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ABSTRACT
Elizabeth Joy Akins
CHARACTERIZING CHANGES IN T CELL COMPOSITION AND FUNCTION
WITHIN PROSTATE TUMORS FOLLOWING ANDROGEN ABLATION
AND NON-INVASIVE IMAGING OF ANTI-TUMOR IMMUNE RESPONSES
Dissertation under the direction of
Purnima Dubey, Ph.D., Assistant Professor of Pathology

Prostate cancer is the second leading cause of cancer deaths in American
men and accounts for approximately 25% of all new cancer diagnoses. Currently,
there is no effective therapy for the androgen independent disease that inevitably
arises following androgen ablation therapy. The goal of cancer immunotherapy
is to use the cells of the immune system to eradicate tumors.

This is an

especially attractive option for the treatment of androgen independent prostate
cancer because as an immunogenic, non-vital organ, collateral prostate tissue
damage is not life threatening. We set out to characterize the prostate infiltrating
lymphocytes following androgen ablation as well as at later time points using
standard immunohistochemical techniques.

This method allowed us to

determine not only localization of cells to the organ, but also whether the cells
gain access to the tumor epithelium.

While IHC is a very useful tool, we

recognize the value of having an instantaneous and responsive means of
monitoring the dynamic nature of immune responses. Molecular imaging is a
method of detecting cells or cellular processes non-invasively within whole, living
animals. This methodology has the potential to contribute significantly to the
xii

study of immunotherapy in preclinical models as well as in patients. Here we not
only characterize the T cell localization and function in PTEN knockout prostate
tumors, but also demonstrate the usefulness and feasibility of using molecular
imaging as a tool to complement in vitro and ex vivo analysis of anti-tumor
immune responses.
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Chapter I

Introduction

A portion of the following chapter is part of a manuscript which was published in
The Journal of Nuclear Medicine, and is reprinted with permission. Stylistic
variations are due to the requirements of the journal. E. Akins and P. Dubey
prepared the manuscript.
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The goal of cancer immunotherapy is to use the cells of the immune
system to eradicate tumors.

This is an especially attractive option for the

treatment of androgen independent prostate cancer for which there is currently
no effective therapy.

However, the consequences of previous and concurrent

hormonal therapy on the effectiveness of such treatment options remain to be
elucidated.

Therefore, we set out to characterize the lymphocyte infiltrate

following androgen ablation.

This was accomplished by performing standard

immunohistochemical techniques on tissues excised at various stages of
androgen independent disease. Using this method, we were able to determine
the number, proportion, and functional capacity of T cells within the prostate.
Because of the dynamic nature of immune responses, an instantaneous
and responsive means of monitoring immune status is desirable.

Molecular

imaging has the potential to contribute significantly to the study of
immunotherapy in preclinical models as well as in patients. Therefore, we sought
to use molecular imaging to study antitumor responses in mouse models of
cancer, including prostate cancer. The following introductory section will provide
the background necessary to understand the various degrees of prostate
pathology, how the immune system functions, the basic principles of tumor
immunology, and how the technique of molecular imaging can enhance cancer
immunotherapy studies. These topics will provide the rationale for my work and
reveal its importance in the field of prostate tumor immunotherapy.
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Prostate Anatomy
The prostate gland is an accessory male sex organ located in the pelvis
between the external sphincter and the bladder and seminal vesicles (Myers,
2002). Development of the prostate begins in fetal life and continues through the
onset of puberty.

The urogenital sinus gives rise to the prostate gland with

organogenesis beginning at about 17.5 days of gestation in mice (Staack et al.,
2003). The initiation of prostate development is dependent on circulating
androgens, which are produced by the testes of the fetus.

Significantly,

dihydrotestosterone (DHT), a metabolite of testosterone, is necessary for the
development and function of the mature prostate (Marker et al., 2003). For this
reason ablation of testosterone secretion by any means inhibits the ability of
prostate cells to grow and thrive. This is the basis for endocrine treatment of
prostate tumors.
Both the human and mouse prostate contain three major cell types:
secretory epithelial, basal epithelial and stromal smooth muscle cells.

Less

common neuroendocrine cells are also present (Roy-Burman et al., 2004). The
human prostate is organized into a compact structure roughly the size a walnut
(Fig. 1A). It is surrounded by a fibrous capsule and is comprised of three zones:
peripheral (PZ), central (CZ), and transitional (TZ). In contrast to the human
gland, the mouse prostate is organized into four paired lobes (Fig. 1B). The
mouse anterior prostate (AP) is analogous to the human CZ. The dorsal and
lateral prostates commonly referred to as dorsolateral (DLP), corresponds to the
3

Figure 1: Human and Mouse Prostate Anatomy. (A) Human prostate
(adapted from Roy-Burman et al., 2004) and (B) mouse prostate anatomy
(adapted from Cunha et al., 1987)) are shown. (C) H&E staining of biopsy tissue
specimens of (i) normal, (ii) BPH, (iii) PIN, and (iv) adenocarcinoma of the
prostate (adapted from Singh et al., 2006).

4

human PZ. The ventral prostate (VP) has no analogous human zone and the TZ
has no counterpart in the mouse. Because the majority of prostate cancers arise
in the human PZ, mouse models target tumorigenesis to the DLP (Roy-Burman
et al., 2004).
Even though spontaneous prostate cancer is rare in the mouse, this
species has been used extensively as a model in the study of normal prostate
and prostate pathologies. The similarities mentioned above make the mouse a
good model for human prostate disease.

New methods of manipulating the

mouse genome have facilitated the development of a number of models that
recapitulate the various stages of prostate pathology, which are described below.
Prostate Pathology
There are several different types of prostate pathology with varying
morbidity and mortality. Prostatitis, or inflammation of the prostate, is extremely
common. It affects even young men and can be acute or chronic (Haverkamp et
al., 2008).

Benign prostatic hyperplasia (BPH) is another common prostate

disorder characterized by nodules in the prostate gland which can lead to many
lower urinary tract symptoms (Edwards, 2008). Prostatic intraepithelial neoplasia
(PIN) is considered a precancerous lesion and is often a predictor of invasive
adenocarcinoma (Ayala and Ro, 2007). Finally, invasive adenocarcinoma with or
without metastasis can be androgen dependent or androgen independent
(Damber and Aus, 2008). Any or all of these pathological stages may be present
within a single tumor demonstrating the extremely heterogeneous nature of
5

prostate cancer.
Prostatitis. Inflammation of the prostate or prostatitis can be acute or chronic.
Acute prostatitis is caused by infection, while the etiology of chronic prostatitis is
most often unknown.

Significantly, there is increasing evidence that chronic

inflammation may play a role in carcinogenesis of the prostate as well as other
organs (Haverkamp et al., 2008). While studies showing a causal relationship
between prostate inflammation and prostate cancer are lacking, correlations of
proinflammatory cytokines, chemokines and matrix metalloproteinases with
prostate cancer have been observed (Haverkamp et al., 2008). Furthermore,
clinical studies have shown that men diagnosed with prostatitis are more likely to
develop adenocarcinoma within 5 years than those with no history of prostate
inflammation (Haverkamp et al., 2008). For this reason the presence, as well as
the causes, of prostatitis are of importance in the study of prostate cancer.
Benign Prostatic Hyperplasia. Benign prostatic hyperplasia (BPH) is a common
ailment of elderly men. It has been reported that as many has 90% of men in
their seventies suffer from BPH. Typically, BPH is diagnosed based on lower
urinary tract difficulties.

Common treatments for BPH include watchful waiting,

α-blockers, and 5-α reductase inhibitors. If the condition is severe, and medical
treatment fails to ameliorate symptoms, transurethral resection of the prostate
(TURP) may be an option (Edwards, 2008).
Prostatic intraepithelial neoplasia.

Prostatic intraepithelial neoplasia (PIN) is

defined as cellular enhancement of normal glandular structure accompanied by
6

cytological atypia in individual cells. PIN can be classified as either low grade
(LGPIN) or high grade (HGPIN). A diagnosis of HGPIN is a strong predictor of
the presence of carcinoma, with cancer being found in about one-third of cases.
In fact, a retrospective study showed that in patients having 4 or more biopsy
cores containing HGPIN, there was a 75% chance of finding invasive
adenocarcinoma on re-biopsy (Ayala and Ro, 2007).

In addition to studies

showing co-localization of HGPIN and adenocarcinoma, studies have also
identified gene modifications common to HGPIN and low grade prostate cancer,
supporting the notion that there is a transition from PIN to invasive cancer
(Ashida et al., 2004). For these reasons, PIN is considered to be a precancerous
lesion of the prostate.
Invasive adenocarcinoma.

Prostate cancer is the second leading cause of

cancer deaths in American men (Jemal et al., 2008). Prostate adenocarcinoma
accounts for approximately 25% of all new cancer diagnoses among American
men. Prostate cancer is detected by digital rectal examination of the prostate
(Smith et al., 2003) and diagnosis is based on histological and pathological
examination of prostate tissue obtained by several needle biopsies (Damber and
Aus, 2008).

Figure 1C shows sample H&E stained tissue sections from

prostates with different pathology grades. Again, it is important to note that all of
these histological types may be present within a single tumor.
Once prostate cancer has been diagnosed, the determination of the tumor
grade is made according to the Gleason system. The Gleason grading system is
based on the patterns of histology present in tissue sections stained with
7

standard H&E. The two most prevalent patterns are given a score between 1
and 5. These two scores are subsequently added to give the Gleason score.
Lower scores are given to better differentiated, less aggressive tumors and
higher scores to less differentiated, more aggressive tumors. The Gleason score
is perhaps the most powerful predictor of patient outcome with high Gleason
score indicating a poor prognosis and lower scores indicating better prognosis
(Humphrey, 2004). In contrast to the human prostate cancer grading system,
rodent cancer is often assigned a grade based on the level of tissue
differentiation.

Using this system, tumors are assigned a grade of well-

differentiated, moderately differentiated, or poorly differentiated (Gingrich et al.,
1997).
Since 1986, serum prostate specific antigen (PSA) has been used as a
screening method for prostate cancer (approved for use in 1994). PSA is a
serine protease in the kallikrein family that liquefies semen within the prostate.
However, in various states of pathology, including prostate cancer, PSA is
instead released from the prostate into the blood where its concentration can
increase by as much as 105 fold.

Men found to have PSA levels ≥4ng/ml are

then submitted for further testing. This fast, easy, inexpensive screening for
prostate cancer has resulted in a significant increase in the apparent incidence of
prostate cancer in the United States. Additionally, grade migration has occurred
with more cancers being detected and diagnosed with lower grade (Lilja et al.,
2008). One recent study showed that between 1999 and 2003 the vast majority
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of patients were diagnosed with moderately differentiated tumors as opposed to
more severe poorly differentiated tumors (Jani et al., 2008).
Despite the migration of prostate cancer stage over the past 20 years,
many American men still die of prostate cancer every year (Jemal et al., 2008).
Furthermore, while more men are diagnosed with less severe disease, survival
for those who develop severe disease remains low.

Even locally advanced

disease is quite treatable. However, progression to androgen independent and
metastatic disease continues to most often be fatal (Berry et al., 1979).
Disease progression is often inferred if PSA levels remain elevated
following prostatectomy. Subsequent PSA rise also leads to suspicion of disease
recurrence. Once metastatic disease develops, it is commonly 5 years or less
before the patient succumbs to disease. Prostate cancer commonly metastasizes
to the bone in patients who die of this disease (McMurtry and McMurtry, 2003). It
is important to note that this aspect of prostate cancer progression has yet to be
recapitulated in genetic mouse models of prostate cancer.
Transformation of the surrounding stroma is common for epithelial cancers
including prostate.

The changes that take place lead to the emergence of

reactive stroma. Tumor reactive stroma can enhance the ability of cancer to
invade and metastasize.

In prostate cancer the tumor reactive stroma is

characterized by increased myofibroblasts and fibroblasts as well as the loss of
smooth muscle cells. These changes can make the prostate microenvironment
more permissive for immune evasion strategies or adaptation to hormone
9

depletion.

Crosstalk between epithelium and stroma causes modifications in

both compartments. Changes in extracellular matrix, and the expression of TGFβ, and various angiogenic growth factors can all impact the development of
reactive stroma (Niu and Xia, 2009).
Androgen Independent Disease.

Androgen deprivation/ablation is a common

therapy for advanced prostate cancer. Androgen ablation can be achieved by
surgical castration (bilateral orchiectomy), or, more commonly, medical castration
by treatment with estrogens, anti-androgens and gonadotropin-releasing
hormone analogs. Deprivation of androgens by any of these means results in
apoptosis of androgen responsive benign and malignant prostate cells
(Tammela, 2004). While hormonal therapy is the gold standard for the treatment
of locally advanced and metastatic disease, it is rarely curative because
androgen independent disease arises (Weeranranta and Isaacs, 2002).
The mechanisms underlying the transition to androgen independent
prostate cancer are under intense study. One controversy that remains is
whether there is a pre-existing population of androgen independent cells in the
prostate or whether these cells arise as a result of the selective pressure of
castration due to the resulting decrease in levels of testosterone. There are
several mechanisms that have been implicated in the acquisition of androgen
independent growth. First, the androgen receptor may be over-expressed or
amplified at the genomic level. On the other hand, mutations within the androgen
receptor gene may allow the receptor to respond to lower levels of androgen or
10

alternative ligands. Constitutive activation of AR through proteolytic cleavage is
also a proposed mechanism. Regardless of the exact mechanism, the end result
is that prostate maintains AR dependent signaling and transcriptional activation
in the absence of DHT. In other cases, the local production of androgens by
prostate cells can compensate for the systemic testosterone reduction.

Altered

co-activator or co-repressor expression may also play a role in the progression to
androgen independent disease (McPhaul, 2008).
Of particular relevance to the studies we will describe in chapter 2, the
PTEN tumor suppressor gene has been repeatedly implicated in the progression
of prostate cancer to androgen independence. Analysis of tissue microarrays
prepared from androgen independent prostate cancer biopsy and autopsy
samples revealed reduced or absent PTEN protein (Bertram et al., 2006).
Experiments performed in mice bearing Shionogi tumors reveal that knock-down
of PTEN shortened the latency period prior to recurrence of androgen
independent disease. The Shionogi cell line is initially androgen dependent, and
regresses upon castration. However, after a brief period of latency, the tumor
reproducibly recurs about 1 month later.

The in vivo knock-down of PTEN in

Shionogi tumor bearing mice led to delayed regression and more rapid relapse of
these tumors (Bertram et al., 2006). In the PTEN null, androgen dependent C4-2
cell line (a derivative of the LNCap cell line) doxycycline induction of PTEN
increased growth inhibition upon androgen deprivation (Wu et al., 2006). In other
words, forcible expression of PTEN decreased androgen independent cell growth
suggesting a role for PTEN loss in progression to androgen independence.
11

Studies using the Nkx3.1; Pten mutant mice which develop PIN and
adenocarcinoma of the prostate demonstrated robust proliferation early after
castration and retention of PIN and/or invasive cancer later.

Furthermore,

Nkx3.1 wild-type, but not PTEN sufficient mice exhibited this phenotype
suggesting that loss of one PTEN allele is sufficient for acquisition of androgen
independence in vivo (Gao et al., 2006).
The mouse model used for our studies is a prostate-specific knockout of
PTEN(Wang et al., 2003a) and will be described in further detail in chapter 2.
The role of the PTEN/phospho-AKT axis in the loss of androgen dependence
together with the described characteristics of this model make it ideal for the
study of androgen independent prostate cancer.
The mechanism responsible for the emergence of androgen independent
prostate cancer remains to be elucidated. However, once androgen independent
disease develops, only palliative care is available.

These options currently

include secondary hormonal manipulations, bisphosphonates, external beam
radiotherapy, intravenous radioisotopes, and chemotherapy (Garmey et al.,
2008).

Even with this arsenal of treatments, survival after progression to

androgen independent disease is low.

For this reason, development of new

treatment modalities, such as immunotherapy, is of paramount importance.

12

Immune System Review
Immunotherapy aims to mobilize the immune system to eradicate
malignant cells without damage to normal tissue. In order to understand the
ideas governing tumor immunotherapy, it is first necessary to have a basic
knowledge of the immune system, its functions and characteristics, and how the
interplay between tumors and immune cells takes place. Below is a brief review
of the basic concepts necessary to understanding tumor immunology.
The immune system consists of two arms: innate and adaptive. The innate
immune system is comprised of cells which use pattern recognition receptors to
distinguish self from non-self (Medzhitov and Janeway, Jr., 2000).

Innate

immune cells are not antigen specific. In spite of this, innate immune cells can
play a role in anti-tumor immunity both as positive and negative regulators.
Natural killer cells, for instance, have been implicated as effector cells in a variety
of anti-tumor immune responses (Malmberg et al., 2008). In contrast, myeloid
derived suppressor cells (MDSCs) can inhibit anti tumor immune responses
(Talmadge, 2007).
The dendritic cell (DC) is at the interface of innate and adaptive immunity.
These cells are critical to the initiation of effective immune responses to tumors
as they are the most potent stimulators of T cell responses (Bousso, 2008). In
addition to initiating effective anti-tumor immune responses, under certain
circumstances DCs may initiate immune suppression by triggering tolerance
either directly or through intermediaries (Yamazaki and Steinman, 2009).
13

In

most known tumor systems an effective anti-tumor immune response requires
the adaptive immune system, and in particular T lymphocytes.
Thymus derived lymphocytes, or T cells, express one of two co-receptors
on their cell surface: CD4 or CD8 (Paul, 2003). These two types of T cells
coexist in the peripheral immune system and serve different, complementary
functions. CD8+ T cells recognize small peptide antigens presented by major
histocompatibility class I (MHC-I) molecules expressed on the surface of all
nucleated cells. CD4+ T cells recognize small peptide antigens presented by
MHC-II molecules. Once a T cell detects a cell expressing the antigen for which it
is specific, that T cell becomes activated.
Optimal activation of a T cell requires the receipt of three signals (Paul,
2003). First, the T cell receptor detects its cognate peptide presented by MHC-I
or MHC-II (signal 1). The T cell also requires the engagement of other cell
surface receptors, a process termed co-stimulation (signal 2). These receptors
transmit intracellular signals that contribute to the full activation of the T cell.
Lastly, the T cell needs to encounter the proper cytokine environment (signal 3).
Once all three of these signals are received, the T cell undergoes several rounds
of proliferation and begins producing effector molecules.
While cells of the innate immune system generally only distinguish
between self and non-self, the adaptive immune cells are more discriminating.
As these cells develop in the thymus, a very intricate process of somatic gene
rearrangement and selection takes place (Heinonen and Perreault, 2008). By a
14

sequence of random gene splicing events, an enormous repertoire of T cell
receptors is generated, each recognizing a different small peptide antigen/MHC
complex. Because this is a random process, some of the resulting T cells can
react with antigens normally expressed by the host.
The persistence of these cells and their exit into the periphery can have
very deleterious consequences as evidenced by the various autoimmune
diseases mediated by T cells (Sinha et al., 1990).

Fortunately, most auto-

reactive T cells die in the thymus and do not go on to have negative effects. T
cells strongly reactive to self proteins are deleted in the thymus through the
process of selection (Hogquist et al., 2005). This is referred to as central
tolerance. In instances in which this central tolerance allows the survival of autoreactive cells, there is a second level of protection for the host.
T cells which reach the periphery having some level of affinity for self
antigens can be held in check by several mechanisms collectively referred to as
peripheral tolerance (Walker and Abbas, 2002; Finn, 2008). One mechanism is
physical separation from antigen as is the case for immune privileged sites.
Another is the induction of anergy by antigen encounter on self peptide/MHC
complexes without proper co-stimulation (signal 1, but not signal 2). Additionally,
auto-reactive T cells may be held in check by regulatory T cells (Tregs). This
method is described in further detail below.
The majority of CD4+ T cells fall into the category of helper cells (Bevan,
2004). Once they gain effector function, CD4+ T cells secrete cytokines which
15

help to shape the immune response. T helper 1 (Th1) cells activate macrophages
and support CD8+ T cell responses through the production of IFN-γ. The Th1
response is thought to be important for anti-tumor immunity. T helper 2 (Th2) cells
elicit an antibody or humoral response and are thought to suppress anti-tumor
immunity. In addition to these classic helper T cell subsets, there are two more
recently described subsets of CD4 cells.

T helper 17 cells (Th 17) are

distinguished by their secretion of IL-17 upon stimulation (Chen and O'Shea,
2008) and play a prominent role in autoimmunity (Jin et al., 2008). The final
subset of CD4+ cells is Tregs which in contrast to the other types have an
inhibitory role in immune responses.
Regulatory T cells account for 1-5% of the total CD4+ population (Vignali
et al., 2008).

These cells can be easily identified in the mouse by their

expression of the transcription factor FoxP3 and constitutive expression of the
high affinity IL-2 receptor, CD25. In contrast to the T helper cell subsets, these
lymphocytes are negative regulators of immune function. Tregs prevent
autoimmunity by suppressing self-reactive T cells in the periphery.

Contact

dependent mechanisms of suppression by regulatory T cells include ligation of T
cell surface receptors such as CTLA-4 (von Boehmer, 2005), and direct killing of
effector cells (Gondek et al., 2005). Contact independent mechanisms include
secretion of cytokines such as TGF-β and IL-10 which hamper effector function in
vivo (von Boehmer, 2005) and sequestration of IL-2 (Malek and Bayer, 2004). In
addition to their function in preventing autoimmunity, they are also integral to
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maintaining normal immunity because they down-modulate effector cells at the
completion of a normal immune response (Vignali et al., 2008).
Even during the early study of tumor immunology, it was appreciated that
not all T cells are created equal. Long before the existence of regulatory T cells
was confirmed, it was observed that some cells likely have anti-tumor effects
while others support tumor growth. In fact, even very early studies showed that
tumor rejection by transfer of cells immune to a tumor were more effective when
the tumor-bearing host lacked its own T cells (Berendt and North, 1980). This
suggested that a population of host derived T cells can facilitate persistent tumor
growth. Now that FoxP3+ Tregs have been identified and characterized, many
animal models of cancer as well as clinical studies have confirmed those early
findings (Qin, 2009).
In mouse models, Tregs have been shown to be very abundant in prostate
tumors. Even in HGPIN, Tregs constitute a larger percentage of CD4+ cells than
in normal prostates (Tien et al., 2005). In patients with prostate cancer, it has
been demonstrated that Tregs are overrepresented. These patients had more
Tregs in the neoplastic tissue than in benign tissue from the same prostate.
Additionally the blood of prostate cancer patients contained a greater proportion
of Tregs. Further, in vitro assays have demonstrated chemo-attractant properties
of supernatants from tumor samples mediated by CCL22, a chemokine which
attracts Tregs (Miller et al., 2006). Not only is the presence of Tregs increased in
prostate cancer patients, but these Tregs have increased suppressive activity
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when compared to those of healthy controls (Yokokawa et al., 2008). Also, the
overall CD4+ population within the prostate was found to have a greater
proportion of Tregs than the peripheral blood of the same patients (Sfanos et al.,
2008). Another study utilizing fresh tumor tissue corroborated the increase in
Treg proportion and also identified a subpopulation of CD8 + cells with regulatory
function (Kiniwa et al., 2007). Therefore, it would seem that maintenance and/or
generation of Tregs is integral to prostate tumor development and progression.
The mechanism for Treg upregulation in prostate cancer is unclear. However,
Tregs co-localized with hypoxia inducible factor (HIF)-2α in an analysis of
prostate tissue microarrays (Fox et al., 2007).

Interestingly, hypoxia is

significantly decreased upon androgen ablation (Milosevic et al., 2007).
Therefore perturbations in prostate tumor oxygenation could provide a
mechanism of regulating in situ Treg numbers following androgen ablation
therapy.
Beyond clearance of antigen, a portion of the antigen specific T cells
remain. These cells become memory cells which are maintained in the absence
of antigen (Perret and Ronchese, 2008). Upon secondary exposure to the same
antigen, memory cells mount a much more rapid and robust response. In the
context of immunotherapy, generation of immunological memory would be
beneficial because if metastasis were to develop, these memory cells could
quickly be deployed to eradicate them.
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Tumor Immunology and Immunotherapy
The exquisite capability of adaptive immune cells to discriminate between
antigens is the basis of tumor immunology.

The antigenicity of tumors was

established based on the ability of mice to withstand a tumor challenge after preexposure to that tumor or its components (Vaage, 1971; Bystryn, 1978). Over the
past several decades, a vast literature has been established identifying antigens
that are specifically or preferentially associated with tumors (Van den Eynde and
Boon, 1997) . The cancer/testis antigens are good target antigens because they
are generally only expressed by tumors, the testes or during embryonic
development but not in other adult tissues. Thus, these antigens may or may not
be regarded as self. However, this represents a limited number of antigens with
relevance for a limited number of malignancies (Scanlan et al., 2002).
The majority of tumor associated antigens identified to date fall into the
category of self or altered self proteins. These antigens are targeted on the basis
of tissue restriction or overexpression on malignant versus normal tissues. In
cases where the antigen is truly a self protein, the responsive T cells are subject
to the same mechanisms of tolerance described above. As a result, responses
are largely ineffective (Finn, 2008). However, in cases where mutations result in
antigens unique to the tumor and not naturally found in the host, generation of
anti-tumor immunity is more effective. This type of antigen is often unique to the
particular tumor in that individual. In clinical immunotherapy studies, several
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prostate associated antigens have been targeted for T cell recognition. Among
these are PSA, PSMA, PAP, PSCA and KLK4 (Harada et al., 2003).
The field of tumor immunology began in 1909 with the assertion by Ehrlich
that one of the normal functions of the immune system is to destroy nascent
transformed cells thus protecting the host from developing cancer. However, in
the early twentieth century, fairly rudimentary immunological methods prohibited
rigorous investigation of this hypothesis. However, with the development of new
immunological techniques and the establishment of inbred mouse models,
investigation into this area was rekindled.
By the 1950s, the ideas of Ehrlich were reintroduced as the theory of
immune surveillance by Burnet and Thomas. Around the same time, the first
demonstration of tumor immunogenicity was reported by several labs (FOLEY,
1953; PREHN and MAIN, 1957). Those early studies were conducted by
challenging mice with chemically induced transplantable tumors following the
resection of a tumor of the same type. The results of these studies demonstrated
definitively that exposure to a fully syngeneic tumor could provide protection
against future inoculations. Additionally it was determined that there was no
cross protection against different tumors even if they were of the same general
type demonstrating that tumor antigens are specific for individual tumors and not
shared between tumors of the same types (Basombrio, 1970). Not long after this,
it was demonstrated that immunity to a particular tumor could be conferred by
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adoptive transfer of lymphocytes. These studies provided legitimacy to the study
of tumor immunology.
Controversy remained in the field, however, due in part to the initial
inability to reproduce tumor resistance seen in chemical and virally induced
cancer in cases of spontaneously arising tumors. Additionally, studies in athymic
mice (which lack T cells) did not show increased susceptibility to tumor
development. The advent of inbred mice alleviated much of this controversy.
While the field remained in turmoil for some time following its introduction, the
concept has now been accepted and has given rise to intense laboratory and
clinical investigation in an effort to combat cancer by harnessing the power of the
immune system.
Several studies conducted in the past decade have demonstrated the
importance of immune surveillance in the control of tumor growth.

In these

studies, a role for Th1 immunity was found to be crucial for the restraint of tumor
growth.

Mice with IFN-γ defects, for instance, are more susceptible to

tumorigenesis by MCA exposure or by inactivation of the tumor suppressor p53
(Kaplan et al., 1998).

Furthermore, RAG knockout mice

(which lack

lymphocytes) and RAG knockout/IFN deficient mice are more susceptible to
MCA induced and spontaneously arising tumors than wild type mice of the same
genetic background (Shankaran et al., 2001). Thus it was demonstrated that
IFN-γ is critical to anti-tumor immune responses. Furthermore, because there is
no additive effect of lymphocyte and IFN-γ knockout, the IFN effects are likely
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mediated in large part by the effect of IFN on host lymphocytes. These data
have been validated by clinical studies demonstrating the interplay of immune
function and cancer development.

One such study showed that patients

subjected to long term immunosuppression subsequent to organ transplantation
had a much higher rate of cancer diagnosis than the general population
(Roithmaier et al., 2007). In another study, cancer risk was correlated to natural
levels of cytotoxicity as determined by in vitro cytotoxicity assays (Imai et al.,
2000). Additionally, seminoma and renal cell carcinoma occur with increased
prevalence in patients who are immunocompromised due to HIV infection
(Silberstein et al., 2009). Observations such as these support a role for the
immune system in the prevention of neoplasms.
As the recognition of the role of the immune system in tumorigenesis has
increased, so too has the appreciation of immune suppression by the tumor.
The suppression of antitumor immunity can be attributed to mechanisms
mediated both by the tumor itself as well as cells recruited to the tumor
microenvironment. Significantly, tumor bearing mice are resistant to challenge
with the same tumor at a distant site. This anti-tumor immunity concurrent with
progressive growth of the primary tumor was termed concomitant immunity.
As investigation into this phenomenon was expanded, studies showed that
while true shortly after tumor initiation, hosts bearing large, progressively growing
primary tumors are no longer able to resist secondary challenge of the same
tumor (Vaage, 1973; Chandradasa, 1973). This effect was reversible; shortly
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after the resection of the primary tumor, resistance to tumor challenge was
restored.
Thus, while immune function is hindered within the tumor, the same
antigens encountered elsewhere are able to elicit anti-tumor effects.

This

emphasizes the suppressive nature of the tumor milieu. A tumor is also
suppressive to T cells not residing within the tumor. Additional studies showed
that adoptively transferred lymphocytes from tumor bearing mice conferred
attenuated resistance as compared to lymphocytes derived from hosts which
were immune to the tumor, but not bearing the tumors. (Old et al., 1962).
The failure to reject the established primary tumor even in the presence of
immune cells capable of doing so has led to intense investigation of the methods
of immune suppression employed by tumors. Early studies demonstrated that in
some models regulatory T cells were responsible for the continued growth of
immunogenic tumors. Adoptively transferred immune T cells were only effective
in reducing tumor burden in immunocompromised mice which lacked T cells.
Under these conditions the activated T cells were able to cause regression of
established tumors. T cells from immuno-competent tumor bearing mice were
able to reverse this effect (Berendt and North, 1980).
In recent years, the idea of immune surveillance has been expanded to
integrate immune subversion and outgrowth of overt tumor.

The theory of

immunoediting posits that the interaction of the host immune system with
malignant cells occurs in three discrete phases.
23

First, the tumor cells are

recognized by the immune system and removed if possible. Any tumor cells not
eliminated go on to exist in an equilibrium state with the immune system. During
this equilibrium, continued assault by the immune system can causes the
outgrowth of poorly immunogenic variants which eventually go on to escape the
effects of anti-tumor immunity altogether, leading to clinically evident disease
(Dunn et al., 2004).
Studies in mice and humans strongly support the existence of immune
surveillance. Evidence also exists for the ability of the immune system to shape
the immunogenicity of the tumor that eventually grows. Tumors derived from
immune deficient mice are more readily rejected than those from immune
competent mice indicating that tumor development in the context of an intact
immune system results in tumors less able to elicit a productive immune
response (Shankaran et al., 2001). More recently, evidence of the equilibrium
state was provided in a study of mice treated with the carcinogen MCA (Koebel
et al., 2007). In this study, mice with no detectable tumors were depleted of
immune components at late time points when new development of tumors is rare.
Inhibition of adaptive immunity at this time induced the formation of progressively
growing tumors which were presumably stable, pre-existing, undetectable
masses of cells previously held in check by the host immune system.
Harnessing the principles of tumor immunology for the immunotherapy of
prostate cancer is an attractive option for advanced and metastatic disease.
Significantly, the prostate is not a vital organ; therefore destruction of normal
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tissue as the anti-tumor response ensues is not a threat to survival. Additionally,
while the prostate was once thought to be an immune privileged site (McNeel
and Malkovsky, 2005), human studies have confirmed the presence of tumor
reactive T cells and antibodies in patients with prostatitis and prostate cancer
(Alexander et al., 1997; McNeel et al., 2001; Chakraborty et al., 2003; McNeel et
al., 2000). Furthermore, the degree of lymphocyte infiltration of tumors is
associated with the clinical outcome of prostate cancer; decreased density or
absence of tumor infiltrating lymphocytes within prostate tumors is indicative of
very poor prognosis (Vesalainen et al., 1994; McArdle et al., 2004). Additionally,
tumor infiltrating T cells in prostate cancer have been shown to express high
levels of IFN-γ and Fas-ligand when compared with lymphocytes associated with
benign hyperplasia, suggesting activated T cells are recruited to neoplastic
prostate tissue (Elsasser-Beile et al., 2000). These data support the validity of
investigating immunotherapy for the treatment of prostate cancer and preclinical
studies of prostate tumor immunotherapy have had varying results.
Several studies of tumor cell based vaccines have used strategies which
engineer the tumor cells to express cytokines or chemokines to enhance vaccine
efficacy.

For instance, IL-12 expression has been explored for its ability to

increase tumor infiltration by lymphocytes as well as survival. Introduction of IL12 expressing bone marrow cells into tumor bearing mice resulted in increased
tumor infiltration by both CD4+ and CD8+ lymphocytes, decreased tumor burden
and increased lytic capacity of NK cells and CTL. However survival benefit was
minimal compared to controls (Wang et al., 2007). IL-12 expression within the
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BMA orthotopic prostate tumor led to suppression of tumor growth as well (Saika
et al., 2006). Additionally, vaccination with the TRAMP-C2 tumor cell line resulted
in splenocytes which effectively reduced tumor burden and prevented
spontaneous metastasis to the lung when adoptively transferred into tumor
bearing mice (Nikitina et al., 2005). This effect was dependent on T cells (Saika
et al., 2006). While IL-12 alone was not sufficient to increase survival in these
studies, its effects were further enhanced by co-expression of the co-stimulatory
molecule B7 (Nikitina et al., 2005). Splenocytes harvested from mice vaccinated
with tumor cells expressing B7 in addition to IL-12

enhanced metastasis

prevention (Nikitina et al., 2005) and survival (Saika et al., 2006).
Growth factors have also provided a benefit to immunization strategies.
For instance, subcutaneous injection of Flt-3L into mice bearing orthotopically
placed TRAMP-C1P3 cells resulted in increased infiltration of all cell types into
the tumor, reduced tumor incidence, and increased overall survival (Ciavarra et
al., 2004). Furthermore, the inclusion of the growth factor GMSCF enhanced the
response to a TRAMP-C1/C2 tumor cell vaccine (Hurwitz et al., 2000).
Another mode of immunization is genetic vaccine.

Treatment with an

mRNA based vaccination, when combined with GMSCF, led to the inhibition of
TRAMP tumor growth only if mice received prior adoptive transfer of splenocytes
from non tumor bearing littermates. These data indicated that the immune cells
from the TRAMP mice are tolerized to their own antigens, but that functional cells
adoptively transferred into these mice could be activated under these conditions.
26

These cells subsequently mounted an anti-tumor immune response which
resulted in decreased UGS and tumor weights as well as a decreased average
tumor grade (Hess et al., 2006). When a DNA vaccine against PSA was assayed
in a mouse model, it was efficacious and its activity was enhanced by GMCSF
and IL-2 (Roos et al., 2005). While the tumor cell line expressing PSA in these
mice was not prostate derived, this study does demonstrate the feasibility of
vaccinating against prostate associated antigens in this manner.
Anti-tumor responses can also be initiated by simply vaccinating with
tumor tissue. Tumors induced in rats by treatment with MNU and testosterone
propionate were fixed with gluteraldehyde and used to test a vaccine strategy.
Vaccination with fixed tumor cells failed to reduce tumor size or grade, but the
rats lived longer and splenocytes secreted more IFN-γ and TNF-α upon in vitro
stimulation (Suckow et al., 2008). In addition to the use of tissue or cells to
vaccinate tumor bearing animals, this method is also used to generate immune
cells for adoptive transfer.

A study in TRAMP mice showed the efficacy of

adoptively transferred immune, but not naïve, splenocytes which suppressed the
development of tumors (Granziero et al., 1999).
Adoptive transfer methods can be further enhanced by modulation of
cytokine responsiveness of the transferred cells.

CD8+ T cells expressing a

dominant negative form of the TGF-β receptor II were better able to infiltrate
subcutaneous TRAMP-C2 tumors as compared to immune cells sensitive to
TGF-β. This resulted in increased tumor cell apoptosis, lower tumor incidence,
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fewer tumors per mouse, and increased survival. This study demonstrated that
large scale secretion of TGF-β by a tumor can prevent the infiltration of that
tumor by CD8+ T cells (Zhang et al., 2005).
Inhibitory effects of L-Arg metabolism on T cell mediated anti-tumor
immune responses have been established as well. In the TRAMP mouse model
of prostate cancer, TILs isolated from tumors and incubated in low dose IL-2
secreted increased levels of IFN-γ upon stimulation with autologous tumor or
fibroblasts expressing a model antigen only when arginase (ARG) and nitric
oxide synthase (NOS) inhibitors were included in the culture. Interestingly, many
more CD8+ T cells were present in microscopic tumors than in macroscopic
tumors (Bronte et al., 2005).

This is consistent with data discussed above

describing the increasingly immunosuppressive nature of growing tumors.
In addition to positive co-stimulatory signals, the B7 molecules also have
inhibitory ligands. One such ligand is CTLA-4. The normal function of CTLA-4 is
to arrest the immune response. Blocking the interaction of this molecule with its
receptor leads to increased T cell responses (Paul, 2003). Antibodies blocking
CTLA-4 have been tested in mouse models of prostate cancer. TRAMP mice
benefited from immunization with TRAMP-C1/C2 tumor cells only in the presence
of anti-CTLA-4 antibody. The vaccine/CTLA-4 combination treatment decreased
tumor incidence, and reduced tumor grade (Hurwitz et al., 2000). Additionally,
systemic treatment with anti-CTLA-4 antibody resulted in diminished tumor
growth and tumor rejection in mice bearing TRAMP-C2 tumors. In this study,
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fewer mice developed tumors and the tumors were smaller tumors. Resection of
the primary tumor reduced local and distant recurrence in mice that had received
antibody treatment. Furthermore, these antibody treated mice had a survival
advantage over mice treated with a control antibody (Kwon et al., 1999).
As discussed above, DCs are the major initiators of CTL responses and
vaccination with DCs often provides some benefit in preclinical models. TRAMP
mice immunized against the T antigen by intradermal injection of DCs presenting
T antigen peptides developed a productive anti tumor response if the
immunization took place early during tumor development.

Low avidity CTL

developed with impaired ability to kill target cells as determined by in vivo
cytolysis assay. However, this did not reflect an overall immune defect in these
mice as the same protocol was able to generate a robust response to a control
antigen, indicating active suppression of the immune response only to the tumor
associated T antigen. In spite of the generation of only low avidity effectors,
tumor grade was reduced. In contrast, mice immunized at a later time point were
fully tolerized and no productive immune response was initiated.

Thus early

intervention with a DC vaccine could have lasting impact on immune status of
prostate tumor bearing mice (Degl'Innocenti et al., 2005).
Immunization against native prostate specific antigens has included those
important in human disease such as PSCA, PAP, and STEAP (Machlenkin et al.,
2005). For instance, when C57BL/6 mice were immunized against PSCA, the
ensuing immune response decreased TRAMP-C2 tumor incidence and smaller
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tumors in those mice that developed tumors.

Additionally, there was an

increased infiltration of CD4+ and CD8+ cells and Th1 cytokine expression. This
anti-tumor response was mediated by lymphocytes as it was completely
abrogated by the removal of either CD8+ or CD4+ cells. In TRAMP mice, the
same vaccination protocol substantially increased survival and resulted in tumors
with lower grade (Garcia-Hernandez et al., 2008). Additionally, a trivalent DNA
vaccine against 3 prostate specific proteins, when targeted to APCs, reduced
tumor burden and increased survival in a mouse tumor model (Qin et al., 2005).
Taken together, these data show the potential benefits of using
immunotherapy for the treatment of prostate cancer.

However, they also

highlight the obstacles which remain to be overcome. As more knowledge is
gained in the field of prostate tumor immunology, this can direct rational design of
future pre-clinical studies to incorporate manipulations aimed at increasing
efficacy.

The study described in chapter 2 elucidates some of the immune

modulations that occur subsequent to androgen ablation and provides invaluable
information that can be used in these future studies.
Mouse models of prostate cancer
Spontaneous prostate cancer is rare in wild-type mice; however prostate
cancer is detected in up to 80% of men 80 years or older at autopsy (RoyBurman et al., 2004). Recent advances in methods for manipulating the mouse
genome have resulted in mouse models that closely recapitulate the human
disease. These have been reviewed extensively elsewhere (Roy-Burman et al.,
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2004). Here we will present an overview of the TRAMP model, emphasizing
information obtained about prostate immunology, immunotherapy and androgen
independent disease.
Transgenic Adenocarcinoma of the Mouse Prostate (TRAMP).

The TRAMP

mouse was established nearly 15 years ago and has become a staple for the
study of prostate cancer (Greenberg et al., 1995).

These transgenic mice

express the SV40 large T antigen under the control of the prostate specific
probasin promoter.

The large T antigen is a well known oncogene which

abrogates retinoblastoma and p53 function (Ali and DeCaprio, 2001). TRAMP
mice develop cancer by 10 weeks of age. Significantly, the tumors in this model
are very heterogeneous, similar to the situation observed in human prostate
cancer. By 24 weeks of age, TRAMP mice display a mixture of histological
grades ranging from normal to poorly differentiated (Kaplan-Lefko et al., 2003). It
is introduced here because many of the preclinical prostate immunology studies
conducted to date have utilized this model.
Androgen Independent Disease
Much preclinical prostate cancer research has been conducted in the
TRAMP model. Shortly after the first description of the model, progression to
androgen independent disease was characterized (Gingrich et al., 1997). When
mice were castrated at 12 weeks of age, the UGS weight was less than that of
intact controls at the same time points. Furthermore, tumors continued to grow
following castration since UGS were larger at 24 weeks after castration than at
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18 weeks following castration, indicating androgen independent growth took
place.

Importantly, the androgen independent tumors were more poorly

differentiated than tumors in age matched, intact control mice, suggesting that
once a tumor has developed, androgen ablation leads to a more severe primary
tumor phenotype. Additionally, a subsequent study showed that at late stages of
disease, castration had no effect on metastasis or survival in these mice
(Johnson et al., 2005).
When TRAMP mice were castrated after the onset of PIN, but prior to the
development of adenocarcinoma, prostate volume was significantly reduced
throughout the life of the mouse. Additionally, tumor free survival was
significantly increased compared to age matched, intact controls (Eng et al.,
1999). The ability to prevent tumor development by early castration of TRAMP
mice supports clinical data suggesting that treatment of PIN by androgen ablation
may serve as preventative therapy (Bostwick and Qian, 2001; Hull and Bostwick,
2008).
Finally, while epithelial T antigen expression is rapidly lost following
castration (almost undetectable by two weeks later), foci arise in the prostate
which express no AR, but do express T antigen. Because T antigen expression
is driven by an androgen responsive promoter in this model, this suggests that
these foci represent androgen independent prostate cancer. These foci likely led
to the development of androgen independent primary tumors in the TRAMP
model (Huss et al., 2007).
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TRAMP Tumor Immunology
T cells can only lyse those tumor cells which express the molecules
necessary for antigen presentation.

CD8+ T cells recognize small, peptide

antigens presented by MHC-I molecules, and CD4+ T cells recognize antigens
presented by MHC-II (Paul, 2003). In the TRAMP mouse model, all tumors
expressed moderate levels of both MHC-I and MHC-II.

In fact, the TRAMP

prostates expressed more MHC-I than their normal counterparts (Nanda et al.,
2006). Thus these tumors serve as a good model for immunological study of
anti-tumor immunity.
While antigen presentation within the tumor microenvironment may be
undisturbed in this model, initiation of anti-tumor responses also requires
professional antigen presenting cells i.e. DCs.

DCs are the most potent

stimulators of cytotoxic T cells. However, co-incubation with a TRAMP mouse
cell line results in a much lower rate of DC maturation as compared to control
mice (Tourkova et al., 2004). This would suggest that the immune environment in
mice bearing prostate tumors is not conducive to the maturation of DCs.
Because only mature DCs induce optimal T cell stimulation, failure to mature
hinders the anti tumor immune response and it seems that TRAMP cells can
inhibit this process in vitro.
Not only do the DCs of TRAMP mice not mature as well, there are fewer
DCs in the spleen. Dendritic cells can be derived from mouse bone marrow in
vitro. However the ability to generate DCs from TRAMP bone marrow diminished
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as disease progressed (Tourkova et al., 2004) indicating that either prostate
tumorigenesis or progression leads to a defect in dendritic cell differentiation from
their myeloid precursors. Accordingly, a corresponding decrease in the number
of splenic DCs was observed in these mice. The spleen is a major reservoir for
dendritic cells in the mouse and the decreasing number of DCs supports the in
vitro data.
Inhibition of DC production in this model demonstrated a possible
immunosuppressive mechanism of TRAMP tumors. In fact, immature DCs are
known to induce Tregs which contribute to the suppressive tumor milieu. The
reported inhibitory effect of prostate cancer cells on dendritic cell production and
function may be a strategy employed by prostate tumors in general and not just
those of the TRAMP mice.
Expression of the SV40 T antigen induces tumors in TRAMP mice. This
protein serves not only as the initiating oncogene, but also as a model antigen.
In TRAMP mice the T antigen is self and not foreign, which mimics other putative
prostate associated antigens. TRAMP mice are tolerant to T antigen due to
clonal deletion of T antigen specific T cells in the thymus (Zheng et al., 2002); the
number of T antigen specific T cells escaping into the periphery of these mice is
profoundly reduced.

The establishment of tolerance is a major hindrance to

therapies targeted to tumor associated antigens in the clinic.

Thus, studies

aiming to mount an anti- T antigen immune response are directly applicable to
the human condition.
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The role of regulatory T cells in TRAMP tumors has also been examined.
In TRAMP mice expressing hemagglutinin as a model antigen, treatment with
anti-CD25 antibody to deplete Tregs had no effect on the ability of transgenic
CD4 cells to proliferate or produce cytokines ex vivo (Mihalyo et al., 2007). This
indicates that with regard to TRAMP specific antigens (or at least those elicited in
this study) Tregs may not be the major mediators of immune suppression.
The Prostate Specific PTEN Knockout Mouse Model of Prostate Cancer.

In

2003, Wang and colleagues reported the development of a new mouse model of
prostate cancer (Wang et al., 2003a). Based on the fact that Pten (phosphatase
and tensin homolog deleted on chromosome 10) dysfunction (deletion or
mutation) has been found in a large proportion of primary prostate tumors and in
most metastases (Dong, 2006), this group inactivated the PTEN gene in a
prostate specific manner using Cre-LoxP technology.

In this model, Cre

recombinase is expressed under the control of the prostate specific probasin
promoter (PBCre4 (Wu et al., 2001)) and exon 5 of the Pten gene is floxed
(PtenloxP/loxP).

Pten is specifically inactivated in the prostate by breeding the

PBCre4 mouse to the PtenloxP/loxP mouse. The male Cre+Ptenloxp/+ offspring of
these mice are then backcrossed to PtenloxP/loxP females (Fig. 2).

The resulting

male Cre+Pten-/- mice develop prostate cancer in a very predictable manner. This
model is an attractive one for study because of its 100% penetrance, well defined
kinetics, and strong genetic and histological similarities with human prostate
cancer progression.
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Other groups have also created prostate specific knockouts of the PTEN
tumor suppressor. In one such model, the Cre recombinase gene is driven by
the human PSA promoter whereby expression is restricted to the mouse
prostate. Microinvasion was not detected in these mice until 7 to 9 months of
age and carcinoma was detected at greater than 10 months of age (Ma et al.,
2005).
Still other models have investigated the impact of PTEN dose on prostate
tumorigenesis.

In addition to mice expressing wild-type, heterozygous, and

knockout levels of PTEN, a mouse expressing PTEN at a level intermediate
between heterozygous and knockout was generated. This study demonstrated
the need for the absence PTEN protein in order to get complete penetrance of
invasive adenocarcinoma in mice.

The model developed by Wang and

colleagues does result in complete knockout of PTEN and is therefore a better
model to study.

Furthermore, in comparison to all other models tested, this

model had the most severe phenotype as indicated by tumor size over time
(Trotman et al., 2003).
Several investigators have demonstrated that early deletion of PTEN
leads to a more rapid onset of disease. Using models with tamoxifen inducible
PTEN deletion, post pubertal knockout significantly increased disease latency
(Ratnacaram et al., 2008; Luchman et al., 2008) with mice developing invasive
adenocarcinoma as late as one year of age.
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Figure 2: The PTEN knockout mouse breeding scheme. PTEN specific knockout
mice were generated as described in (Wang et al., 2003a)
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In contrast to all of the PTEN deletion models described above, the
PTEN knockout mouse described by Wang and colleagues (Wang et al., 2003a)
is very useful as a model for rapid, preclinical study in part because these mice
develop cancer very quickly by comparison. Thus we chose to use this model for
our studies.
Prostate specific PTEN knockout mice develop adenocarcinoma by 9
weeks of age. When castrated, the prostates tumors of PTEN knockout mice
exhibited an immediate and transient increase in apoptosis as determined by
TUNEL staining (Wang et al., 2003a). Thus these prostates are initially
responsive to androgen deprivation, much like tumors of prostate cancer
patients.

However, at necropsy (2.5 – 10 months after castration), residual

invasive adenocarcinoma and enlarged prostates were observed.

Since

proliferation was not decreased in comparison to intact mice, androgen
independent prostate cancer must be quickly established in the model.
In addition to the pathological similarities to human cancer, the
immunological status of the PTEN knockout mouse is also similar to that found in
human patients.

Tumors develop orthotopically, over time in an immune-

competent individual. Furthermore, no model antigen is experimentally induced
in these mice. Thus studying the immunology of prostate cancer in PTEN
knockout mice allows us to address questions in an environment that closely
resembles the human situation in which many of the antigens that might mediate
rejection have not yet been identified at the molecular level.
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Despite the fact that antigens of the PTEN knockout mouse tumors remain
unidentified, cells derived from these mice have proven to be immunogenic. A
cell line derived from the prostate tumors of PTEN knockout mice can effectively
generate an immune response in immuno-competent, non-tumor bearing mice.
The splenocytes from vaccinated mice demonstrated increased IFN-γ production
and cytolysis in in vitro assays. Furthermore, upon transfer to tumor bearing
immuno-compromised mice, effector cells from immunized mice caused a stark
reduction in the growth of subcutaneous tumors of the same cell line. (Haga et
al., 2009). This confirms the immunogenicity of cells derived from the PTEN
knockout mouse prostate tumors and supports validity of using this model for
immunologic study. Experiments to determine the effect of vaccination of the
PTEN knockout tumors have not yet been conducted. There is little else known
about anti tumor immunity in the PTEN knockout mouse, but our study provides
some baseline information.
Clinical Imaging of Immunotherapy
An increasing number of immunotherapy studies are conducted every
year. Preclinical and especially clinical studies often have mixed results. Often
times, in vitro assays are used to determine factors leading to clinical response.
In this way, investigators attempt to identify those factors able to predict those
who may be likely to be “responders”. While this offers some information, it is
rare that one factor can be identified that accurately and reproducibly separates
the responders from non-responders. A more dynamic and comprehensive view
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of the response which ensues following immune therapy is therefore highly
desirable. Molecular imaging can fulfill this role.
Molecular imaging is a method of detecting cells or cellular processes
non-invasively within whole, living animals (Massoud and Gambhir, 2003). Cell
growth, death and movement can all be monitored by radioisotopic, magnetic,
and optical imaging methods. Molecular imaging has been used extensively to
characterize tumor growth, regression, and metastasis both clinically and in the
laboratory. More recently, it has been adapted to study the interaction of cells of
the immune system with tumors.
In order to effectively track the movement and function of tumor-reactive
immune cell populations, an imaging agent should 1) be detectable noninvasively in living subjects, 2) be specific for the population of interest, 3) mark
at least a representative proportion of the population to be followed, 4) have
minimal toxicity, or effect on the function or characteristics of therapeutic cells, 5)
allow serial imaging over days to months and even years, and 6) provide
quantitative, three-dimensional organ-specific localization of cells of interest.
Radioisotopic, magnetic resonance imaging (MRI), fluorescent, and
bioluminescent imaging (BLI) agents have been developed to label specific cell
populations and can be used for non-invasive studies with varying abilities and
minimal toxicity. In the case of adoptive transfer immunotherapeutic strategies,
the effector population can be marked quite specifically. However, as will be
discussed, indirect labeling may be more useful in imaging specific cell types
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involved in the anti-tumor immune response, especially when the cell type of
interest is highly proliferative and must be followed for a long period of time.
Positron Emission Tomography (PET) and Single Photon Emission
Computed Tomography (SPECT), as single imaging modalities, provide three
dimensional images with sensitive spatial resolution but little anatomic
information, while the optical techniques remain largely two-dimensional and are
currently not applicable to human patients. MRI provides spatial and anatomic
information, but the contrast agent is diluted by cell division. Although indirect
labeling strategies have been reported for MRI imaging, they are not widely used
(Gilad et al., 2007). The most commonly used clinical imaging agent,
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F-fluoro-

deoxy-glucose (FDG), because of its mode of activity, does not mark a specific
cell population although it satisfies all the other criteria. Thus, currently no single
clinical imaging agent meets all of the above criteria.
Immunotherapy seeks to generate lymphocyte populations with longlasting memory of the immunizing antigen, with the hope that these cells will be
effective in combating metastatic disease that may arise months to years after
the primary tumor has been treated. In order to follow the trafficking and function
of these cells in vivo, they must be marked permanently with a label that will be
retained after many cell divisions.
Indirect cell labeling permanently marks a cell and its progeny with a
reporter gene. Reporter gene-based imaging methods permit stable marking of
individual cell populations with excellent sensitivity of detection.
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Naturally

occurring proteins such as Green Fluorescent Protein (GFP) are introduced into
a cell by transfection or infection with viral vectors. These proteins fluoresce
upon excitation with specific wavelengths of light. Labeled cells can be detected
(Marodon et al., 2003) at the single cell level by microscopy and flow cytometry
and non-invasively within the intact animal with a variety of sensitive CCD
camera detection systems.

The limitation of this method is that fluorescent

signals are attenuated by body mass, skin, hair, etc. Additionally, the high autofluorescence in animal tissues reduces the signal to noise ratio (Chudakov et al.,
2005). Nevertheless, this methodology can be used to track relative changes
over time within and between animals. The use of near-infrared reporters such
as dsRed provides higher signal strength with reduced auto-fluorescence and
lower tissue attenuation of signal, resulting in a much greater signal to noise ratio
and more sensitive image detection (Rao et al., 2007).
Indirect labeling with enzymes is a powerful alternative approach to
fluorescent proteins. The enzyme-substrate scheme has been used for both
radioisotopic and luminescent marking of cell populations (Blasberg and
Tjuvajev, 2003). For small-animal imaging, the most commonly used enzyme is
Firefly luciferase, derived from the firefly Phontinus pyralis (Greer, III and Szalay,
2002). To detect the marked cells, the substrate, luciferin, is injected into the
animal. In the presence of oxygen, magnesium and ATP, the enzyme-substrate
reaction results in light emission that is captured by a sensitive CCD camera.
Unlike imaging using fluorescent molecules, the luciferase reaction cannot be
detected at the single cell level (Lindqvist et al., 1994).
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Although luciferase

activity can be detected in vitro in whole cells and cell lysates, these assays
provide only population level information.

The advantage of using this

bioluminescent reporter is the virtually complete absence of background
bioluminescence, resulting in a very high signal to noise ratio. This strong light
emission is less attenuated than the weaker fluorescent signals, resulting in
greater depth penetration of the signal, and a more sensitive two-dimensional
image.

Renilla luciferase from the sea pansy Renilla reniformis as well as

synthetic modified variants, are also used as reporter genes (Greer, III and
Szalay, 2002). The emission spectra of Renilla and Firefly luciferase overlap, but
their kinetics of light emission is very different. Thus two cell populations each
marked with a different luciferase could be followed nearly simultaneously.
The viral enzyme Herpes Simplex Virus thymidine kinase (HSV-TK) is the
most widely used reporter gene for radioisotopic imaging. A number of highly
specific substrates have been developed for both the wild-type (HSV-TK) and
mutant (HSV1-sr39TK) enzyme. These positron-emitting substrates are detected
by a sensitive PET camera.
Radioisotopic emissions are not as attenuated by body mass, etc. and
thus have less depth limitation for signal detection. Background reactivity of
labeled substrates with endogenous enzymes or receptors is minimal, thus
providing a high signal to noise ratio. Consequently, quantitative assessments of
the numbers of cells present at a particular site can be made.

The

disadvantages of this approach are the high cost of tracer production and the
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need for an on-site cyclotron for production of short half-life radiotracers. Similar
reporter gene strategies have been developed for MRI (Gilad et al., 2007), but so
far have not been used to track immune cell types.
Introduction of Reporter Genes
Indirect labeling of cell populations with reporter genes is accomplished by
introducing DNA sequences encoding the reporters into cells primarily by
transfection or viral infection. Immune cells are largely recalcitrant to transfection
procedures

using

calcium

phosphate

buffers

or

lipid-based

methods.

Fortunately, infection of immune cells with retroviral vectors is reasonably
efficient and is the current method of choice for transduction of dendritic cells and
lymphocytes with foreign DNA encoding reporter genes.
Two types of retroviral vectors, Moloney Murine Leukemia virus-based
retroviruses (Barquinero et al., 2004) and HIV-derived lentiviruses (Breckpot et
al., 2007) are generally used for transduction and each has its advantages and
disadvantages. The use of murine retroviral vectors for gene delivery affords
several advantages: i) DNA is incorporated into the genome of the infected cell
by viral long terminal repeats (LTRs) and therefore, is stable through successive
cell divisions, ii) gene expression directed by the viral LTR is strong, iii) cells of
hematopoietic origin can be infected fairly well with marking levels ranging from
25-50% (Hanazono et al., 2000) of target cells reported, iv) expression from the
LTR is constitutive and ubiquitous in all infected cells. However, transcription
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from the LTR can be shut off in vivo in cells of hematopoietic origin (Jahner et al.,
1982), thus limiting the length of time that the cells can be followed.
The fairly recent use of self inactivating lentiviral vectors (Chang and
Sadelain, 2007) for gene delivery overcomes this disadvantage of retroviral
vectors since gene expression is driven from an internal non-viral promoter. The
use of eukaryotic regulatory elements also allows control of the cell types in
which the construct is expressed, permitting selective tracking of subsets within
the cellular milieu. Expression of fluorescent, bioluminescent, radioisotopic, and
double and triple fusion reporters in lentiviral vectors behind ubiquitous and
subset-restricted promoters has been shown.

Lentiviral vectors also have a

stronger tropism for human cells and, therefore, are ideal for transducing human
cells for gene therapy and imaging. Rodent cell lines and primary cells can be
infected with lentiviruses, albeit with lower efficiency (Marodon et al., 2003).
In preclinical models, homogenous labeling of all target cells can be
accomplished by generation of transgenic mice which express the label behind
either ubiquitous or cell-type specific promoters (Hadjantonakis et al., 2003).
Although this approach cannot be used in humans, cell sorting can yield a
population of uniformly marked cells for clinical studies.
A potentially detrimental effect of retroviral or lentiviral infection of primary
cells is the possibility of insertional mutagenesis resulting in aberrant gene
expression and cell transformation. A small number of such adverse effects
have been reported in the literature (Sinn et al., 2005). The use of HSV1-TK as
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an imaging reporter gene is a safeguard because it is also a suicide gene.
Pharmacological doses of ganciclovir are cytotoxic and targeted delivery of
thymidine kinase to cancer cells is a proven method of inducing cell death
(Pantuck et al., 2002). Thus, ganciclovir treatment is a safeguard against
unwanted proliferation of TK-marked cells.
Trafficking and Localization of Effector Cells
Immunotherapy for the treatment of cancer faces many hurdles (Finn,
2003), including identification and targeting of tumor antigens capable of eliciting
a strong response with long lasting memory; activation and amplification of
adequate numbers of effector cells that can migrate to the tumor site; and
counteraction of the inhibitory mechanisms that are initiated by the tumor and the
immune system and that prevent tumor regression.
For both passive immunotherapy and active immunotherapy, if an
objective clinical response is observed, then the results of the treatment are
clear. In the majority of cases, at best, only a partial response is achieved, and it
is unclear whether the effector cells reached the tumor site, how long they were
present there, and whether they had functional activity at the tumor site. Both
direct and indirect labeling methods have been used to track the migration of T
lymphocytes in vivo.

Here we will focus on imaging using indirect, labeling

methods.
Indirect labeling methods that introduce a reporter gene into lymphocytes
permit the permanent marking and tracking of T lymphocytes during the progress
of an immune response. To date, this approach has been used only in preclinical
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models of T-cell localization to tumors. In the first studies that demonstrated the
utility of reporter gene strategies for monitoring T-cell antitumor responses,
adoptive transfer models were used. In one study, the HSV1-sr39TK reporter
gene was transduced into primary splenic T cells by retroviral infection. Labeled
cells were adoptively transferred into tumor-bearing mice, and the antigenspecific localization of marked cells to the tumor site was visualized with the
tracer
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F-FHBG and imaging with a small-animal PET camera (Dubey et al.,

2003). In this system, T cells could be monitored for more than 2 weeks, until the
animals succumbed to the tumor burden.
In another study, human Epstein-Barr virus (EBV)–specific T lymphocytes
were labeled with the TK reporter gene and adoptively transferred into SCID
mice bearing EBV+ tumors (Koehne et al., 2003). With small-animal PET imaging
and scintigraphy, the selective localization of labeled cells to antigen-specific
tumors was visualized with the PET tracers
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I-FIAU and

131

I-FIAU, respectively.

In another study, transgenic murine T cells specific for ovalbumin were labeled
with the HSV1-sr39TK gene (Su et al., 2004). Faster kinetics of memory T-cell
localization and tumor elimination were demonstrated by small-animal PET
imaging.
In a slightly different approach, the trafficking of adoptively transferred T
cells to tumors was monitored by injection of mice with radio-labeled anti-Thy1.2
(Matsui et al., 2004). Small-animal PET imaging demonstrated T-cell localization
to tumors and major secondary lymphoid organs. Together, these studies
demonstrated that PET is a highly sensitive imaging modality that is useful for
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monitoring cellular immune responses longitudinally within the same animal.
Effector cell localization has also been demonstrated by bioluminescent imaging.
One study reported the homing of adoptively transferred, retrovirally transduced,
cytokine induced killer cells, in which the preferential localization of cytokineinduced killer cells to tumors preceded rapid tumor regression (Edinger et al.,
2003).
Bioluminescent imaging has also been used to monitor the localization of
T cells specific for the human papillomavirus E7 protein. E7-specific T cells were
infected with a retrovirus expressing firefly luciferase. Increased localization of T
cells to E7-positive tumors was detected after vaccination with E7-expressing
vaccinia virus (Kim et al., 2007). Fluorescent imaging has not been widely used
to study lymphocyte movement noninvasively in vivo, perhaps because of the low
tissue penetration of the signal.
In a recent study, a transgenic mouse model in which GFP was expressed
in all T cells was used, and GFP expressing lymphoid organs were detected in 3
dimensions with a noncontact fluorescent tomography system; these results
suggested that noninvasive fluorescent imaging of lymphocytes is possible with
sufficient levels of marked cells (Garofalakis et al., 2007).
The researchers in the aforementioned studies used immune splenocytes
or antigen-specific T-cell lines that mounted a secondary immune response on
adoptive transfer into the tumor-bearing host. This method can be applied to
track the fate of human T cells that are expanded in vitro with tumor antigens and
adoptively transferred back into the patient, the so-called passive immunotherapy
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approach. The reporter gene can be transduced into lymphocytes during the in
vitro expansion period.
In contrast, the active immunotherapy approach attempts to immunize the
tumor-bearing host with antigens that generate effector cells with long-lasting
immunologic memory to the immunizing antigens. In this approach, a naïve
lymphocyte, or its progenitor, must be marked with an imaging reporter gene to
allow monitoring of the progression of a primary immune response to a
secondary immune response.
The earliest study examined the kinetics of engraftment of human CD34
lymphoid progenitor cells adoptively transferred into NOD/SCID/b2m null mice
with the firefly luciferase gene as a reporter gene (Wang et al., 2003b). In
subsequent studies, syngeneic murine bone marrow stem or progenitor cells
were marked with either PET (Mayer-Kuckuk et al., 2006) or optical (Cao et al.,
2005) imaging reporter genes. The kinetics and sites of engraftment of the
transplanted bone marrow were visualized during immune reconstitution of the
recipient mice.
In another study, both bioluminescent imaging and PET imaging were
used to monitor transferred cells. Importantly, the reconstituted immune system
in these mice was equivalent to that in non-manipulated animals, and marked
mice mounted a normal primary antitumor immune response (Shu et al., 2005).
Theoretically, in these animals, the kinetics of localization of reactivated memory
cells to sites of late-arising metastatic disease could be visualized, although this
process has not yet been demonstrated.
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Allogeneic bone marrow transplants are currently the only treatment for
life-threatening hematologic malignancies (Riddell et al., 2003). Years of
optimization of this process have yielded protocols that avoid graft-versus-host
responses but allow efficacious graft-versus-leukemia effects in clinical settings
(Kolb et al., 2004). Preclinical studies have shown that changing the composition
of the donor cell population can often make the treatment more effective. The
inclusion of regulatory T cells in the bone marrow bolus resulted in decreased
graft-versus host responses while maintaining graft-versus-tumor effects (Zeiser
et al., 2007). The trafficking and expansion of regulatory T cells were observed in
a murine model system with bioluminescent imaging (Nguyen et al., 2007).
Regulatory T cells were isolated from the spleen and lymph nodes of luciferaseexpressing transgenic mice. The adoptive transfer of labeled regulatory T
lymphocytes along with conventional CD8+ and CD4+ T cells resulted in reduced
incidence and severity of graft-versus host disease. The localization and
expansion of the regulatory T-lymphocyte population in secondary lymphoid
organs were monitored with bioluminescent imaging. The ability to mark bone
marrow cells with imaging reporter genes would provide a means for physicians
to detect the accumulation of transplanted cells within normal organs. The
prevention of a potentially lethal graft-versus-host response is critical for
achieving a graft-versus-tumor effect.
Imaging the Activation Status of Immune Cells
The combined activities of different subsets of immune cells determine
whether a tumor will be rejected. Therefore, it is also important to monitor the ebb
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and flow of individual lymphocyte subsets from the tumor site. The imaging
studies described so far detected the presence of cells at the tumor site.
Functional activity was implied if there was a reduction in tumor burden or tumor
rejection. However, these studies could not determine the proportion and subset
of cells in the population that contributed to this outcome.

To devise more

effective treatments, it is extremely important to monitor cell function in situations
in which a tumor does not regress. To accomplish this goal, reporter gene
constructs whose expression is modulated in response to the activation status of
the cells of interest are needed. A key question regarding immunotherapy is
whether the cells detected at the tumor site are functional. One study addressed
this question by placing GFP and HSV1-TK under the control of the NF-AT
(nuclear factor of activated T cells) enhancer element (Ponomarev et al., 2001).
The transcription factor NFAT is expressed early after T-cell activation and binds
to the upstream regions of several genes, which in turn are expressed in
activated T cells (Crabtree, 1999). TK expression was detected only after
antibody triggering of a T-cell tumor that was transduced with this construct
(Ponomarev et al., 2001). When we constructed and used a similar construct for
bioluminescent imaging, firefly luciferase expression was detected after the
injection of marked animals with anti- CD3 antibody. This approach is useful for
studying T-cell signaling effects that occur early, when a specific population of T
cells can be marked with a reporter gene. Activated T cells secrete cytokines,
such as interleukin 2 (IL-2) and interleukin 12 (IL-12), that cause cell proliferation
and that are markers of cell function. One of the earliest adoptive transfer
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immunotherapeutic strategies for the treatment of cancer was the systemic
delivery of radiolabeled IL-2 (Lotze et al., 1984).
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I- and

99

Tc-labeled IL-2 was

used in patients in the 1980s to diagnose chronic inflammation and evaluate the
extent of autoimmune diseases (Chianelli et al., 1997; Signore et al., 2003). The
synthesis of

99

Tc-labeled IL-12 and biodistribution in a mouse model of colitis

were recently described (Annovazzi et al., 2006). This reagent can be used for
detecting T cells and natural killer cells that have upregulated the expression of
the IL-12 receptor in an immune response.
The use of non-invasive imaging to evaluate treatment efficacy has
distinct advantages over traditional methods which were discussed in detail
above.

Our attempts to specifically monitor the CD8+ T cell localization and

function of tumor bearing mice are detailed in Chapter 3. We were able to
successfully observe tumor rejection non-invasively, demonstrate the TCR
dependent imaging of naïve immune cells, and visualize prostate infiltration by
bone marrow derived cells.

In the future, confining transgene expression to

specific cell subsets will enhance our ability to observe anti tumor immune
responses in real time. Once perfected the method of immune reconstitution by
lentivirally infected bone marrow will add invaluable information to future studies
of immunological diseases, anti-tumor immunity, and prostate cancer in
particular.
Project Objectives
The goal of this project was to study lymphocyte localization and function
in a mouse model of prostate cancer. We aimed to characterize the kinetics of
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localization and function following androgen ablation. The studies discussed at
the beginning of this chapter suggest that castration may result in more
productive antitumor immune function. We hypothesized that androgen ablation
transiently potentiates anti tumor immunity by shifting the balance of T cells
towards effector cells, rather than suppressive regulatory cells. The balance of
lymphocyte subsets is crucial to determining the ensuing immune response.
Shifting the balance in favor of effector cells can result in immune responses that
are more effective.

We sought to test our hypothesis through a series of

experiments aimed at characterizing the T cell infiltrate at varying time points
during prostate cancer progression.
First, we sought to determine the T cell composition at the tumor site
following androgen ablation. Human studies showed that shortly after androgen
ablation prostate tumor infiltration increased (Mercader et al., 2001). Additionally,
a study in TRAMP mice demonstrated that T cells have increased ex vivo
proliferative capacity following androgen ablation (Roden et al., 2004). It has also
been shown that CD4+ T cells infiltrate the tumor disproportionately; however the
phenotype of these cells has not been characterized.
Furthermore, only early time points have been investigated. Because
clinical relapse can occur long after androgen ablation, a more lengthy study was
warranted. We sought to determine whether the cells present in the tumor early
after castration are of an effector phenotype and whether the tumor infiltrating
lymphocyte (TIL) composition shifts to a suppressor phenotype over time. Our
hypothesis was that up to two weeks after castration, T cells would be composed
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of a greater proportion of CD8+ effector cells and CD4+ T helper cells, but by 10
weeks after androgen ablation, the proportion would shift to an increased
proportion of Tregs.
Secondly, we aimed to determine whether androgen ablation results in a
transient increase in functional CD8+ T cells at the tumor site. Both animal and
clinical studies suggest that androgen ablation leads to a rapid infiltration of T
cells into the prostate tumor (Roden et al., 2004; Mercader et al., 2001; Drake et
al., 2005). Even though increased tumor infiltrate has been associated with better
prognosis (Vesalainen et al., 1994), the rate of relapse in patients treated by
androgen ablation is high. In order to determine T cell function, tumor reactive T
cells have been isolated from tumors, spleens, and draining lymph nodes and
their function assessed by in vitro restimulation. Additionally, in vivo kill assays
assess function of T cells outside of the tumor environment. Therefore it is not
clear whether immune cells that infiltrate tumors were ever active at the tumor
site. Our goal was to test the hypothesis that CD8 + T cells are functional early
after androgen ablation, but become non functional by 10 weeks after castration.
Thirdly, we sought to determine whether depletion of Tregs after androgen
ablation increases T cell function at the tumor site. Several methods for
enhancing antitumor activity of T cells have been attempted in mouse models of
prostate cancer. These include interference with inhibitory cell surface receptors
on the T cells (Kwon et al., 1999; Hurwitz et al., 2000), depletion of regulatory
cells (Curiel, 2008), administration of APC differentiation factors (Ciavarra et al.,
2004; Ciavarra et al., 2003), and neutralization of suppressive cytokines. Results
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of these experiments have shown varying degrees of success in tumor
regression of intact animals. We hypothesized that following androgen ablation T
cell function at the tumor site could be enhanced by Treg depletion.
Our studies have largely supported the hypothesis that the ratio of effector
T cells to regulatory T cells increases after castration of tumor bearing mice.
While this effect was not augmented by Treg depletion, there are many
immunological strategies that one could envision which might exploit this putative
therapeutic window.
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Chapter II

Sequestration of effector CTL within prostate tumor stroma after androgen
ablation is alleviated by concomitant Treg depletion
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Summary
We assessed the effect of androgen ablation on localization of T cell
subsets within castration-resistant murine prostate cancer.

Although we

observed a transient increase of CD4+ and CD8+ T cells at the residual tumor
after androgen ablation, their numbers declined rapidly.

As the tumor

progressed, preferential accumulation of Tregs in the tumor stroma was relieved,
while CTL, which were evenly distributed prior to androgen ablation, became
sequestered within stroma. Concomitant Treg depletion by anti-CD25 antibody
administration prevented sequestration of granzyme B+ CD8+ T cells within the
stroma following castration. Thus, androgen ablation augments anti tumor
immunity by increasing the number of potential effector cells within the prostate,
while concurrent Treg depletion may optimize CTL localization within the prostate
microenvironment.
Significance
There is no effective treatment for prostate cancer arising after androgen
ablation. Immunotherapeutic efficacy is determined by the balance of immune
cell subsets and their location within the tumor. Castration of prostate-specific
Pten knockout mice rapidly and transiently increased the ratio of effector to
regulatory T cells at the tumor. Although Treg depletion along with castration did
not increase CTL function, the treatment enhanced CTL access to cancerous
glands. Additional modulations which increase effector CTL infiltration of cancer
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epithelium may make Treg depletion and androgen ablation more effective at
preventing tumor recurrence.
Introduction
Androgen ablation therapy of prostate cancer causes apoptotic cell death
of normal and malignant prostate cells resulting in a swift reduction of tumor
burden (Huggins, 1967). However, the beneficial effects of this therapy are often
short-lived and many patients develop fatal androgen-independent disease
(Crawford, 1992).
In addition to decreasing tumor burden, systemic removal of androgen
was reported to increase T cell number and function. Enhanced thymopoiesis
post-castration increased peripheral T lymphocyte numbers (Aragon-Ching et al.,
2007, Hess et al., 2006) while medical castration reduced regulatory T cell
numbers (Page et al., 2006).

In prostate cancer patients, androgen ablation

caused an early and transient increase in T cell infiltration of the tumor (Roden et
al., 2004; Sfanos et al., 2008).

Additionally, androgen ablation removed

tolerance to prostate cancer antigens and enhanced antigen-specific localization
of CD4+ T lymphocytes to the tumor in a transgenic mouse model of prostate
cancer (Drake et al., 2005). These studies suggest that systemic removal of
androgen can enhance prostate anti-tumor immunity.
T lymphocytes are composed of CD8+ cytolytic T cells, and helper and
suppressive subsets of CD4+ T cells. Most tumors require functional CD8+ T
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cells at the tumor site to mediate tumor rejection. The presence of lymphocytes
within prostate tumors (Vesalainen et al., 1994), (McArdle et al., 2004) and
circulating tumor-reactive T cells in the peripheral blood of prostate cancer
patients (McNeel et al., 2001, (Chakraborty et al., 2003, Perambakam et al.,
2002, Elkord et al., 2005, Elkord et al., 2006) have been reported. Effector
CD8+ T cells (Mercader et al., 2001, Roden et al., 2004), regulatory FoxP3+ cells
(Miller et al., 2006) and Th17 cells (Sfanos et al., 2008) have been observed
within prostate tumors. Whether the composition of these lymphocytes favors
effector or regulatory cells can serve as a prognostic indicator of disease
outcome (Sato et al., 2005, Monnier-Benoit et al., 2006, Al-Shibli et al., 2008).
Studies

in

prostate

cancer

mouse

models

have

also

reported

dysfunctional T cells both systemically and at the tumor site (Zheng et al., 2002,
Ciavarra et al., 2004), (Degl'Innocenti et al., 2005, Hess et al., 2006, Mihalyo et
al., 2007, Tseng-Rogenski et al., 2008) indicating that CTL may fail to become
fully functional, or may receive one or more of various suppressive signals. For
instance, the presence of Tregs at the tumor site can inhibit effector cell
trafficking and function. However, studies depleting Tregs by -CD25 treatment
have had mixed results in mouse models of prostate cancer (Tien et al., 2005,
Degl'Innocenti et al., 2008).
Human and animal studies of T cell localization to prostate tumors suggest
that androgen ablation may overcome some suppressive signals, resulting in
increased effector cell presence at the tumor site. In order for the post-castration
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influx of lymphocytes to be advantageous, the balance of infiltrating cells should
favor effector cells, and be maintained over time.

However, the immune

potentiating effects of androgen removal must be insufficient, since the tumor
recurs.
A potential mitigating factor in the efficacy of T cells is their location within
the organ.

Malignant cells within prostate glands are surrounded by stroma

which impedes lymphocyte infiltration of the tumor and presents a significant
barrier to effective immunotherapy (Yu et al., 2006). In order to be effective,
functional CTL must cross the stromal barrier and access the tumor. While a
study in patients with non-small cell lung cancer showed high levels of epithelial
infiltration by CD8+ cells and stromal infiltration by CD4+ cells, and suggested
both as independent positive prognostic indicators of patient survival (Al-Shibli et
al., 2008), such a study has not been reported for prostate cancer.
We hypothesized that androgen ablation potentiates anti-tumor immunity
by transiently shifting the balance of lymphocyte subsets to favor effector CD8+ T
cells and that over time, the lymphocyte composition changes to favor cells which
inhibit tumor rejection. We investigated this hypothesis in a prostate-specific Pten
knockout mouse model of prostate cancer.
The prostate-specific knockout of the Pten (phosphatase and tensin
homolog on chromosome 10) tumor suppressor gene recapitulates human
prostate cancer development and progression (Wang et al., 2003). Androgen
ablation in this model leads to apoptotic death in the primary tumor, with
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persistence of invasive disease. We characterized the T lymphocyte infiltrate
within androgen independent prostate tumors in Pten knockout mice in order to
identify a time frame when the change in lymphocyte proportions takes place.
Early after androgen ablation we observed an overall increase in both the
number of T cells within the prostate and the ratio of CD8+:FoxP3+ T cells. Using
immunohistochemical analysis (IHC), we determined that while CTL infiltrate the
prostate, they do not efficiently access the tumor epithelium, and remain
predominantly within tumor stroma after androgen ablation. Although Treg
depletion did not increase the percentage of CD8+ T cells expressing Granzyme
B, it increased their access to cancerous glands. Thus, the key to optimizing the
anti-tumor response may lie in inducing epithelial infiltration by cells which enter
the prostate upon initiation of androgen ablation therapy.
Results
Castration-resistant tumors persist following androgen ablation.
Deletion of exon 5 of the Pten tumor suppressor gene in the prostate
causes prostate adenocarcinoma in 100% of male mice (Wang et al., 2003). The
majority of mice developed prostatic intraepithelial neoplasia by 6 weeks of age
and invasive carcinoma by 9 weeks of age.

Although castration induced

apoptosis within the primary tumor, invasive adenocarcinoma was maintained in
the residual prostate tissue.

Previous studies using animal models or

patient samples evaluated the presence of prostate infiltrating lymphocytes one
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to four weeks after hormone ablation (Mercader et al., 2001, Roden et al., 2004),
and reported an increase in lymphocyte numbers at the prostate, suggesting that
removal of androgen may trigger tumor-specific T cell responses. However, the
phenotype of T cells was not evaluated in these studies.
To determine the longevity and composition of the T cell infiltrate following
androgen ablation, we castrated 16 week old male Pten knockout mice. At this
time point, all animals have developed invasive adenocarcinoma. We analyzed
animals at 2.5 weeks post-castration to correspond to the early time points
evaluated in other studies, at 5 weeks post-castration as an intermediate time
point during progression of androgen-independent prostate cancer, and at 10
weeks post-castration to represent late stage disease (Figure 1A). Carcinoma
was detected at all time points by H&E staining (Figure 1B). Prostate weights did
not change significantly over all time points examined (Figure 1C), consistent
with the continued presence of tumor after androgen ablation.
T lymphocyte ratios favor CD8+ T cells early after castration.
In order to determine the effect of castration on the number and proportion of T
lymphocytes we analyzed the prostates of Pten knockout mice by IHC (Figure
2A). Quantitative analysis of the staining results showed that compared to T cell
numbers in the prostates of intact 8-16 week old mice, 2.5 weeks after castration
there was an approximately 6-fold and 4-fold increase in the number of CD8+
and CD4+ T cells, respectively (Figure 2B). As a result, the ratio of
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FIGURE 1:
Conditional Pten knockout mice retain adenocarcinoma
following castration. (A) Timeline for tumor development (Wang et al, 2003)
castration and tumor harvest of Pten knockout mice. Pre-castration analysis of
intact mice was performed at 8-16 weeks of age. Mice were castrated at 16
weeks of age and analyzed at 2.5, 5, and 10 weeks post-castration. (B) H&E
staining of tumor sections detected adenocarcinoma (indicated by arrow) at all
time points post-castration. (C) Prostate wet weights of mice were not
significantly different pre- and post-castration. Values shown are mean ± SEM.
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CD8+:CD4+ T cells at the tumor increased from 1:2 to 1:1. However, by 5 weeks
post castration, the numbers of both subsets at the tumor site declined, and by
10 weeks were not significantly different from pre-castration numbers (Figure
2B). A small number of FoxP3+ T cells were present in the prostate before
castration, and did not change significantly throughout tumor progression (Figure
2B).
Excluded from this analysis were distinct lymphoid aggregates which were
found in approximately one-third of the samples. Figure 2C shows two examples
of lymphoid aggregates where the numbers of CD8+ and CD4+ T cells (Table
S1) are much higher than within the adjacent prostate tissue. Cells within these
aggregates were not included in quantitative analysis of T cell numbers in the
prostate due to the potential skewing of the prostate infiltrating lymphocyte
numbers.
A higher ratio of CD8+ to FoxP3+ T cells within the tumor is a commonly
used prognostic indicator of immune efficacy (Sato et al., 2005, Quezada, et al.,
2006, Ladoire et al., 2008). As shown in Table I, we observed a ~4-fold increase
in the CD8+:FoxP3+ T cell ratio at 2.5 weeks after castration, suggesting that
androgen ablation had an immune potentiating effect.
For most tumors, tumor rejection is mediated by effector CTL. Therefore, we
evaluated the functional status of the CD8+ T cell infiltrate within the prostate
gland after castration, to assess whether there was an increase in cells capable
of tumor cell killing The proportion of CD8+ T cells which expressed granzyme B,
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FIGURE 2: Castration induces a transient increase in T cell localization to
the prostate. (A) 8 m prostate cryosections were stained using antibodies
specific for CD8, CD4 and FoxP3 or the corresponding isotype controls. Spleen
sections served as a positive control for each stain. Shown are representative
images of sections at 2.5, 5 and 10 weeks after castration. Arrow marks FoxP3+
cells. (B) CD8+ and CD4+ T cell numbers increased at 2.5 weeks postcastration. CD8+ T cell numbers declined significantly from this peak by 5 weeks
post castration. Quantification was performed as described in Experimental
Procedures. Values shown are mean ± SEM (#;p< 0.05 versus pre-Cx, a;
p<0.05 versus 5 weeks, b; p<0.05 versus 10 weeks). (C) Highly dense lymphoid
structures (lymphoid aggregates) are contained within the prostates of Pten mice.
(i) and (ii) represent two different examples.
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Supplementary Table S1
Comparison of T cell density in lymphoid aggregate and adjacent prostate tissue

Mouse

Lymphoid Aggregate (cells/mm2)

Prostate Organ (cells/mm2)

CD8

CD4

FoxP3

CD8

CD4

FoxP3

I

1403

10479

9477

81

205

80

II

4802

4338

5186

248

654

143
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TABLE 1
Androgen ablation increases the CD8+:FoxP3+ cell ratio in the prostates of
tumor bearing mice.
Pre-Cx

2.5 wk

5 wk

10 wk

2.2(±0.3):1

1.85(±0.15):1

No Ab
CD8:FoxP3

0.6(±0.5):1

4.0(±1):1
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a marker of lytic capacity, was evaluated by double staining of tissue sections
(Figure 3A). Although the proportion of Granzyme B+ cells pre-castration and at
2.5 weeks was not significantly different (Figure 3B, p=0.11,), because CD8+ T
cell numbers increased so dramatically, the number of granzyme B+ cells
increased approximately 10-fold [(226 CD8+ cells x 55% CD8+ granzyme B+
cells)/(35 CD8+ cells x 37% CD8+granzyme B+ cells)].

However, effector

capacity declined rapidly, and was not significantly different than pre-castration
levels by 10 weeks post castration. Thus, the enhanced CTL presence within the
prostate, which was induced by castration, was also rapid and transient.
Furthermore, our data show that the immune response initiated was not of
sufficient magnitude and/or duration to decrease tumor burden.

Effector T cells localized to the prostate do not efficiently access tumor
epithelium.
Random distribution of lymphocytes within a tissue is likely to be indicative
of circulating cells and not necessarily those actively involved in immune
responses (Mrass et al., 2006). Therefore, we determined whether the cells
infiltrating the prostate displayed selectivity for cancerous areas of the tissue.
Deviations from random distribution, especially enhanced localization of effector
cells to the neoplastic glands, could indicate an ongoing anti-tumor response.
The distribution of CD8+ and CD4+ cells within the prostate did not vary
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FIGURE 3: Androgen ablation does not alter granzyme B+, CD8+ T cell
proportions.(A) 8 μm prostate cryosections were double stained for CD8 and
granzyme B as described in Experimental Procedures. Representative sections
of granzyme B+ cells (red) and CD8+ cells (black) are shown at each time point.
(B) Granzyme B+ cells do not increase in proportion 2.5 weeks after castration.
However, by 10 weeks post-castration, the proportion of granzyme B+ cells had
decreased significantly compared to 2.5 weeks (b; p<0.05 versus 10 weeks).
The percentage of granzyme B+ CD8+ cells was calculated and values shown
are mean ± SEM for each time point.
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significantly from random distribution (Figure 4A).

The lack of bias in the

distribution of CD8+ and CD4+ T cells suggests that while androgen ablation
effectively induced infiltration of the prostate, it did not lead to increased
accumulation of T cells within the tumor epithelium. In contrast to the CD4+
population, FoxP3+ cells were predominantly located in the tumor stroma early
after castration (Figure 4A).

However, this potentially beneficial exclusion of

Tregs from the prostate epithelium was short lived. As the tumor progressed,
Tregs were increasingly detected in the epithelium, suggesting that glandular
localization of Tregs may be one hallmark of tumor progression.
To assess whether functional CD8+ T cells were able to overcome the
stromal barrier, we calculated the percentage of CD8+ T cells within stroma and
gland which expressed granzyme B.

While there was no difference in the

location of granzyme B+CD8+ cells in non-castrated mice, at both 2.5 and 5
weeks following castration there was a significantly higher proportion of
functional cells in the tumor-associated stroma than in the glands (Figure 4B). In
addition, the majority of functional cells were excluded from the prostate glands
at all time points examined (Figure 4C). Thus, while androgen ablation induced a
substantial increase in lymphocyte numbers in the prostate, their location within
the organ was not conducive for targeting of malignant epithelial cells.
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FIGURE 4: Both effector CD8+ T cells and FoxP3+ T cells are localized to
prostate tumor stroma after androgen ablation.The number of cells in the
glands and the total glandular area of tissue was calculated using ImageJ
software, as described in Experimental Procedures. (A) FoxP3+ cells are
preferentially localized to tumor stroma early after castration. The average
deviation from expected was calculated as described in Experimental
Procedures. Values shown are mean ± SEM for each time point (**;p<0.05
versus expected). Numbers above the axis indicate enrichment in the prostate
glands while numbers below the axis indicate enrichment in the surrounding
prostate stroma.(B) CD8+ T cells within the tumor epithelium are predominantly
granzyme B negative (*; p < 0.0001 versus gland at the same time point). (C)
Granzyme B+ CD8+ T cells are almost exclusively in the tumor stroma
throughout tumor progression (*= p ≤ 0.0004 versus gland at the same time
point).
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Regulatory T cell depletion does not enhance androgen ablation-induced
effector T cell number or function within the prostate epithelium.
Persistence of regulatory T cells may be an immune suppression
mechanism critical to prostate tumor progression. A previous study in a
transplanted tumor model (Page et al., 2006; Quezada et al., 2008) showed that
depletion of regulatory T cells can increase effector cell function, and result in an
increase in the ratio of CD8:FoxP3+ T cells at the tumor site. In those studies, a
higher proportion of CD8+ T cells at the tumor correlated with tumor rejection.
Since FoxP3+ T cell number did not change after androgen ablation we
hypothesized that depletion of regulatory T cells at the time of castration would
enhance T cell localization to and function within the prostate.
Anti-CD25 treatment is not specific for Tregs. Thus a caveat of its use is
that can depletes any cells which express CD25, including activated
lymphocytes.

Appropriate timing can minimize the consequences on effector

cells and in fact prophylactic targeting of CD25+ cells is often more benefical
than therapeutic treatment (Onizuka S et al, 1999, Litzinger et al, 2007).

A

previous study showed that PC61 treatment eliminated CD25+ cells within 48
hours (Cao et al., 2007). Using the same protocol, we depleted these cells by
administration of the anti-CD25 antibody, PC61, two days prior to castration. We
confirmed depletion by flow cytometric analysis of spleen cells in a control cohort
of mice (Figure S1).
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Supplementary Figure S1: Anti-CD25 treatment depletes CD4+CD25+ cells
in the spleen by 2 days post injection. Dissociated spleen cells were stained
for CD4 and CD25 followed by intracellular staining for FoxP3, as described in
Experimental Procedures, and analyzed by flow cytometry. Control, untreated
mouse. #1-#3, three individual animals injected with anti-CD25 antibody 2 days
prior to analysis.
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Since changes in lymphocyte number and function were most evident at
2.5 weeks post castration, we evaluated the effect of a single anti-CD25
treatment at that time point. Prostate tumor weights of treated mice were not
significantly different from untreated mice (data not shown). Furthermore, the
number of all T cell subsets which infiltrated the prostate were not different (Fig.
5A). However, the percentage of granzyme B+ CD8+ T cells was significantly
lower than in untreated mice (Figure 5B). This observation suggested that a
portion of the effector cells may be exerting their function, and as a result, have
released their intracellular granzyme stores. Another possibility is that anti-CD25
administration depleted effector cells. Since we did not observe a reduction in
the total number of CD8+ T cells, this alternative is less likely.
Treg depletion augments effector cell infiltration of tumor epithelium.
We also examined the effect of PC61 treatment on the localization of T
cells within the prostate microenvironment. While the CD8+ cells continued to be
randomly distributed throughout the organ, CD4+ cells showed preferential
localization within tumor stroma (Figure 5C). Interestingly, the FoxP3+ cells were
enriched in the glands after anti-CD25 antibody treatment, in contrast to the
significant enrichment in the stroma without antibody treatment. Thus, systemic
depletion of CD25+ T cells sequestered the CD4+ T cell population as a whole
within tumor stroma and accelerated localization of regulatory T cells within the
epithelium. Enrichment of CD4+ T cells in the stroma suggests that helper T cells
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FIGURE 5: Treg depletion changes T cell distribution within the prostate
tumor microenvironment. Anti-CD25 antibody (0.5 mg; clone PC61) was
administered to 16 week old Pten knockout mice 2 days prior to castration. (A)
Anti-CD25 treatment does not alter the magnitude of T cell localization to the
prostate after androgen ablation. Prostate cryosections were stained and
quantified as described in Experimental Procedures.
Pre-castration and 2.5
week time point data are the same as those in Figure 2B (#; p<0.05 versus preCx). No Ab: no antibody treatment (B) Granzyme B+ CD8+ T cell proportions are
decreased in the prostate. Pre-castration and 2.5 week time point data are the
same as those in Figure 3B (%;p<0.05 versus no antibody). (C) CD4+ T cells
preferentially localize to tumor stroma while FoxP3+ T cells localize to tumor
epithelium. The average deviation from expected was calculated as described in
Experimental Procedures (#; p ≤ 0.05 versus pre-Cx, **;p<0.05 versus expected,
%; p<0.05 versus). The data for no antibody treatment at the pre-castration and
2.5 week time points are the same as shown in Figure 4A. (D) Granzyme
B+CD8+ cells are equally distributed between stroma and glands after PC61
treatment (p = 0.59). *;p<0.05 versus gland at same time point. Data for precastration and 2.5 weeks time points are the same as in Figure 4C.
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may be actively excluded from the tumor epithelium. Alternatively, CD4+
cells may be converted to regulatory T cells once they gain access to the glands.
It was notable that while the proportion of CD8+ cells expressing granzyme B
was unchanged, the cells were now evenly distributed between stroma and gland
(Figure 5D) suggesting that removal of Tregs facilitates tumor infiltration by
effector cells.

Thus, accumulation of CTL within the cancerous glands was

augmented by Treg depletion.
Treg depletion increased cytolytic cells in the spleen
To assess whether there was a systemic increase in CD8+ and CD4+ T
cells after androgen ablation, we analyzed the spleens of these mice. CD8+ T
cells increased significantly in the spleen by 10 weeks post-castration (Figure 6A,
left panel). In contrast, CD4+ T cells were largely constant (Figure 6A, middle
panel), while the FoxP3+ T cells increased significantly by 10 weeks postcastration (Figure 6A, right panel). Therefore, as androgen-independent cancer
progressed there was a parallel expansion of CD8+ and regulatory T cells in the
spleen.
There was no difference between the numbers of T cells in the spleens of
mice treated with PC61 as compared to untreated mice at the same time point. A
systemic increase in functional cells has been reported following Treg depletion
(Fontenot et al., 2003). Consistent with those reports, we observed that
regulatory T cell removal significantly increased the number of granzyme B+ cells
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FIGURE 6: Treg depletion enhances Granzyme B+ cells in the spleen.
Spleen cryosections from tumor-bearing mice were stained with antibodies
specific for CD8, CD4, FoxP3, and granzyme B and the proportions were
calculated as described in Experimental Procedures. (A) CD8+ and FoxP3+ cell
numbers increase at 10 weeks post-castration (#;p< 0.05 versus pre-castration,
a; p<0.05 versus 5 weeks, b; p<0.05 versus 10 weeks). (B) The number of
splenic granzyme B+ cells increases after antibody treatment (%; p<0.05 versus
no antibody).
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in the spleen (Figure 6B). These data also suggest that the effects of a single
treatment with PC61 are still detectable 2.5 weeks later.
Localization of Gr-1+ cells to the prostate suggests the presence of
additional local immunosuppressive mechanisms.
We investigated whether other suppressive mechanisms may be
contributing to tumor progression in this model. The accumulation of myeloidderived suppressor cells (MDSCs) at the tumor site can contribute to tumor
immune evasion (Kusmartsev and Gabrilovich, 2006).

MDSCs are

characterized by the expression of Gr-1, CD11b, CD31, CD124, IL-4α, CD115,
and M-CSF (Talmadge, 2007). We stained prostate tumor sections pre-and postcastration with an antibody against the myeloid marker Gr-1 (Figure 7A). The
localization of myeloid cells to the prostate following castration remained
constant (Figure 7B), indicating that immune suppression by myeloid cells may
contribute to progression of castration-resistant prostate cancer. Furthermore,
since MDSCs can generate Tregs in situ (Pan et al., 2008) Gr-1 may contribute
to the maintenance of Treg numbers in our model. Anti-CD25 treatment
significantly increased the number of Gr-1+ cells within the tumor as compared to
non-castrated mice (Figure 7B), suggesting that Treg depletion may be
countered by a compensatory expansion of alternative suppressors, such as
MDSCs, within the tumor.
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FIGURE 7:
Anti-CD25 treatment increases Gr-1+ cells within the
prostate.(A) Prostate cryosections were stained with an antibody against Gr-1
as described in Experimental Procedures. Shown are representative images
from each time point. The number of Gr-1+ cells was quantified as described.
(B) Gr-1+ cell numbers are unchanged after castration but increase significantly
at 2.5 weeks following Treg depletion, compared to pre-castration numbers
(#;p<0.05 versus pre-castration).
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Discussion
We investigated the effect of androgen ablation on T cell localization and
function in castration-resistant prostate cancer.

Our work corroborates other

studies and provides several novel observations. First, as reported previously,
we observed an increase in T cell numbers at the tumor site shortly after removal
of hormone (Mercader et al., 2001, Roden et al., 2004)). When we evaluated
later time points, we found that the increase in cell numbers was transient,
suggesting that the effects of hormone removal on the immune system are acute.
In contrast to CD8+ and CD4+ T cell numbers, we observed that FoxP3+ cell
numbers did not change significantly before and after castration.
We also evaluated the functional status of CD8+ lymphocytes, and found
that the number of CD8+ T cells expressing granzyme B increased 5-fold after
castration. It is noteworthy that about one-third of the CD8+ T cells at the tumor
site before castration expressed granzyme B, suggesting that the growing tumor
did elicit a cytolytic T cell response, albeit ineffective in inhibiting tumor growth.
However, the increase in functional CD8+ cell numbers was also transient, and
had significantly declined by 10 weeks.
These data support the notion of androgen ablation as a type of “in situ
vaccine” (Drake et al., 2005, Aragon-Ching et al., 2007, Drake, 2008). Apoptotic
cell death induced by androgen ablation may release previously sequestered
prostate cancer antigens and allow presentation of these antigens by normal
stromal components, thus inducing effector cell influx into the residual tumor.
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However, if this occurs, it appears to be insufficient to induce tumor rejection.
One possible explanation may be the inability of the responding T cells to enter
the remaining cancerous glands.
Studies in a variety of cancers have shown a correlation between the
localization of CD8+ cells within the microenvironment and prognosis (Al-Shibli et
al., 2008; Monnier-Benoit et al., 2006; Sato et al., 2005). In patients, exclusion of
effector cells from the cancerous gland is indicative of a poorer prognosis. IHC is
a powerful diagnostic tool which can quantitatively determine location, number
and functional status of cells of interest. The need for such analysis of T cell
subsets within prostate cancers has been acknowledged in the field (De Marzo et
al., 2007) and our study demonstrates its importance.
Our IHC analysis of mouse prostates at different time points revealed a
paucity of potential anti-tumor effector cells within glands after castration. We
determined that cytolytic T cells while present within the prostate at much higher
numbers, had only limited access to cancerous glands.

Our data show that

cytolytic cells newly recruited after hormone removal are still excluded from the
glands. This observation suggests that a separate signal is needed to cause
extravasation of effector cells from the stroma. Dissociation of the tumor and
isolation of lymphocytes from the suspension is also a powerful tool to analyze
immune cell number and function (Drake et al., 2005, Bronte et al., 2005), but
would not expose the difference in lymphocyte location.

Furthermore,

the

contribution of lymphoid aggregates to the total lymphocyte number could not be
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excluded. We observed aggregates in a number of samples, and the number and
functional status of cells in the aggregate may be different from those within the
tumor (Harrison et al., 1995, Dieu-Nosjean et al, 2008). For example, a higher
proportion of Tregs within the lymphoid structure adjacent to the cancerous area
can correlate with a poorer prognosis (Gobert et al., 2009).
Thus, further immune modulations in addition to androgen ablation may be
required for effector T cells to cross the stromal barrier. Since Treg numbers did
not change after androgen ablation, we hypothesized that concomitant Treg
depletion would synergize with hormone removal and enhance effector function
at the tumor site. Combination immunotherapy may generate more antitumor
activity than a single treatment alone (Andersen et al., 2008). A recent study in a
melanoma model reported that prophylactic anti-CD25 treatment promoted tumor
rejection, while therapeutic anti-CD25 treatment did not increase CD8+ Tcell:
Treg ratio or enhance tumor infiltration by effector T cells (Quezada et al., 2008).
Since androgen ablation results in death of most of the existing tumor cells, we
reasoned that concurrent PC61 treatment would mimic the prophylactic
phenomenon. However, in our study, there was no significant increase in CD8+
and CD4+ T cell numbers after anti-CD25 treatment, and no increase in the
CD8+:FoxP3+ T cell ratio. Thus, the presence of residual cancerous cells may
more closely resemble a chronic tumor model.
Surprisingly, FoxP3+ T cell numbers were also unchanged. It is possible
that administration of PC61 does not deplete Tregs residing within the prostate.
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Alternately, compensatory mechanisms in place within the tumor may maintain
constant Treg numbers within the prostate. In vitro data show that prostate tumor
cell conditioned medium can convert conventional CD4+ T cells into Tregs by upregulating CD25 and FoxP3 (Liu et al., 2007). Furthermore, in vivo data suggest
that the tumor microenvironment programs antigen presenting cells capable of
inducing the Treg phenotype (Ghiringhelli et al., 2005).

Both in vitro and in vivo

conversion is dependent on TGF-β (Ghiringhelli et al., 2005; Liu et al., 2007),
which is expressed by prostate tumors at high levels, levels that increase further
following castration (Wikstrom et al., 2001). In mice lacking thymus-derived
natural Tregs a large percentage of tumor-infiltrating lymphocytes have a
regulatory phenotype, suggesting in situ conversion of CD4+ cells (Valzasina et
al., 2006).
Although T cell numbers were unchanged, PC61 treatment resulted in
preferential accumulation of CD4+ T cells within tumor stroma, and surprisingly,
FoxP3+ T cell movement from the stroma to the prostate epithelium.
Interestingly, depletion of Tregs also allowed granzyme B+ CD8+ cells better
access to the glands. The migration of FoxP3+ cells towards the epithelium was
also observed by 10 weeks post-castration without PC61 treatment. Thus, by
residing in the cancerous glands, Tregs may establish a barrier which prevents
infiltration by effector cells. In fact, Treg depletion in tumor and viral models has
demonstrated enhancement of effector cell trafficking (Quezada et al., 2008 &
Lund et al, 2008) indicating a possible role for Tregs in effector cell trafficking.
Additionally, work in a model of viral infection demonstrated that Treg Since
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PC61 treatment enhanced granzyme B+ cell localization to the glands it
appeared that compensatory localization of Tregs to the same compartment also
resulted. Therefore, movement of effector cells is accompanied by movement of
regulatory cells to the same area, perhaps keeping effector function in check and
preventing tumor rejection.
Our observation that the majority of granzyme B+ cells which enter the
prostate remain within the stroma, suggest that a treatment which facilitates
epithelial cell infiltration of effector cells may achieve tumor rejection.
Immunization of tumor-bearing animals with tumor cells expressing the
costimulatory molecule LIGHT (lymphotoxin-like exhibits inducible expression
and competes with HSV glycoprotein D for HVEM, a receptor expressed by T
lymphocytes) induced a rejection response against the LIGHT-negative tumor,
by promoting naïve T cell activation and tumor infiltration by activated T cells (Yu
et al., 2004). In our model, vaccination of PTEN knockout mice with tumor cells
expressing LIGHT may allow effector T cells within the prostate post-castration to
cross the stromal barrier more efficiently, resulting in tumor rejection. These
experiments are currently in progress in our laboratory.
The presence of myeloid-derived suppressor cells within the tumor
significantly inhibited anti-tumor immune responses (Bunt et al., 2007).

We

observed sustained localization of Gr-1+ cells to the tumor site before and after
castration. Treg depletion further increased Gr-1+ cells at the tumor suggesting
maintenance of this potentially suppressive mechanism. Although we did not
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assess the suppressive capacity of these cells, their persistence during tumor
progression suggests a role for these cells in preventing effector cell responses
at the tumor site. Thus, depletion of Gr-1+ cells in combination with castration
and anti-CD25 treatment may allow greater infiltration of the prostate tumor by
effector CD8+ and CD4+ T cells.
Interestingly, there was no corresponding increase in systemic T cell
levels early after castration, as indicated by unchanged T cell proportions in the
spleen. Increased lymphocyte localization to the spleen often accompanies an
active anti-tumor immune response (Zatz et al., 1973). In the absence of a
productive response, lymphocyte numbers or proportions in the spleen are
unchanged (Zatz, 1973). However, we observed an increase in granzyme B+ cell
numbers in the spleen after castration and Treg depletion suggesting that
systemic immune suppression was only partially alleviated by castration alone. A
significant increase in splenic CD8+ and FoxP3+ T cell numbers by 10 weeks
post-castration suggests that systemic responses to the growing tumor are
continually countered by maintenance and expansion of existing suppressive
mechanisms. Manipulations such as Treg depletion may perturb this “tug-ofwar”, and at least transiently, favor effector cells.
The prostate specific PTEN knockout mouse is a model system with many
similarities to human clinical disease (Wang et al., 2003). Tumor antigens are
undefined in this system, as is the case with many human cancers where
antigens that may mediate rejection are still unknown (Finn, 2008). Despite the
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inability to determine modulation of a particular antigen-specific T cell population,
the contribution to the overall response of multiple cell types can be considered.
Studies combining vaccination with androgen ablation as an adjuvant
reported varying degrees of success (Arlen et al., 2005; Hsueh et al., 2003; Koh
et al., 2009). Together, our results demonstrate that while functional cytolytic T
cells localized to the prostates of these tumor bearing mice, the therapeutic
window of opportunity offered by androgen ablation alone was brief.
Furthermore, androgen ablation failed to remove potential suppressive
mechanisms already in place at the tumor site. Therefore, androgen ablation
combined with immune manipulations such as Treg depletion, which enhance
effector cell infiltration of the gland may generate a sustained anti-tumor
response. Thus, our conclusions have significant implications for further preclinical and clinical studies of prostate immunotherapy.
Experimental Procedures
Mice. All animals were handled in accordance with the regulations and oversight
of the WFUHS Institutional Animal Care and Use Committee. Pten loxP/loxP mice
were obtained from Dr. Yong Chen, WFUHS with permission of Dr. Hong Wu,
UCLA (Wang et al., 2003a). PB-Cre4 transgenic mice (Wu et al., 2001) were
obtained from the NCI Mouse Models of Human Cancer Consortium. These two
strains were inter-crossed as described previously (Wang et al., 2003) to
generate Pten-/- male mice for the experiments. Briefly, Ptenloxp/loxp females were
bred to Ptenloxp/+;PB-Cre+ males.

Animals were screened by PCR using the
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following primers: for Pten knockout allele: forward, 5’- act caa ggc agg gat gag c
-3’ and reverse, 5’- gtc atc ttc act tag cca ttg g - 3’; and for Cre transgene:
forward, 5’- acc agc cag cta tca act cg-3’; reverse, 5’-tta cat tgg tcc agc cac c-3’;
and internal control: forward, 5’-cta ggc cac aga att gaa aga tct-3’, reverse, 5’-gta
ggt gga aat tct agc atc atc c-3’ . Pten knockout mice and their wild-type
littermates were castrated at 16 weeks of age and sacrificed at the indicated time
points.
Castration.

Mice were anesthetized with 100μl/25g of a Ketamine/Xylazine

mixture (23.75mg/ml Ketamine + 1.25mg/ml Xylazine) intraperitoneally and
placed on a warm clean surface. The scrotal area was cleaned with alcohol and
providone-iodide swabs (Novaplus). Sterile instruments and aseptic technique
were used for the surgical procedure. A small incision was made through the skin
at the tip of the scrotum. A 5 mm incision was made into each scrotal sac and the
testes were excised. The incisions were closed with a wound clip (Fine Science
Tools).
Regulatory T cell depletion. Tregs were depleted by a single i.p. administration
of 0.5 mg per mouse of anti-CD25 antibody (Cao, et al, 2007;clone PC61,
BioXCell, West Lebanon, NH) two days prior to castration.
Antibodies.

The anti-CD4, anti-FoxP3, and IgG2b isotype control antibodies

were from eBioscience (San Diego, CA). Polyclonal rabbit anti-granzyme B, and
rabbit IgG were from Abcam (Cambridge, MA). The anti-CD8, IgG2a, anti-Gr-1,
biotinylated anti-CD25 (clone 7D4) and goat anti-rat IgG antibodies were from BD
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Pharmingen (San Jose, CA). Biotinylated donkey anti-rabbit secondary antibody
was from Jackson ImmunoResearch (West Grove, PA). Anti-cleaved caspase-3
was from Cell Signaling (Danvers, MA).
Immunohistochemistry and immunofluorescence.

Indicated organs were

embedded in O.C.T. medium (Fisher; Pittsburgh, PA), flash frizeb iver kuqyud
butrigeb and stored at -80oC. Eight micrometer cryosections were mounted on
Superfrost slides (Fisher; Pittsburgh, PA) and dried overnight at room
temperature. Sections were fixed in acetone for 10 minutes and air-dried at room
temperature. Peroxidase activity was blocked with 0.3% H202 in 1X PBS for 10
minutes. For single staining slides were incubated with anti-CD4 (5µg/ml) antiCD8 (5µg/ml), anti-Foxp3 (10µg/ml) or anti-Gr-1 (1μg/ml) antibody for 1 hour
followed by biotinylated goat anti-rat Ig (1:300). Anti-granzyme B (5μg/ml), anitphospho-Smad 2/3 (10μg/ml) and anti-cleaved caspase-3 (1μg/ml) incubation
was followed by donkey anti-rabbit Ig (1:250) secondary antibody. Signal was
amplified using ABC kit (Vector Labs; Burlingame, CA), developed with DAB and
slides were mounted using Permount (Fisher; Pittsburgh, PA).
Granzyme B+/CD8+ cells were detected either using IHC or IF double
staining. Briefly, slides were incubated for 30 minutes with anti-CD8 (5μg/ml),
followed by goat anti-rat biotin (1:300), amplified with the ABC kit (Vector Labs;
Burlingame, CA) and followed by development with DAB in the presence of
nickel for 5 minutes. Subsequently, slides were incubated for 30 minutes with
anti-granzyme B (5µg/ml), donkey anti-rabbit-biotin (1:250) and ABC followed by
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development with AEC (Vector Labs; Burlingame, CA). After counter-staining
with hematoxylin, slides were mounted in aqueous mounting medium.

In

experiments using immunofluorescence, granzyme B was detected using the red
substrate 1 kit (Vector Labs, Burlingame CA) and CD8 was detected using
Alexafluor-488 (1:100, Molecular Probes, Invitrogen Corp., Carlsbad, CA).
Enumeration of T cell subsets.
Prostates: Pictures were taken of 3-4 fields per prostate using a 10X objective.
Positive cells were identified by their brown (DAB), black (DAB+ Ni) or red (AEC)
staining.

Staining was quantified using the ImageJ Cell Counter Plug-in

(National Institutes of Health). The total number of positive cells per field as well
as the number of positive cells in the glands was determined and an average
obtained for each mouse. Then the percentage of the field that was glandular
was determined by the following equation:
% glandular tissue = mm2 (gland)/mm2 (total).
In order to determine whether the cells were preferentially localizing to the
stroma or the glands the deviation from expected was calculated using the
following equation:
deviation from expected = % glandular cells - % glandular tissue.
Using this equation, positive numbers indicate an enrichment of cells in the
glands, while negative numbers indicate an enrichment of cells in the stroma.
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Spleens: For enumeration of T cell proportions, pictures were taken of 3-4 fields
per prostate using a 10X objective. Positive cells were identified by their brown
(DAB) staining.

Staining was quantified using the Adobe Photoshop ® magic

wand and histogram tools. Using a tolerance between 25 and 45 in magic wand,
all pixels with similar color were tabulated.

Total splenic pixels were also

determined using ImageJ.
Granzyme B+ spleen cells were counted as described above for the prostate.
Statistical analysis. One to four 8μm sections of tissue (prostate or spleen) were
measured on each mouse. When a mouse had more than one section of tissue,
the mean was calculated for each mouse and used in all analyses except for the
percent deviation from expected. Differences in prostate tumor weight and the
number of CD4+, CD8+, FoxP3+, Gr-1+ and cleaved caspase-3+, and
granzymeB+/CD8+ cells at each time point (pre-castration, 2.5, 5 and 10 weeks,
and PC61 treated) were compared using two-tailed Students’ t-tests.

The

percent deviation from expected was modeled using a mixed model ANOVA,
accounting for the multiple measures per mouse using a random mouse effect.
Animal numbers are N=6 for all time points except for 10 weeks where N = 5
animals.
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CHAPTER III

Non-Invasive Imaging of Anti-tumor Immune Responses

A portion of the following chapter is part of a manuscript which was published in
The Journal of Nuclear Medicine, and is reprinted with permission. Stylistic
variations are due to the requirements of the journal. E. Akins and P. Dubey
prepared the manuscript.
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INTRODUCTION
The study described in chapter 2 supported the hypothesis that the ratio of
effector T cells to regulatory T cells increases shortly after castration of tumor
bearing mice. There are many immunological strategies that one could envision
which might exploit this putative therapeutic window. We have assessed the
efficacy of one such manipulation, Treg depletion.

The study presented in

chapter 2 was conducted through analysis of excised tissue from tumor bearing
mice at various time points.

This novel study elucidated not only T cell

localization and function within the prostate organ, but also their distribution
within the microenvironment. Furthermore, we demonstrated that the dramatic T
cell infiltration resulting from castration of tumor bearing mice is short lived and
not enhanced by Treg depletion.
The Utility of Molecular Imaging for Monitoring Immunotherapy
In the majority of adoptive transfer studies, objective clinical responses to
immunotherapy treatments are weak and the fate of the effector cells is unclear.
Localization and function of immune cells at the tumor site are determined by
biopsy and ex vivo analysis of cell function, respectively (Mosca et al., 2005).
These assays, while valuable, are snapshots in time and space and do not
adequately reflect the plasticity of the immune response.

Furthermore, they

demonstrate that T cells which may appear functional by in vitro assays are
nonetheless prevented from launching an effective anti-tumor response in vivo.
This contradiction makes it critical to develop methods for assessing localization
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and function of T cells and other immune cell types in situ. In recent years, it has
become increasing apparent that molecular imaging is superbly suited for this
task.
In fact, frequently in vitro assays do not truly reflect the in vivo situation.
For this reason a method to monitor the in vivo and in situ activities of tumor
reactive T cells would be very beneficial. Non-invasive imaging can fulfill this
need. While methods of non-invasive imaging are already in use in the clinical,
imaging is only rarely used to complement clinical immunotherapy studies.
However, as described in chapter 1, the preclinical body of work supporting the
validity of this method has expanded greatly in recent years.
We developed tools to monitor anti-tumor responses non-invasively. We
also demonstrated TCR dependent expression of luciferase in vivo and used this
to determine T cell function in situ when mice were reconstituted with lentivirally
infected bone marrow. The data presented in this chapter highlight the benefits
of using BLI to complement standard analysis methods. Both the constitutive
and inducible constructs allowed us to visualize, in real time, immune cell
trafficking and activation status during tumor rejection and progression both in a
subcutaneous, transplanted and orthotopic prostate tumor models.
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METHODS
Animals
All animals were handled in accordance with the regulations and oversight
of the WFUHS Institutional Animal Care and Use Committee. C57BL/6J mice
were purchased from The Jackson Laboratory (Bar Harbor, ME). RAG knockout
mice were bred at the WFUHS facility.
Cells
The 8101 RE and PRO cells lines were a generous gift of Dr. Hans
Schreiber (University of Chicago). Both cell lines were maintained in DMEM
supplemented with 10% FBS at 37oC, 8% CO2.
Antibodies
Flow Cytometry: anti-CD8, anti-CD4, anti-B220, anti-NK1.1, anti-Gr-1,
anti-Cd11b, anti-CD11c, and anti-CD3 antibodies were purchased from BD
biosciences (San Jose, CA).

Anti-flag antibody was purchased from Sigma

Aldrich. Streptavidin-PE was purchased from Jackson Immunoresearch (West
Grove, PA) and Anti-Luciferase was purchased from Abcam (Cambridge, MA).
Lentiviral Constructs
The CD8 promoter and E8-I enhancer, were obtained by PCR from
pCDNA3.1CD8 (generous gift of Ellmeier Lab) and the eGFP-firefly luciferase
fusion was obtained from the pEGFPLuc plasmid.
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The NFAT enhancer 4mer

was constructed as previously described (Hooijberg et al., 2000).

The CD3,

FoxP3, perforin, and granzyme B promoters were obtained by PCR from mouse
genomic DNA (Table 1). The IFN-γ promoter was isolated by restriction digest of
the -565 to +1 luc construct (generous gift of Aune Lab). Transcriptional control
elements were TA - cloned into the pENTR 5' TOPO entry vector (Invitrogen;
Carlsbad, CA).

Reporter genes were cloned into the D-TOPO entry vector

(Invitrogen; Carlsbad, CA). Entry vectors were recombined into the pLenti-V5dest R4R2 (Invitrogen; Carlsbad, CA) containing the woodchuck hepatitis virus
posttranscriptional regulatory element (WPRE) (Zufferey et al., 1999) and central
polypurine tract

and central termination sequence (cPPT) (Manganini et al.,

2002) according to the manufacturer’s protocol.
Virus Production
Virus was produced by calcium phosphate co-transfection. HEK 293T cells were
plated at 1.5 x 106 cells per 10 cm dish. One hour before transfection, cells were
fed with fresh Iscove’s Modified Dulbecco’s Medium (IMDM) supplemented with
10% serum and 50μM chloroquine. Vector DNA, CMVΔR8.91, and the VSV-G
encoding plasmid were mixed at a ratio of 4:3:1 (20µg total) in a total volume of
450μl. To this DNA mix, 50μl 2M CaCl2 was added drop-wise. This solution was
added drop-wise to an equal volume of 2X HEPES buffered saline (2X HBS; pH
7.00) and vortexed for 10 seconds.

Precipitate was allowed to form for 20

minutes at room temperature. Precipitate was added drop-wise to 293T cells
while rocking the plate to ensure even distribution. Precipitate was removed 8 to
12 hours later and replaced with fresh IMDM supplemented with 10% serum.
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TABLE 1
Primer Sequences Used to Obtain Various Tissue Specific Promoters
Promoter

Forward Primer

Reverse Primer

CD3

GGGGTACCTGATCAGAAACAAGAGGAATCT

TCATCTCGAGTGATCAGCCAGGGTTAGGAC

Perforin

CACCATACTCGAGGGAAGTGGGTACCAGCT

ATAGCGGCCGCCTATCCCCAGGCAGGCCCA

Granzyme B

CCGCTCGAGCCTTAGTTCACAGGTTTGCATCG

ACGAGATCTTAGGTCCCAGCGTCAAGAGTGTTG

FoxP3

TTCCCATTCACTGGCAGGC

TTTCCAAAGTCCTTACCTGG
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Supernatant containing virus was collected 24 and 48 hours after
transfection. Pooled viral supernatant was centrifuged at 500 x g for 10 minutes
at 4oC and then passed through a 0.45μm filter (Corning).

Virus was

concentrated by ultra-centrifugation at 20,000rpm for 90 min at 4oC in a SW-28
rotor. Virus pellets were then resuspended in 1/100 th of the original volume in 1X
Hank’s balanced salt solution (HBSS) by incubating overnight at 4oC.
Bone Marrow Reconstitution
Female C57BL/6 mice were injected with 25mg 5-fluoruracil. Five days
later, bone marrow was harvested from the femurs of these mice. Cells were
then cultured in IMDM supplemented with 15% heat inactivated serum, 2mM Lglutamine, 100μg/mL streptomycin, 100U/mL penicillin, 5mM 2-ME, 6ng/mL
interleukin (IL)–3, 10ng/mL IL-6, 10ng/mL stem cell factor (SCF), and 5% WEHI
conditioned medium at a concentration of 7.5 x 10 5 cells/mL On days 3 and 4 of
culture, cells were infected by centrifugation at 1273 x g at 30oC for 90 minutes in
the presence of 8ug/mL polybrene and 10mM HEPES. Unless otherwise noted,
concentrated virus was used at 1:10 and unconcentrated virus was used at 1:1.
Following the second infection, cells were harvested, washed, and resuspended
in 1X HBSS. Female recipient mice received 9Gy of total body irradiation from a
Cesium source followed by i.v. injection of 2-8 x 105 infected bone marrow cells.
As a control for efficacy of irradiation, one irradiated mouse from each
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experiment received no bone marrow which resulting in death 10-14 days
following irradiation.
In Vitro Infections of Murine Cells
Spleens were harvested from C57BL/6 mice. A single cell suspension
was made by grinding the spleen between glass slides. Red blood cells were
lysed using ACK lysis buffer (BioWhitaker; Walkersville, MD) Cells were then
resuspended at 3x106 cells /mL in X-VIVO15 medium (BioWhitaker; Walkersville,
MD) supplemented with 5mM 2ME and 50μg/mL gentamicin and plated in 24 well
plates.

T cells are better infectible when dividing.

Therefore, T cells were

induced into cycle by incubation with 1µg/ml anti-CD3. Following 24 hours of
stimulation, cells were incubated with virus at varying concentrations in the
presence of 1.6µg/ml polybrene (Sigma Aldrich; St. Louis, MO).

Cells were

infected by centrifugation at 1273 x g at 30oC for 90 minutes. Infection was
evaluated 48 hours later by flow cytometric detection of GFP. This analysis was
performed on the BD FACsCalibur using the CellQuest Pro® software.
Bioluminescent Imaging
Mice were injected with 150mg/kg D-luciferin (MIP; Bend, OR)
intraperitoneally. Fifteen minutes was allowed for uptake of luciferin following
which mice were anesthetized by isoflurane inhalation (Halocarbon Laboratories,
North Augusta, SC) and placed in a light tight imaging chamber. Anesthesia was
maintained throughout imaging via nose cone delivery of isoflurane. Imaging was
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performed using the Xenogen IVIS 100 (Mountain View, CA). Acquisition times
ranged from 1 to 10 minutes. All analysis was performed using Living Image ®
software.
Mixed Lymphocyte Tumor Culture and 51Cr Release
Spleens were harvested and dissociated between glass slides. Red blood
cells were lysed with ACK Lysis Buffer (BioWhitaker; Walkersville, MD). 3 x 10 6
splenocytes were incubated with 1.5 x 104 irradiated tumor cells (250Gy) for 7
days in 3.5mL RPMI with 10% serum, 5mM 2-ME, 100U/ml penicillin and
100µg/ml streptomycin at 37oC, 5% CO2.
harvested and incubated at varying ratios with

On day 7 of culture, cells were
51

Cr labeled cell lines for 4 hours

at 37oC. Cell lines were labeled by incubating 1 hour with 1µCi

51

Cr for up to 106

cells. Supernatants were collected and the radioactivity release from cell into the
supernatant was counted using a gamma counter (PerkinElmer; Waltham, MA).
Maximum release of radioactivity was calculated using cells incubated with 1%
Triton-X 100 which lyses all cells. Spontaneous release was calculated from
cells incubated without cells or detergent. Percent specific lysis was calculated
using the following formula:
% specific lysis = 100 x (experimental release – spontaneous release).
(maximum release-spontaneous release)

Activation of Lymphocytes
Polyclonal stimulation of splenocytes was achieved by incubation with
1μg/ml PMA and 1ng/ml ionomycin.
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Intracellular Staining
Spleens were harvested and dissociated between glass slides.
Intracellular staining was performed using the cytofix/cytoperm plus GolgiStop kit
from BD Biosciences (San Jose, CA) and performed according to manufacturer’s
protocol. Briefly, cell surface staining was performed. Then the cells were fixed
and permeablized followed by incubation with antibodies against intracellular
antigens.

Cell staining was analyzed on the BD FACsCalibur using the

CellQuest Pro® software.
Magnetic separation of cell subsets
Splenocytes were stained with phycoerythrin (PE) conjugated antibodies
(anti-CD8, anti-CD4 or anti-B220). Anti-PE microbeads (BD Biosciences; San
Jose, CA) were used to separate cells using the BD IMAG (San Jose, CA)
according to the manufacturer’s protocol.
Tumor Inoculation
8101-RE and 8101 PRO tumors were grown by injecting 1x10 7 cells into
the flank of a RAG knockout mouse.

Once tumors developed, they were

harvested and minced into 1mm fragments.

Ten - fifteen fragments were

injected into the right flank of bone marrow reconstituted C57BL/6 mice using a
12-guage trochar. Caliper tumor measurements were acquired along three axes
and tumor volume calculated by the equation tumor volume = lwh x π/6.

136

Luciferase Assay
Luciferase assay was performed using the Dual Luciferase ® Reporter
Assay Kit from Promega (Madison, WI) according the manufacturers protocol.
Briefly, cells were lysed in passive lysis buffer and then mixed with luciferase
substrate in vitro. The relative light units (RLU) emitted were determined using a
luminometer (Turner Designs, Sunnyvale CA)with a 2 second delay and 10
second acquisition.
RESULTS
The CD8-GFPLuc Lentiviral Construct
As tumors progress in immunocompotent hosts, they frequently stop
expressing MHC-class I molecules (Garrido et al., 1997).

This observation

strongly suggested that evasion of CD8+ T cell mediated anti-tumor mechanisms
is crucial for tumor development.

Rodent tumor models in which T cell subsets

are depleted have also implicated CD8+ T cells as crucial for the tumor rejection
(Markiewicz and Gajewski, 1999). Because of their paramount role in anti-tumor
responses, we sought to track CD8+ T cell localization to, and function within
regressing and progressing tumors.
To achieve this, we constructed a lentiviral vector expressing an enhanced
GFP-firefly luciferase fusion protein under the control of the CD8 enhancer, E8I,
and the CD8 promoter, termed CD8-GFPLuc. We used these elements because
they were sufficient to direct CD8+ T cell specific gene expression in transgenic
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mice (Ellmeier et al., 1997);(Hostert et al., 1997). Virus containing this construct
was produced by calcium phosphate co-transfection of 293T cells as described in
methods. This virus was able to infect mouse splenocytes in vitro as determined
by luciferase assay (Fig. 1). Luciferase assay was used to assess infection of
splenocytes because transgene expression was too low to be determined by flow
cytometric detection of GFP. Once virus was confirmed to be infectious in vitro,
we sought to perform in vivo experiments.
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Figure 1: Despite demonstrable luciferase activity in CD8-GFPLuc infected
splenocytes, GFP is not detectable.
Splenocytes were infected with
unconcentrated CD8-GFPLuc virus at 1:1. 48 hours after infection, GFP
expression was assayed by flow cytometry. Remaining cells were lysed and
and in vitro luciferase assay was performed as described in methods. RLU =
relative light units. RLU are normalized to total µg of protein. Mock infected
cells express 0 RLU/g.
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Therefore, BM was infected with the CD8-GFPLuc virus and injected into lethally
irradiated C57BL/6 mice as described in the methods. Mice were imaged at
intervals throughout the immune reconstitution process to determine where
luciferase signal was detectable in naïve mice. At three weeks following BMT we
observed a robust luciferase signal in the region corresponding to the thymus
(Fig. 2). When a representative mouse was sacrificed, in situ and ex vivo BLI of
the organs confirmed that the thymus contained cells expressing luciferase. By
five weeks following BMT, we observed not only signal in the area of the thymus,
but also in the spleen. Both the thymus and spleen signals were confirmed ex
vivo at this time point.
At 6 weeks post BMT, the immune reconstitution is complete.

Flow

cytometric analysis showed that CD4, CD8, and B220 positive cells were present
in the spleen in normal proportions

by this time point (Paul, 2003); Fig. 3).

Similar to what was observed in in vitro infections, the GFPLuc fusion protein did
not allow detection of the GFP ex vivo. Therefore we lysed splenocytes from
reconstituted mice and performed luciferase assays (Table 2). These assays
confirmed the expression of luciferase that was observed non-invasively.

In

addition to analysis of the bulk population, magnetic cell separation was used to
isolate pure populations of CD4+, CD8+, and B220+ cells (Table 2). Luciferase
signal, while the highest in the CD8+ population, was detectable in all cell types.
This indicated that our construct was likely expressed at some level in non-CD8+
T cells.
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Figure 2: C57BL/6 mice exhibit luciferase signal in lymphoid organs after transfer of bone marrow
infected with CD8-GFPLuc lentivirus. Lethally irradiated C57BL/6 mice were reconstituted with BM infected
with CD8-GFPLuc lentivirus and imaged as described in Methods. Images were acquired non-invasively, as well
as invasively with organs in situ and after organ removal to confirm site of non-invasive signal. These are
representative mice. Pseudocolor scale is measured in photons/sec/cm2/steridian. CON= control mouse which
did not receive BMT.

Table 2
Luciferase expression pattern in splenocytes of mice reconstituted
with CD8-GFPLuc

Bulk
RLU/105 cells
% purity

2.255

CD8

CD4

B220

9.484

2.253

0.304

97.5

98

98.5
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Figure 3: Lymphocytes return to normal proportions following bone
marrow transfer. Splenocytes were harvested from mice 6 weeks following
bone marrow transfer and stained with antibodies against CD3, CD4, CD8, or
B220.
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The inability to detect luciferase expressing cells on a single cell level
made it difficult to confirm the tissue specificity of our construct in vivo. Several
different approaches were taken in an effort to determine the specificity of the
CD8GFPLuc construct in vivo and are described below.
The luciferase reaction proceeds as follows:
luciferin + O2 + ATP  oxyluciferin + AMP + light.
This reaction emits a photon of light and so we first attempted to detect
the light generated by the luciferase reaction by flow cytometry (data not shown).
Our attempts to detect marked cells in this manner were unsuccessful. This may
be because the light emitted is not strong enough to be detected. Alternatively,
the reaction may take place too quickly to be detected by the lasers. Finally,
because the reaction does not take place synchronously (Lindqvist et al., 1994),
the photon accumulation may not be detectable by flow cytometry.
We also attempted to detect the luciferase protein by intracellular staining
and flow cytometry.

When a lentiviral construct expressing

flag- tagged

luciferase was placed downstream of the CD8 regulatory elements, luciferase
expression detected in 293T cells was low (Fig. 4A).

Because transfection

efficiency is typically very high, this led us to believe that all positive cells were
not detected.

However, without a secondary indicator of reporter gene

expression, this could not be confirmed. Therefore we attempted to detect the
luciferase in the context of the GFPLuc fusion protein.
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An anti-luciferase

antibody detected intracellular luciferase expression in 293T cells. However, only
cells expressing the highest levels of the GFPLuc fusion were luciferase positive
by antibody staining (Fig. 4B). This level of reporter gene expression is far
greater than what is achieved in infected cells, thus anti-luciferase staining was
not sufficient to allow detection of weakly positive cells.
Since the GFPLuc fusion proved difficult to quantify on a single cell basis, we
placed the FMDV 2A sequence between the GFP and luciferase genes of the
GFPLuc fusion (Chinnasamy et al., 2006). This 2A sequence acts as a “slip” site
allowing the ribosome to fall off of the mRNA and then reattach downstream of
the site resulting in two proteins instead of a fusion (Donnelly et al., 2001). The
UbcP-GFP-2A-luc construct maintained GFP expression in transfected 293T
cells (Fig. 5A). In this case the human ubiquitin promoter was used because, in
contrast to the CD8 promoter construct, this promoter is detectable upon in vitro
infection. However, the resulting virus did not restore GFP signal sufficient for
detection by flow cytometry (Fig. 5B) even though inclusion of the 2A sequence
in the lentiviral construct resulted in the production of free luciferase as
determined by western blot (Fig. 5C). The failure of free GFP to be detected by
FACS analysis was unexpected, and it is unclear why detectable expression was
not achieved.
In order to circumvent the inability to detect the marked cells on a single
cell basis we made a construct containing the CD8 regulatory regions and the
GFP gene alone. This allowed for detection of viral infection ex vivo (Fig. 6A-C).
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Figure 4: Free and flag-tagged luciferase are difficult to detect by flow
cytometry.
(A) 293T cells were transfected with a lentiviral construct
expressing flag tagged luciferase. Cells were then stained with anti-flag
antibody and analyzed by flow cytometry. (B) 293T cells were transfected with
a lentiviral construct expressing the GFPLuc fusion protein. Cells were stained
intracellularly with anti-luciferase and analyzed by flow cytometry.

146

Figure 5: FMDV 2A sequence does result in individual proteins, but does
not result in detectable GFP. (A) 293T cells were transfected with lentiviral
constructs expressing the genes shown under the control of the human ubiquitin
promoter. (B) UbcP-GFP-2A-Luc virus was used to infect splenocytes at varying
concentrations as shown. Cells were subjected to flow cytometry for the
detection of GFP or lysed for luciferase assay. (C) To confirm the presence of
individual proteins, western blot analysis was performed to determine the size of
the luciferase protein.
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Figure 6: The CD8-GFPLuc construct expression was not restricted to CD8
cells in vivo and inclusion of the CD4 splicing module did not restore
specificity. (A-C) Splenocytes from mice reconstituted with BM infected with
CD8-GFP were harvested and stained with antibodies to CD8, CD4, and B220.
(D-F) Splenocytes were infected with the CD8-splice-PSCA-flg virus as
described in methods. 48 hours after infection, cells were stained with α-flag
and either anti-CD8, anti-CD4, or anti-B220.
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As shown, the CD8 regulatory regions failed to confer CD8+ T cell specificity.
The construct used to generate the transgenic mice described by Ellmeier
and Hostert (Ellmeier et al., 1997; Hostert et al., 1997) included a CD4 splicing
module.

This module is not thought to have an effect on the specificity of

transgene expression in these mice; this module contains no known regulatory
elements (Ellmeier, personal communication).

However to be certain that

omission of this element from our lentiviral construct was not responsible for the
lack of specificity we modified the CD8-GFPLuc construct to contain the splicing
module. Transgene expression was attenuated in this case. Therefore, the CD8
enhancer, CD8 promoter, and CD4 splicing module were placed upstream of a
cell surface marker. This allowed us to amplify the transgene signal by antibody
detection. As shown in figure 6D-F, inclusion of the module did not restore CD8+
T cell specificity.
Alternative Promoters for Restricting Gene Expression to CD8+ T Cells
Because the CD8-GFPLuc construct did not confer CD8 specific reporter
gene expression, we attempted to target CD8+ T cells by alternative methods.
Additionally, we aimed to target another T cell subset of interest in our laboratory.
The results of these experiments are summarized below.
The CD3δ promoter. The CD3δ promoter was reported to have intrinsic T cell
specificity (Georgopoulos et al., 1988). Because the CD8 enhancer + promoter
construct was leaky, mainly into B cells and not CD4+ T cells, we reasoned that
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replacing the CD8 promoter, which has no reported tissue specificity, with the
CD3δ promoter, with reported T cell specificity, would give our construct an
acceptable level of specificity. We hypothesized that the CD3δ promoter would
prohibit expression in non T cells while the CD8 enhancer would prohibit
expression in CD4+ T cells.
While pursuing the CD3δ promoter construct we entered into collaboration
with the Ellmeier Lab. Our collaborators had 4 putative minimal enhancers that
they wished to verify using our lentiviral system.

Because of this ongoing

collaboration we chose to combine the CD3δ promoter with these minimal
enhancer pieces rather than the known 1.6kb CD8 enhancer. The option was
particularly attractive due to the size restrictions of the lentiviral genome. None
of these constructs yielded CD8+ T cell restricted expression of GFP (data not
shown, but summarized in Table 3).
The FoxP3 promoter. The other cell type of great interest to us in our prostate
cancer model is the regulatory T cell. Using the previously identified human
promoter sequence (Mantel et al., 2006b), we isolated the analogous sequence
from mouse genomic DNA. This putative FoxP3 promoter displayed no promoter
activity in vitro or in vivo (Table 3).
The NFAT-CD8GFPLuc Construct
Nuclear factor of activated T cells (NFAT) is a transcription factor activated
downstream of TCR ligation.

Upon T cell receptor stimulation, intracellular
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calcium stores are released, NFAT is phosphorylated and translocates to the
nucleus where it can act on number of genes involved in T cell activation
(Crabtree, 1999). We constructed four tandem repeats of the minimal NFAT
responsive element and placed them upstream of the CD8 promoter (Hooijberg
et al., 2000). This NFAT 4mer has been previously shown to confer activation
inducible expression of transgenes (Ponomarev et al., 2001).
This construct showed excellent induciblity in in vitro assays (Fig.7) and
was therefore used to infect bone marrow. Mice receiving bone marrow infected
with this virus showed a slightly different pattern of luciferase expression as
reconstitution was taking place. Thymus and spleen signal were much
diminished compared with the constitutively active luciferase construct CD8GFPLuc. In order to verify the NFAT responsiveness of this construct, BMT
recipient mice were injected with anti-CD3 or an isotype control and images were
acquired for 20 hours. As shown in Figure 8, we observed a quick, robust, and
sustained elevation in luciferase signal in the spleens of these mice.

This

increase began 1 hour following injection of anti-CD3 antibody and was TCR
specific. By 4.5 hours following antibody stimulation, the signal began to plateau
and
Because the CD8 promoter and enhancer provided no specificity, we
aimed to determine whether this construct’s expression was restricted to CTL.
remained fairly constant for the next 15 hours.

151

Table 3
Constructs made in attempt to mark CD8+ T cells or functional status of T cells

(Ellmeier et al., 1997)

(Smyth et al., 1994)

(Yoshida et al., 2006)

(Soutto et al., 2002)

(Bilic et al., 2006)

(Mantel et al., 2006a)
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Figure 7:
Splenocytes infected with NFAT–CD8-GFPLuc lentivirus
expresses significant levels of GFP following TCR stimulation. Primary
mouse splenocytes were infected as described in methods. Cells were rested
for 24 hours and then restimulated with anti-CD3. Twenty-four hours after
restimulation, GFP expression was assessed by flow cytometry.
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No Antibody
Isotype Control
α-CD3

Figure 8: Upregulation of luciferase signal upon in vivo T cell stimulation.
(A) Bone marrow from C57BL/6 mice was infected with lentivirus driving
expression GFP-Luc fusion reporter under the control of the NFAT enhancer
element. Bone marrow cells were then transferred to lethally irradiated
syngeneic mice. (B) After reconstitution, mice were injected with activating antiCD3 or isotype control antibody. All animals were injected i.p. with D-luciferin at
150 mg/kg and after 15 minutes imaged with the IVIS 100.
(C) ROIs
encompassing the spleen area were quantified with Living Image software.
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While B cells do not express CD3 and so could not be directly stimulated
by our in vivo antibody treatment, cytokines produced by the T cells during an
immune response could lead to subsequent NFAT signaling in other cell types.
Therefore, splenocytes from CD8-NFAT-GFPLuc reconstituted mice were
subjected to PMA/ionomycin stimulation. These two chemicals in combination
act as a polyclonal stimulus of lymphocytes by mobilizing intracellular calcium
stores (Crabtree, 1999). B cells magnetically separated from BM transduced
mice were stimulated in vitro for 72 hours.

Following stimulation, B cells

exhibited enhanced GFP expression (Fig. 9). Thus, while the NFAT construct
was upregulated upon polyclonal stimulation, luciferase expression is not
restricted to CD8+ T cells.
The perforin promoter. Perforin is an effector molecule contained within cytolytic
T cell granules. We attempted to circumvent the promiscuity of the NFAT- CD8GFPLuc construct by using a minimal perforin promoter construct hypothesizing
that the construct would be CTL specific. A ~1kb construct was previously
identified and characterized as being specific for CTL cell lines (Smyth et al.,
1994). Due to the size constraints of lentiviral constructs we used the -502 to +1
sequence which, in this same report, had a lower level of activity, but comparable
specificity. Our analysis showed that expression of this construct was relatively
restricted to CD8 cells (Fig. 10), but not CTL. Therefore, the perforin construct
became a candidate to use in lieu of the non-specific CD8-GFPLuc and was
tested in vivo. Ex vivo analysis of mice transduced with bone marrow infected
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Figure 9: Expression of the NFAT-CD8-GFPLUc construct is not restricted
to CD8+ T cells. B cells were isolated from the spleens of mice reconstituted
with NFAT-CD8-GFPLuc bone marrow. After 72 hours of PMA/ionomycin
stimulation, cells were analyzed by flow cytometry for GFP expression.
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Figure 10: The perforin promoter construct displays relative specificity for
CD8+ T cells. Mouse splenocytes were infected with the PFN-GFPLuc
construct as described in the methods. 48 hours after infection, cells were
stained with antibodies against CD8, CD4, or B220.
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with the Perforin-GFPLuc construct showed that this specificity was lost in vivo
(Table 3).
The Granzyme B promoter. Granzyme B is an effector molecule component of
CTL cytolytic granules. This molecule initiates apoptosis in target cells through
cleavage of caspase 8.

Granzyme B expression is downstream of NFAT

signaling and indicates the acquisition of full effector function. For this reason we
placed our imaging transgene under the control of the minimal granzyme B
promoter (Yoshida et al., 2006). This promoter was specific for activated CD8+ T
cells in transient transfection assays. However, in our hands, no CD8 + T cell
expression was observed (Table 3).
The Interferon-γ promoter. Interferon (IFN)- γ is the key cytokine involved in Th1
immune responses and has been implicated in many models of anti-tumor
immunity (Shankaran et al., 2001). Additionally, IFN-γ is used routinely for flow
cytometric analysis of CTL function.

Therefore in vivo monitoring of IFN-γ

expression in our tumor bearing mice would give us insight into function of T cells
at the tumor site. The interferon promoter is not CD8 + T cell specific, nor is it T
cell specific (Aune et al., 1997b; Soutto et al., 2002). However, interferon can
give an overall picture of the type of response taking place at a tumor site and
give a more global picture of the tumor milieu. Unfortunately, we did not detect
inducible expression from this construct (Table 3).

158

The 8101 Tumor System
The 8101 tumor was isolated from a C57BL/6 mouse continuously exposed to
UV irradiation (Dubey et al., 1997) and adapted to in vitro culture. Spleens from
mice immunized with live tumor cells were used to generate CTL clones. These
CTL clones identified a tumor cell clone expressing two different antigens and an
antigen loss variant only expressing one antigen. The tumor cell line expressing
both CTL antigens was rejected when grown in syngeneic mice. This tumor line
was termed 8101-RE (for regressor). The antigen loss variant (expressing only
one of the two antigens), in contrast, grew progressively and was termed 8101PRO.

The rejection antigen expressed by 8101-RE, which is lost on 8101-PRO

tumor, was found to be derived from a mutated form of the helicase p68 resulting
in an altered self tumor rejection antigen. In this model, the rejection antigen is
the only difference between the two cell lines.
spontaneously and does not require vaccination.

Furthermore, rejection occurs
Additionally, both of these

tumor cell lines are derived from the same parental tumor. Thus, this is a very
convenient model for the study of tumor rejection.
Visualization of Tumor Rejection by Non-Invasive imaging
Six weeks after BMT, we began challenging BM reconstituted mice with
the 8101 tumors. To visualize immune cell trafficking during tumor rejection,
mice were challenged with 10-15 tumor fragments of 8101-RE. All tumors were
injected subcutaneously on the right side of the mouse. As a positive control for
tumor growth, a RAG knockout mouse was included in each experiment. This
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Figure 11: Mice reconstituted with CD8-GFPLuc infected bone marrow mount
a robust response to the 8101-RE tumor which can be followed noninvasively. (A) BM reconstituted mice were imaged and ROI measurements taken
at the spleen and tumor site. (B) The fold change in tumor ROI (left Y-axis) and
tumor measurements (right Y-axis) over time are shown. (C) The fold change in
spleen ROI over time is shown. (D) Spleen cells from mice challenged with the
8101 RE tumor are able to lyse tumor cells in vitro. For B and D, values shown are
mean ±SEM.
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mouse received tumor fragments as well, however because these mice lack
CD8+ T cells, the tumors grew progressively (data not shown).
imaged daily after tumor challenge.

Mice were

Figure 11A shows the images of one

representative mouse at different points during tumor rejection. We observed an
increasing luciferase signal at the tumor site (right side of mouse) as the tumor
developed. This signal lingered after the tumor was no longer palpable.
Tumor measurements were also taken at regular intervals. The 8101-RE
tumors grew upon transplantation into BMT recipients. Tumor size peaked at
day 5 and the tumor was then rapidly rejected (Fig 11B). This likely indicates
that even after overt tumor burden is eradicated, the immune reaction continues
in order to eliminate residual cells.
We also observed a drastic increase in the signal coming from the spleen
(Fig 11C). This signal persisted long after both the tumor and the tumor site
signal had dissipated. Tumor challenge has been shown to cause lymphocyte
trapping within the spleen and draining lymph nodes. Additionally, tumor rejection
has been shown to correspond with a peak of lymphocyte trapping in the spleen
(Zatz et al., 1973). The trapping phenomenon is a likely reason we identified
increased localization of immune cells to the spleen as indicated by increasing
spleen signal.
To confirm CTL function ex vivo, mixed lymphocyte tumor cultures were
initiated using splenocytes form 8101-RE immune mice.
assessed by 4 hour

51

Killing ability was

Cr release assay. Fig. 11D shows that cells isolated from
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the spleens of BM reconstituted mice subsequently challenged with 8101-RE
tumor display excellent killing ex vivo. This killing was specific as no killing of the
related 8101-PRO cell line or the unrelated EL-4 cell line was detected.
Thus, the CD8-GFPLuc construct allowed us to image the dynamic
process of tumor rejection in the context of an intact immune system.
Visualization of Immune Cell Localization to a Progressively Growing Tumor
Not only did we challenge mice with the regressor 8101 tumor, but also its
progressor counterpart, 8101-PRO. Mice were challenged with 10-15 fragments
of the 8101-PRO tumor.

To confirm cell viability, an immune-deficient RAG

knockout mouse was included in each experiment. Upon injection into BMT
recipient mice 8101-PRO tumors grew progressively as shown in Fig. 12.
Interestingly, as the tumor grew, immune cell localization to the tumor site
increased. This is shown pictorially in figure 12A, where the tumor signal (right
side of mouse) increases progressively.

This signal was quantified and the

results from all mice are shown in Fig 12B. Notably absent is signal amplification
in the spleen that was observed in the 8101-RE challenged mice (Fig 12C).
Instead, the spleen ROI remained constant throughout tumor progression.
Ex vivo analysis confirmed the absence of a productive immune response
at the 8101-PRO tumor site. Specific lysis of 8101-PRO cells was equivalent to
that of 8101-RE and EL-4 cells after activation in mixed lymphocyte tumor culture
(Fig 12D). These cells were not mounting an immune response as indicated in
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Figure 12: Localization of bone marrow derived cells to progressively growing
8101-PRO tumors is detected in mice reconstituted with CD8-GFPLuc infected
bone marrow. (A) BM reconstituted mice were imaged and ROI measurements
taken at the spleen and tumor site. (B) The fold change in tumor ROI (left Y-axis)
and tumor measurements (right Y-axis) over time are shown. (C) The fold change
in spleen ROI over time is shown. (D) Spleen cells from mice challenged with the
8101 PRO tumor are unable to preferentially lyse tumor cells in vitro. For B and D,
values shown are mean ±SEM.
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vivo by the persistent tumor growth and in vitro by 51Cr release assay. This begs
the question, why did the cells traffic to the tumor site at all? One possibility is
that the cells detected non-invasively at the tumor site were not CD8+ T cells. In
fact, ex vivo analysis of TILs revealed that CD4+ and CD8+ T cells as well as B
cells are present within the tumor (data not shown). Another possibility is that
this signal is coming from CD8+ T cells, but they are not functional.

These

possibilities are not mutually exclusive. Likely, both explanations play a role in
the unexpected presence tumor signal.

This question is partially addressed

below using our activation inducible construct.
Non invasive Imaging of Immune Cell Function at the Site of Tumor
Mice reconstituted with the CD8-NFAT-GFPLuc construct were also
challenged with 8101 RE and 8101 PRO tumors. As expected, activated T cells
rapidly accumulated at the site of the 8101 RE tumor. Because this tumor is
rejected, localization of cells recognizing cognate antigen and signaling through
the T cell receptor is not surprising (Fig. 13A).
Interestingly, we also observed a strong luciferase signal at the 8101 PRO
tumor. In spite of progressive tumor growth, activated cells localized to the tumor
(Fig. 13B). It is important to note that NFAT signaling is a fairly early event in T
cell activation. Therefore it is possible that these cells did bind their cognate
antigen, but never gained full effector function. Given the immunosuppressive
nature of progressively growing tumors, this would not be an unexpected
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A

B

Figure 13: Activated lymphocytes localize to both a regressing a
progressing tumor. Mice reconstituted with NFAT-CD8-GFPLuc infected bone
marrow were challenged with the (A) 8101 RE or (B) PRO tumors and imaged
non-invasively as described in methods. (scale bar = p/sec/cm2/sr).
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outcome. Alternatively, we may be seeing the accumulation of activated Tregs or
even the conversion in situ of Tregs which requires T cell receptor stimulation as
well (Mantel et al., 2006b).

Further experiments would be necessary to

distinguish these alternatives.
Non invasive Imaging of PTEN knockout mice
The conditional PTEN knockout mouse model of prostate cancer was
used to study the immune response to androgen ablation therapy in prostate
tumors. The goal of this study was to characterize the influx to T lymphocytes
into the prostate after castration.

We chose to use the perforin promoter

construct to image this process in the PTEN knockout model because it
displayed CD8+ T cell

specificity in vitro. Pten knockout mice and their WT

littermates were transduced with BM infected with the Perforin-GFPLuc lentivirus
at 5 weeks of age. These mice were imaged at 30 weeks of age. As shown in
figure 14A, the pattern of signal seen in these mice suggested cell localization to
the urogenital system (UGS) . In fact, the signal was shown to be located in the
spleen and UGS, but not the stomach by ex vivo imaging (Fig. 14B). The signal
could be further localized to the prostate (Fig. 14C). Therefore, we can conclude
that lymphocytes localized to the prostate in sufficient numbers that their
presence can be detected non-invasively. Thus, we demonstrated the feasibility
of using the BMT method to follow T cells in this prostate cancer model.
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Figure 14: Prostate specific PTEN knockout mice have increased noninvasive signal at the prostate. (A) PTEN knockout mouse was imaged
following BMT. (B) Ex vivo imaging of mouse in (A) showing location of
abdominal signal. (C) Further imaging of mouse organs demonstrating the
prostate is the main source of non-invasive signal.
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Discussion
We were successfully able to reconstitue mice with BM infected with
lentiviral constructs that allowed non-invasive bioluminescent imaging. The mice
which we generated had an intact, naïve immune sytem after immune
reconstitution. We confirmed that the immune system of these mice was able to
respond appropriately to a well characterized antigen resulting in tumor rejection.
The ability to follow immune responses in living animals in the absence of
further experimental manipulation is an advantage over the use of adoptively
transferred immune cells marked with bioluminescent transgenes. Additionally,
this method is cheaper and more versatile then the use of transgenic mice. Use
of transgenic mice restricts experiments to a particular mouse strain and
application to disease models can involve lengthy and expensive crossing of
marked mice into different genetic backgrounds and cannot be translated to the
clinic. In contrast, the BMT method allows direct application of bioluminescent
technology to any mouse strain.
Non invasive imaging is very useful to clinicians as they evaluate the
effects of immunotherapeutic strategies.

Currently, CT and MRI scans allow

direct visualization of the response of the tumor to an intervention. In the case of
prostate cancer, PSA levels allow the detection of disease progression in the
absence of detectable tumor growth (Lilja et al., 2008).

However as stated

previously, knowing the effect of immune manipulations on immune cells would
be invaluable; it would be helpful to have a similar means of detecting whether
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the desired immunological changes are taking place, especially in cases where
the tumor does not appear to respond. Using molecular imaging techniques, the
cells of the immune system can be marked and their localization and function
followed over time. Because multiple immune modulations may be necessary,
molecular imaging can potentially reveal which manipulations have had the
desired effect.
In this study, we used molecular imaging to following anti-tumor responses
in mice. We chose not to use transgenic mice as there is no clinical counterpart
for that technique. However there are several other feasible methods for directly
labeling lymphocytes in the clinic. In the case of adoptive immunotherapy, cells
may be marked at the same time that they are expanded in vitro. Furthermore, in
cases where “designer” T cells are produced by introducing T cell receptors of
known specificity (SADELAIN ET AL, 2003 NATURE REVIEWS CANCER), the
imaging gene could be introduced simultaneously.

In this situation, marking a

specific cell type, whether effector or regulatory, would be relatively simple.
However in the case of tumor vaccination, the situation is a little more
complicated and requires in vivo targeting of reporter gene expression to the
subset of interest.
The design of tissue specific reporter gene constructs is a challenging
task. One reason for this is that often cells from the same or closely related
lineages express many of the same proteins. For example, a major population of
dendritic cells expresses the cell surface marker CD11c constitutively (Metlay et
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al., 1990). Expression of imaging reporter genes behind the CD11c promoter
would permit tracking of this population of cells. However this marker is also
expressed by CD8+ intraepithelial lymphocytes and activated T cells within lymph
nodes (Huleatt and Lefrancois, 1995). Likewise, T cell subsets are distinguished
by surface expression of CD8 on cytotoxic cells, and CD4 on helper cells. The
regulatory elements which control expression of CD8 and CD4 have been
extensively characterized using transgenic mice as the readout (Kioussis and
Ellmeier, 2002). In fact, CD4 regulatory elements have been used in a lentivirus
vector to express GFP in human peripheral blood cells (Marodon et al., 2003).
Expression of GFP was largely found in the CD4 + cells, with some leakiness in B
cells and other cell types.

Regulatory T cells express the intracellular protein

FoxP3 (Mantel et al., 2006b). Expression of reporter genes under control of the
FoxP3 regulatory elements will permit subsequent imaging studies that modulate
the function of regulatory T cells for the treatment of autoimmunity and cancer.
Recently, the control regions of the human FoxP3 gene have been described
(Mantel et al., 2006b).
Regulatory elements for other intracellular proteins specific for lymphocyte
subsets have been identified as well, and these studies used transgenic mouse
systems for tissue specific expression of Cre recombinase and imaging reporter
genes (de Boer et al., 2003). Thus, it is similarly possible to correlate optical or
PET reporter gene expression to that of subset-specific transcription factors
(Wan and Flavell, 2005), signaling molecules such as Lck (Shimizu et al., 2001),
cytolytic granule contents such as perforin (Smyth et al., 1994) and granzyme B
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(Yoshida et al., 2006), or effector cell cytokines such as interferon- γ (Aune et al.,
1997a) and interleukins (Kumar et al., 2005; Jaalouk et al., 2006) to monitor
various stages of T cell activation. The development of luciferase – antibody
fusions makes it possible to image cell populations based on surface marker
expression (Venisnik et al., 2006).

Another recent paper reported the dual

labeling of an antibody with a PET radioisotope and a fluorescent probe (Xu et
al., 2007). While these approaches have not yet been applied to markers of T
cell activation and degranulation, such as CD69 or LAMP1 and 2, they present
an interesting prospect.
In order to restrict reporter gene expression to a particular subset or
activation state, the cis regulatory elements that control expression of the marker
must be well defined. Viral vectors have a limit to the amount of DNA that can be
placed between the long terminal repeats and packaged in the virion. In addition,
the viral titer and subsequent infectivity of target cells decreases with increasing
genome size. Thus, the control elements and reporter genes together cannot be
larger than 5-6 kb in size.

Recent reports demonstrate that expression of

markers of T cell function such as perforin and gamma interferon are regulated
by large locus control regions that can span more than 100kb in size (Pipkin et
al., 2007). Removal of promoters and enhancers from this genomic context may
eliminate specificity of expression. Thus, expression of imaging reporter genes
in specific subsets to monitor cell function is a challenging task that requires
creative solutions from the field.
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As we have shown, marking a specific cell type may not be as easy as
placing the minimal promoter upstream of the imaging gene of interest. In fact,
often there are enhancers, silencers, and locus control regions which can
contribute to the tissue specificity of a gene. These regions can be large, and
given the genome size restrictions for packaging into lentivirus virion, this may be
prohibitive.

Add to this the complication of the potential for the provirus

integrates in ways which interfere with transgene expression or cell function, and
marking a cell type reproducibly becomes a formidable task.
To date, only the CD4+ subset of T cells have been successfully marked
using the bone marrow transduction model described above (Marodon et al.,
2003). This may be due to the mode of regulation. Specificity of CD4 expression
is conferred by a silencer within the first intron of this gene (Sawada et al., 1994).
Even when combined with heterologous promoter and enhancer elements, this
silencer shuts off CD4 expression in inappropriate cells. It may be that negative
regulation is more powerful in the context of lentiviral gene expression than
positive regulation.
Our results support this notion since only the NFAT inducible construct
behaved in the expected manner.

Similar to the active repression of CD4

expression by the silencer, this construct restricts expression of the downstream
gene when NFAT is not present. (Mouzaki and Rungger, 1994). When no T cell
activation is occurring, a repressor is bound to the NFAT inducible element.
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This is in contrast with other constructs described here, which contained
no such “silencing” element. All of these regulatory regions (with the exception of
FoxP3) were previously reported to be specific in transient transfection assays in
which the construct is expressed on a plasmid. However, in the case where the
construct is integrated into genomic DNA (i.e. lentiviral infection), specificity was
lost. This promiscuous expression of the constructs might be explained by this
absence of repressor binding elements. However, in the context of the genome in
which other regulatory regions are located on the nearby stretches of DNA,
without a repressor to inhibit interference, no specificity can be conferred.
Further experiments would be necessary to confirm this.
This is not an insurmountable issue. Technology exists to target infection
of specific cell lineages rather than restricting expression in a heterogenous
infected population.

This includes methods of pseudo-typing which restrict

lentiviral infection to those cells expressing specific cell surface markers. This
can be done in one of two ways. First, a viral coat based on the modified Sindbis
Virus envelope has been engineered (Morizono et al., 2001). This envelope
incorporates protein A, which binds to the Fc portion of antibodies. By infecting
cells in the presence of an antibody specific for a cell type of interest, virus can
be reliably targeted to a particular cell type both in vivo and in vitro (data not
shown; (Pariente et al., 2007)). Alternatively, antibodies themselves have been
incorporated into the viral envelope and used to target B cells in vivo (Yang et al.,
2006). Each of these methods circumvents the need for tissue specificity in the
construct.

Furthermore, by allowing introduction into peripheral cells with
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minimal manipulation, this is a method that could be easily translated into the
clinic and could be useful in the vaccine setting.
Marking the bulk immune cell population can provide some information.
However as was described in chapter 1 the balance of different cell subtypes is a
determining factor in the efficacy of anti-tumor responses and in many cases,
patient prognosis (Monnier-Benoit et al., 2006; Sato et al., 2005);(Kawai et al.,
2008; Hiraoka et al., 2006); Giatromanolaki et al., 2008; Miracco et al., 2007).
Unless it can be determined what types of cells are getting to the tumor and what
they do once they arrive, it is impossible to ascertain if therapeutic manipulations
have had the desired effect.
However it is eventually accomplished, the routine use of molecular
imaging for the study of immunotherapy has the potential to greatly enhance the
effectiveness of such trials. Most attempts to correlate ex vivo analysis and
treatment outcome fall short, failing to accurately differentiate responders from
non-responders.

Therefore in situ measures would be beneficial.

This will

provide more comprehensive information about the effectiveness of modulations
than ex vivo analysis.

Furthermore, the simple monitoring of sequential

manipulations made in the same individual can contribute to protocol optimization
while minimizing necessary cohort sizes by enabling repeated measures.
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CHAPTER IV
Summary
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Androgen ablation causes localization of potential effector cells to the
prostates of tumor bearing mice. However, we have shown that these cells do
not gain access to the tumor epithelium, but are instead sequestered in the tumor
associated stroma. Depletion of regulatory T cells partially reverses this trend.
Moving forward with this knowledge will allow our lab as well as others to focus
on appropriate adjuvants to circumvent this inherent shortcoming of androgen
ablation induced immune potentiation.
Any advancement in the treatment of androgen independent prostate
cancer can significantly enhance the quantity and quality of life for men with this
disease. As with any therapeutic intervention, the timing of immunotherapeutic
treatment is of the essence. While studies have shown beneficial effects of
castration on immune responses to prostate cancer antigens, details of the cells
located in the prostate remained unknown. With the many suppressive
mechanisms which exist to hinder anti-tumor immunity, it is unlikely that a single
immune manipulation will result in an optimal anti-tumor immune response.
Therefore more complete knowledge is critical if this treatment modality is to be
optimized. The work presented herein elucidates details of the immune status of
the prostate tumor microenvironment subsequent to the initiation of androgen
ablation therapy.
Mechanisms for enhanced anti-tumor immunity are crucial to ascertain in
this situation. Preclinical studies suggest that androgen ablation, depending on
the timing, may hasten and/or induce the development of androgen independent
prostate cancer (Eng et al., 1999; Huss et al., 2007). Furthermore, this treatment
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is not curative and carries with it unfavorable side effects that can significantly
impact quality of life for prostate cancer patients. Thus curative treatments for
advanced metastatic disease that do not lead to androgen independence are
being vigorously sought. Therefore, it would be desirable to affect the same
boost in immunity without the deleterious long term effects of androgen
deprivation. If increased CD8+:FoxP3+ cell ratio is responsible for beneficial
effects, perhaps methods aimed at depleting Tregs by other means would
recapitulate this effect.
Of course, there are other advantages of androgen ablation which would
not be reproduced by means of Treg depletion.

For instance, castration

generates a sort of “in situ vaccination” (Aragon-Ching et al., 2007; Drake et al.,
2005). Apoptosis within the prostate can release antigens to professional APCs
which then initiate anti-tumor immunity. It is already known that apoptotic cellular
components loaded onto APCs can elicit anti-tumor immunity (Nikitina et al.,
2005). And more generally, de-bulking of tumors often has a positive effect on
anti-tumor immune response generation. In fact, radiation both alone and in
combination with androgen ablation therapy has already been shown to enhance
anti-tumor immunity (Nesslinger et al., 2007). Therefore perhaps a combination
of chemotherapy, vaccination, and Treg depletion could reproduce the beneficial
aspects of androgen withdrawal without inducing progression of disease to
androgen independence.
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One thing that cannot be determined in our study is whether the
predominant effect of castration is mediated by the prostate or the lymphocytes
themselves. Androgen ablation has been shown to increase T lymphopoesis
(Heng et al., 2005). In addition, peripheral T cells express androgen receptors
on their cell surface that when ligated trigger intracellular signaling and Ca 2+ flux
(Benten et al., 1999; Wunderlich et al., 2002). In fact, medical castration has
been shown to reduce regulatory T cell numbers in patients (Page et al., 2006)
and various hormones have been shown to impact CD4 polarization (Baratelli et
al., 2005; Polanczyk et al., 2004; Araneo et al., 1991). DHT and other hormones
have a demonstrated ability to affect cytokine secretion of CD4+ T cells.

DHT

can increase IL-10 production in stimulated CD4+ T cells (Liva and Voskuhl,
2001).

It is unclear whether DHT can modulate FoxP3 expression in CD4+ T

cells. Since males are less prone to autoimmune disease (normally prohibited by
Tregs) (Homo-Delarche et al., 1991)

and castration decreases Treg number

(Page et al., 2006), it seems likely that the male sex hormones could enhance
regulatory T cell number and/or function.
We could determine the contribution of DHT effects on T cells to observed
changes by crossing a prostate cancer model onto a T cell specific AR knockout.
In fact, several mouse strains with floxed AR regions have already been
generated (Ophoff et al., 2009; De Gendt et al., 2004) to knockout receptor
function in various cell types (Wang et al., 2009). Because the prostate specific
PTEN knockout already has a tissue specific Cre, the Flp recombinase system
could be utilized instead (Lewandoski, 2001) or the study could be conducted in
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a model that does not use the Cre/LoxP system such as the c-Myc transgenic
mouse (Ellwood-Yen et al., 2003).

Alternatively, bone marrow transfer from

androgen receptor knockout into AR-wild type mice would eliminate castration
effects on lymphocytes.

While knowing the predominant effect of androgen in

the context of prostate cancer may not be crucial, this fundamental question can
determine whether this principle can be applied to the treatment of other
diseases. In fact, there is already data to suggest that the beneficial effects of
androgen ablation as an adjuvant for immune therapy do not rely on the
androgen dependence of the tumor.

Even in cases where men have been

previously treated with anti-androgens, their inclusion in the immunotherapy
regimen can enhance the effects (Arlen et al., 2005; Madan et al., 2008; Sanda
et al., 1999). Even more convincing, androgen ablation improved the efficacy of
a melanoma vaccine even though melanoma cells themselves would not be
affected by castrate levels of hormone (Hsueh et al., 2003).
Breast cancer is also hormone responsive and trials combining antiestrogens with immunotherapy have had mixed results. In the 1970s, studies
using non specific immunotherapy such as BCG and pseudomonas vaccination
yielded poor results.

More recently, however, studies combining cancer cell

vaccination with tamoxifen or toremifene showed that anti-estrogen treatment
augmented therapeutic effect (Baral et al., 1997b; Nagy et al., 1997).
Furthermore, anti-estrogen, when added to an IL-2/adoptive transfer regimen,
resulted in regression of tumors in most mice (Baral et al., 1997a). Estrogens
also impacted the susceptibility of breast cancer cells to lysis by immune
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mediated mechanisms (Jiang 2007). While this phenomenon has not yet been
examined in the prostate, similar modulations could occur.
Castration also affects cytokine production in the prostate. Castration of
rats and mice leads to increased the production of AR mediated TGF-β
expression (Chipuk et al., 2002).

Significantly, TGF-β has been repeatedly

implicated in immune suppression of prostate tumors (Zhang et al., 2006; Zhang
et al., 2005; Diener et al., 2009; Wallace et al., 2008). In addition, TGF-β is
required for the proliferation of Tregs (Huber et al., 2004). Furthermore, this
cytokine is a major effector molecule involved in in vivo Treg suppressive
function (Chen et al., 2005).
Already, preclinical studies and clinical trials combining vaccination with
androgen ablation are in progress and some have been completed (Arlen et al.,
2005; Hsueh et al., 2003; Koh et al., 2009). In each case, some benefit was
received by using the androgen ablation as a vaccine “adjuvant”.

In a mouse

model of melanoma, the anti-androgen flutamide, in combination with vaccination
with irradiated tumor cells, resulted in increased IFN-γ secretion and a survival
advantage (Hsueh et al., 2003). A clinical trial including patients with hormone
resistant, non metastatic prostate cancer demonstrated improved survival in
those who received vaccine prior to the initiation of hormone therapy (Madan et
al., 2008). This is in agreement with a recent preclinical study in which DC
vaccination of C57BL/6 mice against PSCA was enhanced by subsequent
androgen ablation (Koh et al., 2009).
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In patients, nulitamide (also an anti-

androgen) plus vaccination failed, in either sequence, to provide an overall
survival advantage. However, as is often the case some patients responded
better than others.

Three patients had durable responses of greater than 9

months (Arlen et al., 2005). Combination trial using α-CTLA-4 with nulitamide
and PSA vaccine resulted in a long term (<3 year) remission for one patient,
underscoring the likelihood that multiple immune manipulations may enhance
immunotherapy outcomes.
Immunohistochemical analysis allowed us to determine that while effector
cells localize to the prostate in large numbers, these cells fail to enter the tumor
epithelium and are instead sequestered within the tumor associated stroma. This
is a significant finding implying that additional immune manipulations used in
conjunction with androgen ablation may be more effective at inducing tumor
regression. Only immunohistochemical analysis could allow this observation.
However, we assayed only three time points.

Bioluminescent imaging can be

conducted on a daily basis, allowing for data acquisition at more time points.
Using this technique, we could observe T cell flux at the tumor site. Additionally,
because we could easily observe changes in the entire body, T cell accumulation
at other sites, such as lymph nodes and areas of metastasis could be detected.
Therefore complementing more traditional analysis methods with BLI can
enhance our understanding of the dynamic anti-tumor immune process. Future
work aimed at perfecting the combined use of these two analysis methods will
undoubtedly lead to breakthroughs in the field of tumor immunology.
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Appendix

Sample Calculation of Average Deviation from Expected

A6
A3
A4
A2
A1
A5

1. Calculate “total area” using ImageJ (0.345mm2).
2. Calculate glandular areas using ImageJ and add for total gland area
(A1+A2+A3+A4+A5+A6 = glandular area; 0.121mm2).
glandular _ area(mm 2 )
x100 (35%).
3. Calculate % glandular tissue as
total _ area(mm 2 )
4. Count total number of cells using ImageJ Cell counter plugin (185).
5. Count number of cells within glands (2).
cells _ within _ glands
6. Calculate % glandular cells as
x100 (1%).
total _ cells
7. Deviation from expected = %glandular cells - %glandular tissue =
1

-

35

= -34.

A value of -34 indicates preferential localization to the stroma which is evident
from the picture.
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