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ABSTRACT

Background: Omalizumab, a monoclonal anti-IgE antibody, is currently indicated for the treatment of
moderate-to-severe allergic asthma. To measure active IgE levels in sera from patients treated with omalizu-
mab, the IgE subfraction in complex with omalizumab should be eliminated from total IgE, and free IgE levels
can then be determined. With the aim of therapeutic monitoring for anti-IgE therapy, we developed a new
ELISA for free IgE.

Methods: We used recombinant human soluble FceRlo as a capture antigen and a biotinylated polyclonal
anti-IgE antibody for detection. Using the newly developed ELISA, we measured the serum free IgE levels
weekly in four asthmatic patients after their first omalizumab injection. We also measured the serum free IgE
levels in 54 patients treated with omalizumab for over 4 weeks.

Results: This assay was technically robust, the mean recovery rate in serum was 93.16% + 5.34%. For all pa-
tients, omalizumab treatment significantly reduced serum free IgE levels prior to the second omalizumab injec-
tion. To maintain the benefit of omalizumab, serum free IgE concentrations should be <50 ng/ml. However, in
14 of 54 patients treated with omalizumab for over 4 weeks, serum free IgE concentrations measured by our
ELISA were >50 ng/ml.

Conclusions: Our data suggest that the measurement of free IgE levels using our newly developed ELISA

would be useful for monitoring serum free IgE levels during omalizumab therapy.
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INTRODUCTION

Atopic asthma is a chronic airway disease involving
the inflammation of the airway resulting from allergic
reactions triggered by the binding of an inhaled anti-
gen to antigen-specific IgE. The inhaled antigen
binds to IgE, and this antigen-bound IgE cross-links
to high-affinity IgE receptors on the surface of mast
cells and basophils, thereby inducing the release of
mediators that cause airway constriction and inflam-
mation. Allergen immunotherapy, in which a specific

antigen is administered over a long period of time, is
one of the IgE-targeting approaches for treating bron-
chial asthma.l However, this therapy is ineffective for
certain patients such as those who are sensitized to
multiple antigens.

Omalizumab, a humanized anti-IgE antibody, is
currently the most effective therapy among clinically
available IgE-targeting therapies.23 Administered
omalizumab is known to bind to the Fc region of se-
rum IgE, inhibiting the binding of IgE to FceRla on
the surface of mast cells and basophils. This thereby
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prevents the degranulation of these cells, suppress-
ing the release of inflammatory mediators.4 More-
over, preventing IgE from binding to high-affinity IgE
receptors for a certain period is considered to sup-
press their expression on the surface of mast cells in
tissues as well as circulating basophils.5 Conse-
quently, the numbers of eosinophils, T lymphocytes,
B lymphocytes, and Th2 cytokine-positive cells de-
crease in the sputum and airway mucosal tissues;® IL-
5/11-13 levels reduce in blood and tissues, and aller-
gic reactions are suppressed.6.7

In Japan, omalizumab is considered as a therapeu-
tic option for Step V of the Global Initiative for
Asthma (GINA) guideline, which is the treatment
step for patients with the most severe and persistent
symptoms that cannot be controlled by combination
asthma therapy comprising high-dose inhaled ster-
oids and long-acting P2-agonists.8® Among severe
asthmatic patients who underwent omalizumab treat-
ment, 60.1% have been reported to show improve-
ments in their symptom scores.4? Furthermore,
omalizumab treatment has few side effects. There-
fore, it is considered to be safe and effective for treat-
ing severe asthmatic patients.10,11

However, responders and nonresponders to omali-
zumab therapy have been observed, even among
atopic asthmatic patients.12.13 Although no known in-
dicator for predicting the therapeutic response is
available, even for asthmatic patients having IgE anti-
bodies to inhaled antigens, responders can be identi-
fied comprehensively based on, for example, asth-
matic attack frequency, QOL, and respiratory func-
tion at 16 weeks after administration of the agent.
Subsequently, judgments are made as to whether ad-
ditional administrations are warranted. The recently
reported EXTRA study!4 revealed that after 46 weeks
of omalizumab treatment, groups with higher blood
eosinophil, serum periostin, and exhaled nitric oxide
(FeNO) levels responded better to this therapy.

Besides the responder/nonresponder issue, dos-
age selection is another factor that influences the
therapeutic effect of omalizumab. The dose of omali-
zumab is calculated based on body weight and total
blood IgE levels measured before initiating the ad-
ministration.l> However, blood IgE levels fluctuate
throughout the year,16 which precludes the assur-
ance of the therapeutically adequate dosage based on
the pretreatment IgE levels for the reasons discussed
below.

When IgE production increases after the therapy
has been initiated, the required dose may be underes-
timated, and some patients can be misidentified as
nonresponders simply because a therapeutically ade-
quate dose was not given. In contrast, overdosing can
occur when a patient’s IgE production decreases dur-
ing the treatment. As described above, omalizumab is
the only effective molecular-targeted therapeutic
agent available for severe asthmatic patients, and

38

proper monitoring of IgE levels as the therapeutic tar-
get is important to avoid underdosing.

Current methods clinically available for measuring
serum IgE levels do not distinguish IgE antibodies in
complex with omalizunmab from free antibodies. To
measure active IgE levels in sera from patients
treated with omalizumab, the IgE subfraction in com-
plex with omalizumab should be eliminated from total
IgE, and free IgE levels can be then determined. Till
date, several methods to measure free IgE levels in
sera from patients undergoing omalizumab treatment
have been reported.17.18 In many previous clinical tri-
als, serum free IgE levels have been measured using
a combination of rshFceRIo and an anti-IgE antibody.

However, this method poses some problems, as fol-
lows: 1) information on the accuracy and precision of
the measurement system is not publicly available,
and 2) the measurement cost is high owing to out-
sourcing.

The recombinant rshFceRIo protein preparations
used in previous studies!?-18 were mostly expressed
in Escherichia coli or insect cells using baculovirus
vectors. Although their amino acid sequences have
been shown to be identical to those of the human pro-
tein, their sugar chain structures could have been dif-
ferent from the human counterparts. A difference in
the sugar chain structure could affect the binding af-
finity of IgE and its receptor FceRlo, thereby affect-
ing the measurement results.

In this study, we aimed to develop an original assay
system for determining free IgE levels in sera using
the recombinant high-affinity IgE receptor FceRlo
with the human form of sugar chains (rshFceRIo),
which was expressed in Chinese hamster ovary
(CHO) cells, as the capture antigen. Our ultimate aim
was to establish a method to quantify free IgE levels
in sera from patients being treated with omalizumab.

METHODS

REAGENTS AND EQUIPMENT

Human IgE (Thermo Fisher Scientific, New York,
USA) was used as a reference standard. A mouse
anti-human IgE horseradish peroxidase (HRP)-
conjugated antibody (Cat#: 61158A) was obtained
from Fitzgerald Industries International (Massachu-
setts, CA, USA). An anti-human Fc-epsilon Receptor I
alpha monoclonal antibody clone AER-37 (CRA1; Cat
#: 16-5899-82) was obtained from eBioscience (San
Diego, CA, USA). Bovine serum albumin (BSA; Cat#:
A-3059) and Tween-20 (Cat#: 170-6531) were from
Sigma-Aldrich (St. Louis, MO, USA). A Multiskan GO
microplate spectrophotometer was obtained from
Thermo Fisher Scientific. The commercial products
of omalizumab was obtained from Novartis Pharma-
ceuticals (Tokyo, Japan).

PREPARATION OF rsFceRlo
rsFceRlo. was prepared in our laboratory as previ-
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Fig. 1 Purification of recombinant hsFceRlaa as a stan-
dard protein for quantifying human IgE by ELISA. Standard
samples were analyzed for purity using Coomassie Blue
staining, which revealed the major band (50 kDa) represent-
ing rsFceRla.

ously described.!9 In brief, the culture supernatants
from CHO cells that secreted rsFceRIoo were col-
lected. This supernatant was concentrated using a
Centricon-Plus 70 concentrator (Millipore, Bedford,
MA, USA). The rsFceRIa protein was purified from
the supernatant using an affinity column (HiTrap
NHS-activated HP column; GE Healthcare Bio-
sciences, Little Chalfont, UK) that was coupled with 5
mg of an anti-human FceRIoo mAb (CRA1). Standard
samples were analyzed for purity using Coomassie
Blue staining (Fig. 1), which revealed the major band
(approximately 50 kDa) representing rsFceRIo.

IgE ELISA PROCEDURE

Microtiter plates were coated with rshFceRI (from
0.05 to 0.15 pg/well) and incubated overnight at 4C.
Subsequently, excess rshFceRl was washed away.
For all washing steps, microplates were rinsed three
to five times with the washing buffer (PBS/0.05%
Tween-20, 300 nl/well). Wells were blocked with
PBS/1% BSA (200 ul/well) for 1 h at 25°C. For a stan-
dard curve, eight serial dilutions of human IgE rang-
ing from 4.69 ng/ml to 600 ng/ml were prepared in
the sample diluent (PBS/0.05% Tween-20 and 1%
BSA). Plates were washed and incubated with stan-
dards or samples in duplicate (100 pl/well). After 2 h
at 25C, plates were washed, and wells were filled
with the secondary detection antibody (mouse anti-
human IgE HRP-conjugated antibody, 1/1000 in
PBS/1% BSA, 100 ul/well) for 1 h at room tempera-
ture. After washing, the TMB substrate solution was
added (100 pl/well). After 10 min., the HRP reaction
was stopped using 2 N H2SO4 (50 ul/well). Optical
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density (OD) was then measured at 450 nm using a
96-well microplate reader. The goodness of fit (R?) of
the standard curve was assessed using a four-
parameter logistic regression algorithm calculated
with Skanit software (Thermo Fisher Scientific). Data
were analyzed using GraphPad Prism software
(GraphPad, San Diego, CA, USA).

SAMPLES FROM HEALTHY VOLUNTEERS AND
ASTHMATIC PATIENTS

To validate the standardized method for measure-
ment of IgE, we obtained serum samples from seven
healthy controls, 54 asthmatic patients treated with
omalizumab (age range: 19-86 years; median age: 54
years), and seven asthmatic patients not treated with
omalizumab. The patients were diagnosed according
to the GINA guidelines. Patient’s serum samples
were stored at -80°C prior to analysis. Total IgE con-
centrations were determined using Total IgE Im-
munoCap (Thermo Fisher Scientific), with the results
of IgE concentration expressed as International Units
(kU/1). IgE concentrations in kU/]1 were converted to
ng/ml by multiplication with 2.4. All patients treated
with omalizumab had severe asthma according to the
GINA guidelines and showed positive reactions for
serum-specific IgE tests against inhaled allergens. Se-
rum samples were obtained weekly from five patients
after the first administration of omalizumab.

This study was approved by the Institutional Re-
view Board of Nihon University School of Medicine
and Juntendo University School of Medicine, and all
samples were collected after informed consent was
obtained from patients.

DILUTIONAL LINEARITY ASSESSMENT FOR IgE
ELISA

The specificity of the assay was evaluated by omitting
the detection antibody. Serum IgE concentrations
were determined by interpolation from the four-
parameter logistic regression algorithm of the stan-
dard curve with Skanit software. The dilution linearity
of the assay was assessed using diluted samples. Se-
rum samples obtained from 13 healthy controls were
diluted with the sample diluent in the range from 1 : 2
to 1 : 32. In addition, the serum samples from five
asthmatic patients were diluted with the sample dilu-
ent in the range from 1: 10 to 1 : 20.

SPIKE-RECOVERY ASSAYS FOR IgE ELISA

We performed spike-recovery assays to test for ma-
trix interference.20 As a standard sample, we used a
mixture of pooled serum samples obtained from six
male and six female healthy controls with relatively
low IgE levels. The final IgE concentration in this
pooled serum was 193 ng/ml. The pooled serum was
diluted to 1 : 15 and spiked by adding IgE (final con-
centrations ranging from 4.69 ng/ml to 600 ng/ml) to
the standard solution. The recovery rate (%) was cal-
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culated by dividing the IgE concentration measured
using ELISA by the theoretical concentration of the
samples (IgE concentration in the pooled serum +
IgE concentration of unspiked IgE). The assay was
determined to be at an acceptable level when the re-
covery rates were between 80% and 120%.20-22

PRECISION OF IgE ELISA

The precision of the assay was evaluated by inter- and
intra-assay variability tests. A total of 75 ng/ml of IgE
was added to the serum samples obtained from seven
healthy controls and seven asthmatic patients. For
the intra-assay variability test, we analyzed five repli-
cates of individual samples on the same plate. Inter-
assay variability was assessed using replicates of a
sample on four different plates by two independent
operators. The assay was determined to be at an ac-
ceptable level when the mean recovery rate was
within 20% of the theoretical concentration and the
corresponding percentage of coefficient of variation
(CV%) was <20%.20-22

OMALIZUMAB AND IgE COMPLEX PREPARA-
TION

Human IgE was diluted with the sample diluent at
1200 ng/ml and then mixed with equal volumes of
the sample diluent or omalizumab ranging from 2.34
ng/ml to 600 ng/ml. These mixtures were incubated
for 30 min at room temperature to enable complex
formation prior to the analysis for free IgE level
measurements. The final IgE concentration in the ab-
sence of omalizumab (buffer control condition) was
600 ng/ml.

RESULTS
PREPARATION OF STANDARDS

The scheme of measurement of free IgE levels in se-
rum samples from patients who were treated with
omalizumab is shown in Figure 2A. An eight-point se-
rial dilution of human IgE in the range from 4.69 ng/
ml to 600 ng/ml was used to generate the standard
curve (Fig. 2B). Curve-fitting analysis was performed
using the four-parameter logistic regression algo-
rithm with the measured OD and the absolute IgE
concentration. The average goodness of fit (R2) for
eight individual experiments was 0.999. To evaluate
the specificity of detecting IgE with ELISA using
rsFceRlo and an anti-IgE antibody, the detection anti-
body was omitted and resulted in a loss of IgE-
derived signals for all concentrations (Fig. 2C).

DETERMINATION OF THE OPTIMAL DILUTION
FACTOR FOR SERUM SAMPLES

To determine the optimal dilution factor for serum
samples for quantification of IgE in serum, serum
samples obtained from six healthy controls with vari-
ous IgE concentrations were diluted at the indicated
dilution factors, and ELISA was performed. As shown
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by the results in Figure 3A, the OD values were al-
most the same at the dilution factors between x16 and
%32, but the OD values decreased at the dilution fac-
tors below x8. We considered that the binding be-
tween IgE and rsFceRIo was inhibited by serum fac-
tor(s) at the dilution factors between x8 and x15. As
shown in Figure 3B, we measured serum IgE levels
for samples diluted by the factors of x10, x15, and x20
and checked the linearity of OD values. In serum
from healthy controls and serum from asthmatic pa-
tients, the OD values were almost the same at dilu-
tion factors between x15 and x20, but the OD values
decreased at dilution factors below x10. From these
results, we determined that the optimal dilution factor
was x15 for this assay to perform highly sensitive
measurement of IgE in serum without interference
from serum factors.

ACCURACY OF ELISA

To evaluate the accuracy of the assay, we used a
spike recovery assay. We measured eight different
spike concentrations in the pooled serum obtained
from 12 individual healthy controls (six males and six
females). As shown Table 1, the recovery rates were
between 80% and 120%, and the CV% values were
<20% when we measured spike concentrations rang-
ing from 9.38 ng/ml to 600 ng/ml. According to a
guideline on bioanalytical method validation for clini-
cal research by Food and Drug Administration
(FDA),23 we conclude that the working ranges for
this assay were as follows: lower limit of quantitation
(LLOQ) =9.38 ng/ml and upper limit of quantitation
(ULOQ) =600 ng/ml. These are corresponding to
140.7 ng/ml and 9000 ng/ml of serum IgE of concen-
tration respectively.

‘We next examined the recovery rates of the spikes
in each serum sample obtained from seven healthy
controls and seven asthmatic patients. The mean re-
covery rate was 111.3% = 9.7%, which met our preset
acceptance level (Table 2). One sample obtained
from a healthy control had a recovery of >120%
(125%), suggesting a possible matrix interference in
this patient.

Table 3, 4 show the results of our intra-assay and
inter-assay variability tests. The mean recovery rate
was within 20% of the absolute concentration with a
corresponding CV% of <20% for all the three tested
concentrations. These results met the acceptance cri-
teria for immunoassay validation.20-22

MEASUREMENT OF FREE IgE IN PATIENTS
TREATED WITH OMALIZUMAB

To confirm the mutual exclusion of IgE bound with
omalizumab at the Ce3 epitope, we performed compe-
tition experiments using omalizumab. Samples con-
taining 600 ng/ml of IgE were incubated with the in-
dicated concentrations of omalizumab; thereafter,
free IgE levels in the samples were measured using

Allergology International Vol 63, Suppl 1, 2014 www.jsaweb.jp/
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Fig. 2 A. Assay scheme for determination of serum IgE levels in the presence of omalizumab. Recombinant
high-affinity IgE receptor FceRlo with the human form of sugar chain (rshFceRlo) was used as the capture anti-
gen. B. Representative standard curve using human IgE. X-axis showing standard IgE concentrations ranging
from 4.69 ng/ml to 600 ng/ml. Y-axis showing optical density (OD) values at 450 nm. Four-P Fit: y = (A - D)/(1 +

(x/C)B) + D (A: 0.0148; B: 0.999; C: 930; D: 0.9993;

R2: 1). C. The specificity of detecting free IgE levels with

ELISA using rshFceRla. Omitting rshFceRlo. or the detection antibody resulted in a loss of free IgE-derived sig-
nals over the entire concentration range (0-320 ng/ml).

ELISA. As shown in Figure 4, adding omalizumab re-

duced free IgE levels in a dose-dependent manner.
Subsequently, we monitored weekly free IgE levels

in the serum of four asthmatic patients after the first

Allergology International Vol 63, Suppl 1, 2014 www.jsaweb.jp/

administration of omalizumab. Free IgE levels in all
these patients were significantly reduced after admin-
istering omalizumab (Fig. 5). It has been reported
that to maintain the benefit of omalizumab treatment
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Fig. 3 A. Optimal dilution factor for serum samples. Serum samples obtained from healthy controls (No.
1-6) were diluted by the factors from x1 to x32. IgE concentrations were then measured with ELISA using
rshFceRlo. B. Determination of the optimal dilution factor for serum samples. Serum samples obtained from
healthy controls (No. 7-13) were diluted by the factors from x10 to x20. Subsequently, IgE levels were mea-

sured with ELISA using rshFceRlo.

Table 1 Accuracy of ELISA for measurement of the pooled sample

IgE Concentration (ng/ml)
0 4.69 9.38 18.75 37.5 75 150 300 600
Ca'c"(':féfnﬂ’lfc’"c' 15.23 19.92 29.29 4804 8554 16054 31054 610.54
Experimentally-found
conc. mean(ng/ml) 10.54 14.53 18.92 28.25 48.10 84.59 154.96 289.80 569.41
SD 1.93 3.25 2.47 2.36 5.59 7.69 10.94 19.09
Accuracy (%) 95.40 94.97 96.44 100.11 98.88 96.52 93.32 93.26
%CV 13.3 17.2 8.8 49 6.6 5.0 3.8 34
Detected spike
conc.-mean conc. In Mean 3.37 7.76 17.09 36.94 73.43 143.80 278.64 558.25
serum (ng/ml)
Recovery (%) 71.92 82.74 91.15 98.50 97.91 95.87 92.88 93.04

Spike-recovery assays were used to determine the accuracy and precision of ELISA. Pooled serum from healthy controls was spiked us-
ing 4.69 ng/ml to 600 ng/ml of IgE. IgE concentration of the pooled serum was 10.54 ng/ml. Calculated concentration was 10.54 + spiked
concentration of IgE. Accuracy is the difference between experimentally determined and calculated concentrations. Recovery (%) is the dif-

ference between detected spike and spiked IgE concentrations.

in severe asthmatic patients, serum free IgE concen-
trations need to remain at <50 ng/ml.2¢ Thus, we ana-
lyzed trough free IgE levels in 54 asthmatic patients
undergoing omalizumab therapy. As shown in Figure
6, in 14 of 54 (25.9%) patients, the trough free IgE
concentration was >50 ng/ml. 11 of 54 (20.4%) pa-
tients was > 100 ng/ml and 6 of 54 (11.1%) patients
was >150 ng/ml. The frequency of appearance of the
omalizumab treated patients with over 50 ng/ml free
IgE appeared to be independent to the duration of
omalizumab therapy.

DISCUSSION

In this study, we developed an original ELISA-based
IgE measurement system using immobilized
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rshFceRlo with human sugar chains. To explore the
feasibility of using this method in clinical settings, we
optimized several assay conditions and validated the
measurement accuracy. We first studied the effect of
serum on the assay’s linearity over a range of serum
dilutions to determine the optimal serum dilution fac-
tor for this assay system. These results indicate that
the OD values decreased below a serum dilution fac-
tor of x15 in a concentration-dependent manner. This
may be attributed to serum factors that inhibit IgE-
FceRI binding (e.g., autoantibodies to IgE, soluble
low-affinity IgE receptors, lipoproteins, or sugar
chains). We accordingly selected x15 as the serum di-
lution factor for this assay to eliminate interference
from inhibitory factors in serum and to enhance the

Allergology International Vol 63, Suppl 1, 2014 www.jsaweb.jp/
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Table 2 Accuracy of ELISA for IgE measurements in sera from healthy controls and asthmatic patients

IgE (ng/ml)
Unspiked Spiked (75 ng/ml)
Sample Average SD CV (%) Average SD CV (%) Recovery (%)
Asthma 1 48.93 1.67 3.41 143.29 7.81 5345 125.8
2 26.9 1.51 5.61 114.87 6.11 5.32 117.3
3 35.72 2.84 7.94 106.83 13.75 12.87 94.81
4 28 0.756 26.73 83.61 6.57 7.86 107.75
5 64.79 5.45 8.41 145.62 11.77 8.08 107.78
6 3.39 0.61 17.99 89.27 8.25 9.25 114.49
7 17.38 1.55 8.93 107.06 4.64 433 119.57
Average 7.59 112.5
sSD 2.71 9.35
Healty control 1 58.4 513 8.78 143.26 9.94 6.94 113.156
2 2.63 0.41 15.64 86.84 8.82 10.16 112.28
3 6.9 0.26 3.7 89.86 6.5 7.23 110.62
4 35.82 1.28 3.59 110.55 14.42 13.05 99.64
5 6.61 0.91 13.82 87.72 11 12.54 108.15
6 22.49 0.62 2.78 94.98 14.21 14.96 96.65
7 3.76 0.08 214 76.04 11.21 14.75 96.37
Average 11.38 105.27
sSD 3.33 7.45

Spike-recovery assays were used to determine the accuracy and precision of ELISA regarding the measurement of the levels in sera from
seven healthy controls and seven asthmatic patients. Pooled serum from healthy controls was spiked to 75 ng/ml of IgE. Recovery (%) is
the difference between detected spike and spiked IgE concentrations.

Table 3 Inter-assay variability of free IgE ELISA Table 4 Intra-assay variability of free IgE ELISA
IgE (ng/ml) ':fiag SD  CV (%) Recovery (%) IgE (ng/ml) ';'iaf SD CV (%) Recovery (%)
600 564.06 20.23 3.56 92.15 600 575.14 14.52 2.53 95.86
300 285.4 8.83 3.09 91.41 300 289.27 14.11 4.88 96.42
150 153.55 8.92 5.81 94.93 150 152.66 8.29 543 101.77
75 84.11 6.68 7.94 97.26 75 74.72 2.49 3.33 99.63
375 48.58 2.7 5.56 99.78 375 36.96 2.25 6.07 98.56
18.756 28.85 2.7 9.37 94.34 18.75 16.22 1.31 8.05 86.53
9.38 19.67 3.65 18.56 90.74 9.38 7.2 0.69 9.64 76.84
4.69 14.83 2.27 15.28 78.4 4.69 3.06 0.51 16.49 65.36

Inter-assay variability for pooled samples containing from 4.69
ng/ml to 600 ng/ml of IgE, as assessed on four different plates by
two independent operators. Recovery (%) is the difference be-
tween detected spike and spiked IgE concentrations.

assay’s sensitivity.

Conforming to the acceptance criteria for immuno-
validation, the acceptable assay range was defined
based on the result from the spike-recovery assay as
the concentration range that satisfied the CV% of
<20% and the recovery rate of 80%120%. Conse-
quently, LLOQ and ULOQ were determined to be
9.38 ng/ml and 600 ng/ml, respectively. These are
corresponding to 140.7 ng/ml and 9000 ng/ml of se-

Allergology International Vol 63, Suppl 1, 2014 www.jsaweb.jp/

Intra-assay variability for pooled samples containing from 4.69
ng/ml to 600 ng/ml of IgE, as assessed on nine replicates of indi-
vidual samples on a single plate. Recovery (%) is the difference
between detected spike and spiked IgE concentrations.

rum IgE of concentration respectively. Although the
LLOQ value was higher compared with that of previ-
ously reported assay methods, our method appears to
be sufficiently sensitive to determine the level of free
IgE remaining in the serum.

In the error assessments where samples from asth-
matic patients and healthy controls were tested indi-
vidually, CV% ranged from 4.33% to 14.96%, with a
mean of 7.59% + 2.71% for asthmatic patients and a
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Fig. 4 Reduced serum free IgE levels due to the addition
of omalizumab. Pooled serum containing 600 ng/ml of IgE
was incubated with the indicated amounts of omalizumab;
thereafter, free IgE levels were measured. Data are repre-
sentative of two independent experiments with similar re-
sults.

mean of 11.38% + 3.33% for healthy controls. This indi-
cated good accuracy in general, although the recov-
ery rate exceeded 120% in one case. The observed dif-
ference in assay variability among individual cases
may reflect differences in the amounts of serum fac-
tors that may inhibit IgE-FceRla binding. Neverthe-
less, the error range was deemed acceptable because
no extreme outliers were observed.

Based on these results, this assay method permit-
ted measurement of serum IgE in clinical samples
with sufficient accuracy. We measured free IgE levels
in sera from asthmatic patients undergoing omalizu-
mab therapy using the aforementioned assay system.
To test this method for its applicability to free IgE as-
says in the presence of omalizumab, we first exam-
ined whether omalizumab added to the sample in vi-
tro reduced the serum free IgE level in a dose-
dependent manner. As shown in Figure 4, adding
omalizumab reduced free IgE levels in samples in a
concentration-dependent manner.

Subsequently, changes in free IgE levels were
monitored over time following implementation of the
initial therapy. In each of the four cases assessed, se-
rum free IgE levels decreased immediately after the
omalizumab administration (Fig. 5). This result was
in accord with that of previous clinical trials on pa-
tients with bronchial asthma and allergic rhinitis, in
which a rapid decline in serum free IgE levels was
documented after the initiation of omalizumab ther-
apy. However, trough free IgE levels were elevated
and, in particular, exceeded 50 ng/ml after the sec-
ond administration in certain cases for which the ad-
ministration interval was 4 weeks (Cases 3 and 4).
For these cases, omalizumab dose selection based on
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body weight and pretreatment serum IgE levels may
have been insufficient to reduce the serum free IgE
level to the targeted level.

The aforementioned study2182526 galso revealed
that free IgE concentrations did not decline to the tar-
get value24 of 50 ng/ml in some cases undergoing
short-term therapy after the administration of omali-
zumab. This led us to suspect that among severe
asthmatic patients on long-term omalizumab therapy,
some cases may exist for which serum free IgE levels
fail to reach the target level. Thus, we measured
trough free IgE levels after omalizumab administra-
tion in 54 cases that were on omalizumab for more
than 4 weeks (Fig. 6). These results indicate that 40
of 54 (74.1%) cases had free IgE levels that reached
the therapeutic target for omalizumab treatment (i.e.,
<50 ng/ml). This underruns previously reported out-
come 99.2%.27 A possible reason is that the rshFceRIlo
construct used in our assays is different from the re-
combinant proteins used in other studies, which may
have resulted in differences in IgE measurements.

Recombinant rshFceRlIo protein constructs used in
most previous studies were mostly expressed in E.
coli or a baculovirus vector/insect cell expression
system28.29 in which the amino acid sequences of the
expressed proteins were identical to those of the hu-
man protein; however, the sugar chain structures
could have been different from those of the human
protein. These structural differences in sugar chains
may affect the binding affinity of IgE and its FceRlo
receptor. This difference in binding affinity possibly
alters the equilibrium state among IgE, IgE-
omalizumab complexes, and IgE-FceRlo binding in
an assay system. As a consequence, measurement
systems that use immobilized FceRlow preparations
with different sugar chain structures may give differ-
ent IgE readings in the presence of omalizumab. We
did not address which system could measure free IgE
levels more accurately in the presence of omalizu-
mab.

Nevertheless, it is conceivable that our system bet-
ter approximates the physiological equilibrium that
occurs in the human body compared with other assay
methods, because our method uses an FceRla con-
struct comprising the human form of the sugar chain.
Considering that the objective of these measure-
ments is to quantify the IgE subfraction that can bind
to FceRla in the human body in the presence of
omalizumab, it is reasonable that our assay system
can detect the effect of omalizumab more accurately.
Although our results suggest that our assay system is
effective for predicting the responsiveness of certain
patients to omalizumab therapy, we could not analyze
the relationships between free IgE levels measured
by this method and clinical data in the present study.
Previously, several methods for measuring free IgE
under the presence of omalizumab has been re-
ported,26 including the recovery-ELISA system.30 The
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Fig. 6 Free IgE levels in 54 asthmatic patients undergoing
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51 months were measured by ELISA. Dashed line indicates
50 ng/ml of free IgE.

free IgE concentration in a serum specimen from pa-
tients administered with omalizumab was measured

Allergology International Vol 63, Suppl 1, 2014 www.jsaweb.jp/

by the recovery-ELISA system based on (1) creating
a calibration curves of various concentration of stan-
dard IgE under various concentrations of omalizu-
mab solutions; (2) creating a correlation formula of
the relationship between IgE and omalizumab from
the calibration curves; (3) spiking the standard IgE
into clinical specimens of patients administered with
omalizumab and based on the degree of absorbency
obtained; (4) calculating the concentrations of both
free IgE and free omalizumab using the formula. In
the present study, the ratio of the patients who
reached the therapeutic target for omalizumab treat-
ment was lower than previously reported outcomes
ranging from 73% to 99.2%, based on the values meas-
ured by other assays including the recovery-ELISA
system. One possible reason of this difference is that
the rshFceRlo construct used in our assays is differ-
ent from the recombinant proteins used in other stud-
ies, which may have resulted in differences in IgE
measurements. In addition, although our assay is
based on simple ELISA method, the method of
recovery-ELISA system is fundamentally different
from a simple ELISA. With This method has an ad-
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vantage on sensitivity, because undiluted serum is

used as a specimen. However, it is difficult to evaluate

the accuracy of the recovery-ELISA system, because

the recovery rate cannot be directly measured. Fur-
thermore, there are no detailed reports on variability

of this method has not been reported. Therefore, we 1
cannot evaluate which assay is closer to the true
value. Further analysis with a larger number of pa-
tients should be conducted in future studies.

In summary, we developed a new ELISA-based as-
say system to determine serum free IgE levels using
immobilized soluble human FceRlo that were gener-
ated by gene recombination. Using this assay system,
we measured free IgE levels in sera from asthmatic 1
patients wundergoing omalizumab therapy. This
method permitted monitoring of serum free IgE lev-
els. It is expected to realize assessments of appropri-
ate omalizumab doses for nonresponders. In addition,
even for responders, it provides for optimization of
doses and dosing intervals. Optimized dosing regi-
mens will aid in resolving medical expense issues and 1
benefit a wider range of patients. Although a direct
comparison was not performed, our method may be
superior to conventional free IgE assay methods
based on FceRlo with nonhuman form of sugar
chains in terms of binding affinity to human serum
IgE.

1

1

1

agement Guideline 2012, Japan (JGL 2012)” for adults].
Arerugi 2013;62:139-43(in Japanese).

9. Adachi M, Tanaka A. [Programs for continuing medical
education: A session; 7. Current topics of asthma treat-
ment—anti-IgE therapyl. Nihon Naika Gakkai Zasshi
2012;101:689-93 (in Japanese).

0. Humbert M, Beasley R, Ayres ] et al. Benefits of omalizu-
mab as add-on therapy in patients with severe persistent
asthma who are inadequately controlled despite best
available therapy (GINA 2002 step 4 treatment): INNO-
VATE. Allergy 2005;60:309-16.

1. Rodrigo GJ, Neffen H, Castro-Rodriguez JA. Efficacy and
safety of subcutaneous omalizumab vs placebo as add-on
therapy to corticosteroids for children and adults with
asthma: a systematic review. Chest 2011;139:28-35.

2. Slavin RG, Ferioli C, Tannenbaum SJ, Martin C, Blogg M,
Lowe PJ. Asthma symptom re-emergence after omalizu-
mab withdrawal correlates well with increasing IgE and
decreasing pharmacokinetic concentrations. J Allergy Clin
Immunol 2009;123:107-13 e3.

3. Bousquet J, Siergiejko Z, Swiebocka E et al. Persistency
of response to omalizumab therapy in severe allergic
(IgE-mediated) asthma. Allergy 2011;66:671-8.

4. Hanania NA, Wenzel S, Rosen K ef al. Exploring the ef-
fects of omalizumab in allergic asthma: an analysis of
biomarkers in the EXTRA study. Am J Respir Crit Care
Med 2013;187:804-11.

5. Zielen S, Lieb A, De La Motte S ef al. Omalizumab pro-
tects against allergen- induced bronchoconstriction in al-
lergic (immunoglobulin E-mediated) asthma. Int Arch Al-
lergy Immunol 2013;160:102-10.

ACKNOWLEDGEMENTS 16. Rolinck—Wemjnghaus C, Keil T, KOp]J M et al. SpECiZEC

This work was supported by the Strategic Founda-
tional Technology Improvement Support Operation of
the Japanese Government and the Nihon University
Joint Research Grant.

REFERENCES

IgE serum concentration is associated with symptom se-
verity in children with seasonal allergic rhinitis. Allergy
2008;63:1339-44.

17. MacGlashan DW Jr, Bochner BS, Adelman DC et al.

Down-regulation of Fc (epsilon) RI expression on human
basophils during in vivo treatment of atopic patients with
anti-IgE antibody. J Immunol (Baltimore, Md: 1950) 1997;
158:1438-45.

1. Bousquet J, Lockey R, Malling HJ. Allergen immunother- 18. Casale TB. Experience with monoclonal antibodies in al-

apy: therapeutic vaccines for allergic diseases. A WHO
position paper. J Allergy Clin Immunol 1998;102 (Pt 1):

lergic mediated disease: seasonal allergic rhinitis. J Al-
lergy Clin Immunol 2001;108 (Suppl):S84-8.

558-62. 19. Naito K, Hirama M, Okumura K, Ra C. Recombinant sol-

2. Milgrom H, Fick RB Jr, Su JQ et al. Treatment of allergic
asthma with monoclonal anti-IgE antibody. rhuMAb-E25
Study Group. N Engl | Med 1999;341:1966-73.

uble form of the human high-affinity receptor for IgE pre-
vents anaphylactic shock in mice. J Allergy Clin Immunol
1996;97:773-80.

3. Pelaia G, Gallelli L, Renda T et al. Update on optimal use 20. Lee JW, Hall M. Method validation of protein biomarkers

of omalizumab in management of asthma. J Asthma Al-
lergy 2011;4:49-59.
4. Chang TW, Shiung YY. Anti-IgE as a mast cell-stabilizing

in support of drug development or clinical diagnosis/
prognosis. | Chromatogr B Analyt Technol Biomed Life Sci
2009;877:1259-71.

therapeutic agent. J Allergy Clin Immunol 2006;117:1203- 21. Lee JW, Devanarayan V, Barrett YC et al. Fit-for-purpose

12; quiz 13.
5. Beck LA, Marcotte GV, MacGlashan D, Togias A, Saini S.

method development and wvalidation for successful
biomarker measurement. Pharm Res 2006;23:312-28.

Omalizumab-induced reductions in mast cell Fce psilon 22 Kelley M, DeSilva B. Key elements of bioanalytical

RI expression and function. J Allergy Clin Immunol 2004;
114:527-30.

method validation for macromolecules. AAPS J 2007;9:
E156-63.

6. Noga O, Hanf G, Brachmann I et al. Effect of omalizumab 23. US Department of Health and Human Services, Food and

treatment on peripheral eosinophil and T-lymphocyte
function in patients with allergic asthma. J Allergy Clin Im-
munol 2006;117:1493-9.

7.van Rensen EL, Evertse CE, van Schadewijk WA ef al.
Eosinophils in bronchial mucosa of asthmatics after aller-

Drug Administration, Center for Drug Evaluation and Re-
serch. Guidance for industry: Bioanalytical method valida-
tion, September 2013. Available at http://www.fda.gov/do
wnloads,/Drugs/GuidanceComplianceRegulatoryInformat
ion/Guidances/UCM368107.pdf.

gen challenge: effect of anti-IgE treatment. Allergy 2009; 24. Massanari M, Holgate ST, Busse WW, Jimenez P, Kiani-

64:72-80.
8. Ohta K. [The essence of “Asthma Prevention and Man-

46

fard F, Zeldin R. Effect of omalizumab on peripheral blood
eosinophilia in allergic asthma. Respir Med 2010;104:188

Allergology International Vol 63, Suppl 1, 2014 www.jsaweb.jp/



25.

26.

27.

New Assay for Free IgE on Omalizumab Therapy

96.

Busse W, Corren J, Lanier BQ et al. Omalizumab, anti-IgE
recombinant humanized monoclonal antibody, for the
treatment of severe allergic asthma. J Allergy Clin Immu-
nol 2001;108:184-90.

Korn S, Haasler I, Fliedner F et al. Monitoring free serum
IgE in severe asthma patients treated with omalizumab.
Respir Med 2012;106:1494-500.

Ohta K, Yamamoto M, Sato N, Ikeda K, Miyamoto T. One
year treatment with omalizumab is effective and well tol-
erated in Japanese Patients with moderate-to-severe per-
sistent asthma. Allergol Int 2010;59:167-74.

Allergology International Vol 63, Suppl 1, 2014 www.jsaweb.jp/

28.

29.

30.

Stedman K, Lee K, Hunter S, Rivoire B, McCall C, Was-
som D. Measurement of canine IgE using the alpha chain
of the human high affinity IgE receptor. Vet Immunol Im-
munopathol 2001;78:349-55.

Hamilton RG, Marcotte GV, Saini SS. Immunological
methods for quantifying free and total serum IgE levels in
allergy patients receiving omalizumab (Xolair) therapy. J
Immunol Methods 2005;303:81-91.

Strohner P, Korn S, Buhl R, Becher G. The recovery-
ELISA—a novel assay technique to monitor therapy with
humanized antibodies: the example of omalizumab. J I'm-

ssay I hem 2013;34:83-93.

47



A L EA

F= ) X= 7RG EEICE T 2 MGk IgE HIE % DL

=t

=
H

fie b IgE £/ 7 u—FAfiffTH 24~ ) X< 7 (Omalizumab) (%, HFE,

HEEP SEEDOT LV F B OREICHEIGE D L, A~V XTI BT L

AT VT B IgE 2 A LEXOED T LA X —IBE 2 HH S 2 7291 id. ik

D} IgE % i TR L~ L& TIE T &4 5 B85 525, KEIKICHL

TA~ ) X~ 7T OB CIEER IgE L~ 2 lES 2 2 LIidTE R,

Yyaverv k- b EEfE gE 8K (FceRla) ZHURE L AT

&L, AV X T EREAE L TR WilEE IgE L_AERHET 22N TES S

b, A=) X< 7iRBOHlNIC M AT e 7 ELISA & % Hl v 7237 72 75 bz e

IgE DHIE R 2 WL L 72,

Jiik

Ay a2y e+ v kb b FceRla (rshFece Rla) ZHfEPUE & L CEMELL



L. Wifio7zoicetF v bF Y 7 v —F 41 IgE ik z AL 72, HERL

LT, WEZ & oZB 2 PR L TRIE L 2RIENTTA 5 X 51T, 2 IlE, 25°C

L-l:le]i L/7ILO

EHL L 7= ELISA 2 WC, 4~ ) X~ 750G HIHR T4 AoE R ICE

WC 1B S L I [E A BIE L, 7. A=) X 7% 4B

%5 L 7z 54 Ao & oI ibeik IgE % #E L 72,

AT, HARZEM EEREE R R EFE AR B 2B T 2012 £ 4 A 27

I ER(RK-120413-09) X v, EfT3I sz,

T4, WL 72 ELISA OEERHE% T > 72, K IgE f#MiE % FHv> 72 spike-

recovery assay (35 1J % IfliE H D [EUER 1L 93.16% £5.34% TH > 7z, %CV

73 20%LAN % FL#E & L, Lower Limit of quantification (LLOQ) I 9.38ng / ml,

Upper limit of quantification(ULOQ) ix 600ng / ml & L7z, RiZ, A~V X~

THFAET S MIFIC BT H RHERERE IgE Z2HETE 320 & 9 2 HRGEE

T 5729, 600ng/ml ® IgE Z N L 72EHEMFICREOR L 24~ ) X~ 7%



AL . abEdE IgE IREED A < U X= 700 XY IREARAFRITIE T 372 2 & 2l

L7 REDERZH VTR RE=2Y v 7 %77 > 7= 5§l 0 HEjiEhy 584

TARTRKBWT, A=) X=7%5 2 BHKS A2 b M IgE HixAEIC

KN L T, A~ ) X~ 7 OMRZMET 2720 ICIZIMIEERE IgE R

50ng/ ml KimiCTH 5 Z ERMEL INTWBE R, A=Y X~ 7T 4R

BEBIhoT\w5 54 NOEEED I B 14 A, G [gE 25> 50 ng /

ml TH o 7=,

ARHEE SR TIE, MEAREERLZ I5EUT e T2 eEEtLZ= Y v 7RI

IFRF RN R IC B b N B 720, MIEHRERIT 15 5L Lz, ThEERR

DRERT 720, KHERDOERERAIE 9.38ng/ml L7z, TF, A~

Y X~ 7 OHEMHRHIE LN B 720 Ol [gE IR O RAK2S 50ng/ml TH 5

o1 orRHiiIcE T % 2RI CTH 5 LB 2 7. IERFERIN 7 SO A E iR

EoIiFcHb s EK & LT, IgE-Fce RI #iGZHET 2 MERT. #lz

iE, IgE 2§ 2 HOPUk, rATECEMEE IgE &Mk, VR2 v 28, £



FREHZA LIRS EEFE AN,

I =V X< 7 OERIEFRCIRIMEGERE IgE ZHE L Tw 325, £ OFRICHEH X

N7HETRIZBIERRICE T2 2 e, £ HEaE e L C

bAFT I EeRTEL W, HIEEICOWTOIEMHAL ICI N TV ARWNT

Lo, WaADHEE L OBERKZ T2 LT TE RN,

A~ ) X~ 7RERG%. &FT 1 HOKS 1A% & [gE 1% 50ng

/mlIAKT L7223, 4l 3flicisnwCit, 7 7 olniFiEsE IgE 25 50ng / ml

ZEEZ Tz, MiFE IgE HIZZB) T 5 720, HIHHEE I W 72 1iF IgE il & %

B 13 IgE il & ORICARHE 4 U T 2 AlRetEC . ARE & iRFERT O IMIE IgE

fHICH DWW TIRE I N A~ ) X~ 7RG &R, MG ER [gE L~ % HEE

FCRKT I 2DICAT D THo7=A[BENDLD 5,

4 2B TCH~Y) A= T 1EEEZZ T 54 Hlo 5 b 40 ] (74.1%) ok

IgE ESEREHEEL N AIK T LTz, @RS <k, it IgE [HSEHE

HEEL N L 72 BEEIA I 992% EIEINTH Y, RLomafizzh X

DIEWEIETH -7z, COHEBHO—DLLTEZOLNDIDIZ, TRADPH T



rshFce Rla 28k FRIBESEESE 2o T WD Ic LT, 2nF CicflifHINT

WHER T, MEBECKBRCERLZ)avery P EAZEHL TR 3

LR ICER LTV AAREER S B, b b Fc L+t 7 & — OB S &AL o b

BT, —RICIIPUR L OREEBAMEICBIES 2 LI Twd, Ko T, fifIT 3

VaveFr v FMEHDOEWHHIEHEEICHEL ChWaAEErREZ 6N, &

LI, I T LA F =B BHEICE W, M IciHR O BEEICN T 2 Tiik %

OEEDRH BT LAMEINTE Y (1), MAOFEHZH W56, HER

BICHEST RS H 5, Lo T, v MOREHE RO b & vt s 2 fiEIC

Mwzazlickh, cnooe@zPRL <. 7 v —Bkg 5 8 E ol IgE ©

AEIC B WT, XY IEERAESAIREL 72 5,

I =Y X= 7O I EAE S EF OB OMFEITH v . KEHGF

HIDREIR & 28 IgE i 0 BEEIC 2 W T OMETHEIIT o T v AFFEIC BT,

et TgE il & fiER DBEE IO W CTHiTA & DRET 21T > T iawnas, ®lEwsCCfT

o AR & DIEFIFA Tk, IR & R TgE I DAY 5 il % o b

#IT-o Tk, BGHBEZRESC ) ICHERE [gE H2MET L2 IcBWw» T, a#E

ftate 1 EMCommWEEIRIMIR S HE 515 2 L R T 172 (2),



i

2

HAIZBELETHARZ AT LT X VIER L 72naliatE e b Fee Rla ZHEIfH{LL

7= ELISA I X 2% 7= e it IgE WIE R 2L L 72, ZOHIERZ AW T,

F= U X< 7i6HH O BEAE S B o MG IgE ZHEL. ZOHGKICX 3

MiEeRE IgE fEDE=2Y v 7% A[REIC L 7z, ANEEEZ WG X v,

KA~ ) X~ 7THEBEEZT- TR EF ICE W, ERE [gE 2 AREEL

NNV EDBEDBY DO THET 2 LB h ot /YL AFE Y X —IcH

T5EY) A=) A7 HEOHliZREL 32 2 e AHIfFE T 5, LR

Ry X —ic & o il IgE flEoE =%V v 7 IIHE S X ORI RIIRE O it

ZAREL T 5,

BOEAL E NG TRIRERERRICETS L. LY IRHH O BE ICHiR 2 b 7

59,

AKXFDLLTICOWTETIET 5,

p38 5 51TH omalizunmab EJIE  omalizumab

p45 45 23 f7H With This method FJ1E With this method



2014 FFICARIH RS EZ O FEIRICHE ICEE T 2 ERRIOF L ®

AT TR L 22008 R 2 T gl IgE o= ) v 7 2R LT, 4

~ ) X=70RGEME 2TV, RiFemE 2 Y b o — 2 Gzl &

iz, (3)

7z, AV X2 T7HRETICE T, Wl IgE L~ 2% IgE PEAERE % Bk L C

B, IgE FEAOFHEICHARGETH 2 Z R E iz, (4)

HHRA & O TlE, IBREOMEEE [gE K TEEIEE)ONE & BER H 2

TEEHLMICLE, (2)

BUE R, ARRIE R 2 il o 720068 IgE £ =% ) v 7 OHRIE DRI Z Hig L

) T A ML RFECHAEEZITo TS,

S, A=) A= 7 ORBFEEICHEIET b v - B0 7 L F— R K,

BHEETLLF -t ol IgE KFFHREBICIERT 2 2 e Pl s, bt

IgE OHlESC ML HEEEEO LD OREOBBEE=2 ) v /B 4,

BB OB s 2 e AMEFEINTW B,



S 3CHk

1. Altmann F. The role of protein glycosylation in allergy. International

archives of allergy and immunology. 2007;142(2):99-115.

2. Tajir1 T, Matsumoto H, Gon Y, Ito R, Hashimoto S, Izuhara K, et al.

Utility of serum periostin and free IgE levels in evaluating responsiveness to

omalizumab in patients with severe asthma. Allergy. 2016;71(10):1472-9.

3. Gon Y, Ito R, Maruoka S, Mizumura K, Kozu Y, Hiranuma H, et al.

Serum free IgE guided dose reduction of omalizumab: a case report. Allergy

Asthma Clin Immunol. 2017;13:39.

4. GonY, Ito R, Maruoka S, Mizumura K, Kozu Y, Hiranuma H, et al. Long-

term course of serum total and free IgE levels in severe asthma patients treated

with omalizumab. Allergol Int. 2018;67(2):283-5.



