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Introduction
Anti-cancer vaccines targeting self-proteins or auto-antigens have been applied to treat or
prevent multiple cancers in preclinical studies and clinical trials [1, 2]. Tumor protein D52 (TPD52) is a
novel and potentially important tumor associated auto-antigen (TAA) due to its’ over expression in a
number of fatal and common cancers to include prostate [3, 4, 5], breast [6, 7, 8, 9] and ovarian [10]
carcinomas. Recent studies have identified TPD52 as one of 12 important markers, along with MUC-1
and PSA, that can be used as a molecular fingerprint of human prostate cancer enabling more accurate
and sensitive diagnosis and prognosis of aggressive disease [11]. Our laboratory independently
identified and cloned TPD52 from human prostate cancer cells, isolated from patients undergoing
radical prostatectomy, using differential gene expression analysis of our novel paired cancer and
normal human prostate epithelial cell cultures. The human orthologue of TPD52 has been identified as
a candidate breast cancer TAA by using sera from breast cancer patients to screen a library of
expressed genes from breast cancers, demonstrating that TPD52 is capable of inducing IgG antibodies
which would have required induction of T cell help [12]. This report suggests that TPD52 may be
immunogenic in humans and also capable of inducing a cellular immune response, thus warranting
study of TPD52 as an anti-cancer vaccine to induce cellular immunity. The murine orthologue of TPD52
(mD52) naturally mirrors hD52 with respect to known function and over-expression in tumor cells, and
shares 86% protein identity with the human orthologue [13]. Recently we demonstrated that
transfection and stable expression of mD52 cDNA in mouse 3T3 fibroblasts (3T3.mD52) induced
increased proliferation, anchorage independent cell growth, and the ability to form subcutaneous
tumors and spontaneous lethal lung metastases in vivo when 3T3.mD52 cells were inoculated
subcutaneously into naïve, syngeneic, immuno-competent mice [14]. Together, these data strongly
suggest that TPD52 expression may be important for initiating and perhaps maintaining a tumorigenic
and metastatic phenotype and thus may be important for tumor cell survival. Moreover, we recently
demonstrated, for the first time, that mD52 is immunogenic when administered as recombinant proteinbased vaccine admixed with CpG/ODN in mice. The immune response generated was capable of
rejecting tumor cells that naturally over-express mD52 protein without inducing harmful autoimmunity
[15]. These data suggest that hD52 protein may also be a potent vaccine antigen that could be
administered to patients to treat or prevent cancers that over express hD52.
Reported herein we describe our initial efforts to evaluate DNA based, intramuscular vaccination
targeting TPD52 in a murine model of prostate cancer. Briefly, we compared immunization with mD52DNA to immunization with hD52-DNA as a xeno-antigen and assessed induction of anti-tumor immunity
in vivo. In addition, we evaluated the efficacy of xenogeneic prime-boost vaccine strategies involving
immunizing first with mD52-DNA followed by hD52-DNA or the reverse and assessed the induction of
anti-tumor immunity in vivo. The present study was undertaken to further investigate the potential of
targeting TPD52 in tumors through active vaccination.
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cells that naturally over-express TPD52 protein, we
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immunized groups of male C57BL/6 mice with
400
plasmid DNA encoding either murine TPD52
300
(mD52) or human TPD52 (hD52) as a xenogenic
200
tumor associated antigen. Our hypothesis was that
100
the ~15% difference in amino acid content between
0
hD52
and
mD52
may
impart
greater
immunogenicity to hD52 in mice yet afford the
Days post tumor challenge
possibility that intramolecular epitope spreading [16] Figure 1. Immunization with TPD52 DNA induces
would result in immunity to the native murine form protection against tumor challenge. Groups of male
mice were immunized with 50 micrograms of
of TPD52 expressed by murine tumor cells. Our C57BL/6
TPD52-DNA administered i.m. in saline every 10 days for a
rationale was that if our hypothesis were true total of 4 injections. Two weeks after the 4th injection the
perhaps the reverse would be true for vaccination of mice were challenged s.c. with TRAMP-C1 or TRAMP-C2
cells. A) Mice were immunized with murine TPD52
humans with TPD52-DNA. Seventy percent of mice tumor
6
(mD52)-DNA and challenged with 5 x 10 autochthonous
(7/10) immunized with hD52-DNA were capable of TRAMP-C1 tumor cells (right flank). B) Mice were immunized
6
long term rejection of TRAMP-C1 tumor cells with human TPD52 (hD52)-DNA then challenged with 5 x 10
autochthonous TRAMP-C1 tumor cells (right flank). C) Mice
challenge (Fig.1B and Fig. 2A) whereas only 50% were immunized with murine TPD52 (mD52)-DNA then
of mice (5/10) immunized with mD52-DNA were challenged with 2 x 106 autochthonous TRAMP-C2 tumor
protected from TRAMP-C1 tumor cell challenge cells (right flank). Tumor size was determined by taking
perpendicular measurements with calipers every 2 to 3 days
(Fig.1A and Fig. 2A). Interestingly, mice immunized and tumor volume (mm3) was calculated using the following
with mD52-DNA and challenged with TRAMP-C2 formula: (a x b2) / 2, where b is the smaller of the two
tumors were only 40% protected (Fig.1C and Fig. measurements. n = 10 for each group.
2B). Both TRAMP-C1 and TRAMP-C2 tumor cells were derived from spontaneous tumors that arose in
male TRAMP mice and were found to be tumorigenic in vivo when inoculated into naïve, male C57BL/6
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immuno-competent mice (5x106 and 2x106 cells, respectively) [17]. The majority of mice immunized
with empty vector plasmid or saline alone developed tumors (Fig. 2). Though we hoped for complete
protection from tumor challenge, and feel that mD52-DNA
immunization yields results that were more negative than
TRAMP-C1 Tumor Challenge
positive, we were encouraged by the results with hD52-DNA as
80
A
a xenogenic antigen. There are two possibilities contributing to
the lack of complete protection that we can address. First,
60
TPD52 is a non-mutated, tumor associated antigen that is
expressed by several normal tissues at levels less than
40
observed for malignant cells [14, 15]. Making it by definition a
tumor associated auto-antigen and subject to peripheral
20
mechanisms of immune suppression, namely the action of
CD25+, Foxp3+ regulatory T cells (Tregs). To address this
0
possibility in future experiments we will in vivo deplete CD25+
cells along with TPD52 vaccination by administration of PC61
DNA vaccine i.m.
monoclonal Ab shown to target and deplete CD25+ Tregs in
mice. We have recently demonstrated the efficacy of this
approach in other murine tumor models (unpublished
TRAMP-C2 Tumor Challenge
observation).
Second, it is possible that the published
50
tumorigenic
doses
for TRAMP-C1 and TRAMP-C2 do not
B
represent the minimal tumorigenic dose, making the therapeutic
40
window of efficacy too small to observe positive effects from
30
vaccination. We have begun in vivo tumor titration studies to
determine the minimal tumorigenic dose, described below.
20
To further assess the immunopotency of hD52 as a
xenogeneic antigen we conducted a prime-boost vaccine study.
10
Mice were primed with either mD52- or hD52-DNA and boosted
0
with the opposite orthologue of TPD52 as a DNA vaccine and
challenged with TRAMP-C1 tumor cells.
For mice that
developed
tumors
in
each
group,
the
time
to
onset
was similar.
DNA vaccine i.m.
Interestingly,
7/10
of
mice
in
the
group
that
received
hD52Figure 2. Protection from TRAMP tumor
DNA
as
a
boost
were
protected
from
tumor
challenge
(Fig.
3B)
cell
challenge
following
TPD52
immunization. Groups of male C57BL/6
compared to 6/10 that were primed with hD52 and boosted with
mice were immunized with 50 micrograms of
mD52-DNA (Fig. 3A). These data were closer to what we
TPD52-DNA administered i.m. in saline every
observed for mice immunized with hD52-DNA alone suggesting
10 days for a total of 4 injections. Two weeks
th
after the 4
injection the mice were
that a xenogeneic prime-boost approach may be sufficiently
challenged s.c. with TRAMP-C1 or TRAMPimmunopotent. For future experiments we will include in vivo
C2 tumor cells. Subcutaneous tumor growth
depletion of CD25+ Tregs along with xenogeneic prime-boost
was measured over time and compared for
each immunization group as % tumor free
vaccination in an attempt to increase the number of mice
mice on day 250 post tumor challenge. A)
protected from tumor challenge.
Represents mice challenged with TRAMP-C1
tumor cells. B) Represents mice challenged
To address whether long term immunologic memory
with TRAMP-C2 tumor cells. All control
was developed in mice that were immunized and protected
immunizations are shown as a single
from TRAMP-C1 tumor challenge, we inoculated the survivors
representative bar graph (control) and include
saline alone and empty vector DNA in saline
with TRAMP-C2 tumor cells in the opposite flank approximately
alone.
five months (~138 days) after TRAMP-C1 tumor inoculation (not
shown). This secondary challenge experiment is ongoing. We anticipate terminating the experiment
and evaluating T cell function and specificity in surviving mice by early November 2009. However, a
large number of the mice that were immunized with either hD52-DNA alone or boosted with hD52-DNA
after being primed with mD52-DNA remain tumor free to date. These data suggest that hD52-DNA
immunization may lead to superior long term immunity capable of rejecting mD52 expressing tumors.
6

Overall our initial efforts to induce tumor immunity following intramuscular TPD52-DNA
immunization have been promising. It appears that hD52 may be a more immuno-potent antigen in
mice resulting in superior tumor immunity. We predicted this to be so given the success of others
involving the application of murine or rodent tumor associated antigens in human clinical trials.
To expand our DNA vaccine efforts to include the clinically approved plasmid vector pVax we
subcloned the full length cDNAs for both mD52 and hD52 from the pcDNA3.1 plasmids used for our
initial DNA vaccine studies into pVax plasmids. Restriction digestion confirmed the full length cDNAs
for mD52 and hD52 were successfully subcloned into pVax (Fig. 4 and Fig. 5, respectively). To further
confirm the subclones, PCR with specific primers
was performed. PCR amplification of the correct
hD52-DNA prime / mD52-DNA boost followed by TRAMP-C1 tumor challenge
size bands indicated the presence of the
A
n = 10
corresponding cDNA clone for either mD52 or hD52
(Fig. 6). Finally, the pVax clones were sequenced
and the results confirmed the correct orientation
and presence of full length cDNAs for each mD52
and hD52 in the pVax vectors (not shown).
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Figure 4. Restriction enzyme digestion of mD52-pVax: Lane1,1kb ladder;
lane 2, pVax vector uncut (3kb); lane 3, pVax vector cut BamHI/XhoI (3kb);
*lane 4, mD52-pVax1 uncut (4.4kb); lane 5 mD52-pVax1 cut BamHI/XhoI
(1.4kb full length mD52 cDNA and 3kb pVax vector); *lane 6, mD52-pVax
uncut (4.4kb); lane 7, mD52-pVax cut BamHI/XhoI (1.4kb full length mD52
cDNA and 3kb pVax vector); lane 8, mD52-pcDNA uncut (6.8kb); lane 9,
mD52-pcDNA cut BamHI/XhoI (1.4kb full length mD52 cDNA and 5.4kb pcDNA
vector). * Two different mini-preps of mD52-pVax plasmid DNA.
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Figure 3. Xenogenic prime-boost Immunization
with TPD52 DNA induces protection against tumor
challenge. Groups of male C57BL/6 mice were
immunized with 50 micrograms of TPD52-DNA
administered i.m. in saline every 10 days for a total of
th
4 injections. Two weeks after the 4 injection the mice
were challenged s.c. with TRAMP-C1 tumor cells. A)
Mice were immunized with human TPD52 (hD52)-DNA
twice at 10 day intervals followed by immunization with
murine TPD52 (mD52)-DNA twice at 10 day intervals
6
then challenged with 5 x 10 autochthonous TRAMPC1 tumor cells (right flank). B) Mice were immunized
with murine TPD52 (mD52)-DNA twice and 10 day
intervals followed by immunization with human TPD52
(hD52)-DNA twice at 10 day intervals then challenged
6
with 5 x 10 autochthonous TRAMP-C1 tumor cells
(right flank). Tumor size was determined by taking
perpendicular measurements with calipers every 2 to 3
3
days and tumor volume (mm ) was calculated using
2
the following formula: (a x b ) / 2, where b is the
smaller of the two measurements. n = 10 for each
group.

BamHI/XhoI

XhoI/BsrGI

Figure 5. Restriction enzyme digestion of hD52-pVax: Lane 1, 1Kb ladder; lane 2, pVax vector
uncut (3kb); lane 3, pVax vector cut BamHI/XhoI (3kb); lane 4, hD52-pcDNA uncut (8.7kb); lane 5,
hD52-pcDNA cut BamHI/XhoI (3.3kb full length hD52 cDNA and 5.4kb pcDNA vector); lane 6,
hD52-pVax uncut (6.6kb); lane 7, hD52-pVax cut BamHI/XhoI (3.3kb full length hD52 cDNA and 3.0
kb pVax, slight doublet); lane 8, pVax vector uncut (3kb); lane 9, pVax vector cut XhoI/BsrGI (3kb
with shift); lane 10, hD52-pcDNA uncut (6.6kb); lane 11, hD52-pcDNA cut XhoI/BsrGI (2.4kB partial
hD52, 6.3 (0.9+5.4kb) rest of hD52 with pcDNA vector); lane 12, hD52-pVax uncut (6.6kb); lane 13,
hD52-pVax cut XhoI/BsrGI (2.4kB partial hD52, 3.9kb(0.9+3) with pVax vector).
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Figure 6. PCR conditions using mD52 primers: 62o C (annealing temperature), 30 cycles,
expected mD52 band= 250bp. Lane 1, 100bp ladder; lane 2, 1kB ladder; lane 3, pVax vector
with mD52 primers; *lane 4, mD52-pVax1 with mD52primers; *lane 5, mD52-pVax with mD52
primers; lane 6, mD52-pcDNA with mD52 primers; lane 7, no template (water) with mD52
primers. PCR conditions using hD52 primers: 60o C (annealing temperature), 30 cycles,
expected hD52 band ~500bp. Lane 8, pVax vector with hD52 primers; lane 9, hD52-pVax with
hD52 primers; *lane 10, hD52-pcDNA 1 with hD52 primers; *lane 11, hD52-pcDNA with hD52
primers; lane 12, no template (water) with hD52 primers. *Different mini-preps of respective
sub-clones.

The mD52 and hD52 pVax
clones were tested for the ability to
Figure 7. Western blot showing expression of hD52
express the respective proteins
(lane 4) and mD52 (lane 3) in 3T3 murine fibroblasts
4
3
2
1
following transient transfection (72hrs) with pVAX
when
transfected
into
3T3
plasmid encoding full length mD52 or hD52 cDNA:
◄ 27kD TPD52
Lane1 is a molecular weight ladder, lane 2 is 3T3 lysate
fibroblast
cells
using
our
(representative mock transfection), lane 3 is
3T3.pVaxmD52 lysate, lane 4 is 3T3pVaxhD52 lysate.
previously
published
methods
[14].
To detect TPD52 protein expression 1ug of TPD52
◄37kD GAPDH
antibody was added. For GAPDH detection a 1:1000
Since the pVax vector does not
dilution of antibody was used to probe. For Western
analysis method details see appendix reprints.
contain a eukaryotic selection
marker
the
transfection
experiments were done transiently, with 72 hours determined to be sufficient for optimum protein
expression. We previously demonstrated by real-time RT-PCR that 3T3 fibroblasts express detectable
amounts of mD52, albeit less than what was detected for tumor cells [14, 15]. Western analysis
demonstrated
that
both
Western analysis of recombinant mD52 protein purification
pVax.mD52
and
pVax.hD52
13 12
11 10
9
8
7
6
5
4
3
2
1
constructs produced much more
◄ 50kD mD52-GST fusion
protein
when
transfected
transiently into 3T3 fibroblasts
than what was detected in mock Figure 8. Western blot showing purification of mD52 protein: Lane 1 is a molecular weight ladder, lane 2 is skipped,
lane 3 is a sample post lysis of E. coli cells expressing mD52 protein, lane 4 is flow through, lane 5 is wash 1, lane 6 is
or non-transfected 3T3 fibroblasts wash
2, lane 7 is wash 3, lane 8 is wash 4, lane 9 is wash 5, lane10 is eluate 1, lane 11 is eluate 2, lane12 is eluate 3,
13 is eluate 4. lanes 11-13 represent purified mD52-GST fusion protein. To detect TPD52 protein expression 1ug of
using a rabbit polyclonal IgG lane
TPD52 antibody was added. For Western analysis method details see appendix reprints.
antibody specific for TPD52 that
cross-reacts with both mD52 and hD52 (Fig. 7). See reference 15 for details on Western analysis
using this antibody. Together these data demonstrate that we now have in hand the pVax-DNA
constructs coding either mD52 or hD52 making it possible
for us to repeat our DNA vaccine studies with the clinically
38 Days post tumor inoculation
approved DNA vector.
100
In addition to studying the efficacy of DNA-based
vaccines coding TPD52 we proposed to study TPD52
75
protein-based vaccines in the TRAMP model of prostate
cancer. The full length cDNAs for mD52 and hD52 were
50
sub-cloned separately into the pGEX-3X bacterial
expression vector containing glutathione S-transferase
25
(GST) as a purification tag. Both mD52- and hD52-GST
fusion proteins have a molecular weight of approximately
0
1e6
5e5
2e5
1e5
twice that of each protein alone (~50kD). We are able to
TRAMP-C2 tumor cell inoculation dose
easily generate 5-10 mg of highly purified fusion protein
for our vaccines studies as depicted for mD52-GST
Figure 9. In vivo titration of TRAMP-C2 tumor
protein in figure 8. As this report was being finalized we
cells. Groups of male C57BL/6 mice were injected
s.c. with varying doses of TRAMP-C1 tumor cells in
confirmed similar quantities and level of purification for
6
5
saline. Tumor cells doses were; 1x10 (1e6), 5x10
5
5
hD52-GST protein as well (not shown). We and others
(5e5), 2x10 (2e5) and 1x10 (1e5). Tumor size
have demonstrated the efficacy of using GST as a carrier
was
determined
by
taking
perpendicular
measurements with calipers every 2 to 3 days and
to increase the immunogenicity of self or auto-antigens
2
was calculated using the following formula: (a x b )
when administered as vaccines in murine tumor models
/ 2, where b is the smaller of the two
measurements. Results are shown as percentage
[15, 18]. Together these results suggest we will have
of mice with a tumor on day 38 post tumor
similar success in the coming months using protein to
inoculation. n = 3 for each group.
induce anti-TPD52 immune responses capable of
protecting mice from TRAMP tumor cell challenge.
Finally, in order to ensure a more linear window of vaccine efficacy for tumor rejection we
titrated TRAMP-C2 tumor cells in vivo in order to determine the minimal tumorigenic dose. We focused
initially on TRAMP-C2 cells since it reportedly take 2.5 times as many TRAMP-C1 cells to form tumors
when inoculated in vivo. The reported tumorigenic dose for TRAMP-C2 cells is 2x106 cells injected
Percent tumor free

Western analysis for TPD52 expression from pVAX plasmid constructs

8

subcutaneously [17]. We started the titration with 1x106 cells as depicted in figure 9. Thirty eight days
following inoculation of tumor cells 100% of mice that were inoculated with 1x106 cells had tumors. In
our experience with this tumor model 6-7 weeks is necessary to determine tumor growth in vivo. We
anticipate that the minimum tumorigenic dose (100% tumor take) for TRAMP-C2 cells will be between
5x105 and 1x106 cells, a dose that is 2-4 times less than what we previously used. These data support
our hypothesis that 2x106 tumor cells is too great a tumor burden to see optimal vaccine effects, and
suggests that a more empirically determined dose will provide opportunities for testing our vaccine in a
treatment scenario as well.
Future Work
In the next few weeks we will perform T cell function assays on survivors from the experiments
described in figures 1-3. EliSpot assays for IFN-gamma production will be performed. ELISA based
cytokine capture assays for the production of IL-4, IL-10, IL-17 and IFN-gamma will also be performed
to assess the role of various T Helper cell subsets, and CTL-mediated killing assays will be performed
to demonstrate T cell effector function against tumor cell targets. Details on the specific T cell assay
methods can be found in appendix items 2 and 3.
For the upcoming year, we anticipate evaluating protein-based vaccine strategies as well as the
pVax-DNA constructs for the ability to induce protective tumor immunity. In addition, we will assess the
role of T cell subsets in vivo during TPD52 vaccination by administering antibodies to deplete CD4+ or
CD8+ T cells (see appendix item 4 for detailed methods). Since TPD52 is an intracellular protein and
does not contain membrane anchor motifs, we don’t anticipate that specific antibodies will play a role in
tumor rejection following TPD52 vaccination. Our previous work with TPD52 vaccines indicates that
CD8+ cytotoxic T cells (CTLs) are the main mediators of tumor killing following TPD52 vaccination
(appendix items 2 and 3), and will be the focus of our upcoming immune mechanism studies.

KEY RESEARCH ACCOMPLISHMENTS
(the research accomplishments outlined below were completed by a 50% FTE associate, a graduate student and myself at 30% effort)

•
•
•

•

We demonstrated that TPD52-DNA vaccines delivered intramuscularly in saline are effective at
inducing anti-tumor immunity in the TRAMP model of prostate cancer.
We demonstrated that the human orthologue of TPD52 (hD52) delivered as a DNA-based
vaccine is more effective at inducing protective tumor immunity than murine TPD52 (mD52) in
the TRAMP model of prostate cancer.
Concurrent, related studies, but not supported by this award mechanism, demonstrated that in
vivo antibody-mediated depletion of CD25+ Treg cells resulted in significant increase in the
number of tumor free mice following TPD52 vaccination in a Balb/c, kidney sarcoma model (not
shown or discussed in the body). Since this study was undertaken before September 1, 2008
and was supported by institutional funds it was not included in this progress report. However,
the findings are novel, significant and support our hypothesis of why our initial DNA-based
vaccine studies were less than 100% effective in the TRAMP model. These results will play a
critical role in guiding our efforts during year 2 of funding.
We also demonstrated that TPD52, DNA-based vaccines delivered subcutaneously with soluble
GM-CSF as an adjuvant were effective in protecting mice from challenge with TRAMP-C1 tumor
cells. This was the first demonstration in the TRAMP model of DNA-based vaccine mediated
tumor immunity. This study represents an extension of our original statement of work and was
undertaken prior to the award of W81XWH-08-1-0660 in an effort to generate additional proof
for future funding. Since this study was undertaken before September 1, 2008 and was
supported by institutional funds it was not included in this progress report. These results will
play a critical role in guiding our efforts during year 2 of funding. These results can be viewed in
appendix item 3.
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•

•

In addition to generating data that are critical for our future TPD52-vaccine study design and
success, we spent a significant amount of time generating and validating critical vaccine
components to include hD52.pVax DNA, mD52.pVax DNA, highly purified recombinant mD52
protein and recombinant hD52 protein. The pVax vectors are FDA approved for trial in humans
and along with the recombinant proteins are critical for addressing the majority of our tasks
outlined in the original statement of work. Details on these efforts are provided in the body of
this report (see figures 4-8).
Finally, in order to optimize our therapeutic window following vaccine studies and tumor
challenge in vivo, we performed tumor cell titrations in naïve mice to determine a minimal
tumorigenic dose for TRAMP tumor cells. This has not been previously reported. Early
indications from our data suggest that the “common” dose used by others and reported in the
literature [see reference 17] is 2-4 times greater than what is necessary to obtain 100% tumor
take in unprotected mice. This information will be important for our ongoing vaccine studies and
useful to others working with the TRAMP model of prostate cancer.

REPORTABLE OUTCOMES
We anticipated that our reportable outcomes for year one of funding will be less than
subsequent years and beyond the termination of funds in year three. This is due to the time it takes for
TRAMP tumor cells to grow in vivo and the amount of time it takes to publish peer reviewed data.
However, we have published novel findings supported by other funds that are critical for the future
progress and success of our project supported by award W81XWH-08-1-0660.
Manuscripts: (see appendix)
Presentations:
(Data presented was generated with institutional funds prior to award of W81XWH-08-1-0660, but is critical to and in support of
the work proposed in award W81XWH-08-1-0660. Presenter is in bold)

•
•
•
•

Lewis JD, Payton LA, De Riese W, Byrne JA and Bright RK. Memory and Cellular Immunity
Induced by a DNA Vaccine Encoding Self Antigen TPD52 Administered with Soluble GM-CSF.
Cancer Immunology and Immunotherapy: realizing the promise. NIH/NCI, Bethesda, MD 2008
Department of Urology, TTUHSC, Grand Rounds. Bright RK. “TPD52: a novel vaccine target
for prostate cancer.” February 15, 2008
Hollings Cancer Center, Medical University of South Carolina. Bright RK. “Mining Immunogens
in Tumors: targeting self to kill cancer?” June 10, 2008
Pfizer Cancer Vaccine Center, LaJolla, CA. Bright RK. “Mining Immunogens in Tumors:
targeting self to kill cancer” January 15, 2009

Degrees:
•

Heather Schultz with defend her master thesis entitled: “Vaccination against the Self-Tumor
Associated Antigen Tumor Protein D52 (TPD52)”, October 2009. I served as Mrs. Schultz’s
mentor for her research. Though she was supported by institutional funds her thesis work was
directly related to our proposed studies in the TRAMP model and will be included in future
progress reports.
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Funding applied for in year 2:
(No funding was applied for in year 1. The following are proposal to be submitted during year 2 of funding that are supported
by findings from year 1 research accomplishments. The following are “either or” submissions but do not overlap in any way
with our current funding, specifically award W81XWH-08-1-0660)

•

Cancer Prevention Research Institute of Texas (CPRIT); to be submitted 10/08/09; Robert
Bright (PI); “Induction of Immunity to Tumor Associated Auto-Antigens”; total direct costs:
$450,000

•

National Cancer Institute; NIH 1 RO1; to be submitted 02/05/10; Robert Bright (PI); “Induction of
Immunity to Tumor Associated Auto-Antigens”; 30% effort; total direct costs: $1,250,000

CONCLUSIONS
Overall our initial efforts to induce tumor immunity following intramuscular TPD52-DNA
immunization have been promising. It appears that hD52 may be a more immuno-potent antigen in
mice resulting in superior tumor immunity. We predicted this to be so given the success of others
involving the application of murine or rodent tumor associated antigens as xenogeneic vaccines in
human clinical trials. We will explore this further in year 2, along with immune mechanism studies
outlined as task 2 in our original statement of work. In TPD52 immunize mice that were protected from
tumor challenge we saw no evidence for the development of auto-immuity, this supports our previously
published findings (see appendix item 2).
In concurrent, independently supported studies we determined that CD25+ Treg cells do play a
role in inhibiting TPD52-based immunity following vaccination, this was expected given that TPD52 is a
novel, classic, tumor associated-auto-antigen. These data are critical for guiding and driving our efforts
in year 2. In addition, we demonstrated for the first time that TPD52-DNA delivered subcutaneously
with GM-CSF as an adjuvant induced anti-tumor immunity in the TRAMP model (see appendix item 3).
Although these studies were undertaken prior to our receiving funding under award W81XWH-08-10660, the findings are important and will be critical for guiding and driving our efforts in year 2 as well.
Relevance “So What”:
TPD52 is involved in the induction of transformation and metastasis and has been shown by us
and other investigators to be over expressed in human prostate, breast, lung, ovarian and colon
cancers. Recent studies have identified TPD52 as one of twelve important protein markers, along with
MUC-1 and PSA, that can be used as a molecular fingerprint of human prostate cancer enabling more
accurate and sensitive diagnosis and prognosis of aggressive disease. Our preliminary data suggest
that TPD52 vaccination induces immunity capable of rejecting tumors in vivo without evidence of the
induction of autoimmunity or other harmful side effects. We believe the results generated by our
research will demonstrate that TPD52 is capable of inducing tumor immunity when administered as a
vaccine, and that this immunity will specifically destroy prostate tumor cells.
TPD52-based vaccines defined and characterized by this study could be clinically developed to
treat advanced cancer or for preventing progression and metastasis. Recombinant TPD52 protein and/
or synthetic peptide(s) could be used to stimulate and expand T cells from patients ex vivo for
therapeutic transfer back to the patient as adoptive cell therapies (ACT). All these vaccine approaches
are relatively easy to generate making the cost much less than other immunotherapy approaches such
as dendritic cell (DC)-based vaccines. DNA, protein and peptide vaccines have already proven to have
little to no toxicity in patients when studied in clinical trials, making these approaches very safe.
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Induction of Tumorigenesis and Metastasis by
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Abstract
Expression studies have consistently identified tumor
protein D52 (TPD52) overexpression in tumor cells.
Murine TPD52 (mD52) shares 86% identity with the
human orthologue. To study a possible role for TPD52
in transformation, 3T3 fibroblasts were transfected with
the full-length cDNA for mD52. Expression of mD52
was confirmed by reverse transcription-PCR (RT-PCR),
real-time PCR, and Western blot analysis compared
with 3T3 and vector-transfected 3T3 (3T3.V), and the
resultant cell line was designated 3T3.mD52. At 4 weeks,
3T3.mD52 gained a 2-fold increase in growth rate, lost
contact inhibition, and exhibited a marked phenotype
change. Further characterization revealed an acquired
ability for anchorage-independent cell growth. To
determine whether 3T3.mD52 had become tumorigenic,
naı̈ve, healthy, immunocompetent syngeneic mice
were inoculated subcutaneously with varying cell
doses. Tumors measuring >1 cm2 were detected
60 days postinoculation with 3T3.mD52, and a 50%
subcutaneous tumor incidence was obtained with as
few as 5  105 3T3.mD52 cells. Remarkably, when lungs
from 3T3.mD52 tumor-bearing mice were analyzed,
numerous tumor nodules were observed, ranging from
nodules less than 10 to nodules too numerous to
count (inoculation with 1  105 and 5  106 cells,
respectively). Further support for the metastatic capacity
of 3T3.mD52 was the demonstration that transforming
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growth factor (TGF)-BR1 (receptor) expression
decreased and TGF-B1 secretion increased in 3T3.mD52
compared with 3T3 controls. cDNA microarray analysis
showed a gene expression pattern that further
supported mD52-induced transformation and
metastasis. Together, these data suggest that mD52
expression in 3T3 cells initiated cellular transformation,
tumorigenesis, and progression to metastasis.
(Mol Cancer Res 2007;5(2):133 – 44)

Introduction
The human TPD52 gene family (1) is comprised of four
genes, hD52 or PrLZ (2, 3), hD53 (1, 4), hD54 (5, 6),
hD55 (7). The first D52-like gene to be identified, human
TPD52(hD52), was found to be overexpressed in f40% of
breast carcinomas (2). Subsequent reports have shown that
hD52 is overexpressed in cancers of the lung (8, 9), prostate
(3, 10, 11), colon (12), and ovary (13), as well as in B cell
malignancies (14). The hD52 gene has been localized to human
chromosome 8q21 (2), a region frequently gained in breast and
prostate carcinomas (15-18). It has been reported that hD52
represents a target for gene amplification in human breast
cancer (19), where hD52 was the first chromosome 8q21 target
gene proposed in any cancer type. Additional studies suggest
that hD52 and hD53 genes encode markers or regulators of
cancer cell proliferation (1), suggesting that tumor protein D52
(TPD52) may be important for initiating and perhaps
maintaining a tumorigenic and metastatic phenotype. Interestingly, Scanlan et al. (20) identified hD52 as a breast cancer
antigen by screening a library of expressed genes from breast
cancers with sera from breast cancer patients, demonstrating
that hD52 is capable of inducing immunoglobulin G (IgG)
antibodies. This suggests a lack of normal immunologic
tolerance to hD52, and that hD52 may be sufficiently
immunogenic to be explored as an anticancer vaccine.
The D52-like family members encode hydrophilic polypeptides containing between 180 and 200 amino acid residues
that include a coiled-coil motif (1, 6). The coiled-coil motif
is required for multimer formation and heterologous interaction
with other proteins (5, 21-23). A murine orthologue of
TPD52 (mD52) has been cloned and, based on the sequence
information, is predicted to be 86% identical to TPD52 (1).
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In the present study, we sought to further explore the role of
murine TPD52 (mD52) in cell proliferation, and whether mD52
may be involved in the transformation of nonmalignant cells.
To this end, we stably expressed the full-length complementary
DNA (cDNA) of mD52 in an early version of nontransformed,
contact-inhibited 3T3 fibroblasts (24). Transfection of 3T3 cells
with mD52 resulted in increased proliferation, anchorageindependent cell growth, and the ability to form subcutaneous
tumors and spontaneous lethal lung metastases in vivo when
inoculated into naı̈ve, syngeneic, immunocompetent mice.

Results
Expression of mD52 in Transfected 3T3 Cells
To generate a cell line with elevated expression of mD52
protein, Swiss albino 3T3 cells were transfected with
pcDNA.mD52 plasmid containing the full-length cDNA for
mD52. The resultant cell line was designated 3T3.mD52.
Parental 3T3 cells (24) were simultaneously transfected with
pcDNA3.1 plasmid to serve as an empty vector control and
designated 3T3.V. Forty-eight hours after transfection, 3T3.V
and 3T3.mD52 were selected with G418 at increasing
concentrations over time until reaching a concentration of
1 mg/mL. Expression of mD52 mRNA was confirmed by
reverse transcription-PCR (RT-PCR) using methods our
laboratory previously published (25, 26). Expression of
mD52 was not detected in either the untransfected parental
3T3 cell line or the empty vector control, 3T3.V (Fig. 1A).
However, 3T3.mD52 cells expressed mD52 message detectable
by RT-PCR (Fig. 1A). Protein expression of mD52 was

FIGURE 1. Murine TPD52 (mD52) expression in transfected 3T3 cells.
A. RT-PCR demonstrating mD52 expression in 3T3 murine fibroblasts
following transfection with a plasmid encoding the full-length cDNA for
mD52 . 3T3 and 3T3.V (transfected with empty vector) served as negative
controls. GAPDH expression served as an internal reference control. B.
Western blot analysis of murine tumor cell lysates generated from 1  108
cell equivalents demonstrating mD52 protein expression using a rabbit
polyclonal antibody with specificity for mD52 (f27 kDa). 3T3.V served as
a negative control. Actin (f43 kDa) served as a control for protein loading.

confirmed by Western blot analysis using an anti-mD52
antibody. A band of f27 kDa was observed for the
3T3.mD52 cell line (Fig. 1B). Examination of the 3T3.V
empty vector control cell line revealed no detectable levels of
mD52 protein expression by Western blot analysis (Fig. 1B).
To further evaluate the expression of mD52 by 3T3.mD52
cells, real-time RT-PCR was done Fig. 2A. Consistent with endpoint RT-PCR results, only 3T3.mD52 expressed mD52 at
detectable levels at 30 cycles of amplification. The DRn for
mD52 expression in 3T3.mD52 at 30 cycles of amplification
was >3, compared with nearly 0 for both 3T3 and 3T3.V
(Fig. 2A). Similarly, the DRn for mD52 expression in
3T3.mD52 was f5 by 33 cycles, whereas the DRn for
mD52 expression in both 3T3 and 3T3.V was <1 (Fig. 2A). Of
note is the observation that the mD52 cDNA amplification
curves for 3T3 and 3T3.V were not significantly different, and
that the DRn for mD52 expression in 3T3.mD52 at 31 cycles of
amplification (see Fig. 2A, arrow) was 7-fold higher than either
3T3 or 3T3.V at the same time point relative to the respective
DRn for GAPDH expression for the respective cell line at 31
cycles (Fig. 2A, inset). The difference in the amplification
curves for real-time RT-PCR and the lack of detection of mD52
protein in 3T3 and 3T3.V show a significant increase in mD52
expression in 3T3.mD52 compared with 3T3 and 3T3.V cells.
mD52 Expression – Induced Transformation of 3T3 Cells
Next, we evaluated whether expression of mD52 protein
affected the growth kinetics and morphology of 3T3 cells
in vitro. 3T3.mD52 grown in complete medium was compared
with 3T3 and 3T3.V by plating 5  105 cells in 2 mL of complete
medium in duplicate wells of a six-well plate, followed by
incubation at 37jC for 48 h. Figure 3A represents standard phase
contrast micrographs of each cell line. Both 3T3 and 3T3.V
exhibited the characteristic broad, flat fibroblast appearance of
3T3 cells, whereas 3T3.mD52 cells exhibited a smaller, rounded
morphology typical of rapidly dividing cells (Fig. 3A). Growth
kinetics over time was evaluated using a standard, commercially
available 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay (Fig. 3B). By 48 h, 3T3.mD52 showed
increased cell proliferation. The growth rate for 3T3.mD52 after
48 and 72 h was significantly greater (P < 0.001) than the growth
rates for either 3T3 or 3T3.V (Fig. 3B).
To further assess whether mD52 expression resulted in the
transformation of 3T3 cells, we tested the ability of the three
cell lines to form foci in soft agar, demonstrating the capacity
for anchorage-independent growth and indication of transformation. As expected from the morphology and proliferation
data and previously published information (24), neither 3T3 nor
3T3.V were capable of forming colonies in soft agar (Fig. 4A).
Strikingly, 3T3.mD52 consistently formed large foci in soft
agar visible after 7 to 10 days of culture. 3T3.mD52 had formed
>150 (mean of three determinations) large colony foci in
10 microscopic fields compared with less than 10 (mean of
three determinations) small clusters of cells for 3T3 and 3T3.V
(Fig. 4B). When cultured beyond 10 days, there was no change
in 3T3 and 3T3.V, whereas 3T3.mD52 colonies became
easily visible to the naked eye. These data indicate that
mD52 expression in 3T3 cells confers the ability to grow in an
anchorage-independent fashion in soft agar.
Mol Cancer Res 2007;5(2). February 2007

Murine TPD52 – Induced Metastasis

FIGURE 2. A. Real-time RT-PCR showing
comparative mD52 expression in 3T3, 3T3.V,
and 3T3.mD52 cell lines. Inset, relative expression of mD52 corrected for GAPDH levels for
a given cell line as determined by real-time
RT-PCR for 31 cycles. B. Real-time RT-PCR
showing comparative GAPDH expression as an
internal reference control. Representative of
three separate experiments.

To determine whether anchorage-independent growth observed for bulk cultures of 3T3.mD52 represented a stable
phenotype, individual single cell clones of both 3T3.mD52 and
3T3.V were tested for the ability to form foci in soft agar.
Consistent with the results for the bulk parental cell lines,
no single cell clones of 3T3.V were capable of anchorageindependent growth, whereas individual single cell clones of
3T3.mD52 formed foci that ranged from 130 to 190 large
colony foci in 10 microscopic fields (mean of three determinations; Fig. 4C). When cultured beyond 10 days, there was
no change in any 3T3.V clone observed. Similar to what
was observed for bulk cultures of 3T3.mD52, colonies of
3T3.mD52 clones became easily visible to the naked eye (data
not shown). These data suggest that the transformed phenotype
for 3T3.mD52, as assessed by growth in soft agar, is stable.
In vivo Growth and Spontaneous Metastasis of 3T3.mD52
Cells
To determine whether 3T3.mD52 cells were capable of
in vivo growth indicative of tumorigenesis, we inoculated
syngeneic, naı̈ve, immunocompetent mice subcutaneously, with
5  106 viable 3T3.mD52 cells. Within 37 days of inoculation
with 3T3.mD52 cells, 100% of mice (n = 5) had a palpable
subcutaneous tumor, and by day 60, all tumors had grown near
or beyond 1000 mm3 (Fig. 5A). In repeat experiments, a total of
20 mice were inoculated subcutaneously with 5  106 viable
Mol Cancer Res 2007;5(2). February 2007

3T3.mD52 cells, and tumors grew with similar kinetics in all
20 animals. Surprisingly, 3T3.mD52 tumor-bearing mice also
had lung metastases (Fig. 5B). Figure 5B (a and b) shows
representative lungs taken from two individual immunocompetent, syngeneic mice that were bearing tumors 60 days
following subcutaneous inoculation with 5  106 3T3.mD52
cells. These lungs bore visible lung tumor metastases unlike
lungs from uninoculated control animals [Fig. 5B (c)].
In light of these results, we were interested in determining a
minimal tumorigenic inoculum for 3T3.mD52 cells in syngeneic, immunocompetent mice. Groups of mice were injected
subcutaneously with varying numbers of viable 3T3.mD52
cells, ranging from 1  106 to 1  105 cells (Fig. 5C).
Measurable subcutaneous tumors grew in mice from all the dose
groups. Figure 5A (inset) represents a day 39 curve of tumor
growth for an inoculum of 5  106 3T3.mD52 cells, with the
X- and Y-axes adjusted for direct comparison to tumor growth
curves in Fig. 5C. Strikingly, even the lowest subcutaneous
inoculation dose (1  105 cells) resulted in the generation of
spontaneous lung metastases in 25% of animals (n = 4) bearing
subcutaneous tumors (Fig. 5D). These data suggest that the 50%
tumorigenic dose is between 5  105 and 1  106 3T3.mD52
cells, and a minimal 100% tumorigenic dose is f1  106
3T3.mD52 cells. Moreover, these data show that even relatively
low-dose subcutaneous inoculation with 3T3.mD52 cells results
in spontaneous lung metastases in tumor-bearing animals.
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To determine whether the in vivo growth ability observed for
bulk cultures of 3T3.mD52 represented a stable phenotype, we
inoculated syngeneic, naı̈ve, immunocompetent mice subcutaneously with 5  106 viable independent single cell clones of
3T3.mD52 cells. Inoculation of mice with 5  106 viable
independent single cell clones of 3T3.V served as controls. As
expected, none of the single cell clones of 3T3.V were capable
of subcutaneous growth (Fig. 6D). Interestingly, subcutaneous
inoculation of mice with clones of 3T3.mD52 resulted in variable growth patterns that could be divided into three groups:
3T3.mD52 clones that formed progressively growing subcutaneous tumors similar to the bulk 3T3.mD52 cell line (Fig. 6A);
3T3.mD52 clones that formed palpable subcutaneous tumors
early that spontaneously regressed over time (Fig. 6B); and
3T3.mD52 clones that failed to form detectable subcutaneous
tumors (Fig. 6C). Of note, all 3T3.mD52 clones capable of
forming progressively growing subcutaneous tumors also formed
spontaneous lung metastases (data not shown) similar to what was
observed for the bulk 3T3.mD52 cell line (Fig. 5B). These data
suggest that the bulk 3T3.mD52 cell line comprised clones that are
aggressively tumorigenic, less tumorigenic, and nontumorigenic.
Induction of TGF-b1 Expression and Secretion in
3T3.mD52 Cells
It is widely accepted that the family of transforming growth
factors (TGF), particularly TGF-h1, plays a role in tumorigen-

esis, metastasis, and immune suppression (27). Immune
suppression enables the nascent tumor to escape immune
surveillance and subsequent destruction. TGF-h1 is also
involved in antiproliferative mechanisms within normal cells
where TGF-h1 secreted by a cell binds to its own TGF-h1
receptor and inhibits cell growth in an autocrine manner (28).
Expression of both TGF-h1 and TGF-hR1/ALK-5 by 3T3,
3T3.V, and 3T3.mD52 cells was determined by RT-PCR using
commercially available primer sets and PCR conditions.
Following 35 cycles of RT-PCR amplification, only cDNA
from 3T3.mD52 cells produced a detectable TGF-h1 product.
TGF-h1 transcripts were not detected in either 3T3 or 3T3.V
cells using these PCR conditions and reagents (Fig. 7A, top).
Conversely, TGF-hR1/ALK-5 transcript levels were reduced in
3T3.mD52 cells compared with both 3T3 and 3T3.V, which
showed similar TGF-hR1 levels (Fig. 7A, middle). Flow
cytometry analysis of surface expression of TGF-hR1/ALK-5
protein supported these RT-PCR data (data not shown). To
analyze TGF-h1 protein expression and secretion by
3T3.mD52 cells, we did a standard antigen capture ELISA
with supernatants from cultured 3T3, 3T3.V, and 3T3.mD52
cells. The amount of secreted TGF-h1 produced by 3T3.mD52
was significantly greater (P < 0.001) than either 3T3 or 3T3.V
cells at multiple supernatant dilutions (Fig. 7B). This equated to
3T3.mD52 secreting TGF-h1 concentrations of 1,300 pg/mL/
24 h and 600 pg/mL/24 h for 1:2 and 1:4 dilutions of the

FIGURE 3. Increased in vitro proliferation by
3T3.mD52 cells. A. Representative phasecontrast photomicrographs at 10 and 40
magnification depicting in vitro morphology of
3T3, 3T3.V, and 3T3.mD52. B. Cell proliferation
was measured at 24-, 48-, and 72-h intervals
using a nonradioactive cell proliferation assay
(Promega). Statistical analysis at 48 and 72 h
showed a significant difference in proliferation
rate between 3T3.mD52 and either 3T3 or 3T3.V.
*, P < 0.001. Columns, mean of triplicate
determinations at three time points; bars, SE.
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FIGURE 4. mD52 expression in 3T3 cells confers anchorage-independent growth
capacity. A. Representative
phase-contrast photomicrographs (10 magnification)
depicting colony formation in
soft agar for 3T3, 3T3.V, and
3T3.mD52. Arrows, individual
cells for 3T3 and 3T3.V, compared with large colonies for
3T3.mD52. B. Total soft agar
colony counts for bulk 3T3,
3T3.V, and 3T3.mD52 cell
lines were done by three
independent investigators
microscopically visualizing
individual colonies (clusters of
15 or more cells) in 10 random
microscopic fields. C. Total
soft agar colony counts for
independent single cell clones
of 3T3.mD52 and 3T3.V were
done by three independent
investigators microscopically
visualizing individual colonies
(clusters of 15 or more cells) in
10 random microscopic fields.
Columns, mean number of
colonies in 10 fields as determined by three independent
investigators; bars, SE. Representative of three separate
experiments.

supernatant, respectively (Fig. 7C). The concentration of TGFh1 secreted by 3T3 cells was similar to that of 3T3.V cells, and
both secreted significantly lower (P < 0.001) TGF-h1
concentrations than 3T3.mD52 (Fig. 7C). These data show
that expression of mD52 in 3T3 cells produced increased TGFh1 expression and secretion and reduced TGF-h1 receptor
expression.
Analysis of Differential Gene Expression in 3T3.mD52
versus 3T3 Cells
It is unlikely that TGF-h1 alone produced the malignant
phenotype and gain of metastatic ability observed in 3T3.mD52
cells. To determine other gene expression changes in
3T3.mD52 cells, we did cDNA microarray analysis. Differential gene expression was assessed by comparing gene
expression in 3T3 and 3T3.mD52 cells using the Affymetrix
(Santa Clara, CA) GeneChip Mouse Genome 430 2.0 Array,
containing over 39,000 transcripts. In addition to a 24-fold
increase in mD52 expression, several genes involved in cancer
progression and metastasis showed increased expression in
3T3.mD52 cells (Table 1). Up-regulated genes include the
oncogenes Vav3 (29), Myc, and homologue U of Ras, as well as
adhesion molecules integrin-a3, integrin-a6 (30-32), and
lamanin-a5 (Lama5; ref. 33). 3T3.mD52 cells also showed
16- and 12-fold increased expression of cathepsin H and
cathepsin C, respectively (Table 1). In addition, the expression
of several putative tumor suppressor genes was significantly
down-regulated. For example, the expression of cadherin 2,
cadherin 11, and protocadherins 7 and 18 showed 155-, 122-,
Mol Cancer Res 2007;5(2). February 2007

124- and 8-fold decreases in expression, respectively (Table 1).
A 10-fold decrease in expression of caveolin was also observed
in 3T3.mD52 cells. Decreased expression of caveolin has been
reported as correlating with cancer progression (34). Tumorinduced generation of new blood vessels or angiogenesis is a
critical step in tumor progression and metastasis. Thrombospondin-2 , implicated in preventing angiogenesis (35),
showed a 39-fold decrease in expression in 3T3.mD52 cells
compared with 3T3 cells (Table 1). Numerous other genes also
showed significant changes in expression in 3T3.mD52 cells
(Supplementary Data).

Discussion
To study the effect of mD52 expression on nontransformed
cells, contact inhibited murine 3T3 fibroblasts were transfected
with the full-length cDNA for mD52. Expression of mD52 was
confirmed by RT-PCR and Western blot analysis (Fig. 1), and
the resultant cell line was designated 3T3.mD52. At 4 weeks of
culture, 3T3.mD52 cells gained a 2-fold increase in growth rate,
lost contact inhibition, and exhibited a marked morphologic
change (Fig. 3). Further characterization revealed an acquired
ability for anchorage-independent cell growth for the bulk
3T3.mD52 cell line and independent single cell clones of
3T3.mD52 (Fig. 4). To determine whether 3T3.mD52 cells
were also tumorigenic, naı̈ve, immunocompetent syngeneic
mice were inoculated subcutaneously with different doses of
3T3.mD52 cells. Tumors measuring >1 cm2 were detected 60
days postinoculation with 5  106 3T3.mD52, and a 50%
subcutaneous tumor incidence could be obtained with as few as
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FIGURE 5. In vivo growth and spontaneous
metastasis of 3T3.mD52 cells. A. Naı̈ve, syngeneic, immunocompetent mice were inoculated
subcutaneously with 5  106 viable 3T3.mD52
cells, and tumor growth was assessed by taking
perpendicular measurements. Curves, representative of three independent experiments consisting
of five mice for each. Inset, 3T3.mD52 tumor
growth curve from Fig. 5A adjusted on the Y -axis
to a maximum of 400 and the X-axis to an end
point of 39 d for direct comparison to similar
growth curves in Fig. 5C. B. Spontaneous
3T3.mD52 lung metastases. Individual mice were
sacrificed on day 60 postinoculation with 5  106
3T3.mD52 cells, the lungs removed, and injected
with India ink to visualize individual tumor nodules;
a and b, arrows, tumor nodules in the lungs from
two representative mice; c, lungs from a representative control naı̈ve mouse depicting the
absence of tumor nodules.

5  105 3T3.mD52 cells. Remarkably, when lungs from
3T3.mD52 tumor-bearing mice were analyzed, numerous tumor
nodules were observed, with nodules ranging from less than 10
to nodules too numerous to count (inoculation with 1  105 and
5  106 cells, respectively; Fig. 5D). Interestingly, independent
single cell clones of the bulk 3T3.mD52 cell line showed
subcutaneous tumor growth patterns that could be divided into
three groups: those that formed progressively growing tumor,
those that spontaneously regressed over time, and those that
failed to grow (Fig. 6A-C, respectively). These data suggest that
the bulk 3T3.mD52 cell line comprised clones that are
aggressively tumorigenic, less tumorigenic, and nontumorigenic. This differed somewhat from what was expected given
that all single cell clones of 3T3.mD52 were capable of
anchorage-independent growth (Fig. 4C). In addition, single
cell clones of 3T3.mD52 capable of forming progressively
growing subcutaneous tumors (Fig. 6A) also formed spontaneous lung metastases (data not shown). Taken together, the data
on single cell clones show that the transformed and tumorigenic
phenotype was not likely due to a spontaneous event because
none of the single cell clones of the vector-transfected cell line
3T3.V were capable of anchorage-independent growth (Fig.
4C) or subcutaneous growth in vivo (Fig. 6D). Further support
for the metastatic capacity of 3T3.mD52 cells was the
demonstration that TGF-h1 secretion increased in 3T3.mD52
cells compared with 3T3 controls (Fig. 7). Finally, cDNA
microarray analysis showed a gene expression pattern that
further supported mD52-induced transformation and metastasis

(Table 1; Supplementary Data). Of note, what seemed to be
metastases were also observed, by gross visual examination, in
the spleens and livers of 3T3.mD52 tumor-bearing mice (data
not shown).
Recently, Wang et al. (3) reported the discovery of a novel,
prostate-specific, and androgen-responsive TPD52 isoform PrLZ,
which was shown to be amplified on chromosome 8q21.1 in
human prostate cancer. PrLZ was overexpressed in prostate cancer
cell lines regardless of androgen receptor status. Similar to TPD52
and 8q amplification in breast cancer (19), PrLZ is the first and
possibly only prostate-specific gene associated with 8q amplification in prostate cancer identified to date and may play a role in
malignant transformation of normal prostate epithelial cells. A
fourth TPD52-like gene (TPD52L3, hD55) was recently identified
in human testis using cDNA microarray (7). hD55 contains a
coiled-coil motif and was shown to interact with hD52, hD53,
hD54, and itself (hD55) in pull-down assays and was determined
to be expressed 5.6-fold higher in adult testis compared with fetal
testis, suggesting a role for hD55 in testis development and
spermatogenesis. Previously, expression of hD52 (termed PC-1) in
murine NIH3T3 cells [American Type Culture Collection (ATCC;
Manassas, VA) CRL-1658] produced increased growth rate, the
ability to grow in soft agar, and the ability to form subcutaneous
tumors in immune-deficient nude mice (36). In the present study,
our data showed the formation of subcutaneous tumors in
immunocompetent mice and the gain of metastatic ability in the
independent 3T3 cell line (ATCC CCL 92) following the
expression of mD52, the murine orthologue of hD52.
Mol Cancer Res 2007;5(2). February 2007
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FIGURE 5 Continued. C.
Subcutaneous dose titration
of 3T3.mD52 cells and
corresponding lung metastases. Naı̈ve, syngeneic, immunocompetent mice were
inoculated subcutaneously
with varying numbers of viable
3T3.mD52 cells (i, 1  106; ii, 5
 105; iii, 2  105; iv, 1  105,
respectively, as compared with
5  106 3T3.mD52 cells, inset ), and tumor volume was
calculated by taking perpendicular measurements. Curves, representative of three
independent experiments consisting of four mice for each. D.
a-e, spontaneous lung metastases corresponding to inoculum doses of 5  106, 1  106,
5  105, 2  105, 1  105
3T3.mD52 cells, respectively.
Arrows, tumor nodules. f,
representative control naı̈ve
mouse lungs with an absence
of tumor nodules.

It has been proposed that cancer is the result of a succession
of genetic changes that lead to the transformation of normal
cells into malignant cells, and that this progression to
malignancy involves six essential alterations: self-sufficiency
in growth signals, insensitivity to growth-inhibitory signals,
evasion of apoptosis, limitless replicative potential, angiogenesis, and tissue invasion and metastasis (37). Others have
suggested that the steps in progression to metastasis include
additional gained functions of the malignant cell to include
embolization, survival in the circulation, arrest, extravasation,
evasion of host defenses, and progressive growth at distant sites
in the host (37). Regardless of the initiating events and the
amount of time needed to progress to metastasis, it is becoming
clear that there are genes in which expression seems critical
for the generation of a metastatic cell, and that these genes fit
into the previously proposed essential alterations and steps
toward metastasis (37, 38). Among these genes are those that
are up-regulated in 3T3.mD52 cells, including Vav3 (29),
the antiapoptosis gene CARD10 (39), and integrin-a3 and
integrin-a6, two members of the integrin family involved in
the inhibition of apoptosis, growth stimulation, adhesion, and
metastasis (30-32). Several genes that may be important in
Mol Cancer Res 2007;5(2). February 2007

preventing tumor formation and metastasis were downregulated in 3T3.mD52 cells, including caveolin (34), four
members of the cadherin gene family (40), specifically
cadherins 11 and 2 and protocadherins 7 and 18, as well as
the antiangiogenesis gene thrombospondin 2 (35). The
candidate tumor suppressor Plagl1 (41, 42) was also downregulated in 3T3.mD52 cells.
In addition to these and other genes (Supplementary Data)
that were differentially expressed in 3T3.mD52 cells, we
measured an increase in TGF-h1 expression and secretion and a
decrease in expression of its receptor (TGF-hR1/ALK-5).
Malignant cells often secrete elevated amounts of TGF-h1,
which aid in increased invasion and metastasis. It is clear that
TGF-h1 can act as both a transformation inhibitor for benign
cells and as a progressive factor for malignant transformation,
invasion, and metastasis (43-45). In addition, TGF-h1 has
shown roles in each of the aforementioned six essential
alterations that make up the hallmarks of cancer (37): selfsufficiency in growth signals, insensitivity to growth-inhibitory
signals, evasion of apoptosis, limitless replicative potential,
angiogenesis, and tissue invasion and metastasis (reviewed in
ref. 46). Increased secretion of TGF-h1 in the tumor
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FIGURE 6. Naı̈ve, syngeneic, immunocompetent mice
(n = 5) were inoculated subcutaneously with either 5 
106 viable single cell clones of
3T3.mD52 cells or viable single cell clones 3T3.V cells,
and tumor growth was
assessed by taking perpendicular measurements. A.
Representative of four independent 3T3.mD52 single cell
clones that formed progressive subcutaneous tumors.
B. Representative of four independent 3T3.mD52 single
cell clones that formed palpable subcutaneous tumors and
spontaneously regressed over
time. C. Representative of four
independent 3T3.mD52 single
cell clones that failed to form
subcutaneously tumors. D.
Representative of five independent 3T3.V single cell
clones that failed to form subcutaneous tumors. Curves,
tumor growth curves for individual mice from repeat experiments.

microenvironment has been shown to activate proteases that
enable the degradation of the extracellular matrix, enabling
invasion and subsequent metastasis (reviewed in refs. 27, 28).
Concomitant with increased secretion of TGF-h1 by cancer
cells is an observed decrease in expression of receptors for
TGF-h1 such as TGF-hR1, which has been shown to lead to
increased cancer risk, tumorigenicity, and metastasis in several
human cancers to include cancers of the kidney and bladder
(47), colon (48), pancreas (49) and prostate (50). The decrease
or loss of expression of a TGF-hR is often through mutations
that alter its signaling functions (43).
The present study suggests that mD52 is capable of initiating
cellular transformation, tumorigenesis, and progression to
metastasis, and that 3T3.mD52 cells may represent a model
to study TPD52 involvement in tumorigenesis and metastasis.
Furthermore, the ability of a single gene to produce changes in
cell function and behavior supports the importance of TPD52
and its role in cancer.

Mice and Cell Lines
Female, 6- to 8-week-old BALB/c mice were purchased
from the NIH (Frederick, MD). All animals were cared for and
treated according to institutional guidelines. Cells were cultured
in RPMI 1640 (Fisher Scientific, Pittsburgh, PA) supplemented
with 10% heat-inactivated fetal bovine serum, 2 mmol/L Lglutamine, 250 ng/mL Fungizone, 50 IU/mL penicillin,
50 Ag/mL streptomycin, 50 Ag/mL gentamicin sulfate, and
10 mmol/L HEPES. The 3T3.mD52 and 3T3.V (vector control)
cell lines were generated by transfecting parent 3T3 fibroblasts
(Swiss albino 3T3 cells that were not immortalized or virally
transduced and known to be contact inhibited ATCC CCL 92;
ref. 51) with pCDNA3.1 containing the full-length cDNA for
mD52 (pcDNA.mD52) or empty pCDNA3.1(+), respectively,
using LipofectAMINE Plus reagent (Invitrogen) and methods
previously described (25). Forty-eight hours following transfection, 3T3.V and 3T3.mD52 were selected and subsequently
maintained in 1 mg/mL G418.

Materials and Methods

RNA Isolation and RT-PCR Analysis
Total RNA was isolated from 3T3 (negative control), 3T3.V
(vector alone), and 3T3.mD52 (mD52 cDNA transfected) cell
lines using the TRIzol reagent (Bio Whittaker, Walkersville,
MD), and 1 Ag was reverse transcribed to obtain cDNA. mD52
amplification reactions were carried out using the following
primers: mD52 forward: 5¶-TGCTGAAGACAGAGCCGG-3¶;
and mD52 reverse: 5¶-ACGTCTTGCCACCCTTTG-3¶; and
previously described PCR conditions for 30 cycles and an
annealing temperature of 62jC (26). RT-PCR for the detection
of TGF-b1 and TGF-bR1/ALK-5 (receptor) was carried out
using cDNA generated as described above with commercially

Subcloning of mD52 cDNA for Eukaryotic Expression
Previously, the full-length cDNA encoding mD52 (1) was
cloned into the pTL1 vector and termed pTL1mD52. For
eukaryotic expression studies, mD52 cDNA was first subcloned
from pTL1mD52 into pMT/V5-His (Invitrogen Corp., Carlsbad, CA). Next, pMT/V5-His was digested, and the mD52
cDNA fragment was ligated into the EcoRV and XhoI site of
pcDNA3.1(+) (Invitrogen). The pcDNA.mD52 clone was
confirmed by digesting minipreps with BamHI and XhoI
(Promega Corp., Madison, WI) and by DNA sequencing (Texas
Tech University Molecular Biology core).
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available primers and the manufacturer’s recommended annealing temperature (55jC) and cycle number (ref. 36; R&D
Systems, Inc., Minneapolis, MN). All PCR reactions were
carried out in 50 AL, and the results were visualized on 2%
agarose gels containing ethidium bromide. Amplification of
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) using an
annealing temperature of 60jC and 25 cycles served as an
internal reference control.
Real-time RT-PCR Analysis
Real-time PCR was done using cDNA samples generated as
described above and the ABI Prism 7000 Sequence Detection
System and ABI SYBR green PCR core reagents kit according
to the manufacturer’s instructions (Applied Biosystems, Foster
City, CA). PCR conditions for 40 cycles were 50jC for 2 min,
95jC for 10 min, 95jC for 15 s, and an annealing temperature
of 62jC for 1 min for mD52 primers (60jC annealing
temperature was used for GAPDH control reactions). Additional controls were no template and no enzyme and were
included in all real-time PCR reactions.
Western Blot Analysis
The cell lines 3T3.V, 3T3.mD52 were grown to confluency
in RPMI supplemented as described above. Cells were
harvested and counted, and whole cell protein lysates were
prepared at a concentration of 1  108 cell equivalents/mL
using methods previously described (25). Briefly, 10 AL of

lysate were loaded onto a standard SDS-PAGE (4% stacking,
12% resolving) and run at 200 V for 15 min and 150 V for
40 min, followed by electrolytic transfer onto nitrocellulose.
The nitrocellulose membrane was blocked for 1 to 2 h at
room temperature in 0.0067 mol/L phosphate-buffered NaCl
solution/0.02% Tween containing 1% normal goat serum and
1% evaporated milk. To visualize the expression of mD52
protein, the membrane was probed overnight at 4jC with
25 Ag/mL of anti-TPD52 polyclonal antibody [generated by
immunizing rabbits with NH2-terminal, carrier-conjugated
peptide GCAYKKTSETLSQAGQKAS (italics represents a
region of the TPD52 protein that is conserved between human
and mouse; Bio Synthesis, Inc., Lewisville, TX). The
membrane was simultaneously probed with a 1:500 dilution
of polyclonal goat anti-actin antibody (clone I-19, Santa Cruz
Biotechnology, Inc., Santa Cruz, CA) to serve as a control
reference for protein loading. Following three washes with
0.0067 mol/L phosphate-buffered NaCl solution/0.02% Tween,
goat anti-rabbit IgG and rabbit anti-goat IgG horseradish
peroxidase – conjugated secondary antibodies were added at
1:1,000 dilutions for 2 h at room temperature. Finally, the
membrane was washed and developed with 3,3¶-diaminobenzidine reagent as a substrate (Sigma, St. Louis, MO).
Cell Proliferation Assay
Confluent cultures of 3T3, 3T3.V, and 3T3.mD52 cells were
harvested and plated in 96-well flat-bottomed plates, in

FIGURE 7. TGF-h1 and TGF-hR1 expression in control and transfected 3T3 cells. A. Top, RT-PCR demonstrating TGF-b1 expression in 3T3.mD52
cells. TGF-b1 – specific primers amplify a 439-bp product from cell line cDNA (R&D Systems). Middle, RT-PCR demonstrating decreased expression of TGFbR1 in 3T3.mD52 versus to 3T3 and 3T3.V cells using specific primers (273 bp; R&D Systems). Bottom, GAPDH amplification (300 bp) served as an internal
reference control. B. Quantitative analysis of TGF-h1 secretion by 3T3, 3T3.V, and 3T3.mD52 cells. Cell supernatants were collected and serially diluted for
analysis of TGF-h1 by antigen capture ELISA. TGF-h1 was measured and quantified using a Quantikine Mouse/Rat/Porcine TGF-h1 Immunoassay kit (R&D
Systems). Statistical analysis showed a significant increase in TGF-h1 secretion by 3T3.mD52 cells compared with 3T3 and 3T3.V cells. *, P < 0.001.
Columns, mean of duplicate determinations for supernatants from individual cell lines at varying dilutions; bars, SE. C. Concentration of TGF-h1 (pg/mL/24 h)
secreted by 3T3, 3T3.V, and 3T3.mD52 cells. Statistical analysis showed a significant increase in the concentration of TGF-h1 secreted by 3T3.mD52
compared with 3T3 and 3T3.V cells. *, P < 0.001. Representative of three separate experiments.
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TABLE 1. Differential Gene Expression by 3T3.mD52 Cells
Gene

Fold
Change (Up)

Gene

Fold
Change (Down)

mD52
Vav3 oncogene
Myc oncogene
Cathepsin H
STEAP
Cathepsin C
CD38
Estrogen R-a
MAP3K1
Ras homolog U
Rb l1 (p107)
Ephrin B2
Ifld2
Card10
Itga3
Itga6
Lama5

24
22
20
16
15
12
9
8
7
7
7
6
14
8
8
13
6

Cadherin 2
Protocadherin 7
Cadherin 11
CXCL12
Serpinf1
Smoc2
Daf 2
Thrombospondin 2
Daf 1
Gas 6
Caveolin
Protocadherin 18
Gas2
Plagl1
Ripk3

155
124
122
99
63
54
50
39
22
18
10
8
11
22
9

NOTE: Partial list of differentially expressed genes in 3T3.mD52 as determined
by Affymetrix. GeneChip Mouse Genome 430 2.0 Array containing over 39,000
transcripts. Shown is the fold change up (increased expression) or down
(decreased expression) of genes in 3T3.mD52 cells that are reported to be
important in tumorigenesis and/or metastasis. For a complete list of differentially
expressed genes in 3T3.mD52, see Supplementary Data.

triplicate at 5  103 cells per well. Cell proliferation was
measured at 24-, 48-, and 72-h intervals using Cell Titer 96
Non-Radioactive Cell Proliferation Assay (MTT based; Promega) according to the manufacturer’s instructions. Briefly, cells
were incubated at 37jC and 5% CO2, then 15 AL of the dye
solution was added to each well at the above time intervals.
Next, 100 AL of stop solution was added to each well, and the
plates were incubated at room temperature for 1 h. Finally,
absorbance at 570 nm was measured on a Victor3 automated
plate reader (Wallac, Perkin-Elmer, Boston, MA).
Single Cell Cloning of Transfected 3T3 Cell Lines
Clonal populations of 3T3 cells transfected with either
pCDNA3.1 empty vector (3T3.V) or pCDNA3.1.mD52
(3T3.mD52) were generated to assess transformation in vitro
and tumorigenicity in vivo compared with the bulk parental cell
lines using previously published methods (51). Briefly,
confluent cultures of the parental 3T3.V and 3T3.mD52 were
harvested with trypsin, washed, and counted. Cells were serially
diluted to a concentration of 4 to 5 cells/mL in medium and
dispensed into five individual 96-well flat-bottomed microculture plates at 200 AL/well. Confluent wells originating from
dilutions of <1 cell per well were expanded to 24-well plates
and then to T25 tissue culture flasks to ensure enough cells for
in vitro experiments, in vivo inoculation, and cryopreservation.
Assay for Anchorage-Independent Cell Growth
Anchorage-independent growth was determined using a
modification of previously described methods (52). Briefly, a
base layer of 0.6% agar in complete medium was plated in
six-well plates and allowed to solidify (1 mg/mL G418 was
added to wells containing 3T3.V, 3T3.mD52 or single cell
clones from both 3T3.V and 3T3.mD52). Next, duplicate wells
were overlaid with 5  104 cells per well in a 0.3% agar. A
growth control well was included with 5  104 cells in

medium alone (no agar) for each cell line. The plates were
incubated at 37jC, 5% CO2 for 10 to 15 days and checked
every 2 to 3 days for colony formation. At day 15, individual
colonies (defined as clusters of 15 or more cells) were counted
in 10 random fields.
In vivo Tumor Growth
Naı̈ve female BALB/c mice were inoculated subcutaneously
in the right flank with different numbers of viable 3T3.mD52
cells (5  106, 1  106, 5  105, 2  105, 1  105), and tumor
growth was monitored every 2 to 3 days using calipers to
measure perpendicular angles. For single cell clones of
3T3.mD52 and 3T3.V, naı̈ve female BALB/c mice were
inoculated subcutaneously in the right flank with 5  106
viable cells. Tumor volume (mm3) was calculated using the
following formula: (a  b 2)/2, where b is the smaller of the
two measurements (25).
Evaluation of Spontaneous Lung Metastases
To analyze tumor metastasis to the lungs, mice were
sacrificed, and their lungs removed and injected with India ink
to visualize individual tumor nodules as described previously
(25). Briefly, an India ink solution was injected through the
trachea and allowed to fill the lungs. The lungs were removed
and placed in Fekete’s solution (70% ethanol, 10% formaldehyde, 5% acetic acid) for destaining. Tumor nodules do not
absorb India ink, which results in the normal lung tissue staining
black and the tumor nodules remaining white.
ELISA for TGF-b1 Production
To analyze the comparative secretion of TGF-h1, 3T3,
3T3.V, and 3T3.mD52 cell lines were plated in duplicate in
12-well plates at 5  105 cells per well. Cells were grown to
confluency (f72 h) in complete medium, then washed and
incubated for 24 h in medium without serum. After the final
incubation, cell supernatants were collected, and like wells were
pooled for analysis of TGF-h1 protein secretion by antigen
capture ELISA. TGF-h1 was measured and quantified for
duplicate determinations using a Quantikine Mouse/Rat/Porcine
TGF-h1 Immunoassay kit (R&D Systems), and absorbance at
450 nm was measured on a Victor3 automated plate reader
(Wallac, Perkin-Elmer).
Microarray Analysis of Differential Gene Expression in
3T3.mD52 Cells
Quality RNA samples obtained from 3T3 and 3T3.mD52
cells were analyzed using GeneChip Mouse Genome 430 2.0
arrays containing over 39,000 transcripts (Affymetrix). Doublestranded cDNA and biotinylated complementary RNA (cRNA)
were synthesized from total RNA and hybridized onto microarrays. The array hybridization, washing, and staining procedures were done according to the manufacturer’s protocols.
All data used were derived from Affymetrix 5.0 software.
GeneChip output files were given as a signal that represents the
difference between the intensities of the sequence-specific
perfect match probe set and the mismatch probe set or as
detection of present, marginal, or absent signals as determined
by the program’s algorithm. Gene arrays were scaled to an
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average signal of 1,500 and then analyzed independently. After
raw image DAT data files were initially processed to create
CEL files, DNA-Chip analyzer (dCHIP; Version 1.3)6 was
used for data quality checking and high-level analysis. A foldchange analysis was done in which the ratio of the geometric
means of the expression intensities of the relevant gene
fragments was computed. This ratio was reported as the fold
change (up or down). Only genes with differences between
3T3.mD52 and 3T3 control greater than 2.0-fold (90% lower
bound) were considered to be differentially expressed in
3T3.mD52 cells.
Statistical Analysis
For microarray analyses, confidence intervals and P values
on the fold change were calculated with the use of a two-sided,
Welch-modified two-sample t test. P values of 0.01 or less were
considered significant. For proliferation and TGF-h1 secretion,
one-way ANOVA and Tukey-Kramer multiple comparison tests
were done. For ANOVA, P values <0.05 were considered
significant. For Tukey-Kramer, if q > 5.910, then P < 0.05 and
is considered significant (GraphPad InStat).
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Abstract Tumor protein D52 (TPD52) is involved in
transformation and metastasis and has been shown to be
over-expressed in tumor cells compared to normal cells and
tissues. Murine TPD52 (mD52) shares 86% protein identity
with the human TPD52 orthologue (hD52). To study
TPD52 protein as a target for active vaccination recombinant, mD52 was administered as a protein-based vaccine.
Naïve mice were immunized with either mD52 protein and
CpG/ODN as a molecular adjuvant or CpG/ODN alone.
Two weeks following the Wnal immunization, mice were
challenged s.c. with syngeneic tumor cells that overexpress mD52. Two distinct murine tumor cell lines were
used for challenge in this model, mKSA and 3T3.mD52.
Half of the mice immunized with mD52 and CpG/ODN
rejected or delayed onset of mKSA s.c. tumor cell growth,
and 40% of mice challenged with 3T3.mD52 rejected s.c.
tumor growth, as well as the formation of spontaneous
lethal lung metastases. Mice immunized with mD52 and
CpG/ODN generated detectable mD52-speciWc IgG antibody responses indicating that mD52 protein vaccination

induced an adaptive immune response. In addition, mice
that rejected tumor challenge generated tumor-speciWc
cytotoxic T lymphocytes’ responses. Importantly, microscopic and gross evaluation of organs from mD52 immunized mice revealed no evidence of autoimmunity as
assessed by absence of T cell inWltration and absence of
microscopic pathology. Together, these data demonstrate
that mD52 vaccination induces an immune response that is
capable of rejecting tumors that over-express mD52 without the induction of harmful autoimmunity.
Keywords Vaccine · Metastasis · mD52 · TPD52 ·
Murine · CpG
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Introduction
The tumor protein D52 (TPD52) gene family [1] comprises
three genes, D52 [2], D53 [1, 3], and D54 [4, 5]. The Wrst
human D52-like gene to be identiWed, human TPD52
(hD52), was found to be over-expressed in approximately
40% of breast carcinomas [2]. Subsequent reports have
shown that hD52 is over-expressed in cancers of the lung
[6], prostate [7], colon [8], and ovary [9]. Byrne and colleagues localized the hD52 gene to human chromosome
8q21 [2], a region frequently gained in breast and prostate
carcinomas [10–14], and have since reported that hD52
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represents a target for gene ampliWcation in human breast
cancer [15]. To our knowledge hTPD52 is the Wrst and only
chromosome 8q21 target gene to have been identiWed in
any cancer type. Additional studies suggest that hTPD52
and hTPD53 genes encode regulators of cell proliferation
[1]. Murine TPD52 naturally mirrors human TPD52 with
respect to known function and over-expression in tumor
cells, and shares 86% protein identity with the human
orthologue. Our recent studies demonstrated that transfection and stable expression of murine TPD52 (mD52) cDNA
in mouse 3T3 Wbroblasts induced increased proliferation,
anchorage independent cell growth, and the ability to form
subcutaneous tumors and spontaneous lethal lung metastases in vivo when 3T3.mD52 cells were inoculated subcutaneously into naïve, syngeneic, immuno-competent mice
[16]. Together these data strongly suggest that TPD52 is
important for initiating and perhaps maintaining a tumorigenic and metastatic phenotype, and thus may be important
for tumor cell survival making the TPD52 protein an excellent target for cancer vaccine development.
It has been convincingly demonstrated that unmethylated CpG dinucleotides largely found in bacterial DNA
have the capacity to stimulate innate and adaptive immunity [17]. The mechanism of action lies within the ability
of oligodeoxynucleotides (ODN), made up of unmethylated CpG dinucleotides, to bind Toll Like Receptor 9
(TLR9) on antigen presenting cells to include dendritic
cells (DC) resulting in the enhancement of anti-cancer
vaccination [17–19]. It has also been demonstrated that
CpG/ODN are stronger than complete Freund’s adjuvant
in eliciting TH1-type immune responses, which are
believed to be important for the immunologic rejection of
solid tumors, following protein antigen immunization [20,
21].
In the present study we sought to determine whether it
was possible to induce an immune response to mD52 via
active vaccination and to determine whether tumor immunity could be generated in the absence of autoimmunity.
Recombinant mD52 protein and ODN 1826 (TCCAT
GACGTTCCTGACGTT) [20] were administered to
naïve mice in the form of an active vaccination regimen.
Immunized mice were challenged subcutaneously with a
tumorigenic dose of syngeneic tumor cells naturally overexpressing mD52 protein. Immunization of mice resulted in
tumor rejection, the generation mD52 antigen-speciWc,
MHC-restricted cytotoxic T lymphocytes (CTLs) and the
production of IgG antibodies against mD52 protein. Pathologic analysis of vital organs shown to express detectable
levels of mD25 naturally, revealed no evidence of autoimmunity induction. Together these data indicate that active
immunization with mD52 protein and CpG/ODN as an
adjuvant is eVective at generating an immune response
capable of rejecting tumor cells that naturally over-express
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mD52 protein without the induction of potentially harmful
autoimmunity.

Materials and methods
Mice and tumor cell lines
Female 6- to 8-week-old Balb/c mice were purchased from
the NIH (Frederick, MD, USA). All animals were cared for
and treated according to Institutional Animal Care and Use
Committee guidelines at Texas Tech University Health Sciences Center (Lubbock, TX, USA). The tumorigenic Balb/c
3T3.mD52 cell line [16] and the tumorigenic SV40-transformed Balb/c murine kidney cell line designated mKSA
were used for tumor challenge following immunization.
The C57BL/6 autochthonous TRAMP-C1 and TRAMP-C2
tumor cells lines were used as MHC class-I mis-matched,
mD52 positive controls. mKSA and 3T3.mD52 Tumor cell
lines were cultured in RPMI 1640 (Fisher ScientiWc,
Pittsburgh, PA, USA) supplemented with 10% heat-inactivated fetal bovine serum, 2 mmol/l L-glutamine, 250 ng/ml
fungizone, 50 IU/ml penicillin, 50 g/ml streptomycin,
50 g/ml gentamicin sulfate, and 10 mmol/l HEPES.
Autochthonous TRAMP cell lines were cultured as previously reported [22].
RT-PCR and real-time RT-PCR analysis
Total RNA was isolated from cell lines using TRIZOL
reagent (Bio Whittaker, Walkersville, MD, USA), and 1 g
was reverse transcribed to obtain cDNA as previously
described [16]. Murine normal tissue cDNA panels (multiple tissue cDNA panels I and III) were purchased from
Clontech (Mountain View, CA, USA). Both mD52 and
GAPDH (an internal reference control) ampliWcation reactions were carried out as described previously [16] using 30
cycles for all PCR reactions and annealing temperatures of
62 and 60°C, respectively. All PCR reactions were performed in 50 l volumes. The results were visualized by
electrophoresis using 2% agarose gels containing ethidium
bromide.
Real time RT-PCR was performed using cDNA samples
generated as described above or using equivalent concentrations of murine normal tissue cDNA panels (Clontech)
and the ABI Prism 7000 Sequence Detection System and
ABI SYBR green PCR core reagents kit according to the
manufacturer’s instructions (Applied Biosystems, Foster
City, CA, USA). Real time RT-PCR conditions for 40
cycles were as follows: 50°C for 2 min, 95°C for 10 min,
95°C for 15 s, and an annealing temperature of 62°C for
1 min for mD52 primers (60°C annealing temperature was
used for GAPDH control reactions). Additional controls
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were no template and no enzyme and were included in all
real-time RT-PCR reactions as previously described [16].
Recombinant mD52 puriWcation
The MicroSpin GST PuriWcation Module (Amersham Biosciences, Piscataway, NJ, USA) was used to purify recombinant mD52–Glutathione S-transferase (GST) fusion protein
using the manufacturer’s instructions and previously published methods [4]. BrieXy, a 5 ml culture of recombinant
Escherichia coli expressing mD52–GST fusion protein was
grown to log phase and protein expression induced with
IPTG. Cultured cells were harvested and lysed by repeated
freeze thaw cycles, and the mD52–GST fusion protein was
puriWed using a Glutathione Sepharose 4B MicroSpin column. Protein purity was assessed by SDS-PAGE and silver
staining, as well as by western blot analysis using an
anti-TPD52 polyclonal antibody (generated by immunizing
rabbits with N-terminal, carrier conjugated peptide GCAYK
KTSETLSQAGQKAS; italics represents a region of TPD52
protein that is conserved between human and mouse) (Bio
Synthesis, Inc, Lewisville, TX, USA). Protein concentration
was determined by measuring the absorbance at 280 nm
according to the manufacturers’ guidelines (Amersham Biosciences). The GST aYnity tag was approximated by
1 A280 » 0.5 mg/ml, based on the extinction coeYcient of
the GST monomer using a Bradford protein assay. mD52
protein concentration was determined based on a 1:1 molar
ratio of mD52 to GST in the fusion construct.
Western blot analysis
To determine if vaccination induced anti-mD52 antibodies
speciWc for native denatured mD52 from tumor cells, Western blot analyses were performed using mKSA whole
cell lysates, as previously reported by our laboratory
[23]. mKSA cells were grown to conXuency. Cells were
harvested, counted, and whole cell protein lysates were
prepared used Pierce Whole Cell Lysis BuVer (Pierce
Biotechnology, Inc., Rockford, IL, USA) to obtain lysates
of 1 £ 108 cell equivalents/ml. Lysates were loaded on a
standard reducing SDS-PAGE (4% stacking, 12% resolving) and electrophoresed at 200 V for 1 h, followed by electrolytic transfer to nitrocellulose for immunoblotting. The
nitrocellulose membranes were blocked in PBS containing
1% normal goat serum, 1% milk, and 0.02% Tween for 2 h
at room temperature. After blocking, membranes were cut
into 5 mm strips and incubated overnight at 4°C with a
1:100 dilution of serum collected prior to, and following
each immunization. Following incubation with serum, the
strips were washed three times with PBS-0.02% Tween.
Antibody binding was detected by the addition of goat-antimouse IgG horseradish peroxidase conjugated antibody
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(GAM-HRP) (SIGMA) at a 1:1,000 dilution for 2 h at room
temperature. Strips were then washed three times with
PBS-0.02% Tween and developed with 3.3 V diaminobenzidine reagent as substrate (Sigma, St. Louis, MO,
USA) to visualize mD52-speciWc antibody reactivity. Strips
probed with polyconal rabbit anti-TPD52 polyclonal antibody (generated by immunizing rabbits with N-terminal,
carrier conjugated peptide GCAYKKTSETLSQAGQKAS;
italics represents a region of TPD52 protein that is conserved between human and mouse) (Bio Synthesis, Inc)
served as a positive control.
Immunization and tumor challenge
Individual mice were immunized via intramuscular (i.m.)
injection every 14 days with 5–10 g of recombinant mD52
protein admixed with 5–10 g of CpG oligonucleotide
(ODN 1826 TCCATGACGTTCCTGACGTT) [20] as an
alum precipitate for a total of three injections. CpG/ODN in
alum alone served as a control immunization. Mice in all
groups were bled from the dorsal tail vein prior to immunization and 2 weeks following each immunization. Two weeks
following the Wnal immunization, mice in all groups were
challenged with the following tumorigenic dose of tumor
cells: 3T3.mD52 (1 £ 106), or mKSA (5 £ 105). Tumor
cells were harvested, counted, and re-suspended in versene
(PBS/EDTA, Fisher ScientiWc) to prevent aggregation and
100 l of viable cell suspension was injected subcutaneously
(s.c.) in the right Xank of each mouse for tumor challenge.
Tumor size was determined by taking perpendicular measurements with calipers every 2 to 3 days, and tumor volume
(mm3) was calculated using the following formula: (a £ b2)/
2, where b is the smaller of the two measurements.
Analysis of cytotoxic T lymphocyte (CTL)-mediated
tumor cell lysis
T cells from spleens of immunized mice that survived
tumor challenge were isolated and subjected to standard
CTL-mediated tumor cell lysis analysis. CTLs were generated by culturing spleen cells in the presence of irradiated
mKSA or 3T3.mD52 tumor cells (using the same tumor
cell line as was used for the in vivo challenge) in the presence of IL-2 (10 ng/ml), IL-7 (5 ng/ml), and IL-12 (5 ng/
ml) at 37°C for 5–7 days. SpeciWcity was evaluated by mixing various numbers of CTLs with a constant number of
target cells (5 £ 103 cells per well) in 96 well round bottom
plates. SpeciWc lysis was determined using a Europium
time-resolved Xuorescence based 2 h method and measured
using a Victor3™ plate reader (Perkin Elmer, Boston, MA,
USA). Percent lysis was calculated as: % speciWc lysis =
1 ¡ (E ¡ S)/(M ¡ S) £ 100, where E represents Eu release in
the presence of eVector cells, S is spontaneous Eu release in
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medium alone and M represents maximum Eu released in
the lysis buVer [24, 25]. To conWrm MHC class-I restricted
tumor recognition, CTL blocking assays were performed by
incubating tumor cells with anti-H-2Kd (anti-Kd) or anti-H2Kb (control Ig) mAb prior to incubation with CTLs.
BrieXy, 10 l of mAb in PBS (a Wnal concentration of
30 g/ml) was added to individual wells of 96 well round
bottom plates in triplicate. Next, 100 l tumor cell targets
were added to each well and incubated for 30 min at room
temperature. Finally, 100 l of eVectors were added to the
appropriate wells, and the plates were incubated for 24 h at
37°C. Assays were analyzed using the Victor3™ plate
reader (Perkin/Elmer, Wallac).
Flow cytometry
Lymphocytes from spleens cultured as described earlier for
CTL assay were stained with monoclonal antibodies speciWc for CD3, CD4, CD19, NK marker CD49b (detected
with the DX5 antibody) and CD8, and MHC class-I expression was assessed on tumors cell lines, using antibodies
purchased from BD-Bioscience (San Jose, CA, USA). Cells
were Wxed in 1% paraformaldehyde at 4°C for 1 h, and then
analyzed by Xow cytometry using a BD-FacsVantage™.
Assessment of vaccine induced autoimmunity
Kidneys from immune and control mice were blindly evaluated for T cell subset inWltrates using Xuorescent immunohistochemistry (IHC) methods (Pathology, Texas Tech
University Health Sciences Center). Kidneys from MRL/lpr
mice (a murine Lupus model), a generous gift from Dr.
Mark Mamula (Yale University), served as positive controls for T cell inWltration analysis by IHC.
Enumeration of 3T3.mD52 spontaneous lung metastases
Analysis of tumor metastasis to the lungs was performed by
removing the lungs of animals following euthanization and
injection of the lungs with India ink to visualize individual
tumor nodules [24]. BrieXy, an India ink solution was
injected through the trachea and allowed to Wll the lungs.
The lungs were removed and placed in Fekete’s solution
for de-staining. Tumor nodules do not absorb India ink,
which results in the normal lung tissue staining black
and the tumor nodules remaining white. Tumor nodules
were counted blindly, and the size was noted by three
individuals.
Statistical analysis
When necessary, tumor challenge data were analyzed with
a Student’s t test to determine whether signiWcant diVer-
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ences existed between mean tumor volume for mD52
immunized and that of control immunized groups of mice.

Results
Expression of mD52 in tumor cell lines and normal tissues
Prior to immunization with murine TPD52 (mD52) and
evaluation of protection from tumor cell challenge, expression of mD52 was determined for tumor cell lines used
in this study. The tumorigenic and metastatic cell line
3T3.mD52 was generated in our laboratory and shown to
be positive for mD52 expression previously [16]. Expression of mD52 by the Balb/c kidney-derived tumor cell line,
mKSA and the C57BL/6 tumor cell lines TRAMP-C1 and
TRAMP-C2 was conWrmed using a Syber green relative
quantitation method for real-time RT-PCR (Fig. 1a). All
three of the murine tumor cell lines expressed mD52 at
detectable levels at 30 cycles of ampliWcation. The delta Rn
for mD52 expression at 30 cycles of ampliWcation was similar for all three cell lines (Fig. 1, panel i). When comparing
the relative expression of mD52 to the respective expression of GAPDH for the same cell line at 30 cycles of ampliWcation, mKSA and TRAMP-C2 cells were similar,
whereas TRAMP-C1 demonstrated greater expression of
mD52 (Fig. 1a, panel iii). Expression of mD52 protein was
conWrmed for all tumor cell lines by Western blot analysis
using an anti-mD52 antibody. A band of approximately
27 kDa was observed for the 3T3.mD52, mKSA, TRAMPC1, and TRAMP-C2 cell lines (Fig. 1b). Examination of
the 3T3.V empty vector transfected, negative control cell
line revealed no detectable levels of mD52 protein expression by Western blot analysis (Fig. 1b). In addition, expression of MHC class-I molecules by the tumor cell lines was
evaluated using speciWc monoclonal antibodies and Xow
cytometry. All four of the tumor cell lines expressed high
levels of surface MHC class-I molecules (not shown).
Taken together these data demonstrate that the tumor cell
lines, mKSA, 3T3.mD52, TRAMP-C1, and TRAMP-C2
express mD52 protein and MHC class-I molecules.
Others have reported the detection of human TPD52
expression in some normal tissues. TPD52 expression was
shown to be pronounced in normal human kidney, prostate
and breast with very little expression detected in the testes,
thymus, and spleen [6]. TPD52 expression was also demonstrated in human B cells but not in T cells [26]. Since
human and mouse TPD52 proteins are 86% identical and
we demonstrated natural expression of mD52 in tumor cell
lines (Fig. 1), it was of interest to assess the relative expression of mD52 in normal murine tissues. We were only
interested in relative expression of mD52 in normal tissues
compared to tumor cells to corroborate previous studies and
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are the representatives of three
independent experiments

803

0.6
0.5
0.4
0.3
0.2
0.1
0.0
mKSA

TRAMP-C2

TRAMP-C1

30 cycles

B

TRAMP-C2

TRAMP-C1

mKSA

3T3.mD52

3T3.V

mw

-25 kD

mD52

-20 kD

-37 kD
GAPDH
-25 kD

to justify our evaluation of autoimmunity, given that
expression of mD52 in normal tissues could result in tolerance or autoimmunity following active vaccination, and
that absolute quantitation of mD52 was not necessary at this
juncture for evaluation of autoimmunity and tolerance. Sixteen normal murine tissues were examined for relative
mD52 expression using RT-PCR and real-time RT-PCR
(Fig. 2). Pronounced expression of mD52 was observed for
kidney, muscle, lung, brain prostate, lymph node, and eye.
A much less expression of mD52 was observed for normal
testes, liver, spleen, heart, uterus, stomach, thymus, and
placenta (Fig. 2a, panels i and ii). Real-time RT-PCR analysis supported the mD52 expression Wndings observed for
end point RT-PCR (Fig. 2b). Interestingly, expression of
mD52 appeared to be the highest in normal kidney. Realtime RT-PCR produced a delta Rn of approximately 4.5 at
30 cycles of ampliWcation for kidney with lung, spleen, and
muscle, for example, producing delta Rn values less than
4.0 (Fig. 2b, panel i). These data indicate that the relative

expression pattern of mD52 in normal murine tissues is
similar to what has been reported for human TPD25 expression in normal tissues. Since mD52 expression in normal
kidneys was the highest among the normal tissues tested,
and the kidney is a vital organ, kidney pathology following
vaccination with mD52 protein was monitored as an indication of vaccine induced autoimmunity.
Tumor protection following immunization
with mD52 protein
To determine whether it was possible to induce tumor protective immunity following vaccination with mD52 protein,
groups of mice were immunized with puriWed recombinant
mD52 protein (Fig. 3a) admixed with CpG/ODN, and
rejection of subsequent tumor challenge was evaluated.
Individual mice were immunized i.m. every 14 days,
according to the schedule in Fig. 3b. Immunization groups
included mD52 protein admixed with CpG/ODN as an
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Fig. 2 Expression of Murine TPD52 (mD52) in normal tissues. a RTPCR showing mRNA expression of mD52 in normal tissues. (i) Multiple tissue cDNA panel-I (MTC-I) lane 1, testes; lane 2, kidney; lane 3,
skeletal muscle; lane 4, liver; lane 5, lung; lane 6, spleen; lane 7, brain;
lane 8, heart; lane 9, manufacturer’s control (pooled mouse liver cDNA); lane 10, H2O (no template control). (ii) Multiple tissue cDNA
panel-III (MTC-III) lane 1, uterus; lane 2, stomach; lane 3, thymus;
lane 4, prostate; lane 5, smooth muscle; lane 6, lymph node; lane 7,
eye; lane 8, placenta; lane 9, manufacturer’s control (pooled mouse
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liver cDNA); lane 10, H2O (no template control). GAPDH expression
served as a control. mw molecular weight standard. b Real-time RPTPCR showing expression of mD52 in normal murine tissues. (i) Realtime RT-PCR showing expression of mD52 in normal tissue panel
MTC-I. (ii) Real-time RT-PCR showing expression of GAPDH in normal tissue panel MTC-I. (iii) Real-time RT-PCR showing expression
of mD52 in normal tissue panel MTC-III. (iv) Real-time RT-PCR
showing expression of GAPDH in normal tissue panel MTC-III.
Shown are the representatives of three independent experiments
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Fig. 3 PuriWcation of mD52 protein and mD52 immunization schedule. a PuriWcation of recombinant mD52 protein. (i) Western blot analysis of puriWed mD52-GST fusion protein, lane 1, second elution of
puriWed protein; lane 2, Wrst elution of puriWed protein; lanes 3 and 4,
subsequent washes; lanes 5 and 6, subsequent Xow through samples
prior to washing; lane 7, insoluble material from freeze thaw lysate;

lane 8, freeze thaw lysate prior to loading on aYnity column. mw
molecular weight standard. (ii) Silver stained SDS-PAGE gel exact
representation of the western blot shown in (i). mw molecular weight
standard. b Schematic diagram of the schedule for immunization with
puriWed recombinant mD52 protein (see Materials and methods for
concentration of protein and CpG/ODN)

alum precipitate or CpG/ODN in alum alone as control
immunization. Since the vaccine was administered as
protein in alum, the induction of immunity prior to tumor
challenge was assessed by the detection of anti-mD52
IgG antibodies. Following each immunization, serum
samples were collected and monitored for the presence
of anti-mD52 antibodies using Western blot analysis. Mice
immunized with mD52 protein and CpG/ODN generated
detectable IgG antibodies to mD52 following three
immunizations (Fig. 4a, post1 and post2), whereas mice
immunized with CpG/ODN alone in alum generated no
detectable IgG antibodies (not shown). Serum samples collected prior to immunization were also negative for IgG
antibodies with speciWcity for mD52 protein as determined
by Western blot analysis (Fig. 4a, pre1 and pre2). These
data demonstrate that immunity to mD52 can be induced
following immunization with recombinant protein admixed
with CpG/ODN in alum. In addition, IgG antibodies with
speciWcity for mD52 do not appear to exist in mice prior to
immunization with mD52 and CpG/ODN. Interestingly,
immunization with recombinant mD52 protein in alum in
the absence of CpG/ODN failed to induce detectable IgG
antibodies (not shown).
To determine whether tumor immunity was induced following immunization with mD52 protein and CpG/ODN
in alum, mice were challenged s.c. with a tumorigenic
dose of syngeneic mKSA tumor. Tumor inoculation and
growth was determined as described in the Materials and
methods section. Fifty percent of mice immunized with
mD52 protein admixed with CpG/ODN in alum rejected a

tumorigenic challenge with mKSA tumor cells (Fig. 4b,
panel ii), whereas none of the animals immunized with
CpG/ODN in alum were capable of rejecting a tumorigenic challenge with mKSA (Fig. 4b, panel i). Similarly,
mice immunized with recombinant mD52 in alum without
CpG/ODN failed to reject mKSA tumor challenge (not
shown). These data demonstrate that immunization with
mD52 protein and CpG/ODN in alum prior to challenge
with tumor cells that naturally express mD52 protein
resulted in rejection of the tumor challenge compared to
control immunized animals.
Induction of cytotoxic T lymphocytes following
immunization with mD52 protein
Immunization with mD52 and CpG/ODN induced mD52speciWc IgG antibodies (Fig. 4a) suggesting that speciWc T
cells were induced to facilitate the switch to the IgG isotype.
Since mD52 expressed by tumor cells is an intracellular
protein it was of interest to determine if MHC class-Irestricted CTLs were also induced in mice following immunization with mD52 protein and CpG/ODN, and involved
in the rejection of subsequent tumor challenge. Splenocytes
were harvested and analyzed for tumor-speciWc killing as
described in the Materials and methods section. The eVector cells generated by 5–7 days mKSA mixed lymphocyte
tumor culture (MLTC) were determined by Xow cytometry
to contain approximately 33% CD4+ T cells and 32%
CD8+ T cells (not shown). Targets consisted of syngeneic
MHC class-I matched 3T3 Wbroblasts, 3T3.mD52 tumor
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Fig. 4 Immune response following immunization with mD52 protein
and challenge with mKSA tumor cells. a Western Analysis of Serum
from mD52 Immunized Mice. Preimmune serum from mouse 1 (pre1);
and mouse 2 (pre2); serum following three immunizations with mD52
and rejection of mKSA tumor challenge mouse 1 (post1); and mouse 2
(post2). A TPD52 speciWc antibody that recognizes both human and
murine TPD52 was used to detect mD52 protein in mKSA tumor cell
lysates (+). MW molecular weight standards. Shown are sera from
representative animals, and representative results from repeated

experiments. b EVect of mD52 immunization on mKSA subcutaneous
tumor growth in vivo. (i) Tumor growth for control immunized mice
(CpG/ODN in alum). (ii) Tumor growth for mD52 immunized mice
(mD52 protein + CpG/ODN in alum). Animals were immunized i.m.
every 14 days with 5–10 g of mD52 + 5–10 g of CpG/ODN or 5–
10 g of CpG/ODN alone for a total of three injections followed on day
42 with a s.c. challenge with 5 £ 105 live, syngeneic mKSA tumor
cells. Shown are representative results for two independent experiments

cells, mKSA tumor cells, and allogeneic MHC class-I mismatched TRAMP-C2 tumor cells. 3T3.mD52, mKSA, and
TRAMP-C2 all over-express mD52, whereas 3T3 nontransformed Wbroblasts do not (Fig. 1a, b) [16].
The CTLs generated from mice immunized with mD52
protein and CpG/ODN in alum and challenged with mKSA
tumor cells demonstrated tumor-speciWc killing in Eurelease assays (Fig. 5a). Both mKSA (H-2Kd) the challenging tumor, and the MHC class-I matched (H-2Kd), mD52
positive cell line 3T3.mD52 were lysed by CTLs (>70 and
>35% lysis, respectively, for an eVector to target cell ratio
of 32:1) (Fig. 5b), whereas the percent-speciWc lysis was
<10% for both control targets 3T3 and TRAMP-C2
(Fig. 5a, b). The control targets either lack the correct MHC
class-I molecule (TRAMP-C2; H-2Kb) or the targeted antigen mD52 (3T3; H-2Kd). Taken together, these data suggest that CTLs generated following immunizations with
mD52 protein and CpG/ODN in alum are antigen-speciWc
and MHC class-I-restricted. To conWrm MHC class-I
restricted tumor recognition, CTL blocking assays were
performed by incubating tumor cell targets with anti-H-2Kd
(anti-Kd) or anti-H-2Kb (control Ig) mAb prior to incubation with CTLs at an eVector to target cell ration of 32:1.
CTL mediated lysis of both mKSA and 3T3.mD52 was
inhibited 90 to 100%, respectively, in the presence of antiH-2Kd mAb. The control anti-H-2Kb (control Ig) mAb
failed to inhibit CTL-speciWc lysis of either mKSA or
3T3.mD52 (Fig. 5c). These data further support the conclu-

sions that the CTL generated following mD52 and CpG/
ODN immunization were mD52 speciWc and MHC class-I
restricted.
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Immunization with mD52 does not induce autoimmunity
Since mD52 is a “self antigen”, i.e. it is expressed in some
normal tissues as well as in tumors, it is possible that tolerance could prevent the induction of an immune response.
Conversely, if tolerance is broken and an immune response
is generated against mD52, there is the potential for the
induction of harmful autoimmunity. As shown by the generation of IgG antibodies and MHC class-I-restricted antigenspeciWc CTLs to mD52, an immune response was indeed
induced against mD52 following immunization, and the
response was capable of rejecting mD52-expressing tumor
challenge in vivo. Therefore, it was of interest to assess
whether autoimmunity was also induced. To assess autoimmunity induction, kidneys of mice that were immunized
with mD52 protein and CpG/ODN in alum and survived
tumor challenge were harvested and evaluated for T cell
inWltration and evidence of microscopic pathology. Individually immunized mice that survived tumor challenge
showed no gross morbidity and appeared healthy throughout
the study. Immunohistochemical analysis of kidneys showed
no T cell inWltrates and no evidence of microscopic pathology compared to kidneys from naïve mice serving as normal
controls (Fig. 6). No evidence of gross pathology was
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observed for livers, lungs or spleens. These data demonstrate
that immunization with mD52 protein and CpG/ODN in
alum does not result in the induction of autoimmunity.
Prevention of spontaneous lung metastases following
immunization with mD52
We reported previously that 3T3.mD52 tumor cells spontaneously metastasize to the lungs, forming lethal tumor
burdens [16]. To determine if immunization with mD52
protein and CpG/ODN in alum was capable of preventing
lethal lung metastases, animals were challenged s.c. with
3T3.mD52 tumor cells. Enumeration of tumor nodules was
performed by harvesting lungs and staining with an India
ink solution. Immunization with mD52 protein and CpG/
ODN in alum resulted in the rejection of 40% of subcutaneous 3T3.mD52 tumors (Fig. 7a, panel ii), and the prevention of spontaneous lung metastases (Fig. 7b). In contrast,
mice immunized with CpG/ODN in alum alone and challenged with 3T3.mD52 developed visible s.c. tumor nodules (Fig. 7a, panel i) and lung metastases (Fig. 7b). Of
note, mice that rejected a primary 3T3.mD52 tumor challenge also rejected a second 3T3.mD52 tumor challenge
(1£ 106 cells) in the opposite Xank, given 90 days after the
initial tumor challenge (not shown). Taken together, these
data indicate that immunization with mD52 protein and
CpG/ODN in alum induces a memory immune response
capable of preventing lethal lung metastasis by mD52 positive 3T3.mD52 tumor cells.

Discussion
The use of vaccination against infectious disease in modern
medicine has had a major impact on worldwide health. The
power of the immune system has also been applied to Wght
cancer. Anti-cancer vaccines targeting self-proteins have
been applied to treat or prevent multiple cancers in preclinical studies and clinical trials [27, 28]. Some examples
include targeting MAGE in melanoma [29, 32], PAP [30,
33–36], PSMA [30, 31, 36], and PSA [30, 31, 36–38] in
prostate cancer, and MUC1 [28] in breast cancer. Tumor
protein D52 (TPD52) is a novel and potentially important
tumor associated antigen (TAA) due to its over-expression
in a number of fatal and common cancers to include prostate [39, 40], breast [2], ovary [9], and lung [6, 41] carcinomas. Scanlan and colleagues identiWed human TPD52
(hD52) as a candidate breast cancer TAA by using sera
from breast cancer patients to screen a library of expressed
genes from breast cancer tissue, demonstrating that hD52 is
capable of inducing IgG antibodies [42]. This report suggests that TPD52 may be immunogenic and capable of
inducing a cellular immune response, thus warranting study
of TPD52 as an anti-cancer vaccine to induce cellular
immunity. To address this, we hypothesized that vaccines
targeting murine TPD52 (mD52) would induce cellular
immune responses capable of rejecting tumor cells that
over-express mD52 protein in murine models of cancer.
Recombinant mD52 protein was administered along with
CpG/oligodeoxynucleotide (ODN) in alum as an intramuscular
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Fig. 6 Evaluation of autoimmune associated kidney pathology following mD52 immunization and tumor rejection. Shown are representative 5 m, formalin Wxed, paraYn embedded sections of kidneys
from naïve mice or mice immunized with mD52 and subsequent tumor
rejection (£100 magniWcation). The panels a through h are representative immuno-Xuorescence micrographs staining for T cell inWltration. Panels a, b IgG-FITC control; panel c, d CD3-FITC naïve mouse
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MRL/lpr autoimmune lupus mice as a positive control for T cell inWltration as depicted by the brighter Xuorescent rings around kidney tubules (arrows). Panel i H&E stain for naïve mouse kidney; panel j
H&E stain for kidney from mD52 immunized and tumor challenged
animal. All assays were performed by an experienced pathologist and
the determinations done blindly. Shown are representative micrographs from individual animals and two independent experiments

vaccine, followed by challenge with a tumorigenic dose
of syngeneic tumor cells that naturally over-express mD52
protein.
In the present study we immunized mice with recombinant mD52 protein admixed with CpG/ODN in alum which
resulted in the induction of immune responses with speciWcity for mD52. As a test of tumor immunity we challenged
mice with syngeneic tumor cells that over-express mD52,
and tumor growth was monitored. All mice that received
control immunizations developed lethal tumor burdens and
had to be killed (Figs. 4b: panel i, 7a: panel i). In addition,
mice immunized with CpG/ODN in alum alone and challenged with the spontaneously metastatic 3T3.mD52 tumor
cells developed lung metastases (Fig. 7b). However, mice
immunized with recombinant mD52 protein and CpG/ODN
in alum resulted in the rejection of tumor challenge in 50%
of mice challenged with mKSA tumor cells (Fig. 4b, panel
ii) and 40% of mice that received 3T3.mD52 tumor cell
challenge (Fig. 7b, panel ii). Mice immunized with mD52
protein and CpG/ODN followed by 3T3.mD52 tumor cell
challenge also prevented the formation of spontaneous
lethal lung metastases (Fig. 7b). Rejection of mKSA tumor
challenge was associated with the induction of mD52-speciWc, MHC-restricted CTLs (Fig. 5). Importantly, there was

no detectable evidence of autoimmunity following immunization with mD52 and CpG/ODN in alum (Fig. 6).
Together, these data demonstrate that the “self” TAA
mD52 is suYciently immunogenic when administered as a
protein-based vaccine admixed with CpG/ODN as a molecular adjuvant. Moreover, the generation of anti-mD52 CTL
resulted in rejection of syngeneic tumor cells that naturally
over-express mD52 protein without induction of detectable
autoimmunity. The form of recombinant mD52 protein
used was a fusion protein of mD52 and GST to facilitate
puriWcation (Fig. 3a). It is possible that GST functions as a
carrier protein; however, experiments employing mD52GST protein in the absence of CpG/ODN as a molecular
adjuvant followed with mKSA tumor challenge (performed
in conjunction with studies represented in Fig. 4) failed to
induce protective tumor immunity (not shown). More
importantly, the form of mD52 protein recognized by speciWc CTLs (Fig. 5) and IgG antibodies (Fig. 4) was a natural murine tumor cell derived mD52, not recombinant
mD52-GST fusion protein.
It is known that TGF-1 is involved in tumor-mediated
immune suppression. We demonstrated previously that
3T3.mD52 tumor cells secrete signiWcant quantities of
TGF-1 [16] which could account for decreased rejection
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Fig. 7 Immune response following immunization with mD52 protein
and challenge with 3T3.mD52 tumor cells. a EVect of mD52 immunization on 3T3.mD52 subcutaneous tumor growth in vivo. (i) Tumor
growth for control immunized mice (CpG/ODN in alum). (ii) Tumor
growth for mD52 immunized mice (mD52 protein + CpG/ODN in alum). b EVect of mD52 immunization on 3T3.mD52 spontaneous lung
metastasis in vivo. Control immunized mice, CpG/ODN in alum;

mD52 immunized mice, mD52 protein + CpG/ODN in alum. For a and
b, animals were immunized i.m. every 14 days with 5 g of mD52 +
10 g of CpG/ODN or 10 g of CpG/ODN alone for a total of three
injections followed on day 42 with a s.c. challenge with 1 £ 106 live,
syngeneic 3T3mD52 tumor cells. Shown are representative results for
two independent experiments

of 3T3.mD52 tumors following immunization compared to
mKSA tumors, which secrete nearly 50% less TGF-1 than
3T3.mD52 tumor cells (not shown). Studies are underway
to overcome immune suppression by TGF-1 and increase
protection in mice challenged with 3T3.mD52 or mKSA
tumor cells by using TGF-1 neutralizing mAb in vivo or
siRNA to TGF-1 to knock out or down TGF-1 expression and secretion in vitro in tumor cells without interfering
with in vivo tumorigenic or metastatic characteristics of
tumor cells. More traditional adjuvants, such as IFA, diVerent TLR agonists as molecular adjuvants, diVerent routes
and schedules of administration of mD52 to increase antitumor eYcacy in vivo are also being explored. In addition,
studies to assess mD52 vaccination as a treatment of preexisting tumors are underway.
It is now widely accepted that bacterial derived, unmethylated CpG deoxynucleotides are potent molecular adjuvants when administered with active vaccinations regimens
[17, 19, 43]. Nearly 10 years have passed since the Wrst
report on the potency of CpG DNA as a molecular adjuvant
when administered with a protein-based vaccine [20]. In
this study Davis and colleagues demonstrated that CpG
DNA could overcome the ability of alum and protein vac-

cines to induce TH2 immunity in Balb/c mice and instead
drive immunity to a TH1-type response. In addition, they
proved that addition of CpG DNA could increase speciWc
TH1-type IgG2a antibody responses to HBsAg Wvefold
above HBsAg without CpG DNA. This group subsequently
went on to characterize three CpG/ODN classes with distinct immunostimulatory properties [44]. Of importance to
our studies was the characterization of what they termed B
class CpG/ODN. These CpG/ODN are potent activators of
B cells and TH1-type cytokines capable of driving cellular
immunity [44, 45]. The prototype B class CpG/ODN is represented by the ODN 1826 [20, 44, 45]. Since mD52 is an
intracellular protein we were interested in the generation of
TH1-type cellular immunity and CTLs which would be necessary for the rejection of mD52 expressing tumors. To this
end, we chose the B class CpG/ODN 1826 as our molecular
adjuvant. Others have demonstrated that CpG/ODN 1826 is
a potent molecular adjuvant for vaccination against various
cancers. Vaccine studies utilizing CpG/ODN 1826 admixed
with TAA in various murine cancer models include; HPV16 E7 protein [46], anti-idiotype vaccine that mimics carcinoembryonic antigen (CEA) [47, 48], and synthetic peptide
from HER-2/neu oncoprotein in a model of spontaneous
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breast cancer [49]. Further support of the immunopotency
of CpG/ODN 1826 in mice was the report by Shao and colleagues demonstrating that CpG/ODN 1826 could convert a
weak autoantigen like uveitogenic rat interphotoreceptor
retinoid-binding protein into a strong auto-antigen that
induces uveitis [50]. This study demonstrated that molecular adjuvants based on CpG/ODN 1826 could enable tolerance to be broken to self-antigens delivered as active
vaccination strategies.
In the present study we have shown for the Wrst time that
the self-TAA mD52 is immunogenic when administered as
a recombinant protein-based vaccine admixed with CpG/
ODN 1826 in alum. Further, the immune response generated
is capable of rejecting tumor cells that naturally over-express
mD52 protein without inducing harmful autoimmunity,
suggesting the human TPD52 may be a potent vaccine antigen that could be administered to patients to treat or prevent
cancers that over-express TPD52.
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Abstract Tumor protein D52 (TPD52) is involved in
cellular transformation, proliferation and metastasis.
TPD52 over expression has been demonstrated in several
cancers including prostate, breast, and ovarian carcinomas.
Murine TPD52 (mD52) has been shown to induce
anchorage independent growth in vitro and metastasis in
vivo, and mirrors the function and normal tissue expression
patterns of the human orthologue of TPD52. We believe
TPD52 represents a self, non-mutated tumor associated
antigen (TAA) important for maintaining a transformed
and metastatic cellular phenotype. The transgenic adenocarcinoma of the mouse prostate (TRAMP) model was
employed to study mD52 as a vaccine antigen. Naı̈ve mice
were immunized with either recombinant mD52 protein or
plasmid DNA encoding the full-length cDNA of mD52.
Following immunization, mice were challenged with a
subcutaneous, tumorigenic dose of mD52 positive,
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autochthonous TRAMP-C1 tumor cells. Sixty percent of
mice were tumor free 85 days post challenge with
TRAMP-C1 when immunized with mD52 as a DNA-based
vaccine admixed with soluble granulocyte-macrophage
colony stimulating factor (GM-CSF). Survivors of the
initial tumor challenge rejected a second tumor challenge
given in the opposite flank approximately 150 days after
the first challenge, and remained tumor free for more than
an additional 100 days. The T cell cytokine secretion
patterns from tumor challenge survivors indicated that a
TH1-type cellular immune response was involved in tumor
protection. These data suggest that mD52 vaccination
induced a memory, cellular immune response that resulted
in protection from murine prostate tumors that naturally
over express mD52 protein.
Keywords
GM-CSF

DNA vaccine  mD52  TPD52  TRAMP-C1 

Abbreviations
TPD52
Tumor protein D52
mD52
Murine TPD52
hD52
Human TPD52
TRAMP Transgenic adenocarcinoma of the mouse
prostate
TAA
Tumor associated antigen

Introduction
Chromosome 8q gain is one of the most frequently identified cytogenetic aberrations in human cancer [1].
Amplification mapping studies have identified several
candidate cancer associated genes at chromosome 8q21
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[2, 3] the most definitive of which is tumor protein D52
(TPD52 or D52) at 8q21.13 [4]. All D52-like sequences
either identified or predicted to date include coiled-coil
domains, suggesting that protein–protein interactions are
integral to their function [5]. Human D52 (hD52) protein is
over expressed in breast [4, 6, 7], prostate [8–10] and
ovarian cancers [11], and is likely a result of increased
gene copy number. Expression microarray analyses predict
hD52 over expression in many other cancer types, including multiple myeloma [12, 13], Burkitt’s lymphoma [14,
15], pancreatic cancer [16], testicular germ cell tumors
[17–19], and melanoma [20, 21].
The murine orthologue of TPD52 (mD52) naturally
mirrors hD52 with respect to known function and over
expression in tumor cells, and shares 86% protein identity
with the human orthologue [22]. Recently we demonstrated
that transfection and stable expression of mD52 cDNA in
mouse 3T3 fibroblasts (3T3.mD52) induced increased
proliferation, anchorage independent cell growth, and the
ability to form subcutaneous tumors and spontaneous lethal
lung metastases in vivo when 3T3.mD52 cells were inoculated subcutaneously into naı̈ve, syngeneic, immunocompetent mice [23]. Together these data strongly suggest
that D52 expression may be important for initiating and
perhaps maintaining a tumorigenic and metastatic phenotype and thus may be important for tumor cell survival.
Scanlan and colleagues identified hD52 as a candidate
breast cancer tumor associated antigen (TAA) by using
sera from breast cancer patients to screen a library of
expressed genes from breast cancer tissue, demonstrating
that hD52 protein in tumor cells is capable of inducing IgG
antibodies [24]. This report suggests that hD52 protein may
be immunogenic and capable of inducing a cellular
immune response, thus warranting study of TPD52 protein
as an anti-cancer vaccine. In a recent study, we demonstrated for the first time that mD52 is immunogenic
when administered as recombinant protein-based vaccine
admixed with CpG/ODN 1826 in mice. The immune
response generated was capable of rejecting tumor cells
that naturally over express mD52 protein without inducing
harmful autoimmunity [25]. These data suggest that hD52
protein may also be a potent vaccine antigen that could be
administered to patients to treat or prevent cancers that
over express hD52.
In the present study, we sought to determine whether
mD52 DNA vaccination would induce an immune response
capable of rejecting tumors in the transgenic adenocarcinoma of the mouse prostate (TRAMP) model of prostate
cancer [26]. Approximately 60% of mice were tumor free
85 days post challenge with autochthonous TRAMP-C1
tumor cells when immunized with mD52 as a DNA vaccine
admixed with soluble granulocyte-macrophage colony
stimulating factor (GM-CSF). Survivors of initial tumor
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challenge rejected a second tumor challenge given in the
opposite flank more that 150 days after the initial challenge
was given. These mice remained tumor free for more than
an additional 100 days. The T cell cytokine secretion patterns from tumor challenge survivors indicated that a T
helper 1-type cellular immune response was involved in
tumor protection. Together, these data suggest that mD52
DNA-based vaccination induced a cell-mediated, memory
immune response that resulted in protection from prostate
tumors that naturally over express mD52 without the
induction of discernable harmful side effects.

Materials and methods
Mice and tumor cell lines
Male 6- to 8-week-old C57BL/6 mice were purchased from
Jackson Labs (Bar Harbor, ME). All animals were cared
for and treated according to Institutional Animal Care and
Use Committee guidelines at Texas Tech University Health
Sciences Center (Lubbock, TX, USA). The tumorigenic,
autochthonous C57BL/6 cell lines TRAMP-C1 and
TRAMP-C2 [27] were used for tumor challenge and/or
immunoassays, and the tumorigenic SV40-transformed
Balb/c murine kidney cell line designated mKSA was used
as an mD52 positive MHC mis-matched control target for
immunoassays. The mKSA cell line was cultured in RPMI
1640 (Fisher Scientific, Pittsburgh, PA, USA) supplemented with 10% heat-inactivated fetal bovine serum,
2 mmol/l L-glutamine, 250 ng/ml fungizone, 50 IU/ml
penicillin, 50 lg/ml streptomycin, 50 lg/ml gentamicin
sulfate, and 10 mmol/l HEPES. The autochthonous
TRAMP-C1 and TRAMP-C2 cell lines were cultured as
previously reported [27].
Immunization and tumor cell challenge
Individual mice were immunized (s.c.) with 100 lg of
mD52 DNA admixed with 5 lg of recombinant murine
GMCSF for a total of 2 injections given at 14 day intervals
followed by a booster immunization given 35 days after
the second immunization. Empty vector DNA (pCDNA 3.1
vector minus mD52 cDNA) served as a control immunization. Mice in all groups were bled from the dorsal tail
vein prior to immunization and 2 weeks following each
immunization. Two weeks following the final immunization, mice in all groups were challenged with a tumorigenic
dose of autochthonous TRAMP-C1 (5 9 106) tumor cells.
Tumor cells were harvested, counted and re-suspended in
PBS (Fisher Scientific, Pittsburg, PA, USA) and 100 ll of
viable cell suspension was injected subcutaneously in the
right flank of each mouse. Tumor size was determined by
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taking perpendicular measurements with calipers every
2–3 days and tumor volume (mm3) was calculated using
the following formula: (a 9 b2)/2, where b is the smaller of
the two measurements. Mice that survived the primary
challenge were re-challenged in the opposite flank with
TRAMP-C1 (5 9 106) approximately 150 days after the
initial challenge.
To compare mD52 DNA with recombinant mD52 protein as active vaccines, individual mice were immunized
either i.m. or s.c. four times at 14 day intervals with 10 lg
of recombinant mD52 protein admixed with 10 lg of CpG
oligonucleotide (ODN 1826: TCCATGACGTTCCTGA
CGTT) [25]. The protein vaccines were administered as an
alum precipitate and a booster of the same dose was given
approximately 2 weeks following the third immunization
for a total of four injections. mD52 DNA immunizations
were administered as described above. Two weeks after
the booster immunizations mice were challenged s.c. with
TRAMP-C1 tumor cells (5 9 106) and tumor size was
monitored as described above.
Analysis of cytotoxic T lymphocyte (CTL)-mediated
tumor cell lysis
T cells from immunized mice were stimulated in vitro by
culturing ficol separated spleen cells from immunized mice
that survived tumor challenge and subjecting them to
standard CTL-mediated tumor cell lysis analysis. CTLs
were generated by culturing spleen cells with irradiated
TRAMP-C1 tumor cells (using the same tumor cell line as
was used for the in vivo challenge) in the presence of IL-2
(10 ng/ml), IL-7 (5 ng/ml), and IL-12 (5 ng/ml) at 37°C for
5–7 days. Specificity was evaluated by mixing various
numbers of CTLs with a constant number target cells
(5 9 103 cells per well) in 96 well round bottom plates.
Specific lysis was determined using a Europium timeresolved fluorescence based 2 h method and measured
using a Victor3TM plate reader (Perkin Elmer, Boston, MA,
USA). Percent lysis was calculated as: % specific lysis =
1 - (E - S)/(M - S) 9 100, where E represents Eu
release in the presence of effector cells, S is spontaneous
Eu release in medium alone and M represents maximum Eu
released in the lysis buffer [25, 28]. To confirm H-2brestricted tumor recognition tumor targets included
TRAMP-C1 tumor cells (H-2b?, mD52?; cell line used
for tumor challenge), TRAMP-C2 tumor cells (H-2b?,
mD52?), and mKSA (Balb/c) tumor cells which served as
a control MHC mis-matched target (H-2d?, mD52?).
T cell culture and ELISAs for cytokine production
T cells from mD52 DNA immunized mice were stimulated
in vitro by culturing ficol separated spleen cells with

irradiated TRAMP-C1 tumor cells (the same tumor cell line
used for the in vivo challenge) in the presence of IL-2
(10 ng/ml), IL-7 (5 ng/ml), and IL-12 (5 ng/ml) at 37°C for
5–7 days. Assessment of cytokine secretion by tumor-specific T cell cultures was accomplished by applying culture
supernatants to commercially available sandwich ELISA
kits for IFN-c, IL-10, IL-4 and IL-17 detection (R&D
Systems, Minneapolis, MN, USA). Culture supernatants
were harvested from 24 h cultures of T cells (1 9 106 cells/
ml in 200 ll of medium in 96 well plates) in medium alone,
compared to T cells cultured with various tumor cell targets
(1:1 ratio). TRAMP-C1 tumor cells (H-2b?, mD52?; cell
line used for tumor challenge), TRAMP-C2 tumor cells
(H-2b?, mD52?), mKSA (Balb/c) tumor cells which served
as a control MHC mis-matched target (H-2d?, mD52?), and
Yac-1 as a control for the presence of non-specific cells. To
confirm MHC-I restricted tumor recognition, blocking
assays were performed by incubating TRAMP-C1 tumor
cells with anti-H-2b or anti-H-2d (negative control) mAb
prior to incubation with T cells. Briefly, 10 ll of mAb in
PBS (final concentration of 30 lg/ml) was added to individual wells of 96 well round bottom plates in duplicate.
Next, 100 ll TRAMP-C1 tumor targets was added to each
well and incubated for 30 min at room temperature. Finally,
100 ll of T cell effectors was added to the appropriate wells
and the plates were incubated for 24 h at 37°C. Assays were
analysed using the Victor3TM plate reader (Perkin Elmer,
Boston, MA, USA). We preformed all assays with the
internal controls provided by the manufacturer and the
standards from which standard curves were generated in
order to determine concentration of cytokines produced in
experimental sets. All the controls provided by the manufacturers worked indicating that the assays were able to
detect the cytokines in question.
Elispot assay for IFN-c production
Following immunization with mD52 DNA and subsequent
TRAMP-C1 tumor cell protection, T cell responses specific
for TRAMP-C1 tumor cells were assessed using a murine
IFN-c Elispot assay following the manufacturer’s instructions (R&D Systems, Minneapolis, MN, USA). Briefly,
splenic mononuclear cells from immunized mice that successfully rejected in vivo TRAMP-C1 tumor challenge were
isolated and T cells were cultured either alone as a negative
control, with 5 lg/ml of the T cell mitogen CON-A as a
positive control, with mKSA control tumor cell target
(Balb/c H-2d, MHC mismatched), or with TRAMP-C1
tumor cells and incubated overnight at 37°C and 5% CO2. T
cells were plated at 100,000 cells (100 ll)/well with irradiated tumor cells at 1,000 cells (20 ll)/well. Following T
cell/tumor cell incubation, wells were washed a total of four
times. Next, 100 ll of detection antibody was added per
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well and incubated overnight at 4°C. Following incubation,
plates were washed four times as above and 100 ll of
streptaviden-AP was added per well and incubated for 2 h at
room temperature. After four plate washes, 100 ll of
developing solution was added per well and incubated 1 h
at room temperature in the dark. Finally, plates were rinsed
with water and dried completely at room temperature. The
AID Viruspot automated ELISpot reader (CTI Technologies Inc., Columbia, MD, USA) was used to analyze spot
counts. Data are represented as the number of IFN-c spots
per 100,000 cells.
Flow cytometry
Lymphocytes from spleens cultured in vitro with TRAMPC1 as described above were stained with monoclonal
antibodies specific for CD3, CD4, CD19, NK marker and
CD8. MHC class I expression was assessed on tumors cell
lines. Antibodies were purchased from BD-Bioscience
(San Jose, CA, USA). Cells were fixed in 1% paraformaldehyde at 4°C for 1 h and then analyzed by flow
cytometry using a BD-FacsVantageTM.
Statistical analysis
When necessary, tumor challenge data were analyzed with
a t test to determine whether significant differences existed
between mean tumor volume for mD52 immunized and
control immunized mice. Elispot and ELISA data were
analyzed using an unpaired t test for independent samples
with equal variances. A P value of less than 0.05 was taken
as being of statistical significance (GraphPad Prism 5.0).

Results
Superior CTL induction following immunization
with mD52 DNA
Since mD52 is an intracellular protein we were interested
in determining if MHC class I restricted CTLs were
induced in mice following immunization with mD52 DNA
and GM-CSF or mD52 protein and CpG/ODN. Previously,
we reported that TRAMP-C1, TRAMP-C2 (C57BL/6,
H-2b) and mKSA (Balb/c H-2d) all over express mD52
making these cell lines suitable targets and controls with
which to address mD52 vaccine induced tumor immunity
[25]. Groups of mice were immunized subcutaneously
(s.c.) with either plasmid DNA encoding the full-length
cDNA for mD52 admixed with recombinant murine
GM-CSF (PeproTech) or with recombinant mD52 protein
admixed with CpG/ODN in alum every 14 days as depicted
in Fig. 1a and b. In separate experiments mice were
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immunized intramuscularly (i.m.) with recombinant mD52
protein admixed with CpG/ODN in alum (Fig. 1a) [25].
Following immunizations, splenocytes were harvested
and analyzed for tumor-specific killing as described in
the methods section. Effector CTLs were generated by
5–7 days TRAMP-C1 mixed lymphocyte tumor culture
(MLTC) and were determined by flow cytometry to contain
approximately 30% CD4? T cells and 30% CD8? T cells
(not shown). Targets consisted of syngeneic MHC class I
matched, autochthonous TRAMP-C1 and TRAMP-C2
tumor cells, and allogeneic MHC class I mis-matched
mKSA tumor cells.
Cytotoxic T lymphocytes generated from mice immunized with mD52 DNA ? GM-CSF demonstrated MHC
class I restricted lysis of mD52 positive tumor cells
(Fig. 2). Specific lysis of the syngeneic TRAMP-C1 and
TRAMP-C2 tumor cells, for an E:T ratio of 1:100, averaged nearly 90 and 60% for TRAMP-C1 and TRAMP-C2
tumor cells, respectively (Fig. 2a, b). CTLs generated from
mice immunized with mD52 protein and CpG/ODN in
alum demonstrated MHC class I restricted lysis of mD52
positive tumor cells whether the vaccine was administered
s.c. or i.m. (Fig. 2c–f). Specific lysis of the syngeneic
TRAMP-C1 and TRAMP-C2 tumor cells, for an E:T ratio
of 1:100, averaged from *50 to *80% for TRAMP-C1
tumor cells (Fig. 2c–f) and slightly less for TRAMP-C2
tumor cells (Fig. 2c–f). Whereas, the percent specific lysis
was \10% for the H-2d, mD52? control target mKSA
(Fig. 2a–f). Of note, mice immunized with mD52 DNA s.c.
without GM-CSF failed to generate a significant cellular
immune response (not shown). Taken together, these data
suggest that immunization with mD52 DNA generates
superior MHC class I restricted CTL responses against
mD52? tumor cells, and the TRAMP-C1 autochthonous
tumor cell line is somewhat more readily lysed than the
TRAMP-C2 autochthonous tumor cell line. Based on these
data TRAMP-C1 tumor cells were used for all subsequent
in vivo tumor challenge experiments.
Superior tumor protection following immunization
with mD52 DNA
To determine whether it was possible to induce tumor
protective immunity following vaccination with mD52,
groups of C57BL/6 mice were immunized with either
purified recombinant mD52 protein admixed with CpG/
ODN or mD52 DNA admixed with soluble GM-CSF
as depicted in Fig. 1, and protection from subsequent
TRAMP-C1 tumor challenge was evaluated (Fig. 3).
Immunization groups included mD52 protein admixed with
CpG/ODN as an alum precipitate administered s.c. or i.m.,
and mD52 DNA admixed with GM-CSF administered s.c.
Control immunizations included CpG/ODN in alum
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a
Day 0- 1st mD52 protein+ODN in
alum immunization (i.m. or s.c.)

Day 28- 3rd mD52 protein+ODN in
alum immunization (i.m. or s.c.)

Day 14- 2nd mD52 protein+ODN in
alum immunization (i.m. or s.c.)

Day 56- tumor challenge
TRAMP-C1 (s.c.)

Day 42- 4th mD52 protein+ODN in
alum boost (i.m. or s.c.)

b
Day 0- 1st mD52 DNA+GM-CSF
immunization (s.c.)

Day 49- 3rd mD52 DNA+GM-CSF
boost (s.c.)

Day 14- 2nd mD52 DNA+GM-CSF
immunization (s.c.)

Day 63- tumor challenge
TRAMP-C1 (s.c.)

Fig. 1 mD52 DNA and mD52 protein immunization schedules. a
Immunization schedule for recombinant mD52 protein with ODN in
alum. Groups of mice were immunized with mD52 protein admixed
with ODN as an alum precipitate either i.m. or s.c. every 14 days for a
total of 4 immunizations. Controls included alum alone and ODN in
alum administered either i.m. or s.c. Approximately 14 days after the
final immunization mice were challenged s.c. with 5 9 106 autochthonous TRAMP-C1 tumors cells. Tumor formation was monitored as
described in the methods section. b Immunization schedule for mD52

plasmid DNA with soluble GM-CSF in PBS. Groups of mice were
immunized with mD52 plasmid DNA admixed with GM-CSF in PBS
s.c. on day 0, day 14 and day 49 for a total of 3 immunizations.
Controls included empty vector DNA in PBS or PBS alone
administered s.c. Approximately 14 days after the final immunization
mice were challenged s.c. with 5 9 106 autochthonous TRAMP-C1
tumors cells. Tumor formation was monitored as described in the
methods section. See methods for concentrations of protein, CpG/
ODN, DNA and GM-CSF. N = 10 for each group

administered both s.c. and i.m, alum alone administered
both s.c. and i.m, vector only DNA in PBS or PBS alone
both administered subcutaneously. The expense of GMCSF precluded the inclusion of it alone as a vaccine
strategy, however numerous published studies have supported the wide spread belief that GM-CSF without antigen
is insufficient for inducing protective tumor immunity.
Tumor inoculation and growth was determined as
described in the methods section. All mice (100%)
immunized with mD52 remained tumor free 50 days following s.c. challenge with a tumorigenic dose of TRAMPC1 tumor cells, compared to 20% of control immunized
mice (Fig. 3). By day 65 post tumor challenge none of the
control immunized mice were tumor free. Interestingly,
only mice immunized either with mD52 DNA ? GM-CSF
s.c. or mD52 protein ? ODN i.m. remained 60% tumor
free by day 65 post tumor challenge. By day 110 post
tumor challenge 40% of mice immunized with mD52
DNA ? GM-CSF s.c. remained tumor free compared to
all other immunizations groups for which all mice had
developed s.c. tumors [1 cm 9 1 cm (Fig. 3). Of note,
4/10 mice immunized with mD52 DNA ? GM-CSF failed
to develop palpable tumors at all. These data demonstrate
that immunization with mD52 DNA ? GM-CSF prior
to challenge with TRAMP-C1 tumor cells results in

protection from tumor challenge in 40% of mice, compared
to mD52 protein ? ODN and control immunized animals.
mD52 DNA immunization and tumor protection
induces a tumor-specific memory response
Next, we evaluated whether immunization with mD52
DNA admixed with murine GM-CSF was capable of
eliciting memory immune responses against secondary
challenge with TRAMP-C1 tumor cells. Groups of mice
were given three injections with mD52 DNA ? GMCSF
every two weeks as described in Fig. 4a. A total of
14 days following the final booster immunization animals
were challenged with a tumorigenic dose of TRAMP-C1
tumor cells s.c. in the right flank. Primary tumor formation was monitored for 268 days and approximately 80%
of the immunized animals remained tumor free (Fig. 4b).
Approximately, 150 days following the initial tumor
challenge (day 192 following the first immunization), all
mice that were tumor free were given a second inoculation of TRAMP-C1 tumor cells in the opposite (left)
flank. All mice (100%) that received the secondary tumor
challenge in the opposite flank remained tumor free for
approximately 6 months following the final immunization
which equals 110 days following secondary challenge
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(Fig. 4c). It is likely the animals would have remained
tumor free for much longer however, the experiment was
terminated after 10 months for the evaluation of cellular
immunity. Of note, the secondary tumor challenge was
given 150 days after the primary challenge, and both the
primary and secondary challenge were rejected. The fact
that the animals rejected two tumor challenges separated
by nearly 5 months without receiving an immunization
beyond day 28, along with the significant delay from
primary tumor challenge before the secondary tumor
challenge was given suggests induction of tumor-specific
memory immunity as a result of immunization with mD52
DNA ? GM-CSF.
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Fig. 2 Cytotoxic T lymphocyte
response following
immunization with mD52 DNA
or mD52 protein. a, b CTL
responses from mice immunized
with mD52 DNA ? GM-CSF
in PBS administered s.c.
c, d CTL responses from mice
immunized with mD52
protein ? CpG (ODN) in alum
administered i.m. e, f CTL
responses from mice immunized
with mD52 protein ? CpG
(ODN) in alum administered
s.c. The autochthonous C57BL/
6 TRAMP-C1 and TRAMP-C2
cell lines were derived from
spontaneous tumors from the
TRAMP model of prostate
cancer. The Balb/c derived
tumor cell line mKSA served as
a control for MHC class I
restriction. Shown are CTL
responses from 2 representative
mice from each vaccine group.
Values shown are the
mean ± SEM for triplicate
determinations
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Immunization with mD52 DNA does not induce
autoimmunity
Since mD52 is a ‘‘self antigen’’, that is it is expressed in
some normal tissues as well as in tumors to include
TRAMP-C1 tumor cells [25], it is possible that tolerance
could prevent the induction of an immune response. Conversely, if tolerance is broken and an immune response is
generated against mD52, there is the potential for the
induction of harmful autoimmunity. As shown by the
generation of antigen-specific CTLs to mD52 expressing
tumors (Fig. 2), and by the induction of an immune
response against mD52 following immunization that was
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Fig. 3 Protection from TRAMP-C1 tumor cell challenge following
mD52 immunization. Mice were immunized according to the
schedule in Fig. 1 and as described in the methods section.
Subcutaneous tumor growth was measured over time and compared
for each immunization group as % tumor free mice over time (days
post tumor challenge). Shown are representative results for repeated
experiments comparing mice immunized with mD52 DNA ? GMCSF administered s.c. (DNA ? GMCSF sc) to mice immunized with
mD52 protein ?CpG (ODN) administered i.m. (Protein ? ODN im)
or administered s.c. (Protein ? ODN sc). All control immunizations
are shown as a single representative line graph (controls) and include
ODN in alum, alum alone, empty vector DNA in PBS and PBS alone.
N = 10 for each group

capable of rejecting mD52-expressing tumor challenge in
vivo (Fig. 4), it is clear that indeed tolerance to the self
antigen mD52 was broken by active vaccination. Therefore, it was of interest to assess whether autoimmunity was
also induced. Following methods previously reported by
our lab, autoimmunity induction was assessed in the kidneys of mice that were immunized with mD52 and
survived tumor challenge [25]. Individual mice that were
immunized with mD52 and survived tumor challenge
showed no gross morbidity and appeared healthy
throughout the study. Immunohistochemical analysis of the
kidneys [25] showed no T cell infiltrates and no evidence
of microscopic pathology compared to kidneys from naı̈ve
mice serving as normal controls (not shown). No evidence
of gross pathology was observed for livers, lungs or
spleens. These data support the conclusions that immunization with mD52 DNA ? GM-CSF does not result in the
induction of autoimmunity.
Induction of TH1-type cellular immunity following
immunization with mD52 DNA
Since mD52 is expressed as an intracellular protein by
tumor cells it was important to determine if cellular
immune responses were induced in animals that were
immunized with mD52 and rejected primary and secondary
tumor challenges. As shown in Fig. 2, we established that
vaccination with mD52 induced CTL responses that were
tumor-specific. It was of interest to determine if vaccine
induced cellular immunity reflected a TH1-type response,
thus supporting the generation of CTLs. Splenocytes were

harvested from mice that were immunized with mD52
DNA ? GM-CSF and survived both a primary and a secondary tumor challenge with TRAMP-C1 tumor cells and
cultured with irradiated TRAMP-C1 cells for 5–7 days in
the presence of IL-2. Following the MLTC, splenocytes
were harvested ficol separated, and incubated in vitro with
irradiated tumor cells for 24 h as described in the methods
section. Next, supernatants were collected and assayed by
ELISA for the presence of IL-4, IL-17, IFN-c and IL-10
(Fig. 5). Neither IL-4 nor IL-17 was detected in supernatants from cultured T cells derived from vaccinated mice
that survived tumor challenge (not shown). These data
indicate that neither a TH2 nor a TH17 cellular immune
response was induced by mD52 DNA vaccination nor did
they play a role in tumor protection. This finding was not
surprising given that we detected specific-CTL responses
as a result of mD52 vaccination (Fig. 2). As expected we
were able to detect IFN-c in supernatants from cultured T
cells derived from vaccinated mice that survived tumor
challenge (Fig. 5a). The amount of IFN-c present in 24 h
supernatants was at least twice as much when TRAMP-C1
or TRAMP-C2 were the targets compared to control targets. For example, T cells from mouse 3 secreted 500–
600 pg of IFN-c/ml/24 h when TRAMP-C1 or TRAMP-C2
tumor cells were the targets compared to approximately
250 pg/ml/24 h or less when Yac-1 or mKSA were the
targets (Fig. 5a). These data suggest that there are mD52induced, TRAMP tumor cell-specific T cell responses in
immunized mice that survived TRAMP-C1 tumor cell
challenge. This was confirmed by the ability of H-2b, class
I MHC specific mAb to significantly inhibit production of
IFN-c when included in 24 h cultures of T cells and
TRAMP-C1 target cells (Fig. 5a, P \ 0.05). Class I MHCspecific antibody inhibition was consistently about 50% of
that of T cells and TRAMP-C1 target cells without antibody. Anti-H-2d mAb failed to inhibit IFN-c production by
T cells cultured with TRAMP-C1 tumor cells (not shown).
The background observed when T cells were cultured with
control targets could be attributed to non-specific NK-like
or LAK-like cells, given that the MLTC was not selected
for CD8? T cells and contained relatively large amounts of
IL-2. However, taken together these data indicate that
mD52 DNA immunization induces an antigen-specific,
class I MHC-restricted cellular immune response that
is likely responsible for the observed tumor protection
in vivo.
Previously, we reported that mD52 expression in tumor
cells was associated with increased tumor secretion of
TGF-b1 [23]. It has been suggested that TGF-b1 and IL-10
may induce regulatory T cells that could dampen immunity
to self antigens [29]. Interestingly, we did not observe
100% tumor protection in any of our vaccine experiments,
and knowing that mD52 is a self TAA along with the fact
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Fig. 4 Immunization with
mD52 DNA ? GM-CSF
induces memory against tumor
challenge. Groups of mice were
immunized with mD52 DNA
admixed with murine GM-CSF
administered s.c. as described in
the methods sections. a Mice
were immunized three times s.c.
every 14 days and challenged
with 5 9 106 autochthonous
TRAMP-C1 tumor cells s.c.
(right flank) 14 days after the
last immunization (primary
tumor challenge). On day 192,
approximately 150 days after
the primary tumor challenge,
mice that rejected the primary
tumor challenge in the right
flank were given a secondary
s.c. tumor challenge with
5 9 106 TRAMP-C1 tumor
cells in the left flank. b Primary
TRAMP-C1 tumor challenge,
right flank. Shown is s.c.
TRAMP-C1 tumor volume over
time (days post primary
challenge) for mice immunized
with mD52 DNA ? GM-CSF
s.c. Day 0 is the 14 days after
the final immunization. An
arrow marks day 192 when the
secondary TRAMP-C1 tumor
challenge was administered in
the opposite flank. c Secondary
TRAMP-C1 tumor challenge,
left flank. Shown is s.c.
TRAMP-C1 tumor volume over
time (days post secondary
challenge) for mice immunized
with mD52 DNA ? GM-CSF
s.c. that rejected a s.c. primary
TRAMP-C1 tumor challenge in
the right flank. Day 0 is the
192 days after the final
immunization, and 150 days
after protection from the
primary TRAMP-C1 tumor
challenge. N = 5 for the
primary tumor challenge.
Shown are representative results
for repeated experiments
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that mD52 expressing tumors secrete TGF-b1, we were
interested in determining if IL-10 was involved in the
vaccine induced immune response. IL-10 secretion by T
cells generated as described above was measured by
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specific ELISA. Unlike IL-4 and IL-17 we were able to
detect IL-10 in supernatants from all immunized and tumor
challenge survivor mice (Fig. 5b). However, the amount of
INF-c was as much as ten-fold more than IL-10, suggesting
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Fig. 5 T lymphocyte cytokine production following mD52
DNA ? GM-CSF immunization and tumor protection. Shown are
results from standard antigen capture ELISAs measuring the production of cytokines in the supernatants of splenocytes harvested from
mice that were immunized with mD52 DNA ? GM-CSF and
survived both a primary and a secondary tumor challenge with
TRAMP-C1 tumor cells and cultured with irradiated TRAMP-C1
cells for 5–7 days in the presence of IL-2. Data are presented as bar
graphs depicting pg/ml/24 h of cytokine for T cells cultured alone or
with various targets. Targets include: TRAMP-C1 (TC1), TRAMP-C2
(TC2), Yac-1 (control for NK cells) and mKSA tumor cells (MHC
class I mis-matched control). To confirm MHC class I restriction T
cells were cultured with TRAMP-C1 in the presence of mAb specific
for H-2b class I MHC (T cells ? TC1 ? Ab). Tumor alone represents
each of the tumor cell targets cultured alone. Bars numbered in the
legend 1–4 represent each of 4 individual mice. a ELISA for the
detection of murine IFN-c, b ELISA for the detection of murine
IL-10. Shown are representative results for repeated experiments.
Values shown are the mean ± SEM for duplicate determinations.
Data were analyzed using an unpaired t test for independent samples
with equal variances and P \ 0.05 was determined to be significant
(GraphPad Prism 5.0)

much as ten-fold greater than INF-c in vaccinated mice that
developed tumors suggesting that in some cases regulatory
T cells may have dampened the response to the self antigen
mD52 following vaccination. The background observed
when T cells were cultured with control targets could be
attributed to non-specific NK-like or LAK-like cells generated in bulk MLTC in the presence of IL-2. For all
ELISA experiments, Yac-1 served as a control for NK-like
or LAK-like non-specific cell activity in the bulk MLTC
and mKSA served as an mD52 positive, class I MHC mismatched target. T cells cultured alone without tumor cells
and tumor cells cultured alone without T cells failed to
secrete detectable levels of any of the cytokines evaluated
(Fig. 5a–d).
To examine further the induction of TH1-type immunity
we performed overnight IFN-c Elispot assays using
uncultured T cells from immunized mice that survived
tumor challenge. As observed for the ELISA assays, we did
not detect IFN-c production unless T cells were cultured
with tumor cell targets (Fig. 6). The number of detectable
IFN-c spots was 2–3 times greater when T cells were
cultured with TRAMP-C1 cells than when T cells were
cultured with control mKSA tumor cell targets and the
difference in spot count was determined to be statistically
significant (Fig. 6, P \ 0.0001). In order to illustrate the
difference in the number and intensity of spots, representative Elispot wells were included in Fig. 6. The majority
of the spots in wells with T cells ? mKSA target cells are
uniform, pinpoint and very low in intensity, compared to
spots in wells with T cells ? TRAMP-C1 tumor cells. If
we chose to use a more stringent spot size and intensity
setting most, if not all the spots in the T cells ? mKSA
wells would not have been counted. In contrast most of the
spots would have been counted in the T cells ? TRAMPC1 wells, indicating that vaccination induced a specific
anti-TRAMP-C1 TH1 immune response. However, the
overall number of large and intense spots in the T cells ?
TRAMP-C1 wells is relatively few. This could reflect a low
precursor frequency of mD52-specific T cells, which would
be expected given that mD52 is a self TAA. Overall the
Elispot data support the conclusions of the CTL assays in
Fig. 2 and the ELISA assays in Fig. 5, that mD52 DNA
vaccination induces a tumor protective, TH1-type cellular
immune response.

Discussion
that IFN-c played a more dominant role in tumor protection
and that in survivor mice the vaccine overcame any possible involvement of regulatory T cells. We did not
evaluate cytokine production in vaccinated mice that failed
to reject primary tumor challenge. However, it is interesting to speculate that the amount of IL-10 may have been as

This study was undertaken to determine whether vaccines
targeting murine TPD52 (mD52) would induce cellular
immune responses capable of rejecting TRAMP-C1 tumor
cells that over express mD52 protein in a murine model of
prostate cancer. For vaccine strategy comparisons, groups
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Fig. 6 mD52 DNA ? GM-CSF induces tumor reactive TH1-type
cellular immunity. Shown are results from an IFN-c EliSpot for
splenocytes harvested from mice that were immunized with mD52
DNA ? GM-CSF and survived both a primary and a secondary tumor
challenge with TRAMP-C1 tumor cells and cultured overnight with
irradiated target cells. Data are presented as bar graphs depicting IFNc spots/1 9 105 T cells cultured alone or with various targets. Targets
include: TRAMP-C1 (TC1), and mKSA tumor cells (MHC class I
mis-matched control). The mitogen conconavolin A (ConA) served as
a positive control for the stimulation of cytokine secretion. Tumor
alone represents each of the tumor cell targets cultured alone. Bars
numbered in the legend 1–4 represent each of 4 individual mice.
Shown are representative results for repeated experiments. Values
shown are the mean ± SEM for duplicate determinations. Data were
analyzed using an unpaired t test for independent samples with equal
variances and P \ 0.05 was determined to be significant (GraphPad
Prism 5.0)

of male C57BL/6 mice were immunized subcutaneously
(s.c.) either with plasmid DNA encoding the full-length
cDNA for mD52 admixed with recombinant murine GMCSF or with recombinant mD52 protein admixed with
CpG/ODN in alum every 14 days as depicted in Fig. 1a
and b. In separate experiments mice were immunized
intramuscularly (i.m.) with recombinant mD52 protein
admixed with CpG/ODN in alum (Fig. 1a), as previously
reported by our group [25]. All three vaccinations
approaches outlined in Fig. 1 were capable of inducing
CTLs with specificity for mD52? TRAMP-derived tumor
cells, however, DNA ? GM-CSF administered s.c.
induced superior CTLs (Fig. 2). Subsequent experiments
demonstrated that DNA ? GM-CSF as a vaccine approach
induced cellular immunity that resulted in tumor protection
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in vivo (Fig. 4b), and elicited immunologic memory
(Fig. 4c) against a subsequent TRAMP-C1 tumor cell
challenge (summarized in Table 1). As shown in Fig. 2, we
established that vaccination with mD52 DNA ? GMCSF
induced CTL responses that were tumor-specific. Neither
IL-4 nor IL-17 was detected in supernatants from cultured
T cells derived from vaccinated mice that survived tumor
challenge (Fig. 5a, b). These data suggest that neither a
TH2 nor a TH17 cellular immune response was induced by
mD52 DNA ? GM-CSF vaccination and did not likely
contribute to or interfere with tumor protection. We were
able to detect IFN-c in supernatants from cultured T cells
derived from vaccinated mice that survived tumor challenge (Fig. 5c), suggesting that mD52-induced specific
TH1-type T cell responses in immunized mice that survived
TRAMP-C1 tumor cell challenge. This was confirmed by
the ability of H-2b, class I MHC specific mAb to inhibit
production of IFN-c (Fig. 5c). Previously, we reported that
mD52 expression in tumor cells was associated with
increased tumor secretion of TGF-b1 [23]. It has been
suggested that TGF-b1 and IL-10 may induce regulatory T
cells that could dampen immunity to self antigens [29].
Interestingly, we did not observe complete tumor protection in our vaccine experiments. Knowing that mD52 is a
self TAA and that mD52 expressing tumors secrete
TGF-b,1 we were interested in determining if IL-10 was
involved in the vaccine induced immune response. We
were able to detect IL-10 in supernatants from immunized
and tumor challenge survivor mice (Fig. 5d). However, the
amount of INF-c was as much as 10-fold more than IL-10,
suggesting that IFN-c played a more dominant role in
tumor protection and that in survivor mice the vaccine may
have overcome any possible involvement of regulatory
T cells. We did not evaluate cytokine production in
Table 1 Summary of mD52 vaccine induced protection from
TRAMP-C1 tumor cell challenge
Vaccine

T cell
responsea

Tumor
protectionb

Memory
response

DNA ? GM-CSF
s.c.

CTL, IFN-c

40–80%

100%

Protein ? CpG
i.m.

CTL

0

ND

Protein ? CpG
s.c.

CTL

0

ND

Controlsc

none

0

ND

a
In vitro T cell response following mD52 vaccination. CTL, tumor
cell lysis; IFN-c, cytokine secretion determined by ELISA and
EliSpot
b

Protection from subcutaneous TRAMP-C1 tumor challenge greater
than 110 days post challenge

c

Controls include: PBS alone, alum alone, alum ? CpG, vector
plasmid DNA
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vaccinated mice that failed to reject primary tumor challenge. However, it is interesting to speculate that the
amount of IL-10 may have been as much as 10-fold greater
than INF-c in vaccinated mice that developed tumors
suggesting that in some cases regulatory T cells may have
dampened the response to mD52 following vaccination.
This possibility is currently under investigation. To
examine further the induction of TH1-type immunity we
performed IFN-c Elispot assays using uncultured T cells
from immunized mice that survived tumor challenge. The
number of detectable IFN-c spots was 2–3 times greater
when T cells were cultured with TRAMP-C1 tumor cells
than when T cells were cultured with controls (Fig. 6).
Overall, the Elispot data support the conclusions of the
CTL assays in Fig. 2 and the ELISA assays in Fig. 5,
that mD52 DNA vaccination induces a tumor protective,
TH1-type cellular immune response.
Previously, we immunized mice i.m. with recombinant
mD52 protein admixed with CpG/ODN in alum which
resulted in the induction of immune responses with specificity for mD52. As a test of tumor immunity, we
challenged mice with syngeneic tumor cells that over
expressed mD52. Approximately, one half (40–50%) of the
mice immunized with recombinant mD52 protein and
CpG/ODN in alum rejected s.c. tumor challenge or spontaneous lung metastasis. The observed mD52 vaccine
induced tumor protection was associated with the induction
of mD52-specific, MHC-restricted CTLs and no detectable
evidence of autoimmunity was observed [25]. This previous report demonstrated for the first time that the ‘‘self’’
TAA mD52 is sufficiently immunogenic when administered i.m. as a protein-based vaccine. Moreover, the
generation of anti-mD52 CTL resulted in protection from
syngeneic tumor cells that naturally over expressed mD52
protein without induction of detectable autoimmunity.
Anti-cancer vaccines targeting self proteins have been
applied to treat or prevent multiple cancers in preclinical
studies and clinical trials [30, 31]. Tumor protein D52
(TPD52) is a novel and potentially important TAA due to
its’ over expression in a number of fatal and common
cancers to include prostate [8–10], breast [4, 6, 7] and
ovarian [11] carcinomas. The human orthologue of TPD52
has been identified as a candidate breast cancer TAA by
using sera from breast cancer patients to screen a library of
expressed genes from breast cancers, demonstrating that
TPD52 is capable of inducing IgG antibodies which would
have required induction of T cell help [24]. This report
suggests that TPD52 may be immunogenic in humans and
also capable of inducing a cellular immune response, thus
warranting study of TPD52 as an anti-cancer vaccine to
induce cellular immunity.
It is widely accepted that inflammatory cytokines are
potent mediators of adaptive immunity against solid

tumors. Many cytokines have been and are being evaluated as reagents to augment vaccines as well as other
modes of immunotherapy against cancer. Arguably the
most studied and perhaps the most potent cytokine for
enhancing immune responses against cancer is GM-CSF.
GM-CSF has proven to be the most potent immunostimulatory product when applied as a transgene in
whole tumor cell-based vaccine studies in murine tumor
models [32, 33] and in human clinical trials for multiple
cancers to include melanoma and non-small cell lung
cancer [32]. Recently, Disis and colleagues [34] demonstrated that recombinant GM-CSF protein administered
as a soluble cytokine in conjunction with a self antigen
rat neu-DNA-based vaccine, skewed the response
towards cell-mediated immunity. The idea of DNA-based
tumor vaccines administered with soluble GM-CSF as an
adjuvant was further explored by McNeel and colleagues
in a rat model where prostatic acid phosphatase (PAP)
served as the self—TAA targeted by vaccination [35]. In
this study, DNA vaccination ? soluble GM-CSF proved
to be more effective at generating specific TH1-type
immunity than recombinant virus expressing PAP as a
viral vector vaccine. In a clinical trial of DNA vaccination of prostate cancer patients it was demonstrated
that DNA encoding prostate specific antigen (PSA)
administered with soluble GM-CSF was safe and induced
both cellular and humoral immunity against PSA protein
[36].
In the present study, we have shown for the first time
that the self TAA mD52 is immunogenic when administered as DNA-based vaccine admixed with the soluble
cytokine GM-CSF. Further, the cellular immune response
generated is capable of rejecting tumor cells that naturally
over express mD52 protein without inducing harmful
autoimmunity in a model of murine prostate cancer. These
findings suggest that the human orthologue of TPD52 may
be a vaccine antigen that could be administered to patients
to treat or prevent cancers that over express TPD52. For
future studies we will assess roles of immune effector cell
subsets in tumor protection in vivo by depletion of CD4? T
cells, CD8? T cells, NK cells or CD25? regulatory T cells
(Treg) using specific monoclonal antibodies. In addition,
heterologous prime boost vaccination approaches will be
evaluated by immunizing with DNA followed by protein or
protein followed by DNA. Since we have in our possession
the cDNA for the human orthologue of TPD52 we will also
explore the efficacy of a xenogeneic antigen, DNA-based
prime boost strategy.
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CD4ⴙ T Lymphocytes Play a Critical Role in Antibody Production and Tumor
Immunity against Simian Virus 40 Large Tumor Antigen1
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ABSTRACT
The role of CD4ⴙ T lymphocytes in antitumor immunity has been
largely attributed to providing signals required for the priming of MHC
class I-restricted CD8ⴙ cytotoxic T lymphocytes, and CD8ⴙ cytotoxic T
lymphocytes are thought to serve as the predominant mediators of tumor
killing in vivo. We decided to evaluate the role of T lymphocyte subsets in
tumor immunity induced by recombinant SV40 large tumor antigen (Tag)
within an experimental murine pulmonary metastasis model of SV40
Tag-expressing tumors. Studies in BALB/c mice used in vivo depletion of
either CD4ⴙ or CD8ⴙ T cells in the induction phase of the immune
response to SV40 Tag. These studies indicate that CD4ⴙ T cells but not
CD8ⴙ T cells were critical in the production of antibodies to SV40 Tag
and in tumor immunity as the result of recombinant SV40 Tag immunization. On the basis of the predominance of the IgG1 isotype in the
antibody response to SV40 Tag immunization, Th2 type CD4ⴙ T cells
appeared to be involved. SV40 Tag immunization was not as effective in
the induction of tumor immunity in therapeutic modalities when compared with the prophylactic setting. Our results suggest that CD4ⴙ T
cells, along with antibody responses, play a role in the induction of tumor
immunity to a viral-encoded tumor antigen.

INTRODUCTION
SV40 Tag3 is a viral-encoded oncoprotein that represents a tumorspecific antigen and a target for in vivo tumor immunity (reviewed in
Ref. 1). It has been demonstrated previously that immunization with
baculovirus-derived recombinant SV40 Tag induces complete protection from i.p. tumor challenge of BALB/c mice with a syngeneic
SV40-transformed cell line designated mKSA (2). In addition, SV40
Tag immunization is able to induce complete protection from the
development of lung tumor foci in an experimental pulmonary metastasis model whereby mKSA cells are inoculated i.v. (3, 4). In
characterizing the in vitro immune response induced by SV40 Tag
immunization it was observed that in BALB/c mice, Tag does not
induce detectable levels of Tag-specific CTLs; however, it does
induce Tag-specific serum antibodies (5). In vitro assays using peritoneal exudate cells taken from immunized mice revealed that ADCC
was functioning as a mechanism of tumor cell death (5). Neither
complement-dependent cytotoxicity nor NK cells appeared to play a
role in tumor cell death. This provided indirect in vitro evidence that
antibodies to SV40 Tag were important in the observed tumor immunity. We were interested in additionally discerning the in vivo mechanism of tumor protection induced by SV40 Tag immunization and
determining whether humoral immune responses were important. The
prevailing belief regarding the immunological rejection of cancer is
that T lymphocyte-mediated immunity is essential for the destruction

of most solid tumors with CD8⫹ CTLs representing the major effector cell mediating tumor cell destruction. Because CD8⫹ CTL responses were not induced by SV40 Tag immunization, we believed
that CD4⫹ T lymphocytes might be a critical mediator of the observed tumor immunity by providing help for the induction of antibodies to SV40 Tag. To evaluate this possibility, we decided to
examine the T-cell subsets involved in providing the observed tumor
immunity. Therefore, we depleted BALB/c mice of either CD4⫹ or
CD8⫹ T cell subsets during the course of immunization with SV40
Tag and subsequently challenged the mice i.v. with mKSA tumor cells
to evaluate tumor immunity. On the basis of the results of our
experiments, it appears that functional CD4⫹ T cells, but not CD8⫹
T cells, along with the presence of SV40 Tag-specific antibody are
critical for the development of tumor immunity in this model. Additionally, the predominance of the murine IgG1 isotype in the antibody
response to SV40 Tag immunization suggests the role of Th2-type
CD4⫹ T cells in the induction of these immune responses. Although
SV40 Tag immunization was capable of reducing lung tumor foci and
increasing survival time in mice treated therapeutically with existing
tumors, it was not as effective as was observed in a prophylactic
setting where complete tumor immunity was observed.

MATERIALS AND METHODS

Cells and Mice. The SV40-transformed BALB/c mouse kidney fibroblast
cell line designated mKSA (6) was used for tumor challenge. Cells were
cultured in DMEM with L-glutamine (Life Technologies, Inc., Rockville, MD)
and supplemented with 0.1 mM nonessential amino acids, 100 units/ml penicillin, 500 g/ml streptomycin (Mediatech, Washington, DC), and 10% heatinactivated fetal bovine serum (BioWhittaker, Walkersville, MD). Cells were
incubated in a humidified, 5% CO2 atmosphere at 37°C. Before injection, cells
were detached from flasks by 5-min exposure to PBS and 1 mM EDTA (pH
7.5). Cells were washed, resuspended in PBS, counted, and adjusted to the
appropriate density with additional PBS before inoculation. Six to 8-week-old
female BALB/c mice were obtained from Jackson Laboratories (Bar Harbor,
ME) and maintained under standard conditions. Treatment and care of the
animals were in accordance with institutional guidelines and the Animal
Welfare Assurance Act.
In Vivo Depletion of CD4ⴙ and CD8ⴙ T Cells. Mabs GK1.5 (rat IgG2b
antimurine CD4) and YTS169.4 (rat IgG2b antimurine CD8) were used for in
vivo depletion of the CD4⫹ and CD8⫹ T-cell subsets, respectively. The rat
IgG Mabs were purified by affinity chromatography, and total protein content
was quantified by absorbance at 280 nm. Purified rat Mabs and a control rat
IgG preparation were administered by i.p. injection of 100 g of antibody in
0.1 ml PBS, according to the schedule specified in Fig. 1. Groups of Mabdepleted and control immunized mice were sacrificed 12 days after the last
immunization with the rat antibodies (corresponding to day 21 or tumor cell
challenge, see Fig. 1), and splenocytes and lymph node preparations were
analyzed by flow cytometry for CD4⫹ (stained with clone RM4 – 4 conjugated
Received 4/18/02; accepted 12/27/02.
to fluorescence isothiocyanate) and CD8⫹ (stained with clone 2.43 conjugated
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Immunization and Tumor Challenge. SV40 Tag was prepared using a
3
The abbreviations used are: Tag, large tumor antigen; ADCC, antibody-dependent
baculovirus expression vector system (8). Groups of 5 BALB/c mice were
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immunized i.p. with an alum precipitate of recombinant SV40 Tag as described
natural killer.
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Fig. 1. Schedule for SV40 Tag immunization, CD4 depletion, CD8 depletion, and tumor challenge. Mice were depleted
of T-cell subsets by injections of 100 g of Mab GK1.5
(anti-CD4), Mab YTS169.4 (anti-CD8), or rat IgG at ⫺2, ⫺1,
2, 5, 6, and 9 days. Groups of mice were sacrificed at day 21,
and CD4 and CD8 T-cell populations analyzed by flow cytometry. SV40 Tag immunization consisted of 1 g Tag in alum at
day 0 and 7. Groups of mice that were challenged with tumor
cells received 5 ⫻ 105 viable mKSA cells i.v. at day 21. Tumor
cell-challenged mice were sacrificed 14 days after challenge,
and lungs were removed and analyzed for tumor foci formation.

previously (2, 5). Control groups of 5 mice each received alum alone. Injec- that the foci counted consistently fell above a gray scale value of 25 (compared
tions of 1 g of SV40 Tag were administered at 1-week intervals for a total of
with black lung background). Size threshold parameters were set to count only
two injections (Fig. 1). Serum was obtained from each mouse before immu- those foci falling above 4 pixels in diameter on the computer image. SE was
nization (preimmune), and at 7 days after the first and second immunization. determined to demonstrate variability within each group (9).
Mice were challenged 14 days after the second SV40 Tag injection, with
5 ⫻ 105 viable mKSA cells being delivered i.v. in 50 l of sterile PBS. In the
RESULTS
first set of experiments, mice were sacrificed 14 days after challenge, and the
number of lung tumor foci was determined using a computer-based image
In Vivo Depletion and Recombinant SV40 Tag Immunization.
analysis system (9). In the second set of experiments, 1 mouse from each group The schedule used for the in vivo depletion of CD4 and CD8 T-cell
was sacrificed 21 days after challenge, and lung tumor foci were examined. subsets using rat antimouse CD4 and CD8 Mabs is depicted in Fig. 1.
Tumor immunity was determined in the remaining 4 mice/group based on
The specific rat Mab for CD4 depletion (GK1.5) and CD8 depletion
survival (3–5). To evaluate the effects of SV40 Tag immunization on estab(YTS169.4) have been used by other investigators previously (12, 13),
5
lished tumors, mice were inoculated with 5 ⫻ 10 mKSA cells, i.v., and then
immunized with recombinant SV40 Tag on days 3, 9, and 15 after tumor and we used a similar schedule for in vivo depletion. In our initial
studies, groups of 5 mice each were depleted with either GK1.5
challenge. Control groups of mice received alum rather than SV40 Tag in
alum. Eighteen days after tumor challenge, 3 mice from each group were (CD4), YTS169.4 (CD8), or similarly immunized with purified rat
IgG as a control before and after immunization with recombinant
euthanized, and lungs were obtained. The remaining 7 mice were used to
determine survival time.
SV40 Tag. Serum was obtained before and 7 days after each injection
ELISA. Detection of SV40 Tag-specific serum antibody was carried out with SV40 Tag, and mice were sacrificed on day 21 (corresponding to
using ELISA as described previously (2, 4, 5). Briefly, 200 ng of recombinant tumor cell challenge) and 12 days after the last injection with the rat
SV40 Tag in borate-buffered saline was coated onto 96-well microtiter plates
IgG preparations. Lymph node and splenocytes were obtained and
overnight at 4°C. Nonspecific binding was blocked by the addition of 200 l
examined by flow cytometry for CD4 and CD8 expression when
of 10% normal goat serum borate-buffered saline and incubated at 37°C for
compared with the control rat IgG immunized group. In each instance,
1 h. Mouse serum was added at various dilutions and incubated for 1 h at 37°C.
Anti-SV40 Tag reactivity was detected using horseradish peroxidase-conju- the levels of CD4⫹ in the GK1.5-treated group and CD8⫹ in the
gated goat antimouse IgG Fc-specific reagent (Sigma, St. Louis, MO) diluted YTS169.4-treated group were decreased by ⬎95% when compared
with the rat IgG immunized group (data not shown). This suggested
1:1000 in blocking solution. Plates were developed with peroxidase substrate
2,2⬘-azino-di(3-ethyl-benzthiazoline sulfonic acid) containing 0.01% H2O2. that the depletion scheme used in Fig. 1 would reduce the levels of
An absorbance at 410 nm (A410 nm) determined to be approximately three times CD4 and CD8 subpopulations in the treated mice. To evaluate the
the absorbance values obtained for 1:10 dilutions of the preimmune sera was effects of this in vivo depletion, we also examined the antibody
established as a cutoff for positive reactivity and antibody end point titer response to SV40 Tag as the result of the recombinant protein immudeterminations. Immune serum was examined using serial 4-fold dilutions, nization. As shown in Table 1, mice treated with either the rat IgG
beginning with a dilution of 1:50, and the dilution that resulted in the last
preparation or YTS169.4 (anti-CD8) generated detectable anti-SV40
absorbance above the cutoff was the end point titer. Anti-SV40 Tag antibodies
Tag responses after the second SV40 Tag injection. Mean antibody
failed to bind a control recombinant antigen (hepatitis B surface antigen) in
similar assays (data not shown). All of the serum samples were run in triplicate titers were 3040 (rat IgG-treated) and 1760 (anti-CD8-treated) with
similar ranges of antibody responses (800 –3200). The group treated
and reported as the reciprocal end point titer. These methods have been
described in detail elsewhere (4, 5). To determine the IgG antibody isotype with GK1.5 (anti-CD4), along with a control group of mice that
received alum alone, failed to produce detectable anti-SV40 Tag
distribution, immune serum at a 1:100 dilution was added to SV40 Tag-coated
microtiter wells in triplicate as described above. IgG1 and IgG2a anti-SV40 responses. These data suggested that the anti-CD4 treatment group of
Tag responses were determined using sheep antimouse IgG1- and IgG2- mice were functionally depleted, as no antibody response to SV40 Tag
specific isotyping reagents (Binding Site, San Diego, CA) that were conjugated was observed. Alternatively, the anti-CD8 treatment group appeared
with horseradish peroxidase, and the assays were performed as described to possess functioning CD4⫹ T cells, as SV40 Tag immunization
above. Two murine monoclonal anti-SV40 Tag preparations, PAb 405 (IgG1)
and PAb 419 (IgG2a), were used as controls. The IgG2a:IgG1 ratios were
determined from the mean absorbance values as has been described previously
Table 1 Antibody titers to SV40 Tag in mice treated with anti-CD4, anti-CD8, or
(10, 11).
rat IgG
Determination of Tumor Cell Foci in the Lungs. The left lung of each
Antibody titers
Antibody titers
animal was removed after euthanization and stained by intratracheal injection
mean (range)
mean (range)
of the lobes with 10% India ink. Lungs were then suspended in Fekete’s
day 7 after first
day 7 after second
destaining solution. To remove subjectivity in the counting of tumor cell foci
Immunization
immunization
immunization
in the lungs of inoculated mice, we have used a computer-assisted method (9).
Alum
⬍50
⬍50
After destaining 15 min, the number of foci visible on the ventral surface of the
Tag/rat IgG
⬍50
3040 (800–3200)
Tag/anti-CD4
⬍50
⬍50
lung was quantified using an IS-1000 digital Imaging System (Alpha Innotech
Tag/anti-CD8
⬍50
1760 (800–3200)
Co., San Leandro, CA). Density threshold parameters were defined to ensure
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Fig. 2. Representative SV40 Tag-specific antibody binding curves from SV40 Tagimmunized mice treated with anti-CD4 Mab, anti-CD8 Mab, or rat IgG. The mean
absorbance (A410 nm) values for the various 4-fold dilutions of groups of 5 mice each are
shown; bars, ⫾SD.

generated antibodies to SV40 Tag. No IgG anti-SV40 Tag responses
were observed in any of the groups of mice after the first injection,
which is similar to what we have observed previously after a single
injection of SV40 Tag.
To compare the antibody responses in the rat IgG control-treated
and anti-CD8-treated groups of mice, we examined the binding of sera
at various dilutions to SV40 Tag by ELISA. A representative set of
binding curves is shown in Fig. 2. It is apparent from the binding
curves that the anti-SV40 Tag antibody responses in the rat IgG- and
anti-CD8-treated groups of mice were similar with respect to the slope
of the binding curve and the titer. No anti-SV40 Tag-specific antibodies were observed in the alum immunized or the anti-CD4-treated
groups of mice. Together, these data indicate that our Mab treatment
regimen is successful for functionally depleting CD4⫹ T cells, and
that the antibody response to SV40 Tag does not appear to differ in the
rat IgG- and anti-CD8-treated groups of mice.
Anti-CD4-treated Mice Are Susceptible to Tumor Formation.
In the next set of experiments, we evaluated whether anti-CD4 and
anti-CD8 treatment before recombinant SV40 Tag immunization had
an effect on tumor immunity. Groups of 5 mice each received antiCD4, anti-CD8, or rat IgG treatment before and after immunization
with SV40 Tag as described in Fig. 1 and were challenged i.v. with
mKSA tumorigenic cells 14 days after the second SV40 Tag immunization. Tumor immunity was determined 14 days after mKSA
challenge by evaluating the presence of lung tumor foci in an experimental model of pulmonary metastasis that has been described previously (3, 4). As shown in Table 2, the rat IgG- and anti-CD8-treated
groups of mice developed anti-SV40 Tag responses after the second
SV40 Tag injection. The alum immunized and anti-CD4-treated
groups of mice failed to develop detectable antibodies to SV40 Tag.
These data are similar to the data described in Table 1. However, after
tumor cell challenge, both the alum immunized and anti-CD4-treated
groups of mice developed lung tumor foci in each of the 5 individual
mice. The numbers of lung foci ranged from 6 to 12 (average of 10)
for the alum immunized and 1 to 9 (average of 5) for the anti-CD4treated mice. No lung tumor cell foci were observed in any of the rat
IgG- and anti-CD8-treated mice indicating that tumor immunity was
complete. To additionally examine the level of tumor immunity,
additional groups of mice were treated and immunized as described in
Fig. 1, and tumor immunity was evaluated in a single mouse 21 days
after mKSA tumor cell experimental challenge. The remaining 4
mice/group were evaluated for tumor immunity based on survival

time. Representative tumor cell foci present in the lungs from alumimmunized (Fig. 3A) and anti-CD4-treated mice (Fig. 3C) differ from
the lack of tumor cell foci in the lungs from rat IgG-treated (Fig. 3B)
and anti-CD8-treated (Fig. 3D) mice 21 days after tumor cell challenge. The number of tumor foci quantitated by computer-assisted
video image analysis in the alum-immunized mouse was 23 foci
versus 44 foci in the anti-CD4-treated mouse. This increase in the
number of tumor foci in the anti-CD4-treated mice late in the experimental metastasis model may reflect the fact the CD4⫹ T cells may
exhibit direct antitumor effects. However, this is not observed early in
tumor foci development in the lungs, because alum-immunized and
anti-CD4-treated mice had similar numbers of tumor foci when lungs
were evaluated 14 days after tumor cell challenge (Table 2). The
survival time for the remaining alum- and anti-CD4-treated mice
ranged from 20 to 24 days after challenge. The rat IgG- and antiCD8-treated mice survived ⬎60 days (data not shown). These data
clearly point to a critical role that CD4⫹ T cells have in the induction
of antibody responses and in tumor immunity as the result of recombinant SV40 Tag immunization.
Next, we determined the IgG isotype distribution of the antibody
response to SV40 Tag in rat IgG- and anti-CD8-treated mice
(Table 3). It is apparent that IgG1 was the predominant antibody
response to SV40 Tag immunization in both groups of mice when
compared with IgG2a. The IgG2a:IgG1 anti-SV40 Tag ratios ranged
from 0.03 to 0.07 in the rat IgG-treated group and 0.02 to 0.08 in the
anti-CD8-treated group. These data indicate that the immune response
Table 2 Antibody titers and development of lung metastases in mice treated with antiCD4, anti-CD8, or rat IgG

Immunization
Alum

Tag/rat IgG

Tag/␣-CD4

Tag/␣-CD8

Antibody titers
day 7 after first
immunization

Antibody titers
day 7 after second
immunization

Lung foci number

⬍50
⬍50
⬍50
⬍50
⬍50
⬍50
⬍50
⬍50
⬍50
⬍50
⬍50
⬍50
⬍50
⬍50
⬍50
⬍50
⬍50
⬍50
⬍50
⬍50

⬍50
⬍50
⬍50
⬍50
⬍50
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Fig. 3. Representative lung tumor cell foci in mice treated with anti-CD4 or anti-CD8
Mabs and immunized with recombinant SV40 Tag. A, tumor cell foci in the lung of a
control alum immunized mouse. B, lack of tumor cell foci in the lung of a rat IgG treated
and SV40 Tag-immunized mouse. C, tumor cell foci in the lung of an anti-CD4-treated
and SV40 Tag-immunized mouse. D, lack of tumor cell foci in the lung of an anti-CD8treated and SV40 Tag-immunized mouse.
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Table 3 IgG antibody isotypes in mice that developed anti-SV40 tag responses
Immunization

IgG1a

IgG2aa

IgG2a/IgG1

Tag/rat IgG

1.19
1.084
0.94
0.49
0.98
0.44
0.70
0.91
0.88
0.56

0.087
0.037
0.049
0.035
0.071
0.010
0.057
0.049
0.051
0.031

0.07
0.03
0.05
0.07
0.07
0.02
0.08
0.05
0.06
0.05

Tag/anti-CD8

a
The values represent the mean absorbance value from triplicate determinations at a
1:100 dilution of the individual sera. Positive controls including monoclonal antibodies to
SV40 Tag preparations, PAb 405 (IgG1) and aPAb 419 (IgG2a).

to multiple injections of SV40 Tag is Th2 biased, because IgG1 is the
predominant subclass of antibody that is synthesized. Little to no
IgG2a anti-SV40 Tag was observed in these mice. The synthesis of
IgG2a is associated with a Th1-biased immune response (10, 11, 14).
To determine what effects recombinant SV40 Tag immunization
had on established tumors, we challenged mice with tumor cells
before the initiation of SV40 Tag injections. We selected a tumor cell
challenge dose similar to that used in the prophylactic immunization
experiments, and the selection of the time point after challenge to
obtain lungs from mice was based on the latest time when control
group mouse survival became questionable. As shown in Table 4, the
control alum-treated mice had a higher number of tumor foci (mean
value of 29.33; n ⫽ 3) when compared with the SV40 Tag immunized
mice (mean value of 6.66; n ⫽ 3). Similarly, the survival time was
increased in the group of mice that received SV40 Tag (mean survival
time of 35 days) when compared with control mice (mean survival
time of 21 days). The SV40 Tag immunization was capable of
reducing the number of lung tumor foci and increasing the survival
time in a therapeutic modality; however, it was not as effective as was
observed in a prophylactic setting where complete tumor immunity
was observed.
DISCUSSION
The role of CD4⫹ T-helper cells in antitumor immunity has been
largely attributed to providing signals required for the priming of
MHC class I-restricted CD8⫹ CTLs. The CD8⫹ CTLs are thought to
serve as the predominant mediators of tumor killing in vivo. Indeed,
many studies that involve the induction of antitumor immune responses in vivo target tumor antigen-specific CTL responses (Refs.
15–25, reviewed in Ref. 26). In a number of these instances CD4⫹ T
cells were required for the induction of CD8⫹ CTLs that exhibited
antitumor immunity (17, 20, 22, 23). The involvement of both CD4⫹
and CD8⫹ T lymphocytes has been reported in immunity against
polyoma virus-induced tumors (27), whereas CD8⫹ CTL responses
specific for the viral-encoded human papillomavirus type 16 tumor
antigen E7 correlated with both tumor immunity and the regression of
established tumors (28, 29). The antitumor immune responses were
dependent on E7-specific CD8⫹ cells but not CD4⫹ T cells (28).
Although the majority of vaccination strategies for the treatment of
solid malignancies focus on the generation of CD8⫹ CTL responses,
antibody-based therapies have been successful against some cancers
in the clinical setting (reviewed in Ref. 30). These antibody-based
immunotherapies involve passive administration of Mabs specific for
CD20 and HER-2/neu for the treatment of non-Hodgkin’s lymphoma
and breast cancer, respectively. Thus, it is reasonable to speculate that
antibodies induced by tumor vaccination strategies may exhibit antitumor immunity in some systems.

Previous studies from our laboratories suggested that antibodies to
SV40 Tag may play a role in tumor immunity resulting from immunization with recombinant SV40 Tag (2, 4, 5). In comparative studies
using other SV40 Tag immunization modalities, such as anti-idiotypes
or SV40 Tag synthetic peptides where only partial tumor immunity
was observed, the presence of tumor immunity appeared to correlate
with the levels of antibodies to SV40 Tag (31, 32). Additional studies
demonstrated recombinant SV40 Tag failed to generate any detectable
CD8⫹ CTL responses, whereas antibodies to SV40 Tag were induced
and were capable of mediating ADCC against the mKSA tumor cells
in vitro (5). The role of antibodies that mediated complement-dependent cytotoxicity and direct NK cell activity against mKSA tumor
cells as in vitro mechanisms in the observed recombinant SV40
Tag-induced tumor immunity was ruled out. In this present study, the
predominance of the IgG1 anti-SV40 Tag suggests a biased for a Th2
type CD4⫹ T-cell response. The lack of an IgG2a anti-SV40 Tag
response being induced by multiple injections of recombinant SV40
Tag suggests that Th1 type CD4⫹ T-cell responses are not involved
in the observed tumor immunity in this model. In murine systems, the
IgG1 subclass is most effective at mediating ADCC in the context of
CD32 (Fc␥RII) effector cells, whereas the IgG2a subclass is more
effective at mediating ADCC using CD64 (Fc␥RI) effector cells
(reviewed in Ref. 33). Because these two Fc receptors are not expressed on NK cells, these data, along with our previous report (5),
support the possible role of ADCC and macrophage/monocytes effector cells in the complete tumor immunity resulting from recombinant
SV40 Tag immunization. Additional studies to evaluate the direct role
of macrophages/monocytes as possible effectors cells involved in
ADCC in this system are warranted. The potential exists whereby
ADCC may play only a partial role in the observed complete tumor
immunity, and CD4⫹ T cells, particularly Th2 type cells, may also
have direct effects that complement the antitumor activities of antibodies that can mediate ADCC. This could include the secretion of
cytokines and their potential for direct cytotoxic and/or apoptotic
events against tumor cells that also impart a necessary component of
the observed tumor immunity. Nonetheless, our study clearly supports
a role for both CD4⫹ T cells and antibodies as components of tumor
immunity.
It was of interest to note that in a therapeutic setting, immunization
with recombinant SV40 Tag had only partial antitumor effects on
pre-existing tumors when compared with immunization in a prophylactic modality. These partial effects included less of a tumor burden
as assessed by the number of tumor lung foci and an increase in
survival time when compared with control groups. This was not a
surprising observation, as a number of murine tumor systems have
indicated that immunization is only effective either before or early
after tumor cell inoculation (34 –37). Indeed, some potential therapeutic effects were observed with recombinant SV40 Tag immunization
after tumor cell challenge. However, because tumor immunity in the
therapeutic setting was not complete to examine mechanistic aspects
related to the induction of tumor immunity in this system, we selected
the prophylactic modality where complete tumor immunity was observed.
In this present report, we analyze the role of T-cell subset involvement in mediating tumor rejection in the murine experimental pulmonary metastasis model after immunization with a tumor-specific an-
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Table 4 Effect of SV40 tag immunization on established tumors
Immunization

Lung foci number mean
(range)

Mean survival time
mean days (range)

Alum
Tag

29.33 (22–40)
6.66 (2–12)

21 (18–25)
35 (28–44)

CD4⫹ T LYMPHOCYTES AND SV40 LARGE TUMOR ANTIGEN

tigen. The data described in this present report have implicated an
important role for CD4⫹ T-helper cell function in B-cell priming for
antibody production. This is in contrast to reports by another group of
investigators who describe the requirement of CD8⫹ T lymphocytes
for recombinant SV40 Tag-induced tumor immunity in their system
(37, 38). These investigators determined that whereas CD4⫹ T-helper
cells may play a role in protection, their role is to provide signals to
activate CD8⫹ CTL responses and that these effector cells are responsible for the observed recombinant SV40 Tag-induced tumor
immunity (38). It is noteworthy that similar to our studies published
previously (4, 5), no CD8⫹ CTL responses were observed in the
spleen or draining lymph nodes that would be indicative of systemic
tumor immunity. Rather, CD8⫹ CTL were observed only at the site
of the experimental tumor challenge (38). A number of other important differences between these studies can explain the discrepancies in
the results and conclusions of the investigations.
These results are relevant to the treatment of human cancer in both
general and specific terms. The use of Mabs as passively administered
therapy modalities has been successfully used to treat several types of
human cancers, and this directly implicated antibodies in tumor immunity (reviewed in Ref. 30). ADCC and specific effector cells that
mediate this form of antitumor immunity appear to play a role. Our
studies implicate both the need to activate tumor antigen-specific
CD4⫹ T cells and antibodies as the basis for the observed immunity
in this murine tumor model. Thus, active immunization strategies
should include the targeting of both antibody induction and CD4⫹
T-cell activation to impart potentially the most complete form of
tumor immunity in cancer scenarios where the mechanism(s) of tumor
immunity are unknown. In specific terms, SV40 and SV40 Tag have
been reported to be involved in a number of human malignancies
(reviewed in Refs. 39 – 41). Of particular relevance to SV40 Tag
vaccination strategies is the association of SV40 with malignant
pleural mesothelioma (reviewed in Ref. 42). This is a tumor of the
pleura that originates in the serosal lining and is exceptionally lethal.
Current therapies, including surgery, radiation, and chemotherapy, are
ineffective at slowing the course of the disease. The median survival
from the time of diagnosis is rarely ⬎1 year. Thus, the need for new
alternative cancer therapies to treat malignant pleural mesothelioma is
important. Within mesothelioma cells, it has been shown that SV40
Tag binds essential cellular tumor suppressor gene products, including
p53 and pRb, suggesting that SV40 and SV40 Tag may play roles in
cellular transformation (43, 44). It was reported recently that SV40
Tag-specific CTLs could be generated from the peripheral blood of
malignant pleural mesothelioma patients (45). These CTLs were capable of recognizing mesothelioma tumor cells that expressed SV40
Tag in an MHC class I-restricted manner, suggesting that SV40 Tag
represents an immunological target in humans with mesothelioma.
The potential exists whereby recombinant SV40 Tag or components
thereof may function as a therapeutic cancer vaccination strategy for
treating malignant mesotheliomas expressing SV40 Tag (reviewed in
Ref. 46). Additionally, asbestos exposure has also been associated
with malignant mesothelioma (42). Individuals who are exposed to
both SV40 and asbestos have two associated risk factors for developing mesothelioma (47). Such high-risk individuals could be vaccinated using SV40 Tag-based strategies before the onset of symptoms,
a scenario that may approximate prophylactic immunization. In these
treatment scenarios, the generation of antibodies and CD4⫹ T cells
specific for SV40 Tag would be indicative of immunological responsiveness to the vaccination protocol and based on the studies describe
herein using murine systems, a preferred outcome associated with
tumor immunity.

REFERENCES
1. Bright, R. K., Shearer, M. H., Pass, H. I., and Kennedy, R. C. Immunotherapy of
SV40 induced tumours in mice: a model for vaccine development. Dev. Biol. Stand.,
94: 341–355, 1998.
2. Shearer, M. H., Bright, R. K., Lanford, R. E., and Kennedy, R. C. Immunization of
mice with baculovirus derived recombinant SV40 large tumor antigen induces protective tumor immunity to a lethal challenge with SV40 transformed cells. Clin. Exp.
Immunol, 91: 266 –271, 1993.
3. Watts, A. M., Shearer, M. H., Pass, H. I., and Kennedy, R. C. Development of an
experimental murine pulmonary metastasis model incorporating a viral encoded
tumor specific antigen. J. Virol. Methods, 69: 93–102, 1997.
4. Watts, A. M., Shearer, M. H., Pass, H. I., and Kennedy, R. C. Comparison of SV40
large Tag recombinant protein and DNA immunization in the induction of protective
immunity from experimental pulmonary metastasis in a murine model. Cancer Immunol. Immunother., 47: 343–351, 1999.
5. Bright, R. K., Shearer, M. H., and Kennedy, R. C. Immunization of BALB/c mice
with recombinant simian virus 40 large tumor antigen induces antibody dependent
cell mediated cytotoxicity against simian virus 40 transformed cells: an antibody
based mechanism for tumor immunity. J. Immunol., 153: 2064 –2071, 1994.
6. Kit, S., Kurimura, T., and Dubs, D. R. Transplantable mouse tumor line induced by
injection of SV40-transformed mouse kidney cells. Int. J. Cancer, 4: 384 –392, 1969.
7. Shearer, M. H., Chanh, T. C., Dalgleish, A. G., and Kennedy, R. C. Idiotype cascades
associated with the CD4-HIV glycoprotein 120 interaction: immunization with antiidiotypic antibodies induces anti-anti-idiotypic responses with anti-CD4 specificity
and in vitro neutralizing activity. AIDS Res. Hum. Retrovir., 16: 77– 86, 2000.
8. Lanford, R. E. Expression of simian virus 40 T antigen in insect cells using a
baculovirus expression vector. Virology, 167: 72– 81, 1988.
9. Watts, A. M., and Kennedy, R. C. Quantitation of tumor foci in an experimental
murine tumor model using computer-assisted video imaging. Anal. Biochem., 256:
217–219, 1998.
10. Fernando, G. J., Stewart, T. J., Tindle, R. W., and Frazer, I. H. Th2-type CD4⫹ cells
neither enhance nor suppress antitumor CTL activity in a mouse model. J. Immunol.,
161: 2471–2472, 1998.
11. Fernando, G. J., Stewart, T. J., Tindle, R. W., and Frazer, I. H. Vaccine induced
Th1-type responses are dominant over Th2 type responses in the short term whereas
preexisting Th2 responses are dominant in the long term. Scand. J. Imunol., 47:
459 – 465, 1998.
12. Benjamin, R. J., Cobbold, S. P., Clark, M. R., and Waldmann, H. Tolerance to rat
monoclonal antibodies: implications for serotherapy. J. Exp. Med., 163: 1539 –1552,
1986.
13. Goronzy, J., Weyand, C. M., and Fathman, C. G. Long-term humoral unresponsiveness in vivo, induced by treatment with monoclonal antibody against L3T4. J. Exp.
Med., 164: 911–925, 1986.
14. Horner, A. A., and Raz, E. Immunostimulatory sequence oligodeoxynucleotide: A
novel mucosal adjuvant. Clin. Immunol., 95: S19 –S29, 2000.
15. Schreurs, M. W. J., deBoer, A. J., Figdor, C. G., and Adema, G. J. Genetic vaccination
against the melanocyte linage-specific antigen gp100 induces cytotoxic T lymphocyte
mediated tumor protection. Cancer Res., 58: 2509 –2514, 1998.
16. Correale, P., Cusi, M. G., Sabatino, M., Micheli, L., Pozzessere, D., Nencini, C.,
Valensin, P. E., Petrioli, R., Giorgi, G., Zurbriggen, R., Gluck, R., and Francini, G.
Tumour-associated antigen (TAA)-specific cytotoxic T cell (CTL) response in vitro
and in a mouse model induced by TAA-plasmids delivered by influenza virosomes.
Eur. J. Cancer, 37: 2097–2103, 2001.
17. Berlyn, K. A., Schultes, B., Leveugle, B., Noujaim, A. A., Alexander, R. B., and
Mann, D. L. Generation of CD4⫹ and CD8⫹ T lymphocyte responses by dendritic
cells armed with PSA/anti-PSA (antigen/antibody) complexes. Clin. Immunol., 101:
276 –283, 2001.
18. Smith, S. G., Patel, P. M., Porte, J., Selby, P. J., and Jackson, A. M. Human dendritic
cells genetically engineered to express a melanoma polyepitope DNA vaccine induce
multiple cytotoxic T cell responses. Clin. Cancer Res., 7: 4253– 4261, 2001.
19. Hanabuchi, S., Ohashi, T., Koya, Y., Kato, H., Hasegawa, A., Takemura, F., Masuda,
T., and Kannagi, M. Regression of human T cell leukemia virus type 1 (HTLV-1)
associated lymphomas in a rat model: peptide induced T cell immunity. J. Natl.
Cancer Inst., 93: 1775–1783, 2001.
20. Wu, T. Y., and Fleischmann, W. R., Jr. Murine B16 melanoma vaccination induced
tumor immunity: identification of specific immune cells and functions involved.
J. Interferon Cytokine Res., 21: 1117–1127, 2001.
21. Dan, Q., Sanchez, R., Delgado, C., Wepsic, H. T., Morgan, K., Chen, Y., Jeffes,
E. W., Lowell, C. A., Morgan, T. R., and Jadus, M. R. Non-immunogenic murine
hepatocellular carcinoma Hepa1– 6 cells expressing membrane form of macrophage
colony stimulating factor are rejected in vivo and lead to CD8⫹ T cell immunity
against the parental tumor. Mol. Ther., 4: 427– 437, 2001.
22. Wang, Q., Yu, H., Zhang, L., Ju, D., Pan, J., Xia, D., He, L., Wang, J., and Cao, X.
Vaccination with IL-18 gene modified, superantigen coated tumor cells elicits potent
antitumor immune responses. J. Cancer Res. Clin. Oncol., 127: 718 –726, 2001.
23. Steitz, J., Bruck, J., Knop, J., and Tuting, T. Adenovirus transduced dendritic cells
stimulate cellular immunity to melanoma via a CD4⫹ T cell dependent mechanism.
Gene Ther., 8: 1255–1263, 2001.
24. Perez-Diez, A., Spiess, P. J., Restifo, N. P., Matzinger, P., and Marincola, F. M.
Intensity of vaccine elicited immune responses determines tumor clearance. J. Immunol., 168: 338 –347, 2002.
25. Kumamoto, T., Huang, E. K., Paek, H. J., Morita, A., Matsue, H., Valentini, R. F., and
Takashima, A. Induction of tumor specific protective immunity by in situ Langerhans
cell vaccine. Nat. Biotechnol., 20: 64 – 69, 2002.

1044

CD4⫹ T LYMPHOCYTES AND SV40 LARGE TUMOR ANTIGEN

26. Hobeika, A. C., Clay, T. M., Mosca, P. J., Lyerly, H. K., and Morse, M. A.
Quantitating therapeutically relevant T cell responses to cancer vaccines. Crit. Rev.
Immunol., 21: 287–297, 2001.
27. Ljunggren, G., Ljunggren, H-G., and Dalianis, T. T cell subsets involved in immunity
against polyoma virus induce tumors. Virology, 198: 714 –716, 1994.
28. Lamikanra, A., Pan, Z. K., Issacs, S. N., Wu, T. C., and Patterson, Y. Regression of
established human papillomavirus type 16 (HPV-16) immortalized tumors in vivo by
vaccinia viruses expressing different forms of HPV-16 E7 correlates with enhanced
CD8⫹ T cell responses that home to the tumor site. J. Virol., 75: 9654 –9664, 2001.
29. Velders, M. P., McElhiney, S., Cassetti, M. C., Eiben, G. L., Higgins, T., Kovacs,
G. R., Elmishad, A. G., Kast, W. M., and Smith, L. R. Eradication of established
tumors by vaccination with Venezuelan equine encephalitis virus replicon particles
delivering human papillomavirus 16 E7 RNA. Cancer Res., 61: 7861–7867, 2001.
30. Reilly, R. T., Emens, L. A., and Jaffee, E. M. Humoral and cellular immune
responses: independent forces or collaborators in the fight against cancer? Curr. Opin.
Investig. Drugs, 2: 133–135, 2001.
31. Shearer, M. H., Bright, R. K., and Kennedy, R. C. Comparison of humoral immune
responses and tumor immunity in mice immunized with recombinant SV40 large
tumor antigen and a monoclonal anti-idiotype. Cancer Res., 53: 5734 –5739, 1993.
32. Bright, R. K., Shearer, M. H., and Kennedy, R. C. SV40 large tumor antigen
associated with synthetic peptides define native antigenic determinants and induce
protective tumor immunity in mice. Mol. Immunol., 31: 1077–1087, 1994.
33. Ravetch, J. V., and Clynes, R. A. Divergent roles for Fc recepts and complement in
vivo. Ann. Rev. Immunol., 16: 421– 432, 1998.
34. Golumbek, P. T., Lazenby, A. J., Levitsky, H. I., Jaffee, H., Karasuyama, H., Baker,
M., and Pardoll, D. M. Treatment of established renal cancer by tumor cells engineered to secrete interleukin-4. Science (Wash. DC), 254: 713–716, 1991.
35. Hanson, H. L., Donermeyer, D. L., Ikeda, H., White, J. M., Shankaran, V., Old, L. J.,
Shiku, H., Schreiber, R. D., and Allen, P. M. Eradication of established tumors by
CD8⫹ T cell adaptive immunotherapy. Immunity, 13: 265–276, 2000.
36. Gorelik, L., and Flavell, R. A. Immune-mediated eradication of tumors through the
blockade of transforming growth factor-␤ signaling in T cells. Nat. Med., 7: 1118 –
1122, 2001.
37. Zerrahn, J., Utermohlen, O., Warnecke, G., Deppert, W., and Lehmann-Grube, F.
Protective immunity in BALB/c mice against the simian virus 40 induced mKSA

38.

39.
40.

41.
42.

43.

44.

45.

46.
47.

1045

tumor resulting from injection of recombinant large T antigen. Requirement of CD8⫹
T lymphocytes. J. Immunol., 156: 3919 –3924, 1996.
Utermohlen, O., Schulze-Garg, C., Warnecke, G., Gugel, R., Lohler, J., and Deppert,
W. Simian virus 40 large T antigen specific rejection of mKSA tumor cells in
BALB/c mice is critically dependent of both strictly associated tumor specific CD8⫹
cytotoxic T lymphocytes and CD4⫹ T helper cells. J. Virol., 75: 10593–10602, 2001.
Butel, J. S. Simian virus 40, poliovirus vaccines, and human cancer: research progress
versus media and public interests. Bull. W. H. O., 78: 195–198, 2000.
Jasani, B., Cristaudo, A., Emri, S. A., Gazdar, A. F., Gibbs, A., Krynska, B., Miller,
C., Mutti, L., Radu, C., Tognon, M., and Procopio, A. Association of SV40 with
human tumors. Semin. Cancer Biol., 11: 49 – 61, 2001.
Carbone, M., and Pass, H. I. Debate on the link between SV40 and human cancer
continues. J. Natl. Cancer. Inst., 94: 229 –230, 2002.
Rizzo, P., Bocchetta, M., Poweres, A., Foddis, R., Stekala, E., Pass. H. I., and
Carbone, M. SV40 and the pathogenesis of mesothelioma. Semin. Cancer Biol., 11:
63– 071, 2001.
Carbone, M., Rizzo, P., Grinley, P. M., Procopio, A., Mew, D. J., Shridhar, V.,
deBartolomeis, A., Esposito, V., Giuliano, M. T., Steinberg, S. M., Levine, A. S.,
Giordano, A., and Pass, H. I. Simian virus 40 large T antigen binds p53 in human
mesotheliomas. Nat. Med., 8: 908 –912, 1997.
De Luca, A., Baldi, A., Esposito, V., Howard, C. M., Bagella, L., Rizzo, P., Caputi,
M., Pass, H. I., Giordano, G. G., Baldi, F., Carbone, M., and Giordano, A. The
retinoblastoma gene family pRb/p105, p107, pRb2/p130 and simian virus 40 large T
antigen in human mesotheliomas. Nat. Med., 8: 913–916, 1997.
Bright, R. K., Kimchi, E. T., Shearer, M. H., Kennedy, R. C., and Pass, H. I. SV40
Tag specific cytotoxic T. lymphocytes generated from the peripheral blood of malignant pleural mestholioma patients. Cancer Immuno. Immunother., 50: 682– 690,
2002.
Pass, H. I., Robinson, B. W., Testa, J. R., and Carbone, M. Emerging translational
therapies for mesothelioma. Chest, 16: 455S– 460S, 1999.
Bocchetta, M., Di Resta, I., Powers, A., Fresco, R., Tosolini, A., Testa, J. R., Pass,
H. I., Rizzo, P., and Carbone, M. Human mesothelial cells are unusually susceptible
to simian virus 40 mediated transformation and asbestos cocarcinogenicity. Proc.
Natl. Acad. Sci. USA, 97: 10214 –10219, 2000.

