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Population pharmacokinetics—pharmacodynamics of
alemtuzumab (Campath®) in patients with chronic
lymphocytic leukaemia and its link to treatment
response
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What is already known about this subject
 The pharmacokinetics of alemtuzumab have been

incompletely described to date.

At most, presentations of half-life have been reported in
clinical articles using data at the individual level.

What this paper adds

- This paper presents a comprehensive population
pharmacokinetic—-pharmacodynamic model for alemtuzumab
in B-CLL patients using lymphocyte counts as the biomarker
and links the model to clinical outcomes.
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Aims

To characterize alemtuzumab pharmacokinetics and its exposure—response relation-
ship with white blood cell (WBC) count in patients with B-cell chronic lymphocytic
leukaemia (CLL).

Methods

Nonlinear mixed effects models were used to characterize plasma concentration—time
data and WBC count-time data from 67 patients. Logistic regression was used to relate
summary measures of drug exposure to tumour response.

Results
Alemtuzumab pharmacokinetics were best characterized by a two-compartment
model with nonlinear elimination where Vs (ugh™) was [1020 x (WBC

count/10 x 107 I71)%19%], K, was 338 ug ', Vy was 11.31, Q was 1.05 I h™" and V; was
41.5 1. Intersubject variability (ISV) in Vi, Km, Vi and V5, was 32%, 145%, 849% and
179%, respectively. The reduction in WBC over time was modelled by a stimulatory
loss indirect response model with values of 18.2 for En., 306 ugl™" for ECs,
1.56 x 107 cells I'" h™! for Ki, and 0.029 per h for K, The probability of achieving a
complete or partial response was =50% when the maximal trough concentration
exceeded 13.2 ug ml~' or when AUC,_. exceeded 484 ugh~' ml-'.

Conclusions

Alemtuzumab displayed time- and concentration-dependent pharmacokinetics with
large interpatient variability, both in pharmacokinetics and pharmacodynamics, which
was probably reflective of differences in tumour burden among patients. A direct
relationship between maximal trough concentrations and clinical outcomes was
observed, with increasing alemtuzumab exposure resulting in a greater probability of
positive tumour response.

BrJ Clin Pharmacol | 64:3 | 278-291

278

© 2007 The Authors
Journal compilation © 2007 Blackwell Publishing Ltd


mailto:bonate@genzyme.com

Introduction

Alemtuzumab (Campath®) is a 150-kDa humanized
IgG1 monoclonal antibody (MAb) that targets the
CD52 antigen, a glycoprotein found on the cell surface
of many cell types, including lymphocytes and mono-
cytes. Alemtuzumab is currently approved for the
treatment of B-cell chronic lymphocytic leukaemia
(B-CLL) in patients who have been previously treated
with an alkylating agent and who have failed fludara-
bine therapy. Use in this population was approved
based on the results of a pivotal trial in 93 patients,
many of whom had advanced disease, in which an
overall response rate (complete and partial responders)
of 33% was observed [1]. Alemtuzumab has also been
or is currently being studied in the treatment of first-
and second-line B-CLL, active relapse—remitting mul-
tiple sclerosis [2], solid organ transplant [3] and
rheumatoid arthritis [4].

Alemtuzumab is currently administered as a 2-h
intravenous infusion under a dose escalation scheme
wherein patients receive 3 mg daily until well tolerated
(e.g. infusion-related toxicities are =Grade 2), fol-
lowed by 10 mg once daily until tolerated, and then
30 mg three times a week (Monday, Wednesday,
Friday) for a maximum of 12 weeks. Dose escalation is
usually accomplished within 3-5 days. Previous reports
on the pharmacokinetics of alemtuzumab have been
simplistic and generally limited to a description of
half-life being reported [5-7]. The utility of these
reports has been fairly limited in that they typically
report a single value for alemtuzumab half-life.
However, it is now clear that MAbs which target cel-
lular antigens have far more complex, nonlinear phar-
macokinetics, such that the half-life of these drugs is
both dose and time dependent [8, 9]. When antigen
concentration is high, plasma half-life is short because
the MADb binds to its epitope and is subsequent-
ly rapidly cleared from the blood. However, as the
antigen is depleted, clearance from the plasma
decreases and plasma half-life increases. As the MAb
accumulates, a new steady state is reached. Eventually,
when the target is either totally depleted or saturated,
the clearance of the MAb will be at its slowest and
half-life will be at its longest, approaching the half-life
of endogenous IgG (~21 days).

There are no comprehensive analyses of alemtuzumab
pharmacokinetics or of its exposure—response relation-
ship with white blood cell (WBC) counts in patients
with B-CLL. The primary purpose of this study was to
conduct such an analysis, whereas the secondary objec-
tive was to characterize the exposure—tumour response
relationship.
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Methods

Study protocols and subjects

CAMO002 was a Phase I/II, multicentre, open-label,
noncomparative study in 52 patients with non-
Hodgkin’s lymphoma (NHL) and eight patients with
B-CLL who had previously failed therapy with purine
analogues and had not received alemtuzumab. Only
data from CLL patients were included in the analysis.
This was a multiple, ascending dose trial designed to
evaluate the safety, tolerability and pharmacokinetics
of alemtuzumab in the target patient population. Ale-
mtuzumab doses ranged from 7.5 to 240 mg adminis-
tered as a 2-h intravenous (i.v.) infusion. Doses were
escalated within each patient depending on tolerability,
generally beginning at 24-mg and ending at 240-mg
doses. The targeted duration of alemtuzumab treatment
was once-weekly infusion for 4 weeks. Blood samples
to determine alemtuzumab concentrations were col-
lected at the first and fourth infusions at the following
nominal times: predose, mid-infusion, immediately
post infusion and at 15 min, 30 min, 1 h, 2h, 4 h, 6 h,
8 h, 24 h, 72 h and 168 h post infusion. Blood samples
were also taken to determine peak and trough levels of
alemtuzumab at the second and third infusions;
predose, postdose and every 2 weeks after the first four
infusions, then monthly after completion, until the con-
centrations were nonmeasurable.

CAMO003 was a Phase I/II, multicentre, open-label,
noncomparative study in 25 patients with NHL and five
patients with CLL who had previously failed therapy
with purine analogues and had not received alemtu-
zumab. Only data from CLL patients were included in
the analysis. Patients were treated with multiple doses of
0.5, 5 or 50 mg alemtuzumab administered as an i.v.
infusion. Doses were not escalated within each patient.
Targeted duration of alemtuzumab treatment was five
infusions per week for 4 weeks. Therapy could be con-
tinued for another 8§ weeks in responding patients. Blood
samples to determine alemtuzumab concentrations were
collected immediately before and at the end of three
infusions each week for the first 4 weeks of treatment,
every 2 weeks during subsequent treatment and monthly
following completion of treatment, until the concentra-
tions were nonmeasurable.

CAMOO05 was a Phase II, multicentre, open-label,
noncomparative study in 30 patients with B-CLL who
had previously failed therapy with purine analogues and
had not received alemtuzumab. Doses were escalated
based on tolerability, generally starting at 3 or 10 mg
and escalating to 30 mg alemtuzumab, which was then
administered as an i.v. infusion three times weekly if
well tolerated for 6 weeks. Patients with no evidence of
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disease after 6 weeks were discontinued from treatment
and observed off-study for 6-8 weeks to confirm
response. For patients with evidence of disease improve-
ment or no change in disease at 6 weeks, treatment could
continue at a dose of 30 mg three times a week for up to
12 weeks; patients with progressive disease were to be
discontinued. For those patients continuing on treat-
ment, evaluation of disease response was conducted
again at 12 weeks. Under specific conditions, further
treatment beyond 12 weeks was permitted. Blood
samples to determine alemtuzumab concentrations were
collected immediately before and at the end of the first
infusion in each week of treatment, upon completion of
treatment and 28 days after the final infusion.
CAM213 was a Phase II, multicentre, open-label,
noncomparative study in 30 patients with B-CLL who
had previously failed therapy with purine analogues and
had not received alemtuzumab. The alemtuzumab dose
was initiated at 3 mg, then increased to 10 mg, then
increased to 30 mg, based upon patient tolerance during
week 1, then treatment continued at 30 mg three times
a week intravenously for a maximum of 12 weeks.
Patients were treated to maximum response with alem-
tuzumab. If no disease was detectable by flow cytometry
at the end of alemtuzumab therapy, then no further treat-
ment was given and patients were followed. Patients
with residual CLL detectable only by flow cytometry
after alemtuzumab therapy were considered for auto-
logous peripheral blood stem cell transplantation in an
attempt to eradicate the residual detectable disease.
Patients were followed until disease progression. Blood
samples to determine alemtuzumab concentrations were
collected at predose, 15 min, 30 min and 1 h after the
end of the alemtuzumab infusion for the first 3-mg,
10-mg and 30-mg dose. In addition, for the first 30-mg
dose there was a 4-h sample and possibly a 24-h, 48-h
and 72-h sample depending on the day of the week when
the patient finished escalation and reached the 30-mg
dose. If the patient was able to tolerate the 30-mg dose
by Wednesday, samples were to be taken at both 24 h
and 48 h; if Thursday was the first 30-mg dose, samples
were to be collected at 24 h only, and if Friday was the
first 30-mg dose, then a sample was to be taken at 72 h.
During week 2 of dosing, samples were taken on the first
(Monday) and last (Friday) dose. These were predose,
15 min, 30 min and 1 h. For all subsequent weeks until
the final dose, sampling occurred on the middle dose
(Wednesday) only, once a week while on therapy. The
final 30-mg dose was to be given on a Monday, if pos-
sible, and samples were taken at predose, 15 min,
30 min, 1 h, 4h, 24 h, 48 h, 72 h and 96 h. Follow-up
samples were taken after 7, 14, 21, 28 and 35 days.

280 | 64:3 | BrJ Clin Pharmacol

Detailed information and its results have been published
separately [5].

All studies were approved by local Institutional
Review Boards or Independent Ethics Committees and
all patients gave informed consent prior to enrolling.

Analytical assay

Serum alemtuzumab concentrations in CAMO002,
CAMO03 and CAMOO05 were assayed using a validated
enzyme immunoassay (EIA). The lower limit of detec-
tion was 60 g 1™'. The quality control samples had a
coefficient of variation of <30% at the lowest level
(80 ug I'") and were <20% for all other levels of con-
trols. Serum concentrations of alemtuzumab in
CAM213 were analysed using a validated indirect
immunofluorescence assay with a CD52+ human T-cell
line (HUT-78) as target cells. Binding was measured by
flow cytometry and compared with the binding of stan-
dard samples in order to determine the effective serum
concentration of alemtuzumab. The linear range of the
method was 500-10 000 ug 1"'. Control samples (mea-
sured using a 1 : 2 dilution) at concentrations of 1050,
5120 and 20 370 pg 1! had an average accuracy of 111,
98 and 103%, respectively, with a coefficient of variation
of 6, 11 and 22%, respectively [10].

Database assembly

The pharmacokinetic and pharmacodynamic databases
were assembled by Projections Research Inc. During
database assembly, the individual data records were
scrutinized for possible errors. Missing dose records
were imputed using the most recent previous dose and
assuming that the imputed dose was administered using
the protocol-specified dose regimen. There were no
missing dose records immediately prior to pharmacoki-
netic or pharmacodynamic observations. There were no
missing covariate data, so imputation was not required
for covariates. All four studies included in this evalua-
tion had dense pharmacokinetic and pharmacodynamic
sampling. The pharmacokinetic database contained
1565 concentrations from 67 patients (approximately 23
pharmacokinetic observations per patient). The pharma-
codynamic database contained 2632 observations (1565
concentrations and 1067 WBC observations) from 67
patients (approximately 16 pharmacodynamic observa-
tions per patient). Measures of outcome were limited
to a single observation per patient.

Pharmacokinetic modelling methodology

Nonlinear mixed effect models using NONMEM
(Version V, Build 1.1; GloboMax LLC, Hanover, MD,
USA) were developed to characterize the pharmacoki-



netics of alemtuzumab in the patient population. All
models were fit using the first-order conditional estima-
tion (FOCE) method with interaction. The SLOW
option, which utilizes the gradient method introduced in
Nonmem IV, was implemented in order to improve the
minimization process by avoiding local minima which
can sometimes be a problem with the default method in
Nonmem V (see the NMUSERS archive 24 May 2001
for a discussion of estimation methods). Traditional
model-building techniques were used. For the pharma-
cokinetic evaluation, a base model without covariates
was developed. Random effects were treated as log-
normal in distribution. Residual error was modelled as a
combination of additive and proportional error. Each
covariate was then screened directly in NONMEM using
a power function covariate model centred or scaled to a
hypothetical reference patient. The reference patient
used in this analysis was a patient with demographic
factors that were approximately equal to the mean or
median (e.g. weight, creatinine clearance) or most
prevalent (e.g. sex or race) demographic. In some cases,
lab normal values were used to generate the reference
patient values. The following covariates were examined:
age, weight, height, body surface area (BSA), body mass
index (BMI), sex, race, study, WBC count and lympho-
cyte count. Wherever possible, covariate information for
each patient was updated over time, therefore covariates
such as WBC count changed over time for each patient.
Covariates were examined graphically via plots of m
vs. covariate values. All covariates were tested using
model-based evaluation as well as graphical evaluation.
Covariate models were developed using forward step-
wise regression with a significance level of 0.001 based
on the likelihood ratio test (LRT) required to be retained
in the model and backwards deletion using a signifi-
cance level of 0.001 to remain in the model. A strict
statistical criterion (ot = 0.001) for inclusion of explana-
tory variables was selected in order to minimize the Type
I error [11].

Pharmacodynamic modelling methodology

Nonlinear mixed effect models using NONMEM
(Version V, Build 1.1; GloboMax LLC) were developed
to characterize the pharmacodynamics of alemtuzumab
in the patient population using WBC count as a biomar-
ker of activity. Lymphocyte counts were also used as a
biomarker. The resulting lymphocyte model was quite
similar to WBC count model and is not presented here.
All models were fit using the first-order approximation
as models using FOCE had extremely long run times and
failed to converge. Only the structural model relating
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WBC count to alemtuzumab exposure was developed;
no covariates were evaluated. All random effects were
treated as log-normally distributed, with the exception
of the residual error, which was treated as normally
distributed.

Formal model-based pharmacokinetic—pharmaco-
dynamic analysis has not previously been conducted
with alemtuzumab. Following administration by i.v.
infusion of alemtuzumab, WBC counts generally
decline rapidly. Based on the time course of WBC
counts over time, alemtuzumab either acts to stimulate
the loss of CD52+ cells or acts to inhibit the formation of
new CD52+ cells. It was assumed that the mechanism of
action of alemtuzumab would be similar to other thera-
peutic MAbs that target cellular antigens and stimulate
the loss of target cells, which implies that the mecha-
nism of action could be described using an indirect
response model [12]. It should be noted that a series of
inhibitory models (whereby alemtuzumab inhibits the
formation of cells) was also tested (data on file), but
these models were not pursued because they were not
physiologically reasonable, were unstable, terminated or
showed poor goodness of fit plots and other diagnostics.
A precursor cell model [13] was also tested for some of
the pharmacodynamic evaluations, but was not as pre-
dictive as the stimulatory loss indirect response model.

Model evaluation and qualfication

Model evaluation was aimed at testing both the descrip-
tive capacity of the model, including robustness of the
parameter estimates and adequacy of the fit as well as
the predictive capacity of the model. Therefore, model
qualification was conducted both to assess the model
capacity to predict the individual observations over time
as well as to simulate similar pharmacokinetic and phar-
macodynamic behaviour. Diagnostic plots were assessed
to confirm model performance for both the pharmacoki-
netic and pharmacodynamic models. In addition, the
confidence intervals (Cls) of the parameter estimates for
both models were evaluated using nonparametric boot-
strapping. A total of 250 bootstrap replicate datasets
were created and the parameters estimated. The number
of replicates was limited to 250 due to the long run times
for these models. Finally, the prediction error (PE) and
root mean square error (RMSE) in the difference
between the observed and individual predicted observa-
tions were calculated and summarized using descriptive
statistics. The observations were Ln-transformed for the
pharmacokinetic evaluation, but were not transformed
for the pharmacodynamic evaluation. The equation for
the calculation of the PE is:
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n (V- %)
2y, (1)

PE=
n

The equation used to calculate the RMSE is:

)

In these equations, Y; is the i” observed observation for
the j" subject and f/,,- is the corresponding predicted
observation.

The pharmacokinetic model was also evaluated using
a predictive check [14]. Two types of predictive check
evaluations were conducted for the pharmacokinetic
model, both based on a subset of the data, which con-
sisted of patients who had sufficient sampling to esti-
mate a half-life from the observed concentrations. In the
first evaluation, a database based on the selected subset
(dosing and covariate information were retained) was
created with daily pharmacokinetic sampling. A total of
500 replicates were simulated using the final model to
simulate expected concentrations and the 95% predic-
tion intervals were generated. The observed data from
the subset of patients were overlaid on the prediction
intervals and compared visually. Because the dosing,
sampling times and WBC information were so different
for each patient, these predictive check evaluations were
conducted separately for each patient. In the second
evaluation, a series of 250 simulated datasets were gen-
erated using the actual sample times recorded in the
selected subset of data. The final model was used to
simulate the expected concentrations. Where evaluable,
half-lives were calculated using WinNonlin (Version
5.1; Pharsight Corp., Mountain View, CA, USA) for
both the actual and observed data. The half-life values
from the observed and simulated data were ranked and
frequency histograms of the ranked half-life values
taken were generated. The half-life statistic was selected
for evaluation, because this parameter was expected to
vary based on concentration and other relevant covari-
ates. Therefore if the predictive check for half-life
showed good agreement under these changing condi-
tions, model performance would be considered
adequate.

Response and outcome analysis

Only data from Studies 213 and 005 were analysed for
treatment outcome. Response criteria for both studies
were defined using the 1996 National Cancer Institute
Working Group response criteria for CLL [15]. Patients
were categorized into complete response (CR), partial
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response (PR), stable disease (S.D.) or progressive
disease (PD) based on their best response without regard
to overall Campath exposure or number of cycles. The
following measures of exposure were examined: the
largest model predicted trough concentration over
5 days of dosing (which occurs on day 5 and which at
steady state reduces to Cpinss), model predicted area
under the curve (AUC,_,) during the dosing interval for
the last dosing event, total daily dose of the last dosing
event, and model-predicted WBC nadir at the last dosing
event. Ordinal logistic regression was used with the
Logistic procedure in SAS, version 8.2 (SAS Institute,
Cary, NC, USA) to relate measures of exposure to
outcome [16]. In addition, patients were dichotomized
into responders (CR or PR) or nonresponders (S.D. or
PD). Logistic regression was then used to relate mea-
sures of exposure to the binary outcome measure. A
P-value of 0.05 was considered statistically significant.

Results

Pharmacokinetic model

Table 1 presents a summary of patient demographics by
study and pooled across studies. The best final pharma-
cokinetic model was a two-compartment model with
zero order input and Michaelis—Menten elimination
parameterized in terms of V.. (the maximal rate of
elimination), K,, (the Michaelis constant), V; (central
compartment volume of distribution), Q (intercompart-
mental clearance) and V, (peripheral volume of distribu-
tion). Vi.x was described as

WBC Count )WBCfactor
10x10°/L

where TVV,.x is the typical V.., value for a patient
having a WBC count of 10 x 10° 1! and WBC_factor is
the power function relating WBC count to V.. Inter-
subject variability (€2) was described for Vi, K., Vi and
V, using a simple diagonal form. More complex models
were tested but were rejected due to termination of the
minimization process or questionable parameter esti-
mates. Inter-occasion variability was not investigated.
The model employed a combined constant coefficient of
variation and additive residual error model. The final
parameter estimates together with the bootstrap Cls are
presented in Table 2. All parameters were precisely esti-
mated. Figure 1 presents basic diagnostic goodness of fit
plots for the final model. No obvious bias or model
misspecification was identified in the final model,
although the range of observed concentrations is sub-
stantially higher than the range of typical predicted con-
centrations, which is reflected in the large intersubject
variability (ISV) that was observed for K,, and V,. The

Vinax = TVVmax( 3)
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Table 1

Demographic summary for patients in the pharmacokinetic and pharmacodynamic datasets

Variable (units) 002 003 005 213 Pooled
Number of patients 8 5 24 30 67
Age (years) 58 66 56 60 59
(48-72) (45-71) (46-75) (41-74) (41-75)
Weight (kg) 69.4 82.6 70 775 72
(61-85) (57-167) (51-96) (45-123) (45-167)
Sex 5M/3 F 4 M/1 F 15 M/9 F 25 M/5 F 49 M/18 F
Creatinine clearance (mlmin") 69.2 90.8 70.4 75.3 70.7
(55.4-104) (48.0-137) (45.1-123) (30.4-150) (30.4-150)
WBC count (cells x 10° ") 57.8 28.5 229 62.8 378
(1.9-281) (8.6-79) (4.1-310) (1.27-522) (1.3-522)
Lymphocyte count (cells x 107 I7") 92.0 86.0 16.9 9.69 283
(28.3-100) (59-95) (0.3-228) (0.01-185) (0.01-228)
Data are reported as median (range). M, Male, F, female; WBC, white blood cell.
Table 2
Final covariate pharmacokinetic model parameter estimates
Bootstrap summary
Population mean %CV intersubject statistics Lower Upper
Parameter (units) (SE*) variance (SE*) 95% ClI Median 95% Cl
TWoax (ngh™) 1020 (9.5) 32 (31.8) 651 979.5 1840
WBC factor 0.194 (8.5) = 0.081 0.192 0.382
Km (ugl™ 338 (27.5) 145 (37.2) 226 4205 849
vy () 1.3 (15.0) 84 (21.2) 8.92 12.4 16.4
Q (Ih™") 1.05 (2.0) Not estimated 0.443 1.17 2.13
20) 415 (32.8) 179 (27.9) 213 354 732
CCV residual error 372 (2.0) 31.0 37.0 40.0
Additive residual error (ug!l™) 64.73 (19.3) 372 61.5 113.6

*As percentage coefficient of variation. WBC, White blood cell; CCV, constant coefficient of variation.

conditional weighted residuals [17] showed no marked
trend over time and were centred at zero. The calculated
PE for the pharmacokinetic model was 0.737 and the
RMSE was 0.00992, suggesting that the model perfor-
mance was adequate given the range of concentrations in
the database.

The results of the visual predictive check evaluation
are presented in Figure 2. Because the dosing, sample
timing and WBC counts were so different between
patients, these intervals were generated separately for
each patient. A selected subset of patients with a high,
average and low WBC count at the last dose are pre-

sented. For all three panels, the observations are con-
tained within the prediction intervals and the model
appears adequate to describe the observed data in this
selected subset. The intervals are wide, reflecting the
high interindividual variability in the model. The results
of the predictive check of the calculated half-life are
presented in Figure 3. The distribution of rankings
shows that the observed half-life values were generally
at or near the midpoint of the simulated half-life values.
In addition, the half-life values obtained from the
observed and simulated data were compared using a
t-test and a Komolgorov—Smirnov test. The results
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Basic diagnostic goodness of fit plots under the final pharmacokinetic model
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obtained from these two tests suggested that the half-life
values were similar both for the mean values and for the
distribution of half-lives. Hence, all model evaluations
indicated that the model did an adequate job of charac-
terizing the pharmacokinetic profile of alemtuzumab.

Pharmacodynamic model
The best structural model was a simple indirect response
model with a stimulation of K, [18]. The equation for
this model is:
dWBC
dt

=Kin—Kous WBC(l + E...x -Concentration j

ECs, + Concentration
4)

In this equation, which describes the change in WBC

over time, Kj, is the zero order rate constant of cell

formation, K, is the first-order rate constant of cell
death, E,. 1s the maximum effect of alemtuzumab on
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cell death and ECs is the concentration at half maximal
effect.

The residual error model was an additive model. Inter-
individual variability was described for all parameters
except for K, The model contained a term describing
the correlation of E,.,, and ECs,. Models with a more
complex  matrix structure were investigated, but they
either terminated, had questionable parameter estimates
and higher interindividual variability, or the objective
function did not decrease sufficiently for the model
to be accepted. Inter-occasion variability was not
investigated.

Table 3 lists the model parameter estimates and the
95% Cls of the structural parameters based on 250 boot-
strap replicates. The 95% Cls for the variance terms are
not presented, as the number of replicates would need to
be increased to estimate reliably the 95% ClIs for vari-
ance terms. The estimates of interindividual variability
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Results of visual predictive check for three selected individuals: a
subject with a white blood cell (WBC) count of 281 x 10° cells I

prior to dosing (top); a subject with a WBC count of 1.1 x 107 cells !
prior to dosing (middle); and a subject with a WBC count of 0.5x 10°
cells I”! prior to dosing (bottom). Ninety-five percent prediction intervals
from final pharmacokinetic model vs. time after the last dose overlaid
with observed concentration data from that subject
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Figure 3

Results of second predictive check evaluation. Distribution of ranking of
observed half-life values compared with the distribution of half-life
values from simulated data from selected subset

are high, but may reflect differences between patients in
CD52 receptor positivity, extent of illness and interassay
variability. The ratio of Ki, to Ko, 53.8 X 10° 1!, is an
estimate of the pretreatment WBC count that suggests a
high baseline WBC count in patients, which is consistent
with the high WBC count seen in patients with B-CLL.
Several basic goodness of fit plots are shown in Figure 4.
The observed vs. predicted plot shows scatter about the
line of unity, although there are observations that are
quite high, while the range of typical predicted WBC
values is substantially lower than the observed range,
which results in some apparent visual bias. The observed
vs. individual predicted plot shows good scatter about
the line of unity with no evident bias. The plot of con-
ditional weighted residuals vs. typical predicted values
shows that the range of conditional weighted residuals
was generally within =3 SD and the observations
appeared to be uniformly scattered about the line of
identity. Representative alemtuzumab concentration—
time and WBC count-time plots under the final
pharmacokinetic—pharmacodynamic model are shown
in Figure 5. The model showed quite good descriptive
characteristics given the complex interplay between ale-
mtuzumab pharmacokinetics and pharmacodynamics.

Outcome analysis

A total of 48 patients had evaluable outcome data from
Studies 005 and 213. Of these, two patients were
classified as CR, 12 as PR, 22 as S.D. and 12 as PD.
Patients were on treatment from 1 to 23 weeks in Study
005 (median 12.5 weeks) and from 5 to 16 weeks
in Study 213 (median 12 weeks). One patient was
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Table 3
Final covariate model pharmacodynamic parameter estimates for WBC counts

Bootstrap summary

Population %CV interindividual statistics Lower Upper
Parameter (units) mean (SE¥) variance (SE¥) 95% ClI Median 95% Cl
Ermax 18.2 (39.1) 244 (100) 9.11 17.1 120
ECso (ugl™ 306 (39.9) 775 (83.7) 94.4 280 1800
Kin (cells x 109 11 h") 1.56 (35.4) 172 (68.7) 0.367 1.62 3.63
Kout (071 0.029 (14.1) Not estimated 0.019 0.029 0.048
Additive residual error (cells x 107 =) 15.6 (38.1) 6.83 15.0 20.2

*As percentage coefficient of variation. WBC, White blood cell.
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predicted WBC count

identified as a possibly influential observation. This
patient, who had stable disease, had a maximal trough
concentration of 26.8 ug ml™', the largest of all maximal
trough concentrations observed, compared with a
median of 6.0 ug ml™.

When this questionable observation was included in
the ordinal logistic regression model, maximal trough
concentrations (P =0.0029), AUC, . (P =0.0052) and
total daily dose of the last dosing event, e.g. 30 mg
(P=0.0370) were significant predictors of response,
having coefficients of determination of 18%, 16% and
11%, respectively. When the questionable observation
was not included in the analysis, the results were even
more significant. WBC nadir was not a significant pre-
dictor of outcome with or without the questionable
observation included in the analysis. When response was
dichotomized into responders and nonresponders and
the questionable observation included in the analysis,

maximal trough concentrations (P = 0.0229) and AUC,_,
(P=0.0297) were significant predictors of outcome
(Figure 6). For conservatism, the influential observation
was kept in the model. Maximal trough concentrations
ranged from below the limit of quantification (BQL) to
26.8 ug ml™' with a mean of 5.9 ugml™" in nonre-
sponders and 3.6-21.0 ugml”" with a mean of
10.2 pug ml™ in responders (P = 0.0088). Dose was not
tested in this binary logistic analysis due to quasi-
complete separation of dose and response. The probabil-
ity of achieving a positive outcome was =50% when the
maximal trough concentration exceeded 13.2 g ml™" or
when AUC,_; exceeded 484 ug h™' ml™.

When the influential observation was not included
in the analysis, maximal trough concentrations
(P =0.0006), AUC,, (P=0.0008) and last dose
received (P =0.0389) were significant predictors of
response, having coefficients of determination of 27%,
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Scatter plot of probability of achieving a complete or partial response

vs. model-predicted maximal trough concentrations (top) and AUCo-.
(bottom plot) in responders and nonresponders using logistic regression
analysis. Patients in Study 005 are denoted with solid circles. Patients in
Study 213 are denoted with open circles. Solid line is the model-
predicted fit from logistic regression analysis with the potentially
influential observation (highlighted with an arrow) included. Dashed line
is the model-predicted fit with the influential observation removed. Grey
boxes are the empirical probability of response based on five bins and
including the questionable observation

27% and 11%, respectively. When response was
dichotomized into responders and nonresponders,
maximal trough concentrations (P = 0.0037) and AUC,_,
(P=0.0039) were significant predictors of outcome
(Figure 6). Quantifiable maximal trough concentrations
ranged from 0.33 to 12.9 ugml”' with a mean of
5.2 ug ml™" in nonresponders and 3.6-21.0 ug ml™' with
a mean of 10.2 ug ml™" in responders (P = 0.0003). The
maximal trough concentration required to achieve a 50%
chance of responding was 10.3 ug ml™', whereas the
AUC,_,; to achieve a 50% chance of responding was
321 ugh™' ml™.
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Discussion

The best structural model was a two-compartment
model with Michaelis—Menten elimination. WBC count
was the only important covariate identified in the phar-
macokinetic analysis. The influence of WBC count on
Viax Was strong, but was not surprising because alemtu-
zumab targets CD52, which is located on lymphocytes, a
subclass of WBCs. It should be noted that because the
WBC count varied over time (generally decreasing fol-
lowing administration of alemtuzumab), the parameter
estimate for V., changed for each individual over time
as well. The relationship of V., with a marker of recep-
tor density has been noted for other MAbs such as efali-
zumab [19] and is consistent with a receptor-mediated
clearance mechanism via internalization or antibody-
dependent cytotoxicity. No covariates were identified
that affect K,,, which is consistent with the fact that K,
reflects the intrinsic affinity of the clearing cells for
alemtuzumab and would not be expected to be affected
by the usual patient covariates used in a population
analysis. Alemtuzumab is a 150-kDa protein that is
unlikely to cross membranes; therefore it would be
expected to be largely confined to the plasma and inter-
stitial space. Extracellular fluid has been shown to be
directly proportional to weight when examined across a
variety of species [20]. It would be expected that central
volume would also be directly proportional to weight
and would be ~14 1 in a 70-kg person. In this analysis,
a central volume of 11.3 1 was identified, which was
consistent with expectations, although weight was not
identified as a covariate.

Because of its nonlinear and time-dependent pharma-
cokinetics, no single estimate of half-life can be
reported. As concentrations increase (as would be
expected at higher doses) alemtuzumab half-life will
increase as well. Increased half-life is particularly
noticeable in multiple-dose situations because of the
accumulation of alemtuzumab and even more noticeable
in patients whose WBC count is very low because the
alemtuzumab’s intrinsic clearance was found to be
dependent on the WBC count. Therefore, patients with
elevated WBC counts would be expected to have a
shorter half-life than those who have a low or depleted
WBC count. Under the current label, alemtuzumab half-
life is listed as ~11 h (range 2-32 h) after the first admin-
istration, but increases to 6 days (range 1-14 days) after
the last 30-mg dose when WBC counts are at their nadir.

The intersubject variability in alemtuzumab pharma-
cokinetics was large (>30% for all pharmacokinetic
parameters), which probably reflects the broad differ-
ences in circulating tumour burden, residual tumour
burden within the bone marrow and available CD52



antigen, which is not unusual for a MAb that targets
cellular antigens. Similarly large variability has been
reported for other therapeutic antibodies such as epratu-
zumab [21], rituximab [22] and visilizumab [23].

There are few published reports on the pharmacoki-
netics of humanized MAbs in humans. Those that are
published have generally evaluated narrow dose ranges
that did not stress the system for linearity [24]. Using
models developed in chimpanzees and applied to
humans, Bauer et al. [8] have reported that the pharma-
cokinetics of hull24 (later renamed efalizumab, Rap-
tiva®), an anti-CD11a antibody, in patients with psoriasis
were nonlinear and dependent on the plasma concentra-
tion of CD11a. As the dose of hul124 increased from 0.1
to 10 mg kg™, the apparent half-life increased from
0.4 days to 5 days. In addition, hul124 pharmacokinet-
ics were consistent with a two-compartment model. Cle-
noliximab also showed strong evidence of nonlinear
behaviour and that the nonlinearity was at least partly
reflective of the binding of the drug [25]. In the absence
of published data, drug product labels also provide evi-
dence of nonlinearity in the pharmacokinetics of human-
ized MAbs. Trastuzumab (Herceptin®) is reported to
have increasing half-life and decreasing clearance as
dose is increased from 10 to 500 mg once weekly [26].
Trastuzumab half-life is reported to be 1.7 days at 10 mg
and 12 days at 500 mg. The product label for rituximab
(Rituxan®) states that in patients receiving 375 mg m™
once weekly, the apparent half-life is 76 h after the first
administration and 206 h after the fourth infusion, an
effect that is attributed to ‘variable tumour burden
...and the changes in CD20-positive (normal and
malignant) B-cell populations upon repeated administra-
tions’ [27]. Therefore, the nonlinear pharmacokinetics
observed with alemtuzumab were consistent with other
MADbs and probably represent a class effect for MAbs
that target cellular antigens.

As with the pharmacokinetics, there are few published
reports on the pharmacodynamics of humanized MAbs
in humans. Graff et al. [28] modelled the relationship
between a glycoprotein IIb/Illa inhibitor and platelet
aggregation. However, this agent exhibits a direct effect
on platelet aggregation and its activity is analogous to
that of aspirin in some respects. Lee ef al. [29] have
described the relationship between etanercept and
patient response to therapy via at least a 20% reduction
in American College of Rheumatology (ACR) score
using logistic regression. The cumulative area under the
concentration—time curve was used as the exposure vari-
able with a 20% reduction in ACR score as the binomial
clinical outcome measure for the analysis. Logistic mod-
elling, however, overlooked the relationship between the

PopPK-PD—outcome of alemtuzumab in CLL I

drug exposure and change in target cell or receptor level,
which drives the clinical response.

The first example of a physiologically based model
describing the mechanism of a therapeutic MAb in
patients was a model relating concentrations of anti-
TAC (Zenepax®) to reduction in CD25+ T cells based on
binding to the receptor [30]. The model then linked the
reduction of CD25+ T cells to clinical response. A
similar model was utilized to describe patient response
to clenoliximab [25], hull24 [8] and SB 249417 [31].
These results suggest a characteristic behaviour of thera-
peutic MAbs directed against specific cell targets. A
similar approach was carried out in the present analysis
of alemtuzumab, although a full cascade model could
not be developed because the model was lacking data on
receptor positivity and clinical outcome.

The pharmacodynamics of alemtuzumab as measured
by WBC count were evaluated in this study. Alemtu-
zumab was found to reduce WBC count and lymphocyte
count (data not shown). While the interaction between
MAbs and target cells is generally mediated by binding
to receptors and is therefore more readily related
between free antibody concentration and CD receptor-
positive cell count, the present evaluation of the phar-
macodynamic behaviour of alemtuzumab has given
reasonable results and provided some insight into the
necessary patient exposure to provide an effect on clear-
ance of tumour cells. The observed interindividual vari-
ability of the associated pharmacodynamic parameters
was high, which was at least partly attributable to the
fact that alemtuzumab targets CD52, which is not
present on all WBCs, but rather is present on a subset of
cells of different proportions for each patient. Patients
also had a wide range of initial WBC counts (1.3-522
cells x 10° I'"), possibly due to varying response to prior
therapy or varying disease status. These conditions will
tend to inflate the variability of all associated pharma-
codynamic parameters. Nevertheless, the pharmacody-
namic model was adequate for describing the WBC data,
but there were limitations. Few WBC count observations
were collected after the end of therapy. An accurate
estimate of Ki,, which is a measure of how rapidly WBC
counts replenish, could therefore not be obtained. The
value of 1.56 x 10° cells h™" is clearly an overestimation
of the true value because it would suggest that the
patients relapse quickly after drug is removed, which has
not been the case clinically. It seems likely, therefore,
that additional data from B-CLL patients after treatment
would be required to estimate these parameters more
accurately and that extrapolation of WBC count data
after the end of therapy is not recommended under this
model.
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While there have been many population pharmacoki-
netic analyses of chemotherapeutic agents, there have
been only a handful that relate exposure to tumour
response. In this analysis, patients that achieved a trough
alemtuzumab concentration >13.2 ug ml™' had a 50%
chance of achieving either a CR or PR. One patient who
had stable disease also had the highest maximal trough
concentration and AUC,_; in this population. Such a
combination (high concentration, poor response) could
influence the statistical analysis and possibly lead to
erroneous conclusions. However, with or without this
patient in the population analysis dataset, maximal
trough concentration, AUC,_. of the last dose and last
total dose administered were all positively related to a
favourable outcome. Of course, better results were
obtained with this patient removed from the analysis, but
there was no obvious reason to do so and so it was
decided to keep this patient in the analysis. It should be
noted that Hale eral. [5] analysed a subset of this
dataset (Study 213) and in their analysis a significant
positive correlation between maximal trough concentra-
tions and increasing response was observed, which is
consistent with this more model-based and larger sample
size analysis. It should also be noted that these results
are qualitatively similar to results from Montillo ef al.
[32], who showed that all patients having an
AUCy 1, >5 ug h™' ml™" achieved a CR.

In summary, a pharmacokinetic-pharmacodynamic
model was developed for alemtuzumab in patients with
B-CLL. Clearance was shown to be nonlinear with Vi,
dependent on WBC count. No other covariates were
important predictors of alemtuzumab disposition.
Because alemtuzumab targets the CD52 antigen,
it showed time-dependent pharmacokinetics with
clearance decreasing as tumour burden decreased.
Hence, alemtuzumab half-life increased with repeated
dose administration due to saturation of clearance
pathways and removal of receptor-mediated clearance.
Alemtuzumab’s effect on WBCs was best characterized
by a stimulatory indirect response model in which
WBCs were rapidly depleted with repeated administra-
tion. A direct relationship between maximal trough con-
centrations and outcome was observed, with increasing
exposure resulting in a greater probability of positive
tumour response.
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