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Cancer Therapy: Clinical Clinical

Cancer
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A Phase I Study of Foretinib, a Multi-Targeted Inhibitor of
c-Met and Vascular Endothelial Growth Factor Receptor 2
Joseph Paul Eder1, Geoffrey I. Shapiro1, Leonard J. Appleman3, Andrew X. Zhu2, Dale Miles4, Harold Keer4,
Belinda Cancilla4, Felix Chu4, Suzanne Hitchcock-Bryan1, Laurie Sherman5, Stewart McCallum5,
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Purpose: Foretinib is an oral multikinase inhibitor targeting Met, RON, Axl, and vascular endothelial
growth factor receptor. We conducted a phase I, first-time-in-human, clinical trial using escalating doses
of oral foretinib. The primary objectives are to identify a maximum tolerated dose and determine the
safety profile of foretinib. Secondary objectives included evaluation of plasma pharmacokinetics, long-
term safety after repeated administration, preliminary antitumor activity, and pharmacodynamic activity.
Experimental Design: Patients had histologically confirmed metastatic or unresectable solid tumors

for which no standard measures exist. All patients received foretinib orally for 5 consecutive days every 14
days. Dose escalation followed a conventional “3+3” design.
Results: Forty patients were treated in eight dose cohorts. The maximum tolerated dose was defined as

3.6 mg/kg, with a maximum administered dose of 4.5 mg/kg. Dose-limiting toxicities included grade 3
elevations in aspartate aminotransferase and lipase. Additional non–dose-limiting adverse events includ-
ed hypertension, fatigue, diarrhea, vomiting, proteinuria, and hematuria. Responses were observed in two
patients with papillary renal cell cancer and one patient with medullary thyroid cancer. Stable disease was
identified in 22 patients. Foretinib pharmacokinetics increased linearly with dose. Pharmacodynamic
evaluation indicated inhibition of MET phosphorylation and decreased proliferation in select tumor bi-
opsies at submaximal doses.
Conclusions: The recommended dose of foretinib was determined to be 240 mg, given on the first

5 days of a 14-day cycle. This dose and schedule were identified as having acceptable safety and phar-
macokinetics, and will be the dose used in subsequent phase II trials. Clin Cancer Res; 16(13); 3507–16.

©2010 AACR.
Hepatocyte growth factor (HGF) and its receptor tyro-
sine kinase signaling axis, Met, have been associated with
several types of cancer (1, 2). Evidence supports roles for
HGF-Met signaling in the regulation of three conspicuous
properties of tumor cells: cell proliferation, tissue inva-
sion, and metastasis (2–4). HGF-Met signaling synergisti-
cally mediates angiogenesis through downregulation of
thrombospondin-1, a major endogenous angiogenesis
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inhibitor, and by upregulation of the highly angiogenic
vascular endothelial growth factor (VEGF; ref. 5). Overex-
pression of HGF and Met is indicative of increased aggres-
siveness of tumors and poor prognosis in cancer patients
(5–11). Recent evidence implicates upregulation of HGF
and MET after VEGF-inhibitory therapy as a mechanism
of resistance to angiogenesis inhibitors (12). Foretinib
(formerly XL880) was developed as a small-molecule re-
ceptor tyrosine kinase inhibitor with a dual purpose: to
target abnormal signaling of HGF through Met and simul-
taneously target several receptor tyrosine kinases involved
in tumor angiogenesis. Foretinib has nanomolar in vitro
and in vivo inhibitory activity for Met and VEGF receptor-2
(VEGFR2). It also has high in vitro affinity for platelet-
derived growth factor receptor-β (PDGFRβ), Tie-2, RON,
Kit, and FLT3 and kinases. Foretinib binds avidly and
deeply in the adenosine triphosphate pocket of both
MET and VEGFR2, inducing a conformational change with
a mean cellular target residence time of >24 hours (13, 14).
Foretinib caused tumor hemorrhage and necrosis in hu-
man xenografts within 2 to 4 hours, and maximal tumor
necrosis was observed at 96 hours (after five daily doses),
3507
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Translational Relevance

Foretinib was developed to test the hypothesis that
antitumor activity could be combined in a single agent
through inhibition of both tumor proliferation (Met)
and angiogenesis (vascular endothelial growth factor
receptor 2, Tie-2, and platelet-derived growth factor).
This first-time-in-human, phase I, dose-escalation trial
of oral foretinib established that a dose up to 3.6 mg/kg
for 5 consecutive days of a 14-day cycle was acceptable
for phase II trials and showed significant evidence of
biological activity and clinical efficacy. Reversible
elevations in serum aspartate aminotransferase and
lipase were the dose-limiting toxicities. The clinical
activity in this phase I trial supports plans to investi-
gate alternative schedules and to explore the mecha-
nism by which Met or angiogenesis drives tumors.
This activity further supports additional investigation
into agents with extended target spectrums of activity,
selected for potentially significant interdependency in
the neoplastic progression found in refractory solid
tumor malignancies.

Eder et al.
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resulting in complete regression in tumors ranging in
size from 100 to 1,000 mm3. Peak plasma levels required
for optimal efficacy were 1 to 3 μmol/L, but associated
trough levels were 0.02 to 0.1 μmol/L, consistent with pro-
longed biological effects (13). Because preclinical toxicities
associated with foretinib were generally reversible with no
evidence of tumor regrowth during off-drug periods, 5 days
of treatment followed by 9 days of observation was chosen
as the schedule for this first phase I clinical trial.
Patients and Methods

Patient selection
Eligible subjects were 18 years or older, with an Eastern

Cooperative Oncology Group performance status of 0 to 2
and had histologically confirmed metastatic or unresect-
able solid tumors for which no standard curative or palli-
ative measures exist. Patients were excluded if they had
received chemotherapy, immunotherapy, radiotherapy,
or an investigational agent within 4 weeks; had received
radiation to ≥25% of bone marrow; were pregnant or lac-
tating; had known brain metastases; or had uncontrolled
intercurrent illness. The medical ethical committees of all
participating institutions approved the study, and all pa-
tients gave written informed consent according to institu-
tional regulations before participation.

Study design
Foretinib was administered for 5 consecutive days every

14 days in a phase I, nonrandomized, dose-finding study
(MET111647, NCT00742131). The primary objectives
Clin Cancer Res; 16(13) July 1, 2010
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were to determine the maximum tolerated dose and to as-
sess safety and tolerability. Additional objectives included
evaluation of plasma pharmacokinetics, long-term safety
after repeated administration, preliminary antitumor activ-
ity, and pharmacodynamic activity.
Dose escalation followed a conventional “3+3” design

using an escalation scheme with dose doubling until the
first foretinib-related grade 2 toxicity was observed. Then,
doses were increased by 50% until the first instance of
grade 3 toxicity was observed, and doses were subse-
quently increased by 25%. The decision to proceed to
the next dose cohort was based on events in the first cycle.
All patients received an oral dose of study medication on
day 1 followed by a 72-hour observation period. If there
were no dose-limiting toxicities, patients received five
consecutive daily doses of foretinib on days 4 to 8. The
dosage of foretinib in cohort 1 was 0.1 mg/kg (15).
Twenty-one days after the initial dose, patients were eligi-
ble to participate in the treatment extension period to
continue foretinib on the 5-days-on, 9-days-off schedule
without planned interruption. Dose-limiting toxicities
were based on clinical observations during the entire
treatment period and formed the basis for defining the
maximum tolerated dose. Once the maximum tolerated
dose was determined, additional patients were treated at
that dose to confirm safety.

Study medication
Foretinib was provided as a powder-in-bottle formula-

tion and as 20, 100, and 200 mg capsules. The capsule
strengths and dose amounts used in this study are ex-
pressed as the bisphosphate salt formulation of foretinib
(molecular weight 828.64; free-base molecular weight
632.66 Da).

Safety assessments
Safety was assessed through standard clinical and labo-

ratory tests and collection of clinical adverse events and
serious adverse events. The National Cancer Institute
Common Terminology Criteria for Adverse Events v3.0
was used for grading (16). Dose-limiting toxicity was de-
fined as any clinically significant treatment-related adverse
event that met any of the following criteria: (a) grade ≥3 if
nonhematologic (including grade 3 nausea and/or vomit-
ing and diarrhea despite treatment and grade 3 hyperten-
sion despite optimal antihypertensive therapy) or grade ≥4
if hematologic, or (b) an indication that subsequent pa-
tients were at enhanced risk of harm or the need for in-
creased medical treatment. The maximum tolerated dose
was the dose level below the maximum administered dose
at which no more than one dose-limiting toxicity was seen
among six treated patients. Subjects were considered eva-
luable for safety analyses if they received at least one dose
of study drug.

Pharmacokinetic sampling and analysis
Whole blood samples were collected, using K+-EDTA as

an anticoagulant, at predose and at specified time points
Clinical Cancer Research

 ciation for Cancer Research
 on March 14, 2013ournals.org

http://clincancerres.aacrjournals.org/
http://www.aacr.org/


Oral Foretinib Phase I Dose-Escalation Study

Published OnlineFirst May 14, 2010; DOI:10.1158/1078-0432.CCR-10-0574
up to ∼72 hours after the first dose (day 1) and predose
and up to ∼96 hours after dose administration on day
8 (fifth consecutive daily dose). Samples were centrifuged
within 30 minutes of collection, and plasma was stored at
−20°C or below until assayed. On day 1, urine was collect-
ed over 24 hours after the initial dose to measure renal ex-
cretion of drug.
Foretinib concentrations in plasma were determined by

a validated high-performance liquid chromatography
method with tandem mass spectrometric detection. Fore-
tinib and the internal standard, gefitinib, were extracted
from plasma by solid phase extraction. The standard curve
range for foretinib was 0.50 to 500 ng/mL, using a plasma
sample volume of 100 μL.
The validation protocol established the inter- and intra-

assay precision (less than ±15% relative SD) and accuracy
(less than or equal to ±15% deviation of mean from the-
oretical), selectivity, carryover, linearity, sensitivity, freeze/
thaw stability, absolute recovery, room temperature stabil-
ity, and long-term stability. The lower limit of quantita-
tion for foretinib is 0.50 ng/mL, with linearity shown to
the upper limit of quantitation of 500 ng/mL.
Pharmacokinetic parameters in plasma were deter-

mined by noncompartmental analysis and included
maximum plasma concentrations (Cmax), time to Cmax

(Tmax), area under the plasma concentration-time curve
from 0 to 24 hours (AUC0-24), and terminal half-life
(t1/2). Multiple-dose accumulation of foretinib was eval-
uated through the ratio of exposure parameters (i.e.,
Cmax and AUC0-24) on day 8 to corresponding values
on day 1. Urinary recovery of foretinib was determined
from pooled samples collected over 24 hours after the
first dose.

Pharmacodynamics
Three patients were biopsied for evidence of biological

efficacy of foretinib activity. All three patients had superfi-
cial tumor amenable to noninvasive serial biopsies. Serial
biopsies of tumor and skin samples were analyzed for the
target receptors of foretinib (Met, phospho-Met, RON, and
phospho-RON), downstream signaling molecules (phos-
pho-ERKThr202/Tyr204, phospho-Aktser473), and cell prolifer-
ation (Ki67) by immunohistochemistry, whereas apoptosis
was analyzed by terminal deoxynucleotidyl transferase-
mediated dUTP nick-end labeling (TUNEL) staining.
Immunohistochemistry results were scored, and percent
changes were calculated. Fresh biopsies of tumor and skin
were collected and frozen in OCT-embedding compound,
and serial 10-μm cryosections were prepared. Sections were
fixed with acetone and stained by immmunofluorescence
for MET (Zymed), phospho-METY1230/4/5 (Biosource),
RON (Santa Cruz), phospho-RONY1238/9 (Exelixis), phospho-
ERKT202/Y204 (Cell Signaling), phospho-AKTS473 (Cell
Signaling), Ki67 (Lab Vision), and TUNEL (Roche), with 4′,6-
diamidino-2-phenylindole (DAPI; Molecular Probes) as a
nuclear counterstain. Eight to 10 nonoverlapping fields
were imaged per sample per readout (covering the majority
of the section) and analyzed using MetaMorph. Levels of
www.aacrjournals.org
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immunofluorescence staining were determined in the epithe-
lium of skin biopsies (dermis and keratinized layer were ex-
cluded from analysis) and tumor cells of tumor biopsies
(nontumor cells were excluded from analysis). Positive
staining for each readout was calculated as area of red pixels
(readout)/area blue pixels (DAPI) (%). For Ki67 and TUNEL,
positive staining was calculated as number of red nuclei/
number of blue nuclei (%). Changes were expressed relative
to baseline samples.

Tumor response after repeat dosing of foretinib
For subjects with measurable lesions, tumor assess-

ments were done within 30 days of first dose and approx-
imately every 8 weeks thereafter using the Response
Evaluation Criteria in Solid Tumors (17).

Statistical methods
Descriptive statistics were used for baseline characteris-

tics, safety assessments, pharmacokinetic variables (Cmax,
Tmax, AUC0-24, and t1/2), and exploratory assessments
(time to progressive disease, clinical symptoms, tumor
markers, and tumor response).
cia
ou
Table 1. Patient characteristics at baseline
Characteristic
Clin Cancer Res;

 tion for Cancer Research
 on March 14, 2013rnals.org
Results (N = 40)
Mean age, y (range)
 54.8 (30–79)

Sex (male/female), n (%)
 18/22 (45.0/55.0)

Race, n (%)
Asian
 1 (2.5)

Black or African American
 4 (10.0)

White
 35 (87.5)
Mean years since diagnosis (SD)
 3.3 (4.62)

Mean years since metastasis (SD)
 2.6 (4.57)

Prior antitumor therapy, n (%)
Prior chemotherapy or radiotherapy
 36 (90.0)

Prior chemotherapy and radiotherapy
 12 (30.0)
Median prior chemotherapy regimens,
n (range)
3.0 (0–7)
Tumor type, n (%)

Colorectal cancer
 14 (35.0)

Papillary renal carcinoma
 4 (10.0)

Ovarian adenocarcinoma
 5 (12.5)

Renal cell carcinoma
 3 (7.5)

Melanoma
 3 (7.5)

Thyroid cancer
 3 (7.5)

Sarcoma
 2 (5.0)

Neuroendocrine metastatic
Pancreatic
 1 (2.5)

Pulmonary carcinoid (atypical)
 1 (2.5)
Adenocarcinoma, clear cell (urethral)
 1 (2.5)

Breast carcinoma (invasive ductal)
 1 (2.5)

Squamous cell carcinoma (anorectal)
 1 (2.5)

Hepatocellular
 1 (2.5)
16(13) July 1, 2010 3509
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Results

Patient characteristics and maximum tolerated dose
determination
Forty patients were treated in eight cohorts between

April 2005 and May 2008. Demographic characteristics,
prior treatment history, and cancer types for the study
participants are provided in Table 1. Cohorts of patients
were enrolled and dosed at the following levels: 0.1, 0.2,
0.4, 0.8, 1.6, 2.4, 3.6, and 4.5 mg/kg. The 0.1 and 0.2
mg/kg cohorts received foretinib as a liquid formulation
from the powder-in-bottle formulation. Two cohorts
were dosed at 0.4 mg/kg, one receiving foretinib as a
powder-in-bottle formulation, the other as capsules. The
maximum administered dose was 4.5 mg/kg. Two pa-
Clin Cancer Res; 16(13) July 1, 2010
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tients developed symptomatic brain metastases and dis-
continued study drug as a result; therefore, they did
not receive all scheduled doses in cycle 1 but were evalu-
able for toxicity.
Dose-limiting toxicities were seen in two of four pa-

tients receiving the maximum administered dose (4.5
mg/kg): grade 3 elevated levels of aspartate aminotrans-
ferase (AST) and lipase. Additional patients were then en-
rolled at the preceding dose level (3.6 mg/kg), expanding
the cohort to 14 patients. Toxicity of foretinib at 3.6 mg/
kg (median 240 mg) was tolerable, with protocol-defined
dose-limiting toxicities developing in only one patient
(central nervous system hemorrhage into previously un-
suspected brain metastasis); 3.6 mg/kg was designated as
the maximum tolerated dose.
Table 2. Treatment-related adverse events occurring in ≥20% of treated patients
No. of events (no. of patients)
Cohort 1,
0.1 mg/kg
(n = 3)
Cohort 2,
0.2 mg/kg
(n = 3)
Cohort 3,
0.4 mg/kg
(n = 7)
Cohort 4,
0.8 mg/kg
(n = 3)
Cohort 5,
1.6 mg/kg
(n = 3)
ciation fo
ournals.o
Cohort 6,
2.4 mg/kg
(n = 3)
r Cancer R
 on Marrg
Cohort 7,
3.6 mg/kg
(n = 14)
Cl

 esearch
ch 14, 201
Cohort 8,
4.5 mg/kg
(n = 4)

A

inical Canc

3

ll cohorts
(N = 40)
Hypertension,*
any grade
0
 0 (0)
 0
 3 (2)
 2 (2)
 1 (1)
 8 (6)
 2 (1)
 16 (12)
Grades 1–2
 0
 0
 0
 3 (2)
 1 (1)
 1 (1)
 6 (5)
 2 (1)
 13 (10)

Grades 3–4
 0
 0
 0
 0
 1 (1)
 0
 2 (2)
 0
 3 (3)
Elevated LDH,
any grade
0
 0
 1 (1)
 1 (1)
 0
 4 (1)†
 9 (6)
 16 (3)
 31 (12)
Grades 1–2
 0
 0
 1 (1)
 0
 0
 1 (1)
 9 (6)
 14 (3)
 25 (11)

Grades 3–4
 0
 0
 0
 1 (1)
 0
 3 (1)
 0
 2 (2)
 6 (4)
Proteinuria,‡ any
grade
0
 0
 0
 0
 3 (1)
 2 (1)
 8 (4)
 8 (3)
 21 (9)
Grades 1–2
 0
 0
 0
 0
 3 (1)
 2 (1)
 8 (4)
 8 (3)
 21 (9)

Grades 3–4
 0
 0
 0
 0
 0
 0
 0
 0
 0
Elevated AST,
any grade
0
 0
 0
 0
 0
 0
 6 (6)
 5 (4)
 11 (10)
Grades 1–2
 0
 0
 0
 0
 0
 0
 6 (6)
 4 (4)
 10 (10)

Grades 3–4
 0
 0
 0
 0
 0
 0
 0
 1 (1)
 1 (1)
Fatigue, any
grade
2 (1)
 0
 0
 0
 2 (1)
 0
 8 (6)
 2 (1)
 13 (9)
Grades 1–2
 2 (1)
 0
 0
 0
 2 (1)
 0
 8 (6)
 2 (1)
 13 (9)

Grades 3–4
 0
 0
 0
 0
 0
 0
 0
 0
 0
Diarrhea, any
grade
0
 0
 0
 0
 1 (1)
 1 (1)
 25 (6)
 0
 27 (8)
Grades 1–2
 0
 0
 0
 0
 1 (1)
 1 (1)
 25 (6)
 0
 27 (8)

Grades 3–4
 0
 0
 0
 0
 0
 0
 0
 0
 0
Vomiting, any
grade
0
 0
 0
 0
 1 (1)
 1 (1)
 10 (5)
 2 (1)§
 14 (8)
Grades 1–2
 0
 0
 0
 0
 1 (1)
 1 (1)
 10 (5)
 1 (1)
 13 (8)

Grades 3–4
 0
 0
 0
 0
 0
 0
 0
 1 (1)
 1 (1)
Abbreviation: LDH, lactate dehydrogenase.
*Hypertension includes the preferred terms “hypertension” and “blood pressure increase.”
†A single patient experienced all lactate dehydrogenase elevations of any grade reported for cohort 6.
‡Proteinuria includes proteinuria and protein urine.
§A single patient experienced all vomiting episodes of any grade reported for cohort 8.
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Thirty-three patients continued into the treatment exten-
sion period, receiving treatment for an additional 1 to >97
cycles (14 days to >48 months with a median of 66.5 days
on therapy). Seven patients did not receive additional
treatment with foretinib after cycle 1 due to either progres-
sive disease (n = 6) or adverse event (n = 1).

Safety
All 40 patients were included in the safety evaluation.

Table 2 lists treatment-related adverse events by cohort
and severity. Thirty-nine (98%) patients reported at least
one adverse event. Hypertension was an expected and fre-
quently reported treatment-related adverse event
(16 events in 12 patients; ref. 18). Hypertension was most
often grade 1 or 2, with one grade 3 event at 1.6 mg/kg
and two at 3.6 mg/kg. Elevations in AST occurred in
10 patients (25%), and all but one event were less than
grade 3. Proteinuria was common, all grade 1 or 2, and
resolved spontaneously in all but three of nine patients.
Events in cycle 1 did not reflect all the toxicities encoun-

tered. With prolonged exposure in patients demonstrating
clinical benefit, delayed therapy-related events were noted.
Fatigue was frequent, leading to discontinuation in one
patient due to grade 2 toxicity. Two patients reported
reversible confusion. One patient had recently complet-
ed a trial of cedaranib for medullary thyroid cancer, and
the patient's spouse reported an episode of expressive
aphasia and apraxia in repetitive executive functions
(shaving, dressing) that subsided within 8 to 12 hours
on the second course, on the 3rd day. The second pa-
tient had completed therapy for colon cancer with bev-
www.aacrjournals.org
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acizumab and FOLFOX 6 weeks before receiving
foretinib. He became disoriented to time and place in
his first and third cycles, initially during a dose increase
in major opiates that resolved without need for foretinib
dose modification and, again, at a time when he was
developing worsening hepatic dysfunction. However, he
improved briefly after stopping foretinib before the on-
set of progressive portosystemic encephalopathy. Addi-
tional events, namely pedal edema, fluid retention,
nausea, and diarrhea, were bothersome, if not limiting,
and resolved with reduction in the dose of foretinib.
Treatment-related adverse events leading to study drug

discontinuation occurred in three patients. These were
elevated lipase (grade 3), tumor hemorrhage (grade 3),
and hemorrhage into central nervous system metastasis
(grade 4); these patients were receiving 4.5, 3.6, and
0.4 mg/kg foretinib, respectively. Three deaths occurred
within 30 days of the last dose of foretinib. These were
assessed as unrelated to foretinib and attributed to pro-
gression of metastatic cancer, as documented clinically
and by imaging studies.

Pharmacokinetics
All 40 patients were included in the pharmacokinetic

analysis. Concentration-time plots of plasma foretinib by
cohort after a single dose (day 1) or after five daily doses
(day 8) are shown in Fig. 1, and summary pharmacokinet-
ic parameters for the maximum tolerated dose cohort are
provided in Table 3. Observed Tmax concentrations oc-
curred at ∼4 hours on both days 1 and 8, with no differ-
ences between dose levels. Foretinib concentrations
Fig. 1. Foretinib pharmacokinetics.
Mean (±SE) foretinib plasma
concentration-time profiles on
day 1, after the first dose in each
cohort, and on day 8, after the fifth
consecutive daily dose in each
cohort. Samples were taken for
≈72 hours after the day 1 dose and
for ≈96 hours after the day 8 dose.
Cohorts 1 to 3A received
powder-in-bottle formulations;
cohorts 3B to 8 received capsules.
LLOQ, lower limit of quantitation.
Clin Cancer Res; 16(13) July 1, 2010 3511
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declined in approximate monoexponential fashion after
the attainment of Cmax. Mean cohort Cmax and AUC0-24

values on day 8 exceeded those on day 1 by 1.36 to
3.02 and 1.94 to 3.50, respectively, with a trend for higher
ratios at higher dose levels. For subjects receiving capsules,
exposure increased approximately in proportion to total
dose on days 1 and 8 (based on AUC0-24). At the maxi-
mum tolerated dose (3.6 mg/kg; median 240 mg), the
mean (SD) Cmax and AUC0-24 values were estimated to
be 90.5 ng/mL (0.14 μmol/L) and 1,300 ng·hours/mL
(2.05 μmol/L·hours) on day 1. On day 8, after the admin-
istration of five consecutive daily doses, mean Cmax and
AUC0-24 were increased to 218 ng/mL (0.34 μmol/L)
and 4,050 ng·hours/mL (6.40 μmol/L·hours). The medi-
an t1/2 across all cohorts was ∼40 hours and was similar
on days 1 and 8. There were no apparent differences in
foretinib pharmacokinetics based on age, sex, or body
weight. Urinary excretion of intact foretinib was <1% of
the administered dose over 24 hours after the initial dose.

Pharmacodynamics
Serial tumor biopsies and control skin samples were col-

lected from three patients with three different tumor types,
all at or below the maximum tolerated dose. These pa-
tients were selected for biopsies because they agreed to
the procedures, which in all cases were of superficial skin
Clin Cancer Res; 16(13) July 1, 2010
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lesions, and the procedure was judged by the investigators
to be of minimal risk and inconvenience to the patients.
They were not selected by tumor type or dose, but merely
by accessibility. One patient with melanoma was treated at
0.8 mg/kg, and one patient with medullary thyroid cancer
and one with triple negative breast cancer were treated at
3.6 mg/kg. Immunohistochemistry staining of the tumor
biopsies after foretinib treatment revealed minimal
changes in total Met and total RON; however, kinase activ-
ity as measured by phosphorylation status, as well as the
downstream signaling molecules pAkt and pERK, was re-
duced in the tumors of all three patients [Figs. 2 and 3 (re-
presents data for a melanoma patient); Table 4]. In
addition, marked decreases in proliferation and increases
in apoptosis in the tumor biopsies were observed post-
treatment. Although all of these effects were seen during
cycle 1, effects on signaling, proliferation, and apoptosis
increased markedly over time in one patient biopsied
twice (Fig. 2A). No changes were seen in skin samples
from these three patients (Fig. 2B). All three patients had
minor responses (stable disease) to foretinib.

Tumor response
The 40 treated patients were included in assessment of

tumor response. Three confirmed partial responses (7.5%)
were observed, including two partial responses in patients
with papillary renal carcinoma at 0.2 and 3.6 mg/kg dose
levels and one in a patient with medullary thyroid carcino-
ma at a 3.6 mg/kg dose level. Both patients with papillary
renal carcinoma, who had confirmed partial responses of
>48 and 12 months duration, presented with symptomatic
metastatic disease and received no prior therapy except
surgery. The patient with medullary thyroid carcinoma,
who had previously received treatment with cediranib
and doxorubicin, had a 10-month response. Twenty-two
additional patients had stable disease (55%), with a dura-
tion range of 1 to 10 months (mean 4 months).

Discussion

Foretinib was developed to test the hypothesis that anti-
tumor activity could be combined in a single agent through
inhibition of both tumor proliferation (Met) and angio-
genesis (VEGFR2, Tie-2, and PDGF). This first-time-in-
human, phase I, dose-escalation trial of oral foretinib
established that a dose up to 3.6 mg/kg for 5 consecutive
days of a 14-day cycle was acceptable for phase II trials
and showed significant evidence of biological activity and
clinical efficacy. Reversible elevations in serum AST and
lipase were the dose-limiting toxicities.
The most common adverse events observed were hyper-

tension, fatigue, diarrhea, and vomiting. Laboratory
abnormalities included proteinuria, hematuria, and eleva-
tions in AST and lactate dehydrogenase. These changes
were generally of grade 1 or 2, and resolved with sched-
uled dose delay or dose reduction. Two commonly
observed events, hypertension and proteinuria, are linked
to inhibition of VEGF-mediated angiogenesis (18).
Table 3. Plasma pharmacokinetic parameters
following one or five daily doses of foretinib
at the maximum tolerated dose of 3.6 mg/kg
(median 240 mg)
Plasma pharmacokinetic parameter
 Mean (CV%)
Tmax, h

Day 1
 5.01 (64.0)

Day 8
 3.76 (82.5)
Cmax, ng/mL

Day 1
 90.5 (40.1)

Day 8
 218 (28.9)

Day 8/day 1
 2.71 (41.7)
AUC0–24, ng·h/mL

Day 1
 1,300 (32.5)

Day 8
 4,050 (30.8)

Day 8/day 1
 3.32 (35.2)
t1/2, h

Day 1
 36.2 (29.3)

Day 8
 40.5 (29.4)
NOTE: Day 1 results (n = 14) follow first dose of foretinib;
day 8 results (n = 13) follow five daily doses of foretinib.
Abbreviations: CV%, percent coefficient of variation; Tmax,
observed time to maximum plasma concentration; Cmax,
maximum plasma drug concentration; AUC0-24, area under
the plasma drug concentration-time curve from time 0 to
24 hours; t1/2, terminal-phase half-life.
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Patient-specific management of hypertension proved to be
effective without disrupting drug administration. A unique
toxicity shown in two patients was a transient (<24 hours)
confusional state, with an expressive language disorder
and apraxia in one. These occurred in the setting of grade
2 hypertension and proteinuria and were considered relat-
ed to the inhibition of the VEGF axis (18, 19). No specific
dose-limiting toxicity could be ascribed solely to inhibi-
tion of the HGF-Met axis, although fatigue, nausea, diar-
rhea, and elevations of hepatic transaminases are
frequently seen in patients treated with several tyrosine ki-
nase inhibitors of differing target specificity (20).
www.aacrjournals.org

American Asso Copyright © 2010 
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Pharmacokinetic data showed that foretinib has a long
half-life in humans, approximating 40 hours. There was
dose-proportional accumulation in plasma over the days
of consecutive dosing; AUC0-24 values across dose cohorts
were increased by ∼2- to 3.5-fold on day 8 versus day 1.
The high plasma levels after five consecutive daily doses,
along with the relatively long elimination half-life, result
in continued plasma exposure even into the nondosing
period. Plasma concentrations after a 9-days-off period
were very low and essentially the same as the start of a
14-day cycle, suggesting that investigation of a lower dose
administered more frequently throughout a treatment
Fig. 2. Foretinib effects on biochemical targets, cell proliferation, and apoptosis in tumor biopsies. Tumors were sampled before and 4 hours after
dosing and were analyzed by immunohistochemistry or TUNEL staining. Melanoma, cycle 1 (•) and cycle 6 (○); breast, cycle 1 (pre) and cycle 3
(post;▵); thyroid, cycle 1 (□).
Clin Cancer Res; 16(13) July 1, 2010 3513
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cycle may be warranted. The recommended phase II dose
of foretinib by this schedule is 240 mg. Although patients
were dosed by body weight in this study, analysis of data
did not indicate that plasma pharmacokinetics were
affected by age, sex, or weight, and clinical practicality of
multiple capsules of different strengths would be an un-
needed burden on patients in clinical trials. In the expand-
ed cohort of 3.6 mg/kg/d (the recommended phase II
dose), the average dose that patients actually received
was 240 mg.
Serial biopsy results in three patients provided prelimi-

nary evidence of sustained target and downstream path-
way modulation, with resultant antiproliferative and
proapoptotic effects in the tumors. There is evidence of
Met receptor inhibition, with decreased Met and RON
phosphorylation, and reduced downstream signaling of
pERK and pAkt in tumor biopsies with a corresponding
decrease in the Ki67-positive cell fraction and an increase
in the TUNEL staining fraction of tumor cells. These
findings were observed in tumor cells as evidence of
Clin Cancer Res; 16(13) July 1, 2010
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Met inhibition at doses that did not produce clinical
evidence of VEGF axis inhibition such as hypertension
and proteinuria.
The observation of three partial responses and 22 cases

of stable disease underscores that foretinib exposure pro-
duces clinical and immunohistochemical activity in hu-
man tumors. Four patients with sporadic papillary renal
carcinoma were treated in this trial. The first patient,
treated at 0.2 mg/kg (1/18th the maximum tolerated
dose), continues in a partial response condition 4 years
later. A second patient, with an amplification of chromo-
somes 7 and 17, suggesting Met rearrangement, achieved a
partial response lasting 12 months (21). Activity was seen
in both papillary and medullary thyroid cancer, melano-
ma, and other solid tumors where alterations in Met are
not a characteristic finding, suggesting that foretinib may
be working through multiple target effects (22).
HGF-Met activation acts as an independent angiogenic

factor and one that may interact with the angiogenic pro-
liferation and survival signals of VEGF, angiopoietin-1,
Fig. 3. Immunohistochemistry analysis of serial tumor biopsies from a patient with melanoma. Images are shown at 200× magnification, except for TUNEL
(400×). Changes in intensity are calculated with MetaMorph and are expressed relative to DAPI counterstain.
Table 4. Quantification of immunohistochemistry readouts of serial tumor biopsies
Inhibition of IHC signal intensity postdose vs predose (%)
Total-MET
c
o

P-MET
iation f
urnals
Total-RON
or Cancer
 on Ma.org
P-RON
 Resea
rch 14
P-Akt
Clin

 rch
, 2013
P-ERK
ical Ca
Ki67
ncer
TUNEL
Melanoma cycle 1
 2
 14
 4
 12
 15
 50
 42
 −8,077

Melanoma cycles 1–6
 18
 62
 29
 70
 58
 75
 88
 −22,054

Metastatic breast cancer cycle 1 (pre) to cycle 3 (post)
 6
 24
 5
 20
 8
 11
 26
 −33

Medullary thyroid carcinoma cycle 1
 9
 16
 6
 44
 28
 17
 49
 −201
NOTE: Quantitative MetaMorph data were analyzed for signaling molecules as area measures relative to DAPI, and for Ki67 and
TUNEL as cell counts relative to DAPI. Inhibition of signaling by foretinib is expressed in percent.
Abbreviation: IHC, immunohistochemistry.
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and hypoxia-inducible factor-1α (4, 5, 23). HGF-Met sig-
naling increases VEGF levels in tumor and endothelial
cells (24, 25). Increased HGF-Met signaling decreases
thrombospondin-1, the major endogenous inhibitor of
angiogenesis (5). Combined HGF-Met and VEGF signaling
cooperate to increase the expression of VEGF-regulated
genes and to express novel transcripts in endothelial cells
(26). Combined VEGF and HGF-Met signaling prevents
endothelial cell apoptosis, forms capillaries in vivo, and in-
creases the microvessel density within tumors (5, 25). Re-
cent reports implicate increased expression of Met and
HGF protein at the invasive edge of VEGF inhibitor–
targeted therapy as the mechanism by which therapy directed
solely at the VEGF axis may lead to increased tumor inva-
sion and metastasis, thus producing therapeutic failure
(12). Therefore, targeting inhibition of HGF-Met both en-
hances VEGF/VEGFR axis–mediated inhibition of angio-
genesis at the time of initial therapy and provides a
solution to the expected hypoxic response, which is a
cause of therapeutic resistance.
Foretinib inhibits its intended targets in a balanced

manner at clinically tolerable doses. The responses in pap-
illary renal carcinoma, where Met is an established onco-
gene, clinically support the immunohistochemistry
findings of Met inhibition in tumor biopsies (21). The
dose-limiting vascular effects are indicative of VEGF axis
inhibition, a potential additional mechanism of action
in tumors where HGF-Met is not a major impetus to tu-
mor proliferation. The clinical activity in this phase I trial
supports plans to investigate alternative schedules and to
explore the mechanism by which Met or angiogenesis
drives tumors. An additional study with daily dosing of
foretinib has been completed. Phase II studies with the in-
termittent schedule described here have been completed
in papillary renal carcinoma and refractory gastric cancer.
www.aacrjournals.org
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Phase II trials with the daily schedule are under way in sev-
eral tumor types, including hepatocellular carcinoma and
lung cancer. The activity observed in this trial further sup-
ports additional investigation into agents with extended
target spectrums of activity, selected for potentially signif-
icant interdependency in the neoplastic progression found
in refractory solid tumor malignancies.
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