
Accelerated dissociation of IgE-FcεRI complexes by
disruptive inhibitors actively desensitizes allergic
effector cells
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Background: The remarkably stable interaction of IgE with its
high-affinity receptor FcεRI on basophils and mast cells is
critical for the induction of allergic hypersensitivity reactions.
Because of the exceptionally slow dissociation rate of IgE-FcεRI
complexes, such allergic effector cells permanently display
allergen-specific IgE on their surface and immediately respond
to allergen challenge by releasing inflammatory mediators. We
have recently described a novel macromolecular inhibitor that
actively promotes the dissociation of IgE from FcεRI through a
molecular mechanism termed facilitated dissociation.
Objective: Here we assessed the therapeutic potential of this
non–immunoglobulin-based IgE inhibitor E2_79, a designed
ankyrin repeat protein (DARPin), as well as a novel engineered
biparatopic DARPin bi53_79, and directly compared them with
the established anti-IgE antibody omalizumab.
Methods: IgE-FcεRI complex dissociation was analyzed in vitro
by using recombinant proteins in ELISA and surface plasmon
resonance, ex vivo by using human primary basophils with flow
cytometry, and in vivo by using human FcεRI a-chain transgenic
mice in a functional passive cutaneous anaphylaxis test.
Results: We show that E2_79-mediated removal of IgE from
primary human basophils fully abrogates IgE-dependent cell
activation and release of proinflammatory mediators ex vivo.
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Furthermore, we report that omalizumab also accelerates the
dissociation of IgE from FcεRI, although much less efficiently
than E2_79. Using the biparatopic IgE targeting approach, we
further improved the disruptive potency of E2_79 by
approximately 100-fold and show that disruptive IgE inhibitors
efficiently prevent passive cutaneous anaphylaxis in mice
expressing the human FcεRI a-chain.
Conclusion: Our findings highlight the potential of such novel
IgE inhibitors as important diagnostic and therapeutic tools for
management of allergic diseases. (J Allergy Clin Immunol
2014;nnn:nnn-nnn.)
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The interaction of IgE antibodies with the high-affinity
receptor FcεRI, which is mainly expressed on the surfaces of
tissue-resident mast cells and blood-borne basophils, is a critical
step in most allergic reactions. IgE binding to the a-chain of
FcεRI is mediated through the Fc region of IgE, which is
composed of 3 domains: Cε2, Cε3, and Cε4. Although the Cε3
domains directly contact the receptor, the Cε4 domains form the
heavy chain dimerization interface.1 Interestingly, the Cε2
domains are not necessary for FcεRI binding, but slow down
both on and off rates for complex formation.2 Because the binding
affinity of IgE to FcεRI is remarkably high (<1 nmol/L), IgE and
FcεRI form stable complexes on mast cells and basophils
before allergen binding, priming these allergic effector cells to
respond. Allergen-induced cross-linking of receptor-bound IgE
stimulates cell degranulation and release of prestored, as well
as de novo–synthesized, proinflammatory mediators, promoting
classic allergic disease symptoms.3-5

The central importance of IgE-receptor binding in patients
with allergic diseases has drawn considerable attention to
this interaction as a therapeutic target. Small oligonucleotide
aptamers,6,7 phage display–selected peptides,8-10 anti-IgE anti-
bodies,11,12 anti-FcεRI antibodies,13-15 and designed ankyrin repeat
proteins (DARPins)16-18 have been identified as high-affinity
inhibitors of IgE-receptor binding. However, only the anti-IgE
antibody omalizumab (Xolair; Novartis, Basel, Switzerland) is
currently available for the treatment of moderate-to-severe persis-
tent asthma. The binding epitope of omalizumab has been mapped
to theCε3 domain of IgE overlappingwith the FcεRI binding site.19

Therefore it is widely accepted that omalizumab neutralizes free
IgE but does not interfere with receptor-bound IgE.12,19-21 Because
IgE stabilizes the receptor on the cell surface and thereby prevents
its internalization,22,23 the amount of soluble IgE present in serum
directly correlates with FcεRI levels on basophil granulocytes
1
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Abbreviations used
DARPin: D
esigned ankyrin repeat protein
FITC: F
luorescein isothiocyanate
HRP: H
orseradish peroxidase
HSA: H
uman serum albumin
ID50: H
alf-maximal disruptive concentration
KD: D
issociation constant
LTC4: L
eukotriene C4
NIP: 4
-Hydroxy-3-iodo-5-nitrophenylacetyl
PE: P
hycoerythrin
RU: R
esponse units
SPR: S
urface plasmon resonance
in vivo.24 Indeed, various clinical studies have observed a
decrease in the amount of FcεRI on basophils of omalizumab-
treated patients.23,25-27

Using recombinant proteins, we recently reported that a novel
IgE inhibitor, DARPin E2_79, not only prevents binding of free
IgE to FcεRI but also actively disrupts preformed IgE-FcεRI
complexes in vitro through a facilitated dissociation mecha-
nism.28 Here we describe that the disruptive anti-IgE inhibitor
E2_79 has the ability to interfere with IgE-receptor complexes
on the surfaces of human allergic effector cells ex vivo, as well
as in vivo. Furthermore, we demonstrate that a fusion of 2
anti-IgE DARPins exhibits significantly increased efficiency in
disrupting IgE-FcεRI complexes. Unexpectedly, we found that
high concentrations of omalizumab also promote IgE-receptor
complex dissociation and that omalizumab directly binds to
IgE-Fc–receptor complexes lacking the IgE Cε2 domain. We
establish that in vitro biochemical binding studies and the
efficiencies of receptor complex dissociation correlate well with
the ability of these inhibitors to strip IgE from the surfaces of
human blood basophils and to block IgE-dependent responses
in a humanized mouse model of passive cutaneous anaphylaxis.
Overall, these studies reveal an additional mode of action for
the therapeutic anti-IgE antibody omalizumab and demonstrate
that DARPin-based disruptive anti-IgE inhibitors offer an
attractive therapeutic approach for the treatment of allergic
disease.
METHODS
See the Methods section in this article’s Online Repository at www.

jacionline.org for details about materials, inhibition ELISAs, BIAcore binding

assays, cell isolation, basophil desensitization and resensitization, receptor

time-course assays, basophil activation tests, and passive cutaneous

anaphylaxis.
Human samples and animals
Human primary basophils were isolated from whole blood of allergic and

healthy donors with approval from the local ethics committee. Informed

consent was obtained from all donors in accordance with the Helsinki

Declaration. Mice transgenic for human FcεRIa and with the murine FcεRIa

knocked out were obtained from Prof J.-P. Kinet. All animal experimentation

was approved from the local committee.
Statistics
Statistical analysis was carried out with Prism 5.0 software (GraphPad

Software, La Jolla, Calif) for Macintosh. All data are shown as means6 SDs.
Comparisons between different treatments were analyzed by using 1-way

ANOVAwith Bonferroni post hoc tests. In all tests P values of less than .05

were considered statistically significant.
RESULTS

Omalizumab accelerates IgE dissociation in vitro
To assess the therapeutic potential of different IgE inhibitors,

we compared the previously described disruptive anti-IgE
DARPin E2_79 with the commercial anti-IgE antibody omalizu-
mab in different assays. In all these experiments the noninhibitory
anti-IgE DARPin E3_58 served as a control. Using surface
plasmon resonance (SPR), we first measured the kinetics of
each binder with immobilized IgE (see Fig E1 and Table E1 in this
article’s Online Repository at www.jacionline.org). Omalizumab
showed approximately 10-fold higher affinity for IgE (dissocia-
tion constant [KD], approximately 0.3 nmol/L) than E2_79
(KD, approximately 5 nmol/L). The affinity of the control
DARPin E3_58 was almost 100 times lower (KD, approximately
19 nmol/L) compared with that of omalizumab. To assess the
disruptive potential of the different anti-IgE binders, we
performed a competitive ELISA in which we precomplexed IgE
with FcεRI before a 30-minute incubation with increasing con-
centrations of DARPin E2_79, DARPin E3_58, and omalizumab
(Fig 1, A). As expected, we did not observe any effect on IgE
dissociation using E3_58, whereas IgE was removed from its
receptor in a dose-dependent manner by E2_79. Surprisingly,
we also observed complex dissociation with high concentrations
(>1 mmol/L) of omalizumab, although to a significantly lesser
extent than with E2_79. At the same time, we analyzed
supernatants for the amount of dissociated IgE in a separate
ELISA (Fig 1, B). Accordingly, we found the highest
concentrations of removed IgE in E2_79-treated IgE-FcεRI
complexes, whereas we did not detect changing levels of IgE in
solution for DARPin E3_58, confirming that it does not have
the ability to remove or compete IgE from FcεRI. Importantly,
and consistent with the removal data, we also observed
detached IgE in the supernatant of omalizumab-treated IgE-
receptor complexes.

To obtain more direct evidence for accelerated complex
dissociation with omalizumab, we probed the interactions of
the anti-IgE ligands with preformed IgE-FcεRI complexes
using SPR. FcεRI protein was immobilized on the chip surface
and loaded with full-length IgE before injection of the
different anti-IgE molecules, which was followed by buffer
flow. We confirmed dose-dependent accelerated dissociation of
preformed IgE-FcεRI complexes by E2_79 (Fig 1, C), whereas
E3_58 did not remove IgE but formed ternary complexes with
IgE-FcεRI (Fig 1, D). High concentrations (>3 mmol/L) of
omalizumab also showed dissociation of IgE (Fig 1, E),
although not as efficiently as E2_79, which is consistent
with the observations by means of ELISA. We also included
soluble FcεRI as a control for direct steric competition,
and we did not observe any accelerated dissociation
(Fig 1, F). At lower concentrations (6-200 nmol/L), omalizu-
mab showed no direct binding to receptor-bound full-length
IgE (Fig 2, A). However, when we used IgE-Fc3-4, consisting
of the Cε3-Cε4 domains, instead of full-length IgE, we
observed remarkable binding of omalizumab (Fig 2, B),
suggesting that the lack of Cε2 domains exposes at least one
of the 2 Cε3 domains in the IgE-Fc subunits, which have
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FIG 1. Omalizumab accelerates IgE dissociation in vitro. A, Increasing concentrations of the nondisruptive

DARPin E3_58 (diamonds), the disruptive DARPin E2_79 (downward triangles), and omalizumab (circles)
dissociate preformed IgE-FcεRI complexes in ELISA. B, Removed IgE is quantified in the supernatants of

E3_58-, E2_79-, and omalizumab-treated IgE-FcεRI complexes by means of ELISA. Values represent

means 6 SDs of technical duplicates in the ELISAs. C-F, The potency of E2_79, E3_58, and omalizumab to

disrupt IgE-FcεRI complexes is assessed by using SPR. FcεRIa is immobilized, and injection of 10 nmol/L

full-length IgE is followed by the addition of E2_79 (Fig 1, C), E3_58 (Fig 1, D), omalizumab (Fig 1, E), and
soluble FcεRIa (Fig 1, F).
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been described as omalizumab-binding sites (Fig 2, C and D;
PDB ID: 2Y7Q and 1F6A).1,19,29
E2_79 and omalizumab remove IgE from cells

ex vivo
To investigate whether the observed accelerated dissociation

of IgE from recombinant receptor might have relevance for IgE
bound to FcεRI-expressing cells, we isolated primary human
blood basophils. Increasing concentrations of E2_79, E3_58,
and omalizumab were applied to the cells for different
durations, and the remaining IgE was quantified by using flow
cytometry (Fig 3, A and B, and see Fig E2 in this article’s
Online Repository at www.jacionline.org). IgE levels of
untreated cells were set to 100% for each time point. Consistent
with the previous results, we did not observe any change in IgE
levels for the nondisruptive anti-IgE binder E3_58 over time.
However, DARPin E2_79 and omalizumab were able to remove
receptor-bound IgE from the cells in a concentration- and
time-dependent manner. IgE removal was already detectable
within minutes of incubation with E2_79, whereas it took
more than 1 hour to see an effect with omalizumab (Fig 3, A
and B, and see Fig E2). This is in line with the higher potency
of E2_79 to actively dissociate IgE-FcεRI complexes in
SPR experiments. Half-maximal stripping of IgE from the
cell-surface receptors was observed after 15 to 30 minutes

http://www.jacionline.org


FIG 2. Omalizumab recognizes receptor-bound IgE-Fc3-4. Binding of omalizumab to receptor-bound

full-length IgE (A) or IgE-Fc3-4 (B) complexes is measured by using SPR. FcεRIa is immobilized, and injection

of 10 nmol/L full-length IgE is followed by the addition of omalizumab. The structures of IgE-Fc2-4–FcεRIa

(C) and IgE-Fc3-4–FcεRIa complexes (D) from PDB ID 2Y7Q and 1F6A, respectively, are shown. Residues

421 to 432 are represented as red spheres and correspond to F-strand and FG-loop residues in the IgE Cε3

domain. Site 2 is directly involved in FcεRIa binding and likely blocked from omalizumab binding. Site 1 is

accessible to solvent. In the IgE-Fc2-4–FcεRIa complex, the Cε2 domains sterically block omalizumab site 1.
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with E2_79 and after 4 to 6 hours with omalizumab by using a
concentration of 50 mmol/L of inhibitor.

This novel method to remove IgE from the cell surface allows
studying the role of receptor-bound IgE on cellular functions of
human cells ex vivo under physiologic conditions. Because it is
known that IgE stabilizes FcεRI on the cell surface, we assessed
how the disruption of IgE-receptor complexes would translate
into receptor downregulation. To investigate changes in the amount
of FcεRI on the surfaces of isolated primary human basophils, we
treated these cells with 50mmol/L E2_79, omalizumab, ormedium
only and determined receptor levels every 48 hours by using flow
cytometry (Fig 3, C and E). Simultaneously, we quantified IgE
levels for each time point (Fig 3, C and D). As expected, no more
receptor-bound IgE was detectable after 24 hours of incubation
with E2_79 or omalizumab and thereafter. Receptor levels simulta-
neously decreased for E2_79- and omalizumab-treated cells start-
ing at day 3, indicating that receptor turnover and not IgE
stripping is the rate-determining step in this experiment. Intrinsic
dissociation of IgE without the influence of any inhibitor led to a
50% reduction in FcεRI cell-surface levels within 9 days, whereas
the same extent of receptor decrease was reached already after 5
days by treating the cells with either E2_79 or omalizumab. These
data suggest that enhanced FcεRI downregulation on allergic
effector cells in patients receiving omalizumab treatment might



FIG 3. E2_79 and omalizumab accelerate IgE-FcεRI complex dissociation on primary basophils ex vivo.
A, Surface IgE staining of isolated primary human blood basophils from 1 donor after incubation with

E3_58 (first row), omalizumab (second row), or E2_79 (third row). Histograms show surface IgE levels

compared with those seen in untreated cells. B, IgE levels on the surfaces of primary human basophils after

incubation with 50 mmol/L E3_58 (white bars), omalizumab (gray bars), or E2_79 (black bars) for the

indicated durations. The geometric mean fluorescence intensity for surface IgE on untreated cells was

set to 100%. C, Surface IgE (columns 1 and 2) and FcεRIa (columns 3 and 4) staining of isolated primary

human blood basophils after incubation without (gray area) or with (dashed line) omalizumab or

E2_79 (black line) over 11 days. D and E, Surface IgE (Fig 3, D) and FcεRIa (Fig 3, E) levels on primary human

basophils after incubation without (squares) or with (downward triangles) 50 mmol/L omalizumab or

E2_79 (circles). The geometric mean of the fluorescence intensity for IgE and FcεRIa levels of untreated cells

were set to 100%. F, Flow cytometric gating strategy for basophil activation test using isolated primary

human basophils. Cells were treated without (white bars) or with (black bars) 50 mmol/L E2_79 overnight.

G and H, Activation by anti-IgE antibody Le27 is shown by surface CD63 (Fig 3, G) and secreted LTC4

(Fig 3, H) quantification. Values represent means 6 SDs (n 5 3-4).
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FIG 4. Antigen-specific resensitization of desensitized primary basophils ex vivo.A andB,Surface levels of IgE

(Fig 4, A) and FcεRIa (Fig 4, B) on isolated primary human basophils after overnight incubation without (gray
area) or with E3_58, E2_79, or omalizumab (black line). Resensitization of E3_58-, E2_79-, or omalizumab-

treated cells with NIP-specific IgE is shown (dashed lines). C and D, Surface IgE (Fig 4, C) and FcεRIa (Fig 4, D)
levels on primary human basophils after desensitization with E3_58, E2_79, or omalizumab (black bars) and re-

sensitization (gray bars). The geometricmean fluorescence intensity for IgE and FcεRIa levels of untreated cells

was set to 100%. E and F, Antigen-specific activation test with desensitized (black bars) or resensitized (gray
bars) cells measuring CD63 (Fig 4, E) or secreted LTC4 (Fig 4, F). Values represent means6 SDs (n5 3).
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be due to accelerated dissociation of IgE from the cell surface
in vivo.25,27,30

The possibility of actively removing receptor-bound IgE from
the surfaces of basophils sets the stage for new approaches
to interfering with allergen-induced hypersensitivity reactions.
Therefore we determined whether active desensitization
of highly responsive IL-3–primed human blood basophils
will abrogate IgE-dependent activation.31,32 Degranulation of
preformed mediators was indirectly probed, as previously
described, by using flow cytometry, measuring the percentage
of CD631 basophils (Fig 3, F).33 Triggering with the anti-IgE
mAb Le27 resulted in concentration-dependent basophil
degranulation, whereas IgE-dependent activation was completely
abrogated after desensitization of the cells overnight with
50 mmol/L E2_79 before challenge (Fig 3, G). In parallel, we
assessed secretion of de novo–synthesized mediators using
ELISA, measuring the amount of leukotriene C4 (LTC4) in the
cell supernatants (Fig 3, H). LTC4 secretion nicely corresponded



FIG 5. Biparatopic anti-IgE targeting increases disruptive efficacy. A-D, SPR to compare bivalent anti-IgE

DARPins with E2_79. FcεRIa was immobilized, and injection of 10 nmol/L full-length IgE was followed

by different concentrations of E2_79 (Fig 5, A), bi79_79 (Fig 5, B), bi79_53 (Fig 5, C), or bi53_79 (Fig 5, D).
E, Surface IgE staining on primary human blood basophils incubated with E2_79, bi79_79, bi79_53, or

bi53_79. F, Surface IgE level on primary human basophils from 3 donors after desensitization with

50 mmol/L E2_79 (dark gray bars), bi79_79 (black bars), bi79_53 (white bars), or bi53_79 (light gray bars).
The geometric mean fluorescence intensity for IgE of untreated cells was set to 100%. G, Flow cytometric

anaphylactogenicity analysis of bivalent DARPins by using primary human blood basophils. CD63 was

used as an activation marker. Values represent means 6 SDs (n 5 3).
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to the CD63 measurements and therefore correlated with degran-
ulation data. Namely, desensitized basophils did not release any
LTC4 on IgE-dependent stimulation, whereas untreated cells
induced leukotriene synthesis and release dose dependently.
Taken together, these data suggest that both E2_79 and omalizu-
mab accelerate IgE dissociation from the high-affinity receptor



FIG 6. Disruptive IgE inhibitors block anaphylaxis in vivo. Transgenic mice expressing human FcεRIa were

passively sensitized with intradermal injections of NIP-specific IgE. The next day, 50 mmol/L (A) or 5 mmol/L

(C) E2_79, E3_58, and omalizumab and 5 mmol/L bi53_79 (Fig 6, A and C) were applied at the same site

intradermally. Six hours later, the mice were intravenously challenged with antigen solution containing

0.5% Evans blue. Representative pictures of the skin were taken to visualize the local allergic reaction

(Fig 6, A and C). Additionally, the reactions were quantified by means of extraction of the blue dye from

the skin (B and D). Values represent means6 SDs (n5 3-4). **P < .01 and ****P < .0001. ns, Not significant.
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FcεRI on primary human basophils and thereby induce a decrease
in surface FcεRI levels. This active desensitization fully abrogates
IgE-dependent cell activation and release of proinflammatory
mediators.
Antigen-specific resensitization of basophils
Considering the observed receptor kinetics of E2_79-

or omalizumab-treated basophils, we assessed whether IgE-
stripped cells might be resensitized with allergen-specific
IgE and challenged accordingly. For this purpose, we added 100
nmol/L 4-hydroxy-3-iodo-5-nitrophenylacetyl (NIP)–specific
IgE for 1 hour to primary human basophils that were treated
overnight with 50 mmol/L E2_79. In this short period of
resensitization, surface IgE levels were restored close to their
initial values (Fig 4, A and B), whereas we did not observe any
major changes in receptor levels (Fig 4,C andD). Resensitization
with NIP-specific IgE fully restored IgE-dependent activation
(Fig 4, E) and release of LTC4 (Fig 4, F), rendering the cells
responsive to low concentrations of antigen. These results might
pave the way for the establishment of novel cellular allergy
diagnostics to test patients’ sera on actively desensitized primary
cells from any given donor and compare the reactivity of different
sera in a standardized manner on the same cells.
Biparatopic anti-IgE targeting increases disruptive

efficacy
To further improve the disruptive efficacy of E2_79, we

generated bivalent DARPins, as previously described.17 By fusing
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E2_79 to the nondisruptive anti-IgE DARPin E3_53, which
recognizes receptor-bound IgE (see Fig E3, A, in this article’s
Online Repository at www.jacionline.org),17 we aimed to
increase IgE targeting and the local concentration of disruptive
DARPins in close proximity to FcεRI. We have previously
reported that the molecular N- to C-terminal orientation in which
2 DARPins are joined through a flexible glycine-serine linker
might affect their monovalent binding behavior.17 Therefore we
generated constructs in both directions and expressed the
bispecific DARPin E2_79-linker-E3_53 (bi79_53), as well as
the bispecific DARPin E3_53-linker-E2_79 (bi53_79). As a
control, we also produced both bivalent constructs DARPin
E3_53-linker-E3_53 (bi53_53) and DARPin E2_79-linker-
E2_79 (bi79_79). Using the same SPR measurements described
for the monovalent DARPins, we measured kinetics and
compared the disruptive efficacy of the bivalent anti-IgE DAR-
Pins with that of E2_79 (Fig 5, A-D, and see Fig E3, C-G, and
Table E1). As expected, bi53_53 recognized receptor-bound
IgE and formed ternary complexes without removing IgE from
the receptor (see Fig E3, B). Interestingly, both bi79_79 and
bi79_53 showed no improvement in IgE-FcεRI complex
dissociation. Rather, bi79_53 appears to be noticeably less
effective at stimulating complex disruption. However, we
observed remarkably (>10-fold) increased disruptive efficacy
for bi53_79 compared with E2_79 in the SPR experiments. We
confirmed these results by measuring IgE surface levels on
DARPin-treated primary human basophils using flow cytometry
(Fig 5, E and F). Compared with the monovalent disruptive
E2_79, bi53_79 showed significantly enhanced IgE dissociation
as a function of DARPin concentration, whereas all other bivalent
DARPins performed worse (Fig 5, F).

In general, bivalent anti-IgE molecules targeting non-FcεRI
epitopes might cross-link receptor-bound IgE and thus induce
basophil or mast cell activation and degranulation.34 To probe
whether the bivalent disruptive anti-IgE DARPins might trigger
such anaphylactic reactions, we tested them on isolated primary
human basophils, again measuring CD63 as an activation marker
(Fig 3, F). The bivalent anti-IgE DARPin bi53_53 that we used as
a positive control activated basophils in a dose-dependent
manner, whereas we did not observe any activation above the
baseline level for the other bivalent DARPins containing at least
1 E2_79 subunit (Fig 5, G).
bi53_79 is more potent than omalizumab in

blocking anaphylaxis in vivo
Both omalizumab and the anti-IgE DARPins used in this study

show very high specificity for human IgE and do not cross-react
with murine IgE. Moreover, human IgE does not bind to murine
FcεRI. Thus to test in vivo functionality and compare the different
inhibitors side by side, we used transgenic mice expressing the
human FcεRI a-chain instead of the murine receptor.3,35,36 We
injected these mice intradermally with human NIP-specific IgE
to passively sensitize cutaneous mast cells at different sites on
the back flank. The following day, the disruptive anti-IgE
inhibitor E2_79, the improved disruptive anti-IgE inhibitor
bi53_79, the nondisruptive anti-IgE E3_58, or the therapeutic
anti-IgE antibody omalizumab were applied to the same injection
sites intradermally. Six hours later, the micewere challenged with
intravenous injection of NIP25BSA antigen in saline containing
0.5% Evans blue dye. We quantified dye leakage caused by the
local allergic reaction visually on the inner skin (Fig 6, A and
C), as well as by dimethylformamide extraction of the blue dye
from the skin and measuring absorbance at a wavelength of
620 nm (Fig 6, B and D). Consistent with the in vitro and
ex vivo data, E2_79 and omalizumab performed similarly. They
both completely inhibited passive cutaneous anaphylaxis at
concentrations of 50 mmol/L, whereas inhibition was much less
pronounced at 5 mmol/L. However, the improved disruptive
inhibitor bi53_79 was significantly more effective and sufficient
to achieve full inhibition of this IgE-mediated allergic response
at a concentration of 5 mmol/L. Thus disruptive IgE inhibitors
based on DARPin scaffolds might represent an attractive
alternative to antibodies, such as omalizumab, for intervention
in acute allergic reactions.
DISCUSSION
Here we demonstrated that disruptive IgE inhibitors not only

accelerate dissociation of IgE from FcεRI in vitro but that these
inhibitors might also be used to actively remove IgE from the
surface of allergic effector cells ex vivo and in vivo. The efficacy
of IgE removal is not dependent on the affinity of the inhibitor but
rather on its epitope specificity. We calculated the relative
efficiencies of E2_79, bi53_79, and omalizumab in dissociating
IgE complexes as the ratio of their affinity for IgE to the
half-maximal concentration in stimulating accelerated complex
dissociation (KD/ID50), as measured by using SPR (see Fig E4
and Table E2 in this article’s Online Repository at www.
jacionline.org). On the basis of this calculation, bi53_79 is 2
orders of magnitude more efficient than E2_79 and greater than
10,000-fold more efficient than omalizumab. For bi53_79, the
fusion of a noninhibitory DARPin (E3_53) to the disruptive
DARPin (E2_79) enabled tethering of E2_79 to IgE-FcεRI
complexes, increasing its local concentration in close proximity
to the receptor. The improved ability of bi53_79 to actively
dissociate IgE-FcεRI complexes is consistent with the proposed
mechanism of facilitated dissociation,28 where complexes must
partially open to expose the E2_79 binding site, allowing
DARPin insertion into the IgE-FcεRI interface. Compared with
classic biparatopic approaches, where targeting of 2 functional
epitopes increases biological efficacy,37,38 here a noninhibitory
anchor DARPin (E3_53) increases biological efficacy through
colocalization of the active disruptive inhibitor (E2_79). This
approach emphasizes the advantage of bispecific over monospe-
cific anti-IgE binders and might foster the development of novel
inhibitors specifically targeting receptor-bound IgE. The
increased potency of bi53_79 is not due to IgE binding affinity
because bi53_79 binds approximately 40-fold more weakly
(KD, approximately 12 nmol/L) than omalizumab (KD, approxi-
mately 0.3 nmol/L) to IgE (see Table E1). Instead, the increased
potency appears more consistent with the increased ability of
bi53_79 to actively dissociate preformed IgE-FcεRI complexes,
as revealed in the SPR and cell-based assays. Taken together,
these data provide evidence that accelerated disruption of
preformed IgE-FcεRI complexes on allergic effector cells might
provide greater therapeutic potential than neutralization of free
IgE alone.

In this study we also discovered an additional but thus far
overlooked molecular mechanism of the therapeutic anti-IgE
antibody omalizumab. We observed that at high concentrations,
omalizumab accelerates the dissociation of preformed IgE-FcεRI

http://www.jacionline.org
http://www.jacionline.org
http://www.jacionline.org
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complexes on the surfaces of allergic effector cells in addition to
its ability to inhibit the interaction of free IgE with FcεRI. These
findings add valuable information to previous omalizumab
studies, potentially explaining the rapid therapeutic effects
of omalizumab in IgE-related conditions, such as chronic
urticaria.39,40

Our results, together with those of previous studies mapping
binding sites of E2_79 and omalizumab, offer an explanation as to
why the efficiencies by which these 2 IgE inhibitors accelerate the
dissociation of IgE from FcεRI are different.19,28 The binding site
of omalizumab shows major overlap with the FcεRI-binding
residues on IgE. On the other hand, we previously reported that
E2_79 shows only minor overlap with receptor binding to IgE
and that it disrupts IgE-FcεRI through a facilitated dissociation
mechanism.28 The reduced efficacy of omalizumab-induced IgE
dissociation is likely due to a larger steric overlap between
omalizumab and FcεRI when bound to IgE, creating greater
direct steric constraints for insertion into partially dissociated
intermediates. The 2 distinct inhibitor geometries might result
in the different receptor complex dissociation rates of E2_79
and omalizumab in SPR measurements, as well as in cellular
IgE-removal assays ex vivo.

It has been previously widely accepted that omalizumab does
not directly interfere with or engage receptor-bound IgE because
its epitope overlaps with the FcεRI binding site in the Cε3
domains of IgE.12,19,29 However, we observed direct binding
of omalizumab to IgE-Fc3-4–FcεRI but not full-length IgE-FcεRI
complexes, indicating that the lack of binding to receptor-bound
IgE is in part due to steric hindrance of the IgE Cε2 domains and
not the receptor. The asymmetric binding of IgE to FcεRI clearly
leaves one of the Cε3 domains exposed and available for
omalizumab binding1 in the absence of the Cε2 domains.
Whether truncated IgE molecules, such as IgE-Fc3-4, are
generated physiologically and whether they might be involved
in rare cases of omalizumab-induced anaphylaxis requires further
investigation.41

Different clinical studies have previously reported that the
FcεRI density on basophils and dendritic cells in patients
receiving anti-IgE treatment considerably decreases within the
first week of omalizumab application.25,27,30 However, the
published half-life of receptor-bound IgE on basophils ex vivo
has been described to be on the order of 8 days. Furthermore,
reduction in FcεRI levels to 50% has been shown to occur within
the range of 13 days of culture in the absence of free IgE.42 Our
findings now indicate that the remarkable decrease in FcεRI levels
on basophils of omalizumab-treated patients might not only be
due to the neutralization of free IgE but also could result from
omalizumab-induced accelerated dissociation of IgE from FcεRI.
Peak serum concentrations of omalizumab-treated patients have
been described to reach greater than 7 mmol/L (1100 mg/mL) in
dosage studies during clinical development.43 These in vivo
concentrations are comparable with the amounts of omalizumab
we used in this study. Even though lower concentrations are
currently used for treatment, omalizumab-induced accelerated
IgE-FcεRI complex dissociation might still be of physiologic
relevance.

Thus far, it has been difficult to assess the functional role of IgE
on primary human allergic effector cells because IgE removal
could only be achieved with lactic acid treatment (pH 3.9) of the
cells ex vivo. These harsh stripping conditions might cause
cellular stress or damage and have complicated the interpretation
of results obtained. A more physiologic stripping method
through facilitated dissociation will enable the investigation
of functional consequences of IgE removal from allergic
effector cells under physiologic circumstances both in vivo and
ex vivo. Furthermore, this novel stripping approach that we
describe here opens the possibility of establishing standardized
assays for cellular allergy diagnostics. Activation tests with
desensitized basophils passively resensitized with sera from
allergic patients might help differentiate between cell-intrinsic
and cell-extrinsic factors contributing to the disease state,
which could be important for choosing the best treatment
approach.

Our results using DARPin-based IgE inhibitors both ex vivo
and in vivo provide the basis for the development of novel drug
candidates interfering with allergic hypersensitivity reactions.
Further studies addressing immunogenicity and pharmacoki-
netics are required to develop DARPins as human therapeutics.
DARPins are produced in remarkably high yields in bacterial
expression systems and feature several favorable molecular
characteristics, such as small size, exceptional stability, and
high solubility, facilitating manufacturing, storage, and therapeu-
tic application.44 On the basis of these considerations, the
disruptive DARPin inhibitors might be particularly suitable and
promising for topical therapy of allergic disease.
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Clinical implications: Here we describe a novel treatment
approach for IgE-dependent allergic disorders using disruptive
IgE inhibitors that actively remove IgE from basophils and
mast cells. Additionally, such inhibitors represent a valuable
tool to develop cell-based diagnostic allergy tests.
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METHODS

Materials
Anti-IgE DARPins were selected by using ribosomal display and produced

in Escherichia coli, as previously described.E1,E2 Recombinant FcεRIa–

human serum albumin (HSA)–FcεRIa fusion protein, soluble FcεRIa, and

recombinant human IL-3 were kindly provided by Novartis. IgE-Sus11E3

and IgE-JW8, as well as the anti-IgE antibody Le27,E4 were isolated from

hybridoma and transfectoma cells, respectively, in our laboratory. NIP-BSA

(Biosearch Technology, Petaluma, Calif), poly–horseradish peroxidase

(HRP)–conjugated streptavidin (Thermo Scientific, Uppsala, Sweden), and

omalizumab (Novartis) were purchased. The anti-FcεRI antibody 29C6 was

kindly provided by Roche (Mannheim, Germany). IgE-Fc3-4 was expressed

in insect cells, as previously described.E5 The anti-IgE antibody Le27 and

anti-FcεRI antibody 29C6, which were used for flow cytometry, were

labeled with LYNX conjugation kits (AbD Serotec, Raleigh, NC).

IgE-Sus11 was biotinylated with the EZ-Link Sulfo-NHS-Biotinylation

kit (Thermo Scientific). Anti-CD63–fluorescein isothiocyanate (FITC)/

anti-CCR3–phycoerythrin (PE) antibody staining mix, and leukotriene

CAST ELISAs were kindly provided by B€uhlmann Laboratories AG

(Sch€onenbuch, Switzerland).

Inhibition ELISAs
ELISAs were performed with 96-half-well Maxisorp plates. Between each

step, the plate was washed 2 times with 150 mL of PBS and 2 times with

150 mL of PBS/0.01% Tween-20. FcεRIa-HSA-FcεRIa was immobilized

overnight at 48C at 30 nmol/L in 50 mL of PBS. The next day, wells

were blocked with PBS/0.5% casein for 2 hours at 258C. Biotinylated

IgE-Sus11 (30 nmol/L) was first preincubated with 30 nmol/L immobilized

FcεRIa-HSA-FcεRIa for 1 hour at 258C to assess IgE-FcεRIa complex

disruption. Subsequently, different concentrations (0-100 mmol/L) of the

DARPins E2_79 or E3_58 or omalizumab were added for 30 minutes at 258C.
Supernatants were removed, and the remaining receptor-bound IgE was

detected with Le27-POX. The supernatants were diluted 1:10 in PBS/0.5%

casein, incubated for 1 hour in a new 96-half-well Maxisorp plate with

30 nmol/L immobilized Le27, and developed with poly-HRP–conjugated

streptavidin. 3,39,5,59-Tetramethylbenzidine was used as a substrate for HRP.

The enzymatic reaction was stopped with 1 mol/L sulfuric acid, and the

absorbance was measured at a wavelength of 450 nm with an EL808 plate

reader (BioTek, Winooski, Vt).

BIAcore binding assays
SPR measurements were conducted on a BIAcore X100 device and

evaluated with BIAevaluation software (GE Healthcare, Fairfield, Conn).

Individual sensorgram curves were exported to Excel for further data mining,

and graphs were prepared with GraphPad Prism 5.0 software (GraphPad

Software, La Jolla, Calif). In all experiments, unspecific binding to flow cell 1

was subtracted from the signal on flow cell 2. Unspecific signal peaks at the

beginning and end of injections, which are due to buffer changes and a short

lag phase between flow cells 1 and 2, were removed.

For kinetic analysis of different IgE binders, 1000 response units (RU) of

IgE-Sus11 was immobilized in acetate (pH 5.0) buffer on flow cell 2 of

a CM5 chip (GE Healthcare). Flow cell 1 was activated and deactivated

without immobilization, according to themanufacturer’s protocol. IgE binders

were diluted in HBS-EP1 running buffer (GE Healthcare) and injected for

120 seconds at a constant flow rate of 10 mL/min. Dissociation was assessed

for 240 seconds under constant buffer flow.

For IgE-removal experiments, FcεRIa-HSA-FcεRIa was immobilized on

flow cell 2 at 1000 RU. Flow cell 1 was immobilized with 500 RU of HSA

(Sigma, St Louis, Mo). IgE-Sus11 or IgE-Fc3-4 (10 nmol/L) was injected

for 120 seconds. Within the following 60 seconds, almost no off-rate was

observable because of the remarkably strong interaction of IgE with FcεRIa.

All tested IgE binders were diluted in HBS-EP1 running buffer, except for

omalizumab, which was first dialyzed and where 1.75% Tween-20 (Sigma)

was added to the samples and the running buffer. The indicated concentrations

of anti-IgEmolecules were injected for 180 seconds, and IgE dissociation was

monitored for an additional 180 seconds under a constant buffer flow. For each
measurement, the chip surface was regenerated with 50 mmol/L NaOH, and

new IgE was loaded onto the immobilized FcεRIa.

Cell isolation
Human basophils were isolated from different donors, with total IgE levels

ranging from 11 to 326 kU/L by using Percoll density centrifugation of

dextran-sedimented supernatants with further purification with the Miltenyi

basophil isolation kit II (Miltenyi Biotec, Bergisch Gladbach, Germany), as

previously described.E6 Total IgE levels of all donors were determined with

ImmunoCAP (Phadia, Uppsala, Sweden).

Basophil desensitization and resensitization
Purified human basophils were seeded at 0.5 3 105 cells per well in a

96-well plate in 100 mL of RPMI containing 10% heat-inactivated FCS,

100 IU/mL penicillin, and 100 mg/mL streptomycin (medium). For desensiti-

zation experiments, cells were centrifuged at 500g and 48C for 8 minutes, and

the supernatants were discarded. The different IgE binders (1-50 mmol/L)

were diluted in medium, and 100 mL was added to the cells for the indicated

durations. The cells were centrifuged and washed 2 times with 150mL of PBS

to remove any dissociated IgE and anti-IgE molecules in the supernatant.

FITC-labeled Le27 (1 mL) and allophycocyanin-labeled 29C6 (0.5 mL)

were used to stain 0.5 3 106 cells in PBS containing 2% heat-inactivated

FCS and 0.05% NaN3 (staining buffer) for 15 minutes at 258C. Le27 detects

surface-bound IgE, whereas 29C6 recognizes both IgE-bound and free

FcεRIa. Cells were centrifuged, washed as above, and resuspended in

300 mL of staining buffer. At least 3 3 103 basophils were acquired on a

FACSCalibur device. Data were analyzed with FlowJo 9.6 software (TreeStar,

Ashland, Ore).

For resensitization, the purified primary human basophils were stripped

overnight and washed 2 times with 150 mL of PBS to remove any dissociated

IgE and anti-IgE molecules. Then the cells were incubated in medium

containing 100 nmol/L NIP-specific IgE-JW8 for 1 hour at 378C. The staining
and acquisition protocol was the same as for desensitization.

Receptor time course
For the quantification of FcεRIa, 0.253 105 cells per well were seeded in

medium containing 10 ng/mL IL-3. Every 5 days, new IL-3 (10 ng/mL) was

added. Cells were cultured in the presence or absence of 50 mmol/L E2_79

or omalizumab until IgE and FcεRIa levels were quantified by means of

flow cytometry with the same antibodies and staining procedure as for the

desensitization experiments. Samples were measured every 48 hours over a

time period of 11 days. The first quantification was performed after 24 hours

of culture. At least 1 3 103 basophils were acquired.

Basophil activation test
Purified human basophils were seeded at 0.5 3 105 cells per well in a

96-well plate in 100 mL of medium. Cells were either not stripped,

stripped, or stripped and resensitized. For desensitization, cells were incubated

for 14 hours with 50 mmol/L DARPin E2_79, as described above. IL-3

(50 ng/mL) was added to each well overnight to optimally prime the cells

for activation. The next day, cells were washed twice with 150 mL of PBS.

For resensitization, 100 nmol/L NIP-specific IgE-JW8 was added for 1 hour

at 378C. After an additional wash step, the cells were triggered either with

Le27 (10-300 ng/mL) or NIP-BSA (0.01-10 ng/mL) for 20 minutes in the

presence of IL-3 and 10 mL of CD63-FITC/CCR3-PE antibody mix.

Supernatants were removed, and the cells werewashed twice and resuspended

in 300 mL of staining buffer. Again, at least 33 103 basophils were acquired.

Supernatants were used for LTC4 quantification with the commercially

available CAST-ELISA. The ELISA was performed according to the

manufacturer’s instructions.

For assessment of the anaphylactogenicity of the different divalent

DARPins, 0.5 3 105 cells per well were cultured in a 96-well plate in

100 mL of medium containing 50 ng/mL IL-3 overnight. The next day, the

indicated concentrations (5 mmol/L, 500 nmol/L, 50 nmol/L, 5 nmol/L, and

0 nmol/L) of the different divalent DARPins (bi53_53, bi79_79, bi53_79,
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and bi79_53) were added to the cells for 10 minutes, and the cells were

simultaneously stained in the same way as for the regular basophil activation

test with 10 mL of CD63-FITC/CCR3-PE antibody mix.

Passive cutaneous anaphylaxis
Mice that are transgenic for human FcεRIa and that have the murine

FcεRIa knocked out were used to assess the in vivo efficacy of the different

IgE inhibitors. During manipulation, the mice were kept anesthetized under

a constant flow of isoflurane. At each injection site, 25 mL of 5 mg/mL human

NIP-specific IgE-JW8 or PBS was applied intradermally. The next day,

the mice were again anesthetized, and different concentrations (5 or

50 mmol/L) of DARPin E3_58, E2_79, bi53_79, or omalizumab were applied

at the same injection sites. Six hours later, multivalent allergen (NIP25 BSA,

Biosearch Technology) was applied intravenously in combination with

0.5% Evans blue dye in 200 mL of saline. Dye leakage into the skin was

visually analyzed. For absolute quantification, the dye was extracted from

the skin with dimethylformamide (EMD Chemicals, Darmstadt, Germany),

and absorbance was measured at a wavelength of 620 nm.
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FIG E1. Binding characteristics and kinetics of monovalent anti-IgE DARPins by using SPR. Monoclonal IgE

was immobilized, and binding of DARPin E2_79 (A), DARPin E3_58 (B), and omalizumab (C) was measured

by using SPR. The data are globally fitted (black dashed lines) with the 1:1 Langmuir binding model

implemented in BIAevaluation software.
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FIG E2. Time- and dose-dependent desensitization of primary human blood basophils by IgE inhibitors

ex vivo. A-E, Cells from an allergic donor were incubated for different durations with noninhibitory DARPin

E3_58 (upward triangles), the disruptive DARPin E2_79 (circles), or the therapeutic anti-IgE antibody

omalizumab (downward triangles). IgE cell-surface levels were quantified by using flow cytometry and

are shown as geometric means of fluorescence intensity.
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FIG E3. Binding characteristics and kinetics of biparatopic anti-IgE DARPins using SPR. Monoclonal IgE

was injected to immobilized FcεRIa. Different concentrations of E3_53 (A) or bi53_53 (B) were added to

the preformed IgE-FcεRIa complexes. The binding response of DARPin E3_53 (C), bi53_53 (D), bi79_79

(E), bi53_79 (F), and bi79_53 (G) was monitored at different concentrations on immobilized monoclonal

IgE-Sus11. The data are globally fitted (black dashed lines) by using the 1:1 Langmuir binding model

implemented in BIAevaluation software.
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FIG E4. Calculation of half-maximal disruptive concentration. By using the

data of the SPR measurements for IgE removal with E2_79, omalizumab,

and bi53_79, the concentration-dependent percentage of the remaining IgE

was calculated. The following formula was used: (IgEre/IgEin) 3 100, where

IgEin is the initial RU value of IgE binding to immobilized FcεRIa after

injection, and IgEre is the remaining RU value of receptor-bound IgE at

the end of each run. A nonlinear regression fitting for each inhibitor was

used to find the half-maximal disruptive concentration (ID50, Table E2) for

E2_79 (circles), omalizumab (upward triangles), and bi53_79 (diamonds).

J ALLERGY CLIN IMMUNOL

VOLUME nnn, NUMBER nn

EGGEL ET AL 11.e6



TABLE E1. Kinetic values of different IgE-specific binders

Binder Target

ka
(M21s21)

kd
(s21)

KD

(mol/L)

Fit,

x2 (RU2)

E2_79 IgE 1.08 3 106 5.46 3 1023 5.05 3 1029 1.58

E3_58 IgE 7.06 3 105 1.32 3 1022 1.87 3 1028 0.64

E3_53 IgE 5.54 3 105 2.61 3 1022 4.70 3 1028 0.87

Omalizumab IgE 2.5 3 106 6.97 3 1024 3.01 3 10210 0.98

bi53_53 IgE 6.50 3 105 2.62 3 1023 4.03 3 1029 1.03

bi79_79 IgE 9.56 3 105 2.45 3 1023 2.56 3 1029 2.01

bi53_79 IgE 2.85 3 105 3.42 3 1023 1.20 3 1028 1.09

bi79_53 IgE 6.91 3 105 2.74 3 1023 3.96 3 1029 4.67

ka, Association constant; kd, dissociation constant.
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TABLE E2. Efficacy of IgE dissociation

KD (nmol/L) ID50 (nmol/L) Efficiency (KD/ID50)

Omalizumab 0.23 2.15E105 1.07E206

E2_79 5.05 1.57E104 3.22E204

bi53_79 12.00 1.84E102 6.53E202
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