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Abstract

Purpose Brivanib alaninate is a prodrug of brivanib
(BMS-540215), a potent oral VEGFR-2 inhibitor and is
currently in development for the treatment of hepatocel-
lular and colon carcinomas. In vitro and in vivo studies
were conducted to characterize the preclinical pharmaco-
kinetics and disposition of brivanib and brivanib alaninate,
and antitumor efficacy in mice bearing human xenografts.
Methods In vitro studies were conducted in liver and
intestinal fractions, plasma and Caco-2 cells to assess the
metabolic stability. Pharmacokinetics of brivanib were
determined in preclinical species after administration of
single intravenous or oral doses of both brivanib and
brivanib alaninate. The antitumor efficacy was assessed at
equimolar doses in nude mice bearing human tumor
xenografts. Human efficacious dose was predicted based on
projected human pharmacokinetic parameters and exposure
at efficacious doses in the mouse efficacy models.

Results In vitro and in vivo studies indicated that brivanib
alaninate was efficiently converted to brivanib. Brivanib
showed good brain penetration in rats consistent with its
high intrinsic permeability and lack of active efflux in
Caco-2 cells. The oral bioavailability of brivanib varied

P. H. Marathe (<)) - A. V. Kamath - Y. Zhang - C. D’ Arienzo
Pharmaceutical Candidate Optimization, Bristol-Myers Squibb
Pharmaceutical Research Institute, Princeton, NJ 08540, USA

e-mail: punit.marathe @bms.com

R. Bhide
Discovery Chemistry, Bristol-Myers Squibb Pharmaceutical
Research Institute, Princeton, NJ 08540, USA

J. Fargnoli
Biology, Bristol-Myers Squibb Pharmaceutical Research
Institute, Princeton, NJ 08540, USA

among species (22-88%) and showed dissolution rate-
limited absorption even when combined with organic co-
solvents. Administration of brivanib as brivanib alaninate
allowed completely aqueous vehicles, and an improvement
in the oral bioavailability (55-97%) was observed. The
clearance of brivanib in humans is anticipated to be low to
intermediate (hepatic extraction ratio < 0.7), while its
volume of distribution is expected to be high. The mini-
mum efficacious dose of brivanib alaninate was determined
to be 60 mg/kg per day.

Conclusions Brivanib alaninate is rapidly and efficiently
converted to the parent, brivanib, as demonstrated both in
vitro and in vivo and offers an excellent mode to deliver
brivanib orally.

Keywords BMS-540215 - Brivanib alaninate -
Prodrug - Pharmacokinetics - Oral bioavailability

Introduction

Brivanib alaninate, the L-alanine ester prodrug of brivanib
(BMS-540215), an orally available investigational small
molecule inhibitor of both vascular endothelial growth
factor receptors (VEGFR) and fibroblast growth factor
receptors (FGFR), is currently under development for the
treatment of cancer, both as a single agent as well as in
combination with other cancer treatment modalities [4].
Vascular endothelial growth factor (VEGF) and its
corresponding tyrosine kinase receptor (VEGFR) play a
critical role in physiological and pathological angiogenesis,
a process of forming new capillaries from existing blood
vessels. Angiogenesis is essential for solid tumor growth
and metastasis [6, 13]. Tumor-induced angiogenesis is
mediated by VEGF and several other cytokines, such as
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platelet-derived growth factor (PDGF) and fibroblast
growth factor (FGF), which are secreted by tumor cells.
VEGF is known to be the most important angiogenic
growth factor in the stimulation of tumor progression
[10, 13]. Importantly, the specific binding of VEGF ligand
to vascular cell surface-expressed protein kinase receptor
VEGFR-2 triggers effective downstream cell proliferation
signaling pathways and leads to tumor angiogenesis [12].
The interruption of VEGFR-2 signaling by binding of a
small molecule inhibitor to the VEGFR-2 kinase domain
has been shown to inhibit angiogenesis, tumor progression
and dissemination in a number of preclinical and clinical
studies [1]. This approach has been further validated by the
recent FDA approval of the antiangiogenic agents includ-
ing bevacizumab (a monoclonal antibody, which targets the
VEGFA ligand) and small molecule inhibitors, sunitinib
and sorafenib for the treatment of solid tumors [9, 15-17].

The rationale for the development of brivanib as an
anticancer drug stems from the fact that current therapies
that are available for patients with advanced metastatic
cancer are effective in a minority of eligible patients, the
durability of response is usually short-lived, and the tox-
icities are often dose-limiting. Furthermore, as they are
generally administered intravenously, the therapeutic reg-
imens are often inconvenient and invasive. As such, there
is a medical need for orally bioavailable, well-tolerated
agents that can prolong the life of patients with cancer with
minimal safety concerns. Brivanib alaninate represents an
orally bioavailable, rationally designed, targeted compound
with anticancer activity and acceptable tolerability. In this
work, we present preclinical pharmacokinetics, metabolism
and in vivo efficacy studies carried out with brivanib
alaninate and its parent molecule brivanib to assess suit-
ability for further development.

Materials and methods
Materials

Brivanib alaninate and brivanib were synthesized by dis-
covery chemistry at Bristol-Myers Squibb (BMS). Caco-2
cells (passage # 17) were obtained from the American Type
Culture Collection (Rockville, MD). Minimum Essential
medium Eagle, nonessential amino acids and Antibiotic-
Antimiotic were purchased from JHR Biosciences (Lenexa,
KS). Fetal bovine serum was obtained from Hyclone Lab.
Inc. (Logan, UT, USA). HTS-Transwell® inserts (surface
area: 0.33 cm?) with a polycarbonate membrane (0.4 pm
pore size) were purchased from Costar (Cambridge, MA,
USA). Hank’s balanced salt solution (HBSS) and N-2-
hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES)
were purchased from Sigma Chemical Co. (St. Louis, MO,
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USA). Mouse and rat hepatocytes were prepared in-house
freshly as cell suspensions based on a literature protocol
[3]. Fresh dog and monkey hepatocytes were purchased
from CEDRA Corporation (Austin, TX, USA). Cryopre-
served human hepatocytes were obtained from In Vitro
Technologies (Baltimore, MD, USA). All solvents were of
analytical grade. All other reagents were of HPLC grade.
Millipore Water was used in all experiments.

Sample analysis

Samples obtained from all the pharmacokinetic studies and
samples obtained from the protein binding and blood cell
partitioning studies were analyzed by LC/MS/MS. Plasma
or serum samples were treated with two volumes of
acetonitrile containing the internal standard (IS, BMS
proprietary compound). After centrifugation to remove
precipitated proteins, a 10 pL portion of the clear super-
natant was used for analysis. Liver, GI tract, GI contents and
brain tissue samples were homogenized on ice with water
(1:9) followed by the plasma sample extraction procedure.

Stability experiments were conducted to minimize
ex-vivo conversion of brivanib alaninate to brivanib during
sample collection, processing and analysis. Based on the
results, whole blood samples were collected in tubes con-
taining EDTA and 10% sodium fluoride (2 M) in sodium
citrate buffer (0.1 M, pH ~4). All sample processing was
done on ice.

The HPLC system consisted of two Shimadzu LC10AD
pumps (Columbia, MD, USA), a Shimadzu SIL-HTC auto-
sampler Columbia, MD, USA), and a Hewlett Packard Series
1100 column compartment (Palo Alto, CA, USA). The col-
umn was a YMC Pro C18 (2.0 x 50 mm, 3 pum particles)
maintained at 60°C and a flow rate of 0.3 mL/min. The
mobile phase consisted of 10 mM ammonium formate and
0.1% formic acid in water (A), and 10 mM ammonium for-
mate and 0.1% formic acid in methanol (B). The initial
mobile phase composition was 95% A/5% B. After sample
injection, the mobile phase composition was changed to 15%
A/85% B over 2 min and held at that composition for an
additional 1.5 min. The mobile phase was then returned to
initial conditions and the column re-equilibrated for 1 min.
Total analysis time was 4.5 min. The HPLC was interfaced
to a Micromass Quattro LC tandem mass spectrometer
equipped with an electrospray ionization source. Ultra-high
purity nitrogen was used as the nebulizing and desolvation
gas at flow rates of 100 L/h for nebulization and 1,100 L/h
for desolvation. The desolvation temperature was 300°C and
the source temperature was 150°C. Data acquisition utilized
selected reaction monitoring (SRM). Ions representing the
(M + H)" species for brivanib, brivanib alaninate and the
internal standard were selected in MS1 and collisionally
dissociated with argon at a pressure of 2 x 10~ torr to form
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specific productions, which were subsequently monitored by
MS2. The parameters for the MS/MS analysis of brivanib,
brivanib alaninate and IS were as follows: SRM transition
(mlz), 371.3 > 149.1, 442.2 > 130.2 and 529.2 > 91.2,
respectively; cone voltage, 30 V for all three compounds;
collision energy, 20,30 and 60 V, respectively; and retention
time, 2.8, 2.4 and 2.2 min, respectively.

Stability samples containing plasma, serum, S9, human
intestinal microsomes and hepatocytes were analyzed by an
LC/MS assay using a Quattro Ultima (Micromass, Man-
chester, UK) triple quadrupole mass spectrometer inter-
faced to a Waters 2790 gradient HPLC (Waters Corp.,
Milford, MA, USA). Samples obtained from the Caco-2
permeability study and glucuronidation assay were ana-
lyzed by HPLC-UV. The HPLC system consisted of the
2690 Waters separation module and a Waters 996 photo-
diode array detector (Waters, Milliford, MA, USA).

For each analytical set, separate standard curves for
brivanib alaninate and brivanib were prepared using
plasma obtained from whole blood collected on EDTA and
10% sodium fluoride in citrate buffer. The plasma standard
curve for brivanib alaninate and brivanib ranged from 1 to
1,000 ng/mL and from 3.9 to 20,000 ng/mL, respectively.
The tissue and in vitro standard curves for both compounds
ranged from 1 to 10,000 ng/mL. The curves were fitted
with a quadratic regression weighted by reciprocal con-
centration (1/x). Standards were analyzed in duplicate.
Quality control (QC) samples, prepared in blank plasma, at
three concentrations within the range of the calibration
curve were also analyzed in triplicate with each plasma
analytical set. The predicted concentrations of 80% of the
plasma QCs were within 20% of nominal concentration,
indicating acceptable assay performance.

Caco-2 permeability

Caco-2 cells were seeded onto 24-well polycarbonate filter
membrane at a density of 100,000 cells/cm®. Permeability
studies were conducted with the monolayers cultured for
approximately 21 days in culture, and the cell passage
numbers were between 50 and 80. The transport medium
buffer was modified Hank’s balanced salt solution con-
taining 10 mM HEPES. The pH of both the apical and
basolateral compartments was 7.4. The concentration of
brivanib alaninate and brivanib used in the P-gp substrate
assay was 200 uM. The bi-directional permeability studies
were initiated by adding an appropriate volume of buffer
containing brivanib alaninate or brivanib to either the
apical (apical-to-basolateral transport) or basolateral
(basolateral-to-apical transport) side of the monolayer.
Permeability of brivanib alaninate was also assessed in the
presence and absence of an esterase inhibitor, PMSF.
Samples were taken from both the apical and basolateral

compartment at the end of the 2-h period and the con-
centrations of test compound were analyzed by HPLC.
Permeability coefficient (P.) was calculated according to
the following equation: P, = dA/(dz-S-Co), where dA/dr is
the flux of the compound across the monolayer (nmole/s), S
is the surface area of the cell monolayer (0.33 cmz), and Co
is the initial concentration (200 pM) in the donor com-
partment. The P, values are expressed in nm/sec.

Serum protein binding and stability

The extent of protein binding of brivanib was determined
in fresh mouse, rat, dog and human sera using equilibrium
dialysis. All experiments were done in fresh, pooled serum
(n = 10 for mice, and n = 3 for rat, dog and human)
obtained from Bioreclamation Inc. (Hicksville, NY, USA).
Brivanib (1 mM) in acetonitrile was added into serum at a
ratio of 1:100 to give a final concentration of 10 uM.
Serum samples were dialyzed against 134 mM phosphate
buffer (pH 7.4). The spiked serum was incubated in a
shaking water bath maintained at 37°C for 4 h in a Micro-
Equilibrium Dialyzer™ (500 pL chamber volume, Amika
Corp., Holliston, MA, USA). A 10,000 dalton molecular
weight cutoff dialysis membrane (Amika Corp., Holliston,
MA) was used. All experiments were carried out in tripli-
cate. Aliquots of buffer and serum were taken at 4 h and
analyzed using the LC/MS/MS method. Serum stability of
brivanib was also measured with these serum samples over
the 4 h incubation period. Serum stability of brivanib
alaninate was investigated in fresh mouse, rat, dog, monkey
and human sera in separate experiments.

Blood cell partitioning

The extent of blood cell partitioning of brivanib was
determined in mouse, rat, dog, monkey and human blood.
All experiments were done in fresh, pooled blood (Biore-
clamation Inc., Hicksville, NY). Brivanib (1 mM) in ace-
tonitrile was added into blood at a ratio of 1:100 to give a
final concentration of 10 pM. Samples were incubated at
37°C in a shaking water bath for 2 h. Aliquots of blood were
removed at 0.5 and 2 h and the remaining blood was cen-
trifuged to obtain plasma. Blood samples were treated with
0.5 volumes of water and centrifuged to obtain supernatant.
All experiments were carried out in triplicate. Blood and
plasma samples were analyzed by LC-MS/MS. A blood-to-
plasma concentration ratio for brivanib was calculated from
the concentrations in blood (Cp) and plasma (Cy).

Microsomal and S9 incubations

The in vitro metabolism of brivanib alaninate was inves-
tigated in incubations with S9 subcellular fractions from
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mouse, rat, dog, cynomolgus monkey and human liver
homogenates and from human intestinal homogenates
(Xenotech, Lenexa, KS). The rate of metabolism was
measured in duplicate under the following conditions:
brivanib alaninate (20 pM); S9 fractions (20 pL, 2 mg/
mL); in pH 7.4 sodium phosphate buffer (60 mM). Incu-
bations were performed in 96-well plates at 37°C under an
atmosphere of 5% CO,. Incubations were initiated by the
addition of S9 and were quenched at various times (0, 10 or
30 min) by the addition of an equal volume (0.2 mL) of
acetonitrile to each well. The supernatants were analyzed
using an LC/MS assay.

The in vitro metabolism of brivanib alaninate was also
investigated in incubations with human intestinal micro-
somes. The rate of oxidative metabolism was measured in
duplicate under the following conditions: brivanib alani-
nate (10 pM); intestinal microsomes (1 mg/mL); NADPH
(0.9 mg/mL); pH 7.4 sodium phosphate buffer (56 mM).
Incubations were performed in 96-well plates at 37°C
under an atmosphere of 5% CO,. Incubations were initiated
by the addition of NADPH and were quenched at various
times (0, 10 or 30 min) by the addition of an equal volume
(0.2 mL) of acetonitrile to each well. Supernatants were
analyzed using an LC/MS assay.

Hepatocyte incubations

The metabolic stability of brivanib and brivanib alaninate
was evaluated in suspensions of hepatocytes isolated from
mouse (CD-1), rat (Sprague-Dawley), dog (beagle), mon-
key (cynomolgus) and human. The incubations with
mouse, rat, dog and monkey hepatocytes were performed
with cells from one donor, whereas the incubations with the
cryopreserved human hepatocytes were performed with
pools from three different donors. Cell viability, deter-
mined by trypan blue exclusion, of the fresh hepatocytes
was >75% and of the cryopreserved hepatocytes was
>60%. Brivanib or brivanib alaninate (3 pM) was incu-
bated in duplicate at 37°C for 1 h at a cell density of
0.67 x 10° cells/mL in Krebs-Hensleit buffer fortified
with glucose, in an incubator at 37°C, with 95% humidity
and in an environment of 5% CO,. Aliquots of samples
(0.2 mL) were taken at 0, 20, 40 and 60 min, and the
reactions were terminated by adding an equal volume of
acetonitrile and analyzed by LC/MS.

Metabolism of brivanib by specific CYP enzymes
and FMO3 (reaction phenotyping)

Reaction phenotyping studies were performed for brivanib
using Supersomes™ (recombinant singly expressed
enzymes) obtained from Gentest Co. (Woburn, MA, USA).
Incubations were performed at 37°C using: potassium
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phosphate buffer (0.1 M, pH 7.4) containing NADPH
(1 mM), magnesium chloride (3.3 mM), CYP450 super-
somes (100 pmol/mL) or FMO3 (0.5 mg/mL), vector
protein and brivanib (1, 10 or 100 pM). After a 5 min pre-
incubation at 37°C, the reaction was initiated by the addition
of NADPH: the final incubation volume was 1 mL. After 0
and 30 min, the incubation was vortex-mixed; triplicate
aliquots were taken and quenched with twice the volume of
acetonitrile. Samples were analyzed using LC/MS/MS.

In vivo pharmacokinetic studies

All animal studies were performed under the approval of
the Bristol-Myers Squibb Animal Care and Use Committee
and in accordance with the American Association for
Accreditation of Laboratory Animal Care.

Mouse

The pharmacokinetics of brivanib was investigated in male
balb-c mice. A total of 18 mice were divided into two
groups to receive brivanib as a single dose of 10 mg/kg IV
or 60 mg/kg orally by gavage. The exposure of brivanib
after administration of the prodrug brivanib alaninate was
also investigated after a single oral dose (30 mg/kg) to a
group of nine male balb-c mice. The vehicle used was
PEG400:water (1:1) for the IV dose and PEG400:tween 80
(75:25) for the oral dose of brivanib. The vehicle used
for brivanib alaninate dosing was sodium acetate buffer
(50 mM, pH 4.6). Serum concentrations of brivanib and
brivanib alaninate were measured at 3 and 30 min, and 1,
3, 6, 8 and 24 h after IV dosing and at 30 min, and 3, 8 and
24 h after oral dosing. The mice were fasted overnight and
fed 6 h after dosing. Three blood samples were taken from
each mouse and there were three mice per time point. At
the 24 h time point, only one sample was taken from each
of the three mice. Blood samples taken after brivanib
alaninate administration were stabilized by the addition
of 10% sodium fluoride (2 M) in sodium citrate buffer
(0.1 M), pH ~4, added to prevent any ex vivo conversion
of brivanib alaninate to brivanib. Composite serum con-
centration—time profiles were constructed for pharmacoki-
netic analysis.

Rat

Brivanib was administered to male Sprague-Dawley rats as a
10 min infusion intraarterially (IA) (10 mg/kg) or orally by
gavage (25 mg/kg) (n = 3). The dosing vehicle used was
PEG400:ethanol:water (70:10:20). In another study, the oral
exposure of brivanib was investigated using three different
oral formulations at three dose levels (25, 100 and 200 mg/
kg). Formulation #1 was PEG400:tween 80 (75:25).



Cancer Chemother Pharmacol (2009) 65:55-66

59

Formulation #2 was a micronized suspension in 0.1% tween
80 (average particle size ~7.1 pm, 95% of the particles
sized less than 17 pm). Formulation #3 was a nanosuspen-
sion in hydroxypropyl cellulose (0.25-2%) and sodium
lauryl sulfate (0.002-0.02%) (95% of the particles sized less
than 209 nm). The exposure of brivanib after administration
of brivanib alaninate was investigated following single doses
of 50, 200 or 360 mg/kg orally by gavage. The dosing
vehicle used was 50 mM sodium acetate buffer, pH 4.6. In all
studies, the rats were fasted overnight and fed 4 h post-dose.
Blood samples were collected at 15, 30 and 45 min, and 1, 2,
4,6,8,10,24 and 48 h after [A and oral dosing. An additional
10 min sample was collected after IA dosing. Approxi-
mately, 0.3 mL of blood was collected from the jugular vein
in tubes containing EDTA, and plasma was obtained by
centrifugation. Samples collected after brivanib alaninate
dosing were stabilized by the addition of ~300 pL sodium
fluoride solution (2 M) in sodium citrate buffer (0.1 M, pH
~4). Samples were analyzed for brivanib and brivanib
alaninate by LC/MS/MS.

The brain uptake of brivanib alaninate and brivanib was
investigated after a single oral dose of brivanib alaninate
(120 mg/kg). Brain tissues and blood samples were col-
lected at 1, 4, 10 and 24 h post-dose. Plasma and tissue
samples were analyzed for brivanib and brivanib alaninate
by LC/MS/MS.

Dog

The pharmacokinetics of brivanib was investigated in male
beagle dogs (n = 3) following a 10 min IV infusion (1 mg/
kg) and an oral dose (4.5 mg/kg) by gavage in a cross-over
study design. The vehicle used for the IV route was
PEG300:5% dextrose in water (6:4) and the vehicle for the
oral dose was 100% PEG400. The exposure of brivanib
after administration of brivanib alaninate was investigated
following single oral doses of 4.5, 30 and 100 mg/kg by
gavage (n = 2). The vehicle used was 50 mM sodium
acetate buffer, pH 4.6. The dogs were fasted overnight and
fed 4 h post-dose. Blood samples were collected at 10, 15,
30 and 45 min, and 1, 2, 4, 6, 8, 10 and 24 h after IV and
oral dosing. Approximately, 1 mL of blood was collected
in tubes containing EDTA and plasma was obtained by
centrifugation. Blood samples collected after brivanib
alaninate dosing were stabilized by the addition of 10%
sodium fluoride (2 M) in sodium citrate buffer (0.1 M, pH
~4). Urine was collected over a 24 h period. Samples
were stored at —20°C until analysis by LC/MS/MS.

Monkey

For the pharmacokinetic investigation in male cynomolgus
monkeys, brivanib was infused I'V for 10 min (1 mg/kg) or

administered as an oral solution (5 mg/kg) by gavage, in a
cross-over study design. The vehicle used for both the IV and
oral routes was PEG400:water (6:4). The exposure of briv-
anib after administration of brivanib alaninate was deter-
mined following single doses of 5, 30 or 60 mg/kg orally by
gavage. The vehicle used was 50 mM sodium acetate buffer,
pH 4.5. The monkeys were fasted overnight and fed 4 h post-
dose. Blood samples were collected at 10, 15, 30 and 45 min,
and 1, 2, 4, 6, 8, 10 and 24 h after IV and oral dosing.
Approximately, 1 mL of blood was collected in tubes con-
taining EDTA and plasma was obtained by centrifugation.
Blood samples collected after brivanib alaninate dosing were
additionally stabilized with a 10% sodium fluoride solution
(2 M) in sodium citrate buffer (0.1 M, pH ~4). Samples
were stored at —20°C until analysis by LC/MS/MS.

Efficacy studies in nude mice

L-2987 human lung and HCT-116/VM46 human colon
tumors were maintained by serial subcutaneous passage in
athymic (nu/nu) 5-6 week-old female balb/c mice pur-
chased from Harlan Sprague Dawley (Indianapolis, IN,
USA). The animals were maintained in an ammonia and
pathogen-free environment and fed water and food ad libi-
tum. Mice were maintained in quarantine for 7 days prior
to tumor implantation and efficacy testing. Tumors were
implanted subcutaneously as small fragments, generally no
larger than 0.1-0.2 mm> using a 16 g trocar. All tumors
that were evaluated were allowed to grow to an approxi-
mate size of 100125 mm? prior to the initiation of treat-
ment. The treatment and control group sizes consisted of
8-10 mice. The tumor size was measured twice weekly.
Tumor volume was calculated by measuring perpendicular
tumor diameters using Vernier scale calipers and using the
formula: 1/2 (length x (width)z). Blood was obtained from
mice for pharmacokinetic analysis over 24 h post-last dose
by retro-orbital sinus bleeding in accordance with institu-
tional policy. Serum was separated by centrifugation and
analyzed by LC-MS/MS.

The vehicles used for brivanib alaninate and brivanib
were sodium citrate buffer (pH 4.6) and PEG400:water
(7:3), respectively (0.01 mL/g body weight). Both com-
pounds were dosed orally using disposable 20 g oral
gavage needles (Popper and Sons, Inc., New Hyde Park,
NY, USA) on a daily schedule with a general duration
of 9-14 days. An active response was determined by 7/C
< 0.42 where T is the median tumor size in treated mice
and C is the median tumor size in vehicle-treated mice [7].

Pharmacokinetic data analysis

Plasma concentration versus time data of brivanib and
brivanib alaninate were analyzed by noncompartmental
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methods [14] using the KINETICA™ software program.
The Cp.x and T.x values were recorded directly from
experimental observations. The AUC,_, and AUC,, values
were calculated using a combination of linear and log
trapezoidal summations. The total body clearance (CL),
mean residence time (MRT), and the steady state volume
of distribution (V) of brivanib were also calculated after
IV administration of brivanib. The absolute oral bioavail-
ability of brivanib (expressed as %) on administration of
brivanib was estimated by taking the ratio of dose-nor-
malized AUC values after oral doses to those after intra-
venous doses. The apparent oral bioavailability of brivanib
on administration of the prodrug brivanib alaninate was
estimated by taking the ratio of dose-normalized AUC
values of brivanib after an oral dose of brivanib alaninate to
those after an IV dose of brivanib.

The in vitro intrinsic clearance of brivanib in hepato-
cytes (CL;,) was calculated as CL;, (mL/min per million
cells) = rate/C, where rate is the rate of metabolism in
hepatocytes (pmole/min per million cells), and C is the
concentration of brivanib in the incubation. The in vivo
intrinsic hepatic clearance of brivanib (CLh;,, in vivo)
estimated from in vitro hepatocyte incubations was calcu-
lated as follows:

120 x 106cell
CLhjy, in Vivo = (CLiy) X [~ o™
1 g liver weight

yg of liver weight
kg of body weight

where y is 88, 40, 32, 32 and 21 g liver/kg body weight for
the mouse, rat, dog, monkey and human, respectively [8].
Protein binding in the incubation mixture or plasma was
not factored into these calculations. The hepatic clearance
(CLh) was calculated from the following equation using
the well-stirred model:

Where, Qh is the liver blood flow of 90, 55, 31, 44 and
21 mL/min per kg for the mouse, rat, dog, monkey and
human, respectively [8]. Hepatic extraction ratio was cal-
culated by diving the predicted or observed CL by the
hepatic blood flow for that species.

Results

Permeability studies using Caco-2 cells

The permeability coefficient (P.) of brivanib in the apical-
to-basolateral (A-to-B) direction was 204 nm/s at an initial

concentration of 200 uM (pH 7.4). The permeability of
brivanib is comparable to compounds that exhibit good
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absorption (>50%) in humans. Permeability of brivanib
alaninate in Caco-2 cells could not be determined due to its
rapid hydrolysis to brivanib. Within 15 min of adding
brivanib alaninate to the Caco-2 cells, brivanib was seen on
both the donor and receiver side of the Caco-2 cells.
Addition of PMSF, an esterase inhibitor, did not prevent
this hydrolysis. This conversion of brivanib alaninate to
brivanib in Caco-2 cells with the appearance of brivanib on
the receiver side suggests good permeability, which should
translate into good absorption of brivanib in humans when
administered as brivanib alaninate.

The basolateral-to-apical (B-to-A) Caco-2 cell mono-
layer permeability of brivanib was measured in order to
determine if the compound was a P-gp substrate. The
average B-to-A P. value of brivanib was 112 nm/s at an
initial concentration of 200 uM (pH 7.4), suggesting that
brivanib is not a P-gp substrate.

Serum stability and protein binding

Brivanib was stable in mouse, rat, dog and human serum
for 4 h at 37°C. The serum protein binding of brivanib was
found to be 98, 99.8, 98.2 and 98.7% in mouse, rat, dog and
human, respectively.

The stability of brivanib alaninate was determined in
serum and plasma from mouse, rat, dog, monkey and
human. The half life of brivanib alaninate in serum was
found to be 11, 19 and 75 min in mouse, rat and monkey,
respectively, and greater than 180 min in dog and human.
The half life of brivanib alaninate in plasma was less than
10 min in mouse and rat, 141 min in monkey, 158 min in
dog and greater than 200 min in human. In both serum and
plasma, brivanib alaninate was hydrolyzed to brivanib
suggesting that brivanib alaninate is highly unstable in
mouse and rat serum/plasma, but relatively stable in dog,
monkey and human serum/plasma.

Microsomal, S9 and hepatocyte stability

The rate of metabolism of brivanib in hepatocytes predicts
low clearance in the mouse, high clearance in the rat and
intermediate clearance in dog, monkey and human
(Table 1). There was no turnover of brivanib in mouse
hepatocytes. Predicted in vivo CL from rat, dog and
monkey hepatocytes was approximately two to threefold
higher than the observed systemic CL in these species. This
suggests that brivanib is likely to have low to moderate CL
(hepatic extraction ratio <0.7) in the human.

The stability of brivanib alaninate was determined in
liver S9 fractions from mouse, rat, dog, monkey and
human. Brivanib alaninate was hydrolyzed to brivanib in
all species with a half life of less than 10 min. Brivanib
alaninate was also found to be rapidly hydrolyzed to
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Table 1 Rates of oxidative metabolism of brivanib in hepatocytes
and predicted in vivo hepatic clearances

Species Hepatocytes In vivo blood
K ; CL (observed)
Rate (gmol/mm Predlc.ted CL (ml/min per kg)
per 10” cells) (ml/min per kg)
Mouse 0 0 (0) 13.7 (0.15)
Rat 150 54 (0.98) 31 (0.56)
Dog 35 20 (0.65) 8.8 (0.28)
Monkey 45 25 (0.57) 8.6 (0.20)
Human 41 13 (0.62) -

Hepatic extraction ratio is in parenthesis

brivanib in human intestinal S9 and microsomes with a half
life of less than 10 min. Brivanib alaninate was rapidly
metabolized in hepatocytes from all species, with complete
disappearance within 20 min of incubation. These results
suggest efficient conversion of brivanib alaninate to briv-
anib in liver and intestinal fractions in all species.

Reaction phenotyping

Brivanib appears to be primarily metabolized by CYP3A4
based on the turnover in recombinant single-enzyme test
systems, and their relative expression in the human liver.
Many enzymes appeared capable of metabolizing brivanib,
including CYP3A4, 3AS, 1A1, 2C19, 2El, 2B1 and FMO3
(Table 2). Some of these enzymes are expressed extra-
hepatically and may contribute to the total metabolic
clearance. The known relative expression of CYPs in
human liver would indicate CYP3A4 to be the primary
metabolic pathway, possibly switching to a low-affinity
CYP3AS component at higher concentrations. Neverthe-
less, the turnover of brivanib by CYP3A4 was low, sug-
gesting that in vivo CL of brivanib will be low.

Pharmacokinetics in mice

The systemic serum clearance of brivanib in mice was
9.3 mL/min per kg, which is equivalent to a blood clear-
ance of 13.7 mL/min per kg (Table 3) based on a blood to
plasma concentration ratio of 0.75. The blood clearance of
brivanib is ~15% of the hepatic blood flow in mice [8].
The steady state volume of distribution was high (2 L/kg),
greater than the blood volume of 0.085 L/kg, indicating
significant extravascular distribution. The estimated half
life was 2.7 h and the mean residence time (MRT) was
3.6 h. The oral bioavailability of brivanib in mice was 88%
at 60 mg/kg. When administered as brivanib alaninate, the
apparent oral bioavailability of brivanib was estimated
to be ~80% (Table 4). Serum concentrations of brivanib
alaninate were <LLQ (1 ng/mL).

Pharmacokinetics in rats

The systemic plasma clearance of brivanib was 21.4 mL/
min per kg (equivalent to a blood clearance of 31 mL/min
per kg based on the blood-to-plasma concentration ratio of
0.61) (Table 3). The blood clearance of brivanib is ~56%
of the hepatic blood flow in rats. The steady state volume
of distribution was moderate (0.94 L/kg), greater than the
blood volume of 0.054 L/kg, indicating extravascular dis-
tribution. The estimated elimination half life was 1.0 h and
the mean residence time was 0.75 h. The oral bioavail-
ability of brivanib was 25% at the 25 mg/kg dose. The time
to reach peak concentrations (7y,,x) after an oral dose was
0.5 h in the rat. The oral exposure of brivanib was evalu-
ated using three different formulations (PEG400:tween
80 solution (75:25), micronized suspension and nanosus-
pension), at three dose levels (25, 100 and 200 mg/kg)
(Table 5). Both micronized and nanosuspensions provided
poor exposures at all doses. The exposures observed with
the PEG400:tween-80 formulations, though not dose pro-
portional, were much higher than the micronized and
nanosuspensions. However, due to the large amount of
tween-80 needed, this formulation was deemed unsuitable
for further development.

When brivanib alaninate was orally administered to rats
(50, 200 and 360 mg/kg) (Table 6), plasma concentrations
of brivanib alaninate were less than the LLQ (1 ng/mL).
The AUC,, of brivanib increased in a dose-proportional
manner. The apparent oral bioavailability of brivanib after
administration of brivanib alaninate was estimated to be
~55% at the 50 mg/kg dose. Of particular note is the fact
that the apparent oral bioavailability of brivanib did not
decrease up to a dose of 360 mg/kg when dosed as brivanib
alaninate in a completely aqueous vehicle. The extent of
brain penetration of brivanib was determined in rats after a
single oral dose of brivanib alaninate (120 mg/kg). The
plasma and brain concentrations of brivanib alaninate were
<LLQ for all rats. The brain to plasma ratio for brivanib
was ~ 1.7, based on AUC, 4, indicating significant
distribution into the brain in rats.

Pharmacokinetics in dogs

The systemic plasma clearance of brivanib was 5.8 £
1.0 mL/min per kg, equivalent to a blood clearance of 8.8
ml/min per kg based on the blood-to-plasma concentration
ratio of 0.57 (Table 3). The blood clearance of brivanib is
~28% of the hepatic blood flow in dogs. The steady state
volume of distribution was moderate (0.9 £ 0.3 L/kg),
greater than blood volume of 0.09 L/kg, indicating
extravascular distribution. The estimated elimination half
life was 2.8 & 1.3 h and the mean residence time was
2.6 £ 0.8 h. The oral bioavailability of brivanib was
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Table 2 Rates of oxidative

metabolism of brivanib by Enzyme Rate of metabolism, pmol/min per pmol CYP (% turnover in 30 min)

cDNA-expressed human CYPs 1 uM 10 uM 100 pM

and FMO3 (reaction

phenotyping) 1A1 0.344 (52) 1.005 (15) 3.469 (5.2)
1A2 0.048 (7.1) 0.344 (5.2) 2.353 (3.5)
2A6 0.057 (8.6) 0.220 (3.3) 6.386 (9.6)
2C9 0.000 (—1.2) 0.000 (—1.8) 4.333 (6.5)
2C19 0.093 (14) 0.000 (—1.9) 2.801 (4.2)
2D6 0.006 (1) 0.409 (6.1) 2.096 (3.1)
2E1 0.129 (19) 0.961 (14) 9.062 (14)
3A4 0.148 (22) 1.595 (24) 6.518 (9.8)
FMO3* 27.08 (20) 132 (9.9) 1258 (9.4)
2C8 0.027 (4) 0.000 (—1.5) 5.180 (7.8)
3A5 0.053 (8) 0.911 (14) 21.269 (32)
1B1 0.148 (22) 0.253 (3.8) 7.289 (11)
2B6 0.028 (4.2) 0.471 (7.1) 3.313 (5.0)

* Units for FMO3 are pmol/min A 1] 0.000 (—0.3) 0.290 (4.4) 6.329 (9.5)

per mg protein

Table 3 Pharmacokinetics of brivanib in animals following administration of brivanib

Species  Route Dose (mg/kg) Cpax (Mg/ML)  Tpax (h)  AUC* (ug h/mL) ¢y, (h) CL (mL/min per kg) Vss (L/kg) F (%)

Mouse® IV 10 - - 15.8 2.7 9.3 2.0 -

PO 60 17.8 1 83 - - - 88
Rat® 1A 10 - - 7.9 1.02 214 0.94 -

PO 25 24 4+ 1.07 0.5+ 0.0 496+ 1.7 - - - 25
Dog* v 1 - - 29 4+ 0.53 28+ 13 58+1.0 09+03 -

PO 4.5 0.56 + 0.34 1+£00 28428 - - - 22 + 22
Monkey® IV - - 2.9 4+ 0.78 334+£13 60+1.7 1.5+07 -

PO 5 1.5 £ 0.59 1.3+£0.7 10+ 048 - - - 68 + 14
4 AUC,_g reported for the mouse
b Dosing vehicle: IV-PEG400:water (60:40), PO-PEG400:tween80 (75:25)
¢ Dosing vehicle: IV and PO-PEG400:ethanol:water (70:10:20)
9 Dosing vehicle: IV-PEG300:5% dextrose in water (60:40), PO-PEG400 (100%)
¢ Dosing vehicle: IV and PO-PEG400:water (60:40)
Table 4 Systemic exposure of brivanib in animals following administration of brivanib alaninate
Species® Route Dose (mg/kg) Cinax (ng/mL) Tinax (h) AUC,o" (ng h/mL) F (%)
Mouse PO 30 6.1 0.5 36.7 80
Rat PO 50 6.7 +23 1.3 +£0.6 183 £ 22 55
Dog PO 4.5 1.4 0.6 5.7 52
Monkey PO 5 2.5+ 0.78 1.3 4+£0.7 12 + 1.04 97

? Dosing vehicle was 50 mM sodium acetate buffer, pH 4.6
b AUC_,4 reported for the monkey

22 4+ 22% when dosed in a 100% PEG400 formulation.
The time to reach peak concentrations (7),,.x) after an oral
dose was 1 h in the dog. Brivanib was not detected in
the urine over a 24 h period after both the IV and oral
doses.
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Similar to the observation in mice and rats, plasma
concentrations of brivanib alaninate were less than LLQ
(1 ng/mL) after the 4.5 mg/kg oral dose (Table 4, Fig. 1).
At the 30 mg/kg oral dose, brivanib was detectable up to
15 min at concentrations of <4.4 ng/mL. The apparent oral
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Table 5 Systemic exposure of brivanib in rats after oral administration of brivanib using three different formulations

Formulation Dose (mg/kg)

Parameter (n = 3)

Crmax (ng/mL) Tnax (h) AUC,o (1g h/mL)
PEG400:tween 80 (75:25) 25 4.0+ 1.7 234+20 6.9 + 3.6
100 222+ 11.7 9.1 £ 84 163 £ 97
200 26.7 + 11.7 34 +0.1 199 + 64
Micronized suspension (0.1% tween 80) 25 0.20 £+ 0.03 47+ 1.2 1.2 +£0.24
100 0.76 £ 0.19 4.0+ 0.0 3.1 £ 0.55
200 0.63 £+ 0.20 4.0+ 0.0 2.8 £0.76
Nanosuspension 25 1.1 £0.18 20+ 0.0 4.4 £ 055
100 2.7 +£0.95 2.0+ 0.0 123 £ 35
200 2.8 + 0.81 27 +1.2 129 £ 2.7
Table 6 Systemic exposure of brivanib in rats after administration of c 100000 -~ —e— 1 mg/kg IV
brivanib alaninate ._g S —=— 4.5 mg/kg PO
8 X—x T
Dose (mg/kg) Cmux (Hg/mL) Tmax (h) AUCmt (Hg h/mL) E 10000 1% \X\I ——30 mg/kg PO
8 —%x—100 mg/kg PO
50 6.7+23 1.3+ 0.6 183 £ 2.2 S5 1000 4 \I
200 13+22 0.9 £ 0.1 73+ 11 : ?E,,
360 15+ 1.6 0.8 £ 0.1 133 £ 25 § £ 100 -
Vehicle: 50 mM sodium acetate buffer, pH 4.6 Z‘ 10 4
3
=
. . .- . . .. . . . 1 : : : : : .
bioavailability of brivanib after administration of brivanib 0 4 8 12 16 20 o4

alaninate was estimated to be ~52% at the 4.5 mg/kg
dose. The systemic exposure to brivanib (AUC,,,) after oral
administration of brivanib alaninate increased with dose as
high as 100 mg/kg and administered in a completely
aqueous vehicle.

Pharmacokinetics in monkeys

In monkeys, after an IV dose of brivanib (1 mg/kg), the
systemic plasma clearance was 6.0 = 1.7 mL/min per kg
(Table 3), equivalent to a blood clearance of 8.8 mL/min
per kg (assuming a blood to plasma concentration ratio of
0.68). The blood clearance of brivanib is ~20% of the
hepatic blood flow. The steady state volume of distribution
was moderate (1.5 & 0.7 L/kg), greater than the blood
volume of 0.073 L/kg, indicating extravascular distribu-
tion. The estimated elimination half life was 3.3 £ 1.3 h
and the mean residence time was 3.9 & 0.8 h. The oral
bioavailability of brivanib was 68 + 14% at a 5 mg/kg oral
dose. The time to reach peak concentrations (7,,,x) after an
oral dose was 1.3 £ 0.7 h in the monkey.

Plasma concentrations of brivanib alaninate were less
than the LLQ (I ng/mL) after oral administration of
brivanib alaninate. The systemic exposure to brivanib
(AUC(_,4) increased in a greater than dose-proportional
manner from 5 to 60 mg/kg. At the 30 and 60 mg/kg oral
dose, plasma concentrations of brivanib remained elevated

Time (h)

Fig. 1 Plasma concentration versus time profiles of brivanib after [V
administration of brivanib and oral administration of brivanib
alaninate in dogs (IV dose: 1 mg/kg, PO doses: 4.5, 30, 100 mg/kg)

up to 24 h. The apparent oral bioavailability of brivanib
after administration of brivanib alaninate was estimated to
be ~97% at the 5 mg/kg dose. The oral bioavailability
showed a significant improvement when brivanib was
administered as its prodrug in a completely aqueous
vehicle (Table 4, Fig. 2).

Efficacy in nude mice bearing human xenografts

Brivanib was initially evaluated for in vivo antitumor
activity in the L2987 human lung solid tumor xenograft
model at three dose levels. As demonstrated in Fig. 3,
when brivanib was dosed orally on a once-a-day schedule
for 9 days, tumor growth delay was observed at 60 and
90 mg/kg with the respective 7/C values of 0.40 and 0.36
at day 9. No weight loss or overt toxicity was observed at
any of these dose levels. Brivanib alaninate was at least as
active as brivanib (at equimolar doses) in delaying tumor
growth (Fig. 4) with 7/C values of 0.31 (at 66 mg/kg per
day equivalent of brivanib) and 0.27 (at 90 mg/kg per day
equivalent of brivanib), respectively, on day 14. 7/C values
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Fig. 2 Plasma concentration versus time profiles of brivanib after IV
administration of brivanib and oral administration of brivanib
alaninate in monkeys (IV dose: 1 mg/kg, PO doses: 5, 30, 60 mg/kg)
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Fig. 3 Antitumor efficacy of brivanib in L2987 human lung carci-
noma administered on a qld x9 schedule (doses: vehicle, 30, 60 and
90 mg/kg per day)

at 9 days of dosing with brivanib alaninate were similar,
although not identical. Consistent with complete conver-
sion of brivanib alaninate to brivanib, pharmacokinetic
analysis demonstrated comparable exposure levels of
brivanib, following oral dosing of brivanib alaninate (data
not shown) with no quantifiable levels of brivanib.
Brivanib alaninate was also evaluated in the HCT116/
VM46 human colon tumor xenograft model, a tumor cell
line with resistance to multiple chemotherapeutic agents
due to P-gp overexpression [18]. As shown in Fig. 4, a
dose of 60 mg/kg per day of brivanib alaninate (equivalent
to 50 mg/kg of brivanib) was active with a 7/C of 0.39,
similar to the antitumor activity observed in L2987. Similar
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Fig. 4 Upper panel: antitumor efficacy of brivanib alaninate in
L2987 human lung carcinoma administered on a qld x9 schedule
(doses: vehicle, 80 and 107 mg/kg per day). Lower panel: antitumor
efficacy of brivanib alaninate in HCT116/VM46 human colon
carcinoma administered on a qld x12 schedule (doses: vehicle, 60,
80, 160 mg/kg per day)

antitumor activity was observed at the mid-dose (80 mg/kg
per day brivanib alaninate). A higher dose of brivanib
alaninate(160 mg/kg per day, equivalent to 133 mg/kg per
day of brivanib) was highly active with a 7/C of 0.17. The
minimum efficacious dose was 60 mg/kg with a measured
exposure (AUC_,4 at steady state) of 33.7 pg h/ml. Thus,
brivanib alaninate is active in vivo against a tumor line
highly resistant to chemotherapeutic agents, presumably
due to the targeting of the endothelial cell host compart-
ment, consistent with its anti-angiogenic effect.

Prediction of human CL and efficacious dose

The systemic CL of brivanib was assumed to be all hepatic,
consistent with <0.1% of unchanged brivanib in the rat and
dog (data not shown). The observed systemic CL in the
mouse, rat, dog and monkey was converted to CL;,, in
vivo and compared to the predicted CL;,, from hepatocytes.
Since there was no turnover of brivanib in the presence
of mouse hepatocytes, the mouse was excluded from
this analysis. Based on the correlation of predicted and



Cancer Chemother Pharmacol (2009) 65:55-66

65

observed CL;,, in vivo in the rat, dog and monkey, the
CL;,, in vivo in the human was predicted to be 7.3 mL/min
per kg, which translated to a systemic CL of 5.3 mL/min
per kg.

The steady state exposure of brivanib at the minimum
efficacious dose (administered as brivanib alaninate) in
nude mice bearing HCT116/VM46 human xenograft was
33.7 pg h/mL. Based on this exposure, the predicted
human systemic CL and an average apparent oral bio-
availability of 71% in four nonclinical species, the mini-
mum efficacious dose of brivanib alaninate was predicted
to be 18 mg/kg per day (1.3 g total).

Discussion

Brivanib was found to be a low CL compound with a large
volume of distribution and adequate half life in all four
nonclinical species tested. The Caco-2 permeability studies
suggested that brivanib should have adequate permeability
for absorption through the GI tract. The predicted human CL
based on human hepatocytes was also in the low to moderate
range. Despite these properties, the predicted human effi-
cacious dose was relatively high (1.3 g). Oral administration
of brivanib in rat (at 25 mg/kg) as a micronized suspension
produced significantly lower (~ fivefold) systemic exposure
of brivanib than those obtained from solution formulations.
The low aqueous solubility (<1 pg/mL at pH 6.5) of briv-
anib presumably contributed to dissolution rate-limited
absorption of the compound, particularly at high doses.
Efforts to improve the oral bioavailability and increase drug
plasma concentrations of brivanib at high doses (>100 mg/
kg) using different early formulation strategies (a solubi-
lized system, a micronized system, and a nanosized system)
were unsuccessful.

When dosed as brivanib, the oral bioavailability was 88,
25, 22 and 68% in mice, rats, dogs and monkeys, respec-
tively. However, due to poor solubility, dissolution-limited
absorption of brivanib was seen, with less than dose-pro-
portional increase in exposure, which prevented attaining
adequate multiples of exposure for toxicity evaluation with
brivanib. Additionally, in higher species (dog), the amount
of excipients (PEG alone or with Tween-80) could have
caused GI toxicity at the volumes needed to solubilize
brivanib. It was also deemed difficult to achieve adequate
exposures in the clinic with traditional formulation tech-
nologies. A soluble prodrug strategy was explored as an
alternative means to enable the development of brivanib
[5].

Most technologies employed to deliver poorly soluble
compounds have the liability of a low drug load. Therefore,
these technologies are most useful when paired with a drug
candidate with a low dose. To increase the solubility of

brivanib, a prodrug approach was investigated. A prodrug
with increased solubility, stability at the gastric pH, and the
ability to cleave in plasma may enable exposures needed to
advance the project in toxicological studies and move
quickly toward proof of concept in humans.

Prodrug technology over the last several years has made
great advances largely based on the application of creative
technology that has been developed for linking a drug to a
pro-moiety via a cleavable element that facilitates optimal
drug release kinetics [20, 21]. Typically, useful elements
that can be derivatized directly with a prodrug moiety
include alcohols, amines and carboxylic acids, while ste-
rically hindered alcohols and amines, amides, imides and
heterocycles will usually require the incorporation of linker
technology. Brivanib offers an easy handle for prodrug
formation in the form of a secondary alcohol functionality.
Amino acid ester prodrugs of alcohols have been used
successfully in marketed drugs to improve aqueous solu-
bility [2]. Enzymatic release can occur pre-systemically or
systemically after absorption of the prodrug. Clearly, pre-
systemic cleavage will minimize exposure to the prodrug, a
consideration of potential importance from a toxicological
perspective [22].

In case of brivanib alaninate, the cleavage of the alanine
ester functionality appears to occur pre-systemically. Briv-
anib alaninate was found to be unstable in rodent plasma and
serum consistent with high concentration of nonspecific
esterases, but was relatively stable in dog, monkey and
human plasma [19]. Stability in human plasma raised a
concern that brivanib alaninate may circulate in sufficiently
high concentrations in human plasma making its safety
evaluation difficult based on rodent studies. Efforts were
then carried out to investigate the stability of brivanib
alaninate in human-derived liver and intestinal microsomes
and S9. Brivanib alaninate was found to cleave rapidly to
brivanib in these matrices, suggesting that there would not
be significant circulating concentrations of the prodrug in
human plasma. In addition, no circulating concentrations of
brivanib alaninate were detected in mouse, rat and monkey
plasma after oral doses of brivanib alaninate except in the
dog at 30 mg/kg where <4.4 ng/mL concentrations of
brivanib alaninate were found up to 15 min post-dose.

The rapid and complete pre-systemic cleavage of briv-
anib alaninate to brivanib was supported by the improve-
ment in the apparent oral bioavailability of brivanib when
dosed as the prodrug (80, 55, 52 and 97% in mice, rats, dogs
and monkeys, respectively). In addition, dose-proportional
or greater than dose-proportional increases in exposures to
brivanib with increasing dose of brivanib alaninate were
seen in animal species at doses up to 360 mg/kg. Antitumor
efficacy was demonstrated with equimolar doses of brivanib
alaninate and brivanib in nude mice bearing L2987 human
lung and HCT116/VM46 human colon carcinomas with a
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minimum efficacious dose of 60 mg/kg per day of brivanib
alaninate and an associated exposure of 33.7 pg.h/mL
measured as brivanib. In clinical trials with cancer patients,
pharmacodynamic response (DCE-MRI, collagen IV) was
observed at the maximum tolerated dose (800 mg QD) and
the associated average exposure was 60 pg h/mL [11].
Based on this observation, a brivanib alaninate dose of
800 mg QD is recommended for future clinical trials.
The preclinical pharmacokinetics and efficacy studies with
brivanib alaninate successfully predicted the human effi-
cacious dose within twofold.

In conclusion, brivanib shows low to intermediate
clearance in mouse, rat, dog and monkey, and distributes
extensively in those species. The prodrug, brivanib alani-
nate, is rapidly and efficiently converted to the parent,
brivanib, as demonstrated both in vitro and in vivo and
offers an excellent mode to deliver brivanib orally. Overall,
the preclinical investigation of the pharmacokinetics and in
vivo efficacy of brivanib and its prodrug brivanib alaninate
demonstrates its utility to project human pharmacokinetics
and efficacious doses.
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