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Prostate carcinoma in transgenic Lewis rats - a tumor model for
evaluation of immunological treatments
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Abstract: Transgenic rodent models of prostate cancer have served as valuable preclinical models to
evaluate novel treatments and understand malignant disease progression. In particular, a transgenic rat
autochthonous model of prostate cancer using the SV40 large T antigen expressed under a prostate-specific
probasin promoter was previously developed as a model of androgen-dependent prostate cancer (TRAP). In
the current report, we backcrossed this strain to the Lewis strain, an inbred rat strain better characterized
for immunological analyses. We demonstrate that Lewis transgenic rats (Lew-TRAP) developed prostate
adenocarcinomas with 100% penetrance by 25 weeks of age. Tumors were predominantly androgen-
dependent, as castration prevented tumor growth in the majority of animals. Finally, we demonstrate that
Lew-TRAP rats could be immunized with a DNA vaccine encoding a human prostate tumor antigen (prostatic
acid phosphatase) with the development of Lewis strain-specific T-cell responses. We propose that this Lew-
TRAP strain, and prostate tumor cell lines derived from this strain, can be used as a future prostate cancer

immunotherapy model.
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Introduction

Prostate cancer remains a worldwide health problem,
currently the most diagnosed cancer in the United States,
and with rising incidence and mortality documented in
Asian countries (1). Much progress has been achieved in the
treatment of advanced prostate cancer over the last decade.
However there remains an urgent need to identify early
stage disease with high risk for recurrence or progression,
and an urgent need for new treatments that can delay
or prevent the establishment of metastatic disease. The
requirement for preclinical animal models to evaluate these
new therapies, consequently, remains equally important.
Transgenic mouse models have provided important
systems for these evaluations, and perhaps the most
extensively studied model is an autochthonous model in

which the simian virus 40 (SV40) large T antigen (TAg)
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is expressed downstream of the prostate-specific probasin
promoter (TRAMP, transgenic adenocarcinoma of mouse
prostate) (2). In this model, TRAMP mice develop epithelial
hyperplasia at sexual maturity (approximately 8 weeks of
age) which progresses to high-grade prostatic intraepithelial
neoplasia (PIN) and well-differentiated adenocarcinomas
by 18 weeks of age. Poorly-differentiated tumors are
observed subsequently, and tumors with a neuroendocrine
phenotype, and metastases to the lymph nodes and lungs
can be observed TRAMP mice over 30 weeks of age. This
progression of disease has provided a valuable model for
studying various treatment interventions, and in particular
has provided a model for the investigation of immune-based
treatments (3-6).

While it is a useful animal model in which prostate cancers
develop and progress quickly, enabling intervention studies,
a disadvantage of the TRAMP model is the small size of
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the mouse prostate, limiting the amount of tissue available
for analyses. In addition, the mouse prostate is anatomically
different from primate prostate, and does not express some
of the same tissue-specific markers used for human prostate
cancer evaluation such as prostate-specific antigen (PSA)
or prostatic acid phosphatase (PAP). Historically, rats have
served as models for human prostate cancer and prostatitis
given the observations that rats develop prostate inflammation
with age and changes in hormone exposure (7-9) and can
develop prostate tumors upon exposure to carcinogens (10). In
addition, the rat prostate shares some features with human
prostate, including the expression of a tissue-specific acid
phosphatase (11). Consequently, to provide an autochthonous
model of prostate cancer development in the rat, Shirai and
colleagues developed a model similar to the TRAMP in which
the SV40 TAg was under the probasin promoter in transgenic
Sprague Dawley rats (12). These investigators demonstrated
that these transgenic male rats (TRAP, transgenic rat
adenocarcinoma of the prostate) demonstrated atypical
epithelial cell proliferation in the prostate by 4 weeks of age,
and by 15 weeks of age there was a 100% incidence of prostate
adenocarcinomas (12). Unlike TRAMP mice, development
of prostate carcinomas in these rats was exquisitely androgen-
dependent since castration of TRAP rats at 5 weeks of
age prevented the development tumors, and castration at
20 weeks of age promoted tumor involution (12,13). The
TRAP rat model has been used as a model for several different
intervention approaches (14,15).

The Sprague Dawley strain is an outbred strain, and
hence has been poorly characterized genetically and
immunologically. As an immunology model, the Lewis
strain has been best characterized, including identification
of the peptide binding specificities for strain-specific MHC
class I and IT molecules (16,17). Consequently, the Lewis
strain of rats has been used as a model for autoimmune disease
and tolerance (18) and antigen-specific vaccination (19). In
addition, the development of age-dependent prostatitis in
this strain has led it to be specifically evaluated as a model
for T-cell mediated prostatitis (20,21). Finally, the presence
of the tissue-specific PAP protein has led us to use the Lewis
strain as a model for vaccine strategies targeting PAP (22,23).
In particular, we have recently identified a RT1.A' MHC class
I epitope specific for human PAP that is recognized in Lewis
rats following human PAP-specific immunization (24). Given
these findings, we sought to generate an autochthonous model
of prostate cancer progression in the Lewis rat that might
ultimately be useful as a tumor vaccine model. In the current

study, we backcrossed the Sprague Dawley SV40 TAg+ rats
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onto the Lewis strain and characterized this strain (Lew-TRAP)
with respect to tumor development. In addition, we developed
prostate epithelial cell lines from this strain. Finally, we
report that immunization of Lew-TRAP rats with a plasmid
DNA vaccine encoding PAP can elicit PAP-specific, RT1.A-
restricted immune responses, demonstrating its usefulness as
an experimental immunology model.

Materials and methods
Animals

Transgenic Sprague Dawley rats with the SV40 TAg gene
downstream of the prostate-specific probasin promoter
were previously described (12). Breeders of this strain
were generously provided by Dr. T. Shirai (Nagoya City
University Medical School, Nagoya, Japan) via Dr. C.
Lamartiniere (University of Alabama, Birmingham, AL,
USA). Heterozygous SV40 TAg+ female breeders were
crossed with non-transgenic Lewis strain males (Charles
River, Wilmington, MA, USA) for 10 generations to
develop a transgenic rat with the Lewis strain background
(Lew-TRAP). At 21 days of age, offspring were weaned and
ear punched for screening for the transgene. Tissue was
digested with 50 mM NaOH at 95 °C for 1-3 hours. A PCR-
based screening assay was performed to evaluate transgene
incorporation, as previously described (12). Rats were fed a
chow diet (8604 Teklab, Harlan Laboratories, Madison, W1,
USA), consumed distilled water ad /ibitum, and maintained
on a 12-hour dark/12-hour light schedule. They were
housed in an American Association for the Accreditation of
Laboratory Animal Care (AAALAC)-accredited facility. All
experimental protocols were received and approved by the
University of Wisconsin-Madison Institutional Animal Care
and Use Committee IACUC).

Growth curve and tumor development

SV40 TAg+ transgenic and wild type (non-transgenic) littermates
from Lewis and Sprague Dawley rat strains underwent necropsy
at 4, 10, 12, 15, 20, 25, 30, and 35 weeks of age. Whole body
mass, and mass of the genitourinary (GU) complex (prostate,
seminal vesicles, and bladder), were measured. Prostate tissues
were placed in 10% buffered formalin for histopathological
evaluation. The presence of metastatic tumors was determined
by gross observation. Where indicated, some groups of Lew-
TRAP rats underwent surgical castration at 20 weeks of age
prior to tumor development surveillance at 30 weeks of age.
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Histopathology

Tissue sections containing both the ventral and dorsal lateral
lobes of the prostate were stained with hematoxylin and
eosin (University of Wisconsin Experimental Pathology
Laboratory). Tumor development was scored in a blinded
fashion with respect to animal age and genotype using the
following grading scale: Grade 1 (benign), Grade 2 (prostatic
intraepithelial neoplasia, PIN), Grade 3 (moderately-to-
well-differentiated adenocarcinoma), and Grade 4 (poorly
differentiated carcinoma), using the same criteria as used
for grading murine prostate tumor models (25). For tumors
containing multiple histopathological grades per section,
the histopathological grade reported was based on the most
advanced grade observed.

Immunobistochemistry

Immunohistochemistry was performed as previously
described (6). For AR and SV40 immunohistochemistry, tissue
sections were stained with the primary antibodies (AR: clone
R/NR3C4, R&D systems, Minneapolis, MN, USA; SV40:
clone PAb 101, BD Biosciences, San Jose, CA, USA) and
developed using the LSAB+system-HRP (Dako, Carpinteria,
CA, USA) and Metal Enhanced DAB substrate kit (Thermo
Fisher Scientific, Rockford, IL, USA). Slides were imaged
using an Olympus BX51 microscope (Olympus, Center Valley,
PA, USA) in combination with SPOT analysis software (SPOT
Imaging Solutions, Sterling Heights, MI, USA).

Generation of Lewis rat prostate tumor cell lines

Tissue samples of ventral prostate tumors were obtained from
Lew-TRAP rats at 32 weeks of age. Tissues were minced into
small sections and cultured in BRFF medium (Athena Enzyme
Systems, Baltimore, MD, USA) supplemented with 20%
fetal bovine serum and penicillin streptomycin at 37 °C in an
atmosphere of 5% CO,. Cell lines were evaluated for SV40 and
androgen receptor (AR) expression by Western blot (SV40: clone
PAb 101 BD Biosciences, San Jose, CA, USA; AR: clone EP670Y
Novus, Littleton, CO, USA) as previously described (6). The
presence of prostatic acid phosphatase in tumor cell line lysates
was determined by using a tartrate-inhibited phosphatase
activity assay as described previously (26).

Immunization studies

Seven week old, male Lew-TRAP rats were immunized six
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times intradermally at weekly intervals with 100 pg of pTVG-
HP or pTVG4. Two weeks after the last immunization (at
fourteen weeks of age), the rats were euthanized. Spleens and
sera were obtained under sterile conditions for immunological
analyses.

Analysis of immune responses

Antigen-specific T-cell proliferation

Splenocytes harvested from immunized animals were
evaluated using methods previously described (22,24).
Specifically, 2x10” cells were cultured with 2 pg/mL human
PAP protein (Chemicon Int., Temecula, CA, USA), 2 pg/
mL individual peptides (HP,,_,;5 or RP,g.,14), or 10 pg/mL
phytohemaglutinin (PHA) (Sigma, St. Louis, MO, USA)
for 72 hours at 37 °C in an atmosphere of 5% CO,. Then,
cultures were pulsed with 1 pM BrdU (BD Biosciences, San
Jose, CA, USA) for eight to twelve hours. Antigen-specific,
proliferating (BrdU+) CD4+ or CD8+ T cells were detected
using an intracellular flow cytometric staining method (BD
Flow kit, BD Biosciences) according to the manufacturer’s
standard protocol, and BrdU incorporation was measured
and analyzed as previously described (22).

Interferon gamma (IFNy) enzyme-linked
immunosorbent assay (ELISA)

Splenocytes from immunized rats were cultured with
the human PAP protein, individual peptides (HP,,_,;5 or
RP,4014), or PHA for 72 hours as described above. The
presence of IFNy in the culture media was determined
using a quantitative capture ELISA specific for rat IFNy
as described previously (22,24). Results are reported as the
mean IFNy concentration and standard deviation from
multiple replicates.

Antigen-specific antibodies
The presence of antibodies specific to human PAP (or
ovalbumin, negative control) in the sera of immunized rats was

determined by indirect ELISA, as described previously (22).

Results

Probasin/SV40 TAg+ transgenic rats on the Lewis
background strain develop age-dependent prostate tumors
with bigh penetrance

We sought to develop an autochthonous model of prostate
tumor development in the Lewis rat strain, a strain that
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Figure 1 Probasin/SV40 TAg+ transgenic rats on both Sprague
Dawley and Lewis background strains develop prostate tumors
with age. Probasin/SV40 TAg+ transgenic rats and non-transgenic
littermate controls in both Sprague Dawley (SD-TRAP, panel A)
and Lewis (Lew-TRAP, panel B) strain backgrounds underwent
necropsy at 4, 10, 12, 15, 20, 25, 30, and 35 weeks of age. Rats
were weighed and the genitourinary complexes were excised and
weighed. Each dot represents the ratio of genitourinary complex
mass to body mass for an individual rat at each time point. Closed
circles represent SV40 TAg+ transgenic rats (SV40 TAg+) and
the open circles represent the non-transgenic littermates (WT).
Comparisons of the means between groups were made with an

unpaired t-test and P-values are shown

has been well characterized immunologically with respect to
MHC restriction (16,17), autoimmune disease development
(18,27), experimental models of prostatitis (8,21), and
immunological evaluation following vaccination (19,23,24).
A transgenic rat model of prostate cancer, in which the
SV40 TAg is expressed under the prostate-specific probasin
promoter, TRAP, has been previously described (12).
However, the strain used was the outbred Sprague Dawley
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Table 1 Histopathological analysis of prostates from SV40
TAg+ transgenic rats on Sprague Dawley (SD-TRAP) and
Lewis (Lew-TRAP) rat background

Age (wks) Lew-TRAP SD-TRAP

4 1,2,2,1,1 2,1,2

10 2,2,1,2,2 3,2,2,2

12 2,2,1,2,3,2,3 3,3,8,3,3
15 1,3,2,3,2 3,3,1,2,3
20 3,1,2,8,8,3,1 4,4,4,3,3,3
25 4,4,3,8,3,3 4,4,4,4,4,4
30 3,3,3,3,3 4,4,3,3,3
35 4,4,4,4,3 4,4,4,3,3

Prostate tissue sections from individual rats (n=3-7 animals per
group) at the indicated ages (in weeks) were evaluated for tumor
development based on the following histopathological grading
scale: 1 (benign), 2 (PIN), 3 (moderately- to well-differentiated
adenocarcinoma), and 4 (poorly-differentiated carcinoma). The
tumor grade listed is by the most advanced histopathological stage
seen in each tissue section per rat. Prostate tissue sections assessed

contained both the ventral and dorsolateral lobes of the prostate

strain, and investigators demonstrated that the development
of prostate tumors differed with respect to genetic strain
background from F1 crosses (28). In order to characterize
prostate tumor development in the Lewis strain, we crossed
transgenic TRAP female breeders on the Sprague Dawley
background with male Lewis strain rats for 10 generations
prior to inbreeding within the transgenic Lewis strain.
Tumor development was then characterized both grossly
and histologically with respect to age. As shown in Figure 1,
there were detectable differences in GU complex mass
with respect to total body mass between the SV40 TAg+
transgenic and non-transgenic littermates in both the
Lewis and Sprague Dawley strain backgrounds by 20 weeks
of age, and this was significantly different by 35 weeks
of age. Tumor development in the prostate tissues (both
ventral and dorsolateral lobes) from the Lewis and Sprague
Dawley SV40+ transgenic rats and their littermates were
histopathologically scored in blinded fashion (Figure 2 and
Table 1). As demonstrated, areas of atypical hyperplasia and
PIN were identifiable as early as 4 weeks of age in Lew-
TRAP rats, with invasive carcinoma identified by 12 weeks
of age and poorly differentiated tumors seen as early as
25 weeks of age (1able 1). The overall disease progression
was similar for the Lewis strain as for the Sprague Dawley
strain. Tumors were not seen in the seminal vesicles of
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Figure 2 Representative prostate tissue sections from Lew-TRAP rats at multiple time points. Shown are representative prostate tissue
sections (stained with hematoxylin and eosin) from Lew-TRAP rats. Panel A, Atypical hyperplasia noted at 4 weeks old. Panel B, PIN
observed at 12 weeks of age; Panel C, Moderately- to well-differentiated adenocarcinoma observed at 15 weeks old; Panel D, Poorly-
differentiated carcinoma observed at 35 weeks of age; Panels E and F, Lew-TRAP prostate tissue obtained at 30 weeks of age following
castration at 20 weeks, with no tumor observed in one animal (panel E), and poorly-differentiated tumor observed in another (panel F).
Prostate tumors from 25-week old animals were stained for SV40 TAg (panel G) or androgen receptor (panel H)
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Figure 3 Characterization of prostate tumor cell lines derived from Lew-TRAP rats. Prostate tumor cell lines were established from
the ventral lobe of a 32-week old, Lew-TRAP rat. The expression of SV40 TAg (Panel A) was detected by Western blot. [Lane 1, mouse
TRAMP cell line (6); lanes 2-4 individual Lew-TRAP prostate cell lines.] The arrow indicates the expected size of the TAg band. Panel B,

Prostatic acid phosphatase activity in lysates of the same individual Lew-TRAP cell lines or the AR-deficient human prostate cancer cell line,

DUI145 (negative control). Shown is the tartrate-inhibited acid phosphatase activity per mg protein lysate. The data are representative of

two to three replicate experiments

the transgenic rats regardless of age (data not shown).
In addition, no overt evidence of metastasis was noted,
however ~20% of the Lew-TRAP rats over 30 weeks of
age had locally invasive disease with hydronephrosis. The
presence of taste bud tumors was observed in <5% of
animals, as has been reported for Sprague Dawley TRAP
rats (28).

Prostate carcinomas in Lew-TRAP rats are primarily
androgen-dependent

Lew-TRAP rats (n=5) were castrated at 20 weeks of
age and then euthanized at 30 weeks of age for tumor
evaluation. Adenocarcinomas were not observed in 4 out of
S transgenic rats, suggesting that the tumor development
is mostly androgen dependent, at least to 20 weeks of age
(Figure 2E). A poorly differentiated tumor was observed in 1
of 5 animals (Figure 2F).

Prostate epithelial cell lines derived from Lew-TRAP rats

Prostate tumors obtained from the ventral lobes of prostates
of 32-week-old animals were cultured iz vitro to establish
transplantable cell lines. Tumor cell lines were established
that express the SV40 TAg (Figure 34) and the androgen
receptor (not shown), demonstrating it is of prostate origin.
In addition, these cell lines were found to express prostatic
acid phosphatase as determined by the expression of tartrate-
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inhibited phosphatase activity in cell lysates (Figure 3B).
Subcutaneous implantation of cell lines in wild type Lewis
rats did not lead to tumor growth (data not shown).

Immunization of Lew-TRAP rats with a DNA vaccine
encoding PAP elicited a PAP-specific immune response

Lewis rats have been evaluated as a model of age- and
vaccine-dependent prostate inflammation (20,21). We have
previously characterized immune responses to the human
prostatic acid phosphatase (hPAP) antigen in Lewis rats,
and identified an MHC class I restricted epitope derived
from hPAP in this strain (22-24). Consequently we sought
to characterize whether the presence of prostate tumors in
Lew-TRAP rats affected the ability to develop PAP-specific
immune responses, and hence whether this transgenic model
might be further developed as a tumor immunology model.
Seven-week-old, male Lew-TRAP rats were immunized six
times intradermally with 100 pg of pTVG-HP or pTVG4
(control vector) as previously described (24). As shown
in Figure 4, PAP-specific T-cell immune responses were
detected by antigen-specific proliferation (panels A and B)
and by IFNy-specific release (panel C). Of note, responses
were specifically observed to the RT1.A' MHC class I epitope
HP,,_,;5. Antibodies to hPAP protein were also detected, as we
reported previously for wild type Lewis rats (Figure 4D) (22).
The findings suggest that the Lew-TRAP rat could be used
as a prostate cancer immunology model, and specifically

Chin Clin Oncol 2013;2(1):4
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Figure 4 I-mmunization of Lew-TRAP rats with a DNA vaccine encoding PAP elicited a PAP-specific immune response. Seven-week
old, male Lew-TRAP rats received six intradermal immunizations with 100 pg of pTVG4 (n=5) or pTVG-HP (n=6) at weekly intervals.
Splenocytes were cultured with media alone, human PAP protein (PAP), PAP peptides (HP,,,;5 or RP,4.4), or PHA for 72 hours, and
then pulsed with BrdU for 8-12 hours. Cells were then assessed for antigen-specific CD8+ (panel A) or CD4+ (panel B) proliferation by
flow cytometry. Supernatants of splenocyte cultures were assessed for IFNY release by quantitative ELISA (Panel C). Each dot represents
the frequency of BrdU+ T cells of each rat or the average IFNYy release of each rat as determined in triplicate. Comparisons of the means
between the groups were made with an unpaired t-test and P-values are shown. Sera from immunized rats were evaluated for the presence
of anti-human PAP or anti-OVA (negative control) antibodies using an indirect ELISA (Panel D). Each point represents the average
absorbance difference and standard deviation from the sera of pTVG4 (n=5) and pTVG-HP (n=6) immunized rats

as a model to investigate the efficacy of immunotherapies from a transgenic strain previously characterized in the
targeting the PAP antigen. Sprague Dawley outbred strain (12,28). Tumors in this strain
shared several characteristics with those of the parental
strain; however, there were notable differences. For example,

Discussion

unlike what had been observed using F1 hybrids from other
We report here the development of an autochthonous strains, tumors developed in these animals with 100%
transgenic model of prostate cancer in the Lewis rat, derived penetrance by 25 weeks of age, and with a similar progression
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to the parental Sprague Dawley strain (28). Similar to the
Sprague Dawley strain, these tumors were predominantly
androgen-sensitive, as castration at 20 weeks prevented the
progression of tumors in the majority of animals. However,
while this was not extensively evaluated, we did observe
tumor recurrence with a poorly differentiated phenotype
in 1 of 5 animals, a finding not previously observed with
the Sprague Dawley strain, and more analogous to what
has been observed with TRAMP mice (29). This difference
may be due to the advanced age of the animals, at a time
when poorly differentiated tumors might have arisen.
However, given this finding in an inbred strain, it is also
conceivable that the development of poorly-differentiated
tumors arise under the pressure of androgen deprivation
rather than necessarily deriving from a different cell type,
as has been previously suggested (12). This remains to
be determined, however, as we did not further evaluate
these poorly-differentiated tumors for markers of tissue
specificity or differentiation (such as androgen receptor,
chromogranin A, synaptophysin expression), and we did not
evaluate the effects of castration at an earlier age. Similar to
the Sprague Dawley strain, and in contradistinction to the
murine TRAMP model, we did not identify gross metastatic
disease.

The goal of our study was to generate an autochthonous
model of prostate cancer in the Lewis strain of rats, an
inbred strain particularly amenable to immunological
analyses. Using a plasmid DNA vaccine encoding PAP,
we found that these rats were able to be immunized, with
immune responses analogous to what we have observed in
non-tumor bearing Lewis rats (22,24). In particular, MHC
class I epitope-specific T cells were identified specific for
the Lewis strain (24). In addition, we generated prostate
cancer epithelial cell lines from this strain. While we were
unable to use these as transplantable tumor cell lines in wild
type Lewis rats, the presence of tumor cell lines potentially
provides an additional iz vitro model. The ability of these cell
lines to form tumors in Lew-TRAP rats, which should be
tolerant of the SV40 TAg, remains to be determined.

In summary, we report the generation of a prostate cancer
tumor model in Lewis rats, generated by backcrossing of
the SV40 TAg+ transgenic model developed in the Sprague
Dawley outbred rat strain. We found that animals developed
prostate tumors with 100% penetrance with age, that
tumors were androgen sensitive, and that animals could be
immunized with a human prostate-specific tumor antigen.
Future studies will explore, using vaccines targeting rat
prostate-specific tumor antigens, whether this can be used as
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a model to characterize anti-tumor immune responses within
prostate tumors directly.
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