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Purpose. UK-279,276 is a recombinant glycoprotein and is a selective antagonist of CD11b, which in

preclinical models of acute stroke blocks the infiltration of activated neutrophils into the site of

infarction. Binding of UK-279,276 to the CD11b receptors is hypothesized to facilitate its elimination.

The event of an acute stroke leads to proliferation of neutrophils and an up-regulation of CD11b, which

results in different pharmacokinetics/pharmacodynamics (PK/PD) in patients than in healthy volunteers.

The aim of this current analysis was to develop a mechanistically based model to bridge the differences

between healthy volunteers and patients.

Methods. PK samples, neutrophil counts, and total number and number of free CD11b receptors per

neutrophils from three healthy volunteer studies (n = 98) and one patient study (n = 169) were modeled

using the mixed effects modeling software NONMEM version VI (beta). Three mechanistic submodels

were developed based on underlying physiology and pharmacology: (1) neutrophil maturation and

proliferation, (2) CD11b up-regulation, and (3) three clearance pathways for UK-279-276 including

CD11b-mediated elimination.

Results. The model accurately described the time course of CD11b expression, CD11b binding, and the

measured PK of UK-279,276 and accounted for the PK/PD differences between healthy volunteers and

patients.

Conclusions. A complex mechanistic model that closely resembled the Btrue^ underlying system

provided an effective bridge between healthy volunteers and patients by appropriately accounting for

the underlying disease-dependent target mediated disposition.

KEY WORDS: CD11b; mechanistic models; NONMEM; pharmacodynamics; pharmacokinetics; stroke.

INTRODUCTION

The effective integration of discrete studies and the
ability to predict from one population to another is key to
the successful application of accumulated drug development
knowledge. The development of a holistic pharmacokinetic/
pharmacodynamic (PK/PD) model often provides an impor-
tant bridge between studies and study populations. Recombi-
nant neutrophil inhibitory factor (UK-279,276) was under
development as a potential treatment for acute ischemic
stroke. In the development program, both healthy volunteers
and patients were studied to assess the effect of UK-279,276
on acute ischemic stroke.

UK-279,276 is a recombinant glycoprotein of 48 kDa
originating from canine hookworm and is a selective antago-
nist of CD11b (the a-subunit of the adhesion integrin, CD11b/
CD18, also known as Mac-1). The binding of UK-279,276
to CD11b/CD18 blocks a number of neutrophil adhesion-
dependent functions mediated by Mac-1, for example, the
infiltration of activated neutrophils to the site of infarction
(1,2). The hypothesis rests on the fact that neutrophil
infiltration and the release of neuroactive factors play a role
in the final phases of neuronal injury following stroke and
that the interaction between neutrophils and endothelium is
the critical factor that determines neutrophil transmigration
to the site of the infarct (3Y5). Although UK-279,276 was not
shown to be effective in the treatment of the general is-
chaemic stroke population (6), it may have a potential role as
a therapeutic agent in the treatment of reperfusion injury (7).

Binding of UK-279,276 to the target (CD11b) is hypoth-
esized to also facilitate its clearance through internalization
and subsequent degradation of the drug-receptor complex.
The complexity of the interaction is increased further by
temporal changes in the number of circulating neutrophils
and therefore binding sites that occur as a consequence of an
acute stroke (an initial increase in the levels are followed
by a gradual decline back to normal levels). In contrast, the
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neutrophil levels are generally constant over time in healthy
volunteers. The effect of stroke on the circulating neutrophils
may therefore lead to differences in the time course of the
PK/PD between patients and healthy volunteers.

The PK/PD data described in this article were initially
analyzed using a series of empirical models: two- and three-
compartment models with receptor binding and combinations
of linear and nonlinear elimination processes. Although
separate models could describe the two populations individ-
ually, it was not possible to find a single model that could
describe all the data and therefore bridge between healthy
volunteers and patients. The apparent difference between
healthy volunteers and patients was considered to be an
artifact of the empirical nature of the models tested. A PK/
PD/disease model that more closely reflects the Btrue^
underlying biology through the incorporation of an under-
standing of neutrophil dynamics after stroke would avoid
such artifacts and hence better describe the data from both
healthy volunteers and patients. The aim of this article was
therefore to develop a mechanistically based model for the
neutrophil dynamics after stroke and the receptor binding
and PK disposition, to bridge the PK/PD differences between
healthy volunteers and patients treated with UK-276,279.

MATERIAL AND METHODS

Data Used in the Analysis

The data used in the analysis come from four studiesV
three healthy volunteer studies (studies 1, 2, and 4) and a
patient safety and tolerability study [study 3 (8)]. Detailed
descriptions of the studies, including study type, study subject
type, dose sizes, and sampling times, are displayed in Table I.
The studies were performed in accordance with the decla-
ration of Helsinki and approved by the relevant regulatory
and ethics committees.

Patients and healthy volunteers were administered one
dose of UK-279,276 as a 15-min IV infusion. PK samples and
neutrophil counts were taken in all studies and total number
and free number of CD11b receptors per neutrophil were
measured in studies 2Y4.

The PK samples were analyzed by using a dissociation-
enhanced lanthanide fluorescence immunoassay to detect
unbound UK-279,276.

The CD11b/CD18 occupancy assay was developed using
flow cytometry as an analytical platform. In brief, antico-
agulated blood samples were incubated with a cocktail of two
anti CD11b antibodies conjugated to different fluorescent
labels. One antibody binds to CD11b irrespective of whether
UK-279,276 is bound, thus measuring total amount of CD11b
present on the surface of the neutrophil. A second antibody
binds to CD11b competitively with UK-279,276, thus deter-
mining the amount of unoccupied CD11b receptors. The
exact antibody-to-fluorophore ratio was determined for each
antibody and the flow cytometer calibrated using fluores-
cently labeled beads relevant to each of the fluorophores
utilized, enabling the antibody binding capacity and subse-
quently the percentage occupancy to be calculated for each
sample. Samples were processed at the clinical sites and the
antibody staining (binding) procedure performed on ice to
prevent ex vivo up-regulation of CD11b. Samples were then

fixed with paraformaldehyde and shipped to the assay labo-
ratory for flow cytometry analysis. Initially the incubation
temperature was 37-C (study 2) and for later studies it was
reduced to 4-C, resulting in decreased ex vivo up-regulation of
CD11b expression and reduced variability.

The covariates sex, age (both categorical young/elderly
and continuous), body weight, and dose were available from
all four studies.

MODELING

All the modeling was performed using NONMEM
version VI (beta) software (9) employing nonlinear mixed
effects models and the first-order estimation method (the
more sophisticated first-order conditional estimation method
could not be used owing to numerical difficulties). Graphical
goodness of fit assessment was facilitated by the use of Xpose
(10). Statistical model discrimination was based on the
objective function value (OFV) provided by NONMEM.
The difference in the OFV from two hierarchical models is
approximately c2-distributed and can therefore be used to
assign significance levels for model improvements. However,
because it was necessary to use the first-order method in this
analysis, the nominal significance levels obtained based on
the OFV differences can be anticipated to be different from
the nominal ones (11,12). Therefore it was decided to use an
OFV difference of 10 to assign statistical significance.

Candidate covariate relationships were identified on
mechanistic grounds and included in the model if they
showed statistical significance.

Model Development

Prior to building a model for the binding to and potential
elimination of UK-279,276 via the CD11b/CD18 receptors in
patients, it was necessary to account for the dynamic changes
in the total receptor expression after a stroke. This means that
since the number of receptors was measured per neutrophil,
it was necessary to account for the changing levels of neutro-
phils. A further complication was that CD11b/CD18 is also
present on other blood cell types, for example, monocytes
(13). Thus non-neutrophilic CD11b/CD18 may also be in-
volved in UK-279,276 elimination. Finally, data from the rat
and the dog indicated that UK-279,276 may also be metabo-
lized via desialylation in the liver (14).

The strategy for the model development was therefore
to build three submodels: one model for the neutrophils, one
for the receptors, and one for the PK. The neutrophil model
drives the receptor expression, which in turn influences the
PK of UK-279,276.

When inter-individual variability was modeled, individ-
ual parameter estimates were assumed to vary exponentially
around the corresponding typical parameter value for the
population:

Pi ¼ P � ehP; i ð1Þ

where P is the typical value of the parameter in the pop-
ulation, Pi is the ith individual’s value of parameter P, and
hp,i is a symmetrically distributed variable with standard
deviation wP. Hereafter, a subscript i on a parameter is used
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to indicate that inter-individual variability was modeled for
that parameter. The number of inter-individual variability
terms was determined based on the data.

Additive, proportional, and slope intercept models for
both the log-transformed and nontransformed data were
considered in estimating the residual variability.

RESULTS

A total of 267 individuals from all four studies were
available for analysis. The number of observations was 2734,

1943, 1442, and 1096 for PK, neutrophils, number of free
CD11b/CD18 receptors per neutrophil, and total number of
CD11b/CD18 receptors per neutrophil, respectively. The
observed data are depicted in Fig. 1 and summarized by
study in Table I.

THE NEUTROPHIL MODEL

The model for the neutrophils (Fig. 2) was inspired by
the general model for white-blood cell proliferation and
maturation suggested by Friberg et al. (15) but reformulated

Fig. 1. The observed data used in the analysis. The top left panel shows the observed

neutrophil counts vs. time, the top right panel shows the observed UK-279,276

concentrations vs. time, the bottom left panel shows the total number of CD11b

receptors per neutrophil vs. time, and the bottom right panel shows the number of free

CD11b receptors per neutrophil. Each individual’s observations are connected with a

line. The graph displays a random selection (same selection in all panels) of about 40%

of the total number of individuals.

Fig. 2. The neutrophil model. Compartments are numbered 1Y5 in the order stem cells, mitotic, post-

mitotic, blood, and reservoir. Dashed arrows indicate processes that are patient specific.
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according to Walker and Willemze (16). It consists of a stem
cell compartment with auto-generation of new stem cells.
This compartment is linked to a mitotic compartment, which
in turn is linked to a post-mitotic compartment. Neutrophils
are released from the latter compartment into a blood com-
partment. A reservoir compartment is linked to the post-
mitotic compartment. Since not all parameters of this model
are identifiable, some of the parameters were fixed to the
literature values. Thus, the mean transit times through the
mitotic and post-mitotic compartments were fixed to 120 and
168 h, respectively (16), the initial ratio between the levels in
the post-mitotic and the reservoir were also set to unity, and
the mean residence time of the neutrophils in blood for
healthy volunteers was set to 7 h (16).

The neutrophil model for healthy volunteers was
mathematically described by this system of differential
equations:

dA1

dT
¼ kn1;i � A1�A1ð Þ

dA2

dT
¼ kn1 �A1� kn2 �A2

dA3

dT
¼ kn2 �A2� kn3 þ kn5ð Þ �A3þ kn5 �A5

dA4

dT
¼ kn3 �A3� kn4A4

dA5

dT
¼ kn5 � A3�A5ð Þ ð2Þ

where kn1Y5 are the rate constants for mass transfer between
the compartments and A1YA5 are the amounts of mass in the
compartments (according to the compartment numbering in

Fig. 2). The model fitted to the data was parameterized in
terms of residence times (i.e., the inverses of kn2, kn3, and
kn4) MRT2, MRT3, and MRT4 except for kn1, which were
estimated directly and kn5, which were fixed to unity.

At time zero ( just before a stroke in the case of patients)
the neutrophil system was assumed to be at steady state and
the initial conditions for (2) were therefore set to be A1(0) =
1, A2(0) = kn1/kn2, A3(0) = kn1/kn3, A4(0) = BaseHV and
A5(0) = A3(0), in which BaseHV is a parameter to be
estimated and represents the baseline level of the neutrophil
counts in healthy volunteers.

Four processes were used to account for the dynamic
changes in the neutrophil counts after stroke. The first
process was an instantaneous increase in the neutrophil
levels in plasma. This can be viewed as a change in the ratio
of de-marginated to marginated neutrophils (16). This
was accomplished by letting the patients have a different
A4(0).

BaseP ¼ BaseHV � 1þMARGÞð ð3Þ

where MARG is the fractional change in the initial neutro-
phil levels for patients compared to healthy volunteers.

The second process was an increased release from the
post-mitotic compartment to blood. This also leads to a shift in
the ratio of precursor neutrophils from the reservoir to the
post-mitotic compartment. This increased release was as-
sumed to decrease with time in an exponential fashion
(that could be characterized by a half-life). Therefore, the
equation for the mass-transfer rate constant for patients
between the post-mitotic and blood compartment (k3,P) was
described by:

kn3;P ¼
1

MRT3 �Kmax � e� ln 2 �T=tKmax
ð4Þ

Fig. 3. Goodness of fit plots for the neutrophil model. Shown in the left and right panels are the

observed neutrophil levels vs. the corresponding predictions based on the individual and population

parameter, respectively. The diagonal lines are the lines of identity.
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Kmax is the maximum decrease in the post-mitotic residence
time and tKmax is the half-life for the return to the pre-stroke
residence time. Kmax for healthy volunteers was set to zero.

The third process was an increased residence time of
neutrophil in plasma (16). Clearly, this increase would return
to the baseline residence time with time. This return to
baseline occurred very slowly, however, and could not be
characterized, that is, patients were allowed to have a longer
half-life throughout the observed time period. The patient
rate constant for neutrophil elimination from the blood
compartment (kn4,p) was modeled as:

kn4;p;i ¼
1

MRT4 1þMSTEPið Þ ð5Þ

The fourth process was a feedback from the post-mitotic
state to the auto-generation rate of stem cells (15). The

feedback signal was implemented by changing the differential
equation for the stem cell compartment in Eq. (2) according
to Eq. (6).

dA1

dT
¼ kn1;i � A1 � A3 0ð Þ

A3

� � �

�A1

 !
ð6Þ

d is a parameter that governs the size of the feedback signal.
These four processes that were used to account for the post-
stroke changes in neutrophil dynamics were all estimated and
supported by the data. The fit of this model to the neutrophil
counts was quite adequate, as shown in Fig. 3 and the para-
meter estimates are tabulated in Table II.

THE MODEL FOR THE TOTAL NUMBER CD11b
RECEPTORS PER NEUTROPHIL

The total number of CD11b receptors per neutrophil in
healthy volunteers showed no distinctive patterns and was set
to be constant. In patients, on the other hand, the counts
appeared to be higher at early time points with a gradual
decline over time. This was modeled according to the
following differential equation:

dA6

dT
¼ RateCD � 1þ CDmax � e� ln 2 �T=tCD max;i þ �study2

� �

�A6 � 1�MRTCD;i ð7Þ

A6 is the total number of CD11b receptors per neutrophil.
RateCD is the turnover rate of CD11b receptors on neutro-
phils in healthy volunteers. CDmax is a parameter that quan-

Fig. 4. Goodness of fit plots for the model describing the number of CD11b receptors

per neutrophil. The observed number of CD11b receptor per neutrophil are plotted vs.

the individual predictions. The diagonal line is the line of identity.

Table II. Parameter Estimates for the Neutrophil Model

Estimate RSE (%)

kn1 (1/h) 0.466 2.0

Kmax (h) 48.9 0.48

tKmax (h) 52.0 0.23

MSTEP (%) 0.461 9.1

% 0.0357 2.7

MARG (%) 0.771 5.8

5kn1 (%) 13 13a

wMSTEP (%) 54 37a

ANC (%) 21 7a

a The RSE is given for the variance of the parameter and not the

standard deviation.
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tifies the initial increase in CD11b receptors in patients and is
by definition zero for healthy volunteers. tCDmax is the half-
life for the return of the CD11b levels in patients to the
healthy volunteer levels. MRTCD is the mean residence time
for the CD11b and was set to unity as not all of RateCD,
MRTCD, and A6(0) (see below) are identifiable simulta-
neously. qstudy2 is a correction factor for the higher levels of
total CD11b in study 2, resulting from the higher incubation
temperature used in the CD11b assay in this study. The fit
of the model to the total number of CD11b receptor data
is shown in Fig. 4. The initial condition for Eq. (7) was set
to A6 0ð Þ ¼ RateCD � �1þ CDmax � e� ln 2 �T=tCD max; i þ �study2Þ �
MRTCD.

PREDICTING THE NUMBER OF FREE
CD11b RECEPTORS

The predicted total molar concentration of CD11b
receptors

�bCD11bN;ij

�
was obtained by multiplying the pre-

dicted number of neutrophils [A4 in Eq. (2)] by the predicted
number of CD11b receptors per neutrophil [A6 in Eq. (7)]
and dividing by Avogadro’s number (NA):

bCD11bN;ij ¼
A6 �A4

NA
ð8Þ

The predicted number of free CD11b receptors at each time
point could then be obtained by the following equation:

bCD11bfree;ij ¼bCD11bN;ij 1�
dCg
uN;ijCg
uN;ij

dCg
uN;ijCg
uN;ij þKg

D

0
@

1
A ð9Þ

where dC�
uN;ijC�
uN;ij is the ith individual’s jth predicted molar

concentration of unbound UK-279,276 (see below) and g is
a modulator that, since it was estimated to be below one,
accounts for steric hindrance by already bound UK-279,276

Fig. 5. Goodness of fit plots for the free CD11b receptor model. Shown in the left and right

panels are the observed free CD11b receptor levels vs. the corresponding predictions based

on the individual and population parameter, respectively. The diagonal lines are the lines

of identity.

Fig. 6. The full stage 3 model. The dashed arrows indicated dependencies. The thickly lined boxes specify

where observations were available: the solidly lined boxes correspond to differential equations while the

box with the dashed line indicates a derived quantity.
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molecules. The fit of the model to the number of free CD11b
receptor data is shown in Fig. 5.

THE MODEL FOR THE PK OF UK-279,276 AND THE
SATURABLE BINDING TO THE NEUTROPHILIC
CD11b RECEPTORS

The UK-279,276 disposition was found to be adequately
described by a two- compartment model with three elimina-
tion pathways. The first of these three was a linear (first-
order) pathway, the second was nonlinear according to a
Michaelis-Menten process, and the third was limited by
the total number of free neutrophilic CD11b receptors
(CD11bfree). In terms of differential equations, this model
was specified as:

dA7

dT
¼ R0 þ

Q1

V2
�A8�A7 � k10; ij þ k102 �bCD11bfree;ij þ

Q1

V1;i

� �

�
Vmax;i �A7

�
V1;i

Km;i þA7 V1;i

�
dA8

dT
¼ Q1

V1;i
�A7� Q1

V2
�A8 ð10Þ

where A7 and A8 are the drug amounts in the central and
peripheral PK compartments while k10 and k102 are the rate
constants for the linear and CD11b limited pathways,
respectively. From a mechanistic standpoint, the linear
pathway (k10) is assumed to describe the hepatic desialylation
process. Similarly, the Michaelis-Menten pathway is consid-
ered to reflect non-neutrophilic CD11b elimination.

FITTING THE MODEL TO THE DATA

The full model is depicted in Fig. 6. In theory it should
be possible to fit the whole model to all the observed data
simultaneously. This, however, was numerically impossible;
thus the full model was split into two parts: the neutrophil
model and the receptor+PK model. The two parts of the full
model were fitted separately and the receptor+PK part was

conditioned on the predictions from the neutrophil part. This
approach would give the same results as a simultaneous
fitting approach under the assumption that the neutrophil
dynamics are independent of drug treatment. The assumption
was justified by a graphical inspection of the neutrophil data
vs. time, stratified by UK-279,276 dose (not shown). In prac-
tice this means that A4 in Eq. (8) will be the prediction from
the separate fit of the neutrophil part of the full model, to the
observed neutrophil counts. The goodness of fit for the PK is
shown in Fig. 7 and the parameter estimates are shown in
Table III.

Fig. 7. Observed and predicted (individual and population) UK-279,276 concentrations. Each individual’s

observations are connected by a line. The graph displays a random selection of about 40% of the total number of

individuals.

Table III. Parameter Estimates from the Final CD11b and PK Model

Estimate RSE(%)

RateCD (1/h) 18700 3.5

Dstudy 2 0.299 56

CDmax 0.259 24

TCDmax (h) 47.3 27

Vmax, HV (mg/h) 121 5.4

Km (mg/L) 48.4 14

V1 (L) 4.26 2.6

Q1 (L/h) 96.2 8.0

V2 (L) 2.73 4.8

K10 (1/h) 3.77 19

KD (mg/L) 221 20

+ 373 4.3

K102 (L/(h mg)) 0.385 18

WT on Vmax,HV 0.0163 35

Vmax,p (mg/h) 141 4.9

WT on Vmax,p 0.00862 18

5MRTCD (%) 24.5 13

5CDmax (%) 172 23

5V1 (%) 27.7 6.5

5k10 (%) 84.6 50

5Vmax (%) 40.2 13

5KM (%) 143 19

5KD (%) 90.1 17

ACD,Study 2 (%) 53.8 7.0

ACD (%) 30.2 15

APK (%) 16.8 15

ACD,free (%) 49.5 8.0

1243Using a Mechanistically Based Model for Bridging



COVARIATE ANALYSIS

The volume of distribution for UK-279,276 was estimat-
ed to be low, õ7 L (V1+V2, Table III, corresponding to 0.06
L/kg and 0.04 L/kg for V1 and V2, respectively), indicating
that its distribution outside plasma is limited owing to its mo-
lecular size (48 kDa). Correspondingly, the variability in vol-
ume of distribution was estimated to be low õ27% (Table III).
Given the modest variability in volume of distribution, no
attempt was consequently made to identify any covariate
relationships for this parameter. Conversely, the elimination
had two components that were expected to vary between
individuals in a way that can be explained by covariates.
The first is the linear pathway, which is believed to occur in the
liver. A correlate of liver size such as weight would be
expected to be a predictor for the magnitude of this pathway.
The non-neutrophilic pathway accounts for a large proportion
of the clearance. If this pathway is related to body size then it is
important to attempt to quantify this effect. In addition, it may
be different between patients and healthy volunteers as the
former probably have up-regulated inflammatory cells as a
result of the stroke, and considerably more of the non-
neutrophilic CD11b is thought to be situated on cell types
that might be expected to be up-regulated following stroke.
The variability in the pathway mediated by the neutrophilic
CD11b is likely to be explained largely by the predicted total
number of binding sites.

When these covariate relationships were tried in the
model it was found that Vmax was indeed higher in patients
compared to healthy volunteers. Vmax was also related to
body weight in the expected fashion (increases with increas-
ing body weight). The variability in the linear elimination
pathway, on the other hand, could not be explained by body
weight.

INTER-INDIVIDUAL AND RESIDUAL
VARIABILITY MODELS

In the final model, inter-individual variability could be
characterized in kn1, MSTEP, MRTCD, CDmax, V1, k10, Vmax,
Km, and KD. Residual variability for all response variables
was best described using log-transformed data:

log yij

� �
¼ log ŷij

� �
þ (ij ð11Þ

where yij is the ith individual’s jth observations, ŷij is the
corresponding model prediction, and (ij is the difference
between the two. (ij is a zero mean, symmetrically distributed
variable with standard deviation s. Four different residual
variability terms were estimated, one for each of the PK, the
neutrophils, and the free and total number of CD11b
receptors per neutrophil.

DISCUSSION

The endpoint of drug development is the approval of a
unified drug label that integrates the learning across the
various study populations. The implication is that all listed
drug attributes can be extrapolated to the population(s) of
clinical interest. Commonly, PK/PD findings from healthy

volunteers are used to describe many aspects of the general
clinical pharmacology (i.e., effect of food, demographic
differences, drugYdrug interactions, and bioequivalence) and
are considered to be directly relevant to the target popula-
tion. Similarly, the PK/PD from subjects with renal or hepatic
impairment and high-dose toleration data from selected
subpopulations is considered to apply directly to the wider
patient population. The validity of these extrapolations
depends on the intrinsic PK/PD properties being the same
or establishment of an appropriate bridge to account for any
population differences.

The determination of the relationship between the PK
measured by the immunoassay and the PD measured by
CD11b binding assay was considered key in understanding
the clinical pharmacology of UK-279,276. Early in develop-
ment it was not known whether systemic degradation of UK-
279,276 led to a wider distribution of related proteins with
differing degrees of affinity to the CD11b receptor, and
potential differences in the ability to form complexes with the
antibody raised against the parent protein. As a result, the
product material detected by the PK assay may not equate to
the biologically active protein binding to the CD11b receptor.
However, the developed model provides evidence that
circulating concentration measured by the PK assay does
represent Bactive^ UK-279,276. This finding was important in
reducing the need for the logistically difficult CD11b assay in
future patient studies.

The lack of concordance between the PK/PD in patients
and healthy volunteers was highlighted early in the drug
development process and the need to establish a bridge
between the populations was considered an important drug
development issue. In addition to the rationale discussed
earlier, the ability to predict the PD in patients based on
healthy volunteer findings was also important in providing a
clinical component to the comparability strategy for UK-
279,276. Production changes in the system used to produce
any protein drug, such as cell bank switches and changes to
culture conditions, are inevitable in the scale-up to commer-
cial development. Such changes require that adequate in vitro

and in vivo controls are in place to ensure that the new
product is comparable to previous products in terms of
efficacy and safety (see CPMP Notes for Guidance on
Comparability of Medicinal Products containing Biotechnol-
ogy-Derived Proteins as Active Substances, www.emea.
eu.int, document code EMEA/CPMP/3097/Final). The confi-
dence in the specificity of the PK and binding assays, in
addition to the mechanistic understanding of the impact
of acute stroke on the PK/PD of UK-279,276, meant that
clinical comparability findings in healthy volunteers could be
extrapolated to patients.

The successful bridge between healthy volunteers and
patients was established by extending the scope and flexibil-
ity of the model on the basis of the underlying physiology and
pharmacology.

The advantages of taking a mechanistic approach to
bridging between healthy volunteers and stroke patients are
considered in detail elsewhere (17). However, in brief, the
approach provided the opportunity to test and develop
hypotheses around the clearance of UK-279,276 and al-
lowed subject matter experts to directly contribute to model
development. The mechanistic nature of the model also facil-
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itated the propagation of knowledge to the later stages of de-
velopment, where the sparseness of the data would have
otherwise limited interpretation.

From a bridging perspective, the use of empirical models
would not have supported the extrapolation to patient
populations with different neutrophil counts or CD11b
expression. Although patients with signs and symptoms of
infection were excluded from this initial patient study (8)
these events could significantly alter the neutrophil count.
The adoption of the mechanistic approach allows the impact
of different neutrophil time courses on the PK/PD to be
predicted. In fact, the neutrophil model itself provides the
framework for describing how different inflammatory pro-
cesses would interact with neutrophil proliferation. Further
extension of this sub-model may actually allow prediction of
changes in the neutrophil count as a function of multiple
inflammatory processes.

The mechanistic model highlights that UK-279,276 is an
example of a drug that exhibits target-mediated disposition,

that is, it binds to a receptor or enzyme to the extent that
the binding influences the disposition of the drug (18,19).
Classical target-mediated drug disposition manifests itself as
a (often subtle) dose-dependent decrease in the apparent
volume of distribution (18,19). In the case of target-mediated
endocytosis, the nonlinear characteristics of the concentra-
tionYtime profiles become more pronounced (18). According
to the present analysis, the PK of UK-279,276 is best de-
scribed by a model that includes both binding to and
elimination from the biological target-the CD11b receptor.
In this respect UK-279,276 behaves similarly to the anti-
CD11 antibodies HU1124 and Hu23F2G (20,21) and may
offer support to the hypothesis that this is a common
property of the CD11b receptor. The presence of this hypo-
thesized mechanism allows influence of acute stroke, through
CD11b expression, to have a direct dual impact on both the
PK and the PD of UK-279,276. In comparison, the use of
empirical models would have resulted in disease progression
being falsely described as having separate independent
effects on the PK and PD components.

Approaches to dealing with covariate modeling for
building mechanistic models have, to our knowledge, not
been previously discussed. The number of potential param-
eterYcovariate pairs that could be tested increases with
increasing complexity. In our case, the partitioning of
clearance into separate pathways would have resulted in a
lot of covariate testing to strictly define the best fit model by
standard stepwise approaches (22,23). When models become
complex the ability to undertake standard stepwise ap-
proaches is limited by run times. In our case, we limited the
extent of the covariate testing by selecting only the cova-
riateYparameter pairs with the strongest mechanistic ratio-
nale and the largest scope for providing clinically relevant
reductions in unexplained variability.

The role of the PK/PD modeling in the overall devel-
opment of UK-279,276, including the design and evaluation
of the subsequent efficacy trial, is discussed elsewhere (17).
Unfortunately, UK-279,276 did not show efficacy in acute
ischemic stroke patients (6). However, in preclinical stroke
models UK-279,276 showed efficacy only in a transient
model of stroke, where reperfusion was established after
the initial ischaemia (1,24). Therefore, UK-279,276 may be

better as a treatment for reperfusion injury following tran-
sient ischemia. Unfortunately, the reperfusion status in pa-
tients recruited into the efficacy trial was not known and the
best surrogate for reperfusion was concurrent treatment with
tissue plasminogen activator (tPA) (which acts by enzymat-
ically lysing the clot). Therefore, the effect of UK-279,276
in preventing reperfusion injury remains unproven. Future
applications of UK-279,276, and indeed the family of com-
pounds modulating leukocyte infiltration, may center on other
states involving transient ischemia followed by reperfusion,
for example, spinal injury, myocardial infarction, and organ
transplants. Furthermore, the complex cascade of events fol-
lowing acute stroke may necessitate targeting various stages in
the pathogenesis simultaneously (i.e., combination therapy) to
produce a clinically significant improvement in outcome in
stroke patients. Thus the failure of UK-279,276 as mono-
therapy in the treatment of the acute stroke population does
not itself invalidate CD11b binding as a target for reperfusion
injury. Therefore, any future program could benefit from the
understanding gained from the mechanistic model developed
for UK-279,276.

CONCLUSION

The apparent PK/PD difference between healthy volun-
teers and patients with acute ischemic stroke treated with
UK-279,276 was found to be an artifact of the empirical
nature of the initial models tested. A complex mechanistic
model that more closely resembled the Btrue^ underlying
biology and accounted for an intrinsic disease-dependent
target-mediated disposition provided an effective bridge
between the populations.
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