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Anti-IgE therapeutics represent an efficient approach in the management of IgE-mediated allergic
asthma. However, monitoring the reduction of IgE levels into a therapeutically efficient range requires
the determination of residual serum IgE. We established an analytical approach to distinguish free and
anti-IgE complexed serum IgE based on soluble derivatives of the human high-affinity IgE receptor. Sol-
uble receptor derivatives represent an ideal means to analyze receptor antagonism by any ligand or
blocking antibody. Therefore, the FceRI ectodomain was fused with avian IgY constant domains that cir-
cumvent susceptibility to interference phenomena and improve assay performance. After production in
HEK293 cells, subsequent characterization by enzyme-linked immunosorbent assay and immunoblotting
confirmed the suitability of avian IgY constant domains for immobilization and detection purposes. To
provide further insights into the different IgE reactivities, free allergen-specific IgE was also determined.
Monitoring of sera from omalizumab-treated patients during the course of therapy revealed the applica-
bility for assessment of omalizumab-complexed versus noncomplexed serum IgE. These parameters may
allow correlation to clinical responses during anti-IgE therapy with the perspective of biomonitoring.

� 2010 Elsevier Inc. All rights reserved.
2 Abbreviations used: APC, antigen-presenting cell; FceRIa-ecd, FceRIa extracellular
Several immune-mediated diseases, including allergic hyper-
sensitivity reactions [1], can be linked to circulating IgE antibodies.
Although the least abundant serum isotype, IgE exhibits a variety
of peculiarities regarding structure and effector functions, with
major consequences concerning immune responses and patholo-
gies. It acts as a key molecule in a network of proteins, including
cellular receptors such as the high-affinity IgE receptor FceRI, the
low-affinity receptor CD23, and the IgE- and FceRI-binding protein
galectin-3 [2].

On crosslinking by allergens, IgE antibodies bound to FceRI on
mast cells and basophils trigger degranulation and release of
proinflammatory mediators, leading to immediate reactions and
initiation of biosynthetic pathways producing prostaglandins and
leukotrienes [2]. Human FceRI is expressed as a abc2 tetramer
on mast cells and basophils and as a ac2 trimer on antigen-
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presenting cells (APCs)2 such as dendritic cells, Langerhans cells,
monocytes, eosinophils, platelets, and smooth muscle cells [3–5].
The extracellular domains of the ligand-binding a-chain display an
outstanding affinity for IgE in the range of 1011 M–1, providing the
basis for an efficient loading of IgE with long-term stability on effec-
tor cells and resulting in a half-life of approximately 10 days [6].

Different strategies to therapeutically interfere with atopic lev-
els of IgE and excess mast cell degranulation have been pursued,
leading to the development of antagonistic antibodies [7]. Such
antibodies bind to serum IgE and membrane-bound IgE on B cells
with high affinity but not to either FceRI- or CD23-bound IgE to
prevent antigen-independent receptor crosslinking. Omalizumab
(rhuMab E25, Xolair), a humanized kappa IgG1 antibody, was the
omain; cDNA, complementary DNA; PCR, polymerase chain reaction; DMEM,
ulbecco’s modified Eagle’s medium; PEI, polyethylenimine; NTA, nitrilotriacetic
cid; BSA, bovine serum albumin; PBS, phosphate-buffered saline; RT, room
mperature; AP, alkaline phosphatase; ABTS, 2,2-azino-bis(3-ethyl-benzothiazo-

ne-6-sulfonic acid) diammonium salt; HRP, horseradish peroxidase; ELISA, enzyme-
nked immunosorbent assay; SDS–PAGE, sodium dodecyl sulfate–polyacrylamide gel
lectrophoresis; IEMA, immunoenzymometric assay; CCD, carbohydrate crossreactive
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determinant; RF, rheumatoid factor; HAMA, human anti-mouse IgG antibody.
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first therapeutic IgE-neutralizing antibody that was approved for
clinical use (in 2003 in the United States, in 2004 in the European
Union). The antibody targets an epitope within the epsilon heavy
chain constant regions to prevent interaction of serum IgE with
Fc receptors on effector cells [8–10]. Apart from the initially
intended purpose to reduce serum IgE concentrations, anti-IgE
treatment also reversed phenotypic and functional effects of IgE-
enhanced FceRI levels on basophils [11] or mast cells [12] and
receptor expression dropped to baseline levels within a few days.
Both IgE and FceRI reductions led to impaired activation of effector
cells in the presence of allergen in a synergistic manner. Conse-
quently, the histamine release of basophils, mast cell function,
and even the chronic inflammatory process during the late phase
were reduced in skin prick tests [11,13,14]. Unlike inhalative or
topical treatments, anti-IgE promotes desensitizing effects system-
ically on both effector and regulatory cells of allergic inflammation.

Nevertheless, not all patients benefit from anti-IgE treatment,
and the reasons for such treatment failures are still unknown. In vi-
tro studies demonstrated that a reduction in free IgE to less than
10 ng/ml (4.16 IU/ml) was required to prevent IgE-mediated cross-
linking of FceRI and subsequent effector cell activation. It should be
noted, however, that this sensitivity differs among individuals [15].
Based on the assessment of patients’ clinical responses in phase I
and II trials, clinical benefits were associated with an average
reduction of serum IgE below 25 ng/ml (10.4 IU/ml) [16]. There-
fore, the availability of reliable assays may help physicians to verify
that free serum IgE concentrations indeed have declined into the
therapeutically intended range. The experimental setup must en-
sure that the remaining free IgE can be discriminated from the
huge amount of long-lasting IgE–omalizumab complexes [17].

To establish an efficient and reliable detection system enabling
such a discrimination of free versus omalizumab-bound IgE, we
fused the IgE-specific extracellular domains of the FceRIa subunit
with heavy chain constant regions of chicken IgY as domains for
dimerization, immobilization, and detection. IgY is the major
low-molecular-weight serum immunoglobulin in oviparous ani-
mals [18], and it has been shown that using IgY constant domains
provides significant advantages in the field of diagnosis with re-
spect to a decrease in nonspecific interactions. Here we present
the generation of FceRIa–IgY fusion proteins for the quantitation
of free IgE versus omalizumab–IgE complexes and verified their
applicability in the clinic for the characterization of serum samples
from patients during anti-IgE therapy.
Materials and methods

Sera and patient samples

Serum was taken from patients with severe generalized atopic
eczema and a history of allergic rhinoconjunctivitis, and allergic
asthma was treated with a fixed schedule of 10 cycles of 150 mg
omalizumab (Xolair, Novartis, Nuernberg, Germany) subcutane-
ously in 2-week intervals at every visit as reported previously. Pa-
tient numbers in our study correspond with the numbering
mentioned there [19]. Serum samples were drawn 30 min before
injection of omalizumab. Informed consent from the patients was
obtained in accordance with the Declaration of Helsinki.
Cloning of FceRI a-chain domains and IgY constant regions

The human FceRIa extracellular domain (FceRIa-ecd) was syn-
thesized from complementary DNA (cDNA) derived from human
peripheral mononuclear cells. The avian immunoglobulin constant
domains were amplified from a cDNA library derived from chicken
splenocytes. The FceRIa-ecd was amplified without the original
signal sequence using one polymerase chain reaction (PCR) primer
containing a Pfl23II site (gatccgtacgtgtggggcagtccctcagaaacctaagg)
and another primer containing an SgsI site (gatcggcgcgcccggag
cttttattacagtaatgttgag) and was introduced into pcDNA3.1/zeo
containing a rat immunoglobulin leader sequence and the com-
plete avian constant heavy chain or the avian Fc regions including
a C-terminal 4 � His tag, respectively, as described previously [20].
Subsequently, the t2 domain was amplified using one primer con-
taining an SgsI site (gatcggcgcgccgcctgtagccccagag) and another
primer containing a 4�His tag and an XbaI site (gatctctagatcagtg
atggtgatggaactccgggcatcccttgacgtgat) and was introduced into
pcDNA3.1/zeo containing a rat immunoglobulin leader sequence
and the FceRIa-ecd. All amplifications were performed using Pfx
polymerase (Invitrogen, Karlsruhe, Germany) essentially as de-
scribed by the manufacturer under standard reaction conditions.

Stable transfection of HEK293 cells

HEK293 cells (ATCC no. CRL-1573) were cultivated in Dul-
becco’s modified Eagle’s medium (DMEM) supplemented with
10% (v/v) heat-inactivated fetal calf serum, 100 IU/ml penicillin,
and 100 lg/ml streptomycin. Tissue culture reagents were ob-
tained from Invitrogen. HEK293 cells were transfected with 2 lg
of the expression vector using polyethylenimine (PEI, Sigma–Al-
drich, Taufkirchen, Germany). Stable transfectants then were se-
lected in DMEM supplemented with 10% (v/v) fetal calf serum
containing 100 lg/ml zeocin as selection marker (Invitrogen). For
secretory protein expression, transfected cells were grown for
3 days as an adhesion culture. The fusion protein secreted by trans-
fected HEK293 cells was purified from the culture medium by
affinity chromatography using Ni–NTA (nitrilotriacetic acid)–aga-
rose (Qiagen, Hilden, Germany) according to the manufacturer’s
recommendations.

Assessment of immunoreactivity in ELISA

For assessment of immunoreactivity, purified FceRI–IgY Fc
(1 lg/ml diluted in 1% [w/v] bovine serum albumin [BSA] in phos-
phate-buffered saline [PBS]) was applied to microtiter plates previ-
ously coated with 100 lg/ml monoclonal antibodies of different
isotypes [21,22] at 4 �C overnight and blocked with 2% (w/v)
BSA–PBS at room temperature (RT) for 45 min. After incubation
for 90 min at RT on a rocker platform, the wells were rinsed three
times each with 0.1% (v/v) Tween–PBS and PBS and were further
incubated with 100 ll of an anti-IgY (Fc-specific) alkaline phospha-
tase (AP) conjugate (diluted 1:10,000 in 1% [w/v] BSA–PBS,
Rockland, Gilbertsville, PA, USA) for 45 min at RT on a rocker plat-
form. The wells were rinsed again three times with 0.1% (v/v)
Tween–PBS and PBS, and bound antibodies were visualized by
the addition of 75 ll of a 2,2-azino-bis(3-ethyl-benzothiazoline-
6-sulfonic acid) diammonium salt (ABTS) substrate solution
(Sigma–Aldrich). Absorbance was determined at 405 nm after
15 min of incubation.

For determination of serum IgE, 100 ll of FceRIa–IgY Fc (0.5 lg/
ml in PBS) or omalizumab (10 lg/ml) was immobilized on microti-
ter plates. After incubation at 4 �C overnight, the wells were rinsed
with wash buffer (reagent set B, BD Pharmingen, San Diego, CA,
USA). Then dilutions of human myeloma IgE (Calbiochem, Notting-
ham, UK) or serum samples were added and incubated for 60 min
at RT. For competition experiments, myeloma IgE (10 ng/ml) was
applied in the presence of omalizumab at concentrations ranging
from 0.02 to 200 lg/ml. After washing, 100 ll of biotinylated
mouse anti-human IgE (BD Pharmingen, 1:250 in assay diluent)
and streptavidin–horseradish peroxidase (HRP) conjugate (BD
Pharmingen, 1:1000 in assay diluent) were added and further incu-
bated for 30 min at RT. The wells were rinsed again, and bound IgE



136 Quantitation of serum IgE by using chimeras of human IgE receptor and avian immunoglobulin domains / I. Braren et al. / Anal. Biochem. 412 (2011) 134–140
was visualized by the addition of 75 ll of ABTS substrate solution
(Sigma–Aldrich). Absorbance was determined after 15 min and the
addition of 50 ll stop solution at 450/750 nm. Allergen-specific IgE
was detected by the addition of biotinylated allergen extracts (Sie-
mens Healthcare Diagnostics, Los Angeles, CA, USA) and streptavi-
din–HRP conjugate (BD Pharmingen, 1:1000 in assay diluent).

Quantitation of FceRIa –IgY constructs was determined by
sandwich enzyme-linked immunosorbent assay (ELISA, Chicken
IgG Quantitation Kit, Biomol, Hamburg, Germany) according to
the recommendations of the manufacturer.

Other methods

Sodium dodecyl sulfate–polyacrylamide gel electrophoresis
(SDS–PAGE), Western blotting, ELISA, and standard procedures in
molecular biology essentially were performed according to estab-
lished protocols [23]. For detection in immunoblot, anti-FceRIa
rabbit serum (Upstate, Lake Placid, NY, USA) and anti-rabbit IgG–
AP conjugate (Sigma–Aldrich) or anti-IgY (Fc-specific) IgG–AP con-
jugate (Rockland) were used. Total serum IgE and allergen-specific
IgE were determined using common laboratory analyzers
(UniCAP250, Phadia, Uppsala, Sweden).
Results

Generation of recombinant FceRI–IgY fusion constructs

The human FceRIa-ecds were amplified from cDNA derived
from human peripheral mononuclear cells. Thereafter, the cDNA
was introduced into expression vectors containing a rodent signal
sequence and t heavy chain constant regions (IgY) amplified from
cDNA of chicken splenocytes and a C-terminal 4 � His tag to enable
purification from culture supernatants under mild conditions [20].

After establishment of stable HEK293 cell lines, secretion of the
fusion constructs (Fig. 1A) to the medium was analyzed by SDS–
PAGE and Western blotting. As expected for the dimeric molecules,
the apparent molecular masses were found to be in the range of
180 and 160 kDa for FceRI–IgY and the FceRI–IgY Fc construct con-
taining only the IgY Fc region, respectively. FceRI–IgY CH2 contain-
ing only the avian CH2 heavy chain region was detected both as a
dimer and as a monomer. Due to its heterogeneity observed in
Fig.1. Schematic representation and analysis of the recombinant fusion proteins. (A) Cons
subunit are shaded darker gray. Glycosylation sites are indicated (black). (B) The fusion p
reducing conditions and immunoblotting. Detection was performed by using anti-FceR
conjugate.
SDS–PAGE analysis, FceRI–IgY CH2 was omitted from further
characterizations. Quantitation of FceRI–IgY and FceRI–IgY Fc in
the culture supernatant of adherent HEK293 transfectants by sand-
wich ELISA confirmed yields in the range of 200 ng/ml for FceRI–
IgY versus 4 lg/ml for the miniaturized FceRI–IgY Fc construct.
After isolation from the culture medium by immobilized metal
ion chromatography, SDS–PAGE and immunoblotting with subse-
quent detection using anti-FceRIa rabbit serum and anti-rabbit
IgG–AP conjugate or anti-IgY (Fc-specific) IgG–AP conjugate dem-
onstrated homogeneity and the identity of both IgY fusion con-
structs (Fig. 1B).
Characterization of the receptor fusion molecules

All further experiments were performed with the recombinant
FceRI–IgY Fc construct due to its improved expression behavior.
Immunoreactivity was analyzed by ELISA using FceRI–IgY Fc as a
detection moiety (Fig. 2A). As expected, signals were observed with
immobilized recombinant human IgE [21] and murine myeloma
IgE, but none of the other human immunoglobulin isotypes, includ-
ing human IgA, IgM, and recombinant human IgG of all four
subclasses [22], were detected. As expected, only those IgE con-
structs containing the e-CH3 region essential for the receptor bind-
ing site were bound (data not shown).

The FceRI–IgY chimera was employed as a detection moiety in
immunoblotting (Fig. 2B). Using AlaBLOTs (allergen code I1, Sie-
mens Healthcare Diagnostics) and a human monoclonal recombi-
nant Api m 1-specific IgE antibody [21], Api m 1 was specifically
detected in bee venom using both anti-IgE conjugate (left column
in Fig. 2B) and FceRI IgY/anti-IgY conjugate (right column in
Fig. 2B).

Myeloma IgE concentrations were then determined in ELISA
where IgE was captured from normal serum with FceRI–IgY Fc
and detected with anti-human IgE (Fig. 2C). Immobilized FceRI–
IgY Fc (Fig. 3A) or omalizumab (Fig. 3B) was used to capture mye-
loma IgE in the presence of increasing concentrations of either
omalizumab or FceRI–IgY Fc as competitors in solution. The mutual
exclusion of either omalizumab or FceRI–IgY Fc binding to the IgE
epitope was confirmed; therefore, the general principle of provid-
ing a specific reagent that targets the IgE epitope defined by the
native human IgE receptor was verified.
tant IgY regions are shaded gray, and extracellular domains D1 and D2 of the FceRIa
roteins were analyzed by SDS–PAGE and Coomassie staining under nonreducing and
Ia rabbit serum and anti-rabbit IgG–AP conjugate or anti-IgY (Fc-specific) IgG–AP



Fig.2. Immunoreactivity and specificity of FceRI–IgY Fc by ELISA. The specificity of FceRI–IgY Fc as a detection moiety was assessed with different immobilized
immunoglobulin isotypes (A) or with honeybee venom AlaBLOTS (allergen code I1) and monoclonal Api m 1-specific IgE (B) and an anti-IgY AP conjugate. The
immunoreactivity of immobilized FceRI–IgY Fc was assessed using different concentrations of human myeloma IgE and biotinylated anti-IgE/streptavidin–AP conjugate (C).

Fig.3. Competition experiments. Immobilized FceRI–IgY Fc or omalizumab (10 lg/ml) was incubated with 5 ng/nl nonspecific human myeloma IgE in the presence of
omalizumab or FceRI–IgY Fc as a competitor in solution. (A) Capture with FceRI–IgY Fc and competition with omalizumab. (B) Capture with omalizumab and competition
with FceRI–IgY Fc. (C) Immobilized FceRI–IgY Fc (10 lg/ml) was incubated with serum of a timothy grass allergic patient (allergen code G6). By using sera of two patients and
omalizumab as a competitor in solution, noncomplexed serum IgE was determined using biotinylated timothy grass pollen extract and streptavidin–AP conjugate. sIgE,
specific IgE; tIgE, total IgE.
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To better define the nonbound serum IgE population, analyses
on an allergen-specific level were performed. Therefore, serum
IgE was captured via immobilized FceRI–IgY Fc. Allergen-specific
IgE was then detected by using biotinylated timothy grass pollen
extract (Phleum pratense, allergen code G6) and a steptavidin–AP
conjugate for detection (Fig. 3C). Signals were detected in serum
of an allergic patient with high timothy grass pollen-specific IgE
levels, but not in the control sample (96 kU/L and <0.1 kU/L,
respectively, determined by UniCAP250, Phadia). Biotinylated
house dust mite extract (Dermatophagoides pteronyssimus, allergen
code D1) served as a control and did not produce any signals (data
not shown). On the addition of omalizumab, free allergen IgE de-
clined as expected and demonstrated the general feasibility of such
analyses on a molecular level. In serum samples from atopic do-
nors without grass pollen allergy, no free IgE could be detected
when using biotinylated timothy grass pollen extract (data not
shown).

Together, these data emphasize that the recombinant FceRI–IgY
fusion proteins constitute functional affinity molecules with
authentic binding of IgE in different experimental setups allowing
the reliable and efficient determination of noncomplexed IgE.
Free IgE assay using fusion molecules in omalizumab-treated patients

After evaluation of the basic characteristics of the FceRI–IgY Fc
construct, we monitored free versus omalizumab-complexed IgE
levels in sera of patients undergoing omalizumab therapy over
time [19]. All patients displayed total serum IgE values above
1000 IU/ml before therapy and had a history of allergic rhinocon-
junctivitis and allergic asthma. We determined free total IgE values
in a setting similar to that in Fig. 3 with FceRI–IgY Fc as a capture
reagent (Fig. 4). As expected, levels of free IgE in all patients de-
clined during the course of omalizumab-based intervention. Initial
levels ranging from approximately 1500 to 5000 IU/ml reflected
the highly atopic state of the individuals and corresponded to the
presence of noncomplexed IgE. Omalizumab administration effec-
tively suppressed free IgE levels in all serum samples, and this fur-
ther persisted under therapy. However, after termination of
therapy, elevated free IgE titers were reestablished, as observed
in patient 5 in Fig. 5 (open symbols indicate termination of ther-
apy). Therefore, coherent and robust results were obtained demon-
strating the applicability and reliability of the FceRI–IgY Fc
molecule for the determination of unbound serum IgE.
Discussion

Anti-IgE treatment is designed primarily for reducing the level
of free serum IgE and downregulating IgE receptors on effector
cells. Accordingly, it was shown to improve symptoms, quality of
life, and disease control (asthma exacerbations) in patients with
concomitant asthma and persistent allergic rhinitis [13]. Although
the causal role of IgE in allergic disease is well established, the rela-
tionship between free IgE and the reduction of clinical symptoms
under anti-IgE therapy has not been evaluated accurately.



Fig.4. Assay scheme for the determination of serum IgE in the presence of
omalizumab. FceRI–IgY Fc is used as a capture reagent for exclusive binding of
free serum IgE (left). Anti-IgE antibodies (polyclonal or monoclonal), by contrast,
are able to bind to free IgE and omalizumab-complexed IgE. Blue: human IgE; red
circle: FceRI binding site; red: omalizumab; green: nonhuman anti-IgE antibodies;
yellow circle: enzyme conjugated to the antibody backbone. (For interpretation of
the references to color in this figure legend, the reader is referred to the Web
version of this article.)
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Clinical trials in patients with allergic rhinitis and asthma have
shown improvements rapidly after initiation of anti-IgE
administration [24]. By this time, FceRI on mast cells has been only
marginally downregulated, and reduction of mast cell activation
presumably has not yet been achieved. Thus, additional mecha-
nisms must account for the therapeutic effects during the early
period of anti-IgE treatment. One intriguing explanation relies on
the formation of beneficial immune complexes of anti-IgE and
IgE that rapidly accumulate up to 10 times the basal IgE levels in
certain individuals [25]. The nature of these immune complexes
formed in vitro ranges from a putatively cyclic hexamer to hetero-
trimeric structures, presumably consisting of 2:1 or 1:2 molecules
of omalizumab/IgE [26,27]. Complex formation depends on the
molar ratio of anti-IgE and IgE and may vary with the biochemical
environment such as PBS versus serum [28]. These complexes
show an increased functional affinity (avidity) and compete with
allergen-specific receptor-bound IgE on mast cells and basophils
for incoming allergen molecules, thereby preventing them from
binding to receptor-bound IgE and inducing FceRI crosslinking. In
contrast to the potentially beneficial nature of these immune
complexes, their generation and long-term persistence in the cir-
Fig.5. Measurement of patient sera. Immobilized FceRI–IgY Fc was incubated with pat
completed). Noncomplexed serum IgE (diamonds) was determined using biotinylated m
used as a standard (not shown). Total IgE (triangles) was measured by UniCAP250 (Pha
culation was shown to interfere with the accuracy and reproduc-
ibility of total and allergen-specific IgE immunoassays [29].

Parallel to the development of omalizumab, a free IgE immuno-
assay was developed using an FceRI–IgG chimera to capture non-
complexed IgE [30]. The FceRI–IgG ‘‘immunoadhesin’’ formed
highly stable heterotrimeric complexes in solution [31], and its
binding affinity was comparable to that described for the high-
affinity FceRI receptors on cultured cord blood basophils and trans-
fected COS cells [32–34]. Although FceRI–IgG appeared to be a use-
ful reagent for the measurement of free IgE [35], it was never
launched as a commercial assay. Although other assay setups using
anti-IgE antibodies to discriminate between free and complexed
IgE are generally feasible, IgE–FceRIa interactions represent the
underlying principle of IgE-mediated hypersensitivity. Because
the IgE binding sites of FceRI and omalizumab are not identical,
other assays would be confined to the use of particular anti-IgE
antibodies. By contrast, an assay on the basis of a soluble FceRI chi-
mera allows the analysis of a variety of anti-IgE therapeutics,
including nonantibody molecules [7,36].

Hamilton and coworkers described the development and vali-
dation of free and total serum IgE immunoenzymometric assays
(IEMAs) that were designed specifically to evaluate the sera of
omalizumab-treated patients [17]. These assays were based on
the soluble human FceRIa ectodomain produced via the baculovi-
rus vector expression system in insect cells; however, when used
as a capture moiety, immobilization abolished IgE reactivity [17].
Certain insect cell lines are known to provide immunogenic glycan
structures containing a-1,3-core fucose [37], the hallmark of car-
bohydrate crossreactive determinants (CCDs). Especially food, pol-
len, and insect venom allergic patients are often characterized by
the presence of CCD-specific IgE antibodies in their serum samples
[38,39]. When using the heavily glycosylated FceRIa ectodomains
in immunoassays, this phenomenon might evoke erroneous results
[40]. Therefore, to avoid such problems, we used a human cell line
for recombinant production.

In this study, we generated FceRIa chimeras by fusing the li-
gand-binding ectodomain with chicken IgY heavy chain regions
as dimerization domains. Chicken-derived antibodies have increas-
ingly proven to be valuable reagents in immunoassays because
they offer many advantages over their mammalian homologues
and do not interact with endogenous serum proteins well known
to evoke assay interference. Rheumatoid factor (RF), heterophilic
antibodies, human anti-mouse IgG antibodies (HAMAs), and com-
plement components are considered as the most prominent causes
of false-positive or false-negative results in immunoassays [41–
43]. Furthermore, chicken IgY is not recognized by protein A, G,
or L; thus, a combination of these standard detection conjugates
in multiplex assays would be feasible. When produced in mamma-
lian systems such as HEK293 cells, recombinant IgY retained its
favorable properties [20,44]. After fusing the FceRI extracellular
domains with different IgY heavy chain domains, the comparative
analyses of the constructs suggested that the secretion efficiencies
ient sera treated with omalizumab (open symbols indicate that therapy has been
onoclonal anti-IgE antibody, and streptavidin–AP conjugate with myeloma IgE was
dia).
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correlated primarily with their molecular masses, as was already
shown for different IgG constructs [22]. FceRI–IgY functioned as a
detection or capture reagent for human myeloma IgE, and compe-
tition with omalizumab in solution further underlined its
specificity.

Recently, this issue was addressed by establishing a pharmaco-
kinetic–pharmacodynamic model of free IgE, and according to
these studies a time- and concentration-dependent relationship
between free IgE and clinical outcomes in patients with severe
allergic asthma was observed [24,45]. In addition to the total IgE
pool in the body, the quantitation of the specific IgE fraction may
also be taken into account. Data on the informative value of this
parameter, however, are still conflicting. Patients with high levels
of mite-specific IgE profited most from omalizumab when the con-
tribution to total specific IgE was low. However, no consistent pre-
dictive effect for the response to treatment was observed for IgE
levels specific for individual allergens [46]. By contrast, in patients
with seasonal allergic rhinitis, baseline-specific IgE, but not neces-
sarily total IgE, correlated with symptom severity during anti-IgE
treatment [47]. In cat allergic patients, the currently recommended
doses of omalizumab eliminated IgE antibodies very efficiently and
improved symptoms if the specific IgE antibody contributed less
than 1% to the total IgE load but were not effective if the percent-
age was greater than 3% [48]. Apart from the possibility to deter-
mine serum IgE levels, the fate of local IgE within the target
tissue of allergic responses remains elusive.

Using FceRI–IgY as a capture moiety, we showed the determina-
tion of allergen-specific noncomplexed IgE by using biotinylated
allergen extracts and enzyme-labeled streptavidin for detection
in the presence of omalizumab as a competitor. Thus, a decline
in allergen-specific free IgE as a parameter for patient selection
for this kind of therapy can be further evaluated.

To benefit from anti-IgE therapy, monitoring of circulating total
and allergen-specific IgE and free IgE concentrations may help to
optimize dosing and maximize the efficacy of therapy. The best
clinical outcomes are observed in those patients with a reduction
to less than 25 ng/ml free IgE [49,50]. The optimal selection of pa-
tients on the basis of starting IgE values, however, is still under de-
bate. It was previously reported that the efficacy of omalizumab
was less in patients with low IgE levels (<75 kU/L) [13], but oma-
lizumab was also proven to be effective in atopic patients with less
than 30 kIU/L [51]. In selected patients with generalized atopic ec-
zema and high levels of total IgE, we observed surprising success
with low-dose anti-IgE therapy [52]. Serum samples of three
exemplary patients with severe generalized atopic eczema and a
history of allergic rhinoconjunctivitis and allergic asthma under
anti-IgE therapy were selected for evaluation of free IgE concentra-
tions over time. All patients showed starting IgE levels greater than
1000 kU/L that rapidly dropped during therapy but rose again after
termination of IgE suppression.

Even though the reasons for the ineffectiveness of anti-IgE ther-
apy in some patients are still unknown, clinical effects might be
attenuated because tissue mast cells lose their surface IgE very
slowly, possibly within weeks, even when free serum IgE reaches
low steady-state levels within hours of intravenous injection.
Although IgE reduction persists for some time after discontinua-
tion of therapy, IgE is continuously synthesized de novo.
Consequently, serum IgE levels will eventually rise again after ces-
sation of therapy [53], and skin test reactivity in a group of patients
with perennial allergic rhinitis returned to prestudy baseline levels
[54]. Thus, an adjustment of anti-IgE dosing and retreatment with
maintenance doses at certain intervals appears to be reasonable
[55].

These findings clearly emphasize the need to provide commer-
cially available assay systems that are able to discriminate
IgE–omalizumab complexes from noncomplexed IgE and, thus,
provide the basis to deduce adequate therapeutic regimens from
residual-free IgE levels. Therefore, we established FceRI–IgY chi-
meras allowing the discrimination and quantitation of nonbound
and anti-IgE-complexed IgE in sera of patients undergoing anti-
IgE therapy. As shown in different experimental setups, the
extraordinary specificity and reactivity of native FceRI is mirrored
by our recombinant molecules when used as a soluble capture or
detection reagent. Currently, a lateral flow assay that allows the
determination of free IgE in serum samples within 10 min is under
development as a point-of-care assay for clinicians. In selected pa-
tient sera, noncomplexed IgE declined rapidly, whereas total IgE
remained rather stable.

This is due to the continuous production of IgE and, conse-
quently, an accumulation of stable and long-lasting IgE–anti-IgE
complexes. Of note, we assessed these changes in only a limited
number of patients. On the basis of our pilot investigations, studies
with larger cohorts may reveal the impact of free IgE during ther-
apy and follow-up of treated patients against the background of
different factors promoting or affecting anti-IgE therapy. Such
studies may allow clinical interpretation of residual noncomplexed
IgE as a biomarker to distinguish individuals responding to oma-
lizumab treatment from nonresponders at an early time point in
therapy.

In summary, we have established bivalent FceRI fusion con-
structs with high specificity for human and murine IgE that may
serve as ideal capture or detection reagents for the quantitation
of free IgE levels in omalizumab-treated patients on a larger scale.
Factors determining whether this translates into clinical benefit re-
main to be further investigated.
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