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Abstract
Cytomegalovirus (CMV) is a highly immunogenic virus that results in a persistent, life-long
infection in the host typically with no ill-effects. Certain unique features of CMV, including its
capacity to actively replicate in the presence of strong host CMV-specific immunity, may give
CMV an advantage compared to other virus-based vaccine delivery platforms. In the present
study, we tested the utility of mouse CMV (mCMV)-based vaccines expressing human prostate-
specific antigen (PSA) for prostate cancer immunotherapy in double-transgenic mice expressing
PSA and HLA-DRB1*1501 (DR2b×PSA F1). We assessed the capacity of two mCMV-based
vectors to induce PSA-specific CD8 T cell responses and affect the growth of PSA-expressing
Transgenic Adenocarcinoma of the Mouse Prostate tumors (TRAMP-PSA). In the absence of
tumor challenge, immunization with mCMV vectors expressing either a H2-Db-restricted epitope
PSA65-73 (mCMV/PSA65-73) or the full length gene for PSA (mCMV/PSAFL) induced comparable
levels of CD8 T cell responses that increased (inflated) with time. Upon challenge with TRAMP-
PSA tumor cells, animals immunized with mCMV/PSA65-73 had delay of tumor growth and
increased PSA-specific CD8 T cell responses, whereas animals immunized with mCMV/PSAFL
showed progressive tumor growth and no increase in number of splenic PSA65-73-specific T cells.
The data show that a prototype CMV-based prostate cancer vaccine can induce an effective anti-
tumor immune response in a “humanized” double-transgenic mouse model. The observation that
mCMV/PSAFL is not effective against TRAMP-PSA is consistent with our previous findings that
HLA-DRB1*1501-restricted immune responses to PSA are associated with suppression of
effective CD8 T cell responses to TRAMP-PSA tumors.
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Introduction
Prostate cancer is generally more indolent and slower to progress than most other cancers,
but still kills over 30,000 Americans every year. Effective treatments for localized disease
exist. However, disease recurs in approximately 30% of patients, and eventually becomes
refractory to standard androgen deprivation therapy (becoming castration-resistant prostate
cancer; CRPC). Therapeutic interventions for CRPC patients are extremely limited, and
these patients have a high likelihood of disease progression and death from prostate cancer
(6). Following disease recurrence, many patients have an extended period of time during
which they are asymptomatic and immunologically normal. We and others have proposed
that these patients may therefore be ideal candidates for therapeutic vaccination to slow or
prevent progression of disease. A cell-based personalized therapy using a monocyte-
enriched leukopheresis product (sipuleucel-T, PROVENGE®) was approved in April 2010
by the US Food and Drug Administration (FDA) for treatment of asymptomatic or
minimally symptomatic CRPC, becoming the first adoptive cellular immunotherapy
approved for cancer treatment (see review (3)). A phase III clinical trial demonstrated that
sipuleucel-T increased median patient survival by 4.1 months compared to placebo controls
(41). However, there was no evidence of an anti-tumor effect, and the mechanisms
responsible for increased survival following sipuleucel-T treatment remain unclear (for
review, (16;43)).

We hypothesize that immunotherapy using a human cytomegalovirus (hCMV)-based cancer
vaccine may enable effective immunological targeting of prostate cancer. CMV is a
ubiquitous, but generally benign, species-specific β-herpesvirus that infects the host for life.
Although CMV infection does not typically lead to clinical disease in the absence of
immunosuppression (such as during transplantation) (30), continual antigenic stimulation
provided by chronic CMV replication in the immune-normal host makes CMV one of the
most immunogenic viruses known (4;14;15;19;34;38;42;50). In addition to the magnitude of
CMV responses, CMV induces T cell memory biased toward distribution to epithelial
mucosal sites (11), which may also be particularly relevant to the therapeutic control of
cancer given their frequent epithelioid derivation. CMV-based vectors have yet to be
assessed in clinical trials. However, a number of laboratories have shown the potential utility
of CMV as a vaccine vector in studies using species-specific CMVs (8;10;35;45). In one
study, a mouse CMV (mCMV)-based vector was able to break tolerance and induce an
immune response against a self-antigen zona pellucida 3 that resulted in immunological
sterilization of vaccinated mice (35). In other studies, rhesus CMV-based vectors expressing
simian immunodeficiency virus (SIV) antigens protected rhesus macaques from systemic
infection following pathogenic SIV challenge (11). Finally, a mCMV vector expressing a
single epitope of Ebola virus (Zaire) (ZEBOV) nucleoprotein was recently shown to protect
against high-dose lethal ZEBOV challenge (45).

Prostate-specific antigen (PSA) is a commonly used target tumor antigen for experimental
prostate cancer vaccines due to its restricted prostate tissue distribution and expression by
most prostate tumor cells. Many PSA-based vaccination strategies have been explored,
including RNA-transfected dendritic cells (9), peptides (5;20), plasmid DNA (32),
attenuated strains of Listeria monocytogenes (39), and recombinant replication-defective
and acute, non-persistent virus vectors (21;23). Currently, two non-persistent viral vector
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platforms targeting PSA are being tested in clinical trials: a replication-defective adenovirus
(AdV)-based vaccine (21), and a `prime-boost' combination vaccine composed of
recombinant vaccinia (rVV) and fowlpox (rFV) viruses (23). Immunity directed against the
vector remains a significant limitation of vaccination for most viral vector strategies (37). In
contrast, prior immunity to CMV does not prevent CMV re-infection (7). Presumably due to
its persistent, low-level replication, CMV immunity is also associated with an `effector
memory' T cell (TEM)-biased phenotype, whereas the transient antigen expression associated
with non-persistent vectors induces a more `central memory' T cell (TCM)-biased response
((8;29;40)). Together, we suggest that the ability to re-infect the CMV-seropositive host,
combined with the high levels of TEM-biased immune responses, may make CMV-based
vectors uniquely suited for development as cancer vaccines.

The aim of the present study was to determine whether vaccination with CMV-based vectors
expressing PSA could induce an effective anti-tumor immune response in a mouse model of
prostate cancer. Due to the host-specific nature of CMV infection (12;13), mouse CMV
(mCMV)-based vectors were used for these studies. The experiments were conducted in a
new and stringent tumor challenge model based on Transgenic Adenocarcinoma of the
Mouse Prostate tumor cells engineered to express human PSA (TRAMP-PSA) (26), and
double transgenic (tg) mice (DR2b×PSA F1 mice) that co-express human PSA as a self-
antigen in the prostate and the human leukocyte antigen (HLA) class II allele, HLA-
DRB1*1501(DR2b). We have previously shown that HLA-DRB1*1501 allele supports (is
“permissive” for) CD4 T cell mediated responses to PSA (17;18). We tested two different
constructs of mCMV expressing PSA to establish a `proof-of-concept' for the use of CMV-
based vaccines to target cancer. Our results show that immunization with mCMV-based
vectors encoding either a single PSA-specific CD8 T cell epitope (PSA65-73), or full-length
PSA induced PSA-specific CD8 T cell responses, which increased in time after
immunization (termed `memory inflation'). While the levels of PSA-specific CD8 T cell
responses induced by both vectors were comparable in the absence of tumor challenge, the
anti-tumor effect was observed only with the PSA65-73 epitope-based but not the full-length
PSA-based vector. These effective anti-tumor responses in mice immunized with mCMV
encoding CD8 epitope PSA65-73 were accompanied by increased levels of PSA-specific
CD8 T cells. In contrast, mice immunized with a full-length PSA-based vector failed to
mount CD8 T cell response to PSA upon tumor challenge. Our data show that CMV-based
vectors can induce an effective anti-tumor response in a stringent mouse model of prostate
cancer. These results also suggest that tumor antigen design and epitope composition may be
critical for cancer vaccine efficacy, particularly for “self” antigens recognized in a context of
“permissive” HLA class II alleles, at least in the DR2b×PSA F1 mouse prostate challenge
model.

METHODS
Mice

All animal studies have been approved by the University of Maryland Institutional Animal
Care and Use Committee. DR2b tg mice bearing chimeric major histocompatibility complex
(MHC) class II molecules (DRa1*0101:I-Eα and DRb1*1501:I-Eβ) were provided by Dr. L.
Fugger (Aarhus University, Denmark). These mice were engineered on a murine MHC class
II knockout C57BL/6J (B6) background (24), and did not express mouse MHC class II
molecules. Tumors of B6 origin were rejected by these mice, probably due to the MHC class
II mismatch between the host and the tumor cell line (data not shown). To establish a tumor
model based on TRAMP-C1 tumor cells, DR2b tg mice were crossed to wild type (wt) B6
mice (Jackson Laboratories, Bar Harbor, ME), and tumor experiments were carried out
using F1 male offspring. The expression of HLA-DR transgene and TRAMP-PSA tumor
growth in DR2b×B6 F1 mice has been previously described (17). Founder PSA tg mice
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were kindly provided by Dr. M. Kast (UCLA, Los Angeles, CA) (11). PSA tg mice on the
B6 background were generated by 10 backcrosses to wt B6 mice, and maintained by
inbreeding. PSA expression in the prostate of these mice was confirmed at the protein level
by immunohistochemical staining with PSA-specific antibodies. Mice expressed PSA in
ventral, dorsal and lateral prostate lobes, whereas the anterior prostate did not express
detectable PSA (data not shown). DR2b×PSA F1 double transgenic mice were generated by
breeding DR2b tg and PSA tg (B6) mice.

Vector construction
The mCMV-based vectors expressing PSA antigens were constructed by lambda-based
linear recombination (45) using a strategy identical to that which we have used for
construction of other CMV recombinants (45). A mCMV (Smith strain) bacterial artificial
chromosome (BAC) (27) in which the NK activating m157 MCMV gene has been deleted
was used as the genetic background for these vectors. Deletion of m157 (Δm157) was
necessary to avoid attenuation of CMV replication by inadvertent high NK control in mouse
strains such as B6 that express the corresponding Ly49H NK receptor (1). Inactivation of
m157 is common in wild strains of mCMV, and mCMV inactivated for m157 can be
regarded as wild-type (48). We designed two distinct recombinant mCMVs expressing
either full-length PSA (mCMV/PSAFL) or only a single defined H2-Db-restricted CTL
epitope PSA65-73 fused to the carboxy terminus of a non-essential mCMV protein, ie2
(mCMV/PSA65-73) (Figure 1A). For construction of mCMV/PSAFL, the entire human PSA
open reading frame (ORF), devoid of the signal peptide was placed under control of the
constitutively active EF1α promoter (46). The PSA ORF was also epitope tagged at the
carboxy terminus to facilitate analysis of protein expression. For mCMV encoding a CD8 T
cell epitope, we used peptide PSA65-73 (HCIRNKSVI) that has been previously identified as
a single immuno-dominant H2-Db-restricted epitope in B6 mice (31). PSA65-73 was fused
`in-frame' to the carboxyl terminus of the mCMV ie2 gene (following a GI linker). The ie2
gene encodes a nonessential mCMV protein that can be deleted or mutationally modified
without affecting virus replication in vivo (10). For construction of mCMV recombinant
BACs, a contiguous frt-flanked kanamycin resistance marker (KanR) was inserted into the
mCMV BAC genome at the same time as the PSA gene region to enable selection of
recombinant BACs on the basis of kanamycin resistance. Following selection of
recombinant BACs on the basis of KanR, the frt-flanked KanR marker was removed by
arabinose induction of Flp-recombinase and screening for kanamycin sensitivity.
Recombinant viruses were reconstituted from BACs by transfection of BAC DNA into
murine embryonic fibroblasts (MEFs). Presence of the BAC cassette within the MCMV
genome decreases in vivo replication, and serial in vitro passage of the BAC-derived virus
was performed to remove the BAC cassette (49). Recombinant viruses were assessed for
growth in vitro on MEFs. Direct DNA sequencing was used to confirm integrity of the PSA
genomic region within the mCMV genome. Western analysis using an epitope tag-specific
antibody was used to visualize PSA expression for mCMV/PSAFL (Figure 1B).

Immunizations and tumor challenge experiments
Male mice were immunized with either mCMV/PSA65-73 or mCMV/PSAFL vectors at 104

plaque forming units (PFU)/mouse intraperitoneally (i. p.) and boosted with the same dose
of virus four weeks later. The numbers of animals used in each study group were as detailed
in Results. A TRAMP tumor cell line engineered to express human PSA (TRAMP-PSA)
was provided by Dr. J. Medin (University of Toronto, Canada) (26). Parental TRAMP-C1
line was obtained from American Type Culture Collection (Manassas, VA). Tumor
inoculation and monitoring was performed as described (17). DR2b×PSA F1 male mice
between 8 and 12 weeks of age were inoculated subcutaneously (s. c.) in the dorsal neck
area with PSA-expressing TRAMP-C1 (TRAMP-PSA) tumor cells (3×106 cells per mouse
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in 100 μl PBS). Tumor growth was monitored by physical measurement weekly for up to 18
weeks. Tumor base area was calculated by measuring two bisecting diameters of the tumor
and multiplying these values. Since TRAMP tumors have a tendency to ulcerate and bleed at
relatively early time points, survival experiments were not performed due to animal welfare
concerns and IACUC regulations. Instead, a tumor base area of 100 mm2 was used as a
surrogate end point for survival.

Immunological assays
IFN-γ ELISPOT and intracellular cytokine staining (ICS) analysis of T cell responses, and
ELISA analysis of antibody responses are described in detail in Supplemental Methods (see
Supplemental Digital Content 1).

Peptides
The H2-Db-restricted immunodominant peptide PSA65-73 (HCIRNKSVI) (31) and H2-Kb-
restricted inflationary epitope M38 peptide M38316-323 (SSPPMFRV) (29) have been
described previously. An H2-Db-restricted peptide encoded by a cryptic open reading frame
that maps to the non-coding strand of the ampicillin resistance gene (NEO49-59,
SSPVNSLRNVV) (47) was used as an irrelevant control peptide. Peptides were synthesized
by NeoMPS Inc. (San Diego, CA), and were of >95% purity.

Statistical analysis
For the ELISPOT assay, means and SD of triplicates were calculated for individual mice.
The specific responses from these mice were compared to background responses in the
absence of antigen using a two-sided Student t-test at P<0.05 level. The specific responses
for each mouse were calculated by subtracting background levels, and differences between
mouse treatment groups were analyzed using a Mann-Whitney U test at P<0.05 level.
Survival, using a tumor base of 100 mm2 as a surrogate marker, was calculated by
polynomic regression analysis using Excel software (R-squared values > 0.95). Time-to-
event analysis was performed by log rank test using MedCalc software (Version 11.6.1).

RESULTS
DR2b×PSA F1 tumor model

We have previously shown that wt B6 mice and DR2b×B6 F1 mice lacking the HLA-DR2b
transgene rejected TRAMP-PSA tumors, while DR2b×B6 F1 littermates expressing HLA-
DR2b failed to reject the tumors (17). To assess the level of immunological tolerance to
PSA in PSA tg mice (B6 background), we analyzed the immunogenicity of TRAMP-PSA
tumor cells in these mice compared to wt B6 mice. Following s. c. inoculation with
TRAMP-PSA tumor cells, both PSA tg and wt B6 mice developed MHC class I-restricted
PSA-specific CTL responses (based on IFNγ expression by ELISPOT) by two weeks post-
inoculation. However, the magnitude of the response was significantly decreased in the PSA
tg mice compared to wt B6 mice (Figure 2A). This finding suggests that the PSA model
tumor antigen in the PSA tg mice can be regarded immunologically as a self-antigen with
induction of neonatal tolerance. To determine whether this level of immunological tolerance
to PSA resulted in increased tumor growth, we challenged the mice with TRAMP-PSA
tumor cells. Surprisingly, despite the significantly lower levels of PSA-specific CD8+ T
cells in PSA tg mice compared to wt B6 mice, TRAMP-PSA tumors were rejected at a
comparably high and statistically indistinguishable rate in both strains, reflected as high
mouse survival (tumor incidence 11.1% and 12.5% for wt B6 and PSA tg mice respectively,
Figure 2B). Parental TRAMP-C1 tumors grew equally well in both strains (tumor incidence
89% and 75% for wt B6 and PSA tg mice respectively, Figure 2B). We previously reported
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that presence of a “permissive” MHC class II allele (HLA-DRB1*1501 (DR2b)) can change
the pattern of anti-tumor immune response in a DR2b×B6 F1 mouse model (17). To test the
effect of PSA transgene expression on tumor growth in the `permissive' DR2b background,
we generated DR2b×PSA F1 mice and then challenged these mice with TRAMP-PSA tumor
cells. As shown in Figure 2C, TRAMP-PSA tumors were established in DR2b×PSA F1
mice (tumor incidence 95%). Moreover, tumor growth was significantly enhanced in
DR2b×PSA F1 mice compared to DR2b×B6 F1 mice (median surrogate survival time 7.9
and 10 weeks respectively, p=0.01, log rank test). These data indicate that immunological
tolerance to PSA enhances growth of PSA-expressing tumors, but only within a `permissive'
MHC class II background.

CD8 T cell responses induced by mCMV/PSAFL and mCMV/PSA65-73 constructs in the
absence of tumor challenge

PSA-expressing mCMV vectors were constructed as detailed in Figure 1. Immunogenicity
of mCMV/PSAFL and mCMV/PSA65-73 was first assessed in the absence of TRAMP-PSA
tumor challenge in PSA tg mice. As shown in Figure 3A, mCMV/PSAFL and mCMV/
PSA65-73 induced comparable levels of CD8-restricted T cell responses against PSA. PSA-
specific responses were consistent with an `inflationary' T cell response (29). Both vectors
induced an “acute” phase of the response at week 1 with a contraction phase between weeks
2–16, followed by an `inflationary' memory phase until 32–64 weeks (last time points
measured). Next, we compared PSA-specific responses induced by mCMV/PSA65-73 in
DR2b×PSA F1 and PSA tg mice. In both mouse strains, sustained levels of PSA-specific
CD8 T cell responses were induced with a trend toward an increase at 32–64 weeks
consistent with an `inflating' response against the PSA epitope. Responses in DR2b×PSA F1
mice trended toward higher levels than those induced in PSA tg mice, but these differences
were not statistically significant (Figure 3B). The responses to the irrelevant peptide
(Neo49-59) were at background (no antigen) levels (Figure 3). The responses in individual
mice are shown in Supplemental Figure 1 (see Supplemental Digital Content 2).
Immunization with either vector induced IFN-γ responses to the specific peptide (PSA65-73)
peptide as well as TRAMP-PSA tumor cells, but not to the irrelevant peptide (Neo49-59) or
parental TRAMP-C1 tumor cells (Supplemental Figure 1). Naïve mice lacked any detectable
PSA-specific reactivity (data not shown). Consistent with expression of the full length PSA
protein by mCMV/PSAFL immunization with mCMV/PSAFL, but not mCMV/PSA65-73,
induced PSA-specific antibody responses (data not shown). Mice in both groups developed
comparable humoral immune responses to mCMV (data not shown).

Effect of mCMV/PSAFL and mCMV/PSA65-73 vaccination on TRAMP-PSA tumor growth
Next, we determined the impact of vaccination using the two different mCMV-based vectors
on TRAMP-PSA tumor growth. DR2b×PSA F1 male mice were immunized with mCMV/
PSA65-73, mCMV/PSAFL or wt mCMV, and boosted with the identical vector four weeks
later. Vaccinated mice were then inoculated with TRAMP-PSA tumor cells at either 4 weeks
(Figure 4A–D) or 32 weeks (Figure 4E, F) post-boost. As shown in Figure 4, immunization
with mCMV vector encoding a single CD8 T cell epitope PSA65-73 significantly slowed the
progression of TRAMP-PSA tumors. Tumor base area was significantly reduced in mice
that received mCMV/PSA65-73 vaccine compared to wt mCMV at all time points (two-sided
t test, Figure 4A,C), which resulted in the significantly longer time to the 100 mm2 end-
point compared to wt mCMV. In the experiment depicted in Figure 4B, median surrogate
survival time was 5.5 and 10.0 weeks for mCMV/PSA65-73 and wt mCMV respectively
(p<0.01, log rank test). These results were reproduced in the experiment depicted in Figure
4D [median surrogate survival time 5.3 and 10.1 weeks for mCMV/PSA65-73 and wt mCMV
respectively (p<0.001, log rank test)]. In contrast, mice vaccinated with mCMV/PSAFL
vector showed a delayed tumor growth only at earlier time points while tumor progression at
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later time points was comparable to mice that received wt mCMV. Compared to the wt
mCMV group, tumor base area was significantly reduced in mice receiving the mCMV/
PSAFL vaccine during the first 6 weeks of observation. However the differences became
non-significant at later time points (2-sided t test, Figure 4A). Median surrogate survival
time was extended in mice vaccinated with mCMV/PSAFL vector compared to wt mCMV
(7.1 and 5.5 weeks respectively), however, the differences were not statistically significant
(log rank test, Figure 4B). Median surrogate survival time was significantly longer in mice
immunized with mCMV/PSA65-73 vector compared to mCMV/PSAFL vector (10.0 and 7.1
weeks respectively, p<0.0001, log rank test, Figure 4B). Protection mediated by mCMV/
PSA65-73 was long lasting, with mice challenged with TRAMP-PSA tumor cells at 32 weeks
post-boost still demonstrating a significant delay in tumor growth (Figure 4E, F) (p<0.01
compared to wt mCMV, log rank test). However, there were no tumor-free survivors in
either study group.

CD8 T cell responses induced by mCMV/PSAFL and mCMV/PSA65-73 constructs in the
presence of tumor challenge

To determine whether the difference in efficacy against tumor challenge between the two
mCMV-based vectors was consistent with a difference in T cell responses following tumor
challenge, we measured PSA65-73-specific CD8 T cell responses in mice vaccinated with
mCMV/PSAFL or mCMV/PSA65-73 following TRAMP-PSA tumor inoculation. DR2b×PSA
F1 mice were vaccinated with either mCMV/PSAFL or mCMV/PSA65-73, followed by
TRAMP-PSA tumor cells 4 weeks after the boost vaccination. Responses to PSA65-73
peptide in the spleen were determined using ICS either two weeks prior to tumor injection,
or two weeks after tumor injection. As shown in Figure 5A, TRAMP-PSA tumor challenge
induced a significant increase in the frequencies of PSA-specific IFN-γ producing CD8 T
cells in animals vaccinated with mCMV/PSA65-73 (p<0.01, Mann-Whitney U test). In
contrast, tumor inoculation did not result in a significant increase in PSA-specific CD8 T
cell responses in animals that had been previously vaccinated with mCMV/PSAFL (Figure
5A). PSA-specific T cell responses were observed only in response to TRAMP-PSA tumor
cell challenge. In the absence of tumor challenge, the responses measured by ICS were at the
limit of detection in both mCMV/PSAFL or mCMV/PSA65-73 vaccinated groups, and could
be quantitated only by the more sensitive IFN-γ ELISPOT assay (Figure 3 and
Supplemental Figure 1). Consistent with mCMV infection, all mice had CD8 T cell
responses to the mCMV-derived epitope M38316-323 (Figure 5B, frequencies of total IFN-γ
+ CD8 T cells are shown). CD8 T cell responses to TRAMP-PSA tumor cells in mice
immunized with mCMV/PSA65-73 were characterized predominantly by IFN-γ secretion,
while TNF-α responses were marginal [median frequency of IFN-γ+ TNF-α+ CD8 T cells
0.4% (0.1% – 1.5%)]. This was in contrast to the underlying immune responses to
M38316-323 epitope, which induced strong polyfunctional (IFN-γ+ TNF-α+) CD8 T cell
responses [median 2.3% (1.0% – 8.2%) of CD8+ gated events]. Typical responses for
individual mice are shown in Supplemental Figure 2 (see Supplemental Digital Content 3).

Discussion
We tested the utility of a mCMV-based vaccine encoding human PSA for prostate cancer
immunotherapy in double tg mice expressing PSA and HLA-DRB1*1501(DR2b). We have
previously shown that HLA-DR2b can present peptides from PSA and support strong PSA-
specific CD4 T cell response (17). We further showed that mice expressing the DR2b tg
demonstrated a significant increase in tumor growth when challenged with TRAMP-PSA,
whereas tumors were rejected at high rate in litter-mates not expressing DR2b tg or in wt B6
mice (17). These latter two strains of mice express native mouse MHC class II (I-Ab) but
this allele does not present PSA peptides, presumably because of lack of appropriate
binding. In this study, we showed that the HLA-DR2b-associated differential tumor growth
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was also seen in mice that express PSA tg as a self-antigen. PSA tg mice rejected TRAMP-
PSA tumors at a rate similar to wt B6 mice despite much lower levels of CD8 T cell
responses to PSA. Similar to the DR2b×B6 F1 model, the growth of implanted TRAMP-
PSA tumor cells in the DR2b×PSA F1 mice occurred only in the presence of the HLA-DR2b
transgene. The data are consistent with a model wherein the effective presentation of the
tumor antigen (PSA) by the MHC class II complex (HLA-DR2b) generated a significant
humoral immune response and a reciprocal suppression of the CD8 T cell response to PSA.
This suppression of the PSA-specific CD8 T cell response to PSA was associated with
progressive growth of TRAMP-PSA. Moreover, tumor growth was significantly accelerated
in double tg DR2b×PSA F1 mice compared to single tg DR2b×B6 F1 mice, presumably due
to the combined negative regulatory effects of HLA-DR2b and the decreased antigenicity of
PSA expressed as a `self' antigen. Although this model is highly stringent in terms of
permissivity to TRAMP-PSA tumor growth, the precise clinical relevance remains to be
more completely defined, as the mechanism responsible for the tumor “permissivity” of the
DR2b allele is currently unclear.

We used the DR2b×PSA F1 model to evaluate the immunogenicity and anti-tumor effect of
the CMV vector platform, a novel persistently replicating vaccine vector that has unique
immunological characteristics suited to its development as a cancer vaccine. Two PSA-
expressing 1 vectors, mCMV/PSAFL and mCMV/PSA65-73, were constructed, and their
immunogenicity was initially tested in PSA tg and DR2b×PSA F1 mice in the absence of
tumor challenge. Both vectors induced low, but comparable levels of IFN-γ+ CD8 T cell
responses against the H2-Db-restricted epitope PSA65-73, as well as against TRAMP-PSA
tumor cells. The levels of CD8 T cell responses were lower at earlier time points (1–16
weeks), but showed a trend towards an increase (inflation) with time (32–64 weeks after
boost immunization). Immunological memory inflation is one of the unique features of
persistent viruses such as CMV, which may make this virus particularly suited for use as a
vaccine delivery platform. Four distinct patterns of memory CD8 T cell responses to chronic
mCMV infection have been described based on the pattern of expansion, contraction and
memory inflation (29). In our experiments, the responses to PSA65-73 showed a pattern
characterized by rapid expansion and contraction followed by a phase of memory inflation.

The low CD8 T cell responses to PSA in the absence of tumor challenge (detectable only by
ELISPOT assay) precluded analysis of phenotype of the PSA-specific T cells induced by
mCMV-based vaccines. However, `inflating' CMV-specific immune responses (for example,
like those directed against the mCMV M38 protein) have been shown to be qualitatively
associated with an `effector memory' T cell (TEM)-biased phenotype (8;29;40), characterized
by T cells with immediate effector functions (i.e., expression of effector cytokines such as
TNFα and type I interferons). These responses are also shifted in their localization toward
effector sites such as spleen, liver and mucosal epithelial tissues (2;22;25;36). In contrast,
transient antigen expression as occurs with rVV and AdV-expressed proteins, induces a
more `central memory' T cell (TCM)-biased response. Although TCM responses have greater
proliferative potential, these cells are shifted away from epithelial tissue effector sites and
are primarily targeted to the central lymphatic tissues. Since TEM cells are biased towards
localization to effector sites such as the spleen, liver and mucosal epithelial tissues
(2;22;25;36), we believe the distribution of the TEM-biased immune responses induced by
CMV may be particularly relevant to the control of epithelioid cancers, such as prostate
cancer. TEM responses are also fully functional without a need for de novo antigen exposure
to induce differentiation into an effector phenotype.

In our experiments, vaccination with a mCMV vector encoding a single H2-Db-restricted
epitope PSA65-73 significantly delayed TRAMP-PSA tumor growth. In contrast, animals
vaccinated with mCMV encoding the full-length PSA protein had progressive tumor growth.
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Animal receiving mCMV/PSA65-73 demonstrated a substantial level of PSA-specific CD8 T
cells following tumor challenge, whereas animals receiving mCMV/PSAFL did not generate
an increased CTL response to PSA. Together, these observations are consistent with a model
in which PSA-specific CD4 T cell activation by APC presenting PSA peptides induces a
response that includes suppression of an effective CD8 T cell response that would otherwise
reject the tumor. One hypothesis for the mechanism of this suppression is the induction of
PSA-specific CD4+ CD25+ regulatory T cells (Tregs) in animals expressing HLA-DR2b. In
this scenario immunogenic epitopes from whole PSA are presented by HLA-DR2b in the
mice receiving the mCMV/PSAFL vaccine. This stimulation of PSA-specific CD4 T cells
generates Tregs, which inhibit the CD8 T cell response to the tumor antigen. This would
explain why the effect is not observed in animals receiving the mCMV/PSA65-73 vaccine, as
the HLA-DR2b-restricted PSA epitopes are not present in this construct. If this hypothesis is
correct, then it implies that the activation or suppressive effect of Tregs in this model is
antigen-specific. There is clear evidence that antigen specific Tregs can be induced in
murine autoimmunity models including EAE (51) and type I diabetes (44). The potential for
involvement of Tregs in this present model is under investigation. Another explanation
could be that the PSA65-73 epitope is not processed and presented from the full length PSA
vaccine, hence animals receiving the mCMV/PSAFL cannot generated an effective CD8 T
cell response to the CTL epitope. Evidence against this explanation is that animals without
tumors develop a modest CD8 T cell response to the PSA65-73 after vaccination with
mCMV/PSAFL, which appears to be sufficient for the tumor control at the earlier time
points, but is not potent enough to cause a significant delay of tumor growth at later time
points.

Although we did not observe a more complete effect on tumor growth, the delay was
statistically significant and reproducible. The TRAMP tumor challenge model is accepted as
an aggressive challenge model, and a complete effect of vaccination on tumor growth has, to
our knowledge, never been demonstrated with any vaccination scheme. The stringency of
this model was increased further by placing PSA as a self-antigen into the tumor-permissive
HLA-DR2b background. We believe that this model is currently the most stringent mouse
prostate cancer model available, most likely with much higher predictive value for the
human disease compared to other PSA-based models. In our tumor model, animals were
vaccinated prior to TRAMP-PSA tumor challenge. Clearly, this is not the clinical scenario in
patients with prostate cancer where the disease is already well-established prior to any
attempt at vaccination. The current data are presented as a `proof of concept' that
recombinant CMV vaccination is able to provide an effective immunological response to a
tumor antigen in a “humanized” mouse tumor model.

The capacity for replication competent CMV to cause disease in immunosuppressed
individuals will be a major hurdle to commercialization of CMV-based cancer vaccines. In
addition, a replication-competent vector has the ability to spread from the initial vaccine
recipient to other members of the population in an uncontrollable fashion. Both of these
concerns, although not insurmountable, would be expected to slow translation of a
promising CMV-based vector into the clinic. Recent studies indicate that replication-
defective versions of CMV maintain their unique immunogenicity in all quantitative and
qualitative aspects (28;33). These findings are promising for the use of CMV vectors in
potentially immunosuppressed populations such as cancer patients. However, many
individuals are already naturally infected with CMV. Hence, we would expect no more
disease potential from a therapeutic CMV than would be observed from reactivation of the
CMV acquired by natural infection in these patients. We hypothesize that the unique
combination of a highly immunogenic and persistent CMV-based vector, combined with
selective targeting of an MHC class I-restricted response to PSA to avoid induction of
tumor-specific suppression, may be able impact tumor growth in the clinical setting.
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However, studies in additional tumor models (both preventative, as in the present study, and
therapeutic) will clearly be needed to determine whether this combination of a CMV-based
vector together with the use of single MHC class I-restricted cancer antigen epitopes is
effective cancer treatment.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Schematic of mCMV/PSAFL and mCMV/PSA65-73vectors
Recombinant vectors were constructed by lambda-based linear recombination using the
pSMfr3 (Smith strain) BAC. A. Vector maps. mCMV/PSAFL: A V5 epitope-tagged full-
length PSA open reading frame (ORF) was placed under control of the EF1α promoter and
inserted into the mCMV genome to replace the m157 gene within the mCMV BAC,
pSMfr3. The PSA ORF consists of the full-length PSA coding region except for the
predicted signal peptide (amino acids 2–24). mCMV/PSA65-73: An H2b -restricted T cell
epitope from PSA (HCIRNKSVI) was fused `in-frame' to the carboxyl terminus of mCMV
ie2 using pSMfr3 deleted for m157 as the genetic background. B. Western blot analysis.
Analysis of PSA expression in cell lysates of MEFs infected with mCMV/PSAFL showing in
vitro expression of the V5-tagged PSAFL at day 6 post-infection compared to wtmCMV.
PSA (top panel) and GAPDH (bottom panel) were visualized using polyclonal rabbit
antibodies against V5 (1:1000) and GAPDH (1:1000).
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Figure 2. The response to TRAMP-PSA tumors in PSA tg mice
A. CD8 T cell responses. PSA tg or wt B6 male mice were inoculated s. c. with TRAMP-
PSA tumors. The responses to the PSA65-73 peptide or control peptide Neo49-59 were
measured two weeks later by IFN-γ ELISPOT assay. Data are presented as mean ± SD of
triplicates (pool of 3 mice per group). * p<0.05; ** p<0.01; *** p<0.001 (unpaired t-test).
Inset: response to concanavalin A (ConA) of PSA tg (PSA+) and wt B6 (PSA-) mice. B.
TRAMP tumorgrowth in PSA tg mice. PSA tg or wt B6 male mice were inoculated s. c.
with either parental TRAMP-C1 or TRAMP-PSA tumor cells. Tumor growth was monitored
for up to 16 weeks. Tumor base area was calculated by measuring two bisecting diameters
of the tumor and multiplying these values. Individual growth curves from a representative
experiment are shown (wt B6 mice, TRAMP-C1 tumors: n=9; wt B6 mice, TRAMP-PSA
tumors: n=9; PSA tg mice, TRAMP-C1 tumor: n=8; PSA tg mice, TRAMP-PSA tumors,
n=8). Absence of TRAMP-PSA tumor growth in PSA tg mice was further confirmed in two
additional independent experiments [13.5% tumor incidence (n=37), data not shown]. C.
TRAMP-PSA tumorgrowth in DR2b+ F1 mice: time-to-event analysis. TRAMP-PSA tumor
cells were inoculated into either DR2b×B6 F1 (n=21) or DR2b×PSA F1 (n=20) male mice.
Time when tumor base area reached 100 mm2 was used as a surrogate end point for the
survival analysis, and calculated by polynomic regression analysis (R-squared values >
0.95). Time-to-event analysis was performed by log rank test using MedCalc software. P
value is shown on the graph. Combined results from two independent experiments are
shown.
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Figure 3. Kinetics of PSA-specific CD8 T cell response to mCMV/PSA 65-73or mCMV/PSAFL
vectors in the absence of tumor challenge
A. PSA tg male mice were immunized with either mCMV/PSA65-73 or mCMV/PSAFL
vectors at 104 PFU/mouse (i. p.) and boosted with the same dose of virus four weeks later.
B. PSA tg or DR2b×PSA F1 male mice were immunized with mCMV/PSA65-73 vector as
described above. Frequencies of PSA65-73 peptide-specific T cells were measured by IFN-γ
ELISPOT at indicated time points after boost immunization, the responses to peptide
Neo49-59 served as negative controls. Data are means ± SE (following subtraction of
background in the absence of antigen, 3–6 mice per group). Responses from individual mice
are shown in Supplemental Figure 1 (see Supplemental Digital Content 2). Comparison
between groups was performed using Mann-Whitney U-test and showed no statistical
significance at P<0.05.
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Figure 4. Effect of immunization with mCMV vectors on TRAMP-PSA tumor growth
DR2b×PSA F1 male mice were immunized with mCMV/PSA65-73, mCMV/PSAFL, or
Δm157 (wt) mCMV as described in Figure 3.A-D: TRAMP-PSA tumor cells were
inoculated s. c. four weeks after boost immunization; E-F: TRAMP-PSA tumor cells were
inoculated s. c. thirty-two weeks after boost immunization. Left panels (A, C, E) depict
changes in the tumor base area. Tumor base area was calculated by measuring two bisecting
diameters of the tumor and multiplying these values. Data are means ± SE. Differences
between PSA expressing mCMV vector(s) and control wt mCMV vector were analyzed for
each time point using a two-sided Student t-test (* p<0.05; ** p<0.01). Right panels (B, D,
F) represent time-to-event (surrogate survival) analyses for the same experiments. Tumor
growth (time to tumor base area of 100 mm2) was analyzed by log rank test using MedCalc
software, p values are shown on the graphs (in B, p value is shown for “mCMV/PSA65-73”
group compared to “wt mCMV” group). Median time-to-event and group size are shown
under corresponding panels.
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Figure 5. TRAMP-PSA tumor challenge results in significant differences in PSA-specific CD8 T
cellresponses between mCMV/PSA65-73 and mCMV/PSAFL immunized mice
DR2b×PSA F1 male mice were immunized with mCMV/PSA65-73, mCMV/PSAFL or
Δm157 (wt) mCMV constructs as described in Figure 3. Mice were inoculated with
TRAMP-PSA tumor cells 4 weeks after the boost immunization. Splenocytes were
harvested either two weeks before or two weeks after tumor challenge. ICS was performed
after 16–18 hr of incubation with either the peptide PSA65-73 or mCMV epitope M38316-323,
both in the presence of Brefeldin A. Frequencies of total IFN-γ -producing CD8 T cells in
response to peptides PSA65-73 (A) or M38316-323 (B) are shown for CD8+ gated events for
individual mice with background values in the absence of antigen subtracted. Comparison
between groups was performed using Mann-Whitney U-test; horizontal lines indicate
medians, and p values are shown (ns - not significant). Combined results from two
independent experiments are shown (nt - not tested). In (B), only the responses following
TRAMP-PSA tumor challenge are shown. No statistically significant differences were
observed between the groups in response to M38316-323 before tumor inoculation (data not
shown). Responses from typical individual mice are shown in Supplemental Figure 2 (see
Supplemental Digital Content 3).
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