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Abstract
During the past several years, there has been substantial progress in the development of treatments for
advanced prostate cancer with the approval of multiple new life-prolonging agents using different
mechanisms of action. Such progress was attainable because of advances in our understanding of the
biology behind mechanisms of androgen receptor pathway activation, complex tumor-microenvironment
interaction of bone metastasis, antitumor immunology, and new oncogenic pathways. Continuous efforts
are being made to develop new therapeutics with novel mechanisms of action, deﬁne the optimal
sequences and/or combinations of current agents, and identify reliable surrogate end points to facilitate
new drug development.
ª 2015 Mayo Foundation for Medical Education and Research
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rostate cancer is the most common malignancy in men in the United States,
with an estimated 220,800 new cases
in 2015.1 Since the introduction of the serum
prostate-speciﬁc antigen (PSA) test and the
wide acceptance of routine PSA screening,
there has been a substantial stage shift with
a dramatic decrease in the proportion of
advanced stage disease at diagnosis; approximately 80% of prostate cancer cases are
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diagnosed as localized disease and only 4%
as metastatic disease.1-3
In the past decade, the landscape of treatments for metastatic prostate cancer had drastic
changes from treatments with mostly palliative
beneﬁts to a number of new life-prolonging
therapeutics approved by the Food and Drug
Administration (FDA) (Figure 1). Despite such
advances, metastatic prostate cancer remains a
lethal disease and accounts for approximately
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FIGURE 1. Natural history and management landscape of prostate cancer. ADT ¼ androgen deprivation
therapy; AR ¼ androgen receptor; RP ¼ radical prostatectomy; RTX ¼ radiation therapy.

27,000 cancer-related deaths annually. In this
review, we discuss the treatment of metastatic
prostate cancer focusing on recent advances,
challenges in new drug development, and promising ongoing research.
TREATMENT OF METASTATIC
HORMONE-SENSITIVE PROSTATE CANCER
For patients with newly diagnosed, hormonenaive, metastatic disease, androgen deprivation
therapy (ADT) either by bilateral orchiectomy
(surgical castration) or by testicular androgen
synthesis (medical castration) suppression using
luteinizing hormone-releasing hormone agonists
or antagonists remains the cornerstone of initial
treatment. The ADT of both modalities reduces
serum testosterone levels to less than 50 ng/dL
and results in PSA and/or radiographic response
as well as symptomatic improvement in most
patients.4
The addition of ﬁrst-generation antiandrogens to ADT (combined androgen blockade) as
the initial therapy has shown minimal clinical
beneﬁt at the expense of more toxicity and
higher cost in comparison with ADT alone.5-7
The beneﬁt of combined androgen blockade using more potent second-generation antiandrogens such as enzalutamide and orteronel is
under evaluation, but the routine use of combined androgen blockade is not generally
recommended.
1720
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More recently, multiinstitutional prospective
trials evaluating the role of upfront docetaxel
chemotherapy in addition to hormone therapy
have been reported (Table 1).8-11 Although the
survival beneﬁt did not reach statistical signiﬁcance in the French Genitourinary Tumor Group
(GETUG-AFU) 15 trial,8 the following 2 larger
trials, ChemoHormonal Therapy versus
Androgen Ablation Randomized Trial for Extensive Disease (CHAARTED)12 and Systemic Therapy in Advancing or Metastatic Prostate Cancer:
Evaluation of Drug Efﬁcacy (STAMPEDE),10
found signiﬁcant survival improvements of early
docetaxel use in newly diagnosed metastatic disease. A small sample size with a relatively low
proportion of high-volume disease and a higher
proportion of patients receiving salvage chemotherapy in the GETUG-AFU 15 trial may have
contributed to the negative survival beneﬁt. Subset analysis in the CHAARTED study suggests
that patients with high-volume disease derive
greater beneﬁts from this combined approach,
whereas more follow-up is needed to evaluate
the beneﬁts in patients with lower tumor
burden.12 The STAMPEDE study evaluated a
mixed population of both high-risk locally
advanced and metastatic disease and the speciﬁcs
on the disease volume status is not available,
which may explain the difference in the magnitude of survival beneﬁt between CHAARTED
and STAMPEDE studies.10 At the present time,
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there is an evolving consensus supporting
upfront docetaxel treatment for patients with
high-volume metastatic prostate cancer, although
the deﬁnition of high-volume disease used in the
trial (presence of visceral metastases and/or 4
bone metastases) is arbitrary and requires careful
consideration.
TREATMENT OF METASTATIC CASTRATIONRESISTANT PROSTATE CANCER
Despite the initially high response rate to the
suppression of gonadal testosterone, the overwhelming majority of patients with metastatic
disease eventually experience disease progression and evolve into a new disease state called
castration-resistant prostate cancer (CRPC).
Before the approval of docetaxel in 2004, the
treatment for metastatic castration-resistant
prostate cancer (mCRPC) was limited to agents
with no evidence of survival beneﬁt such as
corticosteroid, estrogen, other weak secondary
hormonal agents, mitoxantrone, and palliative
bone-targeting agents including radioisotope
and bisphosphonates.
Since the approval of docetaxel, there have
been a total of 6 therapeutic agents approved
by the FDA for mCRPC treatment, all with established survival beneﬁt (sipuleucel-T, cabazitaxel,
abiraterone, radium 223, and enzalutamide)
(Table 2).
ANDROGEN RECEPTOReTARGETED
THERAPY
Androgen receptor (AR) is a member of the nuclear steroid hormone receptor family and
functions as a DNA-binding transcription factor. It has 4 functional domains: N-terminal
domain, DNA-binding domain, hinge region,
and ligand-binding domain (LBD). The
N-terminal domain is the primary effector
region and is responsible for the major transactivation function of AR.22 In its inactive
form, AR resides in the cytoplasm and is stabilized by 2 chaperone heat shock proteins.
Upon binding of androgen ligands to the
LBD, AR undergoes a conformational change
and homodimerizes before it translocates to
the nucleus, binds to the DNA, and initiates
transcription activity.22
The AR pathway is found to be persistently
activated in most cases of castration- resistant disease through various mechanisms: maintenance
of tissue androgen concentration using adrenal
Mayo Clin Proc. n December 2015;90(12):1719-1733
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TABLE 1. Phase III Trials Evaluating Early Use of Docetaxel Chemotherapy in
Hormone-Sensitive Prostate Cancera
Trial
GETUG-AFU 158

CHAARTED9,12

STAMPEDE10

RTOG 0521d,11

No. of subjects
Total 385
HVb 47%
LV 53%
Total 790
HVb 65%
LV 35%
Total 1776
M1c 61%
M0c 39%
563

No. of
cycles
9

6

6

6

mOS (mo)

HR (P value)

60.9 vs 46.5
39 vs 35.1
83.1 vs NR
57.6 vs 44.0
49.2. vs 32.2
NR in both
77 vs 67
65 vs 43
NR in both
4-y survival
93% vs 89%

0.9
0.8
1.0
0.61
0.60
0.63
0.76
0.73

(.444)
(.35)
(.87)
(.0003)
(.0006)
(.1398)
(.003)
(.002)

0.70 (.04)

CHAARTED ¼ ChemoHormonal Therapy versus Androgen Ablation Randomized Trial for
Extensive Disease; GETUG-AFU ¼ French Genitourinary Tumor Group; HR ¼ hazard ratio;
HV ¼ high-volume; mOS ¼ median overall survival; NR ¼ not reached; STAMPEDE ¼ Systemic
Therapy in Advancing or Metastatic Prostate Cancer: Evaluation of Drug Efﬁcacy.
b
Deﬁnition of HV disease: GETUG-AFU 15: 4 bone lesions, 1 beyond axial skeleton, or visceral
disease; CHAARTED: 4 bone lesions, or visceral disease.
c
Disease state: M1, metastatic disease; M0, high-risk nonmetastatic disease.
d
Locally advanced nonmetastatic high-risk patients randomized to androgen suppression and
radiation therapy with/without docetaxel.
a

androgen precursors or through intratumoral
(de novo) androgen synthesis, AR gene ampliﬁcation/AR overexpression, AR gene mutations that
confer broader ligand speciﬁcity to alternative
ligands, development of AR isoforms that are
constitutively activated in the absence of
ligand, and “crosstalk” with other signaling
pathways.23
Because the AR pathway remains the main
driver of disease after the development of castration resistance, AR-directed therapies either by
further suppression of androgen synthesis or
through blockade of AR have become the main
therapeutic strategy. Traditional secondary hormonal manipulations such as ﬁrst-generation
antiandrogens, corticosteroids, ketoconazole,
and estrogen provide only modest and relatively
short-duration beneﬁt.24-26
Suppression of Androgen Biosynthesis
Androgens are synthesized from cholesterol via
multiple enzymatic steps. Cytochrome P450
(CYP) 17 is the key enzyme in androgen synthesis and has both 17a-hydroxylase and C17,20
lyase activity.27
Ketoconazole has a nonspeciﬁc CYP17
inhibitory property and suppresses androgen
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TABLE 2. Current Approved Agents With Survival Beneﬁt for mCRPC
FDA approval
Agent
Docetaxel with
prednisone
Sipuleucel-T

Cabazitaxel with
prednisone
Abiraterone with
prednisone

Date

mCRPC

April 29, 2010

mCRPC,
no or minimal
symptom
mCRPC,
postdocetaxel
mCRPC,
postdocetaxel
mCRPC,
predocetaxel
mCRPC,
postdocetaxel
mCRPC,
predocetaxel
mCRPC,
symptomatic bone
mets,
no known visceral
mets

June 17, 2010
April 28, 2011

August 31, 2012
September 10, 2014

Radium-223

May 15, 2013

Trial/design
13

May 19, 2004

December 10, 2012
Enzalutamide

Registration trial

Indication

TAX 327
RCT with mitoxantrone (1:1)
IMPACT14
RCT with placebo (2:1)
TROPIC15
RCT with mitoxantrone (1:1)
COU-AA-30116
RCT with placebo/prednisone (2:1)
COU-AA-30217,18
RCT with placebo/prednisone (1:1)
AFFIRM19
RCT with placebo (2:1)
PREVAIL20
RCT with placebo (1:1)
ALSYMPCA21
RCT with placebo (2:1)

N

PE

Median (mo)

HR (P value)

1006

OS

18.9 vs 16.5

0.76 (.009)

512

OS

25.8 vs 21.7

0.78 (.03)

755

OS

15.1 vs 12.7

0.70 (<.001)

1195

OS

14.8 vs 10.9

0.65 (<.001)

1088

OS
rPFS
OS

34.7 vs 30.3 0.81 (.0033)
16.5 vs 8.3 0.53 (<.001)
18.4 vs 13.6 0.63 (<.001)

OS
rPFS
OS

32.4 vs 30.2 0.71 (<.001)
NR vs 3.9 0.19 (<.001)
14.9 vs 11.3 0.70 (.002)

1199
1717
921

AFFIRM ¼ A study evaluating the Efﬁcacy and Safety of the Investigational drug MDV3100; ALSYMPCA ¼ Alpharadin in Symptomatic Prostate Cancer Patient; COU-AA ¼
COUGAR-Abiraterone acetate; FDA ¼ Food and Drug Administration; HR ¼ hazard ratio; IMPACT ¼ Immunotherapy for Prostate Adenocarcinoma Treatment;
mCRPC ¼ metastatic castration-resistant prostate cancer; mets ¼ metastasis; NR ¼ not reached; OS ¼ overall survival; PE ¼ primary end point; PREVAIL ¼ A safety and Efﬁcacy
Study of Oral MDV3100 in Chemotherapy-Naive Patients with Progressive Metastatic Prostate Cancer; RCT ¼ randomized controlled trial; rPFS ¼ radiographic progression-free
survival; TAX ¼ Taxotere; TROPIC ¼ XRP6258 Plus Prednisone Compared to Mitoxantrone Plus Prednisone in Hormone Refractory Metastatic Prostate Cancer.

biosynthesis when used in high doses. It was
approved by the FDA in 1981 as an antifungal
agent but has been used off-label for prostate
cancer treatment.28 Because of its nonselectivity,
it is associated with modest antitumor efﬁcacy
and signiﬁcant toxicity as well as interaction
with a wide range of medications due to its effect
on other CYP enzymes.
Abiraterone acetate (AA) is a selective, more
potent, and irreversible CYP17 inhibitor. It was
ﬁrst approved in 2011 for use in patients with
mCRPC after docetaxel chemotherapy based on
signiﬁcant survival extension16 and was subsequently approved for chemotherapy-naive patients with mCRPC.17 Although AA is generally
well tolerated, it causes adverse effects such as hypertension, hypokalemia, and ﬂuid retention
related to compensatory mineralocorticoid excess
from the adrenocorticotropic hormone feedback
loop,29 thus requiring concurrent use of lowdose prednisone.
Orteronel (TAK 700) is a more selective
CYP17 inhibitor that suppresses lyase activity
with minimal effects on hydroxylase activity.
1722
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Such selectivity confers a hypothetical advantage over AA of less suppression of the mineralocorticoid pathway and thus no requirement
for concomitant corticosteroid administration.
Although orteronel failed to meet its primary
end point of survival beneﬁt in both
chemotherapy-naive and chemotherapytreated patients with mCRPC,30,31 it signiﬁcantly delayed disease progression and is
currently under evaluation in patients with
metastatic hormone-sensitive prostate cancer.
AR Blockade
The ﬁrst steroidal antiandrogen, cyproterone
acetate, was introduced in 1964 for use in
prostate cancer treatment. Despite its use for
decades primarily in Europe, it has never
been evaluated in large prospective trials and
is not approved for use in North America.32
Flutamide is the ﬁrst nonsteroidal antiandrogen approved in 1989.33 However, because
of signiﬁcant gastrointestinal toxicity and an
inconvenient thrice-daily schedule, it has
been mostly replaced by bicalutamide and
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nilutamide (FDA approval in 199534 and
1996,35 respectively). These ﬁrst-generation
antiandrogens are now being replaced by
more potent compounds with greater afﬁnity
to AR compared with natural androgens.
Enzalutamide is a second-generation antiandrogen designed to overcome resistance to
ﬁrst-generation antiandrogens and avoid
antagonist-to-agonist conversion, which can
be seen often with ﬁrst-generation antiandrogens. Enzalutamide has activity in all 3 steps
of the AR signaling pathways: (1) AR binding to
androgen, (2) AR nuclear translocation, and (3)
AR DNA binding and coactivator recruitment.
Enzalutamide was ﬁrst approved in 2012 for
mCRPC after docetaxel chemotherapy,19 followed by extension of indication for use in
chemotherapy-naive patients in 2014.20 Enzalutamide does not require concurrent corticosteroid
treatment, and its absorption is not affected by
food intake. However, it is associated with a low
risk of seizure (<1%), which is thought to be an
off-target effect of gamma-aminobutyric acid A inhibition,36 and thus should be avoided in patients
with underlying conditions that predispose to
seizure. Currently, a phase IV postmarketing
safety study is ongoing to evaluate the incidence
of seizures during enzalutamide therapy.
ARN-509 is another new-generation antiandrogen with higher afﬁnity than enzalutamide to LBD but lower central nervous
system penetration, thus theoretically allowing
for a higher therapeutic index.37 It is currently
under clinical evaluation in various stages of
prostate cancer.
Despite the survival beneﬁt of nextgeneration AR-targeted agents in mCRPC,
approximately one-third of the patients experience no response (primary resistance) and most
of the patients who had an initial response eventually progress (acquired resistance) commonly
accompanied by PSA rise, indicating persistent
activation of AR signaling.16,17,19 Molecular
analyses of resistant tumors revealed that the
mechanisms of resistance are extensively heterogeneous including both AR-mediated and none
AR-mediated pathways, which is clearly a critical
concept to be included in research strategies
moving forward in this disease.38
Resistance to AR-Targeted Therapy
The discovery of an AR splice variant (AR-V) and
the development of a detection platform
Mayo Clin Proc. n December 2015;90(12):1719-1733
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exempliﬁes the principle that speciﬁc knowledge
of mechanisms of resistance will enhance our
ability to plan and design new therapeutic approaches as we embark in the era of personalized
medicine. AR-V7 is a truncated AR variant that
lacks LBD, leading to ligand-independent constitutive activation of AR.39 Because the antitumor
activity of both ezalutamide and AA depends
on direct and indirect interactions with LBD,
this variant form confers resistance to both
agents. A recent study reported that AR-V7
detected in circulating tumor cells (CTCs) in
the blood of patients can predict resistance to
both enzalutamide and AA.40 Currently, a prospective validation study of AR-V7 as a predictive
biomarker is ongoing. In addition, the development of therapeutic agents with novel mechanisms that are effective in tumors harboring the
AR-V7 variant is warranted.
Galeterone (TOK-001) is a unique compound with triple AR-directed mechanisms:
CYP17 inhibition, direct AR blockade, and
degradation of AR protein.41 Galeterone has
shown clinical efﬁcacy in patients who had previously been treated with enzalutamide, AA, or
both.42 In addition, galeterone has been shown
to induce degradation of AR-V7 protein and
antitumor activity in AR-V7eharboring CRPC
xenograft model.43 On the basis of preliminary
preclinical data suggesting the possibility of a
noneLBD-dependent mechanism, a phase III
trial was designed to evaluate galeterone in
comparison with enzalutamide in men with
AR-V7eexpressing mCRPC.
“Bipolar” androgen therapy is a newly
investigated strategy to overcome castration
resistance where high-dose testosterone and
ADT are given together generating an extreme
ﬂuctuation in androgen levels. Exposure to
supraphysiologic testosterone induces apoptosis of high AR-expressing prostate cancer
cells through inhibition of DNA relicensing
and induction of double-stand DNA breaks
and may resensitize CRPC cells to subsequent
AR-directed therapy.44 This provocative paradoxical approach has shown promising results
in a small pilot study45 and is under clinical
trials with various second-generation ARtargeted agents (RE-sensitizing with Supraphysiologic Testosterone to Overcome REsistant
(RESTORE) [NCT02090114] and Testosterone Revival Abolishes Negative Symptoms,
Fosters Objective Response and Modulate
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TABLE 3. Selected Trials of AR-Directed Strategies in Metastatic Prostate Cancera
Agent

MOA

Enzalutamide
Enzalutamide Abiraterone

AR antagonist
AR antagonist
CYP17 inhibitor

Abiraterone

CYP17 inhibitor

ARN-509

AR antagonist

Orteronel (TAK-700)

CYP17 inhibitor

Galeterone (TOK-001)

CYP17 inhibitor
AR antagonist
CYP17 inhibitor
AR antagonist
CYP17 inhibitor
AR antagonist
Hsp27 inhibitor

VT-464
ODM-204
Apatorsen (OGX-427)
Testosterone

Clinical trial

Phase

Identiﬁer

Target subjects

ADT  enzalutamide
Enzalutamide  AA

III
III

NCT02446405 (ENZAMET)
NCT01949337 (ALLIANCE)

mHSPC
mCRPC

AA  enzalutamide

VI

NCT01995513 (PLATO)

Enzalutamide / AA vs
AA / enzalutamide
AA / Cabazitaxel vs
enzalutamide
Enzalutamide /
Cabazitaxel vs AA
AA  cabazitaxel
Docetaxel  AA
AA  ARN-509
ARN-509 þ everolimus
ADT þ orteronel vs
bicalutamide
Galeterone vs enzalutamide
(ARMOR-3)
VT-464

II

NCT02125357

mCRPC,
postenzalutamide
mCRPC

II

NCT02379390 (PRIMCAB)

mCRPC

II
II
III
Ib
III

NCT02218606
NCT02036060
NCT02257736
NCT02106507
NCT01809691

mCRPC
mCRPC, post-AA
mCRPC, post-AA
mCRPC
mHSPC

III

NCT02438007

mCRPC, AR-V7 þ

II

NCT02445976

mCRPC, post-AA or
enzalutamide
mCRPC
mCRPC, post-AA
mCRPC, post-AA or
enzalutamide
mCRPC

ODM-204

I/II

AA  OGX-427
Testosterone / AAb or
enzalutamide
Testosterone vs
enzalutamide

II
II

NCT01681433
NCT02090114 (RESTORE)

II

NCT02286921
(TRANSFORMER)

AA ¼ abiraterone acetate; ADT ¼ androgen deprivation therapy; ALLIANCE ¼ Alliance for Clinical Trials; AR ¼ androgen receptor; AR-V7 ¼ androgen receptor splice
variant-7; ENZAMET ¼ Enzalutamide in First Line Androgen Deprivation Therapy for Metastatic Prostate Cancer; mCRPC ¼ metastatic castration-resistant prostate cancer;
mHSPC ¼ metastatic hormone-sensitive prostate cancer; MOA ¼ mechanism of action; PLATO ¼ Safety Study of Continued Enzalutamide Treatment in Prostate Cancer
Patients; PRIMCAB ¼ Primary Resistant Patients to Abiraterone or Enz; RESTORE ¼ RE-sensitizing with Supraphysiologic Testosterone to Overcome REsistant;
TRANSFORMER ¼ Testosterone Revival Abolishes Negative Symptoms, Fosters Objective Response and Modulate Enzalutamide Resistance.
b
Subsequent posttestosterone abiraterone or enzalutamide is dependent on the pretestosterone treatment history.
a

Enzalutamide Resistance (TRANSFORMER)
[NCT02286921]). Last, the combinational
approach with noneAR-directed agents, cytotoxic chemotherapy, or immunotherapy agents
is being evaluated in an effort to either enhance
AR-targeted agents or overcome resistance.
As our experience has matured, it has
become apparent that the beneﬁt of enzalutamide or AA is signiﬁcantly diminished when
either drug is used after the other, suggesting
that there may be cross-resistance between the
2 agents.46-51 Moreover, use of these agents
might have a negative effect on subsequent docetaxel activity.52,53 Several trials addressing the
issue of cross-resistance, optimal combination,
or sequencing of the current therapeutics are
ongoing (Table 3).
1724
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CHEMOTHERAPY
Docetaxel is the ﬁrst therapy that demonstrated
survival beneﬁt in metastatic prostate cancer in 2
pivotal trials. Docetaxel plus prednisone (TAX
327) or estramustine (SWOG 99-16) prolonged
overall survival (OS) compared with mitoxantrone plus prednisone by around 2 months in
patients with mCRPC.13,54 Nine randomized trials of the docetaxel-based combination regimen
compared with docetaxel alone have been
completed over the past decade; however,
none has resulted in a signiﬁcant improvement
in survival (Table 4).55-64
Cabazitaxel is another tubulin-binding
taxane that was speciﬁcally developed for
postdocetaxel use. In a registration phase III trial,
cabazitaxel led to improved survival compared
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TABLE 4. Phase III Docetaxel-Based Combination Trialsa
Trial
Combination
Docetaxel  bevacizumab
Docetaxel  aﬂibercept
Docetaxel  atrasentan
Docetaxel
Docetaxel
Docetaxel
Docetaxel
Docetaxel
Docetaxel








zibotentan
dasatinib
GVAX
calcitriol
custirsen
lenalidomide

Trial

Design

N

PE

Median (mo)

HR (P value)

55

CALGB 90401
VENICE56
SWOG S042157

RDBPC. 1:1
RDBPC. 1:1
RDBPC. 1:1

1050
1224
994

ENTHUSE M158
READY59
VITAL-260
ASCENT-261
SYNERGY62
MAINSAIL63

RDBPC. 1:1
RDBPC. 1:1
ROL. 1:1
ROL. 1:1
RDBPC. 1:1
RDBPC. 1:1

1052
1522
408/600b
1059
1022
1059

OS
OS
OS
PFS
OS
OS
OS
OS
OS
OS

22.6 vs 21.5
22.1 vs 21.2
17.8 vs 17.6
9.2 vs 9.1
20.0 vs 19.2
21.5 vs 21.2
12.4 vs 14.8
17.8 vs 20.2
23.4 vs 22.2
17.7 vs NR

0.91
0.94
1.04
1.02
1.00
0.99
1.70
1.33
0.93
1.53

(.181)
(.38)
(.64)
(.81)
(.963)
(.90)
(.0076)
(.002)
(.207)
(.0017)

G 3/4 toxicity (%)
75.4 vs 56.2
30 vs 8
57 vs 60
60.7 vs 60.4
60 vs 55
Not reported
31.2 vs 26.4
Not reported
22 vs 16

ASCENT ¼ AIPC Study of Calcitriol Enhancing Taxotere; CALGB ¼ Cancer And Leukemia Group B; ENTHUSE ¼ Endothelin A Antagonist in Hormone Resistant
Prostate Cancer with Bone Metastases; G ¼ grade; HR ¼ hazard ratio; MAINSAIL ¼ Study to Evaluate Safety and Effectiveness of Lenalidomide in Combination with
Docetaxel and Prednisone for Patients with Castration-Resistant Prostate Cancer; OS ¼ overall survival; PE ¼ primary end point; RDBPC ¼ randomized double-blind
placebo-controlled; READY ¼ Randomized Study Comparing Docetaxel Plus Dasatinib to Docetaxel Plus Placebo in Castration-resistant Prostate Cancer; ROL ¼ randomized open label; SYNERGY ¼ Comparison of Decetaxel/Prednisone to Docetaxel/Prednisone in Combination with OGX-011 in Men with Prostate Cancer; SWOG ¼
Southwest Oncology Group; VENICE ¼ Aﬂibercept in Combination with Docetaxel in Metastatic Androgen Independent Prostate Cancer; VITAL-2 ¼ Docetaxel in
Combination With GVAX Immunotherapy in Versus Docetaxel and Prednisone in Prostate Cancer Patients.
b
The study was prematurely terminated after accrual of 408 patients because of an imbalance in deaths: 67 deaths in the GVAX arm and 47 deaths in the docetaxel arm.
a

with mitoxantrone in patients with mCRPC after
docetaxel chemotherapy.15
Because cabazitaxel is mostly used after
extensive previous therapies, it is often associated with substantial toxicity, particularly
neutropenia. Thus, primary prophylaxis
with granulocyte colony-stimulating factor
should be considered in high-risk patients.
Alternative lower dose (20 mg/m2) and
schedules (weekly or biweekly) are being
tested to reduce toxicity while maintaining efﬁcacy. Currently, cabazitaxel is being evaluated in a head-to-head trial with docetaxel
as ﬁrst-line chemotherapy.
BONE-TARGETED THERAPY
Prostate cancer has high tropism for bone and
80% to 90% of the patients with mCRPC
have bone metastasis.65,66 Bone metastasis is
associated with a collection of complications
called skeletal-related events (SREs), which
include pathologic fractures, cord compression, and the use of surgery or radiation to treat
unstable or painful metastatic lesions in bone.
The palliation of bone-related symptoms and
prevention of SREs have become an integral
part of prostate cancer management. Various
systemic therapeutics that directly target bone
lesions remain an important therapeutic arsenal
for multifocal lesions that are not feasible for local
treatment such as radiation or surgery.
Mayo Clin Proc. n December 2015;90(12):1719-1733
www.mayoclinicproceedings.org

n

Bisphosphonate is a derivative of inorganic
pyrophosphate molecules that adhere to the
hydroxyapatite crystal-binding site of the
bone matrix and inhibit osteoclastic activity.
Bisphosphonates have long been used in
various conditions including osteoporosis,
Paget disease, multiple myeloma, and bone
metastasis of solid tumors. Zoledronic acid
(ZA) is a third-generation bisphosphonate and
is the most potent among its class. It was
approved in 2002 for the prevention of SREs
in mCRPC based on signiﬁcant decrease in
the risk of SREs (P¼.021).67 However, ZA
was not associated with reduced risk of SREs
in metastatic hormone-sensitive prostate cancer68 and failed to prevent or delay the development of bone metastasis in high-risk localized
prostate cancer.69
Denosumab is a fully human monoclonal
antibody against the receptor activator of nuclear
factor kB ligand, a cytokine that is essential for the
function and survival of osteoclasts.70 Unlike
bisphosphonates, denosumab can be used
in patients with renal insufﬁciency. Denosumab has been shown to be equivalent to ZA
in the prevention of SREs but superior in
delaying the time to ﬁrst SRE and reducing
the rates of multiple SREs in a head-to-head
trial.71 Adverse event rates were similar,
without a signiﬁcant difference in osteonecrosis of the jaw, which occurs in less than
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5% of the patients (P¼.09). Denosumab has
also been explored for its role in the prevention of bone metastasis in high-risk localized disease. Although denosumab prolonged median
bone metastasisefree survival and delayed the
time to ﬁrst bone metastasis compared with placebo,72 the FDA did not approve denosumab for
this indication.
Another bone-directed approach is the use
of radioactive isotopes that can localize to regions of enhanced bone turnover by virtue of
calcium homology (Ca-mimetic) or through
linkage to a phosphate ligand such as ethylenediamine tetra(methylene phosphonic acid).
Strontium-89 is a beta particleeemitting
calcium-mimetic that is the ﬁrst radiopharmaceutical approved for prostate cancer bone
metastasis in 1993.73 Samarium-152 is also a
beta particleeemitting radionuclide that is
chelated by ethylenediamine tetra(methylene
phosphonic acid) for bone targeting. It was
approved in 1997 for relief from pain in patients
with metastatic bone lesions.74 Although beta
particleeemitting agents are effective in
relieving symptoms, they are associated with
severe bone marrow suppression due to deep
tissue penetration and possible increase in the
risk of hematologic malignancies.75,76
Radium-223 is a calcium-mimetic radioisotope, but its decay results in the emission of
alpha particles that have higher linear energy
transfer, causing more effective double-strand
DNA breaks, but shorter radius of energy transfer, allowing for minimal damage to the surrounding marrow. Radium-223 has been
shown to reduce the incidence of SREs and
extend survival in patients with bone metastatic
CRPC.21 It was approved in 2013 for the treatment of CRPC with symptomatic bone metastases without known visceral involvement.
Currently, an observational cohort study is
ongoing to assess pain and bone painerelated
quality of life in patients treated with radium223. Its favorable safety proﬁle with minimal
bone marrow suppression makes combinational strategies with other effective systemic
agents feasible. Radium-223 is being evaluated
in combination with AR-targeted agents,
chemotherapy, and immunotherapy.
IMMUNOTHERAPY
Prostate cancer had long been considered
intrinsically nonimmunogenic, thus unlikely
1726
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to respond to immune-based treatment. Early
nonspeciﬁc cytokine-based trials showed
only minimal antitumor activity in prostate
cancer. However, advances in understanding
of tumor immunogenicity and the mechanisms of immune escape of cancer have led
to the development of novel immune-based
therapeutic approaches in prostate cancer.
Therapeutic Vaccines
Among various immune-based therapeutic
strategies, the therapeutic vaccine approach
has been most successful in prostate cancer.
Therapeutic cancer vaccines are designed to
enhance immune recognition of speciﬁc
tumor-associated antigens (TAAs), leading
to tumor-speciﬁc T-cellemediated destruction.
Prostate cancer is an attractive target for vaccine
approach because it expresses organ-speciﬁc
target TAAs such as PSA, prostatic acid phosphatase (PAP), and prostate-speciﬁc membrane antigen, and its indolent course allows for sufﬁcient
time to generate immune responses.77
Sipuleucel-T is an autologous cellular vaccine
in which patients’ dendritic cells are incubated
ex vivo with a fusion protein consisting of prostate antigen PAP and granulocyte macrophage
colony-stimulating factor, an immune activator,
to generate anti-PAP immune responses.
Sipuleucel-T was approved in 2010 on the basis
of survival beneﬁt in patients with asymptomatic
or minimally symptomatic mCRPC.14,78
Despite high-level evidence of survival beneﬁt,
sipuleucel-T has not been as widely accepted
as other approved agents because of lack of
measurable clinical response, high cost, and
logistical challenges involving leukapheresis,
product manufacturing, and delivery.
Prostvac-VF is a poxviral vector-based vaccine that is in the late stage of clinical development. Prostvac-VF consists of a recombinant
vaccinia vector (prime) and a recombinant fowlpox vector (boost), both of which are engineered
to express PSA and T-cell costimulatory molecules.79 Unlike sipuleucel-T, Prostvac-VF is an
off-the-shelf vaccine and does not require
ex vivo processing. It has shown a survival beneﬁt
in a randomized phase II study80 and is currently
under a phase III trial in patients with asymptomatic or minimally symptomatic chemotherapynaive mCRPC (PROSPECT).
Other therapeutic vaccines with different vectors and TAAs are under development including
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TABLE 5. Selective Ongoing Immune Therapy Trials in Metastatic Prostate Cancer
Agent
Sipuleucel-T

Prostvac-VF

Ipilimumab

Pembrolizumab

Clinical trial design

Phase

Identiﬁer

Sipuleucel-T with concurrent vs sequential AA
Sipuleucel-T with concurrent vs sequential enzalutamide
Sipuleucel-T  Radium-223
Sipuleucel-T  XRT
Sipuleucel-T with immediate vs delayed ipilimumab
Rrostvac-VF  GM-CSF vs placebo
Enzalutamide  Prostvac-VF
Docetaxel  Prostvac-VF
Ipilimumab
Ipilimumab þ AA
Ipilimumab þ ADT
Pembrolizumab þ enzalutamide
ADXS-PSA  pembrolizumab
Pembrolizumab þ cryosurgery

Randomized PII
Randomized PII
Randomized PII
Randomized PII
Randomized PII
Randomized PIII
Randomized PII
Randomized PII
Randomized PIII
Single-arm PII
Single-arm PII
Single-arm PII
Phase I/II
Single-arm PII

NCT01487863
NCT01981122
NCT02463799
NCT01807065
NCT01804465
NCT01322490
NCT01867333
NCT01145508
NCT01057810
NCT01688492
NCT01498978
NCT02312557
NCT02325557
NCT02489357

AA ¼ abiraterone acetate; P ¼ phase; XRT ¼ radiation therapy.

a live attenuated Listeria bacterium-based vaccine
engineered to target PSA (ADXS-PSA) and a DNA
vaccine targeting AR LBD (pTVG-AR).
Checkpoint Inhibitors
Among various immune escape mechanisms,
inhibitory immune checkpoints such as cytotoxic
T-lymphocyteeassociated protein 4 and programmed cell death 1 (PD-1) have been found
to play critical roles in cancer progression.
Ipilimumab, a monoclonal antibody against
cytotoxic T-lymphocyteeassociated protein 4,
has shown antitumor activity in prostate cancer
with a PSA response (PSA decline 50%) of
15% to 20%.81 However, ipilimumab failed to
demonstrate survival beneﬁt in patients with
mCRPC who had been treated with docetaxel
in a phase III trial.82 Of note, the presence of
visceral metastases and poor prognostic clinical
factors markedly attenuated the effect of ipilimumab. To this end, a second phase III study of ipilimumab is ongoing in chemotherapy-naive
patients with mCRPC with bone-only metastasis
and no or minimal symptoms (Table 5).
Programmed cell death 1 is another negative checkpoint receptor expressed on the surface of activated T cells and inhibits cytotoxic
T-cell responses when binding to its ligands,
programmed cell death ligand 1 (PD-L1) or
programmed cell death ligand 2. Several
monoclonal antibodies targeting PD-1 (pembrolizumab and nivolumab) and PD-L1 (atezolizumab) have shown promising antitumor activity
Mayo Clin Proc. n December 2015;90(12):1719-1733
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in various solid tumors. The antitumor activity
of PD-1/PD-L1etargeted agents seems to be
correlated with PD-L1 expression in tumor cells
or tumor-inﬁltrating immune cells.83 In prostate
cancer, PD-L1 expression in the primary tumor is
rare and the early study of nivolumab failed to
show antitumor activity in a small subpopulation
of patients with prostate cancer.83,84 However,
recent data showed that PD-L1 expression in
prostate cancer can be upregulated after antiandrogen and inﬂammatory cytokine treatment,
suggesting that PD-1/PD-L1etargeted therapy
may have a role in a subset of patients with
prostate cancer.85,86 The role of antiePD-1/
PD-L1 agents alone or in combination is being tested in various stages of prostate cancer
(Table 5).
Combination Immunotherapy
A modest antitumor response with low response
rate suggests that therapeutic vaccine or immune
checkpoint inhibitor alone may not be sufﬁcient
to overcome complex immune escape mechanisms and to elicit effective antitumor activity in
advanced prostate cancer. Thus, a combinational
approach with immunomodulatory therapies is
under active evaluation.
Radiation or chemotherapy-induced cell death
stimulates tumor-speciﬁc immune responses by
an enhanced display of TAAs and upregulation
of tumor-suppressive proteins and inﬂammatory
cytokines (immunogenic cell death).87-89 Several
combination trials are ongoing to further validate
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TABLE 6. Selected Investigational Agents in Clinical Trials in Metastatic Prostate Cancera
Clinical trial
Agent

Target

Tivozanib
Sunitinib
Veliparib
Olaparib
Everolimus

VEGF
VEGF
PARP 1/2
PARP 1/2
mTOR

MLN0128
LY3023414
BKM120

mTOR
mTOR/PI3K
PI3K

Aﬂusertib
Palbociclib
LDE225
Vismodegib
Cixutumumab
BI 836845

AKT
CDK4/6
Hedgehog
Hedgehog
IGF-I
IGF-I/II

Design

Phase

Tivozanib þ enzalutamide
AA  sunitinib vs dasatinib
AA  veliparib
AA  orlaparib
Enzalutamide þ everolimus
Docetaxel þ everolimus/bevacizumab
MLN0128
Enzalutamide  LY3023414
BKM120
BKM120 þ AA
Aﬂusertib þ AA vs enzalutamide
ADT  palbociclib
LDE225 þ docetaxel
Vismodegib
ADT þ cixutumumab
Enzalutamide  BI 836845

II
II
II
II
I
Ib/II
II
II
II
Ib
I
II
Ib
I
II
Ib/II

Identiﬁer

Target subjects

NCT01885949
NCT01254864
NCT01576172
NCT01972217
NCT02125084
NCT00574769
NCT02091531
NCT02407054
NCT01385293
NCT01741753
NCT02380313
NCT02059213
NCT02182622
NCT02115828
NCT01120236
NCT02204072

mCRPC
mCRPC
mCRPC
mCRPC, postdocetaxel
mCRPC
mCRPC
mCRPC, postenzalutamide or AA
mCRPC
mCRPC
mCRPC, postdocetaxel
mCRPC
mHSPC, Rb (þ)b
mCRPC, postdocetaxel
mCRPC
mHSPC
mCRPC

AA ¼ abiraterone acetate; CDK ¼ cyclin-dependent kinase; IGF ¼ insulin-like growth factor; mCRPC ¼ metastatic castration-resistant prostate cancer; mHSPC ¼
metastatic hormone-sensitive prostate cancer; mTOR ¼ mammalian target of rapamycin; PARP ¼ poly(ADP-ribose) polymerase; PI3K ¼ phosphatidylinositide 3-kinase;
Rb ¼ retinoblastoma; VEGF ¼ vascular endothelial growth factor.
b
Presence of Rb gene mutation.
a

the augmentation of antitumor immune responses
by cytotoxic therapies.
Recently, multiple lines of evidence suggest that androgen possesses immunosuppressive properties and androgen ablation
may have positive immunological effects in
prostate cancer.90 In addition, apoptotic
release of TAAs by AR-targeted therapies
can synergize with immune-based treatment.
Immunotherapy with ADT or AR-targeted
agents in combination or in different sequences is being tested.
Last, the combination of 2 immunotherapies
with distinct and compensatory mechanisms
such as TAA-speciﬁc therapeutic vaccines and
nonspeciﬁc immune-stimulating checkpoint inhibitors is a promising strategy to maximize antitumor immune responses. Notable ongoing
immunotherapy trials are summarized in Table 5.
NOVEL THERAPEUTIC TARGETS
Although the AR pathway is a key driver in prostate cancer, it is increasingly recognized that
advanced prostate cancer is a molecularly heterogeneous disease harboring various molecular
alterations. Relevant pathways under investigation as prostate cancer therapeutic targets
include those mediated by vascular endothelial
1728
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growth factor receptor, poly(ADP-ribose) polymerase, phosphatidylinositide 3-kinase, protein
kinase B, and mammalian target of rapamycin
(phosphatidylinositide 3-kinase/Akt/mammalian target of rapamycin pathway), Hedgehog
signaling, protein chaperones (HSP27), and
the insulin-like growth factor pathway. Yet,
none of the experimental agents targeting alternative pathways has shown survival beneﬁt. A
summary depicting the selective targeted agents
in various stages of clinical trial development is
given in Table 6.
CURRENT ISSUES IN MANAGEMENT AND
FUTURE DIRECTIONS
Deﬁning the Optimal Sequence and
Outcomes
As a number of new therapeutic agents have
been approved for the management of advanced
prostate cancer in a relatively short period of
time, we are faced with a new challenge of
ﬁnding the optimal sequence of these agents in
this population. With the introduction of newgeneration AR-targeted agents that in general
have favorable safety proﬁles compared with
cytotoxic chemotherapeutics, new-generation
hormonal agents have been established as the
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Metastatic prostate cancer

Surgical/Medical
Castration

aHigh

Low volume disease

volume disease
Docetaxel

Docetaxel?

Hormone sensitive
Castration resistant
Rapid progression
Visceral disease
Soft tissue pelvic mass
Hypercalcemia
Lytic metastasis
Low/undetectable PSA
Primary gleason 5

Biopsy

Large cell
Anaplastic
No/minimal PSA stain

Radiological progression
symptoms

No radiological progression,
no symptoms

Abiraterone
Enzalutamide

Bicalutamide
Flutamide
Nilutamide
Ketoconazole
Sipuleucel-T

+ AR-V7 in CTCs

Taxane chemotherapy;
Docetaxel/cabazitaxel

Small cell
Anaplastic
Neuroendocrine stain
No/minimal PSA stain
Radium-233

Taxane chemotherapy;
(Docetaxel/cabazitaxel)
Clinical trials

Platinum chemotherapy;
(Cisplatin/etoposide)
Clinical trials

FIGURE 2. Potential strategy for sequencing systemic therapies. aHigh volume disease ¼ 4 bone lesions or visceral disease; CTC ¼
circulating tumor cell; PSA ¼ prostate-speciﬁc antigen.

preferred ﬁrst-line therapy after the development
of castration resistance. However, no data exist
to indicate which of these AR-targeted agents
should be used ﬁrst except that the response of
a subsequent AR agent after the other is suboptimal. In addition, recent studies support the
use of upfront chemotherapy before the development of castration resistance. Similarly,
optimal timing of other therapeutics with
different mechanisms of action including
sipuleucel-T and radium-223 as well as the
second-line chemotherapy cabazitaxel requires
further evaluation (Figure 2). There are currently
a series of clinical trials attempting to deﬁne the
optimal sequence as well as explore the role of
combination of current therapeutics. Blood and
tissue biomarkers may assist in the selection of
the most appropriate treatment and the speciﬁc
evaluation of therapeutic outcomes.
Mayo Clin Proc. n December 2015;90(12):1719-1733
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Regulatory Issues in New Drug
Development
Since the approval of docetaxel in 2004 based
on OS beneﬁt, the FDA has based approval of
agents for metastatic prostate cancer on OS
except for the bone-targeted agent for which
prevention of SREs served for regulatory
approval. However, OS as a primary end point
in registry trials in prostate cancer has long
been a matter of controversy because of the
indolent natural history requiring long
follow-up periods. With multiple therapeutics
with proven survival beneﬁts, the signiﬁcant
prolongation of OS has been increasingly difﬁcult. A series of recent phase III trials in which
agents that demonstrated promising efﬁcacy in
early phase studies failed to demonstrate survival beneﬁt further fueled the controversy
about the optimal regulatory end point.
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The commonly used secondary end points,
PSA or radiographic progression-free survival
(rPFS), have been proposed as potential surrogates for OS for regulatory approval, but they
have several limitations. The deﬁnition of PFS
is dependent on the frequency of measurement,
and its deﬁnition is complex in prostate cancer.
PSA is under direct and exclusive transcriptional control of AR and thus fails to represent
disease status when the tumor is not primarily
driven by the AR pathway as in tumors with
anaplastic or neuroendocrine differentiation.
Accurate assessment of treatment response or
progression of skeletal lesions, which is the
only area of metastasis in most of the patients,
is difﬁcult with traditional bone scintigraphy.
The Prostate Cancer Working Group 2 has
deﬁned rPFS for metastatic prostate cancer
using a modiﬁed form of RECIST 1.0 for soft
tissue lesions, in which only those lymph nodes
that are 2 cm or greater in size are considered
measurable, and speciﬁc criteria for bone
lesions.91 Morris et al92 reported the correlation
of Prostate Cancer Working Group 2edeﬁned
rPFS and OS in the phase III trial of AA
(COU-AA-302). However, not all agents that
may confer OS beneﬁt necessarily result in
PSA or radiographic responses, which is often
the case with immunotherapeutic agents.
Thus, it is imperative to develop a new surrogate end point that can be reliably used in
registration trials for timely approval of effective agents and also reduction of cost by
avoiding long-term follow-up. A recent analysis of a panel of biomarkers showed that
the CTC count is correlated with survival in
mCRPC, and independent phase III trials are
ongoing to validate the individual patiente
level surrogacy of CTC.93
CONCLUSION
During the past several years, there has been
rapid progress in our understanding of the
biology of prostate cancer such as mechanisms
of AR pathway activation, complex tumormicroenvironment interaction of bone metastasis,
antitumor immunology, and new oncogenic
pathways, all of which provide many new opportunities to develop promising prostate cancer
therapeutics. Clinical research has evolved from
a relatively empiric application of novel therapeutics to a more disease- and patient-targeted
speciﬁc approach that involves close integration
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of laboratory and clinical principles. This
approach will require a careful review of basic
clinical principles of drug development and regulatory guidelines for new drug approval.
Abbreviations and Acronyms: AA = abiraterone acetate;
ADT = androgen deprivation therapy; AR = androgen receptor; AR-V = AR splice variant; CRPC = castrationresistant prostate cancer; CTC = circulating tumor cell;
CYP = cytochrome P450; FDA = Food and Drug Administration; LBD = ligand-binding domain; mCRPC = metastatic
castration-resistant prostate cancer; OS = overall survival;
PAP = prostatic acid phosphatase; PD-1 = programmed cell
death 1; PD-L1 = programmed cell death ligand 1; PSA =
prostate-speciﬁc antigen; rPFS = radiographic progressionfree survival; SRE = skeletal-related event; TAA = tumorassociated antigen; ZA = zoledronic acid
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Sidney Kimmel Comprehensive Cancer Center at Johns
Hopkins, The Johns Hopkins University, Oncology Cancer
Research Bldg I, 1650 Orleans St, Rm 1M51, Baltimore,
MD 21231 (eisenma@jhmi.edu). Individual reprints of this
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