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Abstract
Purpose: To evaluate the efficacy, safety, biomarkers, and pharmacokinetics of rilotumumab, a fully

human, monoclonal antibody against hepatocyte growth factor (HGF)/scatter factor, combined with

mitoxantrone and prednisone (MP) in patients with castration-resistant prostate cancer (CRPC).

ExperimentalDesign: This double-blinded phase II study randomized (1:1:1) patients with progressive,

taxane-refractory CRPC to receive MP (12mg/m2 i.v. day 1, 5 mg twice a day orally days 1–21, respectively)

plus 15 mg/kg rilotumumab, 7.5 mg/kg rilotumumab, or placebo (i.v. day 1) every 3 weeks. The primary

endpoint was overall survival (OS).

Results:Onehundred and forty-four patientswere randomized.MedianOSwas 12.2 versus 11.1months

[HR, 1.10; 80% confidence interval (CI), 0.82–1.48] in the combined rilotumumab versus control arms.

Median progression-free survival was 3.0 versus 2.9 months (HR, 1.02; 80% CI, 0.79–1.31). Treatment

appeared well tolerated with peripheral edema (24% vs. 8%) being more common with rilotumumab. A

trend toward unfavorable OS was observed in patients with high tumor MET expression regardless of

treatment. Soluble MET levels increased in all treatment arms. Total HGF levels increased in the rilotu-

mumab arms. Rilotumumab showed linear pharmacokinetics when co-administered with MP.

Conclusions:RilotumumabplusMPhadmanageable toxicities and showednoefficacy improvements in

this estimation study. High tumorMET expressionmay identify patients with CRPCwith poorer prognosis.

Clin Cancer Res; 19(1); 215–24. �2012 AACR.

Introduction
Prostate cancer becomes lethal through the combined

events of metastases and adaptation by the tumor to a low

testosterone milieu. A series of molecular events are asso-
ciated with this adaptation, including androgen receptor
aberrations (1), development of autocrine androgen pro-
duction (2), and harnessing of other growth and survival
factors, such as phosphoinositide 3-kinase (PI3K) and PTEN
mutations and the use of other growth factor receptors (3).
To date, targeting growth factor receptors therapeutically
has not yielded definitive results as monotherapy, although
interest remains in combining these approaches with stan-
dard chemotherapies. Docetaxel is considered standard
front-line chemotherapy (4, 5). Mitoxantrone remains a
reasonable second- or third-line option because of its favor-
able tolerability, modest activity, and potential to be com-
bined with targeted approaches (6).

Hepatocyte growth factor (HGF)/scatter factor and its
receptor MET may play important roles in castration-resis-
tant prostate cancer (CRPC) progression. SerumHGF levels
are higher in metastatic prostate cancer than in localized
tumors or benign lesions (7) and have been associated with
poorer outcomes (8). MET expression is detected in 75% to
100% of metastatic prostate tumors (9) and has been
associated with the emergence of castration-resistant tumor

Authors' Affiliations: 1University of California San Francisco Helen Diller
Family Comprehensive Cancer Center, San Francisco, USA; 2The Royal
Melbourne Hospital, Parkville, Australia; 3St. John of God Health Care,
Subiaco, Australia; 4Oregon Health & Science University Knight Cancer
Institute, Portland, USA; 5Washington University School of Medicine Site-
man Cancer Center, St. Louis, USA; 6Institut Paoli Calmettes, Marseille,
France; 7Institut Gustave Roussy, University of Paris Sud, Villejuif, France;
8Centre Hospitalier de l'Ardenne, Libramont, Belgium; 9Universit�e Cath-
olique de Louvain, Cliniques Universitaires Saint-Luc, Bruxelles, Belgium;
10Stanford University, Palo Alto, USA; 11Amgen Inc., ThousandOaks, USA;
12Amgen Inc., South San Francisco, USA; 13VUMedischCentrum, Amster-
dam/Radboud University Medical Center, Nijmegen, Netherlands

Note: Supplementary data for this article are available at Clinical Cancer
Research Online (http://clincancerres.aacrjournals.org/).

Corresponding Author: Charles J. Ryan, UCSF Helen Diller Family Com-
prehensive Cancer Center, 1600 Divisadero Street, San Francisco, CA
94115. Phone: 415-514-6380; Fax: 415-353-7779; E-mail:
ryanc@medicine.ucsf.edu

doi: 10.1158/1078-0432.CCR-12-2605

�2012 American Association for Cancer Research.

Clinical
Cancer

Research

www.aacrjournals.org 215

D
ow

nloaded from
 http://aacrjournals.org/clincancerres/article-pdf/19/1/215/2010350/215.pdf by guest on 19 M

ay 2023



growth. Xenograft and in vitro data showed that MET
expression increases following androgen deprivation (10,
11). HGF further induces cell invasion associated with stem
cell features (12). In thesemodels,METknockdown leads to
inhibited growth (13, 14). Collectively, these data provide
the rationale for MET inhibition in treating patients with
advanced prostate cancer.

Rilotumumab, a fully human monoclonal antibody
against HGF, blocks the binding of HGF to MET. In pre-
clinical models, rilotumumab inhibited HGF/MET-driven
signaling (15–18). In clinical studies, rilotumumab admin-
istered biweekly had manageable toxicities as a single agent
or combinedwith chemotherapy (19–22), and amaximum
tolerated dose was not reached (20). The favorable safety of
rilotumumab and the abundant preclinical evidence sup-
porting MET inhibition formed the basis for testing this
agent in patients with advanced CRPCs.

Materials and Methods
Patients

Eligibility required an Eastern Cooperative Oncology
Group (ECOG) performance status � 1, life expectancy �
3 months, and pathologically confirmed adenocarcinoma
of the prostate with radiographic evidence of metastatic
disease. Patients had progressive disease (PD) based on
prostate-specific antigen (PSA) Working Group criteria,
Response Evaluation Criteria in Solid Tumors (RECIST)
version 1.0 for measurable lesions, or appearance of �2
new lesions on bone scans. Patients were previously treated
with taxane-based chemotherapy for metastatic prostate
cancer; no more than one prior chemotherapy regimen for
CRPC was allowed. Castrate levels of serum testosterone
<50 ng/dL, PSA � 2 ng/mL, and adequate organ function
were required. Surgical castration or continued administra-
tion of a gonadotropin-releasing hormone analog was
required. Institutional review board approval was obtained

for all study procedures. Each patient provided written
informed consent.

Study design
In this multicenter, double-blinded, phase II study,

patients received mitoxantrone (12 mg/m2, day 1, i.v.
bolus) and prednisone (5 mg twice a day orally, days 1–
21) plus 15 mg/kg rilotumumab, 7.5 mg/kg rilotumumab,
or placebo (day 1, i.v. infusion) every 3 weeks. Rilotumu-
mab/placebo was administered before mitoxantrone over
60 minutes, and if well tolerated, over 30 minutes for
subsequent doses. Patients continued treatment for up to
12 cycles or until the maximum cumulative dose for mitox-
antrone was received (144 mg/m2), disease progression,
unacceptable toxicity, or withdrawal of informed consent.

Patients were randomized (1:1:1) using an interactive
voice response system. Patients, investigators, and the study
team were masked to treatment allocation. The randomi-
zation list was generated using permuted blocks and pre-
pared by an individual independent of the study team.
Stratification factors were the presence of bone pain at
baseline and response to prior taxane-based chemotherapy
(per PSA or RECIST).

Mitoxantrone doses were reduced by 2 mg/m2 for
patients with a neutrophil count < 1,500/m3, platelet count
< 100,000/m3, grade >3 nonhematologic toxicity, grade 4
neutropenia and fever, grade 4 neutropenia lasting >7 days,
or nadir platelet count <25,000. If mitoxantrone chemo-
therapy was delayed because of toxicity, rilotumumab/pla-
cebo dosing was delayed until recovery permitted chemo-
therapy administration. Rilotumumab was withheld for
grade �3 adverse events (AE) and restarted without dose
reduction upon recovery to grade 1 or baseline values.
Rilotumumab was discontinued for any grade �3 throm-
bosis or vascular ischemic AE.

Safety
Safety was analyzed for all randomized patients who

received�1 dose of rilotumumab ormitoxantrone. Toxicity
assessments were graded according to National Cancer
Institute Common Terminology Criteria for Adverse Events
version 3.0. Serum samples for the measurement of anti-
rilotumumab antibodies were collected predose on day 1 of
cycles 1, 3, 7, and 12 and 30 and 60 days after the last dose.
Anti-rilotumumab antibodies were measured with an
immunoassay and a receptor-binding assay (20). Overall
cardiac function was assessed by echocardiogram or multi-
gated acquisition scan.

Antitumor activity
Tumors were assessed by either contrast-enhanced com-

puted tomographyorMRI of the chest, abdomen, andpelvis
and a bone scan �4 weeks before enrollment and every 12
weeks fromday 1 of cycle 1, or sooner if clinically indicated.
Tumors were evaluated by investigators according to
RECIST version 1.0. Patients had stable disease (SD) if
follow-up assessments met SD criteria �11 weeks after
randomization. Disease progression was a composite of

Translational Relevance
Preclinical studies have shown that MET and its sole

ligand, hepatocyte growth factor (HGF), also known as
scatter factor, are highly expressed in advanced prostate
cancer and are associated with disease progression.
Hence, targeting the MET pathway with rilotumumab,
a fully human monoclonal antibody against HGF, in
combination with mitoxantrone and prednisone, is a
potentially viable therapeutic option in castration-resis-
tant prostate cancer. Our findings showed that while the
combination did not improve outcomes in this popu-
lation, exploratory biomarker analyses suggested that
high tumor MET expression may be associated with
poorer prognosis for survival. While these data do not
supportMET inhibition combinedwithmitoxantrone in
this population, they support the further exploration of
MET as a prognostic marker in castration-resistant pros-
tate cancer.
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soft tissue, bone, clinical, and PSA progression per the
Prostate Cancer Working Group 2 consensus guidelines.
PSA levels were measured in blood samples before every

cycle. A PSA response was defined as �50% decline in 2
consecutive PSA levels �3 weeks apart.

Pharmacokinetics
Serum rilotumumab concentrations were analyzed pre-

dose and end of infusion on day 1 of cycles 1, 3, 5, 7, and 12
(or end of treatment) and at safety follow-up visits andwere
measured using an immunoassay (Covance Laboratories
Inc.; ref. 20).
In a subgroup of patients, plasma mitoxantrone concen-

trations were analyzed in cycle 3 predose, 5 and 20minutes,
and 1, 2, and 4 hours postdose and were measured with
liquid chromatography/tandem mass spectrometry (Ana-
pharm) with a lower limit of quantification of 0.5 ng/mL.

Biomarkers
Submission of archival prostate tumor tissue was option-

al.MET expressionwas assessed by immunohistochemistry.
Blood samples for circulating biomarker analysis were
collected predose on day 1 of cycles 1, 3, and 5, and 30
days after the last dose. Plasma levels of total HGF and
soluble MET were measured by immunoassay and a Meso
Scale Discovery assay, respectively; both assays shown an
interassay precision of less than 15%. Details are provided
in the Supplementary Materials and Methods.

Statistical analysis
The primary objective was to estimate the effect of adding

rilotumumab versus placebo to mitoxantrone and predni-
sone (MP) on overall survival (OS). Planned comparisons
were made of the control arm with each rilotumumab arm
and the combined rilotumumab arms. A median OS of 12
months in the control arm and an OS HR of 0.7 (test/
control) in the intention-to-treat analysis set were assumed.
Primary analysis was plannedwhen 87patients experienced
an OS event, allowing an estimation of the OS HR of the
combined rilotumumab arms to the control armwith a two-
sided 80% confidence interval (CI) to within 0.23 (80%CI,
0.53–0.93).
Key secondary endpoints included progression-free sur-

vival (PFS), PSA response rate, objective response rate,
pharmacokinetics, AEs, and anti-rilotumumab antibodies.
Results from the primary analysis are presented.
OS andPFSwere analyzedwithCoxproportional hazards

models and Kaplan–Meier estimates. The treatment effect
on OS was evaluated by the following baseline covariates:
geographic region, visceral metastases, response to prior
taxane-based chemotherapy, ECOG performance status,
age, race, liver metastases, measurable disease at baseline,
measurable PD under prior therapy, bone scans for PD
under prior therapy, bone pain, PSA doubling time, and
number of metastatic sites. P values were used as a descrip-
tivemeasure suggesting comparative strength of association
rather than to test hypotheses.

Exploratory biomarker analyses were considered hypoth-
esis-generating and investigated associations between MET
pathway biomarkers and efficacy outcomes. The biomarker
analyses included patients in the intention-to-treat analysis
set with evaluable archival tumor samples or measurable
baseline concentrations of total HGF or soluble MET. Sev-
eral dichotomization methods were explored to categorize
patients into biomarker-defined subgroups. Here, dichot-
omization was based on cytoplasmic MET expression: the
METHigh subgroup had >50% of tumor cells with �1þ
staining; the METLow subgroup had �50% of tumor cells
with �1þ staining. The treatment effect of rilotumumab
versus placebo was estimated by Cox proportional hazards
models adjusted for stratification factors. Kaplan–Meier
estimates for OS and PFS were evaluated in the biomarker
subgroups. The biomarker effect was evaluated within the
treatment group using Cox proportional hazards models.
The interaction P values for testing the heterogeneity of the
biomarker effect or treatment effect within the treatment or
biomarker groups were assessed.

Results
Patient characteristics and disposition

Between March 2009 and December 2009, 142 patients
were randomized; all but 4 received �1 dose of investiga-
tional product (Supplementary Fig. S1). Baseline demo-
graphics and disease characteristics were generally balanced
among treatment arms (Table 1). Most patients (63%)
discontinued rilotumumab/placebo because of disease pro-
gression. Exposure to rilotumumab and MP are shown in
Supplementary Table S1.

Safety
Table 2 summarizes the treatment-emergent AEs. Periph-

eral edema was increased with rilotumumab but was low
grade. Three grade 5 AEs (cardiac arrest, pulmonary embo-
lism, septic shock), occurred with 7.5 mg/kg rilotumumab.
The cardiac arrest and pulmonary embolism were consid-
ered by investigators to be related to rilotumumab. Overall
cardiac function was not affected across treatment arms in
patients evaluated at the 30-day safety follow-up visit. The
incidence of left ventricular ejection fraction values <50%
was similar between the combined rilotumumab (4%) and
control (4%) arms. Pulmonary embolism (6%) and fatigue
(3%) were the most common AEs overall leading to study
withdrawal or discontinuation of rilotumumab or MP.
There were no major differences in the incidence of AEs
between rilotumumab arms.

Four cases of anti-rilotumumab binding antibodies, 2
each from the rilotumumab 7.5 mg/kg and control arms,
were detected. No neutralizing anti-rilotumumab antibo-
dies were detected.

Efficacy
Median OS was similar between the combined rilotumu-

mab and control arms (12.2 and 11.1months, respectively;
HR, 1.10; 80% CI, 0.82–1.48; Table 3). With the exception

Rilotumumab with Mitoxantrone and Prednisone in CRPC
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of the number ofmetastatic sites, none of the covariates had
an effect on OS (Supplementary Fig. S2). Median PFS was
similar between the combined rilotumumab and control
arms (3.0 and 2.9 months, respectively; HR, 1.02; 80% CI,
0.79–1.31; Table 3). Results for each rilotumumab arm are
also presented (Table 3 and Fig. 1).

No difference in PSA response was observed in any of the
treatment arms (Table 3 and Supplementary Fig. S4). Sim-

ilarly, no difference in objective tumor response was noted
between the treatment arms among the 80 patients with
measurable disease at baseline (Table 3 and Supplementary
Fig. S5). No bone scan responses were reported.

Pharmacokinetics
Rilotumumab displayed linear pharmacokinetics and

reached steady state at cycle 5. Co-administration of

Table 1. Demographics and baseline characteristics

Rilotumumab
15 mg/kg þ MP
(n ¼ 45)

Rilotumumab
7.5 mg/kg þ MP
(n ¼ 48)

Placebo þ MP
(n ¼ 49)

Age, y
Median 67 67 69
Range 48–87 54–87 49–84

Age group at randomization, n (%)
<65 y 16 (36) 15 (31) 13 (27)
�65–<75 y 25 (56) 24 (50) 24 (49)
�75 y 4 (9) 9 (19) 12 (24)

Race, n (%)
White/Caucasian 42 (93) 43 (90) 44 (90)
Black/African American 2 (4) 1 (2) 3 (6)
Hispanic/Latino 0 (0) 0 (0) 2 (4)
Asian 1 (2) 3 (6) 0 (0)
Native Hawaiian/other Pacific Islander 0 (0) 1 (2) 0 (0)

ECOG performance status, n (%)
0 14 (31) 11 (23) 19 (39)
1 31 (69) 34 (71) 30 (61)
2 0 (0) 1 (2) 0 (0)
3 0 (0) 1 (2) 0 (0)
Missing 0 (0) 1 (2) 0 (0)

Measurable disease at baseline, n (%) 25 (56) 27 (56) 28 (57)
Visceral metastatic disease, n (%) 10 (22) 13 (27) 9 (18)
Gleason score at diagnosis, n (%)
2–6 6 (13) 7 (15) 10 (20)
7 13 (29) 17 (35) 15 (31)
8–10 22 (49) 21 (44) 22 (45)
Missing 4 (9) 3 (6) 2 (4)

PSA levels at baseline, ng/mL
Median 99 171 142
Range 4–2,148 3–4,073 9–3,853

PSA doubling time, n (%)
<55 d 14 (31) 17 (35) 22 (45)
�55 d 26 (58) 29 (60) 26 (53)
Missing 5 (11) 2 (4) 1 (2)

Bone pain at baseline, n (%) 27 (60) 28 (58) 28 (57)
Response to prior taxane-based
chemotherapy, n (%)

32 (71) 34 (71) 36 (73)

Disease progression during prior
taxane-based chemotherapy, n (%)

23 (51) 26 (54) 23 (47)

Disease progression >3 mo since prior
taxane-based chemotherapy, n (%)

10 (22) 8 (17) 18 (37)

NOTE: Full analysis set.

Ryan et al.
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rilotumumab did not affect the pharmacokinetics of
mitoxantrone. Table 4 summarizes the rilotumumab phar-
macokinetic parameters.

Biomarkers
Seventy-three (51%) patients were evaluable for tumor

MET expression, including one patient with partially miss-
ing MET data who was excluded from the analysis. Cyto-
plasmic MET expression was detected in 92% of evaluable
samples; one sample had membrane staining. When
dichotomized into biomarker subgroups, 53% and 47%
of patients were in the METHigh (>50% of tumor cells with
cytoplasmic staining) and METLow (�50% of tumor cells
with cytoplasmic staining) subgroups, respectively.
In the biomarker subset, no meaningful treatment effect

on OS was observed in the combined rilotumumab versus
control arms (HR, 1.64; 95%CI, 0.87–3.09). In theMETHigh

subgroup, median OS was similar between the combined
rilotumumab and control arms (9.8 and 8.9 months,
respectively; HR, 1.19; 95% CI, 0.52–2.68; Fig. 2A). In the
METLow subgroup, however, rilotumumab plusMP showed
a trend toward unfavorable OS (HR, 2.83; 95% CI, 0.94–
8.50); the median OS of the control arm was not estimable
at the time of data cutoff but appeared longer than the
combined rilotumumab arms. Similar trendswere observed
with PFS, though the negative treatment effect in the
METLow subgroup was less pronounced (Supplementary
Fig. S3A).

When explored for prognostic trends, results showed
unfavorable OS in the METHigh subgroup regardless of
treatment (Fig. 2B). In the control arm, a trend toward
unfavorable OS was observed with high MET expression
compared with low MET expression (HR, 3.29; 95% CI,
1.09–9.93). In the combined rilotumumab arms, a less
pronounced trend was observed (HR, 1.72; 95% CI,
0.81–3.68). Similar findings were seen with PFS (Supple-
mentary Fig. S3B). Kaplan–Meier plots of OS and PFS by
MET expression in all treatment arms combined are shown
in Supplementary Fig. S6.

A total of 131 (92%) patients were evaluable for plasma
levels of soluble MET and total HGF. Mean levels of soluble
MET increased about 2-fold from baseline in all treatment
armsby cycle 3 and remained at these levels up to the 30-day
posttreatment safety follow-up visit (Fig. 2C). Mean levels
of total HGF increased with rilotumumab treatment (data
not shown), consistent with other rilotumumab studies
(19–21, 23). No apparent associations were observed
between baseline plasma levels of soluble MET and total
HGF with clinical response (data not shown).

Discussion
The results of this randomized phase II study suggest that

adding rilotumumab to MP does not substantially prolong
survival in patients with metastatic CRPC who received
prior docetaxel chemotherapy. The survival observedherein
is similar to aphase III study in this population that usedMP

Table 2. Treatment-emergent AEs

All rilotumumab þ MP (n ¼ 89) Placebo þ MP (n ¼ 49)

Any grade Grade � 3 Any grade Grade � 3

Patients reporting �1 AE, n (%) 88 (99) 56 (63) 49 (100) 23 (47)
Nausea 39 (44) 2 (2) 17 (35) 0 (0)
Fatigue 37 (42) 6 (7) 22 (45) 5 (10)
Vomiting 22 (25) 0 (0) 12 (24) 1 (2)
Peripheral edema 21 (24) 1 (1) 4 (8) 0 (0)
Constipation 18 (20) 0 (0) 17 (35) 1 (2)
Back pain 17 (19) 1 (1) 10 (20) 1 (2)
Decreased appetite 16 (18) 1 (1) 10 (20) 0 (0)
Diarrhea 16 (18) 0 (0) 6 (12) 0 (0)
Anemia 14 (16) 4 (4) 8 (16) 2 (4)
Dyspnea 14 (16) 0 (0) 7 (14) 1 (2)
Neutropenia 14 (16) 8 (9) 4 (8) 3 (6)
Arthralgia 14 (16) 1 (1) 4 (8) 0 (0)
Bone pain 11 (12) 3 (3) 8 (16) 5 (10)
Pulmonary embolism 10 (11) 10 (11) 4 (8) 4 (8)
Pyrexia 10 (11) 1 (1) 4 (8) 0 (0)
Asthenia 10 (11) 2 (2) 3 (6) 1 (2)
Dizziness 9 (10) 1 (1) 6 (12) 0 (0)
Pain in extremity 8 (9) 0 (0) 7 (14) 0 (0)
Decreased weight 6 (7) 0 (0) 7 (14) 0 (0)

NOTE: Includes all patients who received �1 dose of study drug. Any grade AE occurring in more than 10% of patients in either the
combined rilotumumab or control arms are reported.
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as the control (5). Toxicities were similar among the arms of
this study, with peripheral edema being the only increased
toxicity attributable to rilotumumab.

The study was not powered to detect subtle differences in
OS as a function of treatment arm, so it cannot be deter-
mined if such differences exist. The present data do not
warrant a phase III study of this combination in docetaxel-
refractory CRPC.

Our results may inform the development of MET as a
prognostic variable in metastatic CRPC and the pharmaco-
logic targeting of this pathway in other malignancies. The
majority of evaluable archival samples showed cytoplasmic
MET staining, confirming the presence of MET in prostate
tissue and that this can be ascertained in clinical material;
the lack of membranous staining was due to limitations
with the assay antibody. However, because tumors were
generally obtained at diagnosis or initial treatment, MET
levels may not reflect the tumor phenotype of these patients
with advanced disease who previously received a variety of
treatments, including androgen deprivation and chemo-

therapy. It is hypothesized that adaptive changes in treated
tumors may alter the proportion of MET-expressing cells.
Future studies are needed to examine metastatic tumors
collected before and during treatment. Furthermore, the
lack of effect of rilotumumab may be attributed to the
patients selected for this study, who had refractory and
metastatic disease; onemay speculate whether targeting the
MET pathway in earlier stages of prostate cancer may be
more effective.

Similar toother rilotumumab studies, circulating levels of
total HGF (pro-HGF, free, and unbound) increased with
rilotumumab (19–21, 23). This increase may be attributed
to the formation of HGF–rilotumumab complexes that
have a slower clearance than that of unbound HGF (24).
Somewhat unexpectedly, circulating levels of soluble MET
increased posttreatment in all arms. The reason for this is
unclear but may be related to MP administration or be a
marker of advancing disease. Rilotumumab treatment did
not appear to alter soluble MET levels beyond chemother-
apy alone. Presently, these findings are hypothesis-

Table 3. Efficacy

Rilotumumab
(15 mg/kg) þ MP
(n ¼ 45)

Rilotumumab
(7.5 mg/kg) þ MP
(n ¼ 48)

All rilotumumab þ
MP (n ¼ 93)

Placebo þ
MP (n ¼ 49)

OSa

OS events, n (%) 27 (60) 32 (67) 59 (63) 29 (59)
Median OS, mo (80% CI) 13.4 (11.2–15.3) 11.6 (8.6–15.2) 12.2 (11.1–13.9) 11.1 (9.0–12.7)
Stratified HRb (80% CI) 0.95 (0.67–1.36) 1.26 (0.90–1.77) 1.10 (0.82–1.48)
P valuec 0.859 0.377 0.673

PFSd

PFS events, n (%) 40 (89) 41 (85) 81 (87) 44 (90)
Soft tissue 12 (27) 9 (19) 21 (23) 17 (35)
PSA 27 (60) 24 (50) 51 (55) 20 (41)
Bone 15 (33) 8 (17) 23 (25) 11 (22)
Symptomatic deterioration 11 (24) 12 (25) 23 (25) 15 (31)
Death 27 (60) 32 (67) 59 (63) 29 (59)

Median PFS, mo (80% CI) 2.8 (2.7–3.3) 3.6 (2.9–4.5) 3.0 (2.8–3.6) 2.9 (2.8–3.6)
Stratified HRb (80% CI) 1.12 (0.83–1.51) 0.90 (0.67–1.21) 1.02 (0.79–1.31)
P valuec 0.619 0.635 0.940

PSA response
Responders, n (%) 5 (11) 5 (10) 10 (11) 7 (14)

Objective tumor response
Patients with measurable disease, n (%) 25 (56) 27 (56) 52 (56) 28 (57)

Best overall response, n (%)
Confirmed complete response 0 (0) 0 (0) 0 (0) 0 (0)
Confirmed partial response 0 (0) 0 (0) 0 (0) 0 (0)
SD 6 (24) 13 (48) 19 (37) 12 (43)
PD 11 (44) 6 (22) 17 (33) 11 (39)

NOTE: Intention-to-treat analysis set.
aDefined as the time from randomization to death.
bRelative to placebo þ MP.
cStratified log-rank test.
dDefined as the time from randomization to disease progression (including soft tissue, bone scan, and PSA PD, or symptomatic
deterioration) or death, whichever occurred first.
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generating yet may have implications for the development
of MET inhibitors in other malignancies.
Although MET levels did not appear to predict re-

sponse to rilotumumab, a potential prognostic effect was

observed in which high MET expression may identify
patients with CRPC with poorer prognosis. Further study
will be required to determine whether high MET expres-
sion is also associated with poorer prognosis in earlier

Figure 1. Kaplan–Meier plots of OS
(A) and PFS (B) in the intention-to-
treat analysis set.

Table 4. Rilotumumab pharmacokinetic parameter estimates

Cmin, mg/mL Cmax, mg/mL

Cycle n Mean (SD) CV% n Mean (SD) CV%

Rilotumumab (7.5 mg/kg) þ MP
1 40 0 (0) NC 36 180 (35.1) 19.5
3 32 95.1 (26.1) 27.5 29 280 (70.7) 25.3
5 25 125 (35.2) 28.0 22 297 (74.8) 25.2
7 11 129 (40.2) 31.2 10 256 (111) 43.1

Rilotumumab (15 mg/kg) þ MP
1 45 0 (0) NC 41 355 (90.4) 25.5
3 43 182 (55.3) 30.3 40 562 (157) 27.9
5 25 241 (103) 42.9 19 609 (126) 20.6
7 15 301 (112) 37.3 25 655 (175) 26.7

Abbreviations: CV, coefficient of variation; NC, not calculated.
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stage disease. Androgen receptor activity was shown to
repress MET expression in tumor models (10), raising the
possibility that intrinsic androgen receptor activity or
higher androgen levels (25) may decrease MET activity
and improve outcomes. Interestingly, a trend toward
shorter survival was observed in patients with low MET
expression who received rilotumumab compared with
placebo; however, the small sample size precludes mean-
ingful interpretation.

Other MET inhibitors are in development for CRPCs. A
challenge to such development is the therapeutic index of
the agent being tested. Considering that targeting METmay
be beneficial for certain populations, further study of the
relationship of soluble MET and clinical outcomes is war-
ranted. Associations between higher levels and treatment
resistance and/or whether dosing of such agents could be
titrated to changes in MET levels are possible approaches.
Cabozantinib, a small-molecule tyrosine kinase inhibitor of
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Figure 2. Kaplan–Meier plot of OS
by tumor MET subgroups in the
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MET and VEGF, was associated with clinical responses in
CRPC and is entering phase III trials (26). Two differences
between cabozantinib and rilotumumab are worth
highlighting. First, rilotumumab exerts its effect extracellu-
larly by affecting ligand–receptor interaction,whereas cabo-
zantinib exerts its effect intracellularly. The lower capacity
of antibodies to affect tyrosine kinase activity without
intracellular penetration is a potential reason for reduced
efficacy. Second, rilotumumab is specific for HGF–MET
interactions, whereas cabozantinib inhibits both VEGF and
MET. Simultaneous inhibition of these 2 pathways
enhanced antitumor activity over targeting MET alone in
a neuroendocrine model (27), suggesting that targeting
only the MET pathway may be insufficient.
In conclusion, rilotumumab combined with MP did not

show treatment advantage in patients with CRPC. Despite
this, the biomarker findings may inform further develop-
ment of prognostic models in CRPC, which are needed to
enhance patient selection for a variety of therapeutic
strategies.

Disclosure of Potential Conflicts of Interest
K. Fizazi has honoraria from Speakers Bureau of and is a consultant/

advisory board member of Amgen Inc. M. Zhu, K.S. Oliner, E. Loh, and S.
Dubey have Employment (other than primary affiliation; e.g., consulting)
with Amgen as the Director, Principal Scientist, Executive Director, Medical
Director, respectively. K.S. Oliner and E. Loh have Ownership Interest
(including patents) in Amgen Inc. No potential conflicts of interest were
disclosed by the other authors.

Authors' Contributions
Conception and design: C.J. Ryan, M. Rosenthal, S. Ng, J. Picus, M. Zhu, E.
Loh, W.R. Gerritsen
Development of methodology: C.J. Ryan, M. Rosenthal, M. Zhu, R. Tang,
K.S. Oliner, E. Loh, S. Dubey
Acquisitionofdata (provided animals, acquired andmanagedpatients,
provided facilities, etc.): C.J. Ryan, S. Ng, J. Alumkal, J. Picus, G. Gravis, K.
Fizazi, F. Forget, J.-P. Machiels, S. Srinivas, M. Zhu, K.S. Oliner, E. Loh
Analysis and interpretation of data (e.g., statistical analysis, biosta-
tistics, computational analysis): C.J. Ryan, M. Rosenthal, S. Ng, J. Alum-
kal, G. Gravis, K. Fizazi, F. Forget, S. Srinivas, M. Zhu, R. Tang, K.S. Oliner, Y.
Jiang, E. Loh, S. Dubey, W.R. Gerritsen
Writing, review, and/or revision of the manuscript: C.J. Ryan, M.
Rosenthal, S. Ng, J. Alumkal, J. Picus, G. Gravis, K. Fizazi, F. Forget, J.-P.
Machiels, S. Srinivas, M. Zhu, R. Tang, K.S. Oliner, Y. Jiang, E. Loh, S. Dubey,
W.R. Gerritsen
Administrative, technical, or material support (i.e., reporting or orga-
nizing data, constructing databases): J. Alumkal, E. Loh, S. Dubey
Study supervision: M. Rosenthal, S. Ng, J. Alumkal, F. Forget, E. Loh, S.
Dubey

Acknowledgments
The authors thank Isaiah Dimery and Yun Lan (Amgen Inc.) for their

contributions to the study and Jenilyn Virrey (Amgen Inc.) provided writing
assistance.

Grant Support
The study was funded by Amgen Inc.
The costs of publication of this article were defrayed in part by the

payment of page charges. This article must therefore be hereby marked
advertisement in accordance with 18 U.S.C. Section 1734 solely to indicate
this fact.

Received August 6, 2012; revised October 9, 2012; accepted October 16,
2012; published OnlineFirst November 7, 2012.

References
1. Holzbeierlein J, Lal P, LaTulippe E, Smith A, Satagopan J, Zhang L,

et al. Gene expression analysis of human prostate carcinoma during
hormonal therapy identifies androgen-responsive genes andmechan-
isms of therapy resistance. Am J Pathol 2004;164:217–27.

2. Montgomery RB, Mostaghel EA, Vessella R, Hess DL, Kalhorn TF,
HiganoCS, et al. Maintenance of intratumoral androgens inmetastatic
prostate cancer: a mechanism for castration-resistant tumor growth.
Cancer Res 2008;68:4447–54.

3. Carver BS, Chapinski C, Wongvipat J, Hieronymus H, Chen Y, Chan-
darlapaty S, et al. Reciprocal feedback regulation of PI3K and andro-
gen receptor signaling in PTEN-deficient prostate cancer. Cancer Cell
2011;19:575–86.

4. de Bono JS, Logothetis CJ, Molina A, Fizazi K, North S, Chu L, et al.
Abiraterone and increased survival in metastatic prostate cancer.
N Engl J Med 2011;364:1995–2005.

5. de Bono JS, Oudard S, Ozguroglu M, Hansen S, Machiels JP, Kocak
I, et al. Prednisone plus cabazitaxel or mitoxantrone for metastatic
castration-resistant prostate cancer progressing after doce-
taxel treatment: a randomised open-label trial. Lancet 2010;376:
1147–54.

6. Rosenberg JE, Weinberg VK, Kelly WK, Michaelson D, Hussain MH,
Wilding G, et al. Activity of second-line chemotherapy in docetaxel-
refractory hormone-refractory prostate cancer patients: randomized
phase 2 study of ixabepilone or mitoxantrone and prednisone. Cancer
2007;110:556–63.

7. Naughton M, Picus J, Zhu X, Catalona WJ, Vollmer RT, Humphrey PA.
Scatter factor-hepatocyte growh factor elevation in the serum of
patients with prostate cancer. J Urol 2001;165:1325–8.

8. Humphrey PA, Halabi S, Picus J, Sanford B, Vogelzang NJ, Small EJ,
et al. Prognostic significance of plasma scatter factor/hepatocyte
growth factor levels in patients with metastatic hormone-refractory
prostate cancer: results from cancer and leukemia group B 150005/
9480. Clin Genitourin Cancer 2006;4:269–74.

9. Knudsen BS, Edlund M. Prostate cancer and the met hepatocyte
growth factor receptor. Adv Cancer Res 2004;91:31–67.

10. Verras M, Lee J, Xue H, Li TH, Wang Y, Sun Z. The androgen receptor
negatively regulates the expression of c-Met: implications for a novel
mechanism of prostate cancer progression. Cancer Res 2007;67:
967–75.

11. Singh AP, Bafna S, Chaudhary K, Venkatraman G, Smith L, Eudy JD,
et al. Genome-wide expression profiling reveals transcriptomic vari-
ation and perturbed gene networks in androgen-dependent and
androgen-independent prostate cancer cells. Cancer Lett 2008;259:
28–38.

12. van Leenders GJ, Sookhlall R, Teubel WJ, de Ridder CM, Reneman S,
Sacchetti A, et al. Activation of c-MET induces a stem-like phenotype
in human prostate cancer. PLoS ONE 2011;6:e26753.

13. van Leenders GJ, van Balken B, Aalders T, Hulsbergen-van de Kaa C,
Ruiter D, Schalken J. Intermediate cells in normal and malignant
prostate epithelium express c-MET: implications for prostate cancer
invasion. Prostate 2002;51:98–107.

14. Maeda A, Nakashiro K, Hara S, Sasaki T, Miwa Y, Tanji N, et al.
Inactivation of AR activates HGF/c-Met system in human prostatic
carcinoma cells. Biochem Biophys Res Commun 2006;347:1158–65.

15. Jun HT, Sun J, Rex K, Radinsky R, Kendall R, Coxon A, et al. AMG 102,
a fully human anti-hepatocyte growth factor/scatter factor neutralizing
antibody, enhances the efficacy of temozolomide or docetaxel in U-87
MG cells and xenografts. Clin Cancer Res 2007;13:6735–42.

16. Zhang YW, Su Y, Lanning N, Gustafson M, Shinomiya N, Zhao P, et al.
Enhanced growth of humanmet-expressing xenografts in a new strain
of immunocompromised mice transgenic for human hepatocyte
growth factor/scatter factor. Oncogene 2005;24:101–6.

17. Cao B, Su Y, Oskarsson M, Zhao P, Kort EJ, Fisher RJ, et al. Neu-
tralizing monoclonal antibodies to hepatocyte growth factor/scatter
factor (HGF/SF) display antitumor activity in animal models. Proc Natl
Acad Sci U S A 2001;98:7443–8.

Rilotumumab with Mitoxantrone and Prednisone in CRPC

www.aacrjournals.org Clin Cancer Res; 19(1) January 1, 2013 223

D
ow

nloaded from
 http://aacrjournals.org/clincancerres/article-pdf/19/1/215/2010350/215.pdf by guest on 19 M

ay 2023



18. Gao CF, Xie Q, Zhang YW, Su Y, Zhao P, Cao B, et al. Therapeutic
potential of hepatocyte growth factor/scatter factor neutralizing anti-
bodies: inhibition of tumor growth in both autocrine and paracrine
hepatocyte growth factor/scatter factor:c-Met-driven models of leio-
myosarcoma. Mol Cancer Ther 2009;8:2803–10.

19. Wen PY, Schiff D, Cloughesy TF, Raizer JJ, Laterra J, Smitt M, et al. A
phase II study evaluating the efficacy and safety of AMG 102 (rilotu-
mumab) in patients with recurrent glioblastoma. Neuro Oncol 2011;13:
437–46.

20. Gordon MS, Sweeney CS, Mendelson DS, Eckhardt SG, Anderson A,
Beaupre DM, et al. Safety, pharmacokinetics, and pharmacodynamics
of AMG 102, a fully human hepatocyte growth factor-neutralizing
monoclonal antibody, in a first-in-human study of patients with
advanced solid tumors. Clin Cancer Res 2010;16:699–710.

21. RosenPJ, SweeneyCJ, ParkDJ, BeaupreDM,DengH, Leitch IM, et al.
A phase Ib study of AMG 102 in combination with bevacizumab or
motesanib in patients with advanced solid tumors. Clin Cancer Res
2010;16:2677–87.

22. Doshi S, Kathman S, Tang R, Gisleskog PO, Loh E, Dubey S, et al.
Modeling the combined efficacy of rilotumumab (R; AMG 102) plus
epirubicin/cisplatin/capecitabine (ECX) for the treatment of locally
advanced or metastatic gastric or esophagogastric junction (G/EGJ)
cancer. J Clin Oncol 30, 2012 (suppl; abstr 2594).

23. Schoffski P, Garcia JA, Stadler WM, Gil T, Jonasch E, Tagawa ST,
et al. A phase II study of the efficacy and safety of AMG 102 in
patients with metastatic renal cell carcinoma. BJU Int 2011;108:
679–86.

24. Gisleskog PO, Lu JF, Perez-Ruixo JJ, Magnusson MO, Zhu M. A
mechanistic model to characterize binding dynamics of AMG 102 to
HGF ligands in cancer patients. Clin Pharm Ther 2010;87(Suppl 1):
S83.

25. Ryan CJ, Li J, Kheoh T, Scher HI, Molina A. Baseline serum adrenal
androgens are prognostic and predictive of overall survival (OS) in
patients (pts) with metastatic castrate-resistant prostate cancer
(mCRPC): results of the COU-AA-301 phase 3 randomized trial
[abstract]. In: Proceedings of the 103rd Annual Meeting of the Amer-
ican Association for Cancer Research; 2012 Mar 31–Apr 4; Chicago,
IL. Philadelphia (PA): AACR; 2012. Abstract nr LB-434.

26. HussainM,SmithMR,SweeneyC,CornPG, ElfikyA,GordonMS, et al.
Cabozantinib (XL184) in metastatic castration-resistant prostate can-
cer (mCRPC): Results from a phase II randomized discontinuation trial.
J Clin Oncol 29, 2011 (suppl; abstr 4516).

27. Sennino B, Ishiguro-Oonuma T, Wei Y, Naylor RM, Williamson CW,
Bhagwandin V, et al. Suppression of tumor invasion andmetastasis by
concurrent inhibition of c-Met and VEGF signaling in pancreatic
neuroendocrine tumors. Cancer Discov 2012;2:270–87.

Ryan et al.

Clin Cancer Res; 19(1) January 1, 2013 Clinical Cancer Research224

D
ow

nloaded from
 http://aacrjournals.org/clincancerres/article-pdf/19/1/215/2010350/215.pdf by guest on 19 M

ay 2023


