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Purpose. Efalizumab is a humanized anti-CD11a monoclonal antibody that demonstrated efficacy in the
treatment of patients with psoriasis. The objective of this study was to perform a pharmacokinetic
(PK)—pharmacodynamic (PD)—efficacy (E) modeling analysis with intersubject variability assessment
to increase our understanding of the interaction of efalizumab with CD11a on T cells and consequent
reduction in severity of disease in psoriasis patients.

Methods. A total of 6,329 samples from 240 patients in five Phase I and II clinical studies were used in
the analysis. For the analysis, plasma efalizumab concentration was used as the PK measurement, the
percent of predose CD11a was used as the PD measurement, and the psoriasis area and severity index
was used as the measure of efficacy. A receptor-mediated PK/PD model was developed that describes
the dynamic interaction of efalizumab binding with CD11a. In the efficacy model, the rate of psoriasis
skin production is directly proportional to the amount of free surface CD11a on T cells, which is offset
by the rate of skin healing. An additional CD11a-independent component to psoriasis skin production
accounted for incomplete response to efalizumab therapy. A Monte Carlo parametric expectation
maximization method implemented in the ADAPT II program was used to obtain the estimate of
population parameters and inter- and intrasubject variability.

Results and Conclusions. The final model described the PK/PD/E data in psoriasis patients reasonably
well. In addition, simulations using the final model suggested that efalizumab administered less
frequently could possibly be more convenient with similar efficacy.

KEY WORDS: anti-CD1la monoclonal IgGl antibody; efalizumab; Monte Carlo parametric
expectation maximization method; population pharmacokinetic, pharmacodynamic, and efficacy

model; psoriasis.

INTRODUCTION

Psoriasis is a common chronic inflammatory skin disor-
der that affects approximately 2% of the world population
and results in disability similar to or exceeding that associ-
ated with other major illnesses, such as diabetes mellitus and
cancer (1,2). It is an incurable autoimmune disease mediated
by T lymphocytes and characterized by hyperproliferation of
keratinocytes and accumulation of activated T lymphocytes
in the epidermis and dermis of psoriatic lesions. A T lym-
phocyte adhesion molecule, leukocyte-function-associated
antigen type 1 (LFA-1), binds with the intercellular adhesion
molecule-1, facilitating processes relevant to pathogenesis of
psoriasis, including the migration of T lymphocytes from the
circulation into dermal and epidermal tissues, with subse-
quent reactivation (3). Efalizumab, a humanized monoclonal
IgG1 antibody, binds to the a subunit of LFA-1 (CDl11a),
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inhibiting the binding of T lymphocytes to endothelial cells,
their movement from the circulation into dermal and
epidermal tissues, and their activation. The effectiveness of
targeting CD11a as a therapeutic approach for psoriasis was
demonstrated with efalizumab in clinical studies (4-6).
Recently, efalizumab (RAPTIVA®) was approved by the
US Food and Drug Administration for treatment of adult
patients with chronic moderate and severe psoriasis who are
candidates for systemic therapy or phototherapy.
Efalizumab demonstrated dose-dependent nonlinear
pharmacokinetics (PK) in patients with psoriasis, which can
be explained by its saturable binding to a cell surface re-
ceptor, CD11a (7,8). After single intravenous doses, efalizu-
mab clearance decreased from 322 ml/kg/day at 0.1 mg/kg to
6.64 ml/kg/day at 10 mg/kg (7). Efalizumab caused a rapid
reduction in the expression of CD11a on circulating lympho-
cytes, typically to 25-30% of pretreatment levels. The cell
surface CD1la remained at this reduced level as long as
efalizumab was detectable in the plasma. When efalizumab
levels fell below 3 pg/mL, the drug was rapidly cleared from
the circulation, and expression of CD11a returned to baseline
within 7-10 days (7,8). After a subcutaneous administration
of 1.0 mg or 2.0 mg/kg/week for 12 weeks in psoriasis pa-
tients, steady-state serum concentrations were achieved by 4
and 8 weeks, respectively. Mean maximum concentrations
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(Cmax) were 12 and 31 pg/mL, respectively, occurring approx-
imately 2 days after the dose. CD11a expression on T lym-
phocytes was maximally down-modulated to about 20% of
baseline, and CD11a binding sites were >95% saturated (9).

To date, most published pharmacokinetic, pharmacody-
namic, and efficacy studies of efalizumab have been descrip-
tive in nature (8,9). A receptor-mediated pharmacokinetic
and pharmacodynamic model was developed using data from
a single Phase I study to describe the dynamic interaction of
efalizumab binding to CDl11a, resulting in the removal of
efalizumab from the circulation and reduction of surface
CDl11a of T cells (7). However, the exposure—response re-
lationship of efalizumab was not addressed in the model. This
paper expands on the developed receptor-mediated pharma-
cokinetic and pharmacodynamic model by incorporating data
from five Phase I and II studies to develop a pharmacokinetic
(PK)—pharmacodynamic (PD)-efficacy (E) model to further
increase our understanding of efalizumab interaction with
CD11a on T cells and consequent reduction in severity of
psoriasis.

MATERIALS AND METHODS
Studies and Patients

Study 1 was a Phase I open-label, single-dose, dose es-
calation, multicenter study of efalizumab in subjects with a
history of moderate to severe plaque psoriasis. Subjects
received a single dose of efalizumab at 0.03, 0.1, 0.6, 1, 2, 3,
or 10 mg/kg intravenously over 1-3 h. PK samples were
collected at predose, 1, 2, 4, 8 h, then 1, 3, 7, 14, 21, 28, 42,
and 70 days after start of infusion. PD samples (CD1la
levels) were collected at predose, 1, 2, 4, 8 h, then 1, 14, 21,
28, 49, and 70 days after start of infusion. Efficacy was
assessed by monitoring changes in clinical signs and symp-
toms of the disease [psoriasis area and severity index (PASI)]
on predose, 7, 14, 21, 28, 42, and 70 days after start of
infusion. Data from 30 subjects were included in the analysis.

Study 2 was a Phase I open-label, multiple-dose, dose
escalation, multicenter study to determine the safety, phar-
macokinetic, and biological activity of efalizumab in subjects
with moderate to severe plaque psoriasis. Subjects were to
receive intravenous infusions of efalizumab administered
either every 2 weeks or once weekly for 7 weeks. Subjects
sequentially received the following dose levels in an ascending
dose paradigm: 0.1 mg/kg every other week (group A); 0.1 mg/
kg weekly (group B); 0.3 mg/kg weekly (group C); 0.3 mg/kg,
followed by 0.4 mg/kg a week later, followed by five weekly
doses of 0.6 mg/kg (group D); and 0.3 mg/kg, followed by 0.4
mg/kg a week later, followed by 0.6 mg/kg a week later,
followed by four weekly doses of 1 mg/kg (group E). Subjects
were seen at least weekly during the treatment phase and were
followed up for a minimum of 98 days (56 days after the last
dose). PK and PD samples were obtained weekly up to day 70.
Efficacy was monitored weekly by the PASI. Thirty-nine
subjects with PK/PD/E data were included in the analysis.

Study 3 was a Phase I, open-label, single- and multiple-
dose, dose escalation, multicenter study to determine the
efficacy of subcutaneously administered efalizumab in sub-
jects with moderate to severe plaque psoriasis. Subjects were
to receive subcutaneous injections of efalizumab adminis-
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tered as a single dose of 0.3 mg/kg (group A); eight weekly
doses of 0.5 mg/kg/week (group B); 0.5 mg/kg, followed by
0.7 mg/kg a week later, then six weekly doses of 1 mg/kg
(group C); 0.7 mg/kg, followed by 1 mg/kg a week later, then
six weekly doses of 1.5 mg/kg (group D); or 1 mg/kg, followed
by 1.5 mg/kg a week later, then six weekly doses of 2 mg/kg
(group E). PK samples were obtained on predose, 24, 36, 48,
60, 72 h, then 7, 14, 28, 49, 50, 51, 56, 63, 77, and 91 days after
the fist dose. PD samples were collected on predose,
4 h postdosing, then 1, 2, 3, 7, 14, 28, 49, 56, 77, and 91 days
after the first dose. PASI was assessed on predose, 14, 21, 28,
42, 56, 77, and 91 days after the first dose. Data from 38
subjects were included in the analysis.

Study 4 was a Phase I, open-label, extended duration,
multiple-dose, multicenter study of the effect of efalizumab
administered by intravenous or subcutaneous injection to
subjects with moderate to severe plaque psoriasis. Subjects
were to receive 12 weekly intravenous injections of efalizumab
administered at 0.3 mg/kg (group A); intravenous doses of 0.3
mg/kg in the first week, 0.6 mg/kg in the second week, followed
by ten weekly doses of 1 mg/kg (group B); subcutaneous
injections of 0.7 mg/kg in the first week, followed by 11 weekly
doses of 1 mg/kg (group C); subcutaneous injection of 0.7 mg/
kg in the first week, followed by 11 weekly doses of 2 mg/kg
(group D); subcutaneous injection of 0.7 mg/kg in the first
week, followed by 11 weekly doses of 4 mg/kg (group E).
Subjects were followed up to day 180. PK samples were
collected before and after the last infusion on day 77 and then
on days 91, 105, 133, and 180. PD samples were obtained on
predose, days 28, 56, 77, 91, 105, 133, and 180. PASI was
collected on predose, days 14, 28, 42, 56, 70, 84, 91, 105, 133,
and 180. Data from 56 subjects were included in the analysis.

Study 5 was a Phase II, double-blind, multiple-dose,
placebo-controlled, multicenter study to evaluate the effect
of efalizumab in subjects with moderate to severe plaque
psoriasis. Subjects with a minimum PASI of 12 and at least
10% of body surface area (BSA) coverage by psoriasis were
randomized to receive eight weekly intravenous infusions of
efalizumab or placebo at a 2:1 ratio within each of the two
dose groups. The first 31 subjects were randomized to receive
either efalizumab 0.1 mg/kg (n = 22) or placebo (n = 9). The
remaining subjects were randomized to receive either efali-
zumab 0.3 mg/kg (n = 75) or placebo (n = 39). PK blood
samples were collected before (trough) and after (peak) drug
administration at days 0 and 28 and at follow-up visits on days
56 and 70 for the first 60 enrolled patients. PD samples
(CD11a) were collected before infusion on days 0, 7, and 28
and at follow-up visits on days 56, 70, and 140. Efficacy was
assessed by PASI on predose, days 0, 14, 28, 42, 56, 70, 84, 112,
and 140. Data from 77 subjects were included in the analysis.

Efalizumab Assay

A validated immunoassay was developed to measure
efalizumab antibody in human plasma (7). Briefly, plasma
efalizumab concentrations were determined with the use of
an enzyme-linked immunosorbent assay based on the binding
of efalizumab to soluble human LFA-1. In the assay, plasma
samples were incubated with alkaline phosphate conjugated
goat antihuman IgG and substrate p-nitrophenylphosphate.
The absorbance at 405 nm was determined using a Vmax
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Plate reader (Molecular Devices, Menlo Park, CA). The
standard curve ranged from 0.012 to 1,000 ng/ml. The intra-
and interassay coefficients of variation were 7 and 11%,
respectively.

Flow Cytometric Analysis of CD11a Expression

Phycoerythrin-conjugated anti-CD3 (T cells), anti-CD19
(B cells), and anti-CD56 (NK cells) and fluorescein 5-
isothiocyanate-(FITC) conjugated anti-CD1la monoclonal
antibody were added to 100-ul aliquots of whole blood (7).
Staining reactions were developed at room temperature for
30 min. Erythrocytes were lysed, and cells were analyzed by
flow cytometry (Becton Dickinson FACS II, San Jose, CA).
Lymphocyte and monocyte populations were identified by
forward and side scatter characteristics. The mean fluores-
cence intensity was measured in arbitrary units in some
studies, and absolute binding counts were reported in other
studies. Because absolute receptor numbers were not consis-
tently reported, and total number of CD11a positive cells in
the body are also unknown, for modeling purposes, in this pa-
per, it was suitable to use the percentage CD1la (%CD11a)
level from the mean fluorescence intensity or absolute binding
count values, relative to each subject’s predose level.

Psoriasis Area and Severity Index

The severity of psoriasis diseases is usually measured
using a PASI, which is a composite index indicating the
severity of the three main characteristics of psoriatic plaque
(erythema, scaling, and thickness) weighted by the amount of
coverage of these plaques in the four main body areas (i.e.,
head, trunk, upper extremities, and lower extremities) (10).
PASI scores can range from 0 to 72, with higher scores
indicating greater severity and reduction in score represent-
ing improvement. PASI is recognized by the US Food and
Drug Administration to assess efficacy of psoriasis therapies
in clinical trials (11).

Data Set

A total of 7,030 samples from 240 subjects were
extracted from the studies. The PASI of 48 subjects after
the initiation of concomitant medication was excluded from
the analysis. The first efalizumab plasma concentrations to
fall below 0.025 pg/ml (level of quantification) after each
dose were handled as fixed-point censored observations, and
the maximum likelihood was used to fit the model to the
censored observations (12). 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 indeed below the level of quantification. All other
subsequent efalizumab plasma concentrations below 0.025
ng/ml were excluded from the data analysis. Data points with
values much higher and lower than could be physiologically
expected for the dose given were excluded from the analysis.
These included the CD1la that were very high while
efalizumab was still present and neighboring data points
were at down-modulated level. A total of 701 points out of
7,030 (10%) were excluded based on the above criteria.

Ng et al.

Therefore, the final population PK data set consisted of 240
patients with 6,329 samples from five clinical studies. The
demographic characteristics of all of the subjects included in
the analysis are listed in Table I.

Data were analyzed using a nonlinear mixed-effects
modeling method utilizing the Monte Carlo parametric
expectation maximization (MCPEM) method implemented
in an augmented version of the ADAPT II program (13,14).
Briefly, a two-stage hierarchical nonlinear mixed-effect
model is used to find the set of mean population parameters
p and population variance matrix Q that best describes the
observed data from m subjects. This was done by maximizing
the marginal density of y with respect to p and Q by
minimizing the following objective function (L):

Zlog </ ) (yilo)n (6l Q)d0>
1)

where I(y; | 0) is the likelihood or data density for data vector
y; of subject i, given model parameters 6, and h(6 | u, Q) is the
parameter population density for 6, given p and Q. It can be
shown that if the parameter population density (6 | i, Q) is
of the form of a multivariate normal distribution with respect
to 6, then at the minimum of the objective function, the
following relationships are true (15):
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where 0; is the conditional mean 6 vector for subject i and Q;
is the contribution to the population variance from each
subject i:

Q= (6:—n)(6:—n) +B 4)

Table I. Demographic Characteristic of the Patients Included in
the Analysis

Median Range
Age (years) 45 20-73
Weight (kg) 88.5 52.7-124.2
Body mass index (kg/m?)" 29.7 18.8-46.1
BSA (m?)” 2.01 1.53-2.43
Number of patient Percentage
Gender
Male 74 30.8
Female 166 69.2
Race
Caucasian 209 87.1
African-American 7 2.9
Hispanic 12 5.0
Asian 6 2.5
Others 6 2.5

“ Obtained from 209 out of 240 patients (87.1%).
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where B; is the conditional variance matrix of # for subject i.
Therefore, in the EM algorithm, L is maximized with respect
to the population parameters p and Q by first evaluating the
conditional mean #; and conditional variance for each subject
using fixed values of pu and Q (the expectation step E),
followed by evaluating updates to p and Q using Egs. (2)—(4)
(the maximization step M) (14). In MC-PEM, the Monte
Carlo integration method is used to evaluate §; and B; during
the expectation step (13).

Pharmacokinetic Analysis

A first-order absorption, two-compartment model with
both linear and Michaelis—Menten elimination was used to
describe the plasma efalizumab concentration data. This
model is schematically represented in Fig. 1A. The mass
balance equations for this model are given as follows:

dé(;c N 6)
% = —kioX1 — ki X1 + kn X2

_ Km‘;mi)i)ﬁ + FukaXee (7)
% = kX, — kX, (®)

where X represents the amount of efalizumab in the depot
compartment after subcutaneous administration, X; repre-
sents the amount of efalizumab in the central compartment,
X, represents the amount of efalizumab in the peripheral
compartments, V,, represents the maximal Michaelis—
Menten elimination rate, K, is the Michaelis—Menten con-
stant (the half-maximal concentration of CD1la-mediated
efalizumab clearance), k, is the first-order absorption rate
constant, F, is the fraction bioavailability of efalizumab after
subcutaneous administration, k;y is the linear elimination
rate constant from the central compartment, ki, and k,; are
the intercompartmental rate constants, and V. is the volume
of the central compartment.

Pharmacodynamic Analysis

A receptor-mediated pharmacodynamic model previous-
ly developed was used to describe the dynamic interaction of
efalizumab to CD11a, resulting in the removal of efalizumab
from the circulation and reduction of cell surface CD11a (7).
This model is schematically represented in Fig. 1B. To explain
the higher than predose CD11a levels that occurred in some
subjects after discontinuation of the treatment (rebound
phenomenon), surface CD11la on T cells was modeled to
cause a negative feedback on production rate of additional
CD11a on the cell surface. The differential equations for this
model are given as follows:

dXs
dr

V2 X3X
= X4 - k30X3 - ﬁ (9)
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2 — kot | kogmax | ————— | — X, 10
dr Off{ oama (chm +X3> 4} (10)
Initial condition for X3(IC3) = IC4/k3o (11)
.. .. 2k03max

Initial condition for X4(IC,) = (12)

1 + 1 + 4k03max

Kncosk3o

X3 is the total % CD11a on the surface of each T cell, relative
to the individual’s predose level. The k3, represents the first-
order rate constant of degradation of %CD11la that is
independent of the presence of efalizumab. V., is the
maximal rate of elimination of CD11a in its interaction with
efalizumab. K. represents half-maximal concentration of
efalizumab-mediated CD11a elimination. X, is the produc-
tion rate of %CD11a to the T cell surface, in %CD11a/day.
The (gXz%.-) term represents negative feedback by the
total CD11a on the T cell surface on the synthesis of new
CD11a. The ko X4 term represents the first-order elimina-
tion of CD11a production rate on T cells, and ko is the first-
order elimination rate constant of CDI11la production rate.
Kinco3 is the half-maximal %CD11a of the negative feed-
back mechanism. Kgsmax i the maximal production rate of
the CD11a to the T cell surface. This model is equivalent to
a combination of indirect response models IV and I of
Krzyzanski and Jusko (16).

Efficacy Analysis

The severity of the disease was assessed by the PASI
score that is assumed to be directly related to the psoriasis
skin production. The rate of psoriasis skin production was
then modeled to be directly proportional to the amount of
free surface CD11a on T cells, which is offset by the rate of
skin healing (Fig. 1C). An additional CD11la-independent
pathway to psoriasis skin production accounted for lack of
complete response to efalizumab therapy. The following
differential equations described the model:

dXs
dr

KmCVC

— koaci Xa [ ome¥e
PASI 3(chVC+X1

) — knearXs + kpasio (13)

_ kpasiICs + kpasio

Initial condition for X5(ICs) = (14)
kheal
X5 is the PASI. The kpasi X3 ( z rf"'}t‘in ) represents the rate of

psoriasis skin production, which is directly proportional to
the amount of free CD11a on T cells, X3 (%3 The term
kneat X5 is the first-order rate of psoriasis skin healing. kpasio
is the zero-order rate of production of psoriatic skin
production that is independent of the amount of free
CD11a on T cells.

Interindividual variability among the parameters was
assumed to follow a log-normal distribution. A full interin-
dividual variance—covariance matrix was also determined.
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Fig. 1. Schematic representation of pharmacokinetic—pharmacodynamic—efficacy model of
efalizumab in psoriasis patients. (A) First-order absorption, two-compartment pharmacokinetic
model with linear and nonlinear elimination from the central compartment. (B) Pharmacody-
namic model with negative feedback mechanism. (C) Efficacy model with CD11a-dependent and
-independent pathway. Parameters are detailed in the text.
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A proportional error model was used to describe the in-
traindividual variability for efalizumab concentration. Intra-
individual variability of surface CD11a expression and PASI
was modeled with Poisson and constant additive error,
respectively. The model was then used to fit the PK/PD/
efficacy data simultaneously.

Model Evaluation

The ability of the final PK/PD/E model to describe the
observed data was investigated using a simplified posterior
model checking method (16—18). The final model, including
final fixed-effect and intersubject random-effect parameters,
was used to simulate 100 replications of the observed data
set. The simulated data were sorted by patients and obser-
vation times, and the 97.5th, 95th, 50th (median), Sth, and
2.5th quantiles of the pooled simulated data were calculated
for each time point for individual subjects. The percent of
observed data that fell within the boundaries of the 97.5th
and 2.5th quantiles (95% confidence interval), and 95th and
Sth percentiles (90% confidence interval) of the pooled
simulated data were determined. The final PK/PD/E model
was used to simulate the plasma efalizumab-, CD11la
expression-, and percent PASI-time profiles of 1,000 subjects

A

Individual Weighted Residuals

100 1000

Individual Predicted Efalizumab Concentration (ug/ml)

Individual Weighted Residuals

20 40 60 80

Individual Predicted PASI
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according to the study design of the Phase III, multicenter,
randomized, placebo-controlled, double-blind study (4). In
addition, 100 trials were simulated, and the percent of sub-
jects who had an improvement of at least 75% in PASI, the
primary end point of the study, was computed. The results
from the simulated trial were compared with the actual clin-
ical trial results and used to provide evidence that the derived
PK/PD/E model accurately described the observed data.

RESULTS
Pharmacokinetic

The plasma concentration-time profile of efalizumab
was reasonably described by use of the first-order absorption,
two-compartment model with Michaelis—Menten elimina-
tion from the central compartment. Figure 2D includes
individual predicted vs. observed efalizumab concentration
data for all patients. Generally, there was good agreement
between the individual predicted and the observed plasma
concentrations of efalizumab. In addition, diagnostic plots
(Fig. 2A) of the final PK model identify no systematic bias.
Representation plots of observed and individual predicted
plasma concentration-time data for efalizumab in four
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Fig. 2. Diagnostic plots of final pharmacokinetic—pharmacodynamic—efficacy model. Individual weighted residual vs. individual
predicted (A) efalizumab concentration, (B) %CD11a, and (C) PASI. (D) Individual predicted vs. observed pharmacokinetic,
pharmacodynamic, and efficacy data. Solid triangle, plasma efalizumab (pg/ml); open circles, %CD11a; solid circles, PASI.
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Fig. 3. Individual pharmacokinetic—pharmacodynamic—efficacy profiles from patients who received (A) a single dose of efalizumab at
0.6 mg/kg intravenously, (B) a single dose of efalizumab at 3 mg/kg intravenously, (C) 1 mg/kg weekly dose of efalizumab subcutaneously
for 12 weeks, (D) 4 mg/kg weekly dose of efalizumab subcutaneously for 12 weeks. Solid triangle, plasma efalizumab (ng/ml); open
circles, %CD11a; solid circles, PASI. Solid, dashed, and dotted lines represent individual predicted plasma efalizumab concentrations,

%CD11a baseline, and PASI, respectively.

patients are shown in Fig. 3A-D, again confirming that
the proposed model reasonably described the data.

The estimated pharmacokinetic parameters are pre-
sented in Table II. The absolute bioavailability of efalizumab

Table II. Final Pharmacokinetic Parameters from the Integrated
Pharmacokinetic— Pharmacodynamic—Efficacy Model

Interindividual
Parameters Population mean (%SE)*  Variability” (%SE)

F, 0.564 (5.3) 51.2 (13.1)
kq (day ™) 0.242 (9.4) 44.0 (11.6)
kyo (day ™) 0.114 (5.8) 50.2 (9.5)
ki (day ™) 0.097 (21.4) 168 (6.1)
ko1 (day ™) 0.193 (13.0) 95.8 (71.7)

V. (mL/kg) 64.3 (3.5) 52.0 (9.0)
Vm (ng/kg/day) 26.9 (4.3) 65.0 (8.1)
Kme (ng/mL) 0.033 (20.5) 124 (6.8)
o—efalizumabc 0.359 (15) -

F,, Fraction bioavailability of efalizumab after subcutaneous admin-
istration; k,, first-order absorption rate; ko, first-order linear elimi-
nation rate constant from central compartment; V,,, maximal rate of
nonlinear clearance of efalizumab from central compartment; K,
Michaelis—Menten constant of nonlinear clearance; ky, and k», inter-
compartmental rate constants.

“Percent standard error of the parameter estimate.

b Expressed as percent coefficient of variation.

“Random residual (intrasubject) variability.

after subcutaneous administration F, was 0.564, and the first-
order absorption rate constant was 0.242 day~'. The V, (64.3
ml/kg) is approximately equal to plasma volume, as is
expected for a high molecular weight protein. The typical
population values of Vi, and K, were 26.9 pg/kg/day and
0.033 pg/ml, respectively. The nonspecific elimination rate
constant from a central compartment ko was 0.114 day .
The pharmacokinetic parameters and interindividual var-
iability of pharmacokinetic parameters for efalizumab were
determined with good precision, with percent standard error
of the parameter estimates <22%.

Pharmacodynamics

The pharmacodynamic model for CD1la took into
account the down-modulation of CD11a receptor due to its
interaction with efalizumab and also the negative feedback
action of surface CD1la on its own production rate to
account for overshoot effect. As shown in Fig. 3A-D, the
model described the observed CD11a-time data reasonably
well and was able to capture the overshoot effect (CD11a
> 100% baseline). In addition, diagnostic plots (Fig. 2B and
D) of the final PD model identify no systematic bias.

The estimated pharmacodynamic parameters are pre-
sented in Table III. The pharmacodynamic parameters were
determined with good precision, with the highest percent
standard error being 22.1%. Interindividual variability in the
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Table III. Final Pharmacodynamic and Efficacy Parameters from
the Integrated Pharmacokinetic—Pharmacodynamic— Efficacy Model

Interindividual
Population mean variability”

Parameters (%SE)“ (%SE)
Pharmacodynamic
Kozmax (%CD11a/day) 334 (9.5) 78.0 (11.4)
Kineos (%CD11a) 15.8 (10.0) 63.9 (13.0)
kogr (day ™) 0.00154 (22.1) 206 (7.2)
k3o (day 1) 0.444 (6.6) 66.8 (7.8)
Vi (day ™) 2.16 (6.4) 67.7 (9.1)
ocpita’ 0.921 (1.6) -
Efficacy
kpasi (PASI/%CD11a/day) 0.00257 (14.7) 102 (7.5)
kpasio (PASI/day) 0.00851 (46.1) 275 (7.0)
Knear (day ") 0.0142 (14.6) 106 (7.9)

opasI’ 3.32 (1.6) -

Kosmax, Maximal rate of CD11a production to T cell surface; Kpco3,
%CD11a level on T cell surfaces at which Kyznax is half-inhibited;
kogr, elimination rate constant of CD11a production rate; ks, first-
order rate constant of degradation of CD11a that is independent of
the presence efalizumab; V,,,; is the maximal rate of elimination of
CDl11a in its interaction with efalizumab; kpas;, CD11a-dependent
psoriatic skin production rate; kpasig, CD11a-independent psoriatic
skin production rate; kpcqy, first-order skin healing rate constant.
“Percent standard error of the parameter estimate.

b Expressed as percent coefficient of variation.

“Residual random (intrasubject) variability of CD11a.

4 Residual random (intrasubject) variability of PASI.

pharmacodynamic parameter estimates was fairly high,
especially for Ko (206%). However, the pharmacodynamic
parameters for efalizumab were estimated with good preci-
sion with the highest percent standard error of 13%.

Efficacy

In the efficacy model, the rate of psoriasis skin pro-
duction is directly proportional to the amount of free surface
CDl11a on T cells, which is offset by the rate of skin heal-
ing. An additional CD11a-independent component to psori-
asis skin production accounted for incomplete response to
efalizumab therapy. Again, the model described the observed
data well (Figs. 2 and 3A-D). The estimated efficacy param-
eters are presented in Table III. The kpasy was 0.00257 PASI/
%CD11a/day. The kpasio and kpeq were 0.00851 PASI/day
and 0.0142 day !, respectively. The efficacy parameters and
their interindividual variability for efalizumab were deter-
mined with good precision, with the exception of kpagj, for
which the standard error was 46.1%.

Model Evaluation

A simplified posterior predictive model check was used
to evaluate the ability of the final model to describe the
observed data. The final model was used to simulate 100
replications of the observed data set. The percent of observed
data within the 90 and 95% quantile range of the pooled
simulated data were 91.1 and 95.0%, respectively. In a sub-

1095

group analysis, the percent of observed plasma efalizumab
concentrations within the 90 and 95% quantile range of the
pooled simulated plasma efalizumab concentrations were
90.0 and 94.0%, respectively. For %CD11a, the percent of
observed data within the 90 and 95% quantile range of the
pooled simulated data were 90.4 and 94.6%, respectively.
The percent of observed PASI within 90 and 95% quantile
range of pooled simulated PASI score were 92.9 and 96.4%,
respectively. Overall, these results suggest that the model
was able to describe and predict the distribution of data
reasonably well.

The final PK/PD/efficacy model was used to simulate the
plasma efalizumab-, %CD11a expression-, and PASI-time
profiles of psoriasis patients according to the study design of
the Phase III, multicenter, randomized, placebo-controlled,
double-blind study (4). Patients received subcutaneous efali-
zumab 0.7 mg/kg for the first week, then 1 or 2 mg/kg for 11
weeks. The results from the simulated trials were compared
with the actual clinical trial results (Figs. 4 and 5). In general,
the simulated trial results agreed with those observed in the
actual clinical trial except at the last observed CD1la-time
points on day 168. This indicates that our understanding of
the pharmacokinetic—pharmacodynamic—efficacy relation-
ships was reasonable enough to predict the time course of
plasma efalizumab, %CD11a expression level, and PASI in
psoriasis patients treated with efalizumab.

DISCUSSION

In this study, our objective was to develop a mechanism-
based PK/PD/E model that describes the plasma efalizumab-,
CD11a expression-, and PASI-time profiles for psoriatic
patients treated with efalizumab. A receptor-mediated PK/
PD model describes the dynamic interaction of efalizumab
binding with CD1la. In the efficacy model, the rate of
psoriasis skin production is directly proportional to the
amount of free surface CD11a on T cells, which is offset by
the rate of skin healing. An additional CD11a-independent
component to psoriasis skin production accounted for an
incomplete response to efalizumab therapy. The final model
adequately described the observed data, as illustrated in
Figs. 2—4. Therefore, we believe that our objective was
achieved. In addition, this article is the first published
analysis of population pharmacokinetic/pharmacodynamic/
efficacy modeling of efalizumab in patients with moderate to
severe psoriasis.

In the PK model, V. is approximately 64.3 mL/kg,
similar to the human plasma volume (45 mL/kg), as is ex-
pected for a high molecular weight protein. The saturable
elimination of efalizumab is associated with its interaction
with CD1la on the surface of white blood cells. This
saturable elimination mechanism was modeled using a
standard Michaelis—Menten equation with maximal rate of
clearance V,, and concentration of half-maximal clearance
Kne. According to the model, V., is considered proportional
to the total number of CD11a receptors in the white blood
cells which clear efalizumab. The K, value of 0.033 pg/mL is
very similar to the in vitro binding affinity of efalizumab for
CD11a on lymphocytes (unpublished data). The maximum
elimination rate constant of efalizumab from the central
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Fig. 4. Comparison of simulated vs. actual results of Phase III clinical trial. Left panel (A, C, E): 1 mg/kg/week for 12 weeks.
Right panel (B, D, F): 2 mg/kg/week for 12 weeks. Solid circle with error bar, actual results (mean + SD); solid line, mean values
of the simulated results; dotted line, 5 and 95% quantile values of the simulated results. For the actual phase III clinical trial,

N = 232 for the 1 mg/kg/week group and N = 243 for the 2 mg/kg/week group. N = 1000 for the simulation trial.

compartment can be obtained at very low concentrations of
efalizumab using the following equations:

V, v,
lim(——" 4 ko) =—" + ko = 12.79 day !
Xy (chvc X 10) KmcVe 10 y

This value is about 114 times greater than nonspecific linear
elimination rate constant k,, suggesting that the elimination
of efalizumab due to CD11a is significant at low efalizumab

concentrations. At very high efalizumab concentrations, the
nonlinear CD11a-mediated elimination became very small,
and the elimination rate of efalizumab approached the value
of nonspecific linear elimination rate kioX;. Therefore, the
contribution of CD1la-mediated clearance on efalizumab
elimination should decrease as the dose increases. This
hypothesis was confirmed using the simulation to examine
the contribution of CD11a-mediated clearance on efalizumab
elimination at different doses. The average percentages of
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total efalizumab dose eliminated by CD11a-mediated nonlin-
ear clearance following a single intravenous dose administra-
tion of 0.25, 0.5, 1, 2, and 5 mg/kg to 1,000 simulated subjects
were 70.1, 61.1, 49.4, 38.3, and 26.4%, respectively. In our
analysis, the pharmacokinetic model with Michaelis—Menten
kinetics with rapid receptor binding equilibrium was used. The
Michaelis—Menten kinetic model used in our analysis assumed
arapid equilibrium between the binding of antibody to CD11a
and dissociation of antibody—CD11a complex and an elimi-
nation of the complex from the surface of the cells. This model
has been shown to perform equally well with the receptor-
mediated disposition model, which assumed slow receptor
binding equilibrium (19), and both models could be used to
characterize the receptor-mediated disposition of the drugs.
The pharmacodynamic model for CD1la takes into
account the down-modulation of CD11a receptors due to its
interaction with efalizumab and also the negative feedback
action of surface CD1la on its own production rate to
account for the overshoot effect. V,,, was 2.16 dayfl, which
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differs from the values of V,, in the PK model. This is
because the CD1la content on T cells was measured in
arbitrary unit of fluorescence intensity and normalized to
predose level. Therefore, Vy,, differs from V,,, by an unknown
proportional constant. Furthermore, V, represented all
CDl11a, including those on non-T cells, that are involved in
clearing efalizumab, whereas V,,, represented only the
clearance rate of CDlla on T cells. Thus, V,, is the
coefficient to the term X3X/(Kn. + X;) in the PD
equations, which takes into account the amount of CD1la
on T cells (X3) and plasma efalizumab (X;), whereas Vi,
is the coefficient to the term X{/(K,. + X;) in the PK
equations, which assumes that the total CD1la (on T cells
plus other cells) that is involved in interacting and eliminat-
ing efalizumab is relatively constant, as the degree of CD11a
down-modulation on non-T cells tends to be less than those
observed on T cells (7). In our previously developed PK/PD
model (7), we found that there was no difference in the fit
of the data if we used Xz3X1/(Kine + X1) or Xi/(Kme + X1)
in the PK equations, so we chose the simplest, Michaelis—
Menten PK model, for the present analysis.

To account for the overshoot effect of CD11a expres-
sion, it was hypothesized that the intracellular process
produced CD11a on the T cells at a maximal rate of Kozmax-
The Kozmax is the production rate where no CDlla was
expressed on the surface. This production rate was affected
by surface CD11a via a saturable pathway represented by a
half-maximal Kj,c03. The CD1la production rate must be
continually replenished to offset the first-order removal rate
of CD11la production rate, as represented by kg Alterna-
tively, the overshoot effect of CD1la expression can be
described by the precursor model with negative feedback on
the precursor synthesis rate by CD11a level (20). The dif-
ferential equations for this model are given in the following
equations:

dX4 Imamec(B

SO K[ 1 — omaxme ) g Xy — KgoX.
dr syn( ch()3 T X3 dpA4 ds4

dx:

d—; = Kap X4 — K30X3

where Ky, represents zero-order precursor synthesis rate.
Kap, Kas, and K3 represent first-order rate constant for loss
of precursor to total %CDlla, loss of precursor to non-
CD11a products, and degradation rate of total % CD11a. I«
represents total fractional inhibition by CD11a on precursor
production rate. Ky,cs represents 50% inhibition effect on
precursor production rate. The total number of parameters in
the model (without drug effects) was six. Therefore, com-
pared to our model with total of four parameters, precursor
model with negative feedback required two more parameters,
and this may overparameterize the model and may not be
supported by the data. Our use of feedback-regulated
synthesis was in keeping with the indirect modeling method
(15) and had a physiological basis in principles of enzyme
kinetics, where an enzyme’s activity (as measured by syn-
thesis rate of product) was regulated by negative feedback
from its product. In the model, the production rate of the
total %CD11a was governed by the total %CD11a on the
cell surface. Less total %CD11a on the cell surface increased
production rate, and high level of cell surface total %CD11a
decreased the production rate of CDI1la. Therefore, the
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model with feedback-regulated synthesis instead of the
precursor model was used in our analysis.

The final model described the observed CD11a expres-
sion-time data reasonably well and able to capture the
overshoot effect (CD11a > 100% baseline) (Fig. 3). However,
the data set used in this analysis often did not have PD
samples that were extensive enough to capture the return of
%CD11a to baseline for many of the subjects. More PD data
with longer follow-up after termination of efalizumab ther-
apy were needed to better characterize the time course of
the CD11a overshoot effect and return of the CDl1la to
baseline.

Psoriasis is a T-cell-mediated autoimmune disease of the
dermis and epidermis characterized by leukocyte infiltration
into the skin and impaired skin growth that lead to the
development of scaling erythematous plaques (21,22). As
described in Materials and Methods, the severity of the
psoriasis disease is usually measured using PASI, which is a
composite index indicating the extent of psoriasis on four
body surface areas and the degree of plaque erythema,
scaling, and thickness (10). Therefore, it is reasonable to use
PASI as the efficacy endpoint in the model and assume that
the PASI is related to the psoriasis skin production. Fur-
thermore, the portion of psoriatic skin production that was

dependent on the presence of free %CD11a (not bound to
efalizumab) is proportional to the rate constant kpss;. The
skin healing process was represented by the first-order rate
constant of healing k., Thus, when the free CD11a levels
declined significantly during efalizumab therapy, psoriatic
skin production rate due to interaction of T cells with
keratinocytes decreased, and the skin was allowed to heal,
leading to reduction of PASI. It was possible for free CD11a
to be greater than 100%, and when this happens, psoriatic
skin production rate was greater than that occurring at
baseline. Therefore, an overshoot in CD11a levels may lead
to an overshoot of PASI with a delay in the effect, so that if
CD11a overshoot was only transient, rebound in PASI may
not be observed. Because not all subjects respond to therapy,
or respond partially to efalizumab therapy, psoriatic skin
production rate that was independent of free CD11a, kpasio
was included in the efficacy model. One limitation of our
efficacy model is lack of a placebo-effect model. The change
in PASI with time for patients in the placebo arm of the
Phase III trial was about 10% on day 84, comparing to
approximately 50% for patients treated with efalizumab,
suggesting that a noticeable beneficial placebo effect was
observed in the clinical studies (4). However, in our model,
we assumed that all the change in PASI score over time after
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efalizumab therapy was due to the drug effect. Therefore, the
current model overestimated the effect of efalizumab treat-
ment on PASI changes in psoriasis patients. A more realistic
efficacy model that incorporated placebo-time effect would
be a good next step to better estimate the treatment effect of
efalizumab in psoriasis patients (24).

The pharmacokinetic—pharmacodynamic—efficacy mod-
el developed here has a broad application to antibodies that
target cell-bound receptors, subjected to receptor-mediated
clearance, and for which coating and modulation of the
receptors are expected to be related to clinical response (25).
Despite the nonlinear pharmacokinetics of these agents, the
model can be used to describe the time course of the
pharmacodynamic effect and efficacy after different dosing
regimens.

The final pharmacokinetic—pharmacodynamic—efficacy
model was then used to test the hypothesis that less-frequent
administration of higher doses would have effects on total
CD11a expression and PASI similar to administration of
lower doses more frequently. Multiple-dose trials with 1,000
simulated subjects were used to evaluate pharmacokinetics,
pharmacodynamics, and efficacy after administration of
efalizumab subcutaneously at 0.7 mg/kg for the first week,
then 1 mg/kg/week, 2 mg/kg for every other week, or 2 mg/
kg/week for 11 weeks. Plots of the percent of subjects with
improvement of PASI of at least 75% and mean simulated
plasma efalizumab-, total CD11a expression-, and PASI-time
profiles with these regimens are shown in Fig. 6. The percent
of subjects with PASI improvement of at least 75% were
similar. Efalizumab administered at a higher dose but less
frequently (2 mg/kg every other week) maximally down-
modulated total CD1la expression during the treatment,
similar to those observed in subjects who received efalizumab
at a lower dose more frequently (1 mg/kg/week). These
findings confirm that less-frequent administration of higher
doses (2 mg/kg every other week) would have an effect on
total CD11a expression and PASI similar to those lower
doses given more frequently (1 mg/kg/week). A plan for a
clinical study to evaluate the efficacy of efalizumab admin-
istered at 2 mg/kg every other week in psoriasis patients is
now underway.

In this study, the MCPEM method was used to perform
the population analysis of the data. We attempted to fit the
data with the model described in this paper using NONMEM
(26), but the program would repeatedly terminate without
completing the analysis. While NONMEM was used to
analyze just the Study 1 data using a simpler PK/PD model
as described in our earlier report (7), it nonetheless required
repeated restarts to complete the analysis. Compared to
NONMEM, the MCPEM method is relatively more stable,
requires no restarts even when initial estimates are poor, and
is more efficient when analyzing population data using a
complex PK/PD model (13).

In summary, a receptor-mediated PK/PD model was
developed to describe the dynamic interaction of efalizumab
binding with CD11a. In addition, efficacy of efalizumab was
modeled with a mechanism-based model. A Monte Carlo
parametric expectation maximization method was used to
obtain the estimate of population parameters and inter- and
intrasubject variability. The final model describes the ob-
served data reasonably well. In addition, simulations using
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the final model suggested that efalizumab administered less
frequently could possibly have similar efficacy, but with more
convenience.
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