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To determine whether excessive IgE production by patients with atopic
allergic asthma decreases with omalizumab therapy.

Omalizumab, free and total IgE data were obtained from an
epidemiological study and six randomized, double-blind,
placebo-controlled trials in patients with allergic asthma. The binding
between omalizumab and IgE together with the production and
elimination of IgE were modelled as previously, except that, in order to
explain why total IgE was decreasing over a period of 5 years, the
expression of IgE was allowed to change.

WHAT THIS STUDY ADDS The prior constant IgE production model failed to converge on the

CONCLUSIONS

data once long-term observations were included, whereas models
allowing IgE production to decrease fitted. A feedback model indicated
that, on average, IgE production decreased by 54% per year. This model
was further developed with covariate searches indicating clinically
small but statistically significant effects of age, gender, body mass
index and race on some parameters. Model predictions were checked
internally and externally against 3-5 year data from paediatric and
adult atopic asthmatic patients and externally against extensive total
IgE data from a long-duration (>1 year) phase 1 study which was not
used in the model building.

A pharmacokinetic-pharmacodynamic model incorporating

omalizumab-IgE binding and feedback for control of IgE production
indicates that omalizumab reduces production of IgE. This raises the
possibility that indefinite treatment may not be required, only for
perhaps a few years. After the initial accumulation, total IgE should
provide a means to monitor IgE production and guide individual

treatment decisions.
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Introduction

Immunoglobulin E (IgE) is the central mediator driving
the allergic inflammatory cascade in patients with allergic
(IgE-mediated) asthma [1, 2] and provides an attractive
target for new treatment modalities. Omalizumab is a
humanized anti-lgE monoclonal antibody that comprises a
human immunoglobulin G (IgG) framework onto which is
grafted the complementarity-determining region from a
murine anti-IgE antibody [3-5].The efficacy and tolerability
of omalizumab has been established in clinical trials in
patients with moderate to severe and severe persistent
allergic asthma [5-8]. Omalizumab binds IgE, rapidly sup-
pressing free IgE concentrations [7], preventing it from
interacting with the high-affinity IgE receptor (FceRI) on
mast cells and basophils, thereby interrupting the allergic
cascade [3,4,7].

Omalizumab has also been shown to down-regulate
the expression of the high-affinity IgE receptor (FceRI) on a
variety of inflammatory cells, including basophils, mast and
dendritic cells [9-12]. It has also been shown to cause
concentration-dependent attenuation (by 30-75%) of the
increase in low-affinity IgE receptor (FceRlIl) expression in
human bronchial smooth muscle cells exposed to atopic
serum in vitro [13]. FceRll plays a pivotal role in IgE homeo-
stasis [14]. Changes in FceRIl expression on B cells in indi-
viduals with grass pollen allergy are closely related to
changes in symptoms and medication requirement during
the pollen season, indicating that FceRIl expression varies
over time and affects B-cell reactivity [15]. The observation
that omalizumab down-regulates expression of FceRll and
the established relationship between FceRIl and IgE pro-
duction suggests one possible way in which treatment
with omalizumab might reduce IgE production. Binding of
anti-IgE antibodies to cell surface membrane IgE on B cells
can alter B-cell function leading to changes in IgE produc-
tion in vitro [16]. In vivo, down-regulation was demon-
strated using the chimeric monoclonal anti-Igk CGP 51901,
which reduced both circulating IgE and IgE expressing
cells in a mouse model system [17].

The impact of long-term treatment with omalizumab
on the IgE system is a key unanswered question. There is
indirect evidence that omalizumab might modify the
underlying IgE pathophysiology, based on observations of
asthma symptoms after cessation of long-term therapy. In
a study of patients who stopped treatment after approxi-
mately 6 years, 13 of 18 patients with allergic asthma had
improved or remained stable 6-18 months after stopping
omalizumab [18]. These benefits were sustained 3 years
after cessation of omalizumab [19]. These findings may be
explained by persistent down-regulation of basophil reac-
tivity, although it should be noted that asthma symptoms
have been shown to re-emerge after cessation of shorter-
term treatment [20]. The current recommendation is that
patients should continue to be treated at doses deter-
mined based on baseline total IgE and bodyweight using
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the dosing table included in the prescribing information
[21]. However, some investigators have noted that after a
period of time on the labelled regimen, the efficacy of
omalizumab in allergic diseases such as asthma and urti-
caria could be maintained, even when extending the
dosing interval beyond the original 2- or 4-weekly admin-
istrations [22]. This suggests that a fixed dosing rate may
not be required in the long term.

Regarding the search for indicators or means to
measure IgE production, in a study of 19 patients with
allergic asthma, omalizumab significantly inhibited the
stimulated release of IgE as well as reducing B-lymphocyte
counts [23]. In another study of nine patients with severe
asthma, treatment with omalizumab significantly reduced
total IgE concentrations, which it was suggested might
provide a tool for monitoring therapeutic responses and
determining the appropriate dose of omalizumab [24].
However, the ADVIA Centaur-specific IgE assay used in that
study binds to the same epitope as omalizumab and
would therefore not measure omalizumab-bound IgE [21].
Consequently, the assay may have been measuring free
rather than total IgE. In a study of paediatric patients, total
IgE increased from baseline shortly after commencing
therapy (as expected due to formation of more slowly
eliminating omalizumab-IgE complexes), with a 431%
increase over baseline at 16 weeks that decreased to 281%
at 48 weeks, even though patients continued to receive
omalizumab every 4 weeks [25]. Even larger relative
changes in total IgE, 168% down to 74%, were noted
among patients with higher baseline IgE who required
omalizumab 375 mg every 2 weeks. Lanier suggested that
omalizumab would be expected to eliminate or down-
regulate IgE expressing lymphoblasts and memory cells
resulting in decreases in total IgE that would only become
apparent after several weeks to several months due to the
longevity of IgE secreting cells [26].

The objective of this analysis was to ascertain whether
the excessive production of IgE by patients with atopic
allergic asthma remains constant over time, or decreases
with omalizumab therapy. This was achieved using a
model-based pharmacokinetic-pharmacodynamic analy-
sis of omalizumab, free and total IgE, contrasting (i) a pub-
lished model where IgE production was assumed to be
constant [27-29];and (ii) models where IgE production can
change over time.

Methods

Study design and conduct

Data for the present analyses were obtained from clinical
studies of omalizumab in patients with asthma, including
long-term adult data from the EXCELS study (Q2948g) and
children from study 10 and its extension (Table 1). EXCELS
is an ongoing epidemiological study initiated in June 2004
to evaluate the clinical effectiveness and long-term safety
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Table 1

Patient numbers and baseline demographic data for studies contributing to the population PK/PD model analysis

Patient numbers

Demographic data, mean = SD (range)

Treatment Active, placebo Treated Used in analysis
10 1 year, washout, 3-year A 225 225
extension then washout p 108 80
10E1* A 189 189
EXCELSt Up to 5 years A 127 81
1A05 1 year plus washout A 421 373
P 207 181
8 1 year A 268 268
P 257 257
9 1 year A 274 271
P 272 266
1 32 weeks A 175 144
P 164 130
2306 28 weeks plus washout A 245 226
P 232 214
2204 Single dose, A 155 152
2101 12-week washout A 180 180
Q06739+ 47 weeks plus washout A 47 47

Age (years)

9+ 2 (5-12)
10 + 2 (6-12)
9+ 2 (5-12)
51 + 14 (12-76)
9+2(6-11)

8 +2(6-11)
39 + 13 (12-73)
39 + 14 (12-74)
40 = 15 (12-76)
39 + 14 (12-72)
43 = 14 (12-73)
43 = 14 (12-74)
42 =14 (12-79)
43 = 13 (14-74)
35 = 12 (18-64)
38 + 13 (18-65)
31 + 8 (19-55)

Bodyweight (kg)

39 + 13 (20-79)
39 * 14 (20-78)
38 + 14 (20-79)
85 * 21 (46-143)
34 =11 (19-92)
34 =12 (20-78)
80 =+ 20 (39-150)
78 =19 (39-136)
77 =17 (46-136)
78 + 18 (40-148)
76 * 18 (41-135)
74 + 14 (41-115)
79 = 20 (45-148)
77 =17 (39-143)
71 =12 (48-91)
71 =10 (46-90)
77 =13 (51-112)

Baseline IgE (ng ml-")

841 * 645 (48-3 071)
853 * 710 (75-2 933)
808 * 624 (48-3 071)
907 + 2 281 (44-15799)
155 =+ 846 (65-3 318)
116 + 795 (70-3 027)
417 * 341 (48-2 081)
451 * 345 (51-1 699)
541 £ 411 (51-1 900)
501 = 391 (53-1 970)
578 * 461 (63-2 553)
613 = 450 (46-1902)
509 =+ 375 (51-1 692)
479 * 387 (53-2 173)
186 + 124 (47-620)
204 = 114 (73-719)
535 + 249 (204-1 255)

*Study 10E1 was an extension to study 10 in which patients randomized initially to omalizumab or placebo received only omalizumab. tThe epidemiologic study EXCELS had only
a small subset of patients in which IgE measurements were taken. The numbers in the table reflect only the data set that was utilized at the time of analysis. Studies 2204 and 2101

were used only for the estimation of the absorption rate constant and volume for the omalizumab-IgE complex, as these parameters require rich sampling in the first week post

dose. $Study Q0673g was not used in the model-building process.

of omalizumab in patients with moderate to severe asthma
[30]. A substudy of EXCELS was designed to provide a
longitudinal assessment of serum IgE concentrations in
omalizumab- and non-omalizumab-treated patients. Data
as of April 2009 were utilized in the analysis reported here.
Study 10 was a phase lll, 7-month double-blind, random-
ized, placebo-controlled trial [31] with a 5-month open-
label extension period [25] to assess safety and efficacy of
omalizumab in children (6-12 years) with allergic asthma
requiring daily treatment with inhaled corticosteroids. The
extension protocol (10E1) provided continued treatment
with omalizumab for up to three further years [25].

In addition to EXCELS and study 10/10E1, the model-
based analysis-included data from six other clinical
trials, five of which were phase lll, randomized, double-
blind, placebo-controlled, parallel-group, multicentre trials.
Studies8[7,32]and 9[5,33] were both phase lll studies with
7-month treatment periods and 5-month blinded exten-
sion periods that enrolled adolescents and adults with
moderate to severe allergic asthma requiring daily treat-
ment with inhaled corticosteroids. Study 11 was a phase llI
32-week pilot study to assess the potential for corticoster-
oid reduction during omalizumab therapy in adolescents
and adults with severe allergic asthma requiring daily
treatment with high dose-inhaled corticosteroids, with or
without oral corticosteroids [34]. Study IA05 was a phase llI
1-year study in children (aged 6 to <12 years) with moderate
to severe, persistent, inadequately controlled allergic
asthma [35]. Study 2306 was a phase Ill 7-month study of
patients with severe atopic (IgE mediated) allergic asthma
[8]. Studies 2204 [36] and 2101 were single-dose, parallel-
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group investigations of omalizumab bioequivalence
(150 and 300 mg s.c.) in healthy atopic volunteers with total
IgE above normal concentrations (30-300 IU ml™) at the
screening visit. Q0673g was a phase | open-label study
investigating the safety, tolerability, pharmacokinetics and
IgE pharmacodynamics of high doses of omalizumab in 47
patients with perennial allergic rhinitis, with or without
asthma. All studies were approved by Institutional Review
Boards and all patients gave informed written consent.The
studies were conducted in accordance with the declaration
of Helsinki and Good Clinical Practice guidelines.

Analysis of omalizumab, total and free IgE

The methods used for analysis of omalizumab, total IgE
and free IgE in serum samples have been reported previ-
ously [27-29].The limits of quantitation and precision were
16 ng ml™" and 4.9% CV (at the LOQ) for omalizumab. For
free IgE the assay range was 0.78 ng ml™' to 150 ng m|™
with 10.1%CV at 1.51 ng ml™" and for total IgE 2.4 ng ml™
and 13.6% at 3.6 ng ml™'. Seventeen (0.2%) omalizumab
samples were excluded from the analysis (13 being below
the limit of quantitation). For free IgE, 272 (3%) of the
samples were excluded from the analysis, six being below
the lower limit of quantitation and 244 above the upper
limit of quantitation. Ten (0.1%) total IgE samples were
excluded from the analysis, eight being below the limit of
quantification.

Data for model development
The data analysed were the omalizumab pharmaco-
kinetic concentrations as well as the free and total IgE



pharmacodynamic biomarker concentrations during and
after treatment through the washout period.The numbers
of patients included in the analysis and their baseline
demographic data are summarized in Table 1. In general,
patients were excluded from the analysis if there were
missing data on baseline IgE, or no pharmacokinetic or IgE
samples, without which the analysis could not be per-
formed. Data were not imputed. In study 10, 28 patients
were excluded from the placebo group because their free
IgE concentration was at least threefold less compared
with the concomitant total IgE value. In the EXCELS study,
visits were scheduled about every 6 months. Subjects who
reported at least two missed doses in any 6-month interval
were excluded from the analysis, on the grounds that their
dosing history could not be reconstructed with enough
confidence. The phase | study Q0673g, which had exten-
sive data collection over 1 year, was not used in model
building, but was used to check the predictions of the
model and how total IgE could be used to provide infor-
mation on IgE production.

Omalizumab—-IgE model

The basic non-linear model of omalizumab-IgE turnover
and binding has been described previously [27, 28]. Briefly,
the binding of omalizumab with IgE was written as a system
of three differential equations, one for the subcutaneous
administration site, one for total omalizumab (free plus
complex) and another for total IgE (free plus complex).The
equations,in terms of molar masses of omalizumab, IgE and
the complex, with time expressed in days, were given by:

B ks
dt
X LX CL
dT=k05—CX _CLC o
dt Vy 7
dEr . CLE CLC
at V. 7

where C (complex) is the solution to the quadratic for the
equilibrium binding equation:

2
A

C C
X:XT_C
E:ET_C
X o
o=kl

T

()

and S is the amount of omalizumab in the subcutaneous
site, Xr and Er are molar masses of total omalizumab and
IgE; X and E are free omalizumab and IgE, k, is the absorp-
tion rate constant, Re is the rate of production or expression
of IgE, CL, and V, are the clearances and volumes of
free omalizumab, free IgE and the complex, Ky is the
in vivo, apparent equilibrium binding constant and o is
the change in the affinity of binding between omalizumab
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and IgE as a function of the molar ratio of total omali-
zumab to total IgE. Amounts in the above equations were
converted to molar units using the molecular weights of
omalizumab (150 kDa) and IgE (190 kDa). It is apparent
from the above equation that the production of IgE was
assumed to be constant over time, with a fixed rate R.

Theinitial observations on the collected data from oma-
lizumab, free and total IgE that prompted the search for
time-dependent changes in IgE production was a slight
misfit in a previously published model (e.g. see Figure 1 in
Lowe et al.[28]) together with observations from paediatric
study 10 that total IgE was decreasing after the initial
increase due to the formation of complexes [25]. Further-
more, following the patients from study 10E after drug
washout, the total IgE values were,on average, lower than at
baseling, indicating there to be less IgE in the system. A test
was therefore constructed comparing two PK-IgE models,
one specifying that IgE production did not change with
time and the other allowing changes in turnover. The
PK-IgE binding model had two parameters describing IgE
turnover: production and clearance.The potential for these
to change with time was explored using models where an
IgE turnover parameter could change over time from a
baseline value to a new state according to an exponential
function:

Re =(Rs —Ry)e* +Ry 3)

where Rs denotes the baseline IgE production rate, Ry the
IgE production rate after reaching new equilibrium and ke
the rate of change over time in IgE production. All three
parameters, Rs, Ry and kg, were allowed to vary randomly
between patients, with kg, especially, able to be either posi-
tive or negative. This was important to enable the IgE pro-
duction for placebo-control patients (kep) to change over
time, either up or down. Parameter kgp, for the placebo
patients, was, effectively, a disease progression parameter,
estimated separately from patients treated with omali-
zumab (key). Initially, this model was run on an early data set
consisting of phase lll studies 8,9 and 2306, plus bioequiva-
lence data. The objective function was significantly lower,
by 2147 points,for the time changing IgE production model
compared with the control-fixed production model, with
the residual error variance for total IgE decreasing from
25.0% to 21.1% CV. Alternative hypotheses were also inves-
tigated.If IgE clearance was allowed to increase, the objec-
tive function decreased by 2053 points and total IgE
residual variance decreased to 21.6% CV.When changes in
both IgE production and clearance were specified, the
model became over-parameterized with a singularity in
the R matrix and nonsensical values for some of the param-
eters, such as the projected steady-state IgE clearance
(1.78 x 10" I day™") and inter-individual variance in the rate
of change of IgE clearance (0.14% when expressed as CV).

The second alternative was a feedback model. This
assumed that IgE production is, effectively, under the
control of free IgE, through the binding of IgE-allergen
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Figure 1

Comparison of individual predicted vs. observed for total IgE data for the competing models. The first row, A, contrasts observed total IgE and individual
predictions from models based on data with up to 1 year of treatment. Row B contrasts observed total IgE and individual predictions from models based
on data with up to 5 years of treatment.The comparisons are given for observations from the 3-5 year data only.The blue dots are data from paediatric study
10E1, the black triangles from the adult EXCELS study.The line of identity is red. Note that minimization for the control model in row B terminated with errors

and should be regarded cautiously. 10E1 (O); EXCELS (A)

complexes to receptors. IgE production can therefore
increase or decrease with time. This was implemented by
applying a positive feedback such that free IgE controls IgE
production through a modulating differential equation,
which is shown below together with the updated differen-
tial equation for total IgE:

BB (Ry — Ry M+ Ry — S EC
dt Ve Ve (4)
M

o ku (E/(VeRs)/CLe — M) + kM

where R denotes the baseline IgE production rate prior to
anti-IgE therapy, Ry the IgE production rate after reaching
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new equilibrium, k¢ the background rate of change in IgE
production, the disease progression parameter, to account
for IgE changes in placebo treated patients.Finally, ky is the
turnover rate of the modulator, accounting for physiologi-
cal and biochemical delays between changes in free IgE
concentrations and changes in IgE production. The three
parameters Rs, Ry and ke were allowed to vary randomly
between patients; when tested on ky, inter-individual vari-
ability was very small and not included in the model.In the
final model, the value of k¢ (and associated inter-individual
variability) was fixed following a separate fit of an expo-
nential function to IgE data from patients receiving a
matched placebo to omalizumab. Two parameters, the
absorption rate constant, k, and volume of complex, V, as



well as their associated inter-individual variances, were
fixed using improved first order conditional with interac-
tion estimates obtained from a separate analysis of two
richly sampled, single-dose bioequivalence studies, using
the control (invariant IgE production) model.

The above models were compared using a fixed start-
ing covariate adjustment based on previous modelling of
the data. Covariates included age less than 12 years, body-
weight, body mass index (BMI), race (Caucasian, Black, Ori-
ental and other), gender and baseline IgE concentration.
The effect of covariates was multiplicative, i.e. for continu-
ous covariates coefficients were exponents whereas for
categorical covariates they were interpreted as ratios rela-
tive to the reference category. Continuous covariates were
normalized relative to historical reference values: 70 kg for
bodyweight, 365 ng ml™" for baseline IgE and 20 kg m™ for
BMI. The starting inter-individual variability structure was
also taken from the same previous model. Random effects
characterizing inter-individual variability acted multiplica-
tively on selected model parameters through log-normal
distributions. There were multiple criteria for model selec-
tion: (i) significant changes in the log-likelihood objective
function; (ii) reduced in inter- and/or intra-individual vari-
ances; (iii) increased precision of the parameter estimates,
whether they be structural or random effects (variances);
(iv) diagnostic plots of predicted vs. observed, or time or
predicted concentrations vs. residuals which were without
overt bias; and, finally, (v) improved ability to predict the
total IgE response in the 3-5 year period of time and for
rich data from a phase | study q0673g. For the latter, pre-
dictions from the control (invariant production) and feed-
back models were created for total IgE samples from these
patients, conditional upon the population parameters
from the main analysis, using the post hoc procedure from
NONMEM (setting MAXEVAL = 0 in the SEST statement).
These were then compared with the original data as
weighted residuals. Further covariate searches on the
newly introduced parameters, as well as refinement of the
interindividual variance structure, were undertaken after
identification of the best model in the initial comparison.
Random effects acted multiplicatively on the new param-
eters except for ke where an additive effect was assumed.
The criterion for addition or removal of a covariate was
a significant change in the objective function (P < 0.05,
x>-test with the appropriate degrees of freedom).

The final model from this analysis is provided as an
electronic supplement available from the British Journal of
Clinical Pharmacology website.

Software and settings

Estimation of population PK-PD parameters and their vari-
ances, followed by calculation of individual patient omali-
zumab, free and total IgE concentration—-time predictions,
were carried out using NONMEM (Version VI level 1.0) with
the ADVANG6 subroutine. This utilized the Runge-Kutta
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integrator, for which a tolerance of five was specified. The
first-order estimation method was used for the majority of
the modelling, as the run time was long, of the order of 12
days with the final model, on a Sun Grid Engine computing
environment. Prior experience with the first-order condi-
tional estimation method suggested that this would
require more than 90 days to run [28]. When random
effects are not too large, as in this case, the first-order
method performs reasonably well. NONMEM was run
under UNIX (XL Fortran compiler 8.1.1). Data sets and
descriptive tables were computed with SAS 8.2. NONMEM,
output data sets were read by SAS 8.2 and graphics were
created using R 2.8.1.

Results

Comparison of models — empirical exponential
and semi-mechanistic feedback vs. control

To ascertain whether the production rate of IgE was
decreasing with time, the exponential and feedback
models of IgE production were compared with the control
constant IgE production model. While the constant IgE
production model could adequately fit the early (up to
1-year data) excluding studies 10ET and EXCELS, it failed to
converge on the full data set, demonstrating that the con-
stant IgE production hypothesis was incapable of describ-
ing long-term data. The exponential and feedback models
gave similar structural parameter values (Table 2),
although some interpatient random effects, such as that
on the projected IgE production at treatment equilibrium,
were smaller (Table 3).There was increased precision of the
estimates of several parameters with the feedback model
(Tables 2, 3). Most importantly, the log-likelihood objective
function values for the exponential and interim feedback
models were highly significantly improved, being 4674
and 4755 points better than the control model (Table 3).
The feedback model had the same number of parameters
as the exponential model and was statistically significantly
better, as judged by the log-likelihood objective function
value (OFV) being 82 points lower. Interestingly, when the
ability of the three models to predict 3-5 year observations
using parameters estimated from data for treatment
periods up to 1-year was evaluated, it was evident that the
control model overpredicted the long-term concentra-
tions of total IgE (Figure 1). The overprediction was
countered with the exponential model, although the pre-
dictions were different for children vs. adults. The result
was more balanced for the feedback model, although
there may have been a tendency to overcorrection, the
predicted total IgE being lower than observed (Figure 1A).
When the model parameters were estimated with the
full set of patient data with treatment up to 5 years, the
overprediction of the control model was still present
(although this should be regarded cautiously as NONMEM
terminated with rounding errors) whereas the IgE down-
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Table 2

Structural parameter estimates for the models

Population mean, 6 (%RSE)

Omalizumab or IgE parameter* Control, constant Exponential Feedback interim Feedback final
Clearance omalizumab, CLx/F (I day™") 0.214 0.207 (2.4) 0.207 (2.3) 0.206 (2.1)
Clearance IgE, CL¢/F (1 day™) 3.21 2.83 (3.5) 2.83 (3.6) 2.87 (4.3)
Clearance complex, CLc/F (1 day™") 0.717 0.538 (3.5) 0.533 (3.4) 0.535 (4.3)
Volume omalizumab and IgE, Vx/F and Vg/F (1) 9.41 8.61(1.5) 8.61(1.5) 8.62 (1.4)
Volume complex, Vc/F) (1) 7.15 (1.8)**

Absorption rate, k, (day~") 0.446 (3.2)**

Binding dissociation constant, Kq (nm) 1.93 2.11 (4.5) 2.10 (4.4) 2.15 (4.7)
K4 change with total omalizumab to total IgE ratio, o 0.0945 0.0635 (19) 0.0659 (18) 0.0532 (24)
IgE production prior to omalizumab, Rs (ug day~") 982 966 (3.6) 965 (3.6) 967 (4.4)
IgE production at new equilibrium, Ry (ug day™") - 188 (31) 168 (17) 253 (13)
Rate of change in IgE production with omalizumab, ky (% year™") - 53.9 (12) 58.5 (5.1) 53.8 (8.4)
Background (placebo) rate of change in IgE production, ke (% year™) 0.197 + 1.47***

These analyses used data from studies in Table 1 except study Q0673g. Note that minimization for the control (constant) model terminated with errors and should be regarded
cautiously. RSE, relative standard errors; these are missing from the control model as it terminated with rounding errors and did not run the $COV procedure. *Depending on
covariate adjustment for each parameter, values are given for a 70 kg, 20 kgm=2 BMI, Caucasian male aged >12 years with baseline IgE value of 365 ng ml-!. **Values for Vc and
ka were fixed from a separate first order conditional with interaction estimation using data from single-dose bioequivalence studies. ***The background rate of change in IgE
production was estimated independently from the placebo data and was fixed in the estimation process; the standard error is shown on the original scale.

Table 3

Random effect (variance) parameter estimates for the models

Interindividual random effects, ®, as %CV (%RSE) [Shrinkage*]

Control, constant Exponential Feedback interim Feedback final

Omalizumab or IgE parameter

Clearance omalizumab, CLx/F 33% 32% (11%) 32% (11%) 37% (11%) [17 %]
Clearance IgE, CLe/F 16% 13% (45%) 13% (46%) 45% (31%) [58%]
Clearance complex, CLc/F 23% 19% (24%) 19% (25%) 36% (38%) [55%]
Volume omalizumab and IgE, Vx/F and Vg/F 24% 24% (22%) 24% (22%) 26% (23%) [28%]
Volume complex, Vc/F 21%1 (13%) [76%]

Absorption rate, k, 57%1 (7.9%) [51%]

Binding dissociation constant, Ky 12% 17% (21%) 17% (21%) 23% (18%) [38%]
IgE production prior to omalizumab, Rs 32% 29% (15%) 30% (15%) 56% (20%) [38%]
IgE production at new equilibrium, Ry - 180% (54%) 93% (27%) 73% (21%) [63%]
Rate of change in IgE production with omalizumab# - 835 (31%) No random effect

Background rate of change in IgE production, k¢¥ - 10508 (12%) [44%]

Residual random effects, o, as %CV (%RSE) [Shrinkage"]

Omalizumab 36% 37% (17%) 37% (17%) 36% (18%) [13%]
Total IgE 34% 27% (6.8%) 28% (6.7%) 27% (6.7%) [16%]
Free IgE 37% 34% (5.8%) 35% (5.8%) 35% (5.9%) [13%]
Objective function value -18178 —22 847 -22 927 —23 446

—512 from feedback interim
P < 0.001 for 14 d.f.

-4 748 from control
P < 0.001 for 4 d.f.

-4 669 from control
P < 0.001 for 4 d.f.

Terminated with rounding errors

Note that minimization for the control model terminated with rounding errors and should be regarded cautiously. RSE, relative standard errors; these are missing from the control
model as it did not run the $COV procedure. Note that for the final model a covariate search was conducted for patient factors that may affect the change in IgE production with
time and that covariance was allowed between the parameters CLx, CLg, CLc, Vx, Rg and Kq. *Shrinkage in the post hoc ETA estimates (npn) was calculated as 1 — SDMpn)/No. tValues
for Vc and k; were fixed from a separate first order conditional with interaction estimation using data from single-dose bioequivalence studies. $Variance reported in original units
rather than as CV = \(exp(w) — 1) as an additive error model was specified. §Estimated independently from placebo data and fixed in the models.qIShrinkage in the residual error
€ was calculated as 1 — SD (residual)/No. Subjects receiving placebo were discarded for PK-related parameters.

regulation models gave good correspondence between
predictions and observations (Figure 1B). Because of its
mechanistic nature, potential post-treatment predictive
properties and good fit to the data, the feedback model
was retained for further evaluation.
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Covariates — patient demographics which
affect the omalizumab—IgE turnover system
Given the extensive data set available, a search for patient
demographic covariates confirmed that, as expected from
prior work, bodyweight was a significant covariate for



Table 4

Covariate parameter estimates from the final feedback model

Covariate Estimate (+ SEM)
Clearances

Bodyweight on CLx/F, CLe/F, CLc/F, Re 0.914 £ 0.037
Body mass index on CLx/F 0.246 * 0.060
Race (Black vs. Caucasian) on CLx/F 1.06 + 0.025
Race (Oriental vs. Caucasian) on CLx/F 1.10 = 0.064
Race (Other vs. Caucasian) on CLx/F 1.10 = 0.027
Baseline IgE (inverted) on CLg/F 0.233 £ 0.014
Volumes

Bodyweight on Vx/F, Ve/F, Vc/F 1.05 + 0.030
Age (<12 vs. =12 years) on Vx/F, Ve/F 0.97 + 0.021
Rate of production of IgE at start of treatment, Rg

Baseline IgE on Rg 0.733 £ 0.015
Age (<12 vs. =12 years) on Rg 0.973 £ 0.018
Gender (Female vs. Male) on Rp 0.975 + 0.014
Race (Black vs. Caucasian) on Rg 1.02 + 0.028
Race (Oriental vs. Caucasian) on Rg 1.17 = 0.086
Race (Other vs. Caucasian) on Rg 0.95 = 0.027

Rate of change in IgE production with omalizumab, ky

Age (<12 vs. =12 years) on ky 1.71 +0.231
Bodyweight on ky 0.400 = 0.123
Baseline IgE on ku 0.170 + 0.057

Omalizumab reduces IgE production and total IgE BJCP

Covariate Estimate (+ SEM)

Binding constant, Ky

Baseline IgE on Ky 0.047 = 0.010
Age (<12 vs. =12 years) on Kqg 1.20 + 0.023
Race (Black vs. Caucasian) on Kg 0.95 = 0.026
Race (Oriental vs. Caucasian) on Ky 0.80 + 0.100
Race (Other vs. Caucasian) on Kg 0.96 * 0.031

Rate of production of IgE at new equilibrium on treatment, Ry

Bodyweight on Ry 1.09 +0.184
Baseline IgE on Ry 0.723 = 0.085
Gender (Female vs. male) on Ry 0.740 + 0.098
Age (<12 vs. =12 years) on Ry 1.27 £ 0.257
Race (Black vs. Caucasian) on Ry 1.17 = 0.280
Race (Oriental vs. Caucasian) on Ry 0.712 £ 0.315
Race (Other vs. Caucasian) on Ry 0.520 = 0.114
Gender (Female vs. male) on ky 1.01 = 0.082
Race (Black vs. Caucasian) on ki 1.11 £ 0.151
Race (Oriental vs. Caucasian) on ku 1.29 + 0.267
Race (Other vs. Caucasian) on ki 1.01 +0.104

The covariates were exponents for the continuous covariates bodyweight, body mass index and and baseline IgE, or ratios for categorical covariates age <12 years, race and gender.

SEM, standard error of the mean.

omalizumab clearance, volume and IgE production
(Table 4). For clearance, body mass index (BMI) and race,
although statistically significant, were minor in terms of
the extent of their effects; the largest, a power of 0.25 for
BMI, would only give a 19% increase in clearance for a
doubling of this factor. Bodyweight and baseline IgE were
the most important predictors of the rate at which IgE was
produced with exponents of 0.91 and 0.73, respectively.
Few others were noteworthy in terms of the extent of the
effects. The omalizumab-IgE binding constant was largely
unaffected by patient characteristics, save for the affinity
of binding being slightly lower in children less than 12
years of age with a Ky higher by 20%. Gender and race did
not appear to have any notable effects on the rate at
which IgE production changed, although the Oriental and
other races appeared to down-regulate IgE production to
lower levels than Caucasian and black populations. Intrigu-
ing was that the rate at which IgE production was modu-
lated, parameter ky, was 71% faster in children less than 12
years of age compared with adults, with bodyweight and
baseline IgE having lesser effects (32% and 13% increases
for doubling of these two factors, respectively). A model
with a smooth transition with age would, however, be
both more useful and physiologically more plausible. Two
further models were tested to explore the age effect on k.
In one, a continuous (exponential) relationship starting
from age 5 years then gradually transitioning to the adult
value gave a worse fit than the dichotomous test (age

discrete: OFV —23445.52; age exponential: OFV —23429.81,
a difference of 15.71).n the second, a sigmoid hyperbolic
function from a value for children transitioning smoothly
to the adult value of ky was used. This gave an objective
function value not significantly different from the dichoto-
mous model (age discrete: OFV —23445.52; age hyperbolic:
OFV -23446.98, a difference of 1.46). The parameters for
the smooth transition model were such that ky would be
the same for ages 5-11 years then rapidly transition (sig-
moidicity, i.e. gamma or Hill coefficient, of 49.6) to the
adult value at age 11.8 years; effectively, the hyperbolic
function approximated a step function and supported dis-
cretization of age.

For the clearance of omalizumab, there was little shrink-
age (17%) indicating good sampling design for this param-
eter (Table 3). The volume, baseline IgE production and
binding parameters were somewhat shrunk towards the
mean (28%, 38% and 38%, respectively) due to lack of
samples around Cn.. Other parameters showed a fair
degree of shrinkage indicating that individual patient
values should be used with caution. However, there was
little shrinkage in the residual variances indicating that
there was good discriminatory ability to select an appro-
priate model structure. Furthermore, given that the first-
order estimation method had been used (due to the
immense amount of time it would take to use first-order
conditional estimation, the first-order method taking
about 12 days to run) the model described the data well.
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Diagnostic plots for assessment of the final feedback model fit to data. Blue dots: study 10E1; red triangles: EXCELS. First row: observations vs. population
prediction; second row:individual residuals vs. individual predictions; third row: weighted population residuals vs. time.The line through the centre is a local
regression with a span of 0.25 generated using the LOESS function in R.Given that an additive error model was used on log-transformed data, the units for
the individual residuals are loge of the concentrations in ng mI™'; 0.5 log. unit is 1.6-fold, or, on the linear scale, +65%, —39%

There were no notable deviations of the final model curves
from the observed data, as illustrated in Figure 2 by the
diagnostic plots of residuals vs. both concentration and
time for the long-term studies 10E1 and EXCELS. The
majority of measured samples were within 0.5 log. units,
i.e. within +65% or —39%, of the individual patients’ pre-
dicted curves. Therefore, it was judged that the model
fitted well the long-term data from patients with severe
persistent allergic asthma. Examples of individual pre-
dicted curves from the final omalizumab-IgE model
applied to the two studies contributing long-term data to
the analysis are presented in Figure 3.

Prediction checking and specific cases

To further illustrate how measured total IgE and, by impli-
cation, IgE production, can change with time and how the
feedback model went some way to explaining these
changes, a phase | study (Q0673g) not used in parameter
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estimation was used for prediction checking.The results of
a comparison of predictions vs. observations, expressed as
weighted residuals, for all the subjects in this study are
shown in Figure 4. Although, overall, the residuals were rea-
sonably centralized (i.e. unbiased prediction), the control
model did not predict the time course of total IgE accu-
rately. There was a clear trend to underprediction by, on
average, 0.5 standard deviation units in the first 6-12
weeks, counterbalanced at the end of the treatment period
by an overprediction.The feedback model corrected much
of this, although there remain interesting trends that may
warrant further investigation.

For the best responder in study Q06739 (Figure 5, left
panel) after the initial increase due to the formation of
omalizumab-IgE complexes, total IgE decreased over the
subsequent weeks, even though the overall concentra-
tions of omalizumab were at steady state. During this time,
free IgE concentrations also tended to decrease. However,
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Fit of the final feedback omalizumab-IgE model to data from patients in the long-term studies 10E1 and EXCELS.The symbols are the measured data, the
grey lines the individual patient predicted curves. For free IgE the upper limit of quantitation was 150 ng ml™'; hence, the measured data cannot span the
same ranges as the predictions from the model. However, given that the model is simultaneously fitting omalizumab free and total IgE and there is support
from free IgE samples within the range of the assay, an accurate prediction for free IgE when data are not directly available can be made [37]. Please note

that the ordinate is logarithmic

being a less precise assay, it was more difficult to detect the
trend in this marker. When the control and IgE feedback
models were used to predict these data, it was apparent
that a constant IgE production and clearance could not
explain it, although the model gave a good fit to the oma-
lizumab PK data.The feedback model provided a better fit,
although some minor features in the data were still not
fully explained, such as decreasing total IgE from 120 to
210 days. The feedback model estimated that the produc-
tion of IgE had, most likely, decreased from 1523 to 216 ug
day™', about 86%, in just over 500 days. At the other
extreme (Figure 5, right panel) another patient had little or
no decrease in total IgE or IgE production. Both the con-
stant and feedback models fitted quite well.

Implications of changes in IgE production

To evaluate the long-term implications of treatment with
omalizumab, the final model was used to predict total IgE
concentrations after 1-,3- or 5-year treatment periods for a
35-year-old, 65 kg, Caucasian male subject with a screening
IgE concentration of 1320 ng ml™" (550 IU mI™"). The result-

ing simulation, displayed in the top panel of Figure6,
suggested that treated patients would be expected to
approach new equilibria in IgE concentrations approxi-
mately 5 years after initiating treatment.The bottom panel
in Figure 6 shows the corresponding predictions for the
IgE production rate. These curves parallel the total IgE
curves in the top panel, thereby suggesting that total IgE
could be utilized as a biomarker to monitor individual
patient changes in IgE production during and after treat-
ment with omalizumab.Figure 6 insets show that although
the modulation rate constant was 71% faster in children,
combining this with the effects of age on the binding con-
stant (20% worse) and the rate of IgE production at its new
equilibrium (27% higher) were such that the down- and
predicted up-regulation would be no different between
children and adults.

Discussion

The analyses presented herein demonstrate that the pro-
duction of IgE can decrease when a patient is treated
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Comparison of predicted vs. observed total IgE for study Q0673g. The
symbols are the weighted residuals for the comparison of observed vs.
model predicted total IgE. The upper panel shows the result for the
control model where parameters were estimated from 1-year data, the
lower panel the final feedback model fitted to the 5-year data. The blue
stars and red circles highlight the residuals for the two patients shown in
Figure 5.The green solid lines are least squares fits for the drug treatment
period to 336 days.The dotted black line is a Gaussian LOESS with span of
0.2 (S-Plus)

with omalizumab. By adding a simple exponential decline
in IgE production over time, from an initial value at the
commencement of treatment to a new steady-state
value, a highly significant improvement in model fit was
achieved. Indeed, it has been shown that the PK-IgE
model previously published [20, 27-29], in which IgE pro-
duction was assumed to be constant, was incapable of
converging on and describing total IgE data once long-
term 3-5 year observations were included in the data
set. When comparing whether the explanation for the
decreasing total IgE was due to decreasing production or
increasing clearance, two factors were taken into account.
First, baseline IgE has been shown to have a greater
dependence on IgE production than IgE clearance [27,
28]. Second, the projected steady-state IgE clearance for
a time changing IgE clearance model was 15.11 day™,
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which, when taking the volume into account (10.3 1), gave
an apparent half-life of 0.47 days. However, Waldmann
etal. demonstrated a range of IgE half-lives of 1.8-3.1
days using a direct injection of radiolabelled IgE [38]. It
was therefore considered physiologically unlikely that IgE
clearance should be increased over threefold in atopic
asthmatics. IgE production, on the other hand, can often
be up-regulated to levels many fold higher. Furthermore,
the estimates for the down-regulated steady-state pro-
duction of IgE from the time changing IgE production
models were in the same range as those reported by
Waldmann et al. [38]. Taken together, the varying IgE pro-
duction model appeared physiologically more reason-
able, although it cannot be ruled out that there may be
some changes in IgE clearance in allergic atopic patients,
compared with the healthy state.

Two different modelling concepts were applied to
describe, understand and, it is hoped, predict what should
happen to IgE concentrations after treatment cessation.
The empirical exponential model was only suitable for
investigating changes in IgE production during treatment
with omalizumab. With this model, IgE production would
remain at the new steady-state concentration upon with-
drawal of treatment. Although useful to describe the treat-
ment effect, this model, unlike the feedback version, would
not correctly represent the ability of the body to continue
to respond to allergen exposure, with the potential to
up-regulate IgE production based upon the interaction of
allergen-loaded IgE with IgE receptor bearing cells. Further
improvements in the quality of fit, precision of the param-
eter estimates and ability of the model to predict total IgE
after 3-5 years of treatment were made by using a semi-
mechanistic feedback scheme from free IgE. Overall, the
improvements in model compared with that previously
published provides substantial evidence that a constant
IgE production model is an incorrect description of physi-
ological reality and that IgE production must be declining
with treatment in a substantial proportion of patients in
the allergic atopic population.

Although various studies have shown that there is
down-regulation of B-cell FceRl, occurring within the first 2
weeks or thereabouts of treatment [12], the IgE production
system does not down-regulate so quickly. The estimated
rate at which IgE production changes, about 54% per year,
is such that it would take 3-5 years, for those who respond,
to reach a new steady state. The trajectory of the change
suggests that, with anti-lgE treatment, patients head
towards normal rates of IgE production, as compared
with estimates based on radiolabelled IgE [38]. A possible
mechanism for this change may involve the divalent
binding of omalizumab to membrane embedded IgE on B
lymphocytes, analogous to that demonstrated for a probe
monoclonal in an in vitro system [16] and in mice [17]. The
slow decrease in IgE production would then be due to the
gradual loss and non-replacement of IgE secreting plasma
cells [39]. The feedback model mimics this mechanism by
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Example individual fits for the control (no change in IgE production) and feedback models for a phase | study (Q0673g) in patients with allergic rhinitis. The
solid lines are the feedback model, the dashed the control and the symbols are the measured data.On the left is a 49-year-old, 58.5-kg, 152-cm Asian woman
with 388 IU mlI™' (931 ng ml™") baseline IgE given 0.030 mg kg™' bodyweight per IU ml~' baseline IgE every 2 weeks for 26 weeks then 0.0015 mg kg™ per
IU ml~" for 18 weeks. IgE production decreased from 1523 to 216 ug day' over 517 days (thick solid line). The decrease in IgE production paralleled the
decrease in total IgE. On the right is a 22-year-old, 81.9-kg, 152-cm Asian man with 205 IU mI™' (492 ng mI™') baseline IgE, given 0.030 then 0.005 mg kg™
bodyweight per IU mI™" baseline IgE every 2 weeks. The model estimated IgE production decreased from 1188 to 859 g day ' over 397 days. Omalizumab
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using free IgE (whether it be on cells or in solution) as the
causative agent which controls a putative modulator
system responsible for IgE production.

A useful feature of the model is that decreases in IgE
production parallel the decreases in total IgE (Figures 5
and 6). The feedback model predicts that IgE production
decreases with duration of treatment and will level out
after about 5 years (Figure 6). Although paediatric patients
had a faster modulation rate, the relative rate and extent
of IgE down-regulation would be the same as in adults
due to the interplay between modulation, binding and
the projected down modulated rate of IgE production.
On treatment withdrawal IgE production would begin to
increase (albeit more slowly) taking approximately 15
years to return to baseline concentrations. At this point in
time this is simply a hypothesis resulting from the model;
it is, however, testable. If patients who have been treated
with omalizumab for extended periods were to have their
treatment withdrawn, they could be tracked for recur-
rence of symptoms and total IgE increases. This hypoth-
esis is being tested in a 1-year treatment withdrawal
study, XPORT [40]. That said, full verification would require
long-term follow-up over many years. If symptoms were
to remain stable and low, as has been reported [18], and
IgE were to increase only slowly, then omalizumab would

have, effectively, enabled the attainment of a less atopic
state. Even if patients should need to restart treatment,
with IgE production diminished, their new baseline IgE
would be lower than before, such that a lower dose would
be indicated.

For individual patients and their attending physicians,
total IgE could be a valuable biomarker, the only proviso
being repetitive sampling to avoid confounding signals,
such as temporary increases in IgE due to other factors
such as treatment with pholcodine [37,41]. After the initial
increase due to the formation of omalizumab-IgE com-
plexes (which should have equilibrated by the time the
patients have their clinical responsiveness tested at 12-16
weeks [42]) total IgE could be monitored periodically to
track IgE production. This monitoring of total IgE should
enable physicians to determine whether the patient is
down-regulating and, if so, when they should attain a
lower, hopefully non-atopic state.

In conclusion, it has been demonstrated using omali-
zumab pharmacokinetic, free and especially total IgE data,
analysed with a mechanism-based PK/PD model incorpo-
rating omalizumab-IgE binding and feedback for control
of IgE production, that a prediction that omalizumab is
able to decrease the production rate of IgE over ‘several
weeks or months (some say more than 1 year)' [26], is true.
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Figure 6

Long-term predictions of total IgE and IgE production rate, based on the
final feedback model, following 1, 3 or 5 years of treatment with omali-
zumab 375 mg for a typical 35 year old, 65 kg, Caucasian male subject
with screening IgE concentration of 550U mI™' or 1320 ng ml™". The
insets show the effect of age on total IgE and the relative change in the
modulator of IgE production.The simulations are for 5 years treatment of
patients initially aged 6 and 35 years. Note that the scales for the main
figures are logarithmic to show the parallelism of total IgE and IgE pro-
duction, the insets linear to show better the extent of the changes. For the
IgE modulation scale, 1 is the up-regulated state before treatment, 0 the
background production. For the main figures, the lines are: 1 year ( );3
years (-----); 5 years (-------).For the insets: 25-year-old (-----); 6-year-old (—)

With this down-regulation, it may well be that treatment
with omalizumab does not have to be maintained for long
periods of time, and there is now a means by which IgE
synthesis can be monitored such that individual treatment
decisions can be made.
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