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Recent advances in tumor biology have made remarkable achievements in the development of therapy for metastatic castrate-
resistant prostate cancer. These advances reflect a growing appreciation for the role of the tumor microenvironment in pro-
moting prostate cancer progression. Prostate cancer is no longer viewed predominantly as a disease of abnormally proliferating
epithelial cells but rather as a disease of complex interactions between prostate cancer epithelial cells (epithelial compartment)
and the surrounding tissues (stromal compartment) in which they reside. For example, prostate cancers frequently metastasize
to bone, an organ that contains a microenvironment rich in extracellular matrix proteins and stromal cells including hematopoi-
etic cells, osteoblasts, osteoclasts fibroblasts, endothelial cells, adipocytes, immune cells, and mesenchymal stem cells. Multiple
signaling pathways provide crosstalk between the epithelial and the stromal compartments to enhance tumor growth, including
androgen receptor signaling, tyrosine kinase receptor signaling, and immune surveillance. The rationale to disrupt this “two-
compartment” crosstalk has led to the development of drugs that target tumor stromal elements in addition to the cancer epi-

thelial cell.
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Prostate cancer remains the most common noncutaneous malig-
nancy among men in the United States. In 2010, it is estimated
that 220000 men were newly diagnosed with prostate cancer and
32050 men died of the disease (1). Prostate cancer is a biologically
heterogeneous disease that produces variable clinical outcomes.
Since the advent of prostate-specific antigen (PSA) testing, most
patients diagnosed with prostate cancer have disease confined to
the prostate gland (organ-confined disease) (2,3). For some men,
prostate cancer follows a relatively indolent clinical course that
does not require immediate treatment or in some cancer cases, any
treatment at all (4,5). In contrast, up to 75% of newly diagnosed
patients present with potentially aggressive prostate cancers that
warrant treatment (6). For these patients with clinically significant
disease, tumor progression occurs in a well-recognized anatomical
pattern (7). Tumors that are initially organ confined can spread to
locoregional lymph nodes but more commonly disseminate hema-
togenously to distant organs with a striking predilection for the
skeleton (8). Prostate cancer that progresses despite castrate levels
of serum testosterone is defined as “castrate resistant” (9).

Opver the past decade, insights into the biological basis of pros-
tate cancer development and progression have influenced our ap-
proach to treating patients with advanced disease. Although
research efforts have historically focused on the prostate cancer
epithelial cell to identify genetic alterations associated with malig-
nant transformation, there is growing evidence that the host tissue
microenvironment is critical for the progression from localized
disease to distant metastases (10-13). For example, prostate cancer
epithelial cells preferentially metastasize to bone. This is a multistep
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nonrandom process that involves 1) dissemination of cancer cells
into the vascular system, 2) adhesion of cancer cells to the skeletal
microvasculature, 3) extravasation of cancer cells into bone
marrow, and 4) survival and proliferation of prostate cancer cells
within the bone microenvironment. The normal bone microenvi-
ronment is composed of multiple types of stromal cells including
hematopoietic cells, fibroblasts, endothelial cells, adipocytes, mac-
rophages, osteoblasts, osteoclasts, and mesenchymal stem cells. In
addition, the bone marrow microenvironment contains a soluble
extracellular matrix rich in growth factors and cytokines (14).

The “Two-Compartment” Model

According to the “seed and soil” hypothesis, the bone microenvi-
ronment provides “fertile soil” for prostate cancer epithelial cells
to “seed” (15). Once “seeded,” the ability of prostate cancer cells
to “germinate” into tumors depends on bidirectional interactions
between prostate cancer epithelial cells (the “epithelial compart-
ment”) and the bone microenvironment (the “stromal compart-
ment”). In contrast to most other solid tumor malignancies,
prostate cancer bone metastases are typically “bone forming”
rather than “bone destructive.” These lesions are produced when
autocrine and paracrine feedback loops created between the pros-
tate cancer epithelial cell and the bone microenvironment usurp
normal bone homeostasis maintained by osteoblasts, osteoclasts,
endothelial cells, and other bone stromal elements. These events
lead to the formation of abnormal unstructured bone, termed
“woven” bone, which is susceptible to the development of pain

JNCI | Review 1665


mailto:pcorn@mdanderson.org

and/or fracture (16). Thus, the “lethal phenotype” of metastatic
castrate-resistant prostate cancer (nCRPC) does not depend solely
on the presence of cancer epithelial cells in the bone per se but also
on the host stromal response to this presence. The interaction
between the epithelial and stromal compartments defines a “vi-
cious cycle” of prostate cancer progression in the bone (17).

Elucidating the bidirectional interactions between the cancer cell
and host bone microenvironment is now an important area of pros-
tate cancer research (18). An increasing number of epithelial-stromal
interacting pathways have been shown to contribute to the develop-
ment, progression, and bone tropism of prostate cancer. A guiding
principle derived from this effort has been the discovery that growth
signaling pathways involved in normal prostate gland development
and bone homeostasis frequently become dysregulated in prostate
cancer (18). These pathways present novel targets for small-molecule
therapeutics. The knowledge gained from this two-compartment
model has led to novel treatment strategies that target the bone
microenvironment in addition to the epithelial cell (13) (Figure 1).

This review focuses on novel therapies being developed for the
treatment of patients with mCRPC. Although the precise mecha-
nisms whereby these therapeutic agents elicit an antitumor response
are complex and every agent likely affects both compartments to some
extent, we conceptually divide therapies into one of three different
categories based on which compartment(s) is principally targeted: 1)
epithelial targeting therapies, 2) stromal targeting therapies, and 3)
epithelial-stromal targeting therapies. Specific biomarkers permit
quantization and localization of therapy-induced effects within each
compartment. For example, PSA levels reflect modulation of cancer
epithelial cells, bone-specific alkaline phosphatase (BAP) levels reflect
modulation of osteoblast activity, and urinary N-telopeptide (uNTx)
levels reflect modulation of osteoclast activity (19).

Targeted agents are categorized based on which compartment
they principally target and provide a conceptual framework that
links understanding the underlying biology of cancer progression in
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Figure 1. The two-compartment model in
bone for novel therapeutics in metastatic
castrate-resistant prostate cancer. The “epi-
thelial compartment” contains the prostate
cancer epithelial cell (top). The “stromal ...
compartment” contains multiple different
cell types including osteoblasts, osteoclasts,
T-cells, and endothelial cells (bottom).
Multiple autocrine and paracrine signaling
pathways that contribute to prostate cancer
progression are depicted. The different
novel therapeutics that target these path-
ways are also shown. Please refer to the
body of the text for additional details. AR =
androgen receptor; ETA-R = endothelin type
A receptor; VEGF = vascular endothelial
growth factor; DHT = dihydrotestosterone;
GF-R = growth factor receptor.
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the bone to candidate rational drug combinations. Nonetheless, an
important caveat to this framework is that the mechanism of action
for individual therapies often comes from molecular—pathologic evi-
dence derived from preclinical (in vitro and in vivo) models of
prostate cancer rather than directly from human tumors. Because
preclinical models that use well-established prostate cancer cell
lines do not recapitulate the heterogeneity of either the genetics or
the epithelial-stromal interactions present in human tumors, data
from preclinical models have historically correlated poorly with
data from human patients. More recently, however, our group has
sought to overcome this limitation by establishing human prostate
cancer xenografts derived from biopsies of human tumors (20,21).
These xenografts, implanted directly into severe combined immu-
nodeficiency mice, preserve the genetics and epithelial-stromal
interactions of the original tumors and are invaluable for elucidating
mechanisms for both prostate cancer progression and therapy
development.

Epithelial Targeting Agents

To date, the best known epithelial targeting agents remain con-
ventional cytotoxic chemotherapy agents. Chemotherapy produces
an antitumor effect primarily through apoptosis of prostate cancer
epithelial cells. Docetaxel-based chemotherapy, approved by the
Food and Drug Administration (FDA) in 2004, substantially palli-
ates cancer-associated symptoms and modestly prolongs survival in
patients with mCRPC (22,23). Correspondingly, a prevailing hy-
pothesis in the medical oncology field is that the inability of che-
motherapy to cure mCRPC is attributable to intrinsic defects in
epithelial cell apoptosis such as B-cell CLL/lymphoma 2 (BCL2)
overexpression and/or phosphatase and tensin homolog (PTEN)
loss (24,25). These findings support the strategy of developing
more potent chemotherapy agents and/or novel agents that over-
come resistance mechanisms to existing chemotherapies (Table 1).

Prostate

Sipuleucel-T
PROSTVAC
Ipilimumab

Bevacizumab

Sunitinib

Osteoclast
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Until recently, this strategy has been relatively unsuccessful.
With regard to cytotoxic strategies, several non—taxane chemo-
therapy combinations are active in mCRPC, but none has passed
the threshold of response to warrant comparison to docetaxel in a
phase III frontline clinical trial with survival as a primary endpoint
(26). With regard to drugs that overcome resistance mechanisms,
the experience with oblimersen, a BCL2-specific antisense oligo-
nucleotide, was disappointing because it did not enhance the effi-
cacy of docetaxel and was associated with toxicity (27). More
recently, however, the development of two novel agents, cabazi-
taxel and clusterin, suggest that improvements in targeting the
epithelial compartment are still possible.

Cabazitaxel
Cabazitaxel is a semisynthetic member of the taxane family of cy-
totoxic agents and was developed building on the knowledge of
sensitivity of prostate cancer to microtubular poisons (28). Like
other taxanes, cabazitaxel stabilizes tubulin to induce cell cycle
arrest and inhibit cell proliferation. In contrast to other taxanes
such as docetaxel, cabazitaxel is less affected by the multidrug resis-
tance P-glycoprotein efflux pump and overcomes docetaxel resis-
tance in in vitro and in vivo preclinical models (28).

Cabazitaxel was recently compared with the topoisomerase type
II inhibitor mitoxantrone in a randomized phase III trial in
patients with mCRPC previously treated with docetaxel (cabazi-
taxel plus prednisone compared with mitoxantrone plus predni-
sone in hormone-refractory metastatic prostate cancer [TROPIC]
trial) (29). Seven hundred and fifty-five men were randomly
assigned to either mitoxantrone (12 mg/m’ every 21 days) or caba-
zitaxel (25 mg/m? every 21 days) for a maximum of 10 cycles, and
overall survival was the primary endpoint. Both groups received 10
mg of prednisone daily. After a median follow-up of more than a
year, the risk for mortality was statistically significantly decreased
in the cabazitaxel group (hazard ratio [HR] = 0.70, P < .001). This
translated to a median overall survival of 15.1 months in the caba-
zitaxel group vs 12.7 months in the mitoxantrone group. Cabazitaxel
also demonstrated statistically significant PSA responses (>50%
decrease in PSA serum levels) and decrease in size of measurable
lesions (by Response Evaluation Criteria in Solid Tumors
[RECIST] criteria). The principal side effect of cabazitaxel was
neutropenia, with statistically significantly more episodes of febrile
neutropenia in the cabazitaxel group vs the mitoxantrone group
(7.5% vs 1.3%, respectively). Based on the findings of the
TROPIC trial, cabazitaxel was approved by the FDA in June 2010
for use in mCRPC patients after treatment with docetaxel.

Despite the positive result of the TROPIC trial, some impor-
tant considerations remain about the optimal use of cabazitaxel.
For example, although all of the patients enrolled in the TROPIC
trial had evidence for disease progression following previous treat-
ment with docetaxel, at least 25% of the patients did not have truly
“docetaxel-refractory” disease (defined as disease that progresses
during therapy or within 30 days of the last docetaxel dose) (24). It
has therefore been argued that a substantial proportion of patients
in the TROPIC trial would likely have responded to retreatment
with docetaxel (30). In addition, the choice of mitoxantrone as a
control group was arguably not ideal, given its very modest activity
and the existence of other chemotherapy combinations with
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established activity in mCRPC (eg, cyclophosphamide combined with
vincristine and decadron) (26,31). In light of these considerations,
it remains debatable whether cabazitaxel should be accepted as the
“de facto” best second-line chemotherapy choice for patients who
truly have docetaxel-refractory disease. Nonetheless, the potential
lack of cross-resistance between docetaxel and cabazitaxel has
renewed interest in understanding how microtubule biology con-
tributes to castrate-resistant disease progression and how best to
exploit tubulins as a therapy target.

Clusterin

In response to external stress stimuli such as radiation and chemo-
therapy, epithelial cancer cells have developed multiple adaptive
responses that are cytoprotective (32). One of these is mediated by
clusterin, a chaperone protein involved in cell proliferation and
survival (33). In prostate cancer cell lines, inhibition of clusterin
was associated with greater susceptibility to cytotoxic agents and
radiation (34,35). Therapeutic approaches to target clusterin are
based on antisense oligonucleotides, the most promising of which
is custirsen (also known as OGX-011) (36). Custirsen is a
2'-methoxyethyl-modified phosphorothioate antisense oligonucle-
otide that is complementary to the clusterin mRNA. Custersin has
been shown to decrease clusterin expression in both in vitro and in
vivo preclinical models. In a recent randomized phase II trial, 82
patients with mCRPC were randomly assigned to docetaxel and
prednisone with or without OGX-011 (640 mg administered intra-
venously weekly) (37). All patients could receive up to 10 cycles of
therapy, and the primary endpoint was the proportion of patients
with a PSA decline of greater than 50% from baseline. The per-
centage of patients who achieved a greater than 50% decline in
PSA was similar between the two groups (58% vs 54% respec-
tively). Despite this, OGX-011 was associated with an improved
overall survival (23.8 months in patients receiving docetaxel and
prednisone plus OGX-011 vs 16.9 months in patients receiving
docetaxel and prednisone alone). Based on these data, a random-
ized phase III trial is currently comparing docetaxel and predni-
sone with docetaxel and prednisone plus custirsen in 800 patients
with mCRPC in the frontline setting, with overall survival as the
primary endpoint (Clinical Trials.gov identifier: NCT01188187).

Stromal Targeting Agents

Stromal targeting agents specifically inhibit the ability of the
tumor microenvironment from contributing to disease progression
(13). As such, these agents generally target molecular pathways
that affect the ability of stromal cells (eg, endothelial cells, osteo-
clasts, and osteoblasts) to support and enhance cancer cell growth
rather than directly targeting the epithelial cell per se. Studies to
date have suggested that stromal targeting agents are only mod-
estly effective when used as monotherapy in patients with mCRPC,
despite evidence of therapy-induced target effects on the tumor
microenvironment. For example, although zoledronic acid (an os-
teoclast inhibitor), imatinib (a multitarget tyrosine kinase inhibitor
of platelet-derived growth factor [PDGF], C-Kit, and ABL1), and
atrasentan (a selective endothelin A receptor antagonist that in-
hibits osteoblast proliferation) have all been shown to modulate
the bone microenvironment, none has demonstrated any beneficial
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impact on disease progression or overall survival (38-40). Thus,
the optimal use of stromal-targeting agents appears to be in com-
bination with epithelial-targeting agents (such as chemotherapy).
Nonetheless, single-agent trials have provided “proof of principal”
that candidate stromal-targeting drugs can modulate the tumor
microenvironment and permit development of the most specific
biomarkers for the pathway being targeted (eg, levels of soluble
vascular endothelial growth factor [VEGF] in patients receiving
antiangiogenic therapy).

Atrasentan
In the bone microenvironment, both osteoblasts and osteoclasts
express cell surface endothelin type A (ETA) receptors at high
density. In response to ligand binding of endothelin-1 to the ETA
receptor, osteoblasts become activated and stimulated to prolif-
erate, whereas osteoclasts are inhibited (41). The net effect of
endothelin-1/ETA signaling on the bone microenvironment is
stimulation of new bone growth. Signaling through the ETA re-
ceptor induces osteoblastic metastases in mouse models (42,43).
Atrasentan (pyrrolidine-3-carboxylic acid) is a highly selective
and potent ETA receptor antagonist that potently inhibits the
osteoblast-dependent formation of new bone induced by meta-
static cancer cells in a variety of preclinical model systems. Recent
phase II and phase III trials have evaluated the role of atrasentan
monotherapy in mCRPC (40,44). Although these trials established
the ability of atrasentan to modulate the bone microenvironment
(eg, by changes in bone-specific markers), there was no measurable
clinical benefit. However, there is continued interest in the ability
of atrasentan to enhance the response to docetaxel. A randomized
phase III trial is currently comparing docetaxel and prednisone
plus atrasentan to docetaxel and prednisone in patients with stage
IV prostate cancer and bone metastases as first-line therapy
(Clinical Trials.gov identifier: NCT00134056). The primary end-
point is overall survival.

Denosumab

Although prostate cancer bone metastases are osteoblastic, the
development of these lesions involves an osteolytic response medi-
ated by osteoclasts. Interactions between receptor activator of nu-
clear factor of kB ligand (receptor activated nuclear factor-kB
ligand [RANKL]) and its receptor (RANK) are critical in regu-
lating both osteoclastogenesis and bone remodeling involved in
the formation of prostate cancer bone metastases. Prostate cancer
epithelial cells in bone metastases overexpress RANKL compared
with cancer cells in primary tumors. Denosumab is a human
monoclonal antibody against RANKL. In a recent randomized
double-blind study, denosumab was superior to zoledronic acid in
preventing skeletal-related events in patients with mCRPC (45).
The median time to the first skeletal-related event on study was
20.1 vs 17.1 months in patients receiving denosumab vs zoledronic
acid, respectively. Among all skeletal-related events, the onset of
radiation to the bone was the event that was most delayed by deno-
sumab. Interestingly, denosumab was more potent than zoledronic
acid in reducing both uNTx and bone-specific alkaline phospha-
tase levels. Despite these results, there was no difference in overall
survival between the two groups. Future studies will test whether
denosumab can enhance the survival benefit of chemotherapy for

jnci.oxfordjournals.org

patients with mCRPC, realizing that the role of denosumab, based
on its unique biology, might be more complex than being a mere
alternative to bisphosphonates, which are widely used to treat bone
metastases in solid tumors and multiple myeloma.

Antiangiogenic Agents

Blocking angiogenesis to inhibit tumor growth is an archetypal
stromal-targeting strategy that has proven to be successful in treat-
ing a variety of different metastatic tumor types, including kidney,
colon, and lung cancers (46). As monotherapy, the principal anti-
tumor mechanism of antiangiogenic agents (antiangiogenics) is
through inhibition of endothelial cell function, an event that leads
to a reduction in tumor blood flow, tumor hypoxia, and cell death.
Furthermore, antiangiogenics can cooperate with the antitumoral
effects of cytotoxic chemotherapies, although an alternative mech-
anism has been proposed whereby antiangiogenics selectively
“prune” structurally defective neovessels, leading to increased
blood flow and enhanced delivery of chemotherapy to the tumor
(47,48). In the case of prostate cancer skeletal metastases, it is well
known that the bone microenvironment is highly vascular with an
abundant sinusoid microvasculature (14). Several preclinical
studies have established the utility of blocking angiogenesis to in-
hibit prostate cancer bone metastases.

One of the first antiangiogenic agents studied in patients with
mCRPC was thalidomide (49). Although its exact mechanism of
action is incompletely understood, preclinical models suggest that
thalidomide inhibits secretion of proangiogenic cytokines from
both the epithelial and stromal compartments (50). In phase II
studies, thalidomide produced only modest reductions in PSA
when used as monotherapy but was considerably more potent
when combined with docetaxel (49,51,52). For example, in a ran-
domized phase II study, the addition of thalidomide to docetaxel
led to proportionally more patients with a 50% or more reduction
in PSA and a trend toward improvement in overall survival com-
pared with docetaxel alone (28.9 vs 14.7 months, respectively; P =
0.11) (53). Although interest in thalidomide persists, fewer studies
have been done with this interesting agent because of its relative
toxicity (thromboembolic events), the fact that its exact mechanism
for angiogenesis inhibition remains unknown, and the emergence
of more potent and specific angiogenesis inhibitors (eg, bevaci-
zumab and sunitinib, discussed below). In contrast, lenalidomide,
a thalidomide analog with improved tolerability, is now being ac-
tively investigated in patients with mCRPC (54). A randomized
placebo-controlled phase III trial is currently investigating the
effect of the addition of lenalidomide to docetaxel in patients with
CRPC on overall (Clinical Trials.gov identifier:
NCT00988208). In another single-group phase 1II trial, for meta-
static prostate cancer, patients with mCRPC are receiving a com-

survival

bination of lenalidomide, bevacizumab, and prednisone to assess
the safety and efficacy of this combination. This trial is expected to
finish accrual in the middle of year 2012 (Clinical Trials.gov iden-
tifier: NCT00942578).

Despite the compelling rationale to apply antiangiogenic ther-
apies to metastatic prostate cancer, two recent negative phase III
studies have raised important questions about this approach. The
first study, Cancer and Leukemia Group B (CALGB) 90401,
tested the ability of bevacizumab, a monoclonal antibody that
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binds to VEGFA to enhance the survival benefit of docetaxel in the
frontline setting for patients with mCRPC (55). Although there
was an improvement in progression-free survival, there was no
difference in overall survival between patients with mCRPC who
received docetaxel plus bevacizumab vs docetaxel alone (55). In
addition, treatment-related adverse events were higher in the
bevacizumab group. The second study, Pfizer’s Sun 1120
(Clinical Trials.gov identifier: NCT00676650), tested the ability of
sunitinib, a multi-tyrosine inhibitor with high specific activity
against receptors for PDGF and VEGF, to enhance the ability of
prednisone to prolong survival in patients with mCRPC previously
treated with docetaxel-based chemotherapy. The trial was stopped
following an interim analysis showing that the addition of sunitinib
to prednisone was unlikely to affect overall survival. Although one
might conclude from these studies that antiangiogenic therapies
are ineffective in mCRPC, we believe these negative data highlight
an important biologic principle in prostate cancer angiogenesis
that should inform the design of future trials. Specifically, the bone
marrow microenvironment contains multiple proangiogenic fac-
tors in addition to VEGF including PDGF, basic fibroblast growth
factor (bFGF), interleukin 8, and other soluble cytokines. This
multiplicity of angiogenic pathways creates “redundancy” and the
potential for “tumor escape” from antiangiogenic therapies and
suggests that blocking multiple pathways simultaneously, rather
than VEGF alone, may be necessary to effectively block angiogen-
esis in mCRPC. In support of this, our experience with clinical
trials suggests that blocking PDGF and VEGF simultaneously
(with sunitinib) is more potent in eliciting PSA responses in
patients with mCRPC than blocking either VEGF alone (with
bevacizumab) or PDGF alone (with imatinib) (56). Reflecting
these data, studies are currently underway using tyrosine kinase
inhibitors that target multiple angiogenic pathways (eg, TKI258,
whichpotently blocks VEGF, PDGF,and bFGF) (Clinical Trials.gov
identifier: NCT00831792), or alternatively, combine agents that
block angiogenesis through different mechanisms (eg, combining
bevacizumab plus lenalidomide). In addition, in a recent phase I/11
study combining sunitinib and docetaxel for the treatment of
mCRPC in the frontline setting, patients demonstrated reductions
in both PSA levels and tumor burden that were more substantial
than a historical cohort of patients receiving docetaxel alone (57).

The observation that both bevacizumab and sunitinib have
shown prolongation of progression-free survival without differ-
ences in overall survival also raises the possibility that sustained
suppression of angiogenesis is required to affect overall survival.
Traditionally, phase III clinical trials with overall survival as the
primary endpoint are designed such that patients receive experi-
mental therapy until there is objective evidence of disease progres-
sion. At that point, the experimental therapy is stopped, and
patients are eligible for additional therapies while being followed
for survival. The rationale is that it would be futile to continue an
experimental therapy that is not stopping tumor growth. In testing
novel antiangiogenics, however, traditional phase III trial designs
have two potentially important limitations. First, an experimental
antiangiogenic therapy that no longer stops disease progression by
standard criteria (eg, using changes in PSA levels and/or RECIST)
may still sufficiently slow the growth rate of the tumor such that
patients would ultimately experience a prolongation in survival had
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they remained on the drug. Second, enhanced tumor growth fol-
lowing cessation of antiangiogenic therapy has been described, a
“rebound” phenomenon that could influence overall survival (58).
To address these limitations, it may be necessary to continue anti-
angiogenic therapy beyond standard definitions of disease progres-
sion to observe a beneficial impact on overall survival.

Epithelial-Stromal Targeting Agents

Many agents demonstrate evidence for modulating both the epi-
thelial and stromal compartments. For example, drugs that target
androgen receptor (AR) signaling fall into this category. The AR is
ubiquitously expressed on both prostate cancer epithelial cells and
stromal cells within the tumor microenvironment (59). In addition
to directly stimulating epithelial cell proliferation, AR signaling
also promotes tumor growth through its activity on stromal cells
(60). Thus, agents that block AR signaling modulate both the epi-
thelial and stromal compartments in a therapeutically favorable
manner. This is evidenced in patients by reductions in serum PSA
(a biomarker reflecting modulation of the epithelial compartment)
and bone-specific alkaline phosphatase (a biomarker reflecting
modulation osteoblast activity within the stromal compartment).

Novel Agents That Interfere With Androgen Signaling
There is now clear evidence that even with castrate levels of serum
testosterone, prostate cancer bone metastases continue to rely on
androgen signaling for growth (61,62). Potential mechanisms ac-
counting for this include intratumoral amplification of the AR,
mutations of the AR, changes in levels of AR cofactors, increased
expression of enzymes involved in androgen synthesis, and
enhanced intracellular conversion of adrenal androgens to testos-
terone and dihydrotestosterone within the tumor microenviron-
ment, and ligand-independent activation of the AR (63). Reflecting
these processes, there is a gradual shift during prostate cancer
progression from endocrine sources of androgens (ie, from the
testes and adrenal glands) to paracrine, autocrine, and intracrine
sources within the tumor microenvironment. Although all these
events can occur in the setting of a low serum testosterone, tumors
may still respond to agents that block AR signaling within the
tumor microenvironment.

Abiraterone is a small-molecule inhibitor of 17 alpha-
monooxygenase (17 alpha-hydroxylase and C17,20-lyase, referred
to as the CYP17 complex), a member of the cytochrome P450
family that catalyzes the 17 alpha-hydroxylation of intermediates
of steroid biosynthesis involved in testosterone synthesis (64).
Administration of this agent in mice and humans suppresses testos-
terone production by both the testes and the adrenals to castrate
range levels. In the biogenesis of testosterone, 17 alpha-hydroxy-
lase is required to convert pregnenolone to 17-OH-pregnenolone,
which is further downstream converted by C17,20-lyase to dehy-
droepiandrostenedione, a precursor of testosterone. Inhibition of
the CYP17 complex thus leads to accumulation of upstream min-
eral corticoids (eg, corticosterone) and reduction of downstream
steroids including testosterone and estradiol (65). In phase I and II
studies, abiraterone treatment consistently suppressed testosterone
levels and led to statistically significant reductions in PSA level,
regression of radiological lesions, and improvement in symptoms
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(65,66). Adverse events were sequelae of secondary mineralocorti-
coid excess and included hypokalemia, hypertension, peripheral
edema, and headaches. These side effects were well managed with
a mineralocorticoid receptor antagonist.

Data from phase II studies with abiraterone acetate suggested
that abiraterone was active in patients with mCRPC regardless of
whether or not they had previously received docetaxel treatment
(67,68). These observations led to two randomized placebo-
controlled phase III trials testing the ability of abiraterone to
improve survival in patients with mCRPC. The first trial,
COU-AA-301, compared abiraterone plus prednisone with placebo
plus prednisone in patients with mCRPC who had previously
received docetaxel-based chemotherapy (69). Results from this
study demonstrated an improvement in overall survival for patients
receiving abiraterone (14.8 vs 10.9 months, HR = 0.646; P < .001)
and led to FDA approval of this agent (69). The second trial,
COU-AA-302 (NCT00887198), is comparing abiraterone and
prednisone with placebo and prednisone in patients with mCRPC
who are chemotherapy naive. COU-AA-302 has completed
accrual, and results are pending.

The successful development of abiraterone supports the hypo-
thesis that castrate-resistant prostate cancers utilize autocrine and
paracrine sources of testosterone for continued growth. This bio-
logic feature of mCRPC was arguably underappreciated in past
decades because of the fact that ketoconazole, the best-known
CYP17 inhibitor before the discovery of abiraterone, is consider-
ably less potent and less clinically active than abiraterone.
Reflecting these differences between abiraterone and ketocon-
azole, abiraterone still demonstrates antitumor activity in patients
with mCRPC who progress on ketoconazole.

Additional CYP17 inhibitors are currently under development.
TAK-700 is a selective, nonsteroidal potent CYP17 inhibitor
(Millennium Pharmaceuticals, Cambridge, MA). Compared with
abiraterone, TAK-700 more potently and specifically inhibits 17,
20-lyase enzymatic activity than 17-hydroxylase activity. This may
make TAK-700 safer and more tolerable than abiraterone (because
TAK-700 is less likely to suppress cortisol and produce a compen-
satory rise in adrenocorticotropic hormone (ACTH), leading to a
physiological state of mineral corticoid excess). In a recent phase 1
study of 15 patients with mCRPC who received TAK-700 (=300
mg for three or more cycles), 12 (80%) patients showed 50% or
greater reduction and four (27%) patients showed 90% or greater
reduction in PSA level (70). Two ongoing phase III trials with
overall survival as primary endpoint are randomly assigning
patients with mCRPC to TAK-700 or placebo in the chemother-
apy-naive (Clinical Trials.gov Identifier: NCT01193244) and post-
docetaxel settings (ClinicalTrials.gov Identifier: NCT01193257),
respectively.

MDV3100 is a novel small-molecule AR antagonist that over-
comes resistance to conventional antiandrogens mediated by
increased expression (71). Like other antiandrogens such as bicalu-
tamide, MDV3100 inhibits AR function by blocking AR ligand
binding, nuclear translocation, and DNA binding (72). In contrast
to bicalutamide, however, MDV3100 does not possess agonist ac-
tivity when AR is overexpressed (71). The results of a phase I/I1
study in patients with mCRPC have recently been published (73).
In this study, the dose of MDV3100 was escalated in cohorts of
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three to six patients, starting at 30 mg daily to a maximal dose of
600 mg daily. A total of 140 patients with progressive mCRPC
were enrolled, with approximately 54% having previously received
chemotherapy. A dose of 240 mg/d was determined to be the max-
imum tolerated dose, with the most common toxicity being grade
3—4 fatigue (11% of all patents). A total of 78 (56%) of 140
patients showed a 50% or greater reduction in PSA level, 13 22%)
of 59 patients with measurable disease had a partial response, and
61 (56%) of 109 patients with bone disease experienced stable
disease. For all patients, the median time to progression was 47
weeks. Based on these encouraging results, two placebo-controlled
phase III trials are currently ongoing to evaluate the effect of
MDV3100 on overall survival in patients with mCRPC. The first
trial evaluates the impact of MDV3100 vs placebo on overall sur-
vival in patients with mCRPC who have previously received
docetaxel-based chemotherapy (ClinicalTrials.gov Identifier:
NCT00974311). This trial has finished accrual, and results are
pending. The second phase III trial evaluates the impact of
MDV3100 vs placebo on overall survival in patients with mCRPC
who are chemotherapy naive (ClinicalTrials.gov Identifier:
NCTO01212991). This trial is actively accruing, and results are
pending.

Targeted Agents

Dasatinib is an oral tyrosine kinase inhibitor that targets BCR-
ABL and SRC family kinases, EPH receptor A2 (EPHA?2), ¢-KIT,
and PDGF receptor beta polypeptide (PDGFRB) (74). Dasatinib
was recently evaluated as a single agent in chemotherapy-naive
patients with mCRPC in a phase II trial (75). PSA doubling time
improved in 29 (80.1%) of 36 patients, and one patient showed a
greater than 50% reduction in PSA level. In 27 patients who had
bone scans, one patient had improvement and 16 others had stable
disease at 12 weeks. In 15 patients evaluable by RECIST, 10 (67 %)
had stable disease. There was also a decrease in serum markers of
bone turnover (including BAP) in 21 (57%) of 37 patients. The
drug was well tolerated with few side effects.

Although these data suggested only modest clinical activity for
dasatinib monotherapy, the ability of dasatinib to modulate both
the epithelial and stromal compartments prompted us to combine
it with docetaxel in a phase I/II study of patients with mCRPC
(76). Additional rationale for this combination came from pre-
clinical data suggesting that dasatinib may enhance the antitu-
moral effect of docetaxel in orthotopic (intratibial) models of
prostate cancer (77). In the clinical trial, the combination of
dasatinib and docetaxel therapy was generally well tolerated.
Durable PSA declines of 50% or greater occurred in 26 (57%) of
46 of patients, and in 30 patients with measurable disease, 18
(60%) had a partial response. Of 46 patients, 14 (30%) had disap-
pearance of a lesion on bone scan. Correlative studies revealed a
decline in bone turnover marker uNTx in patients who responded,
and pharmacokinetic studies demonstrated an association between
peak dasatinib levels with a decrease in serum interleukin 8,
providing mechanistic insight into the action of dasatinib and
docetaxel (78,79). In addition, several patients who responded to
the combination therapy and were subsequently maintained on
dasatinib monotherapy (after docetaxel discontinuation) have
experienced prolonged periods of disease stabilization (76).
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Given this favorable activity, a randomized double-blind phase
IIT trial comparing docetaxel plus dasatinib vs docetaxel plus pla-
cebo in castration-resistant prostate cancer is currently ongoing
and has recently finished accrual (Clinical Trials.gov Identifier:
NCT00744497).

XL-184 (Also Known as Cabozantinib)

Signaling through the hepatocyte growth factor (HGF) and its
receptor, met proto-oncogene (c-MET), is aberrantly activated in
mCRPC and promotes tumor growth through dual stimulatory
effects on both prostate cancer epithelial cells and tumor stromal
elements (eg, osteoblasts) (80,81). In preclinical studies, androgen
ablation is associated with increased expression of ¢-MET, sug-
gesting a role for c-MET in mediating resistance to antitumor ef-
fects induced by androgen ablation (82). In support of this,
small-molecule inhibitors of c-MET are more potent at inhibiting
castration-resistant than androgen-dependent orthotopic models
of prostate cancer (83).

XL-184 is an orally bioavailable novel tyrosine kinase inhibitor
of c-MET and VEGEF receptor 2 (VEGFR2) (84). Its ability to si-
multaneously inhibit c-MET and VEGFR2 is what distinguishes
XL-184 from other well-known VEGFR?2 inhibitors such as suni-
tinib (85). XL.-184 is currently being tested in a randomized dis-
continuation study in adult patients with advanced malignancies
(Clinical Trials.gov Identifier: NCT00940225). In this trial design,
all patients are initially treated with open-label X1.-184 for 12
weeks. Subjects who have responded during this “lead-in” con-
tinue on XL-184. Patients with stable disease are randomized in a
double-blind fashion to either XL.-184 or placebo. Subjects who
progress discontinue XL-184. In a recent abstract, 100 patients
with mCRPC were evaluable (86). Forty-seven percent had vis-
ceral disease, 88% had nodal disease, 78% had bone metastasis,
and 47% were previously treated with docetaxel-based chemo-
therapy. Tumor shrinkage occurred in 84% of patients, and 86%
of patients had complete or partial resolution of lesions on bone
scan as early as week 6. In patients receiving narcotics for bone
pain, 64% had improvements in pain and 45% decreased or
halted narcotics during the study. Effects on osteoclasts and oste-
oblasts were also observed, with 55% of patients experiencing a
50% or greater reduction in uNTx and 56% of patients experi-
encing a 50% or greater reduction in serum alkaline phosphatase.
The most common grade 3-4 toxic effects were fatigue (11%),
hypertension (7%), and hand—foot syndrome (5%). Statistically
significant responses were seen in both chemotherapy-naive and
chemotherapy-treated groups. Given these exceptional results,
a phase II nonrandomized expansion cohort of XL.-184 is cur-
rently underway in patients with mCRPC who have previously
received docetaxel-based therapy (ClinicalTrials.gov Identifier:
NCT00940225).

Immunotherapy

It is well established that epithelial tumors generate a host immune
response within the tumor microenvironment (87). However, this
immune response is largely ineffective in eradicating the tumor
because the tumor establishes mechanisms for “immune evasion”
(88). These mechanisms include weak antigenicity of the tumor (e,
tumor-associated antigens are recognized as “self” rather than
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“foreign”), development of immunoresistance by the tumor, and
inadequate immune T-cell effect or function within the tumor
microenvironment. In addition, tumor cells stimulate immune
cells to produce inflammatory cytokines that promote tumor pro-
liferation, invasion, and angiogenesis. Thus, inflammation within
the tumor microenvironment contributes to prostate cancer pro-
gression. These observations have prompted numerous efforts to
modulate the immune response into an effective antitumor
therapy. Immunotherapy represents an epithelial-stromal target-
ing therapy because it stimulates the immune system to target the
tumor (rather than directly targeting the tumor per se).

Sipuleucel-T (also known as Provenge) is a cellular immuno-
therapy produced by incubating the patient’s peripheral blood
mononuclear cells ex vivo with a recombinant fusion protein con-
sisting of prostatic acid phosphatase (PAP), an antigen expressed
predominantly on prostate cancer epithelial cells, and the immu-
nostimulatory cytokine granulocyte-macrophage colony-stimulating
factor (GM-CSF) (89). This procedure is intended to enhance the
activity of the patients’ autologous antigen-presenting cells to elicit
a cytotoxic T-lymphocyte response against PAP when reinfused
back into the patient. Three phase III trials have evaluated the
efficacy of sipuleucel-T in advanced prostate cancer. Two trials,
D9901 and D9902A, with a total of 127 patients, were reported
together (90,91). Men with asymptomatic mCRPC received either
three infusions of sipuleucel-T (n = 82 patients) or placebo (n = 45
patients) every 2 weeks. Cross-over was allowed at the time of
progression because frozen cells from all patients were available.
Although the time to progression was similar in both groups
(11.7 vs 10.0 weeks), there was a statistically significant difference
in median overall survival in favor of sipuleucel-T (25.0 vs 21.4
months, P =.01). These findings were confirmed in the IMPACT
trial, which was a larger randomized, double-blind placebo-
controlled phase III trial of three doses of sipuleucel-T (n = 341
patients) or placebo (n = 171 patients) (92). Again, a statistically
significant survival advantage was demonstrated in men who
received sipuleucel-T (HR = 0.775, P =.032). The most commonly
reported adverse events were chills, headaches, pyrexia, and
flu-like symptoms; most of which were reported as grade 1 or 2
toxicity and subsided within 1-2 days. Based on the survival advan-
tage data, sipuleucel-T was approved in April 2010 by the FDA for
treatment of men with asymptomatic mCRPC.

Although the successful development of sipuleucel-T repre-
sents a remarkable achievement in the field of immunotherapy,
many questions remain regarding its precise mechanism(s) of ac-
tion. For example, the survival benefit observed with sipuleucel-T
is not accompanied by favorable effects on PSA, tumor regression,
time to progression, or quality of life. As a possible explanation for
this discrepancy, it has been suggested that immunotherapy per-
mits continued tumor growth but at a substantially slower kinetic
rate, which results in a prolongation in survival (93,94).
Furthermore, the immune response to sipuleucel-T is generally
not observed until several months after initiation of therapy, at
which point most patients have progressed. Thus, if adequate
numbers of memory cells are generated at the time of vaccine
administration, disease progression may actually “boost” the anti-
tumoral immune response in a delayed manner to affect survival (89).
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Other immune therapy approaches have focused on regulating
costimulatory molecules to boost the T-effector cell response to
mCRPC. For example, the PROSTVAC-F/TRICOM vaccine
consists of three principal components: 1) a vaccinia virus express-
ing the entire PSA transgene used for the first immunization, 2) a
PSA fowlpox vector expressing the entire PSA transgene used for
subsequent boost doses (to minimize the development of neutral-
izing antibody responses), and 3) a viral vector encoding three
major costimulatory molecules (B-lymphocyte activation antigen
B7-1 [B7.1], intercellular adhesion molecule 1 [ICAM-1], and
lymphocyte function-associated antigen 3 [LFA-3], termed
TRICOM) which have a crucial role for lymphocyte activation
during antigen presentation by antigen-presenting cells. In initial
phase I and single-group phase II studies, safety and immune
response profiles were established (95-97). The effects on clinical
outcomes (progression-free and overall survival) in patients with
mCRPC were subsequently reported in a randomized phase II trial
(98). Patients with mCRPC and minimal symptoms were randomly
assigned in a 2:1 fashion to receive either PROSTVAC-F/TRICOM
(priming followed by six boosters plus GM-CSF) or placebo. A total
of 122 patients were enrolled. Similar to the observations with sipu-
leucel-T, the progression-free survival was similar in both study
groups, but there was a statistically significant overall survival advan-
tage at 3 years in favor of the PROSTVAC-VF group 30% vs 17%;
P = .0061) (98). Based on an 8.5-month improvement in median
overall survival observed in this trial, a randomized double-blind
phase III trial has been designed which will compare the effect of
PROSTVAC-F/TRICOM with or without GM-CSF vs placebo on
overall survival in men with minimally symptomatic mCRPC. This
study is planned to start accrual in August 2011 and will enroll 1200
patients (Clinical Trials.gov Identifier: NCT01322490). Three on-
going phase II trials are currently evaluating PROSTVAC-F/
TRICOM in non-mCRPC as well as in combination with chemo-
and radioimmunotherapy (ClinicalTrials.gov  Identifiers:
NCT00450463, NCT01145508, and NCT00450619).

Ipilimumab is a monoclonal antibody that blocks the activity of
T-cell inhibitory receptor cytotoxic T lymphocyte-associated 4
(CTLA4). CTLA4 is expressed on the surface of Helper T cells
and transmits an inhibitory (antiproliferative) signal to in response
to “self-antigens.” Thus, ipilimumab is a potent immunotherapy
strategy that works by inhibiting immune tolerance to tumors. In
a landmark study, ipilimumab was recently shown to improve sur-
vival in malignant melanoma (99). In mCRPC, ipilimumab was
given in a pilot trial at 3 mg/kg as a single dose to 14 patients (100).
It was found to be safe, and two patients experienced a PSA decline
of more than 50%. In a subsequent phase I trial of patients with
mCRPC treated with ipilimumab plus GM-CSF, 50% of the
patients (three of six patients) treated in the highest dose cohort
had a PSA response, and one demonstrated a partial response in
visceral metastases (101). In a phase II trial, the safety and efficacy
of ipilimumab with or without one single dose of docetaxel was
evaluated in mCRPC (46 patients) (102). In each treatment group
(23 patients in each group), three patients had a PSA response
(total six of 46 patients showed PSA response). Five serious adverse
events reported in three patients were considered to be possible
immune breakthrough events associated with drug exposure and
consistent with an immune-based mechanism of action. Based on

jnci.oxfordjournals.org

these findings, there are currently two ongoing phase III trials in
mCRPC. These trials are comparing the overall survival in
patients with mCRPC treated with ipilimumab or placebo in the
pre- and post-docetaxel settings, respectively (ClinicalTrials.gov
Identifier: NCT00861614 and NCT01057810).

Conclusions

Advances in our understanding of the biology of mCRPC have led
to the development of many new promising therapeutic agents to
treat this disease. These advances reflect a general paradigm shift
away from the traditional approach of targeting predominantly the
cancer epithelial cell toward a strategy that also targets the tumor
microenvironment. The fruits of this approach are evidenced by
the FDA approval of three novel agents that have each been shown
to prolong life in patients with mCRPC (cabazitaxel, abiraterone,
and provenge). Despite these remarkable achievements, mCRPC
remains an incurable disease. Further research is needed to identify
which patients will benefit most from individual therapies and
which combinations of therapies will be most effective.
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