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Abstract
Purpose Bevacizumab is the Wrst anti-angiogenic mono-
clonal antibody approved for use in combination with che-
motherapy for treatment of a variety of solid tumors. The
objective of this study was to evaluate the safety of bev-
acizumab when administered concomitantly with paclitaxel
and cisplatin to cynomolgus monkeys, and to assess the
pharmacokinetic and safety interactions between bev-
acizumab and the two chemotherapeutic agents.
Methods Twenty male cynomolgus monkeys (Macaca
fasicularis) were randomized to one of four treatment
groups: vehicle, bevacizumab alone, cisplatin alone, and
the combination of cisplatin and bevacizumab. Blood col-
lection over serial time points allowed determination of the
pharmacokinetic parameters of paclitaxel and bevacizumab
and the maximum concentration (Cmax) for cisplatin. Drug

concentrations were determined by graphite-furnace atomic
absorption, high performance liquid chromatography, and
enzyme-linked immunosorbent assay methods, for cis-
platin, paclitaxel, and bevacizumab, respectively.
Results AUC0-t values for bevacizumab when adminis-
tered alone or in combination with chemotherapy were
6,747 § 1,872 and 7,366 § 1,599 �g/ml £ day, respec-
tively. AUC0-t values for paclitaxel with or without con-
comitantly administered bevacizumab were 10.9 § 2.9 and
10.3 § 3.7 �g/ml £ day, respectively. No alterations in the
Cmax of bevacizumab, paclitaxel, or cisplatin were observed
between any of the treatment groups. As expected, based on
their known safety proWle, the administration of cisplatin
and paclitaxel were associated with vomiting, decreased
body weight, and transient decreases in white blood cell
and absolute neutrophil counts; concomitant bevacizumab
administration did not alter the incidence or severity of
these toxicological eVects.
Conclusion Pharmacokinetic estimates for bevacizumab,
paclitaxel and cisplatin indicate that combination of bev-
acizumab with the two chemotherapeutic agents does not
result in a pharmacokinetic interaction. Moreover, the addi-
tion of bevacizumab to the chemotherapy regimen did not
appear to alter the safety proWles of cisplatin/paclitaxel in
cynomolgus monkeys. Results from the present study sup-
ported the clinical development of bevacizumab treatment
regimens in combination with the chemotherapeutic agents
paclitaxel and cisplatin.

Introduction

The angiogenic signal cascade, stimulated by proangio-
genic factors such as vascular endothelial growth factor
(VEGF; also referred to as vascular permeability factor),
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leads to phenotypic changes in endothelial cells that line
tumor blood vessels, allows the tumor to expand rapidly,
invade surrounding tissues, and metastasize [1, 2]. Block-
ade of the angiogenic signal cascade by antibodies to
VEGF has been reported to suppress tumor growth in ani-
mal models bearing human tumor xenograft [3]. The syner-
gistic antitumor activity of antibodies to VEGF and
cytotoxic chemotherapy has also been demonstrated in ani-
mal models [4–7]. The mechanism by which VEGF block-
ade potentiates the cytotoxic eVects of chemotherapeutic
agents is not completely understood but may result from
changes in vascular functions (i.e. decreased vessel density,
diameter and permeability), reduction in interstitial Xuid
pressure and improvements in intratumoral uptake of che-
motherapeutic agents [8, 9].

Bevacizumab (rhuMAb VEGF, Avastin®, Genentech,
Inc., South San Francisco, CA, USA) is a humanized
monoclonal antibody targeting human VEGF. It contains
the human immunoglobulin G1 framework (93%) and
murine VEGF-binding complementary-determining
regions (7%). Clinical development plans included, among
others, the combination of bevacizumab with chemothera-
pies as treatment for Wrst- or second-line colorectal cancer
(in combination with 5-FU/irinotecan/leucovorin) [10, 11],
Wrst-line non-small cell lung cancer (in combination with
carboplatin/paclitaxel) [12, 13], metastatic breast cancer (in
combination with paclitaxel) [14], and cisplatin/paclitaxel
in ovarian cancer [15]. Plans for the combination of bev-
acizumab with a broad variety of small molecule chemo-
therapeutic agents prompted the investigation of whether
bevacizumab may alter the pharmacokinetic disposition
and/or safety proWle of the chemotherapeutic agents
through potential changes in vessel biology or other
unknown mechanisms. The cynomolgus monkey served as
the nonclinical species for pharmacokinetic and safety eval-
uation in this study, as human and cynomolgus monkey
VEGF were predicted to have identical amino acid
sequences [16] and bevacizumab has been shown to bind to
VEGF in cynomolgus monkeys. In support of the clinical
development plan in ovarian cancer, the purpose of this
study were to investigate: (1) potential pharmacokinetic
interactions between bevacizumab and the chemotherapeu-
tic agents cisplatin and paclitaxel, and (2) the safety of bev-
acizumab when administered in combination with cisplatin
and paclitaxel.

Materials and methods

Test material

Bevacizumab (Lot No. M3-RD595, 10 mg/ml) and bev-
acizumab vehicle, (Lot No. M3-RD588, 0 mg/ml) were

supplied as clear liquids. Paclitaxel and cisplatin (Taxol®

and Platinol-AQ®, respectively, Bristol Myers Squibb
Oncology, Princeton, NJ) were purchased commercially.

Species and husbandry

Twenty-six male cynomolgus monkeys (Macaca fascicu-
laris) were obtained from HRP, Inc. (Denver, PA) and the
Virginia facility of Corning Hazleton Inc. The animals
were quarantined for 38 days before initiation of treat-
ment. Animals were approximately 4–10 years old and
weighed 3.8–5.9 kg at initiation of treatment. Environ-
mental controls were set to maintain a temperature of 19–
26°C (66–79°F) with a relative humidity of 30–70%, and
an approximate 12-h light/dark cycle. Animals were
housed individually in stainless steel cages. CertiWed pri-
mate diet (PMI® Feeds, Inc.) was provided, except during
protocol-deWned intervals of fasting. Water was provided
ad libitum throughout the study. Fruit, vegetable or addi-
tional supplements were provided. There were no known
contaminants in the food or water which were expected to
interfere with the objectives of the study. The study was
approved by the Institutional Animal Care and Use Com-
mittee and all procedures in this protocol were performed
in compliance with the Animal Welfare Act Regulations,
9 CFR 3.

Randomization

Twenty animals were stratiWed by weight and randomly
assigned to one of four treatment groups (n = 5 animals per
group) as shown in Table 1.

Dosing solution

Bevacizumab (10 mg/ml), bevacizumab vehicle (0 mg/ml)
and cisplatin (1.0 mg/ml) were used as supplied. Paclitaxel
was prepared in glass vials at a concentration of 1.2 mg/ml
using 0.9% sodium chloride as diluent. The doses of cis-
platin, paclitaxel and bevacizumab were chosen based on
previous experience with these agents in toxicology studies

Table 1 Dose groups

a Order of administration on day 18: bevacizumab (or bevacizumab
vehicle), cisplatin (or saline), paclitaxel (or saline)

Groupa No. of 
animals

Bevacizumab 
(10 mg/kg)

Cisplatin 
(1 mg/kg)

Paclitaxel 
(4 mg/kg)

1 5 0 0 0

2 5 10 0 0

3 5 0 1 4

4 5 10 1 4
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which when dosed on a mg/kg basis would provide an
appropriate toxicologic response.

Dosing procedures

Table 1 outlines the dosing groups in this study. Bev-
acizumab (10 mg/kg) or bevacizumab vehicle (0 mg/kg)
were administered on days 1, 4, 8, 11, 15, and 18 via intra-
venous (IV) bolus injection. At the time of this study, the
pharmacokinetics of bevacizumab in humans was
unknown, the dosing regimen used in this study was similar
to that used in previous toxicology studies, which were
shown to be safe in these animals, attain relevant concen-
trations quickly, and provide exposures relevant to murine
tumor xenograft models and provide concentrations for pre-
dicted human exposure based on allometric scaling to allow
robust testing of the interaction. Cross-over occurred on
day 18, when bevacizumab exposure in the animals was
believed to be adequate for investigating drug interaction,
although bevacizumab steady state had not been achieved.
Cisplatin and paclitaxel were administered on day 18 fol-
lowing the bevacizumab or bevacizumab vehicle dose. Cis-
platin (1 mg/kg) or saline were given via IV bolus injection
which was followed by a 1-h IV infusion of paclitaxel
(4 mg/kg) or saline using IVEX®-HP Wlter sets with a 0.22-
micron in-line Wlter. Doses were administered into the
saphenous vein and were adjusted based on the most recent
body weight measured before dosing.

Antemortem observations

Routine physical examinations were performed twice
before the initiation of treatment (days 2 and 1) and during
weeks 2, 3, and 6. Animals were observed twice daily
(a.m. and p.m.) for mortality and moribundity. Animals
were observed twice daily (a.m. and p.m.) on nondosing
days; predose and approximately 1 h postdose on days 1,
4, 8, 11, and 15; and predose and approximately 0.5, 1, 2,
4, and 6 h after the start of the infusion on day 18 for signs
of poor health or abnormal behavior. Obvious signs were
recorded as they were observed. Individual body weight
data were recorded weekly before initiation of treatment
and at approximately 3-day intervals until day 46 post
treatment. Food consumption was conWrmed qualitatively
by daily visual inspection. Physical examinations and elec-
trocardiographic measurements were performed twice
before initiation of treatment and during weeks 2, 3, and 6.
Blood and urine were collected from each animal twice
before initiation of treatment and during weeks 2, 4, 5, and
7. Animals were fasted overnight, and urine was collected
before blood sampling. Routine clinical chemistry, hema-
tology, urinalysis, and urine chemistry endpoints were
measured.

Blood collection procedures and processing

Blood (»1 ml) was collected for bevacizumab serum con-
centration determination at the following time points: pre-
paclitaxel/cisplatin on days 1, 4, 11, and 18; on day 18 at
approximately 5, 15, and 30 min, 1, 2, 3, 4, 6, 8, 12 and
24 h after the bevacizumab IV bolus injection, as well as on
days 20, 21, 22, 24, 27, 30, 34, 38, 43, and 48. Additional
blood samples (»1 ml) were taken for serum anti-bev-
acizumab antibody determination prior to the initiation of
the treatment and on Days 18 (predose), 30 and 48. On
day 18, blood (»2 ml) was collected into tubes containing
EDTA anticoagulant for paclitaxel and platinum plasma
concentration determination at the following times: predose
and at approximately 5, 15 and 30 min, 1 h (before the end
of infusion), and 2, 3, 4, 6, 8, 12, 24, 48 and 72 h after the
start of the 1-h paclitaxel infusion. Plasma was harvested
and aliquoted (200 �l for platinum analysis and the remain-
ing plasma for paclitaxel analysis). All serum and plasma
samples were stored in a freezer set to maintain ¡60 to
¡80°C until analyzed. For paclitaxel and cisplatin PK on
day 18, time = 0 corresponded to the start of the paclitaxel
(or saline) infusion.

Assays

Serum concentrations of bevacizumab were determined by
a validated enzyme-linked immunosorbent assay (ELISA)
method (a binding assay using the truncated form of VEGF
for capture and a goat anti-human IgG antibody conjugated
with horseradish peroxidase for detection). The standard
curve was diluted in 10% cyno serum ranged from 0.39 to
25 ng/ml. The minimum dilution for neat cyno serum sam-
ples, 1/10, resulted in a lower limit of 0.0039 �g/ml with no
known upper limit. Detectable bevacizumab concentrations
were reported for six monkeys (range 0.0063–0.020 �g/ml)
receiving bevacizumab vehicle. During validation, non-
speciWc monkey IgG and other humanized antibodies were
tested at 10.0 �g/ml and found not to cross-react. These
concentrations were at least 2,500-fold less than the lowest
concentration detected in bevacizumab-treated monkeys.
These data points were most likely a result of non-speciWc
assay interference and were not included in the pharmaco-
kinetic analysis.

Samples collected during week 4 and on days 18, 30 and
48 were analyzed for anti-bevacizumab antibodies using
two methods for detecting antibodies to the Fab or the Fc
portion of bevacizumab.

Plasma assays for platinum and paclitaxel were per-
formed at Corning Hazleton Inc. (Madison, Wisconsin). An
HPLC method (lower limit of quantiWcation: 0.050 �g/ml)
was used for determination of plasma paclitaxel concentra-
tions. Total plasma elemental platinum concentrations were
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measured using a graphite-furnace atomic absorption
method (lower limit of quantiWcation: 0.150 �g/ml). Since
total plasma elemental platinum was assayed (free and
bound) but free platinum is considered the relevant pharma-
cologic species, and which shows time-dependent increases
in protein binding, only the Cmax of platinum was reported,
since at the completion of the administration, nearly all
measurable platinum would be free (unbound), drug [17].

Pharmacokinetic analysis

Bevacizumab and paclitaxel concentration-time proWles for
individual animals were analyzed with compartmental and
noncompartmental approaches using a commercially avail-
able software package (WinNonlin, version 3.2, Pharsignt
Corporation, Mountain View, CA). Nominal times were
used in the analysis. Data reported as BLQ (below limit of
quantitation) were not used in the analysis.

The maximum drug concentration (Cmax) and time to
maximum drug concentration (Tmax) were determined from
observed values. The area under the curve (AUC0-t) was
calculated for paclitaxel plasma concentration-time proWles
using the trapezoidal method derived from noncompart-
mental analysis from time zero (i.e. start of paclitaxel infu-
sion) to the last detectable concentration. AUC0-t for
bevacizumab was deWned as the area under the serum con-
centration-time proWle of the last dose (i.e. from the time of
bevacizumab IV bolus administration on day 18 to the last
detectable concentration on day 48). A two-compartment
model was Wt to the serum bevacizumab concentration-time
proWles following multiple IV bolus doses for each bev-
acizumab-treated animal with elimination from the central
compartment, using an iteratively re-weighted least squares
scheme, with weights inversely proportional to the pre-
dicted concentration values squared. Similarly, a two-com-
partment model was Wt to plasma paclitaxel concentration-
time proWles following IV infusion for each animal. Esti-
mated parameters included weight-normalized initial and
steady-state volumes of distribution (Vc/W and Vss/W,
respectively), weight-normalized clearance (CL/W), and
terminal half-life.

Statistical analysis

The statistical analysis of the eVect of bevacizumab on cis-
platin and paclitaxel PK was conducted on PK parameters
Cmax and AUC0-t. DiVerences in systemic exposure (i.e.
Cmax and AUC0-t) were tested via Student’s t tests, while
similarities in systemic exposure were tested by calculating
the geometric mean ratio (GMR) and its 90% conWdence
interval (CI). SigniWcant alteration of PK (i.e. interaction)
was concluded at a P value of 0.05 or the 90% CI of GMR
does not include unity. Student’s t test and GMR calcula-

tions were conducted using statistical software JMP
version 6 (SAS Institute, Cary, NC). Values reported are
mean § SD unless otherwise noted. No statistical analysis
was conducted on PK parameters CL, Vc or Vss.

One-way analysis of variance (ANOVA [18]) was used
to analyze hematology values. Levene’s test [19] was done
to test for variance homogeneity. In the case of heterogene-
ity of variance at P · 0.05, transformations were used to
stabilize the variance. ANOVA was performed on the
homogeneous or transformed data. If the ANOVA was sig-
niWcant, Dunnett’s multiple comparison t test [20] was used
for pair-wise comparisons. One-way analysis of covariance
(ANCOVA [20, 21]) was used to analyze body weights,
with initial body weights as the covariate. Although
Levene’s test for variance homogeneity was performed, no
transformations were used because covariance adjustment
removed extraneous heterogeneity. If the ANCOVA was
signiWcant, least squares means t test [22] was used for
pairwise comparisons. Covariate-adjusted mean (CAM)
body weights were calculated to allow for pairwise compar-
isons between individual groups (SAS/STAT, SAS Insti-
tute, Cary, NC) [22].

Results

Bevacizumab pharmacokinetics

Figure 1 illustrates the similarity of the mean (§SD) serum
bevacizumab concentration-time proWles following adminis-
tration of bevacizumab alone or in combination with cis-
platin and paclitaxel. Concomitant administration of the

Fig. 1 Mean (§SD) bevacizumab serum concentrations (�g/ml) after
multiple doses of bevacizumab with the model Wt to mean values
superimposed on the data (n = 5 per group). Open squares represent
treatment with cisplatin/paclitaxel; Wlled squares represent treatment
with bevacizumab + cisplatin/paclitaxel; vertical arrows represent
dosing of bevacizumab
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chemotherapeutic agents did not alter the pharmacokinetics
of bevacizumab, as evidenced by similar bevacizumab mean
(§SD) AUC0-t and Cmax values with P values larger than
0.05 (Table 2). The 90% CI of the GMR values calculated
for these two parameters contained unity, further indicating
lack of a diVerence between the two groups (Table 2). Phar-
macokinetic parameters estimated from compartmental
analysis are reported in Table 3 Co-administration of cis-
platin and paclitaxel with bevacizumab showed no eVect on
bevacizumab initial distribution volumes (Vc/W), which
were estimated to be 46.1 § 10 and 37.1 § 15 ml/kg
(mean § SD), when administered alone or in combination
with the chemotherapeutic agents, respectively (P = 0.30).
These values are consistent with bevacizumab distribution
within the serum volume. There were no other statistically
signiWcant PK parameter changes, including estimates of
steady state volume of distribution, clearance and half-life.
The observed bevacizumab pharmacokinetics in this study is
comparable to those determined in previous studies of bev-
acizumab in cynomolgus monkeys [23].

Paclitaxel and cisplatin pharmacokinetics

Paclitaxel was administered on day 18 as an IV infusion
immediately after a cisplatin IV bolus injection following
bevacizumab vehicle (Group 3) or bevacizumab (Group 4)
(Table 1). Figure 2 shows the similarity in mean (§SD)
paclitaxel plasma concentration versus time proWles follow-
ing administration with or without concomitant bev-
acizumab. The presence of bevacizumab did not appear to
alter the pharmacokinetics of paclitaxel as evidenced by
similar mean (§SD) values of AUC0-t and Cmax (Table 2)
and by the calculated 90% CIs of the GMR for both param-
eters including unity. In addition, there was no statistically
signiWcant change in any other paclitaxel pharmacokinetic
parameter including volume of distribution, clearance and
half-life (Table 3).

Cisplatin was administered on day 18 as an IV bolus
immediately prior to an IV infusion of paclitaxel with
(Group 4) or without concomitant bevacizumab administra-
tion (Group 3). Since previous studies demonstrated time
dependent increases in plasma protein binding of elemental
platinum [16, 24], only the Cmax of the total plasma elemen-
tal platinum was measured and reported in this study
(Table 2). The mean (§SD) free elemental platinum Cmax

values following cisplatin bolus administration were simi-
lar in the presence or absence of bevacizumab (5.28 § 0.50
and 5.01 § 0.55 �g/ml, respectively).

Toxicological observations

All animals survived the study. Administration of bev-
acizumab alone had no eVect on antemortem clinical

Table 2 Summary of pharmacokinetic parameters

a “Not in combination”—cisplatin and paclitaxel PK parameters from Group 3 and bevacizumab PK parameters from Group 2; “In combina-
tion”—cisplatin, paclitaxel and bevacizumab PK parameters from Group 4
b DiVerence of means = (mean in combination ¡ mean not in combination)/mean not in combination

Parameter (mean § SD) Not in combination In combinationa GMR (90%CI) DiVerence of 
mean (%)b

P value

Bevacizumab

AUC (�g/ml £ day) 6,747 § 1,872 7,366 § 1,599 0.91 (0.73, 1.21) 9.17 0.59

Cmax (�g/ml) 676 § 100 744 § 120 0.95 (0.84, 1.07) 10.06 0.36

Paclitaxel

AUC (�g/ml £ day) 10.3 § 3.7 10.9 § 2.9 0.92 (0.67, 1.22) 5.83 0.76

Cmax (�g/ml) 8.33 § 2.9 8.73 § 1.8 0.93 (0.66, 1.3) 4.80 0.80

Cisplatin

Cmax (�g/ml) 5.01 § 0.55 5.28 § 0.50 0.91 (0.91, 1.10) 5.39 0.45

Table 3 Bevacizumab and paclitaxel pharmacokinetic parameter esti-
mates

Parameter Group 2 Group 3 Group 4 P value

Bevacizumab 
Alone

Cisplatin/
paclitaxel

Cisplatin/
paclitaxel +
bevacizumab

Bevacizumab

CL (ml/day/kg) 4.61 § 1.3 – 3.99 § 0.76 0.38

Terminal t1/2 
(day)

13.5 § 5.1 – 14.5 § 2.7 0.70

Vc (ml/kg) 46.1 § 10 – 37.1 § 15 0.30

Vss (ml/kg) 78.0 § 8.4 – 72.5 § 7.0 0.55

Paclitaxel

CL (ml/h/kg) – 387 § 130 357 § 94 0.70

Terminal T1/2 
(h)

– 7.55 § 1.7 7.27 § 1.4 0.78

Vc (ml/kg) – 343 § 95 315 § 56 0.60

Vss (ml/kg) – 1,490 § 590 1,200 § 220 0.86
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observations, body weight, or food consumption. There
were no drug-related Wndings observed upon physical
examination or electrocardiographic assessment during
weeks 2, 3, or 6 in any of the treatment groups. Adminis-
tration of cisplatin and paclitaxel was associated with
vomiting in four Group 3 and two Group 4 animals on day
18, with no discernible diVerences between groups. Ani-
mals in Groups 3 and 4 had lower CAM body weights on
day 22 as compared to control (Group 1) animals. This
Wnding is consistent with observations of low food con-
sumption and vomiting following dosing on day 18. The
CAM body weights of the Group 4 animals (given cis-
platin and paclitaxel with bevacizumab) were not statisti-
cally signiWcantly diVerent from animals in Group 3
(given cisplatin and paclitaxel) from day 18 to day 46,
except for a transient 0.1 kg lower body weight observed
on day 22. This Wnding was considered incidental and not
related to bevacizumab treatment.

Administration of bevacizumab alone had no eVect on
clinical pathology parameters. As expected, administration
of cisplatin and paclitaxel resulted in transiently decreased
absolute neutrophil counts (Fig. 3). During week 4, 8 days
following administration of cisplatin and paclitaxel, mean
absolute neutrophil counts for the groups given cisplatin
and paclitaxel (Groups 3 and 4) were more than 50% lower
than the mean counts for groups not given cisplatin and
paclitaxel (Groups 1 and 2). Concomitant administration of
bevacizumab with cisplatin and paclitaxel had no apparent
eVect on the magnitude of the leukocyte eVect with nearly
identical mean nadir counts and similar recovery values at
weeks 5 and 7. A similar pattern was observed in the white
blood cell count (data not shown).

Bevacizumab antibodies

Anti-bevacizumab antibodies were not detected in any of
the serum samples in bevacizumab-treated animals.

Discussion and conclusion

This study was performed to investigate the safety and
potential pharmacokinetic interactions of concomitant
administration of bevacizumab and the chemotherapeutic
agents cisplatin and paclitaxel. This investigation was per-
formed in cynomolgus monkeys because (1) bevacizumab
has been shown to bind to VEGF in cynomolgus monkeys,
thus make cynomolgus monkey a relevant animal model for
bevacizumab PK; and (2) cynomolgus monkey closely
resembles human in the toxicological responses to paclit-
axel and cisplatin. The dose and dosing frequency of bev-
acizumab for cynomolgus monkeys in this study were
chosen taking into consideration of the shorter half-life and
to match the clinical relevant exposure in patients (beyond
100 �g/ml).

The rationale for initiating this nonclinical study was
that a toxicodynamic interaction could theoretically occur
whereby bevacizumab would potentiate chemotherapy tox-
icities at the vascular and cellular level, rather than from a
pharmacokinetic interaction resulting in high drug plasma
exposure to the chemotherapeutic agents. The mechanism
by which VEGF blockade may potentiate chemotherapeutic
cytotoxicity in tumors is not completely understood but
may result from changes in vascular functions (i.e.
decreased vessel density, diameter and permeability),
reduction in interstitial Xuid pressure and improvements in

Fig. 2 Mean (§SD) paclitaxel plasma concentrations (�g/ml) follow-
ing IV infusion of paclitaxel on day 18 with the model Wt to mean val-
ues superimposed on the data (n = 5 per group). Open triangles
represent treatment with cisplatin/paclitaxel; Wlled triangles represent
treatment with bevacizumab + cisplatin/paclitaxel
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intratumoral uptake of chemotherapeutic agents [8, 9]. The
eVect of anti-angiogenic agents like bevacizumab on nor-
mal vascular system was expected to be minimal based
upon nonclinical safety studies (unpublished data on Wle);
however, potential existed for vascular drug eVects which
could modulate the distribution of chemotherapeutic agents
in normal tissues.

The results of this study suggest that concomitant admin-
istration of a chemotherapy regimen containing cisplatin
and/or paclitaxel does not alter the systemic disposition of
bevacizumab in cynomolgus monkeys. Moreover, co-
administration of bevacizumab did not aVect the plasma
pharmacokinetics of either chemotherapeutic agent. Free
elemental platinum Cmax values following cisplatin admin-
istration, with or without concomitantly administered bev-
acizumab, were similar. The absence of a pharmacokinetic
drug interaction supports the toxicological observations.
Administration of cisplatin/paclitaxel was associated with
the expected toxicities of vomiting, body weight loss, and
neutropenia [25, 26]. Concomitant bevacizumab adminis-
tration did not appear to alter the incidence or severity of
these eVects. The design of this study only allowed for the
assessment of acute eVects of chemotherapy and therefore
any conclusions regarding the eVect of bevacizumab treat-
ment on chronic or cumulative dose toxicities of cisplatin
or paclitaxel, such as peripheral neuropathy, would require
further study. However, in phase III clinical trials in which
bevacizumab has been combined with other platinum-based
compounds, such as carboplatin or oxaliplatin, no augmen-
tation of platinum-induced neuropathy has been observed
[27, 28].

This study provided critical observations for the clinical
development of bevacizumab. The lack of pharmacokinetic
and toxicodynamic interactions suggested that these plati-
num-based agents and taxanes could be safely administered
in the clinic without compromising dose or tumor exposure.
Subsequent controlled clinical trials were performed com-
bining bevacizumab with carboplatin/paclitaxel for the
treatment of Wrst-line NSCLC and in combination with pac-
litaxel in metastatic breast cancer [13, 14]. Positive primary
outcomes, as measured by a prolongation of survival, were
observed in these trials, demonstrating that bevacizumab
could be successfully and safely administered in combina-
tion with a variety of small molecule cytotoxic chemothera-
pies.

The lack of PK interactions between bevacizumab and
paclitaxel/cisplatin can be supported by the current under-
standing of each agent’s elimination and/or metabolic
pathway. Bevacizumab is a recombinant humanized mono-
clonal antibody and, like other IgG monoclonal antibodies,
is believed to be primarily cleared from systemic circula-
tion via a FcRn receptor-mediated route [29–32]. Distribu-
tion and metabolism studies of bevacizumab in rabbits

with [125I]bevacizumab showed no speciWc uptake in any
organ and limited metabolism [23]. In contrast, paclitaxel
undergoes hepatic oxidative metabolism via cytochrome
P450 2C8 and 3A4 to form the major metabolites, 6-�-
hydroxypaclitaxel and 3�-para-hydroxyphenyl-paclitaxel,
respectively [33]. These metabolites subsequently undergo
biliary excretion [34] and this pathway of metabolism and
excretion would not be expected to be altered by an IgG1
monoclonal antibody. Clearance of cisplatin has also been
well characterized with renal elimination of free (non-pro-
tein bound) platinum as the major route of clearance; thus
co-administration of bevacizumab and cisplatin are
unlikely to result in a drug–drug interaction resulting in an
alteration of platinum clearance. It is also unlikely that
interactions due to protein binding displacement would
occur, as, although unknown, it is unlikely that bev-
acizumab binds to plasma albumin. The distinct metabolic
pathways of the three agents investigated in our study sup-
port our Wndings that the pharmacokinetics of each agent
are not altered by the others. A previous study also reported
the lack of pharmacokinetic or toxicodynamic interaction
between bevacizumab and irinotecan in cynomologus
monkeys [35].

In summary, we used the cynomologus monkey as a
nonclinical model to study the potential pharmacokinetic
and toxicological interactions of bevacizumab with a che-
motherapeutic regimen containing cisplatin and paclitaxel.
No pharmacokinetic interaction was observed between bev-
acizumab and paclitaxel/cisplatin. Administration of the
two chemotherapeutic agents was associated with the
expected toxicities of myeloid suppression, anemia, vomit-
ing and body weight loss. Concomitant bevacizumab did
not alter the incidence or severity of these eVects. Results
from the present study and the previous study of irinotecan
[35] support the clinical development of bevacizumab in
combination with three commonly used small molecule
cancer chemotherapeutic agents with an acceptable margin
of safety and no compromise of the optimal exposure of
these agents.

References

1. Folkman J (1974) Tumor angiogenesis. Adv Cancer Res 19:331–
358

2. Ferrara N, Davis-Smyth T (1997) The biology of vascular endo-
thelial growth factor. Endocrinol Rev 18:1–22

3. Kim KJ, Li B, Winer J, Armanini M, Gillett N, Phillips HS, Ferrara
N (1993) Inhibition of vascular endothelial growth factor-induced
angiogenesis suppresses tumour growth in vivo. Nature
362(29):841–844

4. Kabbinavar FF, Wong JT, Ayala RE et al (1995) The eVect of anti-
body to vascular endothelial growth factor and cisplatin on the
growth of lung tumors in nude mice. Proc Am Assoc Cancer Res
36:488 (abstract 2906)
123



614 Cancer Chemother Pharmacol (2008) 61:607–614
5. Borgström P, Gold DP, Hillan KJ et al (1999) Importance of
VEGF for breast cancer angiogenesis in vivo: Implications from
intravital microscopy of combination treatments with an anti-
VEGF neutralizing monoclonal antibody and doxorubicin. Anti-
cancer Res 19(5b):4203–4214

6. Sweeney CJ, Miller KD, Sissons SE, Nozaki S, Heilman DK, Shen
J, Sledge GW Jr (2001) The antiangiogenic property of docetaxel
is synergistic with a recombinant humanized monoclonal antibody
against vascular endothelial growth factor or 2-methoxyestradiol
but antagonized by endothelial growth factors. Cancer Res
61(8):3369–3372

7. Gerber HP, Ferrara N (2005) Pharmacology and pharmacodynam-
ics of bevacizumab as monotherapy or in combination with cyto-
toxic therapy in preclinical studies. Cancer Res 65(3):671–680

8. Ferrara N (2004) Vascular endothelial growth factor as a target for
anticancer therapy. Oncologist 9(Suppl 1):2–10

9. Jain RK (2005) Normalization of tumor vasculature: an emerging
concept in antiangiogenic therapy. Science 307(5706):58–62

10. Hurwitz H, Fehrenbacher L, Novotny W, Cartwright T, Hains-
worth J, Heim W, Berlin J, Baron A, GriVing S, Holmgren E, Ferr-
ara N, Fyfe G, Rogers B, Ross R, Kabbinavar F (2004)
Bevacizumab plus irinotecan, Xuorouracil, and leucovorin for met-
astatic colorectal cancer. N Engl J Med 350(23):2335–2342

11. Reddy GK (2005) The addition of bevacizumab to FOLFOX4 pro-
longs survival in relapsed colorectal cancer: interim data from the
ECOG 3200 trial. Clin Colorectal Cancer 4(5):300–301

12. Tyagi P (2005) Bevacizumab, when added to paclitaxel/carbopla-
tin, prolongs survival in previously untreated patients with ad-
vanced non-small-cell lung cancer: preliminary results from the
ECOG 4599 trial. Clin Lung Cancer 6(5):276–278

13. Laskin JJ, Sandler AB (2005) First-line treatment for advanced
non-small-cell lung cancer. Oncology 19(13):1671–1676

14. Miller KD (2003) E2100: a phase III trial of paclitaxel versus
paclitaxel/bevacizumab for metastatic breast cancer. Clin Breast
Cancer 3(6):421–422

15. Muggia FR, Braly PS, Brady MF, Sutton G, Niemann TH, Lentz
SL, Alvarez RD, Kucera PR, Small JM (2000) Phase III random-
ized study of cisplatin versus paclitxel versus cisplatin plus paclit-
axel in patients with suboptimal stage III or IV ovarian cancer: a
gynecologic oncology group study. J Clin Oncol 18(1):2349–2351

16. Shima DT, Gougos A, Miller JW, Tolentino M, Robinson G,
Adamis AP, D’Amore PA (1996) Cloning and mRNA expression
of vascular endothelial growth factor in ischemic retinas of
Macaca fascicularis. Invest Ophthalmol Vis Sci 37(7):1334–1340

17. Hegedus L, van der Vijgh WJ, Klein I, Kerpel-Fronius S, Pinedo
HM (1987) Chemical reactivity of cisplatin bound to human plas-
ma proteins. Cancer Chemother Pharmacol 20(3):211–212

18. Winer BJ (1971) Design and analysis of single-factor experiments,
in statistical principles in experimental design, 2nd edn. McGraw-
Hill, New York, pp 149–260

19. Levene H (1960) Robust tests for equality of variances. In: Olkin
I (ed) Contributions to probability and statistics. Stanford Univer-
sity Press, Stanford, pp 278–292

20. Dunnett CW (1964) New tables for multiple comparisons with a
control. Biometrics 20:482–491

21. Winer BJ (1971) Analysis of covariance, in statistical principles in
experimental design, 2nd edn. McGraw-Hill, New York, pp 752–
812

22. SAS Institute Inc (1989), SAS/STAT® User’s Guide, Version 6,
4th edn, vol 2. SAS Institute Inc., Cary, p 909

23. Lin YS, Nguyen C, Mendoza JL, Escandon E, Fei D, Meng YG,
Modi NB (1999) Preclinical pharmacokinetics, interspecies scal-
ing, and tissue distribution of a humanized monoclonal antibody
against vascular endothelial growth factor. J Pharmacol Exp Ther
288(1):371–378

24. Urien S, Lokiec F (2004) Population pharmacokinetics of total and
unbound plasma cisplatin in adult patients. Br J Clin Pharm
57(6):756–763

25. Mitchell EP, Schein PS (1984) Gastrointestinal toxicology of che-
motherapeutic agents. In: Perry MC, Yarbro JW (eds) Toxicity of
chemotherapy. Grune and Stratton Inc., Orlando, pp 269–295

26. Hoogland HC (1984) Hemotologic complications of cancer che-
motherapy. In: Perry MC, Yarbro JW (eds) Toxicity of chemother-
apy. Grune and Stratton Inc., Orlando, pp 433–448

27. Herbst RS, Sandler AB (2004) Non-small cell lung cancer and an-
tiangiogenic therapy: what can be expected of bevacizumab?
Oncologist 9(Suppl 1):19–26

28. Mulcahy MF, Benson AB 3rd (2005) Bevacizumab in the treat-
ment of colorectal cancer. Expert Opin Biol Ther 5(7):997–1005

29. Ghetie V, Hubbard JG, Kim JK, Tsen MF, Lee Y, Ward ES (1996)
Abnormally short serum half-lives of IgG in beta 2-microglobulin-
deWcient mice. Eur J Immunol 26(3):690–696

30. Junghans RP (1997) Finally! The Brambell receptor (FcRB).
Mediator of transmission of immunity and protection from catab-
olism for IgG. Immunol Res 16(1):29–57

31. Story CM, Mikulska JE, Simister NE (1994) A major histocompat-
ibility complex class I-like Fc receptor cloned from human pla-
centa: possible role in transfer of immunoglobulin G from mother
to fetus. J Exp Med 180(6):2377–2381

32. Simister NE, Mostov KE (1989) Cloning and expression of the
neonatal rat intestinal Fc receptor, a major histocompatibility com-
plex class I antigen homolog. Cold Spring Harb Symp Quant Biol
54(1):571–580

33. Rahman A, Korzekwa KR, Grogan J, Gonzalez FJ, Harris JW
(1994) Selective biotransformation of paclitaxel to 6 alpha-
hydroxypaclitaxel by human cytochrome P450 2C8. Cancer Res
54(21):5543–5546

34. Vaishampayan U, Parchment RE, Jasti BR, Hussain M (1999)
Taxanes: an overview of the pharmacokinetics and pharmacody-
namics. Urology 54(6A Suppl):22–29

35. Gaudreault J, Shiu V, Bricarello A, Christian BJ, Zuch CL, Moun-
ho B (2005) Concomitant administration of bevacizumab, irino-
tecan, 5-Xuorouracil, and leucovorin: nonclinical safety and
pharmacokinetics. Int J Toxicol 24(5):357–363
123


	Pharmacokinetics and safety of bevacizumab administered in combination with cisplatin and paclitaxel in cynomolgus monkeys
	Introduction
	Materials and methods
	Test material
	Species and husbandry
	Randomization
	Dosing solution
	Dosing procedures
	Antemortem observations
	Blood collection procedures and processing
	Assays
	Pharmacokinetic analysis
	Statistical analysis

	Results
	Bevacizumab pharmacokinetics
	Paclitaxel and cisplatin pharmacokinetics
	Toxicological observations
	Bevacizumab antibodies

	Discussion and conclusion
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


