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ABSTRACT

BACKGROUND: Prostate cancer is the most common cancer among Swedish
men. For patients with metastatic prostate cancer the standard therapy is castration,
a treatment that initially provides symptomatic relief but unfortunately is not
curative. New therapeutic targets for advanced prostate cancer are therefore
needed. Prostate cancers are composed of tumor epithelial cells as well as many
non-epithelial cells such as cancer associated fibroblasts, blood vessels and
inflammatory cells. Many components of the tumor microenvironment such as
tumor associated macrophages and angiogenesis have been shown to stimulate
tumor progression. This thesis aims to explore mechanisms by which the local
environment influences prostate tumor growth and how such mechanisms could be
targeted for treatment.

MATERIALS AND METHODS: We have used animal models of prostate
cancer, in vitro cell culture systems and clinical materials from untreated prostate
cancer patients with long follow up. Experiments were evaluated with stereological
techniques, immunohistochemistry, western blotting, quantitative real-time PCR,
PCR arrays and laser micro dissection.

RESULTS: We found that the presence of a tumor induces adaptive changes in the
surrounding non-malignant prostate tissue, and that androgen receptor negative
prostate tumor cells respond to castration treatment with temporarily reduced
growth when surrounded by normal castration-responsive prostate tissue. Further,
we show that macrophages are important for prostate tumor growth and
angiogenesis in the tumor and in the surrounding non-malignant tissue. In addition,
the angiogenesis inhibitor Pigment epithelium-derived factor (PEDF) was found to
be down-regulated in metastatic rat and human prostate tumors. Over-expression of
PEDF inhibited experimental prostate tumor growth, angiogenesis and metastatic
growth and stimulated macrophage tumor infiltration and lymphangiogenesis.
PEDF was found to be down-regulated by the prostate microenvironment and
tumor necrosis factor (TNF) a.

CONCLUSIONS: Our studies indicate that not only the nearby tumor
microenvironment but also the surrounding non-malignant prostate tissue are
important for prostate tumor growth. Both the tumor and the surrounding non-
malignant prostate were characterized by increased angiogenesis and inflammatory
cell infiltration. Targeting the surrounding prostate tissue with castration, targeting
tumor associated macrophages, or targeting the vasculature directly using inhibitors
like PEDF were all shown to repress prostate tumor growth and could prove
beneficial for patients with advanced prostate cancer.
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INTRODUCTION

INTRODUCTION

The importance of new prognostic markers and therapies for
prostate cancer

It is believed that all men will eventually develop prostate cancer if they only live
long enough. As many as 50 % of elderly men are expected to have prostate cancer
but the majority will never be aware of the disease *. This makes prostate cancer
the most common cancer in men in Sweden. Using current diagnostic procedures
prostate cancer will be detected in roughly 9 000 Swedish men annually and about
25% of them will die from their disease (Swedish Cancer Registry). Prostate
tumors are often multifocal and heterogeneous and the natural history of these
tumors can vary from indolent to aggressive and metastasizing. So the question is
not whether the patient has prostate cancer or not, but instead what types of
prostate cancers he has. The most important factors to determine prostate cancer
prognosis are tumor stage, histological grade and the levels of prostate specific
antigen (PSA) %. When combining these factors, patients can either be divided into
low, intermediate or high-risk patients. The majority of newly diagnosed cases
have intermediate values where the ability to predict tumor behavior is limited.

New prognostic markers for this group of patients are needed.

For localized prostate cancer the patient can choose between radical surgery,
radiation therapy or “watchful waiting” where the patient is followed over time and
only treated if the tumor progresses °. Side effects of treatments can be
considerable, for example incontinence and impotence, and therapies should
therefore only be given to those who will benefit from them. Although these
therapies are intended to cure, about 30 % of treated patients are not cured *. For
advanced and metastatic prostate cancer there is no cure. Palliative hormonal
therapy is the standard treatment and aims to decrease the stimulatory effects of
androgens on the prostatic tumor cells. Initially this provides symptomatic relief
but most tumors will sooner or later grow independently of circulating androgens
and relapse to a more aggressive phenotype that ultimately kills the patient.

New therapeutic targets for prostate cancer are urgently needed.
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The Prostate

Prostate anatomy, morphology and function

The prostate is a gland about the size and shape of a walnut. It is located in front of
the rectum, just below the urinary bladder and surrounds the urethra. The prostate
has a tree-like structure of glandular ducts composed of an epithelial parenchyma
embedded within a stroma tissue matrix.

The mature prostatic epithelium has three main cell types - basal, secretory luminal
and neuroendocrine. The basal cells rest on the basement membrane and probably
include stem cells that form the proliferative compartment of the prostate
epithelium. These cells give rise to the transitional cells that in turn give rise to
basal cells, differentiated luminal cells and the neuroendocrine cells *’. The
luminal cells represent the major cell type and synthesize and secrete proteins of
the seminal plasma, including PSA and prostatic acid phosphatase that together
with fluid from the seminal vesicles forms most of the ejaculate. The secretory
proteins are important for sperm motility and survival ®. Although fertility is
impaired in the absence of a prostate, the prostate is not required for reproduction.

The prostatic epithelium is surrounded by a stroma containing smooth muscle cells,
fibroblasts, myofibroblasts, nerves, blood vessels, lymphatics and infiltrating
immune cells. The prostate stroma not only physically supports the glandular
epithelium but also contributes with important paracrine signals.

The human prostate is divided into three anatomical zones: the peripheral zone, the
transitional zone and the central zone °. The peripheral zone comprises the majority
of the gland, approximately 65%, and the majority of cancers are believed to
originate at this site '°. In rats, the prostate is composed of four well-defined lobes:
the ventral (VP), dorsal, lateral and anterior prostate **. Histologically, the rodent
prostate has a much higher ratio of epithelium to stroma, and the smooth muscle
layer is limited to thin sheaths surrounding the glands ***°.

Prostate growth control

The prostate develops from the embryonic urogenital sinus, which is composed of
urogenital sinus epithelium and urogenital sinus mesenchyme (UGM). Prostatic
development is dependent on both epithelial-mesenchymal interactions and
androgenic (male) steroids ** *°. The prostate fully develops after puberty under the
influence of increased levels of circulating androgens.
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Testosterone is the main circulating androgen, and is synthesized by the Leydig
cells of the testis under control of luteinizing hormone (LH) secreted by the
pituitary gland. LH secretion is in turn regulated by gonadotropin-releasing
hormone from the hypothalamus. At this level testosterone has a negative feedback
effect to maintain the circulating levels of testosterone within normal levels. A
small portion of androgens are also produced in the adrenal glands *°. In the
prostate, testosterone is rapidly metabolized by 5a-reductase to the more potent
dihydrotestosterone (DHT) " '8, DHT then interacts with nuclear androgen
receptors (AR) and along with several co-activator proteins this complex regulates
the expression of androgen-related genes °. ARs in rat prostate are expressed by
luminal epithelial cells, stromal cells, and periendothelial cells > %, but generally
not by endothelial cells . Stem cells are AR negative and the basal cells rarely
express AR %,

The prostate is dependent on androgens for growth, function and maintenance of
tissue architecture. When the supply of androgens is depleted or when androgen
action is blocked, by castration or anti-androgenic therapies respectively, the
prostate luminal epithelial cells will undergo apoptosis 2. The loss of epithelial
cells consequently contributes to the shrinkage or regression of the prostatic tissue
following castration " *®. Both stromal cells and epithelial basal cells are, however,
maintained during androgen ablation % .

It has, until recently, been generally perceived that this loss of cells is a direct
effect of androgen withdrawal on the epithelial cells. However, several studies
have shown that AR in the stroma could indirectly mediate the effects observed in
the epithelium through paracrine mechanisms. When AR positive wild-type (wt)
UGM (representing prostate stroma) is combined with AR-negative non-malignant
epithelium, and grown as tissue recombinants in vivo, it results in prostatic
development *. ARs in prostate stromal cells are therefore considered critical for
prostate development. To further show the importance of ARs in the stroma, tissue
recombinants combined of wt-UGM and AR-negative epithelium or wt-UGM and
AR-positive epithelium were compared after castration. Androgen withdrawal
induced apoptosis in AR deficient epithelial cells to the same extent as epithelial
cells containing AR, indicating that castration effects in the epithelium are
regulated by the stroma *. Epithelial ARs are therefore not required for castration
induced apoptosis. AR in the mature epithelium is found to mainly maintain
differentiation and suppress proliferation of these cells ** .



INTRODUCTION

Observations also suggest that the vasculature could be an additional target for
androgen action in the prostate. Vascular disruption to the prostate leads to tissue
regression and epithelial apoptosis similar to the regression response seen after
androgen withdrawal *. Based on that and similar studies the effects of androgens
on blood flow to the prostate gland was examined in rodents. Indeed, blood flow to
the prostate was shown to be drastically reduced shortly after surgical castration *
% This reduction in prostate blood flow can be explained by an increase in
endothelial apoptosis and vasoconstriction of larger vessels ** ** *_The apoptotic
peak of endothelial cells was reached at 24 h after castration, while maximal
epithelial cell apoptosis was not reached until 72 h after castration **. This suggests
that the rat prostatic vascular system is a primary target for androgen action and
that prostate regression after castration is an indirect result of the early effects of
androgen withdrawal on the vasculature. Epithelial apoptosis is thus a consequence
of a hypoxic environment associated with the lack of sufficient blood flow “***,

The mechanisms behind androgenic control of the prostate vasculature are not fully
understood. One explanation could be that androgens normally stimulate the
production of critical angiogenic factors in AR-positive prostate epithelium and
stromal cells. In the absence of androgens the production of these factors is lost
leading to subsequent endothelial death. Testosterone has for instance been shown
to regulate the production of important angiogenesis factors like vascular
endothelial growth factor (VEGF) “> *3. However, recent studies have also shown
that ARs are expressed on some vascular smooth muscle cells and endothelial cells
suggesting that androgens possibly influence the vasculature directly * *. The
functions of ARs on endothelial or other vascular cells are nevertheless unknown.

Androgen supplementation to castrated rats stimulates prostate regrowth.
Endothelial cells are the first cells that proliferate and normalization of the
vasculature volumes and blood flow occurs prior to prostate epithelial regrowth “.
Also in this process paracrine angiogenic signaling from AR-positive cells are
important. This was illustrated when VEGF was inhibited with concomitant
testosterone replacement therapy. Here endothelial apoptosis was increased which
also resulted in reduced organ regrowth *.
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In summary, castration induced prostate regression could be the result of several
parallel mechanisms; 1) direct effects of androgen-withdrawal on the epithelial
cell, 2) altered paracrine signaling from AR-positive stromal cells and 3) tissue
hypoxia caused by reduced blood flow (Fig 1).

DHT

Basement Neuroendocrine 1. Luminal cells

membrane cell

Vascular
3.| factors

Endothelial cells

Figure 1. Schematic illustration of normal prostate growth control

Dihydrotestosterone (DHT) stimulates androgen receptors present in both epithelial
and stromal cells. Castration reduces the levels of DHT and induces prostate
epithelial apoptosis. This could be due to; (1) direct effects of androgen-withdrawal
on the epithelial cells, (2) loss of paracrine signaling from androgen responsive
stromal cells that normally support the epithelium or (3) loss of vascular factors
that normally support the vasculature, resulting in hypoxia and decreased blood
flow causing subsequent epithelial death.
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Prostate cancer

General background

The cause of prostate cancer is still not known. Ageing is the single most
significant risk factor for developing prostate cancer and the median patient age at
diagnosis is 75 years *’. Although the incidence rate has increased, probably due to
the introduction of PSA testing, the mortality rate is almost unchanged 2 The
incidence and mortality for prostate cancer varies in different regions around the
world. The environment and diets are suggested to explain this difference .
Prostate cancer is a multifocal and heterogeneous disease and several tumors can
be found in the prostate within an individual patient at diagnosis “°. Recently, it
was discovered that a significant part of all prostate cancers overexpress an
oncogene, E twenty-six (ETS) transcription factor (usually ERG) *. The most
common mechanism of overexpression was by fusion of ERG to the androgen
regulated transmembrane protease serine 2 gene, TMPRSS2 * %!, The function of
the TMPRSS2-ERG fusion gene is mainly believed to drive transition to invasive
prostate cancer >,

Diagnosis and prognosis of prostate cancer

Most prostate cancers are today diagnosed on the basis of PSA testing, followed by
rectal palpation and transrectal ultrasound together with sampling of biopsies that
are examined histologically. PSA is measured in the blood and assess the risk of
having prostate cancer. It is considered normal to have a PSA value between 0 and
3 ng/ml and a PSA value > 10 ng/ml indicates a substantial risk of having prostate
cancer. The majority of patients have a PSA value between 3 and 10 ng/ml, which
also could be caused by other conditions besides prostate cancer, like inflammation
or benign hyperplasia.

Biopsies from the prostate are taken from patients with elevated PSA levels.
Usually, 6-12 small biopsies are taken with a needle through the rectal wall.
Although ultrasound is used as guidance, the exact locations of the tumors are not
always evident and therefore biopsies may sample unrepresentative tissue. If a
biopsy contains cancer, it is scored according to the Gleason system 2. The most
common and the second most common area are scored on a differentiation scale
ranging from 1 to 5, where 5 represents the lowest differentiated and most
aggressive tumor pattern. The sum of the most common grades gives the tumor its
Gleason score (GS) (2-10). GS is a strong predictor of prostate cancer outcome in

6
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low (<5) and high (8-10) scored tumors >*>*. However, most patients have a GS 6-
7 which give poor prognostic indication for the individual patient *.

Advanced prostate cancer is characterized by spreading outside the prostate and the
most common sites for prostate cancer metastasis are to lymph nodes and bone.
Different methods are used, for instance PSA level in serum, bone scintography,
CT and MRI, to determine how advanced the tumor is and thereby also decide
what type of treatment the patient should be given.

Treatments of prostate cancer

For localized disease the patient can be cured by radical prostatectomy or
radiotherapy. If the life expectancy of the patient is short and the prostate tumor is
at an early stage it is common that the patient is only subjected to watchful waiting
2. Younger patients are usually recommended to have treatment with curative
intent. Even though treatment is subjected at early stages of the disease up to 30 %
of the patients relapse after prostatectomy *. This suggests that shedding of tumor
cells is an early event in prostate cancer progression. This is supported by studies
showing that over 70 % of the patients have prostate tumor cells in their bone
marrow already before surgery *.

For advanced and metastatic prostate cancer the option is palliative therapy in the
form of surgical or chemical castration. Castration lowers circulating androgen
levels and in most patients this will lead to a reduced tumor burden and
symptomatic relief. The beneficial effects of androgen deprivation was first
described by Huggins et al. already in 1941 ">, findings that later awarded him
the Nobel Prize in 1966. Initially, castration reduces proliferation and increases
apoptosis in prostate tumor cells ** *°, However, the exact mechanism behind the
initial response to castration is unknown. It is assumed that the castration response
is primarily a direct effect of androgen withdrawal from the tumor epithelial cells,
but just like in normal prostate, indirect effects from prostate stroma and
vasculature are also likely.

Although the treatment can hinder tumor progression for some time the tumor
eventually relapses and grows in an apparently androgen-independent manner ** 7,
Recent studies do however indicate that androgens can be synthesized locally in
prostate tumors from circulating adrenal steroids or cholesterol and thereby
maintain androgen receptor signaling despite low levels of circulating androgens **
% This indicates that many prostate tumors still maintain their AR signaling after
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castration and this stage of the disease, previously referred to as androgen-
independent, is now called castration resistant prostate cancer. Treatment of
patients with castration resistant prostate cancer with the cytotoxic drug docetaxel

in combination with prednisone has been shown to give an overall survival benefit
61, 62

Many novel and more potent agents targeting the AR signaling pathways are
currently being tested in clinical trials for treatment of castration resistant prostate
cancer . However, this is the terminal stage for prostate cancer that ultimately
leads to death of the patients. New treatment options and ways to improve and
sustain the beneficial effects of androgen ablations are therefore urgent.

Tumor microenvironment

Tumors are highly complex tissues of neoplastic cells and stromal cell
compartments that together with extra cellular matrix (ECM) create the complexity
of the tumor microenvironment.

The tumor stromal cells are distinct from the normal mesenchymal tissues in both
composition and their gene expression profile ®. In addition, cancer-reactive
stromal cells, such as inflammatory cells (lymphocytes, macrophages and mast
cells), vascular cells (endothelial, pericytes and smooth muscle cells) and
fibroblasts, actively support tumor growth and play an important role in the
initiation and progression of prostate and other cancers .

Alterations in the prostate tumor stroma could possibly be used as prognostic
markers. For instance, prostate cancer patients with profound alterations in tumor
stroma morphology have a poor clinical outcome ™ " Also, loss of AR expression
in the prostate tumor stroma and in the normal prostate stroma surrounding the
tumor was shown to be associated with increased GS, metastasis, poor outcome
and a poor response to castration therapy "%, Other alterations, such as angiogenesis
" and accumulation of macrophages ", in the prostate tumor stroma have also been
linked to prostate cancer prognosis.

Activated fibroblasts in tumors are referred to as cancer-associated fibroblasts
(CAFs) and are a key component of the tumor stroma. CAFs can stimulate tumor
progression and metastasis by secreting growth factors like transforming growth

factor B (TGFp), promote angiogenesis, and stimulate infiltration of immune cells
66, 76
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Tumor associated macrophages (TAMS) are one type of immune cells that infiltrate
tumors. TAMs represent a major component of the tumor stroma and are present in
almost all solid tumors *

Tumor-associated macrophages

Although activated macrophages may have anti-tumor activity, TAMs have also
been shown to promote tumor initiation and progression. Clinical evidence show
that increased intratumoral macrophage density correlates with poor prognosis in
most tumor types '" "®. Lissbrant et al. showed that macrophage density correlated
with tumor angiogenesis and shorter survival in prostate cancer . However,
contrasting results has also been reported °. Two distinct polarization states have
been described for macrophages: the M1 and M2 macrophage. The M1 phenotype
is proinflammatory and has tumoricidal activity whereas M2 macrophages, in
contrast, promote angiogenesis, growth and metastasis. TAMs are generally
described as M2 macrophages. However, macrophages show a high degree of
plasticity during tumor development and progression and mixed M1 and M2
phenotypes have also been described ’* and this could explain some of the
conflicting results.

TAMs derive from monocytes circulating in the blood and enter tumors in all
stages of tumor progression °® 8. Many factors produced by tumors such as colony-
stimulating factor 1 (CSF-1), monocyte chemoattractant protein-1 (MCP-1/CCL2),
VEGF, platelet derived growth factor (PDGF) and TGFp are chemotactic for
monocytes ®°. At the tumor site, monocytes/macrophages then interact with the
tumor and stromal cells to make an environment rich in chemoattractants and
growth factors. In this setting, TAMs are able to promote tumor progression in
several parallel ways (Fig.2).
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Figure 2. Pro-tumoral functions of tumor-associated macrophages (TAM).

TAMs produce growth factors like fibroblast growth factor 2 (FGF2), epidermal
growth factor (EGF) and TGFp that stimulate tumor cells directly ®. Inflammatory
cytokines secreted by TAMs, such as tumor necrosis factor a (TNFa), interleukin 6
(IL-6) and interleukin 1B (IL1B), can increase tumor invasiveness and metastasis *
In addition, IL1B converts androgen receptor modulators from being inhibitory to
stimulatory, connecting TAMs to castration resistant prostate cancer ®. Moreover,
macrophages are often found at sites of basement-membrane breakdown and at the
invasive front of tumors where they release matrix-degrading enzymes like matrix
metalloproteinases (MMPs) 3 and cathepsins ® % and thereby enhance tumor
invasion. Further, TAMs and tumor cells release interleukin 10 (IL-10) and other
immunosuppressive cytokines that suppress anti-tumor immune responses .
TAMs also promote tumor angiogenesis and lymphangiogenesis (see below) by
secreting for instance TNFa, VEGF, FGF2 and VEGF-C ™.

10
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Angiogenesis

Normal tissue function depends on blood vessels that provide oxygen, nutrients and
remove metabolic waste. All blood vessels contain a layer of endothelial cells that
are associated with pericytes and/or smooth muscle cells.

In the embryo blood vessels form by vasculogenesis; that is, when endothelial cell
precursors, or angioblasts, assemble into a primitive vascular network. This
vascular labyrinth then expands and remodels in the process of angiogenesis & %,

Sprouting angiogenesis is the most extensively studied mechanism and involves
several sequential steps. In response to angiogenic factors the blood vessel dilates
and the endothelium is destabilized and activated. Next, local activated proteases
like MMPs degrade the basement membrane and the ECM surrounding the
endothelial cells. This is followed by endothelial cell invasion, proliferation and
migration into solid sprouts connecting neighboring vessels. Finally, a vessel
lumen is formed and the vessel is stabilized by covering pericytes %.

Physiological angiogenesis is tightly controlled and occurs in adult life during
female reproductive cycles, wound healing and possibly also in male reproductive
organs "“. In contrast, uncontrolled angiogenesis can contribute to pathological
conditions such as neoplastic growth.

Tumor angiogenesis

In 1971, Folkman proposed the concept that tumors are unable to grow beyond a
certain size unless they are able to recruit blood vessels from the existing
vasculature. He proposed that tumor cells secrete angiogenic factors that stimulate
vascular growth and that inhibiting this process could be used as an anti-cancer
treatment *°. The ideas were not accepted by the research community at first and it
was not until years later the first tumor-derived angiogenic factors, FGF2 and
VEGF, were discovered ** %2, In the last decade, angiogenesis has been extensively
studied and today there are several anti-angiogenic therapies in clinical trials and
also clinically approved drugs % %%,

Tumors are able to grow without a vasculature to a size no more than 1-2 mm in
diameter * *'. In this avascular phase the tumor is nourished by diffusion of
oxygen and nutrients provided by nearby blood vessels. In order to exceed this
dormant stage, tumors switch to an angiogenic phenotype and attract blood vessels
from the surrounding stroma. The transition from the avascular dormant stage to

11
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the angiogenic phase is often referred to as the “angiogenic switch”. The tumor
achieves this by secreting pro-angiogenic factors and/or by suppressing anti-
angiogenic factors (Table 1) resulting in new vessel formation and exponential

tumor growth %

Table 1. Example of angiogenic and anti-angiogenic factors

Angiogenesis stimulators

Angiogenesis inhibitors

Vascular endothelial growth factor
(VEGF)-A, -B, -C, -D

Thrombospondin (TSP) -1, -2

Epidermal growth factor (EGF)

Endostatin

Fibroblast growth factor (FGF) 2

Angiostatin

Transforming growth factor (TGF) B

Pigment epithelium-derived factor (PEDF)

Platelet-derived growth factor (PDGF)

Interferon y

Angiopoietin (Ang)-1, -2 Tumstatin
Tumor necrosis factor (TNF) a Arresten
Interleukin (IL)-8 Maspin

Important inducers of angiogenesis in tumors are hypoxia and genetic mutations.
Hypoxia results in increased levels of the transcription factor hypoxia inducible
factor-1 (HIF-1), that is rapidly degraded under normal oxygen levels. HIF-1 drives
the transcription of several genes important for angiogenesis, including VEGF.

The tumor vasculature is structurally abnormal with highly irregular and tortuous
vessels, they are leaky, and often lack periendothelial cells and have blind ends.
This results in highly variable blood flow and hypoxic areas within the tumor *.

These newly formed vessels also provide a route for cancer cells to disseminate
and metastasize. Further, for metastatic cells to grow at the distant site, they need
to induce angiogenesis *®.

Mechanisms for tumor vascularization

Although sprouting angiogenesis is the most described mechanism for tumor
vascularization, other mechanisms are also possible (Fig. 3). Another variant of
angiogenesis is intussusceptive angiogenesis. In this type of vessel formation the
preexisting vessels split into two new vessels. Endothelial cells of opposite walls
make contact by which a “bridge” is formed. A pillar of pericytes and
myofibroblasts invade and cover the newly shaped wall. These pillars then grow in

12
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size and the endothelial cells retract and two separate vessels are formed ' %2,
This type of angiogenesis can also be observed in smaller arteries and veins .
New vessels can also grow through the recruitment of endothelial progenitor cells
(EPCs) that are circulating in the blood, although the quantitative importance of
this is under debate *. Chemoattractants secreted by the tumor are sensed by EPCs
that arrest, migrate, incorporate and differentiate into mature endothelial cells .
Already existing vessels can also promote tumor growth without evoking an
angiogenic response. In this process which is called co-option, the tumor cells grow
along and surround the pre-existing vessels. Small dormant micrometastasis
probably co-opt with host vessels and are thereby able to survive . Tumor cells
are also able to dedifferentiate to an endothelial phenotype and make tube-like
structures. This “vascular mimicry” of tumor cells as endothelial cells occurs

mainly in aggressive tumors *'.

Co-option

Sprouting
angiogenesis

Endothelial progenitor cells Vascular mimicry
Figure 3. Different mechanisms of tumor vascularization
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Lymphangiogenesis

The lymphatic system is a network of capillaries that drains most of the organs. It
is a one way transport system that drains fluids and lymphocytes and returns it to
the circulation. The involvement of the lymphatic system and lymphangiogenesis
in the metastatic process has been intensively investigated over the past years.
Lymph node metastases are seen in many types of cancer, including prostate
cancer, and via the lymphatics cancer cells are able to spread to other organs %,
Important lymphangiogenic factors include VEGF-C and VEGF-D that bind to the
receptor VEGFR-3 on lymph endothelial cell and thereby stimulate
lymphangiogenesis '%.

Pigment Epithelium-Derived Factor

Pigment epithelium-derived factor (PEDF) is a 50 kDa secreted glycoprotein that
was first described in the 1980s after being identified and isolated from conditioned
media of primary human fetal retinal pigment epithelial cells ** ™. Its gene
(Serpinf1) has been mapped to human chromosome 17p13 **!. PEDF belongs to the
non-inhibitory serine protease inhibitor family *** and is expressed in almost all
human tissues including the prostate **%. The role of PEDF in the human body is
still unclear and sometimes contradictory. PEDF has been described as having
multiple biological properties such as neuroprotective, anti-angiogenic, and anti-
tumoral . It has also been implicated in both pro- and anti-inflammatory
processes ****. The mechanisms by which PEDF perform its pleiotropic activities
are still largely unknown, but different PEDF receptors which trigger divergent
intracellular signals have been suggested.

Antitumor effects of PEDF

The anti-tumor potential of PEDF is based on its multiple effects and involves anti-
angiogenesis, tumor cell differentiation and tumor cell apoptosis.
Anti-Angiogenesis

PEDF has been shown to be one of the most potent endogenous inhibitors of
angiogenesis, being more than twice as potent as angiostatin and seven times more
potent than endostatin '?°. Dawson et al. showed that PEDF prevented endothelial
cell migration alone or in the presence of potent angiogenic inducers including
VEGF, PDGF, IL-8 and FGF2 %°.
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The anti-angiogenic effects of PEDF have been associated with apoptosis in
activated endothelial cells. Endothelial cells stimulated by VEGF or FGF2 expose
the receptor Fas on their surface. PEDF on the other hand, is able to induce the
expression of endothelial Fas ligand (FasL). When expressed simultaneously Fas
and FasL are able to induce apoptosis in endothelial cells, and subsequently inhibit
angiogenesis . Moreover, PEDF has been shown to disrupt the balance between
pro- and anti-angiogenic factors by down-regulating VEGF and MMP9 and up-
regulating thrombospondin 1 in gliomas > ', Another mechanism for PEDF on
endothelial cells was demonstrated by Cai and collaborators, involving the
activation of y-secretase-dependent cleavage of the C terminus of VEGF-receptor

1, which consequently inhibits VEGF-receptor 2 induced angiogenesis ***.

PEDF does not seem to be essential for viability since PEDF knockout mice are
born alive and healthy . Interestingly, PEDF depletion during prostate
development results in hyperplasia and increased vascular density of the organ *°.
Increased microvasculature was also noted in the retina, kidney and pancreas *%.
These findings show that PEDF could play an important role in the maintenance of
a proper angiogenic balance at least in some organs including the prostate. PEDF’s
role as an important angiogenesis inhibitor in normal tissues implies that its loss
could be involved also in tumor vascularization.

During the last decade an increasing number of studies have shown that PEDF
have tumor inhibitory effects. Decreased PEDF expression is linked to increased
metastases and poor prognosis in pancreatic cancer'?®, breast cancer **” and gliomas
128 indicating the significant role of PEDF in the development of many types of
cancer. This prompted further investigations into the effects of over-expressing
PEDF in various tumors. Forced expression, silencing or treatment with
recombinant PEDF has shown that PEDF is a potent tumor suppressor in many
tumor types 122,125, 129-140

The effects of PEDF on primary tumor growth and progression could be explained
only from inhibition of tumor angiogenesis, however, other mechanisms are also
possible and described below.

Tumor cell differentiation and direct tumor suppression

PEDF have neurotrophic and neuroprotective activities and in tumors of neuronal
origin, PEDF promotes differentiation. In retinoblastoma cells, PEDF causes
differentiation manifested by neurite-like extensions *°. Crawford et al. showed
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that intratumoral injection of recombinant PEDF to neuroblastomas resulted in a
less malignant phenotype, with induced expression of neurofilament, a marker of
neural-cell differentiation '**. PEDF epitopes have also been shown to induce
neuroendocrine differentiation of prostate PC-3 tumors with consequential tumor

suppression %,

The nuclear factor-«B (NFkB) pathway has been implicated in the neurotrophic
and neuroprotective signals. In cerebellar granule cells, this pathway has been
shown to be regulated by PEDF '*'. PEDF activates NFxB by inducing the
phosphorylation and degradation of its inhibitor IkB. This leads to activation and
nuclear translocation of NFkB and consequently the transcription of anti-apoptotic
and neuroprotective genes . NFxB has also been shown to control the formation
of neuroendocrine differentiation in prostate cancer cells **2.

In addition, PEDF triggers apoptosis in some tumor cell lines directly 2% 129133143

The mechanisms behind induced tumor cell apoptosis are not known but are
thought to be similar to that observed in endothelial cells. In cultured prostate

tumor cells, PEDF induced apoptosis was also shown to be augmented by hypoxia
125

PEDF has also been shown to reduce the migratory and invasive potential of
melanoma and glioma cells % %,

PEDF regulation

PEDF is generally down-regulated in prostate cancer and prostate cancer cell lines
122 The underlying mechanism behind the regulation is unknown but hypoxia
down-regulates PEDF protein in prostate stromal cells and cancer cell lines in vitro
125 PEDF can also be down-regulated by androgens in prostate stromal cells and is
up-regulated by castration in rat ventral prostate and in some human prostate
tumors . If this increase in PEDF levels is important for the vascular regression
seen after castration in rats (see above) is still unknown.
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General Aims

The idea that cancer cells interact with its microenvironment is not new. Already in
1889, Paget published his seed and soil hypothesis, suggesting that certain tumor
cells (the seed) have specific affinity for certain organs (the soil) and that
metastasis only occurred when these two were compatible '*. Another finding
already in 1863 was that of Virchow, who observed the connection between
inflammation and cancer ***. During the last decade the tumor microenvironment
has received more attention and many studies now support both these ideas
showing the importance of the tumor microenvironment for tumorigenesis.

The general aim of this thesis was to target different compartments of the prostate
tumor microenvironment to provide potential new therapies for prostate cancer.
Specific Aims

e To study how an androgen-independent prostate tumor and the normal
androgen-dependent prostate tissue interact in response to castration
therapy using an orthotopic rat tumor model

e To study the importance of tumor associated macrophages for prostate
tumor growth and angiogenesis, in an orthotopic rat tumor model

e To examine PEDF expression during prostate tumor progression in rat and
human prostate tumors

e To study the role of PEDF over-expression for prostate tumor growth,
angiogenesis and metastasis in an orthotopic rat tumor model.
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Animals and Treatments

Adult male Copenhagen rats were used for in vivo experiments. All animal work
was approved by the local ethical committee for animal research.

The Dunning Tumors

The Dunning prostate tumor system consists of transplantable rat prostatic
adenocarcinomas that differ in their histology, growth rate, androgen sensitivity,
and metastatic potential **°. All sublines derive from a spontaneous tumor in the
dorso-lateral prostate of a 22-month old Copenhagen rat. The original tumor was
found in the beginning of the 1960s by Dr. W.F. Dunning, who named it Dunning
R3327 *'. Following serial passages, that tumor gave rise to the well differentiated
and androgen sensitive R3327-H and PAP tumors. These tumors are transplantable
as small tumor pieces on Copenhagen rats. During passage of the Dunning H
subline in vivo, several other sublines with different characteristics have emerged
(Table 2) 148149 A|] of these sublines have been established as in vitro cell lines,
which can be injected back to Copenhagen rats to give tumors in vivo.

Table 2. Characteristics of the Dunning tumor sublines used in this thesis

Tumor Histology Androgen Tumor doubling Metastatic
subline!# 148 sensitivity time (days) capacity
R3327 PAP WD AS 12+2 Low
AT-1 A Al 22+03 Low
AT-2 A Al 24+0.2 Low to moderate
AT-3 A Al 1.9+£03 High
MatLyLu A Al 1.7+03 High

WD = well differentiated and A = anaplastic

AS = androgen sensitive and Al = androgen insensitive

Low: <5%, moderate: >5% and <20%, and high metastatic capacity: >75% of subcutaneously
transplanted rats develop distant metastases
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In vitro cell lines (paper I-1V)

AT-1, AT-2, AT-3 and MatLyLu where grown in RPMI 1640 with 10 % fetal calf
serum, 0.2 % Na-Bic, 50 pg/ml gentamycin and 250 nM dexamethasone in 37° C
and 5 % CO,, according to the manufacturer’s instructions. Before inoculation the
cells were grown to about 75 % confluence, trypsinized, counted in a Burker
chamber and diluted in RPMI to the appropriate concentration.

Subcutaneous implantation (paper I11)

Due to the different characteristics of the Dunning tumors they were chosen to
represent different tumor grades. Small pieces (about 1 mm?) or tumor cells (2x10°)
were inoculated subcutaneously (s.c) on the flank of approximately 10 week old
male Copenhagen rats (Charles River, Germany). When the tumor had reached a
size of about 1-2 cm in diameter, the animals were sacrificed and the tumors
removed and frozen in liquid nitrogen before further analysis.

Orthotopic implantation and tissue preparation (paper 1, 11, 1V)

For experimental and morphological studies, the tumor cells were injected into the
prostate (VP) of immunocompetent and syngenic rats. This setting somewhat
resembles the tumor-stromal interactions and microenvironment seen in prostate
cancer patients.

During anesthesia, an incision was made in the lower abdomen to expose the VP
lobes. AT-1 (2x10%) or transfected MatLyLu (1x10%) cells in a volume of 50 pl
were carefully injected into one lobe of the VP using a Hamilton syringe. The
different experiments were initiated as described below.

For morphological analysis the animals were first sedated and perfusion fixed in 4
% paraformaldehyde and the tissues of interest were removed, weighed and fixed
by immersion for another 24 hours before embedded in paraffin for histological
examinations. Transfected MatLyLu tumors (paper 1V) and clodronate treated AT-
1 tumors (paper Il) and controls were directly immersion-fixed in 4 %
paraformaldehyde after sacrifice. One hour before sacrifice the animals were
injected intra peritoneally (i.p) with bromodeoxyuridine (BrdU, Sigma-Aldrich) to
mark proliferating cells. At the same time, intended animals were injected i.p with
the tissue hypoxia marker pimonidazole (Hypoxyprobe, Chemicon) which stains
tissues with pO, less than 10 mmHg. For RNA and protein analysis (paper Il and
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IV), animals were killed and the tissues removed, frozen in liquid nitrogen and
stored at -80° C before further analysis.

Experimental procedures

Castration (paper 1)

For castration studies fast growing, androgen insensitive, anaplastic and low
metastatic AT-1 tumor cells were used. All animals were injected orthotopically
with the same amount of tumor cells and further divided into two weight-matched
groups. The first group served as controls and rats were sacrificed at day 7, 10 and
14 after tumor cell injection. Seven days after tumor cell injection, the second
group was castrated by scrotal incision. These animals were sacrificed 3 (day 10)
and 7 days (day 14) later.

Clodronate-Liposomes (paper 1)

Circulating phagocytic cells were eliminated by i.p injections of
dichloromethylene-bisphosphonate (clodronate) liposomes. Clodronate was a gift
from Roche Diagnostics GmbH (Mannheim, Germany) and was incorporated into
liposomes by van Rooijen et al *°. Phagocytic cells ingest and digest the
liposomes. This is followed by intracellular release and accumulation of clodronate
that at a certain intracellular concentration induces apoptosis of the phagocytic
cells ™. We administered clodronate-liposomes (1 ml/100g body weight) every
second day starting 4 days before AT-1 tumor cell injection. As controls, equal
amounts of phosphate-buffered saline (PBS) injections were used.

PEDF over-expression in vivo (paper 1V)

To study the effects and functions of PEDF on rat prostate tumor cells, MatLyLu
cells transfected with a plasmid vector containing human PEDF cDNA or control
vector (see below) was injected to the VP as described. Rats were sacrificed 7 and
23 days post tumor cell injection.

TNFa stimulation in vivo (paper 1V)

To study the effects of TNFa on PEDF expression in vivo, recombinant rat TNFa
(Sigma-Aldrich, total 1 pg/animal) or control solution (PBS) were injected into
non-tumor bearing VP of Copenhagen rats. Six hours later the animals were killed
and the VP was obtained.
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Cell Culture

Hypoxia treatment (paper 11)

To test the effects of hypoxia on the transcription of angiogenic factors and
cytokines, AT-1 cells were grown in complete medium and incubated in a hypoxic
incubator (1 % Oy, 5 % CO,, 94 % N,, Billups-Rothenberg) or in normoxia (21 %
0,, 5% CO,, 74 % N,) for 6 and 24 hours at 37°C.

Conditioned medium (paper 111 and, 1V)

Cell lines (AT-1, AT-2, AT-3 and MatLyLu) were grown in recommended media
(see above) to approximately 70-80 % confluence, carefully rinsed in PBS,
incubated in serum-free medium (RPMI 1640, 0.2 % Na-Bic and 250 nM
dexamethasone) for 4 hours, and carefully washed again. Fresh serum-free medium
was added, and the cells were incubated for 48 h in 37°C, 5 % CO,. Before PEDF
protein analysis or purification, the medium was collected and centrifuged to
remove cell debris. The conditioned medium was then further concentrated and
dialyzed against PBS using centrifugal filters with a 10 kDa cutoff (Millipore),
according to the manufacturer’s instructions. The BCA protein assay reagent kit
(Pierce Chemical Co.) was used to determine protein concentration.

Transfection (paper 1V)

The human PEDF cDNA cloned into a pCEP4 vector (Invitrogen) was kindly
provided by Dr. Susan Crawford at NorthShore University, Evanston. The pCEP4
vector is an episomal mammalian expression vector that uses cytomegalovirus
immediate early promoter for high level transcription of the inserted gene. pCEP4
also carries the hygromycin B resistance gene for stable selection in transfected
cells. Before transfection the lethal hygromycin B concentration for MatLyLu cells
was determined to 400 pg/ml. MatLyLu cells were then transfected with PEDF
vector or empty control vector using Lipofectamine (Invitrogen), according to
protocol. Hygromycin B resistant clones were chosen and the expression of PEDF
was confirmed by western blot.

Endothelial migration assay (paper 1V)

To test if PEDF protein from the transfected MatLyLu cells was biologically
active, PEDF was purified from conditioned media and tested in an in vitro
angiogenesis assay. PEDF cDNA was engineered to encode a COOH-terminal
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hexahistidine tag . Recombinant PEDF could therefore be purified on a HisTrap
HP column according to the manufacturer’s instructions (Novagen). The eluted
sample was dialyzed against PBS using a dialysis cassette with 10 kDa cutoff
(Pierce). Purification was determined by Coomassie stained SDS polyacrylamide
gels.

HUVEC endothelial cells (Cascade Biologics, Paisley, UK) were grown in
Medium 200 (Cascade Biologics) supplemented with Low serum growth
supplement (Cascade Biologics) and migration was studied in modified Boyden
chambers. Serum-free medium with 0.1 % bovine serum albumin containing test
substances were placed in the lower chambers and covered with a collagen 1
(Cohesion) coated chemotaxis membrane (Neuroprobe). Approximately 10 000
cells, resuspended in serum-free media, were seeded in the top wells. After
incubation for 6 hours, 37°C, the filters were stained and cells that had not passed
through the membrane were removed and the remaining cells were counted under a
light microscope.

Viability assay (paper 1V)

Viability of the transfected MatLyLu cells, was determined by the MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay (Roche
Diagnostics). PEDF transfected cells (MatLyLu-PEDF) or control cells (MatLyLu-
CON) (10 000 cells/well) were seeded in 100 pl in a 96 well plate and incubated
for 72 hours. After that, 10 ul of MTT labeling reagent was added to each well and
incubated for four hours. Viable cells metabolize MTT to purple formazan crystals.
Then 100 pl of solubilization solution was added into each well and incubated over
night to solubilize the crystals. The resulting colored solution was quantified by
measuring absorbance at 550 nm subtracted with the reference wavelength at 650
nm.

TNFa stimulation in vitro (paper 1V)

The effect of TNFa on PEDF mRNA expression in vitro was tested. AT-1 cells (5
x 10°) were seeded in 1 ml complete medium in a 12 well plate and allowed to
settle over night. The cells were carefully washed in PBS, incubated in serum-free
media for 4 hours, and washed again. Rat recombinant TNFa (Sigma-Aldrich)
diluted in serum-free media was then added to the cells (1, 10, 100 ng/ml, 3 wells
per concentration) and incubated for 18 hours. Serum-free media was used as
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controls (3 wells). RNA was then prepared as described (see below). The results
were confirmed in two independent experiments.

Patient Material (paper 111)

From the 1970s’ to 1980s’ samples were collected at the hospital in Vasteras,
Sweden, from patients who underwent transurethral resection due to voiding
problems. Samples were formalin-fixed, paraffin-embedded and subsequent
histological examination showed cancer that was graded according to the Gleason
system >*. The presence of metastasis and local tumor stage were also determined.
The patients had not received any anti-cancer treatment prior to diagnosis and were
left untreated until symptoms occurred. At that time-point, the patients were
subjected to palliative treatment with androgen deprivation or radiotherapy .
From these specimens, 26 tumors with GS 8-10 were selected to include two
groups: (MO0) no presence of bone metastases at diagnosis and survival > 7 years;
and (M1) presence of bone metastases and survival < 5 years.

Protein Analyses

Protein preparation (paper I11 and 1V)

Small pieces from the subcutaneous frozen Dunning tumors were quickly detached
and homogenized using a Micro Dismembrator (B.Braun Biotech International
GmbH) at 2000 rpm for 45 seconds. Frozen sections of the orthotopic AT-1 tumors
were examined prior to homogenization to localize the tumors. Small pieces were
then carefully dissected out and homogenized as described. The homogenized
tissues were added into lysis buffer containing 0.5 % NP-40, 0.5 % NaDOC, 0.1 %
SDS, 50 mM Tris-HCI (pH 7.5), 150 mM NaCl, 1 mM EDTA (pH 8.0), 1 mM NaF
and Complete protease inhibitor (Boehringer). Samples were mixed and incubated
on ice for 30 minutes followed by centrifugation at 20 000 x g in 4° C for 30 min,
and the supernatants were isolated. Protein from cells was extracted using the same
lysis buffer followed by centrifugation (20 000 x g, 4° C, 30 min). The BCA
protein assay reagent kit (Pierce Chemical Co.) was used to determine protein
concentrations.

Western Blot (paper 111 and IV)

Samples were reduced and separated by electrophoresis on 7.5-10 % SDS-
polyacrylamide gels and transferred to polyvinyldufluoride membranes. The
membranes were blocked in 5 % milk and incubated with primary antibodies for
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PEDF (the antibody for rat PEDF was provided by Susan Crawford at NorthShore
University, Evanston **° and the antibody for human PEDF was from Chemicon).
After washing, membranes were incubated with appropriate secondary antibodies
and proteins were detected using enhanced chemiluminescence (Amersham
Biosciences). Coomassie-stained gels confirmed equal loading and molecular size
standards (BioRad Laboratories AB) were included as controls.

Immunohistochemistry and morphology (paper 1-1V)

Antibodies

Sections were stained using primary antibodies against caspase-3 (Cell Signaling
Technology) for apoptosis, Ki67 (Dako) and BrdU (Dako) for proliferation, factor
VIIl and endoglin (Dako) for blood vessels, CD68 (AdB Serotec) for
monocytes/macrophages, iNOS (Abcam) for cytotoxic macrophages, LYVE-1
(Abcam) for lymphatic vessels and Hypoxyprobe (Chemicon) for hypoxia.

Other antibodies used for immunohistochemistry were AR (Upstate Lake Placid),
smooth muscle actin (Dako), IL1B (R&D systems), MMP9 (Santa Cruz
Biotechnology), PEDF *°, PEDF (Chemicon), VEGF (Santa Cruz Biotechnology),
TNFo (AdB Serotec) and Synaptophysin (Dako).

Stereology

Sections were first stained with the respective antibodies (factor VIII, CD68,
LYVE-1, iNOS) by immunohistochemistry and the volume densities (percentage of
tissue volume occupied by the defined tissue compartment) were evaluated by a
point counting method as described by Weibel ***. Using a 121 point square lattice,
mounted in the eye-piece of a light microscope, the numbers of intersections falling
on each tissue compartment were counted in randomly chosen fields. The volume
densities of tumor and normal prostate tissue in the VP were determined in the
same way on hematoxylin-eosin stained sections by counting the number of grid
intersection falling on the respective compartment. Tumor weight was then
estimated by multiplying tumor density with VP weight.

In a different method, used to determine the percentage of stained cells (caspase-3,
Ki67, BrdU), the fractions were assessed in 500-1000 cells. Apoptosis was also
identified using a terminal deoxynucleotidyl transferase biotin-dUTP nick end
labeling (TUNEL) assay according to protocol (Roche) and the percentage of
apoptotic cells was determined in 2000 cells of each tumor.
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In human tissues Ki67, factor VIII and endoglin were counted in three hotspot
fields for each tumor. PEDF immunoreactive score was determined by multiplying
an estimate of the fraction immunoreactive cells (0-1) with an estimate of the
staining intensity (0-2).

RNA Analyses

Laser Micro dissection (paper 111)

Human tissue samples were mounted on Histogene laser capture microdissection
slides (Arcturus), deparaffinized, rehydrated and stained with Arcturus staining
solution. Sections were dehydrated by increasing the percentage of ethanol
according to protocol (Arcturus). A laser capture microscope (PixCell I, Arcturus)
was used to isolate tumor epithelial cells on special caps (HS CapSure, Arcturus).
RNA was prepared as described by Specht et al. ***. Briefly, cells were lysed in
lysis buffer containing 10 mM Tris/HCL (pH 8.0), 0.1 mM EDTA (pH 8.0), 2 %
SDS (pH 7.3) and 500 pg/ml proteinase K (Sigma) over night at 60°C, followed by
heat inactivation. RNA was then precipitated and washed and resuspended in
RNase-free water. Fivehundred microdissected shots of each sample were used for
cDNA synthesis.

RNA preparation (paper 11-1V)

RNA, from rat tissues and cells, was extracted using the TRIzol method according
to protocol. Briefly, homogenized tissues or cells were added in 0.8-1 ml Trizol
and incubated. Chloroform was then added, the sample vortexed vigorously,
incubated in room temperature for 3 min, and centrifuged. The RNA containing
upper phase was isolated and RNA was precipitated using isopropanol. The RNA
was washed with 70 % ethanol and dissolved in RNase-free water. The
concentrations were quantified spectrophotometrically at 260 nm (DU 640
Spectrophotometer, Beckman Coulter) or using a nanodrop (Thermo scientific).
RNA integrity was verified by ethidium bromide staining of 28 S and 18 S rRNA
after agarose gel electrophoresis.

cDNA synthesis (paper 11-1V)

RNA (500 ng) was reverse transcribed using Superscript Il (Invitrogen) in a 10-pl
reaction according to protocol. Briefly, total RNA was mixed and incubated with
2.5 uM random hexamers (Applied Biosystems) and 5 mM dNTPs at 65°C for 5
min. The samples were quickly chilled on ice and first-strand buffer, 0.1 M DTT,
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20 U RNasin (Promega) and 100 U of Superscript 1l were added. cDNA synthesis
was initiated with 10 min at 25°C followed by 50 min at 42°C and inactivation at
70°C for 15 min. For PCR-array studies, total RNA from individual animals in
each group was pooled together and DNase-treated (Sigma-Aldrich) to remove
contaminating DNA. For cells, total RNA from 3-4 different cell batches were
pooled together and DNase-treated the same way. RT? profiler PCR array first
strand kit C-02 (SABiosciences) was used to synthesize cDNA of 1 ug total RNA
according to protocol.

Quantitative Real-Time RT-PCR and PCR-Array analyses (paper 11-1V)

Quantifications of mMRNA levels were performed by real-time reverse transcribed-
PCR using the LightCycler SYBR Green | technology (Roche). Reactions were
performed according to protocol (Roche), using optimized primers for each factor
studied. Melting curve analysis was used to confirm specificity and negative
controls were run in parallel. Data were analyzed using LightCycler analysis
software 3.5.3 (Roche).

RT? Profiler PCR arrays, rat angiogenesis and rat chemokines (SABiosciences),
were performed according to the manufacturer’s instructions using the ABI Prism
7900 HT instrument (Applied Biosystems) and ABI prism 7900 SDS software 2.1.
The data was then analyzed with PCR array data analysis template downloaded
from the superarray website (www.sabiosciences.com) and normalized to the
expression levels of housekeeping genes.

Statistics

The Student’s t-test or Mann-Whitney U test was used for comparison between
groups. Linear correlation coefficient or Spearman’s rho test was used for
correlation studies. A P value < 0.05 was considered significant. Statistical
analyses were performed using the statistical software Statistica 6.0 or the latest
version of SPSS.
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Paper |

Summary

Cell death among epithelial cells and involution of normal prostate glands after
castration seem to be directed primarily through effects in the prostate stroma and
vasculature 3 3% 3" ¥ |n this study, we therefore investigated how AR negative
tumor cells responded to castration when surrounded by normal androgen-
dependent prostate tissue and vasculature.

Castration effects on the tumor cells mediated by the surrounding non-malignant
prostate and vasculature

A small number of AR negative AT-1 tumor cells were injected into one of the VP
lobes and the effects of castration were examined. We found that AT-1 tumor cells
responded to castration with transiently retarded tumor growth. This was mainly
due to increased tumor epithelial cell apoptosis since proliferation was unaffected.
Vascular density inside the tumor was unaffected by castration, suggesting that the
tumor vessels were insensitive to androgen deprivation. As expected, the vascular
density in the VP lobes decreased after castration, suggesting decreased blood flow
to the organ. In line with this the fraction of hypoxic epithelial cells was increased
both in the VP and in the tumor. Tumor cell apoptosis was therefore likely caused
by increased hypoxia due to decreased blood supply from the surrounding VP.

Effects on the non-malignant prostate mediated by the tumor

The vascular density in the VP lobes surrounding the growing tumor increased with
time, suggesting that the tumor stimulated its blood supply through the surrounding
non-malignant tissue. The tumor apparently forces the surrounding tissue to
cooperate.

Although vascular response in the VP was similar to previous studies in non-tumor
containing VP %, the weight of the VP lobe containing the tumor was unaffected
early after castration but was decreased at the later time point. The reason for this is
unknown but contrary to previous results, proliferation or at least BrdU labeling
was increased early after castration in the VP, suggesting that the tumor was to
some extent able to modify the normal castration response. After castration the
non-malignant epithelial cells close to the tumor still had active AR signaling in the
nucleus. This suggests that the tumor changes AR regulation in the adjacent non-
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malignant prostate tissue and may explain the lack of reduced epithelial cell
proliferation and weight seen in the VP early after castration.

Castration effects on non-malignant prostate epithelium surrounded by prostate
tumor cells

The tumor cells sometimes grew between the basement membrane and the
covering smooth muscle cells and thereby surrounded normal glands with AR
negative cells. We were therefore able to study how normal epithelial cells respond
to castration when surrounded by an androgen-independent tissue. We found that
these epithelial cells responded to castration with increased apoptosis with about
the same magnitude as the tumor, which was significantly lower compared to that
in normal glands outside the tumor. This suggests that castration response in
prostate epithelial cells is highly dependent on responses in the most adjacent cells.

Discussion

Why does an androgen-independent prostate tumor respond to castration when
growing inside the prostate?

The rat ventral prostate is one of the most androgen sensitive tissues known and it
normally responds to castration with decreased blood flow and subsequent
glandular involution. A prostate tumor growing in this environment is likely
dependent on support from its surroundings and changes in the surrounding tissue
will therefore influence the tumor. What type of prostate cells that are most
important for the castration response are however unknown. Normal epithelium
surrounded by prostate tumor cells responded to castration although it had lost its
contact with the androgen dependent stroma. This suggests that altered paracrine
signaling from prostate stromal cells is not the only explanation for the castration
response in the normal epithelium. However, as the response was of lower
magnitude the prostate stroma probably plays an important role. Direct effects of
androgen withdrawal could also explain the response in the non-malignant
epithelial cells inside the tumor. The tumor cells however could not respond
directly as they lacked the androgen receptor. The response in the tumor and in the
normal epithelium inside the tumor was therefore likely caused by effects on the
prostate vasculature and blood flow.

Castration therapies are mainly used as palliative treatment for metastases and
generally not for tumors only localized to the prostate. Surprisingly, nothing is
known about if and how the surrounding non-malignant tissue responds to
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castration in metastases. As effects in the tissue surrounding the tumor are of
importance for the castration response in primary tumors, further studies are
needed to examine the castration response in metastases stroma and surrounding
tissues. In order to improve the efficacy of castration treatment increased
understanding of how and why metastases respond to castration is of major
importance.

Is androgen ablation a safe treatment for localized tumors?

Also poorly differentiated tumors responded to castration when localized in the
prostate suggesting that androgen ablation could be used as a treatment of
aggressive and AR negative tumors in the prostate. The initial response to
castration with increased tumor apoptosis, probably due to hypoxia in the tumor,
suggests that the treatment is effective during this phase. Tumor progression was
however only stopped temporarily showing that the tumor cells quickly adapted to
grow in hypoxia. As hypoxia has shown to select for more aggressive tumors *****
7 castration treatment that fails to kill all the tumor cells could therefore
potentially make the remaining tumor cells more aggressive. New treatments that
target hypoxia resistant tumor cells are needed to extend the initial effects of
castration.

How does the tumor influence the surrounding non-malignant tissue?

The tumor affects not only non-malignant cells in the nearby tumor stroma but also
influences the surrounding organ. Vascularity increased with time in the non-
malignant tissue outside the tumor. This suggests that the tumor secreted
angiogenesis promoting signals to secure increased blood supply through its
surroundings. The tumor also delayed but not inhibited the castration response in
the neighboring non-malignant epithelial cells. The reason for this is unknown but
could possibly be due to growth factors secreted by the tumor that alter AR
signaling and response to therapy.

Changes in the tumor adjacent non-malignant tissue could possibly be used for
diagnosis and/or prognosis of prostate tumors. Prostate biopsies only account for a
small fraction of the prostate and therefore often sample non-malignant tissue
although a tumor is present. Alterations in the non-malignant tissue could be
exploited to indicate the presence of a tumor and perhaps also its aggressiveness.
Low levels of phosphorylated epidermal growth factor receptor in non-malignant
prostate glands adjacent to the tumor have for instance shown to be associated with
a more favorable outcome (Hammarsten et al., unpublished results). Other studies
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from our group also show that loss of AR expression in the normal prostate stroma
was associated with poor outcome ". Angiogenesis and accumulation of
macrophages in the prostate tumor stroma have also been linked to poorer
prognosis " ™. Our study suggests that angiogenesis is increased and macrophages
(paper 1) also accumulate in the prostate tissue further away from the tumor and
this could possibly give additional diagnostic/prognostic information.

Paper |1

Summary

In this paper we studied the importance of tumor associated macrophages for
orthotopic AT-1 tumor growth and angiogenesis and in addition studied the
expression of angiogenic factors and cytokines in the tumor.

To understand the mechanisms behind the increased vascularity in the AT-1 tumor
model (paper 1), we first analyzed endothelial cell proliferation inside the tumor
(intratumoral) and in the surrounding normal VP (extratumoral). Intratumoral
endothelial cell proliferation was particularly high suggesting active angiogenesis
in tumors. In the extratumoral tissue, the fraction of proliferating endothelial cells
correlated with extratumoral vascular density, showing that new vessels were
formed at this site. Proliferation of endothelial cells both in the tumor and in the VP
correlated with tumor size.

To investigate what factors the AT-1 tumor expressed that could stimulate
angiogenesis we used a rat angiogenesis PCR array. We compared expression in
the orthotopic tumor in vivo with expression in sham injected normal VP. The
results showed that the tumor produced numerous angiogenic factors that could
explain the increased vascularity. Many of these factors, for instance CCL2, IL13
and IL-6, are associated with inflammation. As TAMs are known to stimulate
tumor progression and angiogenesis we therefore examined macrophage content in
the AT-1 tumor model.

The tumor contained a high number of CD68 (a marker for
monocytes/macrophages) positive cells, especially in the invasive zone. In the
extratumoral tissue the number of macrophages increased with time and tumor size
and also here the highest number was found close to the tumor border. The average
intratumoral macrophage density, however, inversely correlated to both tumor size
and intratumoral vascular density. Conversely, the average extratumoral
macrophage density, although it was much lower compared to the macrophage
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density inside the tumor, highly correlated with tumor size, extratumoral vascular
proliferation and extratumoral vascular density. Double staining of macrophages
and proliferation showed that macrophages often were in close contact with
proliferating endothelial cells in capillaries but also with proliferating vascular
smooth muscle cells in arteriols and venules. As macrophages and monocytes show
high plasticity, different functions at different tumor locations are possible " ™ .
The different types of monocytes/macrophages present in this study are however
unknown but macrophages in the extratumoral tissue could possibly be of
particular importance.

To further determine the importance of infiltrating monocytes/macrophages for
AT-1 prostate tumor growth, circulating monocytes were reduced using Clodronate
containing liposomes. In clodronate-liposome treated rats, macrophage density was
decreased both in the tumor and in adjacent normal prostate tissue, but complete
depletion was not seen. Although the reduction in macrophage content was modest,
we observed a significant reduction in tumor growth. Angiogenesis was inhibited
both intra- and extratumorally. In addition, suppressed proliferation of smooth
muscle cells in larger vessels was noted. This suggests that monocyte infiltration is
important for prostate tumor growth and for growth of micro-vessels as well as
larger blood vessels.

To examine if some of the angiogenic factors that were up-regulated in the AT-1
tumor could be produced by macrophages, we compared the AT-1 tumor cells in
vitro with the orthotopic tumors using the same array. Several factors showed
increased expression levels in vivo and could thus be expressed by host cells.
MMP9 and IL1P expressions were also verified with immunohistochemistry by
intense staining of macrophages. IL1p has been shown to convert AR modulators
from being inhibitory to stimulatory and thereby alter AR regulation ¥,
Macrophage secretion of IL1B could thus be one explanation for the altered
response to castration in the normal non-malignant tissue seen in paper I.

In addition, we also studied the expression of chemokines in the orthotopic tumor
and found that important factors for monocyte recruitment, like CCL2 and CSF-1,
were up-regulated compared to normal prostate tissue.

In summary, we suggest that monocytes/macrophages are important for prostate
tumor growth and angiogenesis in the tumor and particularly in the surrounding
non-malignant tissue. In addition, macrophages seem important for the expansion
of larger arteriols and venules, thereby increasing the blood flow to and from the
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newly formed capillaries inside the tumor. Furthermore, the tumor expressed
several angiogenic factors that could stimulate vascular growth both in the tumor
and in its nearby surrounding. As some of these factors most likely are produced by
macrophages, decreasing macrophages could be used as an antivascular/antitumor
treatment.

Discussion

Methodological considerations using clodronate-liposome for macrophage
depletion

To reduce the infiltration of monocytes to the orthotopic tumor we used clodronate-
liposomes injected intraperitoneally. Phagocytic cells engulf the liposomes and
clodronate is released inside the cells with consequent apoptosis. Circulating
monocytes have been shown to be depleted *® but as new monocytes constantly
enter the circulation from the bone marrow a continuous supply of clodronate-
liposomes is needed. We therefore administered clodronate-liposomes before and
during tumor growth to reduce the monocyte infiltration to the tumor. As controls
we chose to inject PBS instead of PBS-liposomes, as they can alter normal
macrophage function when digested although they are not toxic to the macrophages
10 Free clodronate released by apoptotic monocytes have a short half-life in

circulation and direct effects on the tumors are therefore unlikely **°.

Could macrophage depletion be used as a treatment for prostate cancer?

In this study the treatment was started even before the tumor cells were implanted.
The effects were therefore most likely on tumor establishment. How reduction of
monocytes would affect an already established prostate tumor is not known.
Macrophages have been shown to be particularly important for the angiogenic
switch in other tumors ® ****_Inhibition of vascular growth was also one of the
main effects seen in our study. Macrophage suppressing therapies could therefore
possibly be used as adjuvant treatment inhibiting angiogenesis and establishment of
metastases.

Treatments that target TAMs could be designed in several ways. Directly target
monocytes as with clodronate-liposomes could be one option, but as monocytes
and macrophages are important cells of the innate immune system this could
possibly lead to unwanted side effects. Another possibility is to indirectly target
important chemokines attracting monocytes to the tumor site. Inhibitions of CSF-1
and CCL2 have for instance shown to reduce monocyte/macrophage infiltration to
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experimental tumors **'®, CSFR1 antagonist are also available ®. However,

simultaneous inhibition of several factors would probably be needed as many
factors are known to stimulate monocyte recruitment. As monocytes show high
plasticity a third possible way would be to maneuver them into a cytotoxic and
tumor suppressing state.

Paper 111

Summary

Another way to inhibit angiogenesis is by increasing levels of endogenous
angiogenesis inhibitors. PEDF is a potent angiogenesis inhibitor ** of particular
importance in the prostate '?° and in this paper we characterized and examined the
relationship between PEDF and prostate tumor progression.

Here we used subcutaneous Dunning tumors with different characteristics (see
materials and methods) and found that PEDF was highly expressed in low
metastatic tumors (PAP and AT-1) compared to moderately (AT-2) and highly
metastatic tumors (AT-3 and MatLyLu). The differences in PEDF expression was
found both at the protein and the mRNA levels, in vitro and in vivo, suggesting that
down-regulation occurred at the transcriptional level. Both AT-1 and MatLyLu are
anaplastic, fast growing and androgen-insensitive tumors that mainly differ in their
ability to metastasize. Decreased PEDF in the Dunning tumor model was therefore
primarily associated with an increased metastatic potential. However, MatLyLu
tumors had significantly higher vascular density and proliferation compared to the
AT-1 tumors, and PEDF levels inversely correlated to these two parameters. PEDF
could therefore possibly repress metastatic spread by decreasing angiogenesis
and/or tumor cell proliferation.

Before further analyses on the functional role of PEDF in prostate tumors, we
examined whether a similar pattern existed also in human prostate tumors. To
simulate the relationship between AT-1 and MatLyLu, tissues from patients with
poorly differentiated tumors (GS 8-10) of similar sizes were divided into two
groups. The first group (M1) represented the typical characteristics for poorly
differentiated prostate tumors, with the presence of bone metastasis at diagnosis
and survival < 5 years after diagnosis. The second group (M0) was somewhat more
unusual since no presence of bone metastasis was found at diagnosis and
subsequently they also had a more favorable outcome with survival > 7 years after
diagnosis. The MO group had higher PEDF mRNA and protein levels compared to
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the M1 group. An inverse correlation for PEDF mRNA was also found with
vascularity and proliferation.

In summary, this paper suggests that decreased PEDF is associated with a
metastatic phenotype in human and rat prostate tumors.

Discussion

At the time of publication, little was known about the function of PEDF in different
tumors. Later on, an inverse correlation between PEDF levels, grade and metastatic
potential has however been obtained for several tumors types including breast */,
lung **°, pancreatic carcinoma %, glioma *®, melanoma **" and lymphangiomas .
Moreover, PEDF have shown both tumor and metastasis suppressing activities in
several experimental tumor model systems (see introduction for more details).
Inhibition of angiogenesis, increased tumor cell apoptosis, decreased tumor cell
invasion and tumor cell differentiation have been suggested explanations for PEDF
tumor inhibition. PEDF has also been shown to have contrary effects in neuronal
tissues, where it promotes survival and protects the cells from apoptosis. The
mechanisms behind PEDF’s divergent effects are not fully understood and not
examined thoroughly in tumors.

The reason for decreased PEDF expression in tumors is also unknown. Loss of
tumor suppressors could be due to genetic or epigenetic alterations but
microenvironmental factors could also be of importance, e.g. hypoxia and
androgens have been shown to suppress PEDF protein expression in prostate tumor
and stromal cells *. In line with this, PEDF immunostaining showed less intensity
in hypoxic parts of the AT-1 tumors and in human tumors still containing PEDF
the staining was heterogeneous.

The function and regulation of PEDF in prostate tumors was therefore further
analyzed in paper 1V.

Paper IV

Summary

In this study we extended our findings regarding PEDF and examined effects of
PEDF over-expression on prostate tumor growth and metastasis. For this the
metastatic and highly aggressive MatLyLu tumor cells that expressed low levels of
PEDF (paper I11) were transfected with a plasmid vector containing human PEDF
cDNA.
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We found that PEDF over-expression, as expected, inhibited orthotopic rat prostate
tumor growth, angiogenesis and suppressed the growth of metastases. Surprisingly,
histological examinations also showed that PEDF over-expression stimulated
lymphangiogenesis and macrophage infiltration to the tumors. PEDF transfected
MatLyLu tumors contained more inducible nitric oxide synthase (iNOS) positive
cytotoxic macrophages compared to controls suggesting that PEDF may stimulate
anti-tumor immunity.

In addition, we studied prostate environmental regulation of PEDF in rat prostate
tumors. For this we used AT-1 tumor cells that expressed high levels of PEDF
MRNA and protein both in vitro and subcutaneously (paper Il1). When these tumor
cells were injected into the VP, PEDF mRNA and protein expressions were
decreased suggesting that some factor in the prostate microenvironment inhibited
PEDF expression. We could show that one such factor could be TNFa, since TNFa
down-regulated PEDF both in vitro and in vivo. TNFoa was expressed by
inflammatory cells, mainly macrophages, in the ortothopic AT-1 tumors suggesting
that macrophages could repress PEDF transcription and thereby probably facilitate
tumor angiogenesis and metastatic spread.

Discussion
Methodological considerations

Transfection of MatLyLu cells resulted in high PEDF protein levels in vitro when
using Hygromycin B to select for clones containing the plasmid. In vivo,
unfortunately, PEDF expression was gradually lost. This was probably due to
insufficient replication of the plasmid in rat cells. For stable transfection other
plasmids or vectors are needed.

In this study human PEDF was expressed in rat prostate tumor cells. Streck et al.
showed that human protein was more effective in reducing human neuroblastoma
xenografts compared to murine neuroblastomas suggesting a difference in efficacy
138 However, murine PEDF was not more effective than human PEDF for treating
murine cancer *®, Ek et al. transfected human and rat sarcoma cells to over-express

human PEDF and showed similar results in both tumor types **°.

Is PEDF a prostate tumor suppressor?

This and several other studies (see introduction for details) show that PEDF can
arrest tumor growth, angiogenesis and metastasis. PEDF is also lost during tumor
progression in many tumors. This suggests that PEDF treatment could be used as a
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new anti-angiogenesis/anti-tumor treatment. An advantage with endogenous
angiogenic inhibitors like PEDF is that they are able to inhibit several angiogenesis
inducers simultaneously compared to more specific drugs. This is important as
tumors express multiple angiogenesis stimulators as shown in paper Il. PEDF has
been shown to be one of the most potent endogenous angiogenesis inhibitors *%°
and is therefore promising as an anti-angiogenesis treatment.

Studies showing pronounced and long term effects of PEDF tumor treatment used
stable transfections where PEDF was expressed in all tumor cells already at tumor
establishment and during the entire study *** **. Transient over-expression, like in
this study, demonstrated slower growth kinetics and decreased metastatic growth
only during the time when PEDF could be detected *** ***. Then, when PEDF
expression declined, the tumors grew in the same pace as controls implying that the
expression needs to be sustained in order to achieve long term effects. No study so
far has shown that PEDF can shrink tumors. PEDF could therefore possibly be
used as a treatment to inhibit tumor progression, to enhance the effects of other
treatments or as an adjuvant to postpone tumor relapse.

Here we show that both macrophages and lymphangiogenesis increased by PEDF
over-expression, characteristics known to facilitate tumor growth. Although PEDF
over-expression increased cytotoxic macrophage numbers, this was only a minor
fraction of all macrophages in the tumor. Increased macrophage tumor infiltration
during PEDF treatment could therefore finally make the tumors more aggressive.

PEDF regulation

Our study together with the study by Doll et al. ® showed that the
microenvironment down-regulated PEDF in prostate tumors. AT-1 cells injected
into the prostate lost almost all PEDF protein expression after 10 days. Similar
experiments with AT-1 tumor cells injected subcutaneously did not decrease PEDF
levels, showing that regulation of PEDF was context dependent (results not
shown).

TNFa secreted by macrophages and other stromal cells in the prostate
microenvironment could be one explanation for decreased PEDF mRNA in tumor
cells. As PEDF stimulated macrophage accumulation, macrophages may down-
regulate PEDF as a negative feed-back loop. Hypoxia in tumors could then further
suppress PEDF protein expression. In tumors where the PEDF gene is not
completely silenced, inhibition of TNFa might increase the expression of PEDF
and possibly delay tumor progression.
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CONCLUSIONS

> AR negative prostate tumor cells responds to castration when growing in the
androgen dependent prostate environment

» Tumor adjacent non-malignant tissue has increased vascularity and
inflammatory cell infiltration, and a delayed response to castration

» Tumor associated macrophages are important for prostate tumor growth and
angiogenesis both in the tumor and in the surrounding non-malignant tissue

» Both the tumor epithelial and stromal cells express several angiogenic factors
and chemokines that can stimulate angiogenesis and monocyte recruitment

> Decreased PEDF levels are associated with a metastatic and more vascularized
phenotype in human and rat prostate tumors

» PEDF over-expression represses rat prostate tumor growth, angiogenesis and
growth of metastasis. In addition PEDF over-expression stimulates cytotoxic
macrophage tumor infiltration and lymphangiogenesis

» PEDF is down-regulated by the prostate tumor microenvironment and TNFa.
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GENERAL DISCUSSION AND FUTURE DIRECTIONS

Tumor epithelial cells as well as resident and infiltrating non-epithelial cells
together establish the molecular composition of the tumor microenvironment.
Many of these microenvironmental factors will probably have opposing roles in
tumor progression either by promoting or inhibiting this process. If the effects are
pro- or anti-tumoral are probably context-dependent. The interactions between
different cells in the tumor microenvironment are bidirectional and can each
change the phenotype of the other. Often, microenvironmental interactions will
lead to vicious cycles that promote tumor progression. Modern cancer therapy has
therefore shifted from exclusively targeting tumor epithelial cells to targeting also
cells in the adjacent microenvironment as well as their interactions.

This thesis presents some of the interactions between prostate tumor cells and its
microenvironment and also introduces the more remote surrounding non-malignant
prostate tissue as an essential component. The tumor cells are apparently able to
influence the non-malignant prostate tissue and in addition the surrounding
environment can affect the tumor cells. When targeting these interactions and the
vasculature in particular, orthotopic prostate tumor growth was inhibited.

Castration-induced epithelial cell death in the normal prostate is, partly, mediated
by acute vascular regression with accompanying hypoxia (see introduction for
details). We now showed that castration effects in primary tumors could be
mediated by effects in the surrounding normal prostate tissue and vasculature. In
our study, the tumor vasculature in an AR negative tumor was unresponsive to
castration treatment but other studies have shown a castration induced significant
reduction of tumor vessel density in AR positive tumors **" '*. Androgen ablation
may therefore be considered as an anti-angiogenic treatment causing acute hypoxia
and tumor cell death. We however showed that tumor epithelial cell apoptosis was
less prominent than in epithelial cells in the non-malignant tissue and that
castration only temporarily inhibited tumor growth. Hypoxia has been shown to
promote tumor progression by selecting for apoptosis resistance, genetic
alterations, and increased metastatic capacity * **>*°" 1% 7% |n addition, hypoxic
tumor cells are usually resistant to radio- and chemotherapy ** impairing treatment
responses. Castration therapy inducing hypoxia but failing to kill all the tumor cells
might therefore promote tumor progression and in the long run make things worse.
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The effects of castration therapy therefore need to be enhanced. As one example of
this, we have shown that castration treatment of the orthotopic tumor model
combined with the tyrosine kinase inhibitor ZD6474 had pronounced anti-tumor
effects by targeting both tumor vessels (ZD6474) and normal prostate vessels
(castration) *"2. The use of hypoxia activated cytotoxins *” or anaerobic bacteria **
homing to hypoxic tumors promoting tumor cell death could also prove to be
useful in combination with androgen ablation. Tirapazamine '™, a drug that
selectively kills hypoxic cells, used simultaneously as castration also showed
additive effects (Johansson, unpublished results). Combination of castration and
PEDF treatment could prove to be efficient since hypoxia augmented prostate
tumor apoptosis induced by PEDF '®. Long-term effects of castration are less
clear. Localized tumors examined months after initial anti-androgen treatment
showed improved oxygenation in about half of the patients '’°. The reason for this
is unknown but could possibly be due to “vascular normalization” as hypothesized
for other anti-angiogenic treatments *, or by decreased oxygen consumption .
Increased blood flow may enhance drug uptake and radiation therapy and at that
time point these treatments may work in synergy with castration. This time frame
however needs to be determined.

Castration treatment is primarily used for treatment of patients with metastatic
prostate cancer. The exact mechanisms by which castration therapy works in
primary tumors and particularly in metastasis are poorly understood. As our results
show that castration effects in primary tumors are at least in part mediated by
effects in the surrounding normal prostate tissue and vasculature, the next step will
be to study the importance of the tumor microenvironment and the surrounding
tissues also in metastases. Especially as metastases have a different stroma and are
surrounded by completely different tissues. One of the biggest challenges in
prostate cancer research is to find ways to improve the treatments of patients with
metastatic disease. In order to enhance and prolong the effects of castration we
probably need to target tumor epithelial cells, the different tumor stromal cells and
the surrounding normal tissue simultaneously as effective as possible.

The role of macrophages in metastatic prostate cancer is not fully established.
Human prostate bone metastasis contained considerably more macrophages than
primary tumors (our own unpublished observations). In breast cancer, TAMs have
been shown to increase tumor cell migration, invasion and intravasation *. TAMs
were shown to be in close contact with both endothelial cells and tumor cells and
thereby facilitate tumor cells entering the blood stream *”’. In our study we also
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saw that TAMs had close contact with blood vessel and produced MMP9 known to
enhance tumor invasion 8",

Macrophages have also been shown to produce EGF and thereby stimulate tumor
cell migration. The tumor cells in return secrete CSF-1 inducing a paracrine loop
177180 "1 our study EGF mRNA expression was however decreased suggesting that
this particular type of interaction may not be present in the largely non-metastatic
AT-1 tumor model.

Thousands of tumor cells can be shed to the circulation every day and probably
already early in tumor progression, but only a few of these will produce clinically
detectable metastasis * . The roles of macrophages in the later steps of the
metastatic cascade are less defined. As our and other studies show that
macrophages are important for tumor establishment and angiogenesis in primary
tumors they likely play this role in metastases as well. Whether macrophages are
actively involved in angiogenesis in metastasis are unknown and needs to be
further investigated. In breast cancer, TAMs have been shown to respond to and
produce estrogens ' %2 If local macrophages in metastasis are able to contribute
to the production of androgens and thereby take part in castration resistance is
unknown and also needs to be further investigated. If so, castration or AR blockage
together with macrophage depletion could prove beneficial. TNFa has been shown
by several studies to promote metastasis and macrophages are the most potent
producers of this factor ** %3, One way that TNFa increases metastasis could be by
repressing PEDF expression. Inhibition of monocyte recruitment or using TNFa
inhibitors *® to tumors might increase the levels of PEDF and thereby inhibit
angiogenesis and tumor progression.

PEDF appears as a promising anti-tumor therapy targeting the tumor in multiple
ways, i.e. anti-angiogenic, induction of tumor apoptosis and tumor cell
differentiation ** '® and as shown in our work by possibly increasing anti-tumor
immunity. However, PEDFs role in macrophage recruitment and inflammation
needs to be further examined to enhance possible anti-tumor immunity effects
while reducing possible stimulatory effects.

The tumor microenvironment is complex with numerous different interactions and
signaling cascades that together with tumor heterogeneity makes it difficult to
design future cancer therapy drugs. Which are the most important interactions for
tumor progression and metastatic growth? It also raises the question of whether
changes in the tumor stroma and cancer cells are fully reversible, or if there is a
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point of no return. We have studied a few interactions in the prostate tumor
microenvironment that are components of an immense system. This is important to
realize as tumors often escape and relapse after good initial response to a specific
treatment. If one growth factor is blocked there are multiple other factors present
eager to play a leading role.

This was exemplified in our work showing that the tumors expressed multiple
angiogenesis inducers simultaneously. Therefore, treatments unable to kill all the
tumors cells could in the long run select for more aggressive tumors expressing
alternative growth stimulating factors. Personalized treatments with several targets
in combination aiming at the tumor cells, the nearby tumor microenvironment, and
the surrounding tissue are probably needed to eradicate or at least persistently
suppress advanced and metastatic tumors.

For future cancer treatments, selection of patients and the right combination of
treatments given in the most effective order and at the best suitable time point will
probably be needed to improve the life of patients with metastatic prostate cancer.
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POPULARVETENSKAPLIG SAMMANFATTNING

Prostatacancer ar den vanligaste maligna tumérsjukdomen hos svenska man. Varje
ar diagnostiseras ungefar 9 000 man med prostatacancer och ca 25 % av dem
kommer att d6 av sjukdomen. En del patienter har en shabbvaxande tumdr och
dadlig sjukdom, medan andra har en langsamt vaxande tumor som inte kommer att
orsaka nagra storre problem. Nar tumorerna ar sma och lokaliserade till prostatan
kan de botas genom operation eller stralning. Darfor ar det viktigt att tumorerna
upptacks tidigt och behandlas. Problemet med detta &r att behandlingen inte skiljer
pa vilken typ av prostatacancer patienter har. Detta leder till att vissa patienter
Overbehandlas med terapier som kan ge allvarliga biverkningar som f6ljd medan de
som skulle behdva kraftfullare behandling inte far sadan eller far den for sent.

Har tumoren spridit sig och borjat véxa i andra organ, vanligast skelett, finns ingen
bot. | dessa fall kastreras mannen dvs. att man pa olika satt avlagsnar manligt
kdnshormon eftersom kdnshormoner kan stimulera metastaserna att véxa. Detta
bromsar och lindrar sjudomen en tid men forr eller senare aterkommer tumaren
som slutligen dddar patienten.

Dérfor behdvs bra metoder att forutsdga tumoérernas aggressivitet, och nya
effektiva behandlingar fér spridd prostatacancer.

Prostatacancer uppstar nar kortelceller i prostatan okontrollerat borjar tillvéaxa och
invadera omgivande vavnad. Tumdrcellerna &r beroende av sin omgivning for att
kunna véxa och sprida sig, t ex maste tumoren stimulera invaxt av blodkarl for att
tillgodose behovet av naring och syre. Tumércellerna bildar tillsammans med andra
stodjeceller darmed en komplex miljo som gynnar tumortillvéxten.

Vi har framforallt anvént oss av djurmodeller med prostatacancer for att undersoka
om vi genom att paverka prostatatumdrens omgivning, i synnerhet blodkarl, kan
bromsa tumaren.

Studierna visar att tuméren forandrar den friska vavnaden runt omkring sig. Bland
annat ansamlas immunceller, det bildas fler blodkarl och védvnaden svarar
annorlunda pa kastrering. Vi visar ocksa att kastrering har stora effekter pa den
normala prostatavdvnaden som omger tumaéren, framforallt pa blodkarlen, och att
detta kan bromsa en tumor som normalt inte svarar pa behandlingen. Dessutom
visar vi att en typ av immunceller, makrofager, ar viktiga for tumorens tillvaxt. Nar
antalet makrofager i och omkring tuméren minskades hade tuméren farre blodkarl
och vaxte samre. Vi undersokte dven ett protein, Pigment epithelium-derived factor
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(PEDF), som bromsar tillvaxten av nya blodkarl. Vi fann att metastaserande
prostatatumorer hos bade patienter och i djurmodeller hade laga nivaer av PEDF.
Nér PEDF aterinfordes till dessa tumorceller fick tuméren farre blodkarl, samre
tillvaxt och mer langsamtvaxande metastaser. Vi sag ocksa att PEDF stimulerade
tillstrdmningen av makrofager in till tuméren, framforallt en sort som kan ddda
tumorceller. Vi visar ocksa att normal prostatavavnad som omger tumdren kan vara
en orsak till de Iaga nivaerna av PEDF i vissa tumorer.

Vara studier visar att prostatatumarers tillvaxt kan bromsas genom att paverka
celler i tumo6rens omgivning, nagot som skulle kunna anvandas for att forstarka och
effektivisera behandlingen av patienter med spridd prostatacancer. Vi visar ven att
tumoren forandrar den omgivande friska vévnaden, fordndringar som ska
undersokas vidare for att eventuellt hitta nya diagnos- och prognosmarkérer.
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