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The dosing level and frequency of omalizumab are guided by a dosing table based on total serum im
noglobulin E (IgE) and bodyweight. Using a validated, mathematical simulation model (based on con
tration data from 8 studies), we evaluated the impact of a revised omalizumab dosing table (e
4 weeks dosing regimen) on the pharmacokinetic and pharmacodynamic profiles of free and tota
Safety analysis, in patients with high levels of exposure to omalizumab, was done using data from
clinical and post-marketing databases. The model accurately predicted observed omalizumab, free
total IgE concentrations. After reaching steady-state, the average increase in exposure was 10%,
for patients with the highest concentrations at the upper 97.5th percentile. Free IgE suppression sli
increased in the initial phase, and slightly reduced at the trough of the dosing cycle, but average supp
sion remained similar for both regimens. The safety profile of omalizumab was similar for pat
receiving higher or lower doses. Thus, doubling the dose of omalizumab, in a subset of patients rece
225–300 mg of omalizumab (every 2 weeks dosing regimen) can efficiently suppress free IgE wit
compromising safety or efficacy.
� 2014 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND lic

(http://creativecommons.org/licenses/by-nc-nd/
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Omalizumab is a humanized anti-immunoglobulin E (
monoclonal antibody licensed in the European Union (EU) a
add-on therapy for adults, adolescents and children (age P6 ye
with inadequately-controlled severe allergic (IgE-media
asthma, and in the United States for adults and adolesc
(age P12 years) with moderate-to-severe allergic asthma (E
Xolair� Summary of product information, 2013; US FDA Xo
prescribing Information, 2013; Chipps et al., 2012). Omalizu
is administered by subcutaneous (sc) injection every 2 w
(q2w) or 4 weeks (q4w), with the exact dose being individual
on the basis of baseline serum IgE measurements and bodywe
(Fig. 1). The aim of the omalizumab dosing table is to prescribe
imens to achieve an average serum free IgE of 25 ng/mL (with
patients below 50 ng/mL), a level associated with clinical impr
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FDA Xolair� prescribing Information, 2013; Hochhaus et
2003). In addition, the dosing table also acts as a reference supp
ing the rational prescribing of omalizumab, avoiding overdo
smaller or underdosing larger bodyweight patients, whilst adm
istering a dose in proportion to the amount of baseline total se
IgE, in the body to be bound and hence neutralized, in the bo

Omalizumab must be administered under medical supervi
and is usually given in a hospital or a physician’s office.
requirement can be inconvenient for working patients, thos
school, or long distance travelers. Observing that 600 mg d
had been recently approved in EU (2013), physicians in Israel a
whether it would be possible to revise the dosing table, increa
the time interval from every 2 weeks to every 4 weeks for s
cells, increasing the dose from 225 or 300 mg to 450 or 600
respectively, at each visit (Fig. 1). We investigated whether
a dosing table revision (DTR) would be possible without com
mising safety or tolerability or losing efficacy by using a pharm
kinetic and pharmacodynamic (PK–PD) modeling and simula
approach. The logic steps were thus: (i) describe and characte
omalizumab, free and total IgE concentration-time profiles f
population of patients with asthma using a mathematical mo
(ii) check that, when simulating from this PK–PD m
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(as opposed to fitting data), it had the ability to predict PK and fre
IgE responses; (iii) develop and visualize a relationship betwee
the omalizumab-induced suppression of free IgE and the sign
and symptoms of asthma; (iv) if the model could be shown to b
predictive, then using simulations, show the consequences
changing the administration from every 2 weeks to every 4 week
and, finally, for safety, (v) check that the increased pea
omalizumab concentrations, that patients would experience b
administering 600 mg doses, would not lead to an increase
adverse reactions by surveying the extensive safety databas
concentrating especially on patients who had experienced hig
levels of peak exposure to omalizumab.

2. Methods

2.1. Data

PK–PD models generally start from relatively small datasets an
then evolve over the years as clinical development progresse
additional data is then included and more is learned about th
compound. For the omalizumab–IgE model, it started with sin
gle-dose data in atopic but otherwise healthy volunteers (Men
Tetang and Lowe, 2005) through the addition of two Japane
and three Caucasian studies (Hayashi et al., 2007), then furth
intermediate incarnations (Lowe et al., 2009; Slavin et al., 200
to the form used for the expansion of the EU dosing table in Janu
ary 2010 (EMA Xolair� Summary of product information, 2013
For the DTR, the PK–PD model referenced data from 9 studi
(Busse et al., 2001; Holgate et al., 2004; Humbert et al., 200
Kornmann et al., 2014; Lanier et al., 2009; Milgrom et al., 200
Riviere et al., 2011; Soler et al., 2001; Zielen et al., 2013).

Four phase III studies in adults contribute most of the data: tw
7-month, randomized, double-blind, parallel-group, placebo-con
trolled, multicenter studies with 5-month blinded extension per
ods in adolescents and adults with moderate-to-severe allerg
Baseline
IgE IU/mL 20—25 >25—30 >30—40 >40—50 >

≥30—100 75 75 75 150

>100—200 150 150 150 300

>200—300 150 150 225 300

>300—400 225 225 300 225

>400—500 225 300 225 225

>500—600 300 300 225 300

>600—700 300 225 225 300

>700—800 225 225 300 375

>800—900 225 225 300 375

>900—1000 225 300 375 450

>1000—1100 300 300 375 450

>1100—1200 300 300 450 525

>1200—1300 300 375 450 525

>1300—1500 300 375 525 600

Fig. 1. Omalizumab dosing tabl
asthma requiring daily treatment with inhaled corticosteroid
(ICS) (Busse et al., 2001; Soler et al., 2001); a 32-week, randomize
double-blind, parallel-group, placebo-controlled, multicenter pil
trial to assess corticosteroid reduction in adolescents and adul
with severe allergic asthma requiring daily treatment with high
dose ICS, with or without oral corticosteroids (Holgate et a
2004); and INNOVATE, a 28-week treatment, 16-week follow-u
randomized, double-blind, placebo controlled study in patien
with inadequately-controlled severe persistent allergic asthm
(Humbert et al., 2005).

Data from two pediatric (6–12 years) pivotal phase III studi
also contributed to the model: a 7-month double-blind, random
ized, placebo-controlled trial that assessed the safety and efficac
of omalizumab in children with allergic asthma requiring dai
treatment with ICS (Milgrom et al., 2001), and a 1-year study wit
moderate-to-severe, persistent, inadequately-controlled allerg
asthma (Lanier et al., 2009).

In addition, two clinical pharmacology studies used th
expanded dosing regimen (for patients with baseline IgE leve
>100 and 61500 IU/mL, requiring omalizumab by sc injectio
q2w). These were: (i) a randomized, double-blind, placebo-con
trolled study demonstrating the protective effects of omalizuma
against allergen-induced bronchoconstriction in patients (age
18–65 years) with allergic asthma and baseline IgE up
2000 IU/mL (Zielen et al., 2013); and (ii) a multicenter, open-labe
parallel-group study evaluating omalizumab at high doses
patients (aged 18–55 years) with IgE/bodyweight combination
outside the initially approved dosing regimen (Kornmann et a
2014) . Finally, a single-dose parallel-group bioequivalence stud
investigated the use of omalizumab (150 and 300 mg sc) in atop
(total IgE above normal levels [30–300 IU/mL]) but otherwi
healthy volunteers (Riviere et al., 2011).

In all studies, omalizumab was administered by sc injectio
q2w or q4w according to patients’ pre-treatment bodyweigh
and baseline IgE levels using either the earlier US dosing table o
Body weight
50—60 >60—70 >70—80 >80—90 >90—125 >125—150

150 150 150 150 300 300

300 300 300 300 225 300

300 225 225 225 300 375

225 225 300 300 450 525

300 300 375 375 525 600

300 375 375 450 600

375 450 525 525

450 450 525 600

450 525 600

525 600 Do not administer
600

600 treatment every 4 weeks

could be switched to q4wk

mg/kg dose too high to switch

Too many injections to switch

e with cells which were updated.
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the later and more individualized EU dosing table (Fig. 1). All s
ies were approved by Institutional Review Boards and all pati
gave informed written consent. The studies were conducte
accordance with the Declaration of Helsinki and Good Clin
Practice guidelines.

2.2. Model used for simulation

The nonlinear mixed-effects model, which specifies omalizu
binding and capture of IgE to form complexes and thereby supp
sion of free unbound IgE, has been described previously (Lowe
Renard, 2011). This PK–PD model included parameters for
clearances of omalizumab and IgE, volumes of distribution for o
lizumab, IgE and the IgG–IgE complexes, rates for IgE synth
(daily production) and drug absorption and, finally, an in
apparent equilibrium binding constant, KD

app, the omalizumab
centration for 50% binding of IgE under idealized conditions w
IgE levels are very low (the equivalent of KM for enzyme reactio
The binding equations in the model use KD

app together with the in
and output rates of omalizumab and IgE to calculate target cap
(occupancy) for all IgE levels at all time-points.

The only changes to the parameters from the dosing t
expansion variation (EMA Xolair� Summary of pro
information, 2013) were to update the population mean
inter-individual variances for drug absorption and the volum
the omalizumab–IgE complexes, based on improved estima
methods, which could be used with richly sampled PK and IgE
in the first days post-dose in two bioequivalence studies; these
ues were reported by Lowe and Renard (2011).

2.3. Predictive ability of the model

The model was checked for its predictive ability, focusing
maximum and pre-dose trough omalizumab concentrations
Fig. 2. Illustration of omalizumab total and free IgE data from one phase III study
every 4 weeks (b) to samples collected from 2 individual patients showing mod
predictions for free IgE in all omalizumab-treated patients from the INNOVATE st
permission from (Slavin et al., 2009).
-
s
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trough concentrations of free IgE. This was achieved by crea
simulations and overlaying data from clinical studies for:

a) Omalizumab and free IgE concentrations after single adm
istrations for atopic healthy individuals enrolled in the
equivalence study (Riviere et al., 2011).

b) Omalizumab and free IgE concentrations in patients w
allergic asthma after multiple administrations q2w and q

To be considered valid for subsequent predictions, the m
had to be able to accurately simulate the median (50th percen
and the degree of random variation between patients’ data, as
resented by the upper 97.5th and lower 2.5th percentile respon

An alternative weighted residuals method was also use
assess and confirm predictivity (Boeckmann et al., 2011). In
deviations of observations from predictions were examined
time and from low to high concentrations of omalizumab,
and total IgE. This diagnostic method to assess the ‘‘quality of
takes account of fixed patient factors (covariates) and has the a
ity to provide simple plots even when patients receive diffe
doses and have samples taken at different times. To take acco
of random variation between patients, the deviations were norm
ized by the variance estimates to a standard deviation scale; 95
the data should then be within ±2 standard deviations of
prediction.

2.4. Simulations for the revised dosing regimen

Following validation of its predictive ability, the model
used to simulate the proposed every 4 weeks dosing regimens
the areas of the dosing table to be revised. This revision wo
apply to patients currently on doses of 225 and 300 mg q2w. S
ulations for concentration–time profiles of omalizumab and
IgE were performed using the Berkeley Madonna™ softw
. Example fits of the model for a single 300 mg dose (a) and multiple 150 mg doses given
el fits for each patient’s plasma omalizumab, total IgE, and free IgE. Individual patient

udy (c) Omalizumab concentrations present a similar (mirrored) image. Reproduced with
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(version 8.0.1). For each of the affected cells of the dosing tab
highlighted in Fig. 1, simulations were performed for 1000 virtu
patients with uniform distributions of bodyweight and baseline Ig
within the dimensions of each cell. Simulations of omalizumab an
free IgE geometric mean, lower (2.5th) and upper (97.5th) percen
tiles of the 95% range were compared for both the original and th
revised dosing regimens.

2.5. Safety

The safety of high doses of omalizumab was assessed based o
pooled data from studies in which patients had received at lea
one daily dose of P600 mg of omalizumab at any time. Five studi
were identified (Kornmann et al., 2014; Milgrom et al., 2001; Sai
et al., 1999, 2011; Zielen et al., 2013), and their data pooled to con
firm the safety profile of high dose omalizumab, especially in term
of adverse events (AEs). Additionally, a cumulative search with
cut-off date of 30 June 2011 was conducted in the global postma
keting safety database to identify patients who had receive
P900 mg/month of omalizumab.

3. Results

3.1. Predictive ability of the model

The omalizumab–IgE binding model has been shown to hav
the ability to fit patient data for serum concentrations of the dru
and for free and total IgE (Fig. 2). This model applies to single an
multiple doses, for frequently or sparsely sampled individuals. Pr
vious reports have shown that the model can predict the tim
Fig. 3. Prediction-corrected visual prediction checks for omalizumab and free IgE. Th
patients, i.e. >92 days from the start of treatment (Bergstrand et al., 2011). The symbo
of the data; the bands are the 95% prediction intervals for the specified percentile
important patient factors, such as bodyweight and baseline IgE and other factors, su
course of data not used for its creation (Hayashi et al., 2007) an
can predict both the median distribution of free IgE at steady-sta
troughs (Lowe et al., 2009). However, to revise the dosing table b
doubling the dose and halving the administration frequency, pea
concentrations of omalizumab became a point of focus. To provid
assurance that the omalizumab–IgE model was accurately predi
tive for the omalizumab maximum concentration (Cmax) as well
trough concentrations for the many different doses, regimen
baseline IgE and bodyweight combinations, prediction-correcte
visual prediction checks were created (Fig. 3). In these it can b
seen that there were no notable deviations between observed da
and the model predictions for omalizumab Cmax, or the trough con
centrations 14 or 28 days post-dose. The model was also predictiv
for maximum and trough free IgE concentrations, and the rando
distribution of responses, given that the observed and predicte
2.5th and 97.5th percentiles matched well. Random variation
the single dose data was somewhat overestimated; however, the
data were atopic but otherwise healthy volunteers, not asthm
patients, so could be expected to be more homogeneous. The alte
native method of assessing predictivity using weighted residua
showed that the distribution of errors between observations an
predictions was centered on zero deviation (Fig. 4). This was tru
for Cmax between 2 and 13 days, for the trough samples at aroun
14 days for every 2 weeks dosing regimen and 28 days for eve
4 weeks dosing regimen, and for both omalizumab and free IgE.

3.2. Simulations for revised dosing regimen

Given that the prediction verification suggested the om
lizumab–IgE model to be predictive of maximum change an
e data and simulations are plotted as time post-dose, being steady-state for the asthma
ls represent the data; the lines the 2.5th, 50th (median, red line) and 97.5th percentiles
s from model simulations. The simulations and data were ‘prediction corrected’, i.e.
ch as the dose, had been taken into account.
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trough concentrations of drug and free IgE across a range of pat
bodyweights and baseline IgE values, the implications of chan
in dose and regimen, defined by the term posology, could
explored through simulation from the model. Fig. 5 shows
results for omalizumab, Fig. 6 for free IgE. To illustrate the re
a single cell is taken – that with the highest concentration
the cell for 40–50 kg bodyweight and 500–600 IU/mL base
IgE, the original dose was 300 mg q2w, revised to 600 mg q
The geometric mean maximum omalizumab concentration
steady-state was about 165 lg/mL for the q2w regimen
�195 lg/mL for the corresponding q4w. The upper 97.5th per
tile, corresponding to only 2.5% of patients, was at just over 310
mL for q2w, 360 lg/mL for q4w, an increase of only 15%. Acros
revised cells, the upper 97.5th percentile Cmax increased by
average, 10% (minimum 4%, maximum 20%).

Examination of the free IgE responses demonstrated that
algorithm that forms the basis for the dosing table, P0.016
kg bodyweight per IU/mL of baseline IgE per month, enabled
patients to achieve similar free IgE suppression irrespective of t
bodyweight or baseline IgE (Fig. 6). For the revised posolog
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Fig. 4. Predictivity for omalizumab assessed by weighted residuals. The weighted
(vertical). The regimen designations are 0 for single dose (green), 2 for q2w (red)
maximum concentration (Cmax) between 1 and 13 days (b) omalizumab minimum
q2w (c) free IgE Cmin between 1 and 13 days (d) free IgE Cmax or trough pre-dose
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slight increase in free IgE suppression was anticipated in the
part of the dosing cycle, with correspondingly lower suppres
at trough. However, the average suppression remained the s
for both regimens, with trough concentrations predicted to rem
below the target of 50 ng/mL, for 95% of the population.

Given that free IgE correlates with changes in the total sy
tom score, peak expiratory flow and rescue medication use (L
et al., 2009), one should be assured that all ranges of baseline
and bodyweight should respond to omalizumab. Regarding
question of whether the change in regimen from q2w to q4
likely to change the clinical response due to the more pulsatile
ure of the free IgE time profile, this is considered unlikely. The
ical response to omalizumab develops slowly over the cours
several months (Slavin et al., 2009), perhaps even after a yea
treatment (Dal Negro et al., 2011). This would correlate well w
the long lifetime of IgE secreting plasma cells, which ‘‘will take
eral weeks or several months (some say more than 1 year) to
off’’ (Lanier et al., 2009). The slow turnover of biosystem com
nents such as mast or plasma cells would act to smooth out flu
ations from the original dosing. To illustrate this, three simulat
en
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residuals are plotted versus time for bodyweight (horizontal) and baseline IgE categories
and 4 for q4w (blue). The line is a locally weighted smoothing regression. (a) omalizumab
concentration (Cmin) or trough pre-dose or 22–35 days post-last dose for q4w, 10–18 days
or 22–35 days post-last dose for q4w, 10–18 days q2w.
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Fig. 5. Steady-state 4-week interval omalizumab simulations for revised cells of the dosing table. The pairs of lines (black lines for the q2w regimen with two dosing cycles
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were created, extending from the omalizumab–IgE model so th
omalizumab, free IgE, or cellular high affinity IgE receptors (FceR
drives the turnover of factors responsible for the production
symptoms (Fig. 7). Comparing the same monthly dose given eith
every 2 or 4 weeks, one can see that, although in theory there cou
be very minor fluctuations in response, in practice, given rando
day-to-day variation, there would likely be no significant diffe
ence in the signs and symptoms of asthma. The longer it take
for a clinical response to build, the less the influence of change
in regimen.

3.3. Safety

Using the pooled data, patients receiving P600 mg of om
lizumab were compared with all other patients (Kornmann et a
2014; Milgrom et al., 2001; Saini et al., 1999, 2011; Zielen et a
2013). A total of 87 out of 404 patients from the 5 studies analyze
were identified as having received P600 mg of omalizuma
Although incidences of oral herpes and urticaria were slight
higher in patients treated with higher dose of omalizumab com
pared to the standard dose ([oral herpes: 5/87 versus 6/317; 95
CI: –0.013, 0.090], [urticaria: 8/87 versus 10/317; 95% CI: –0.00
0.124]), the differences were not significant based on the 95%
for the difference between proportions. There were no cases
thrombocytopenia, arterial thrombotic events, Churg-Strauss syn
drome or parasitic infections in patients receiving P600 mg
omalizumab. One case of malignant melanoma was detected in
patient who received P600 mg of omalizumab, but was not su
pected to be related to omalizumab. A single moderate anaphyla
toid reaction was also observed in a patient who received a
intravenous dose of 1150 mg omalizumab. There was no evidenc
of unexpected adverse events; all the adverse events seen in th
pooled analysis were consistent with the known safety profile
omalizumab.

Clinical data from an empirical subset of 100 patients with th
highest concentrations of omalizumab (all above the upper lim
predicted to occur with the revised dosing regimen) showed a sim
ilar safety profile to that of the rest of the treated population. In th
omalizumab postmarketing database, 129 patients were identifie
who had received multiple doses of omalizumab cumulative
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P900 mg/month, with a total of 543 adverse events. Among th
307 events (in 70 patients) were identified as serious and
events (in 89 patients) were classified as non-serious. The distr
tion of adverse events in these patients was consistent with
seen at lower omalizumab doses. No increase in the incidenc
anaphylaxis was seen.

4. Discussion

Asthma is a chronic inflammatory disorder of the airw
When uncontrolled, asthma can be a cause of substantial mor
ity and mortality; it is also economically burdensome (Crois
2014). In the case of omalizumab prescribed to patients
uncontrolled severe asthma, frequent attendance for inject
interferes with their personal and work life and may be associ
with indirect expenses such as extra costs for travel or income
from work to attend an injection clinic. Reducing the frequenc
administration of omalizumab to every 4 weeks, where poss
reduces patient burden and costs. This less burdensome treatm
regimen for eligible patients may aid persistence with treatm
,
6
-
t
f

s.
-
t,
h
s
d
t
f
,
t
t,

thereby improving the chance of full clinical benefit from the
(Cochrane, 1992; Cochrane et al., 1999). Furthermore, redu
time spent with patients will decrease the burden of health
practitioners, with a direct impact on the expense for
administration.

The omalizumab dosing table revision described in this re
allowed the frequency of administration of omalizumab to
reduced for patients with certain combinations of bodywe
and baseline IgE level. This report also supports the notion
in some cases, when there is sufficient validation, i.e. evidence
a model is predictive of data, that simulation can be used in p
of clinical studies to predict the impact of changes such as in
age and dosage interval.

Using a model created from clinical data and simula
thereof, we predicted that, for certain patients, doubling the
of omalizumab and dosing every 4 weeks instead of e
2 weeks would produce acceptable PK–PD biomarker pro
and would be unlikely to have a clinically significant effec
treatment efficacy or to present significant additional sa
concerns.
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Fig. 7. Omalizumab–IgE model with basophil FceRI and asthma symptoms. (a) simulation of the geometric mean serum concentrations of omalizumab (upper, green), total
IgE (middle, blue) and free IgE (lower, red) from 1000 patients 40–150 kg bodyweight, 30–700 IU/mL baseline IgE using the omalizumab dosing table. (b) Basophil FceRI data
from MacGlashan et al. (1997) was digitized and fitted with a time-delay indirect response function driven by omalizumab concentrations. (d) Symbols are placebo-corrected
changes in asthma symptoms from Slavin et al. (2009), shown together with PK–PD curves representing three causal hypotheses. All three were indirect response functions:
pink had omalizumab driving symptom change, cyan free IgE, black omalizumab driving basophil FceRI, which drove symptom change. The simulations were for either the
original dosing table or the revision with doses up to 600 mg q4w. To illustrate better any possible differences, the symptom simulations were for the 6 cells covering 40–
70 kg bodyweight and 300–500 IU/mL baseline IgE, originally licensed for 225 or 300 mg q2w, now revised to 450 and 600 mg q4w. Within each panel the q4w dosing is that
with the slightly larger peak-to-trough variation.
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The model developed and described in this article and in prev
ous studies (Lowe et al., 2009; Lowe and Renard, 2011) has bee
shown to be predictive for observed clinical data including Cm

and Cmin (i.e. Ctrough) for omalizumab, Cmin and Ctrough for free Ig
irrespective of the dose, regimen and patient factors such as bod
weight and baseline IgE. The model is useful for aiding the asses
ment and interpretation of patient safety and efficacy. The resul
of simulations show that the model has high predictivity for om
lizumab concentrations and free IgE levels in healthy subjects an
patients with asthma, and that a reduced efficacy when using th
revised dosing table versus the existing dosing table would n
be expected. In theory, fluctuations in response could follow
switch from every 2 weeks to every 4 weeks dosing regimen; how
ever, calculations suggest that this is unlikely to be observed
practice.
The revised dosing regimen will increase peak serum concen
trations of omalizumab, as the dose will be doubled but be give
every 4 weeks. Once steady-state is reached, however, the increas
in exposure will only be, on average, 10%, even for patients expose
to the highest concentrations at the upper 97.5th percentile. Th
peak serum concentrations are tolerable; peak and average dru
exposure for the revised cells will, in any case, be lower than
those patients already needing to receive 600 mg doses eve
2 weeks due to their higher baseline IgE or larger bodyweight
Similarly, the PD effects on free IgE will be such that there w
be slightly increased suppression in the first part of the dosin
cycle; the average suppression will remain the same.

It might be argued that the PK–PD model presented herein on
relates to free IgE; other potential mechanisms of action, such a
reduction of FceRI on relevant cells (including mast cells an
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basophilic granulocytes), were not measured. Statements reg
ing clinical efficacy based on IgE suppression alone may not be
ficiently reliable. As a counterpoint, it is possible to explore
implications of potential mechanisms of action by represen
them as PK–PD models and fitting them to symptom data. If
models can adequately describe said data, one can then, by si
lation, demonstrate the clinical significance of changes in posol
Three hypotheses were investigated.

In the first, omalizumab is responsible for the improvemen
the signs and symptoms of asthma. A delay between exposur
serum omalizumab and its effects on symptoms was allowed
having omalizumab working indirectly by affecting undefi
(latent) processes responsible for the production of sympto
This is the commonly described indirect response model w
combines all elements of the causal chain between a drug
downstream responses into a single input–output process w
some factors promoting and others removing or healing the sy
toms (Derendorf and Meibohm, 1999). This model is the m
straightforward and does not invoke any deeper mechanisms o
than the fact that omalizumab is carried from the injection sit
its site of action by the blood, which is sampled.

In the second hypothesis, an element of the mechanism
action was included by stating that omalizumab works by bin
and capturing IgE to form complexes, thereby lowering
(unbound) IgE concentrations. It is the free IgE that is respons
for the production of factors responsible for the asthma sympto
therefore suppression of this will improve symptoms.

In the third hypothesis, omalizumab works not via free IgE
se, but by inhibiting the expression of cellular Fce receptors.
cellular receptors are then responsible for the production of sy
toms; down-regulating these will therefore allow healing. Sinc
cellular FceRI data were directly available from in-house stud
the data from MacGlashan 1997 was digitized and a model c
fitted (MacGlashan et al., 1997).

The results from the three models demonstrated that eac
the three hypotheses have the ability to explain the obse
changes in symptoms equally well, within the range of varia
in the observed mean data over time. Both the omalizumab
free IgE hypotheses estimated a 20–22 day mean response t
between exposure to omalizumab or suppression of free IgE
symptom changes. For the FceRI hypothesis, the system respo
was split into two: the first a 4-day mean response tim
down-regulate basophil FceRI, then 14 days for the symptom
respond to changes in FceRI. The end result was the same as
other two hypotheses.

Asthma symptoms take a minimum of 12–16 weeks to stab
following the introduction of omalizumab, i.e. 4–5 of the ab
described ‘mean response times’, just as it takes 4–5 pharmac
netic half-lives for a drug to reach steady-state. In general,
longer it takes a biological system to respond, the less likely
that changes in the regimen would influence that respo
(Slavin et al., 2009). Hence, changing the omalizumab dosing r
men from every 2 weeks to every 4 weeks will not affect
efficacy.

On average, levels of omalizumab–IgE complexes will also
unaffected by the revised dosing schedule. Omalizumab is do
in excess of IgE; there can be no more complexes formed t
there is available IgE in the body. Given that omalizumab
presses free IgE 100-fold, the main contributor to total IgE
the omalizumab–IgE complexes. During omalizumab therapy, t
IgE initially increases, and then reaches a plateau. Higher dose
omalizumab cannot further increase total IgE to any discern
extent, but will further suppress free IgE (Fig. 7a).

The clinical trials and postmarketing database showed that
adverse event profiles of patients with the highest serum con
trations of omalizumab were generally similar to those in pati
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receiving lower doses, suggesting that safety would not be c
promised using the higher doses every 4 weeks. The analyzed d
set did not identify any specific, more frequent or serious adv
events that may be attributable to the use of high doses of o
lizumab. There is no evidence that anaphylaxis is a dose- or
centration-dependent AE. Hence, the incidence of anaphylax
not expected to increase with the revised dosing regimen as c
pared with the previously reported incidence of 0.2% (Limb e
2007).

5. Conclusions

PK–PD modeling and simulation, together with pooled anal
of safety data, suggests that those patients currently recei
omalizumab at doses of 225 or 300 mg every 2 weeks will be
to switch to omalizumab 450 and 600 mg, respectively, e
4 weeks, without compromising safety or efficacy. Whether
sequence of actions is driven by omalizumab arriving at the ef
tor site from the blood, or is indirect via free IgE suppression, o
inhibition of effector cells, or even combinations of these me
nisms, is immaterial to the point in question that 300 mg
and 600 mg q4w will translate to comparable steady-state con
trations of drug, the same steady-state concentrations of free
and the same steady-state downstream effector cell desensit
tion, and hence the same clinical response. The new dosing r
men will simplify posologies for eligible patients, may imp
patient and healthcare provider convenience for the treatm
and the associated direct and indirect expenses.
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