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Abstract

Purpose Volociximab is a chimeric IgG4 that is being

developed as a novel first-in-class anti-angiogenic, a5b1

integrin inhibitor for the treatment of solid tumors. A

mechanism-based pharmacokinetic (PK)/pharmacody-

namic (PD) model was developed to investigate the

dynamic interaction between volociximab concentrations

and free monocyte a5b1 integrin levels in cancer patients.

Methods Twenty-one cancer patients from six dose

cohorts (0.5, 1.0, 2.5, 5.0, 10, and 15 mg/kg) were included

in the analysis. The fully integrated receptor-binding PK/

PD model was developed and fit simultaneously to the PK/

PD data. A Monte-Carlo parametric expectation-maximi-

zation method implement in S-ADAPT program was used

to obtain estimates of population parameters and inter- and

intra-subject variability.

Results The PK/PD time profiles were well described by

the model and the parameters were estimated with good

precision. The model was used to simulate PK/PD time

profiles for multiple dose regimens at various dose levels,

and the results suggested that the monocyte a5b1 integrin

binding was saturated (B5% free) at week 16 in the

majority of patients treated with volociximab doses

C10 mg/kg IV every 2 weeks.

Conclusions The developed model is useful for antic-

ipating the drug exposures and extent of volociximab

binding to peripheral monocyte a5b1 integrin in untested

regimens and for optimizing the design of future clinical

trials.
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Introduction

Angiogenesis is involved in the pathogenesis of a number

of clinical conditions, including malignant tumor growth

and neovascular age-related macular degeneration [11, 12,

26]. Angiogenesis is a complex process mediated by

growth factors, such as vascular-endothelial growth factor

(VEGF), and proteins, such as integrins and matrix me-

talloproteases [3, 24]. Although the role of VEGF in

directing angiogenesis is well documented [10], recent

evidence suggests that integrins are also important in the

angiogenesis process [5]. Although the growth factors are

required to stimulate new blood vessel growth, the inter-

action between the cell surface integrins and the extracel-

lular matrix (ECM) is important in regulating endothelial

cell survival, proliferation, and motility during new blood

vessel growth [4, 5].

Integrins are heterodimeric adhesion proteins consisting

of a and b subunits [16]. Specific dimeric pairs of integrin

subunits show tissue specificity; each a and b dimer has
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unique signaling properties triggered by binding to specific

ECM ligands [16]. Integrin a5b1 is expressed at low levels

on mature vasculature, but is upregulated during angio-

genesis in experimental model system [18]. Interaction

between the integrin a5b1 and its ligand, fibronectin fol-

lowing growth factor stimulation is important in vascular

development [13, 15]. Antagonists that specifically block

the binding of fibronectin to a5b1 integrin inhibit endo-

thelial cell survival and proliferation in vitro and in vivo,

even when other integrins are present that can bind to the

ECM [15]. Furthermore, inhibitors of a5b1 integrin and

fibronectin block angiogenesis in experimental animal

model [17].

Volociximab is a high affinity, chimeric IgG4 mono-

clonal antibody under development as an anti-angiogenic,

a5b1 integrin inhibitor for the treatment of solid tumors.

Unlike current anti-angiogenic pathway inhibitors, such as

the anti-VEGF antibody bevacizumab, volociximab inhib-

its endothelial cell proliferation downstream of growth

factor stimulation and it is the first anti-a5b1 monoclonal

antibody to enter clinical trials. In a Phase I, multicenter,

open label, dose-escalation study, patients with tumors

unresponsive to standard therapies were treated with vo-

lociximab at doses ranging from 0.5 to 15 mg/kg [23]. The

occupancy of a5b1 receptors on peripheral monocytes by

volociximab was assessed as a potential biomarker. Vo-

lociximab was well tolerated and no dose-limiting toxicity

was observed. Volociximab kinetics was not dose propor-

tional over the dose range examined, consistent with non-

linear pharmacokinetics. Mean antibody clearance

decreased from 141.6 mL/h at 0.5 mg/kg to 9.7 mL/h at

15 mg/kg [23]. The nonlinear PK of the volociximab may

be explained by its saturable binding to a5b1 integrin in

tissues. Volociximab binds and saturates a5b1 integrins on

circulating monocytes and these receptors were fully sat-

urated for the entire treatment period in patients treated at

dose levels greater than 10 mg/kg dosed weekly. Currently,

volociximab has been tested in Phase II cancer patients

with various tumor types, including melanoma, pancreatic,

and renal cell cancer [6, 9, 27]. The objective of this

modeling effort is to develop a mechanism-based popula-

tion PK/PD model to investigate the nature of nonlinear

pharmacokinetics of volociximab and to increase our

understanding of volociximab interactions with a5b1 inte-

grins in cancer patients in the Phase I study.

Methods

Antibody

Volociximab is a high affinity, chimeric (82% human, 18%

murine) IgG4 monoclonal antibody that specifically binds

to a5b1 integrin, a cell-surface receptor for fibronectin. It is

composed of the variable region of the murine antibody,

IIA1, including the complementary determining region

(CDR) region directed against human a5b1 integrin, and the

constant region from human IgG4 heavy and kappa light

chains. The molecular weight of volociximab is 146 kDa

and it is supplied as a sterile, colorless, preservative-free

solution for IV use. For this study, 10 mL single-use vials

containing 100 mg of volociximab at a concentration of

10 mg/mL in 25 mM sodium citrate, 150 mM sodium

chloride, and 0.05% polysorbate 80 at a pH of 6.5 were

used.

Patients

The study was a Phase I, multicenter, open label, single

arm, dose-escalation trial to investigate the safety, tolera-

bility, and PK of volociximab in adult subjects with solid

tumors unresponsive to standard therapies [23]. A total of

21 subjects were enrolled into six dose cohorts: 0.5

(n = 1), 1 (n = 2), 2.5 (n = 3), 5 (n = 3), 10 (n = 6), and

15 (n = 6) mg/kg. Each subject received five 1 h IV

infusions of volociximab with the first and second doses

separated by a 2-week period. The remaining three doses

were given weekly on study days 22, 29, and 36 followed

by a 45-day observation period. Pharmacokinetic samples

were collected at the following times; pre-dose, and 1, 4,

24, 48, and 168 h after the start of the infusion on day 1.

On days 15, 22, 29, and 36, samples were collected before

the next dose, and 1 and 4 h after dosing. Additional

samples were collected on days 38, 43, and 81 during the

evaluation period after the last dose. To determine the

saturation of a5b1 integrin binding by volociximab on

circulating monocytes as a PD marker, samples of

peripheral blood were collected before dosing on days 1, 2,

8, and 43. Serum samples for anti-drug antibodies (ADAb)

were obtained before treatment, prior to the second dose,

and at the planned study exit on day 81, 45 days after the

last dose of volociximab. In addition, selected serum PK

samples were used for testing ADAb if the day 81 sample

was not available.

Analytical methods

Volociximab concentrations were determined using a val-

idated enzyme-linked immunosorbent assay (ELISA).

Briefly, AAB1/B2Fc, a fusion protein containing the

human a5b1 heterodimer and human IgG1 Fc domain, was

used as the capture reagent for volociximab. Samples were

incubated on AAB1/B2Fc-coated plates and detection was

accomplished using a biotin-conjugated mouse anti-human

IgG4 with a streptavidin-HRP conjugate. Tetramethyl-

benzidine was used as a substrate and absorbance was read
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at 650 nm. The validated quantitative range of the assay

was 100–1,500 ng/mL in human serum.

The saturation of a5b1 sites on peripheral monocytes was

determined by flow cytometry using CD14 antibodies to

identify monocytes and by the addition of labeled anti-

human IgG4 to quantitate bound volociximab on the cell

surface. Unoccupied a5b1 integrin sites were detected by the

addition of labeled murine anti-human a5b1 antibody (IIA1).

The immunogenicity of volociximab was first evaluated

using a double-antigen bridging ELISA (screening) assay.

Briefly, anti-volociximab antibodies were captured on

microtiter plates coated with volociximab and were quan-

titated using biotinylated volociximab and streptavidin-

HRP. Human serum containing murine anti-volociximab

antibodies (idiotype specific, ADAb) at different concen-

trations were used as the positive control and to generate a

calibration curve. The quantitative range of the assay was

5–500 ng/mL anti-idiotype equivalents. Samples testing

positive for ADAb in the screening ELISA were further

evaluated in a validated confirmatory assay. In the confir-

matory assay, samples were preincubated with an excess of

volociximab before adding the solution to volociximab-

coated plates. Similar to the screening ELISA, bound

antibody was detected using biotinylated volociximab with

streptavidin-HRP and visualized with tetramethylbenzi-

dine. Confirmed ADAb-positive serum samples were fur-

ther evaluated in a neutralizing antibody (NAb) assay.

Samples were preincubated with phycoerythrin-labeled

volociximab prior to incubation with U937 cells that highly

expressed the a5b1 integrin target on their surface. Cells

were fixed and analyzed by flow cytometry to measure the

mean fluorescence intensity (MFI) of bound phycoerythrin-

volociximab. Reduced MFI for bound phycoerythrin-

volociximab indicates a NAb activity in the tested samples.

Model development and data analysis

A receptor-mediated PK/PD model that characterized the

relationship between serum volociximab concentration and

percent-free monocyte a5b1 integrin expression was

developed (Fig. 1) and fitted simultaneously to both PK

and PD datasets. Elimination of volociximab in the central

plasma compartment was assumed to be via both nonspe-

cific (CL) and receptor-mediated specific clearance path-

ways. The receptor-mediated clearance pathway was

modeled as an interaction between drug (Xc) and free

monocyte a5b1 integrin (Rf) to form a drug–receptor

complex (XR) via reversible binding with a association/

dissociation rate constant (Kon and Koff), with subsequent

turnover of the drug–receptor complex (Kint). A tissue

compartment with linear first-order distribution processes

(CLd) was used to account for nonspecific drug binding and

distribution.

The differential equations describing the volociximab

PK/PD model (Fig. 1) are as follows:

dXc

dt
¼ CL

Vc

þ CLd

Vc

� �
Xc þ

CLd

Vp

Xt

� Kon

Xc

Vc

Rf � Koff � XR

� �
Vc ð1Þ

dXt

dt
¼ CLd

Vc

Xc �
CLd

Vp

Xt ð2Þ

dRf

dt
¼ Ksyn

Rf

Base

� �h

�KdegRf � Kon

Xc

Vc

Rf þ KoffXR ð3Þ

dXR

dt
¼ Kon

Xc

Vc

Rf � KoffXR � KintXR ð4Þ

In this model, Xc and Xt are the amount of free volociximab in

central and tissue compartments and Rf and XR are the free

monocyte a5b1 receptor and volociximab–a5b1 complex

concentrations, respectively. The inter-compartmental

clearance is CLd and Vp is the volume of distribution of the

peripheral compartment. The clearance of nonspecific IgG4

pathway is CL and Vc is the volume of distribution of free

volociximab in the central compartment. The zero-order

synthesis rate and first-order elimination rate constants of

free a5b1 receptor are Ksyn and Kdeg, respectively, while Kon

and Koff are the association and dissociation rate constants

for volociximab-a5b1 binding. Kint is the first-order inter-

nalization/degradation rate constant of the a5b1–receptor

complex and Base is the baseline concentration for the a5b1

receptor before volociximab treatment. Lastly, h is the

coefficient for the negative feedback loop for the a5b1

receptor, which is similar to the feedback parameter used in

the chemotherapy-induced neutropenia model [14]. In the

absence of volociximab, the free and total a5b1 receptor

concentrations were equal to the baseline a5b1 receptor

concentration. Owing to the limited PK/PD data used in the

analysis, the goal was to develop a mechanism-based model

that was supported by the data and to minimize the number of

parameters to be estimated. Hence, it was assumed in the

modeling that Kint = Kdeg.

Ksyn

Koff

Kon

Free α5β1
Receptor

Rf

+ Drug-α5β1
Complex 

XR

Drug
Xc (Vc) 

CLd 

IV
Dose

CL Kdeg Kint
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Fig. 1 Schematic representation of mechanism-based PK/PD model

of volociximab
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This model was fitted simultaneously to the individual

volociximab concentration data and the percent-free

monocyte a5b1 receptor data using the Monte-Carlo

expectation-maximization (MCPEM) algorithm imple-

mented in the S-ADAPT II program, an augmented version

of ADAPT II with population analysis capabilities [1, 7].

The inter-subject variability was assumed to be log-nor-

mally distributed and was fitted using an exponential model.

During the model development, several residual errors

models (proportional, additive, mixed proportional and

additive, and poisson error) were tested. Based on the

results from the likelihood ratio test, parameter estimates

and visual inspection of the diagnostic plots, proportional

error, and Poisson error models were selected to describe

the residual variability of the PK and PD models, respec-

tively. The serum volociximab concentrations below

0.1 lg/ml (level of quantification) were handled as fixed

point censored observations and the maximum likelihood

was used to fit the model to the censored observations [2]. In

this case, the likelihood for all the data is maximized with

respect to the model parameters and the likelihood for a

censored concentration in particular was taken to be the

likelihood that the censored observation is truly below the

level of quantification. The model was then used to fit the

PK/PD data simultaneously. Differences in objective

function of greater than 10.83 for 1 degree of freedom,

corresponding to a significance level of P \ 0.001, were

used to discriminate two nested hierarchical models. This

stringent criterion was used because of the inherent random

noise associated with the Monte-Carlo sampling technique

employed in the MCPEM algorithm. A series of diagnostic

tests were implemented to examine the MCPEM model

convergence. First, the population mean parameters and

inter-subject variances of the last five iterations are aver-

aged and compared with the average of those parameters

obtained from the previous five iterations. If the fractional

difference from each other is\0.01, the population analysis

is terminated. If they differ from each other by more than

0.01, then the last ten iterations of the population mean

parameters and inter-subject variances are examined using

linear regression analysis. A Bonferroni method using the

following equation was used to adjust the P value of the

linear regression analysis for multiple parameters:

aB ¼
a
C

ð5Þ

In this case, aB, a, and C were the Bonferroni-adjusted P

values, preset P value (set at 0.05), and numbers of tested

parameters, respectively. If the changes in all tested

parameters across iterations are not statistically different

from zero, then model convergence is assumed.

The ability of the final PK/PD model to describe the

observed data was investigated using a visual predictive

check and simplified numerical predictive model checking

method [20]. The final model, including fixed-effect and

inter-subject random effect parameters, was used to simu-

late 500 replications of the observed data set. The simu-

lated data were sorted by observation times and patients,

and the 97.5th, 50th (median), and 2.5th quantile of the

pooled simulated data were calculated for each observed

time point for individual subjects. The percent of observed

data that fell within the boundaries of the 97.5th and 2.5th

quantile (95% confidence interval) and below or above

50th quantile of the pooled simulated data were deter-

mined. When the model simulation results matched per-

fectly to the distribution of the observed data, 95% of the

observed data should be located within the 95% confidence

interval of the simulated data, and 50% of the observed

data should be below or above the 50th quantile of the

pooled simulated data. The model was considered ade-

quately described the distribution of the observed data if

the percent of observed data was ±5% within the 95%

confidence interval and 50th quantile of the pooled simu-

lated data.

Volociximab has time-linear kinetic/dynamic charac-

teristics and remains constants after multiple dose treat-

ment in cancer patients, therefore, the final model was used

to simulate PK/PD profiles generated by different multiple

dose regimens.

Results

In this first-in human trial of volociximab, pharmacoki-

netics, and pharmacodynamics were investigated after the

administration of multiple intravenous doses (0.5, 1.0, 2.5,

5.0, 10, and 15 mg/kg) in solid tumor patients unresponsive

to standard therapies. Twenty-one subjects (8 females and

13 males) were included in the analysis. The summary of

patient demographics is listed in Table 1. Initially, a total

of 552 PK and PD samples were collected from study

subjects. However, three subjects (1 in the 0.5 mg/kg group

and 2 in the 1 mg/kg group) tested positive for ADAb and

neutralizing antibodies and, therefore, 50 PK/PD blood

samples following the second and subsequent volociximab

doses from these subjects were excluded from analysis and

model development. The final analysis dataset consisted of

a total of 502 PK/PD samples. The dose-normalized mean

volociximab concentration–time plot after first dose is

shown in Fig. 2.

The lack of superimposition of dose-normalized voloc-

iximab concentrations suggests the nonlinearity of voloc-

iximab pharmacokinetics over this dose range in cancer

patients. At dose levels higher than 5 mg/kg, monocyte

a5b1 levels were saturated in the presence of volociximab.

Figure 3a–d are representative plots of pharmacokinetic
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and pharmacodynamic-time profiles and model predictions

for patients in the 1.0, 2.5, 10, and 15 mg/kg dose groups,

respectively. The majority of the free monocyte a5b1

integrin was saturated at volociximab concentrations above

10 lg/mL. The free a5b1 integrin gradually recovered to

baseline level as the drug concentrations dropped below the

assay limit of quantitation (Fig. 3a, b). The percent-free

a5b1 integrin on circulating monocytes returned to baseline

before the second dose in patients treated at low-dose

levels (Fig. 3a, b); however, integrin binding sites were

saturated for the entire dosing period in the 10 and 15 mg/

kg dose groups (Fig. 3c, d), indicating that the volociximab

saturated monocyte a5b1 integrins in a dose- and concen-

tration-dependent manner.

A fully integrated mechanism-based receptor-binding

PK/PD model was developed to describe the volociximab

and percent-free monocyte a5b1-time profiles in cancer

patients (Fig. 1). The nonlinear pharmacokinetics of vo-

lociximab was assumed to be due to saturable binding of

drug to a5b1 integrins. The final model reasonably pre-

dicted the observed serum volociximab concentrations and

monocyte a5b1 integrin binding over time. Figure 4a

includes individual predicted versus observed serum vo-

lociximab concentrations and monocyte a5b1 integrin data

for all patients. Generally, there was a good agreement

between the predicted and observed individual data, and

the diagnostic plots (Fig. 4a–d) of the final model identified

no systematic bias. Representative plots of observed and

model predicted serum volociximab concentrations and

percent-free monocyte a5b1 receptor levels in four subjects

receiving different volociximab doses are shown in

Fig. 3a–d. These plots further demonstrated that the final

model reasonably described the data.

The estimated final PK/PD model parameters are pre-

sented in Table 2. The typical nonspecific clearance (CL)

was 0.0544 mL/h/kg. The volume of distribution of central

compartment (Vc 34.0 mL/kg) approximates plasma vol-

ume, as is expected for a high-molecular weight protein.

The typical turnover rate of the free a5b1 receptor (Kdeg) is

0.00544 h-1, which corresponds to a half-life of about

127 h or 5.3 days. The estimated equilibrium dissociation

constant (Kd) for a5b1-volociximab complex calculated as

the ratio of Koff to Kon, was estimated to be 0.065 nM,

indicating a high-affinity of the antibody for the monocyte

a5b1 integrin. The power coefficient (h) for the negative

feedback mechanism of the a5b1 receptor synthesis was

0.590. The final PK/PD and inter- and intra-subject vari-

ability parameters for volociximab were estimated with

good precision, with percent standard error of all of the

parameter estimates \44%.

Figure 5 display the visual predictive performance of

the final PK/PD model for patients who received a dose of

15 mg/kg, which indicated that the model adequately

described the time course of volociximab and its effects on

monocyte a5b1 receptor. In addition, a simplified numerical

model predictive check was used to examine the ability of

the final model to describe the observed data. The final

model was used to simulate 500 replications of the

Table 1 Summary of subject demographic characteristics

Volociximab dose group

0.5 mg/kg

(n = 1)

1 mg/kg

(n = 2)

2.5 mg/kg

(n = 3)

5 mg/kg

(n = 3)

10 mg/kg

(n = 6)

15 mg/kg

(n = 6)

Age (years) 55.0 31.5 (29–34) 60.7 (57–64) 60.7 (57–67) 61.8 (40–81) 41.7 (39–43)

Weight (kg) 71.0 55.5 (48–63) 79.7 (70–92.6) 81.1 (67.2–91.8) 69.9 (52.3–93.3) 90.8 (84–99)

Gender

Male 1 1 1 3 2 5

Female 0 1 2 0 4 1

Race

White 0 1 1 0 1 1

Others 1 1 2 3 5 5

Values indicated mean (range)
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observed volociximab concentration dataset. The percent

of observed data within the 95% quantile range, below the

50th quantile (median), and above the 50th quantile of the

pooled simulated data were 95.3, 49.7, and 50.3%,

respectively (Table 3). In a subgroup analysis, the percent

of observed serum volociximab concentrations and per-

cent-free a5b1 receptor within the 95% quantile range of

the pooled simulated data was 95.4 and 95.2%, respec-

tively. Overall, these results suggest that the final PK/PD

model was able to describe and predict the distribution of

the data quite well.

The final PK/PD model was then used to simulate the

data in examining the percent-free monocyte a5b1 integrin

response for various volociximab dosing regimens. The

percent-free monocyte a5b1 receptor profiles on week 16

from 1,000 simulated subjects were obtained for doses of 1,

2, 5, 10, 12.5 and 15 mg/kg IV infused over 1 h every

2 weeks. Figure 6a demonstrates the distribution of the

percent-free monocyte a5b1 receptors for simulated subjects

after different dosing regimens of volociximab. These data

suggest that volociximab doses of greater than 5 mg/kg

every 2 weeks were necessary to saturate the monocyte

a5b1 integrin sites in a majority of subjects. In a further

analysis, the relationship between volociximab dose and the

percent-free monocyte a5b1 integrin sites was constructed

and is shown in Fig. 6b. The percentage of simulated sub-

jects who achieved percent-free monocyte a5b1 integrin

levels B10% on week 16 were 10.6, 43.6, 86.4, 97.7, 97.3,

98.6, and 99.4% at volociximab doses of 1, 2, 5, 10, 12.5,

15, and 20 mg/kg, respectively. The percentage of simu-

lated subjects who achieved free monocyte a5b1 integrin

responses B5% were 3.2, 23.4, 71.0, 93.2, 94.0, 98.6, and

99.4% for 1, 2, 5, 10, 12.5, 15, and 20 mg/kg dose levels,

respectively. For the volociximab doses administered at 1,

2, 5, 10, 12.5, 15, and 20 mg/kg every 2 weeks, the percents

of simulated subjects who achieved percent-free monocyte

a5b1 integrin responses B1% on weeks 16 were 0.0, 0.2,

11.9, 41.0, 51.0, 58.3, and 74.1%, respectively. This indi-

cates that 10 mg/kg or higher dose is necessary to saturate

[95% receptors in majority of patients ([93%).

Discussion

We developed a fully integrated mechanism-based popula-

tion PK/PD model that described the exposure and monocyte

a5b1 integrin-binding relationship in cancer patients treated

with volociximab, the first monoclonal IgG4 antibody

Fig. 3 Individual pharmacokinetic and pharmacodynamic-time pro-

files and model prediction from patients who received a dose of a
1 mg/kg, b 2.5 mg/kg, c 10 mg/kg, or d 15 mg/kg. Open circle
observed volociximab concentration, open square observed volocix-

imab concentrations below assay quantitative limit, solid circle,

observed free a5b1 receptor level, solid line model predicted

volociximab concentrations, dotted line model predicted free a5b1

receptor level
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specifically targeting a5b1 integrin studied in clinical trials.

A receptor-binding PK/PD model was developed to quantify

the dynamic interaction of volociximab binding to monocyte

a5b1 integrin, and this model adequately described the

observed clinical data, as illustrated in Figs. 3, 4 and

Table 3. To our knowledge, this is the first published pop-

ulation exposure and receptor-binding response model for an

anti-integrin antibody in cancer patients.

In the final PK model, the typical Vc (34.0 mL/kg)

closely resembles plasma volume, which is expected for a

high-molecular weight protein and this is consistent with

the values reported for other monoclonal IgG antibodies [8,

21]. The nonspecific clearance (CL) of 0.0544 mL/h/kg

represents elimination of volociximab from the central

compartment in the absence of receptor-mediated clear-

ance. Consequently, the theoretical typical a and b phase

elimination half-life in the absence of receptor-mediated

clearance can be calculated using the following equations:

t1=2a ¼
2 � 0:693

CLd

Vp
þ CLd

Vc
þ CL

Vc

� �
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
CLd

Vp
þ CLd

Vc
þ CL

Vc

� �2

�4 CLd

Vp

CL
Vc

�r

¼ 1:41 days

t1=2b ¼
2 � 0:693

CLd

Vp
þ CLd

Vc
þ CL

Vc

� �
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
CLd

Vp
þ CLd

Vc
þ CL

Vc

� �2

�4 CLd

Vp

CL
Vc

�r

¼ 25:3 days

These values fall within the range of reported a and b
phase elimination half-life of natural IgG4 in humans

[25]. The equilibrium dissociation rate constant for the
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Fig. 4 Model diagnostic plots.

a individual predicted versus

observed PK/PD data b
individual weighted residual

versus individual prediction, c
individual weighted residual

versus time, and d population

conditional weighted residuals

versus population prediction.

Dotted line, LOESS smoothing

line

Table 2 PK/PD parameter

estimates from the final model

a Percent standard error of the

parameter estimate = standard

error of estimates/parameter

estimates 9100%
b Interindividual variability is

expressed as population

variance
c Random residual variability

of PK model
d Random residual variability

of PD model; Kint was assumed

to be equal to Kdeg in the final

model

Parameter Population

mean (%SE)a
Interindividual

variabilityb (%SE)a

CL (mL/h/kg) 0.0544 (21.7) 0.641 (38.5)

CLd (mL/h/kg) 0.183 (1.7) –

Vp (mL/kg) 12.5 (22.6) 0.685 (41.7)

Vc (mL/kg) 34.0 (6.2) 0.0749 (32.8)

Kdeg (h-1) 0.00544 (14.3) 0.221 (43.5)

Kon (lM/h) 6.61 (26.2) 1.16 (35.7)

Koff (h-1) 0.000430 (1.4) –

Baseline (lM) 0.0244 (3.0) –

h 0.590 (0.5) –

rPK
c 0.208 (4.2) –

rPD
d 0.432 (6.6) –
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volociximab-monocyte a5b1 integrin complex Kd calcu-

lated as the ratio of Koff to Kon is estimated as 0.065 nM.

This finding differs from the Kd values of 0.37 ± 0.13 nM

obtained from in vitro Biacore studies [22]. This discrep-

ancy might be explained by the difference between a

closed, controlled microsystem utilized in the in vitro

Biacore studies in contrast to the Kd values occurring in an

open and dynamic biological system with ongoing dispo-

sition of both drug and receptors in cancer patients.

Based on the understanding of the IgG4 biology and

preliminary results from the preclinical studies, volocix-

imab was not thought to induce antibody-dependent cell-

mediated cytotoxicity (ADCC) nor complement-dependent

cytotoxicity (CDC) (unpublished data; PDL, Inc.). Fur-

thermore, it was initially assumed that the drug–receptor

complex was eliminated at the same rate as the free receptor

(i.e., Kint = Kdeg). During the model development, assign-

ing a different elimination rate constant to free receptor and

drug–receptor complex did not significantly improve the

model fit (P [ 0.05). Therefore, the final model assumed

that free receptor and drug–receptor complex shared the

same elimination pathway. Although the monocyte a5b1

integrin-time profiles following volociximab administration

did not reveal rebound phenomenon, the addition of a

negative feedback loop on receptor synthesis significantly

decreased the objective function (D OF = 36, P \ 0.001)

and was incorporated into the final model. More data with

long-term follow-up with drug-free period is needed to

confirm the presence of the rebound phenomenon. The final

receptor-binding PK/PD model is similar to a target-medi-

ated drug disposition model proposed by Mager et al. [19]

and to an earlier model we developed to describe the

pharmacology of a nondepleting anti-CD4 monoclonal IgG1

antibody [21]. However, in our current volociximab

receptor-binding model, the binding of drug did not alter

receptor clearance (i.e., the elimination of free receptor was

the same as the elimination of the drug–receptor complex).

In addition, our current model expands upon previously

reported target-mediated disposition models by incorpo-

rating a negative feedback mechanism on the receptor

synthesis. Based on the limited PK/PD data used in this

study, we have built a PK/PD model based on our current

understanding of drug and receptor biology (i.e., drug–

receptor binding and no drug-complex internalization) and

this model can adequately describe the observed data. The

final model consists of 4 PK and 5 PD system parameters.

Alternatively, the observed PD data can be described by the

indirect model which shared the same number of PD

parameters with our model. Indirect model is one of the

basic and commonly used PD model, and the differential

equations of this model are given in the following:
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Fig. 5 Visual predictive check of the final PK/PD model for patients

who received a dose of 15 mg/kg. Open circle observed PK or PD,

solid line model simulated median values, shaded area 90%

confidence interval of the simulated values

Table 3 Results of the

simplified numerical model

predictive check

Percent of observed data All data PK data PD data

Within boundary between 2.5th and 97.5th quantile

of simulated set (95% CI)

95.3 95.4 95.2

C50th (median) quantile of simulated data 49.7 49.1 51.0

\50th (median) quantile of simulated data 50.3 50.9 49.0
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dR

dt
¼ Ksyn � KdR 1þ ImaxCc

Kc
m þ Cc

� �

where Ksyn represents zero-order receptor synthesis rate.

Kd, Imax and Km represent first-order constant for loss of

receptor, maximum effect of drug on free receptor, and

drug concentration that achieves 50% effect on drug

receptor, respectively. c is the Hill coefficient. However,

we have decided to use the receptor-binding model because

it is more closely related to our understanding of the drug

and receptor biology. Nevertheless, more data are needed

in order to confirm the validity of this model in describing

the PK/PD of volociximab in cancer patients.

In order to examine the potential role of the percent-free

monocyte a5b1 integrin levels as a biomarker for sub-

sequent clinical studies, multiple dose trial simulations

(1,000 subjects/regimen) were conducted using the final

PK/PD model to evaluate the percent-free monocyte a5b1

integrin at weeks 8 and 16 after the administration of vo-

lociximab at doses of 1, 2, 5, 10, 12.5, 15 mg/kg IV infused

over 1 h every 2 weeks. Weeks 8 and 16 were selected

because they were potential intermediate clinical endpoints

for evaluation in future clinical studies. The simulated

percent-free monocyte a5b1 integrin after volociximab

administration were similar between weeks 8 and 16,

therefore, only the simulation results on week 16 were

presented. These simulated results suggest that monocyte

a5b1 integrin sites were saturated in the majority of sub-

jects receiving volociximab at doses greater than 5 mg/kg

IV every 2 weeks. Assuming that the percent-free mono-

cyte a5b1 integrin level achieving B5% was used as the

criteria for dose selection, then a volociximab dose of

10 mg/kg IV every 2 weeks would be optimal because the

receptor saturation dose–response curve plateaued above

the 10 mg/kg dose level. Therefore, doses of C10 mg/kg

IV every 2 weeks in the Phase II studies would represent

the biologically active dose based on the criteria of

achieving a percent-free monocyte a5b1 integrin response

B5%.

The volociximab has been tested at a dose of 10 mg/kg

IV every 2 weeks in the Phase II cancer patients with renal

cell carcinoma and metastatic adenocarcinoma of the

pancreas [9, 27]. However, the information of percent-free

monocyte a5b1 integrin was not obtained in those studies.

In a multicenter, open label, single cohort, pilot Phase II

study, 40 subjects with refractory or relapsed metastatic

renal cell carcinoma received volociximab 10 mg/kg IV

every 2 weeks monthly until disease progression. Stable

disease was observed in 32 (80%) patients including 1

confirmed partial response. Duration of stable disease

ranged from 2 to 22 months. Median time for progression

was 4 months [27]. In another multicenter Phase II study,

20 subjects with metastatic pancreatic cancer received

volociximab 10 mg/kg IV every 2 weeks (days 1 and 15)

with gemcitabine 1,000 mg/m2 IV on days 1, 8, 15, of a 4-

week cycle until disease progression. Overall response

included 1 confirmed partial response, and stable disease in

10 subjects [9].

However, minimum clinical responses were observed in

patients with renal cell carcinoma and metastatic adeno-

carcinoma of the pancreas, who received a volociximab

dose of 10 mg/kg IV every 2 weeks despite the model

prediction that a majority of the simulated subjects would

have percent-free monocyte a5b1 integrin B5% at this

particular dose. It is possible that while the dose of 10 mg/

kg IV every 2 weeks may represent a biologically active

dose based on the percent-free monocyte a5b1 integrin

levels, it is not a clinically effective dose for cancer

patients because the target cells in the tumor may be in the

tissue compartment that is less accessible to the drug

compared with the monocytes in the well-perfused blood

1 2  5 10 12.5 15 20

P
er

ce
nt

 fr
ee

 α
5β

1  
re

ce
pt

or
 

0

20

40

60

80

100

120

Dose (mg/kg every 2 weeks)

Dose (mg/kg every 2 weeks)
0 5 10 15 20

P
er

ce
nt

 o
f s

ub
je

ct
s 

 a
ch

ie
ve

d 
P

D
 e

nd
po

in
ts

0

20

40

60

80

100

120

(A)

(B)

Fig. 6 a Distribution of percent-free a5b1 receptor on weeks 16. The

boxes plot 10th 25th, median, 75th, 90th percentiles and the dots are

5th and 95th percentile points, and b percent of subjects who had free

a5b1 receptor level on weeks 16 less than or equal to 10% (open
circle), 5% (solid circle), and 1% (open square) after different dosing

regimens of volociximab. Number of simulated subjects 1,000
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compartment. Hence, saturation of a5b1 integrin receptors

on the monocytes in the blood compartment may not cor-

relate optimally with the receptor saturation on the target

cells in tumor, and a5b1 integrin receptor super saturation

in circulating monocyte may be necessary to better reflect

adequate receptor saturation at the site of action for elic-

iting desired clinical effects of the drugs. Therefore, the

percent of free monocytes a5b1 integrin B1% (C99%

receptor saturation) after different doses was determined.

As illustrated in Fig. 6b, if the goal was to achieve percent-

free monocyte a5b1 integrin responses of B1%, then vo-

lociximab doses of 10 mg/kg may not be optimal because

the percent of subjects achieving this particular endpoint is

only 41.0%. At present, whether this degree of monocyte

a5b1 integrin receptors saturation is needed for desirable

clinical effects is unknown. Traditionally, the relationships

between the degree of monocyte a5b1 integrin receptors

saturation and the tumor responses can be explored using

preclinical xenograft model. However, volociximab and its

derivatives do not cross react with mouse and rat a5b1

integrin receptors [22]. Hence, these standard xenograft

models are not useful model system for investigating the

relationships between the monocyte a5b1 integrin receptors

saturation and tumor response. For this reason, the rela-

tionships of the degree of monocyte a5b1 integrin receptors

saturation with clinical responses would need to be further

studied in future clinical studies in order to increase our

understanding of the roles of monocyte a5b1 integrin

receptors saturation in the anti-cancer effect of volocix-

imab in cancer patients.

In conclusion, a mechanism-based receptor-binding PK/

PD model was successfully developed to describe the

dynamic interaction between volociximab and monocyte

a5b1 integrin binding. The developed model predicted

serum volociximab- and percent-free monocyte a5b1 inte-

grin-time profiles quite well. This PK/PD model was used

to simulate the percent-free monocyte a5b1 integrin profiles

for different volociximab dosing regimens and it provided

valuable information for examining the potential role and

utility of percent-free monocyte a5b1 integrin as a bio-

marker in the development of volociximab.
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