment of the culture supernatants by
ELISA showed that lymphocytes from the healthy donor produced
IFN� in response to DCs presenting cyclin B1 but not OVA (Fig.
2A). This response depended on T-cell receptor signaling because
blocking with antibodies against MHC class I and CD4 reduced
IFN� to control levels. PBL from the same individual were also
labeled with CFSE before cocultuture with DC, and proliferation
was assessed by flow cytometry on day seven. As shown in Fig. 2B,
the CD4� T cells proliferated significantly more in response to
cyclin B1-loaded DCs than to DCs that were unloaded or loaded
with OVA. We performed the same experiment with purified
CD8� T cells. After 10 days, the CD8� T cells cocultured with cyclin
B1-loaded DCs produced significantly more IFN� than those with
control DCs (Fig. 2C). Three additional healthy donors were tested
with similar experimental protocols, and all three had cyclin
B1-specific T-cell responses.

Cyclin B1-Specific T Cells in Healthy Individuals Are Antigen Experi-
enced. Because the T-cell responses we observed were after a week
or longer of culture, which is theoretically sufficient to prime naïve
cells, we designed additional experiments for detection of cyclin
B1-specific T cells that had been primed in vivo. The PBL from the
same healthy donor as in Fig. 2 A and B were cocultured with cyclin
B1-loaded, OVA-loaded and unloaded DC; IFN� production dur-
ing the first, second, and third day of culture was assessed. Brefeldin
A (BFA) was added to one set of the triplicate coculture for 11 h
during the first day to trap newly synthesized proteins inside the cell
by preventing their transport and secretion. Intracellular IFN�
accumulated during this 11 h incubation is indicated as the 24-h
time period. (Fig. 2 D–G). The second and third set of the triplicates
were then incubated with BFA for 11 h during the second and third
day, indicated as the 48- and 72-h time periods, respectively.
Already in the first 24 h, both CD4� and CD8� T cells produced
more IFN� in response to cyclin B1 than to controls. This effect was
magnified over the 48- and 72-h periods.

Cyclin B1 Peptides Commonly Recognized by Human T Cells. Cyclin B1
is a relatively large protein of 54 kDa and can be processed into

numerous class I and class II restricted peptides that could serve as
T-cell epitopes. We asked whether certain regions of the protein
were more likely to be recognized by T cells, which might suggest
a repertoire of preferred peptides to be used in vaccines to elicit or
boost anti-tumor T-cell responses in patients. We used an overlap-
ping cyclin B1 peptide library composed of peptides 12–15 aa in
length, a size that has been shown to elicit both CD4� and CD8�

T-cell responses (14, 15). We first tested pools of peptides (Fig. S1)
and then individual peptides from pools that induced T-cell pro-
liferation. Blood donors in these studies were healthy individuals
enrolled in a lung cancer screening study who were confirmed to be
free of lung cancer by CT scan. PBMC were isolated, labeled with
CFSE, and cultured with peptide pools or individual peptides. Six
days after stimulation, cells were tested for CFSE dilution. We
identified three peptides, spanning amino acids 215–223, that
stimulated T cells from multiple blood donors. Fig. 3 shows five
individuals with CD4� and CD8� T cells that are specific for one
or more of these three peptides.

Cyclin B1-Specific Immune Responses Can Prevent Tumor Growth.
Given that healthy individuals have both humoral and cellular
immune responses that are specific for the self and tumor antigen
cyclin B1, we explored the potential significance of having anti-
cyclin B1 immunity before the onset of cancer. We used a trans-
plantable mouse tumor model, a cyclin B1 overexpressing lym-
phoma cell line (LO2) that was derived from a p53�/� mouse and
spontaneously overexpresses cyclin B1.

Because overexpressed cyclin B1 in tumors is neither mutated
nor altered post-translationally, we expected that immune re-
sponses in healthy mice might be subject to self-tolerance and
therefore difficult to elicit. For that reason we chose to test as
immunogens both mouse (self) and human (85% homologous but
could be considered nonself) cyclin B1 in 2 different forms,
recombinant protein and cDNA. As adjuvant we chose transdermal
delivery at the site of antigen injection of heat labile enterotoxin
(LT) applied via an immunostimulatory (IS) patch (16, 17). The
protein plus adjuvant vaccine elicited cyclin B1-specific CD4� T
cells and IgG, but there was no difference in tumor growth between
vaccinated and unvaccinated groups challenged with LO2 (Fig. S2).
In contrast, when we used the DNA prime-protein boost approach,
we were able to induce effective anti-tumor immunity (Fig. 4).
Fifteen mice per group were immunized with either pcDNA3.1
control vector (group 1) or gene expression vectors encoding either
mouse cyclin B1 (group 2) or human cyclin B1 (group 3) cDNA.
Three weeks and six weeks later, mice were boosted with recom-
binant human cyclin B1 protein followed by the application of the
LT/IS patch, respectively. As controls we used untreated mice and
mice primed with empty pcDNA3.1 vector and boosted with LT/IS
patch only. Seventeen days after the last immunization, three mice

Fig. 1. Healthy individualshaveanti-cyclinB1 IgG.Plasma
samples from healthy donors with no history of cancer (n �
65)weretestedforanti-cyclinB1 IgG(dilutionof1:400)and
IgG subtypes (1:20). (A) Anti-cyclin B1 IgG from all individ-
uals was normalized to five standard controls. Bar, mean
OD. (B) Levels of anti-cyclin B1 IgG are independent of age
(Pearson correlation, P � 0.63). (C) Anti-cyclin B1 IgG sub-
types were tested in 23 healthy individuals who had above
the median levels of anti-cyclin B1 IgG. Each individual is
represented by the same symbol in all four assays.
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per group were killed for assessment of in vitro T-cell responses and
the remaining mice were challenged with LO2 tumor. Fig. 4A shows
that the DNA prime-protein boost vaccination induces cyclin
B1-specific T-cell responses that can only partially be blocked by
anti-CD4 antibody (groups 2 and 3). These results implied success-
ful priming of CD8� T cells as well. The same results were obtained
by boosting with mouse cyclin B1 protein (Fig. S3), and in those
experiments we confirmed that cyclin B1 specific T-cell responses
can also be blocked by anti-CD8 antibody. Cyclin B1 DNA prime-
protein boost vaccination also successfully elicited both anti-human
and anti-mouse cyclin B1 antibodies (Fig. 4B).

Importantly, the presence of anti-cyclin B1 immune responses
before tumor challenge significantly delayed or completely pre-

vented tumor growth. By day 28 after tumor challenge, groups that
received the DNA prime-protein boost vaccine had significantly
lower mean tumor volume (P � 0.0001) and significantly higher
number of tumor-free mice (P � 0.0013) than no treatment and
adjuvant only controls (Fig. 4C). By day 42, all mice in the control
groups were killed due to excessive tumor burden whereas two mice
in group 1, six mice in group 2, and five mice in group 3 remained
tumor free. Fig. 4D shows that vaccination significantly enhanced
survival. We saw no evidence of self-tolerance to mouse cyclin B1
because priming with mouse cDNA protected equally or slightly
better than the human cyclin B1 DNA vaccine. Similar protection
was observed when the mouse cyclin B1 DNA vaccine was boosted
with mouse cyclin B1 protein (Fig. S3).

Fig. 2. Healthy individuals have memory T cells specific for cyclin B1. (A) All T cells: Monocyte-depleted PBMC were cultured with autologous DCs that were loaded
with ovalbumin (OVA), cyclin B1 (CB1), or unloaded. Supernatant from the seventh day of culture was tested by ELISA for IFN�. W6/32: MHC class I blocking antibody.
(B) CD4� T cells: PBMC from the same donor as in A were labeled with CFSE and cultured with autologous DCs in the presence or absence of indicated antigen or without
DC. Percentage of proliferating CD4� T cells was assessed after seven days. (C) CD8� T cells: CD8� T cells were purified from PBMC (a second donor) and cultured with
autologous DCs with and without indicated antigens. Supernatants were tested for IFNy after 10 days. Bars indicate standard deviation. (D–G) Brefeldin A was added
for 11 h to one set of a triplicate culture at 6, 30, and 54 h after combination of DCs with PBL. After the incubation periods, CD4� T cells (D and F) and CD8� T cells (E
and G) were assessed for intracellular IFN�. (D and E) Flow cytometric measurement of IFN�. (Top) PBL stimulated with cyclin B1-loaded DCs. (Center) PBL stimulated
with OVA-loaded DCs. (Lower) PBL stimulated with unloaded DCs. (F and G) show a graphical representation of the percentage of IFN�-positive cells for CD4� (F) and
CD8� (G) T cells.
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Discussion
We demonstrate here that healthy individuals with no history of cancer
have an immune response against the self-protein cyclin B1 that was
found to be abnormally expressed in tumor cells and thus characterized
as a tumor associated antigen. Cyclin B1-specific IgG is present in many
healthy individuals, independent of age. Furthermore, healthy individ-
ualshavecyclinB1-specificCD4� andCD8� memoryTcells.Thereare
many other self antigens that are expressed by normal adult tissues but
abnormally expressed by tumors and thus considered tumor associated
antigens. A partial list includes MUC1, expressed on normal ductal
epithelial cells but overexpressed and hypoglycosylated on tumor cells
(18); p53, expressed by normal cells undergoing genetic stress or
apoptosis but constitutively overexpressed by tumor cells (19); mela-
nocyte differentiation antigens overexpressed in melanoma cells (20);
carcinoembryonic antigen (CEA), found in low levels in healthy colon
(21) but overexpressed in tumor cells; the Bcl-2 family and other
regulators of apoptosis (22); and cyclin B1, the subject of our studies.

Humoral and cellular immune responses elicited by overexpression,
mislocalized expression, aberrant processing, or a combination of these,
have been studied in cancer patients for evidence of their role in cancer
immunosurveillance and disease outcome. We and others demon-
strated that MUC1-specific antibodies are associated with a better
prognosis in breast, pancreatic, lung, and ovarian cancer (23–26).
Similarly, the presence of T cells in tumors has been associated with
better prognosis in lung, ovarian, and colon cancer (27–29).

Although our study focused specifically on responses to tumor-
associated antigens in healthy individuals, careful analysis of pub-
lished papers dealing with these responses in cancer patients reveals

that similar observations were made in the healthy controls in these
studies but did not receive proper attention. T cells could be
expanded in vitro for self antigens such as the melanoma-associated
chondroitin sulfate proteoglycan (30), cytochrome p450 1B1 (31),
survivin (32, 33), melanoma inhibitor of apoptosis protein (34), and
tyrosinase related protein 1 (35). Additionally, detection of T cells
specific for Melan-A/Mart-1 (CD8�, naïve), Her2/neu (CD8�,
effector), CEA (CD4�, naïve/ignorant or suppressed), and wild-
type p53 (CD8�, mostly CD45RA�) was possible even without in
vitro expansion (36–39). These and similar studies focused primar-
ily on the difference in responses to these molecules between
healthy individuals and cancer patients or on showing that T cells
were not centrally deleted and could potentially be expanded by
vaccination. The question has not been asked how these responses
are elicited in healthy people in the absence of cancer. We would
like to propose that abnormal expression of self-molecules can
occur during nonneoplastic events as well, such as infections and
acute and chronic inflammation. We have published that several
nonneoplastic events known to affect MUC1-expressing tissues,
such as mumps virus infection of MUC1� salivary glands or
mastitis affecting MUC1� breast ducts, correlate with the presence
of anti-MUC1 antibody in healthy individuals (40). Compelling
evidence for a nonneoplastic event eliciting immune responses to
self antigens was obtained recently by studying mice recovering
from viral infections (41). Mice infected with either vaccinia virus
or lymphocytic choriomeningitis virus generated antibodies against
the viral antigens against many host cell proteins involved in cell
cycle progression and cell adhesion, some of which had been

Fig. 3. Identification of commonly recognized cyclin B1 peptides. PBMC were labeled with CFSE and stimulated with 2 �g/mL recombinant cyclin B1 peptides. After
six days of culture, PBMC were stained with cell surface markers and proliferation was assessed by flow cytometry. peptide 61: KFRLLQETMYMTVSI; peptide 62:
LQETMYMTVSIIDRF; and peptide 63: MYMTVSIIDRFM.
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characterized as human tumor-associated antigens. Two recent
reports show that infection of human fibroblasts with varicella
zoster virus (VZV) (42) or human cytomegalovirus (HCMV) (43)
induces overexpression of cyclin B1 in the cytoplasm of infected
cells that strongly resembles its abnormal expression in cancer cells.
In addition, this overexpressed cyclin B1 is packaged into VZV
virions (44), potentially creating a natural viral vector for eliciting
anti-cyclin B1 immunity. Anti-cyclin B1 immune memory devel-
oped in the context of this and potentially other viral infections
could serve as effective immunosurveillance against tumors that
overexpress cyclin B1.

The presence or induction of memory responses against self-
antigens also known to be tumor associated antigens has been
considered a case of broken self-tolerance. This has created an
expectation that to elicit effective anti-tumor immunity, cancer
vaccines must be able to break self-tolerance (45, 46). Although
there is some evidence from clinical trials of cancer vaccines or
other forms of immunotherapy that effective anti-tumor immunity
sometimes correlates with autoimmunity (47, 48), most immune
responses against tumor associated antigens do not recognize
normal cells. We would like to propose that this is because the
immune system maintains self-tolerance against the normal expres-
sion of these molecules and only responds to their abnormal
expression brought about by infections or malignant transforma-
tion. Finding anti-cyclin B1 antibody and T cells in healthy humans
suggests that this immune response if elicited or boosted should be
safe and not expected to react against normal proliferating cells that
have a normal pattern of cyclin B1 expression and regulation.
Furthermore, our studies in mice show that anti-cyclin B1 immunity
can be protective against tumors. Together, these data support
further studies of cyclin B1 based vaccines as a useful strategy to
boost preexisting anti-cyclin B1 immunity for cancer prevention in
individuals who are at high risk for developing tumors that abnor-
mally express cyclin B1.

Materials and Methods
The materials and methods for the synthesis of cyclin B1 recombinant proteins
and cyclin B1 peptide library as well as the construction of mouse and human
cyclin B1 pcDNA3.1 DNA vectors can be found in the SI Text.

Blood Donors. Blood was collected from individuals ages 25–79 after receipt of
informed consent. Blood collection at the University of Pittsburgh and the Rock-
efeller University was approved by the institutional review board of each univer-
sity. Buffy coats were obtained from the Allegheny County Health Department
Blood Bank. Blood used for peptide library stimulations was collected from
individuals enrolled in a University of Pittsburgh biomarker study for lung cancer
risk. Individuals for the biomarker study were ages 55–79, heavy smokers, and
negative for lung cancer by computed tomography.

Measurement of Human Anti-Cyclin B1 Antibody Responses. Anti-cyclin B1
antibody responses were measured using ELISA as detailed in the SI Text.

Generation and Loading of Dendritic Cells. Dendritic cell generation is described
in SI Text. DCs were loaded at 30 �g/mL for each protein. Both ovalbumin (OVA,
Sigma) and cyclin B1 proteins were treated for LPS removal with Detoxi-Gel
(Pierce, Thermo Fisher). After 4 h, a maturation mixture of 10 �g/mL TNF� (R&D),
10 �g/mL IL-6 (R&D), and 1 �g/mL PGE2 (Sigma) was added. DCs were allowed to
mature for two days before use in assays.

T-Cell Stimulation with Dendritic Cells. PBL remaining from monocyte isolation
were either used directly in assays or subjected to CD8� T-cell purification,
following the manufacturer’s protocol (Miltenyi). PBL or CD8� T cells were plated
with autologous, protein-loaded or unloaded DCs at a DC:T cell ratio of 1:10 in
complete RPMI supplemented with 10% human serum (Gemini Bio-Products), 10
ng/mL IL-12 (R&D), and 5 ng/mL IL-6 (R&D). PBL used in proliferation assays were
labeledwith5 �MCFSE, followingthemanufacturer’sprotocol (CellTrace Invitro-
gen) and as detailed for peptide library assays. Proliferation was assessed by flow
cytometry on day seven. For assessment of secreted cytokines, blocking antibod-
ies for MHC class I (W6/32) and CD4 (RPA-T4, 2.5 �g/mL; Biolegend) were added
totheindicatedT-cell culturesbeforetheadditionofDCsandrefreshedeverytwo
days. IFN� concentrations in the supernatant were assessed following the man-
ufacturer’s protocol (OptEIA; BD Biosciences). Cultures were in triplicates for
supernatant and proliferation assays.

Intracellular Cytokine Staining. Cyclin B1-loaded, OVA-loaded, and unloaded
DCs were combined with autologous T cells in triplicate to perform the assay at
three time points after the start of the coculture. Six hours after the coculture was
begun, brefeldin A (BD Biosciences) was added to the first set of the triplicate for
11 h, after which cells were stained for intracellular IFN� and cell surface markers,
following the manufacturer’s protocol (BD Cytofix/Cytoperm). This is indicated as
the24-htimeperiod.BrefeldinAwasthenaddedtotheremainingtwosetsof the

Fig. 4. Cyclin B1 DNA prime-protein boost vaccination
elicits cyclin B1-specific cellular and humoral responses and
delays tumor growth. (A and B) Mice were primed with
either pcDNA 3.1 empty vector (group 1), mouse cyclin B1
(mCB1, group 2), or human cyclin B1 (hCB1, group 3) cDNA.
All three groups were boosted with human cyclin B1 re-
combinant protein and the LT/ IS patch two times in three-
week intervals. (A) ELISPOT performed on mouse spleno-
cytes. Error bars, SE. (B) ELISA for anti-human (Left) and
anti-mouse (Right) cyclin B1 IgG. Bars, geometric mean. (C
and D) Mice from groups 1, 2, and 3 with the addition of
untreated and pcDNA3.1 empty vector � LT/IS patch con-
trols were challenged with LO2 tumor cells. (C) Tumor
growth on day 28 after tumor challenge. Bars, mean tumor
size. (D) Survival after tumor challenge (Logrank test, P �
0.0001).
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triplicate at 30 and 54 h after culture (indicated as 48-h and 72-h time periods,
respectively).

T-Cell Assays Employing the Cyclin B1 Peptide Library. PBMCs were washed in
PBSandlabeledwith5�MCFSE(CellTrace, Invitrogen) inwarmed0.1%FBSinPBS
for 10 min at 37 °C. The CFSE was quenched with three volumes of ice-cold
complete RPMI and washed with complete RPMI. PBMC were then resuspended
in media containing anti-CD28 and anti-CD49d antibodies for additional co-
stimualtion. Wells coated with anti-CD3 were used as positive controls. Peptides
were added for a final concentration of 2 �g/mL. No peptide was added to
negative control wells. After six days, cells were stained for cell surface markers
and tested for proliferation by CFSE dilution using flow cytometry.

Animals and Cell Lines. Six to eight-week-old C57BL/6 female mice were pur-
chased from The Jackson Laboratory. All animals were housed in the University of
Pittsburgh Animal Facility.

The LO2 cell line, a lymphoma derived from a p53 deficient mouse, was a kind
gift from Dr. Soren Buus (University of Copenhagen, Denmark). It is further
described in SI Text.

DNA Prime-Protein Boost Vaccination and Tumor Measurements. C57BL/6 mice
were shaved on the abdomen 24 h before treatments. Experimental groups were
immunized with pcDNA3.1 vector alone or the vector carrying either mouse or
human cyclin B1 cDNA. The cDNA (4 �g) was coated on 1–3-�m gold particles

(Bio-Rad) and fired into the abdominal skin using a helium-powered gene gun.
Three weeks later, mice were boosted with protein in the presence of heat-labile
enterotoxin (LT) via an immunostimulatory (IS) patch (IOMAI Corporation).
Briefly, 25 �g/100 �L per mouse of human or mouse cyclin B1 was injected s.c.,
with PBS injections used as controls. To prevent grooming during the immuni-
zation procedure, mice were anesthetized i.m. with 100 mg/kg ketamine (Phoe-
nix Scientific) mixed with 11 mg/kg xylazine (Phoenix Scientific). The skin was
abraded with sandpaper using gentle pressure 10 times in 1 direction. The area
was then hydrated with saline-saturated gauze and blotted dry. The LT/IS patch
was applied to the treated skin. Seventeen days after protein boost, 1 � 106 LO2
cells were injected s.c.

Measurement of Mouse Anti-Cyclin B1 T-Cell Responses. Seventeen days after
the last immunization, threemice ineachgroupwerekilledforT-cell studies. IFN�

ELISPOT assays were performed as detailed in the SI Text.

Measurement of Mouse Anti-Cyclin B1 Antibody Responses. Sera were drawn
two weeks after the last immunization. Anti-cyclin B1 antibody titers were
measured by ELISA as detailed in the SI Text.
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