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Different modes of IgE binding to CD23 revealed with
major birch allergen, Bet v 1-specific monoclonal IgE

Kavita Reginald!, Julia Eckl-Dorna?, Domen Zafred®, Margarete Focke-Tejkl*, Christian Lupinek!,
Verena Niederbergerz, Walter Keller> and Rudolf Valental*

We investigated the binding of IgE and different types of allergen —IgE complexes to CD23-expressing human B cells. We
performed the experiments using chimeric Bip 1 (CB1), a chimeric humanized IgE specific for the major birch allergen,

Bet v 1, together with monomeric and oligomeric forms of recombinant Bet v 1 (rBet v 1), and Bet v 1-specific 1gG antibodies.
In this model IgE binding to CD23 was independent of variations in antibody affinities towards monomeric and oligomeric Bet v
1 as demonstrated by plasmon surface resonance. CB1 alone or in the form of small immune complexes consisting of one
molecule of CB1 plus allergen, showed comparable binding to CD23 on B cells. Using anti-IgE antibody probes discriminating
CD23-bound from CD23-unbound IgE, it is demonstrated that in large immune complexes obtained with oligomeric Bet v 1 or
by super-crosslinking of small immune complexes with Bet v 1-specific 1gG, anti-IgE staining of B cells increased. This increase

of staining was due to the presence of IgE antibodies in the immune complexes that were not directly engaged in CD23
binding, and thus available for IgE detection. Our study thus reveals that CD23 can bind in a comparable manner to free IgE
and IgE —allergen complexes of different size and composition, which may also include allergen-specific 1gG. The interplay of
free IgE with IgE-allergen immune complexes of different sizes and composition with CD23 binding represents a mechanism
for the modulation of CD23-mediated immune responses such as IgE-facilitated allergen presentation in allergic diseases.
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The low-affinity receptor for IgE, FceRIl, also termed CD23, is a
45kDa transmembrane glycoprotein belonging to the C-type lectin
protein family, which is expressed on B cells, T cells, Langerhans cells,
monocytes, eosinophils, neutrophils, macrophages and platelets.!
CD23 expression on B cells and macrophages is higher in allergic
patients compared to non-allergic persons,>® and increases upon
allergen exposure as it occurs for example during the pollen season.*

Allergen-specific immunotherapy (SIT) reduces CD23 expression
on B cells indicating its clinical relevance.*> Binding of allergens via
IgE to CD23 on antigen presenting cells, strongly augments allergen-
specific T cell proliferation and the synthesis of pro-inflammatory
cytokines.®” Successful SIT induces allergen-specific IgG antibodies
that inhibit IgE-facilitated allergen presentation, and thus T cell
activation and cytokine production.® This mechanism may therefore
be important for the reduction of allergen-specific T cell activity
during SIT.? Allergen-induced T cell proliferation can be also
inhibited with anti-CD23 antibodies, which therefore, have been
suggested for therapy of allergic diseases.!? Accordingly, the extent of

the inhibition of IgE-facilitated allergen presentation via CD23 by
SIT-induced allergen-specific IgG as measured by the facilitated
allergen binding assay has been proposed as a possible surrogate
marker for SIT.!12

In this study, we established a molecular model to investigate
modes of IgE binding to CD23 using defined molecular tools, that is,
a human monoclonal IgE specific for the major birch pollen allergen,
Bet v 1, chimeric Bip 1 (CBIl), recombinant monomeric and
oligomeric Bet v 1 as well as Bet v 1-specific IgG recognizing epitopes
distinct from those bound by CB1. These four modes were, 1: binding
of isolated monomeric CB1 to CD23, 2: binding of CD23 to CBI
bound to recombinant Bet v 1 (rBet v 1) monomer, 3: binding of
CD23 to CBI bound to a oligomeric form of rBet v 1 containing
several binding sites for IgE and 4: binding of CD23 to CB1-Bet v 1—
IgG immune complexes. In the latter two binding modes, larger
immune complexes were formed on the cell surface, which consisted
of IgE directly bound to CD23 and IgE that was only part of the
immune complexes without direct interaction to CD23.
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RESULTS

Dose-dependent binding of monomeric monoclonal IgE to CD23
on B cells

Figure la shows that the purified fraction of CB1 contains a single
molecular species that elutes as a single peak corresponding to 190
kDa. This result was confirmed by mass spectrometry showing that
the molecular mass of CBI is exactly 190753 Da (Figure 1b). The
second peak (that is, 93494.65Da) corresponds to half of the
molecule’s mass and represents a double-charged species (that is,
M2H ™) of the same protein. Binding experiments with freshly
purified CB1 and a monoclonal anti-human IgE, which can recognize
CD23-bound IgE demonstrate a dose-dependent and specific binding
of monomeric IgE to CD23 on B cells, even in the absence of a
specific allergen or ligands for IgE (Figure 2a). The binding of CB1 to
CD23 could be inhibited with an anti-CD23 antibody blocking the
IgE interaction with CD23 that was added to the cells before addition
of CB1 (Figure 2b). It was also blocked by pre-incubation of CB1 with
an anti-IgE antibody recognizing the CD23 binding site of IgE
(Figure 2c¢).

Anti-IgE staining increases upon binding of larger immune
complexes to CD23
Immune complexes consisting of monomeric CB1 alone or mono-
meric Bet v 1 in complex with CB1 showed no differences regarding
anti-IgE staining of B cells (Figure 3a, left panel). As IgE was always in
excess over allergen in this experiment, anti-IgE staining did not
increase when the concentration of Bet v 1 in the immune complexes
was increased from 0.3 to 200 pmolml ! (Figure 3a, right panel).
However, when we generated again under conditions of IgE-excess
immune complexes using CB1 and a oligomeric form of rBet v 1 (that
is, rBet v 1 trimer, containing several CB1 binding sites), we noted

much stronger anti-IgE staining of B cells compared to that of B cells
incubated with complexes containing monomeric Bet v 1 (Figure 3a).
The intensity of anti-IgE staining strongly increased with the
concentration of rBet v 1 oligomer in the immune complexes.

Increased anti-IgE staining is not due to different affinities of IgE
to monomeric or oligomeric forms of Bet v 1

We next investigated if the increase in IgE-staining of B cells observed
with immune complexes consisting of CB1 and oligomeric Bet v 1
was related to differences in binding affinities of CB1 to rBet v 1
monomer versus rBet v 1 trimer using surface plasmon resonance.
The kinetics of the interaction was determined from the calculated
rates of complex formation (k,) and dissociation (kq). The k, and kg
of both monomeric and oligomeric Bet v 1 to CB1 were in a very
similar range (~5 % 10°Ms and 8 x 10 >s 1, respectively) (Figures
3b and c). Based on the binding curves, the interaction kinetics
reflects rapid association between CB1 and Bet v 1 (monomer or
trimer) and relatively slow disassociation. The strength of binding or
interaction affinity (KD) was calculated as the ratio between the
kinetic rate constants (kq/k,) and was found to be high (that is,
10~1°M) for both monomeric and oligomeric rBet v 1 (Figures 3b
and c).

Super-crosslinking of allergen IgE immune complexes with
polyclonal IgG increases anti-IgE staining of CD23-bearing B cells
As the affinity of CB1 for monomeric rBet v 1 and oligomeric Bet v 1
was similar, increased anti-IgE staining with oligomeric Bet v 1-IgE
complexes may be explained by the fact that rBet v 1 trimer can
simultaneously bind several IgE molecules, and thus bring them to the
cells. This situation mimics the binding of polyclonal IgE recognizing
several epitopes on allergens.
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Figure 1 Size exclusion chromatography and MALDI-TOF analysis of chimeric Bip 1 antibody (CB1). (a) Size exclusion chromatography of CB1. Molecular
masses of standards (kDa) are indicated on top, elution volumes are shown on the x-axis and the y-axis displays the adsorption at 280 nm as arbitrary units.
(b) Molecular weight of CB1 by MALDI-TOF mass spectrometry. The x-axis shows the mass/charge (m/z) values and the y-axis the signal intensity.
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Figure 2 Binding of monomeric CB1 to CD23. (a) FACS histogram left
panel, EBV-B cells were incubated with CB1 at the amount of 100ng
(dotted line), 500ng (solid line) or phosphate buffered saline (PBS) (dark
gray filled). Right panel, bar graphs show dose-dependent (x-axis: ng)
increase in binding (y-axis: median fluorescence intensity) of CB1 to CD23
on EBV-B cells. Results are displayed as means +s.d.’s (b) FACS histogram
of cells, which had been pre-incubated with anti-CD23 antibody (dotted
line), matched isotype control antibody (solid line) before addition of CB1.
Cells incubated with PBS (dark gray filled) or CB1 without pre-treatment
(light gray filled). (c) Histogram of cells exposed to CB1 that was pre-
incubated with anti-human IgE (dotted line) or a matched isotype control
(solid line). Controls (PBS and CB1 without pretreatment) are as in (b).

Another possibility for generating larger immune complexes would
be the presence of polyclonal allergen-specific IgG antibodies that do
not block IgE binding to the allergen and can, therefore, super-
crosslink IgE—allergen immune complexes. In fact, when we cross-
linked CB1-Bet v 1 immune complexes with anti-Bet v 1 IgG
antibodies a strong increase of anti-IgE staining compared to
incubation with CBI alone was found (Figure 4a). In the presence
of crosslinking rabbit anti-Bet v 1 IgG, anti-IgE staining of B cells
increased strongly with increasing Bet v 1 concentration (Figure 4b).
When an unrelated allergen (that is grass pollen allergen Phl p 5) was
used at the highest concentration, anti-IgE staining remained at the
same level as with CB1 alone (Figure 4).

Detection of IgE that is not directly engaged in receptor binding in
complexes obtained by super-crosslinking of allergen—IgE immune
complexes with polyclonal IgG

We next sought to investigate whether all of the IgE present in larger
immune complexes is engaged in binding to CD23 on the B cells. For
this purpose, we incubated B cells with immune complexes formed
using CB1 and monomeric Bet v 1 followed by crosslinking with
rabbit anti-Bet v 1 IgG antibodies. Next, mouse monoclonal anti-IgE
antibodies that recognize the CD23-binding site of IgE, and hence
discriminate between free IgE and CD23-bound were added, and anti-
IgE labeling of cells was detected by FACS.
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Even with the anti-IgE antibody, which does not recognize CD23-
bound IgE, we observed an increase in the anti-IgE staining when
CB1-Bet v 1 immune complexes that had been super-crosslinked with
rabbit IgG anti-Bet v 1 were bound to the B cells (Figure 5a). This
increase in staining must therefore result from the presence of CB1 in
the immune complexes that are not directly engaged in receptor
binding (Figure 5). When rabbit IgG antibodies without specificity for
Bet v 1 were used in the interaction (rAb 1 and rAb2), the anti-IgE
staining was comparable to that found for CB1 alone (Figure 5b).

DISCUSSION

In this study, a molecular model system for the binding of human IgE
and allergen-IgE immune complexes to B cell-bound CD23 was
established. In order to study responses for a clinically relevant
allergen, a human monoclonal IgE antibody specific for the major
birch pollen allergen Bet v 1, CB1, was expressed and purified as a
strictly monomeric species by affinity and size exclusion chromato-
graphy. CB1 showed a highly specific and dose-dependent binding to
CD23 on B cells, which could be blocked with anti-CD23 or with a
monoclonal anti-human IgE antibody recognizing the binding site for
CD23. Immune complexes consisting of CB1 and a monomeric form
of rBet v 1 (that is, small immune complexes) showed an identical
binding to CD23 as was observed with CB1 alone. Strong increases of
IgE staining on the surface of CD23-bearing B cells were found when
IgE—allergen immune complexes were formed using a oligomeric
form of rBet v 1, which contains several binding sites for CB1 (that is,
large immune complexes) or when ‘small’ immune complexes were
super-crosslinked with polyclonal IgG antibodies, which recognize
epitopes different from those recognized by CBl. The stronger
anti-IgE staining of larger immune complexes was thus owing to
the fact that besides CD23-bound IgE they also contained IgE which
was not directly engaged in CD23 binding, and thus was available for
anti-IgE detection with antibodies directed to the CD23 binding
site of IgE.

Both binding modes may be of clinical relevance. In allergic
patients, the formation of larger immune complexes occurs in the
presence of polyclonal IgE, which is capable of recognizing and
binding different allergen epitopes, thus efficiently targeting them to
effector cells. In regards to mast cells and basophils it has been
observed that the intensity of degranulation increases with the
number of IgE binding sites on allergens.!>!* Increased IgE-allergen
binding to CD23-bearing B cells will likely cause increases in the
downstream events such antigen presentation and T cell
activation,'!® and thus lead to elevated release of cytokines®!718
and of pro-inflammatory mediators.!*2! Using a different approach,
that is, monoclonal IgE antibodies recognizing different epitopes
with different affinity, similar findings were reported recently.”?
However, the latter study could not unambiguously demonstrate
that increases of IgE binding to CD23 can be obtained by purely
oligoclonal recognition of epitopes that are recognized with the same
affinity as the authors used antibodies recognizing different epitopes
and with different affinities. In our study we used one monoclonal
antibody that recognized the same epitope on monomeric and
oligomeric Bet v 1 with similar binding affinity and we, thus, can
attribute the increased binding to CD23 to multivalent recognition of
the allergen.

The second mode of increased binding of immune complexes to
CD23 by super-crosslinking with polyclonal allergen-specific IgG may
occur in allergic patients, who also produce allergen-specific IgG that
recognize epitopes on allergens distinct from those recognized by IgE,
and hence can bind simultaneously to the allergen. It has been shown
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Figure 3 (a) Increased anti-IgE staining after binding of larger immune complexes to CD23. Left panel shows FACS histograms of anti-lgE-stained EBV-B
cells incubated with CB1-Bet v 1 immune complexes (dotted line) or CB1-Bet v 1 trimer immune complexes (solid line). As controls, cells were either
incubated with PBS (dark gray filled), or monomeric IgE without pre-treatment (light gray filled). Right panel shows the dose dependency of anti-IgE
staining for CB1-Bet v 1 trimer (solid lines) or CB1-Bet v 1 (dotted line) immune complexes. Results are displayed as means of duplicate measurements
+s.d.s. Kinetic analysis of the binding of monomeric Bet v 1 (b) or Bet v 1 trimer (c) to CB1 using the BlAcore system. CB1 was injected at two-fold
increasing concentrations into the flow cells containing immobilized antigens. Recorded (gray) and calculated (black) curves were superimposed. Resonance
units are displayed at the y-axes and and the time (s) at the x-axes. The calculated Kp, k, and kq values were noted.
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Figure 4 (a) FACS histograms of anti-lgE-stained EBV-B cells incubated
with CB1-Bet v 1 immune complexes crosslinked with rabbit anti-Bet v 1
IgG (solid line), CB1 alone (light gray filled), CB1 with Phl p 5 plus rabbit
anti-Bet v 1 IgG (dotted line) or PBS alone (dark gray filled). (b) dose
dependency of anti-IgE staining when the concentration of Bet v 1 (filled
squares) in the immune complexes with CB1 and rabbit anti-Bet v 1 IgG is
increased. The filled triangle marks the intensity of anti-IgE staining for the
highest concentration of Phl p 5. Results are displayed as means of
duplicate measurements +s.d.’s.
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Figure 5 (a) Visualization of CB1 that is not bound to CD23 in CB1-Bet v
1-rabbit anti-Bet v 1 immune complexes. FACS histogram of EBV-B cells
loaded with CB1-Bet v 1-rabbit anti-Bet v 1 immune complexes with an
anti-human IgE which does not recognize CD23-bound IgE (solid line). Cells
were also incubated with PBS plus CB1 plus rabbit anti-Bet v 1 (dark gray
filled), or CB1 plus Phl p 5 plus rabbit anti-Bet v 1 (dotted line) as
controls. (b), bar graphs showing binding of CB1 to CD23 on EBV-B
cells when complexed with different allergen-antibody combinations as
shown on the x-axis. Results are displayed as means of duplicate
measurements *s.d.’s.

Antibody r-o-Betv1l  rAb1 rAb2



that such IgG antibodies occur in allergic patients even as an
unwanted effect of SIT, and that such antibodies can enhance effector
cell activation and allergic inflammation.2>?* On the other hand, it
has been shown that the induction of allergen-specific IgG antibodies
that block IgE binding to allergens is an important mechanism of
successful SIT,*»?® and can downregulate the activity of allergen-
specific T cells and allergic inflammation via inhibition of IgE-
facilitated allergen presentation. Several studies suggest that the
induction of ‘misdirected’ allergen-specific IgG antibodies that do
not block IgE binding to the allergen is possible.?>?* If such
‘misdirected” IgG is induced during SIT it may augment the
binding of IgE—allergen immune complexes to CD23, and thus may
even increase allergic inflammation.?> The latter mechanism may be
one possible factor contributing to the failure of SIT.

Our study demonstrates different modes of binding of IgE alone
and of differently sized and composed allergen—IgE immune com-
plexes to CD23, which may modulate the allergic immune response.
Besides the well-established competition of blocking IgG for IgE-
facilitated allergen presentation, which downregulates allergic inflam-
mation,>>!112 we provide evidence for two modes of increased
binding of IgE-allergen immune complexes to CD23 on B cells that
may contribute to augmentation of allergic inflammation, and thus
may be also of clinical importance.

METHODS

Chimeric Bip 1, monomeric and oligomeric rBet v 1 and Epstein-
Barr virus-B cells

The monoclonal human IgE specific for the major birch pollen allergen,
Bet v 1, designated CBl, was engineered by grafting the mouse fragment
antigen-binding region from the antibody Bip 1 onto the human IgE fragment
crystallizable.”” Monomeric rBet v 1 and rBet v 1 trimer, resembling an
oligomeric form of Bet v 1, were expressed in Escherichia coli and purified as
described.?®?° rBet v 1 trimer but not rBet v 1 monomer contains several
binding sites for CBI and crosslinks CB1 when bound to FceRI on basophils or
mast cells and induces mediator release.!»> Rabbit anti-Bet v 1 antibodies
were obtained as described.!>*! The EBV-transformed B cells were a gift from
Dr Barbara Bohle, Department of Pathophysiology and Allergy Research,
Medical University of Vienna.

Size exclusion chromatography and mass spectrometric analysis of
monomeric CB1

CB1 was obtained as described'>?” and subjected to an additional purification
step using size exclusion chromatography to obtain a monomeric preparation.
Size exclusion chromatography was performed on a Superose 6 FPLC column
(GE Healthcare Bio-Sciences AB, Uppsala, Sweden). The MALDI mass
spectrum of CBl was acquired in a linear mode with MALDI ToF
(Microflex, Bruker, Billerica, MA, USA).

FACS-based analysis of IgE binding to CD23 on B cells
EBV-transformed B cells (10> cells per condition) were incubated with
monomeric CB1 for 1h at 4°C. Following a washing step, the cells were
blocked with blocking buffer (phosphate buffered saline containing 0.1%
sodium azide, 0.5% bovine serum albumin and 20% AB serum (Lonza,
Walkersville, MD, USA)) for 30min at 4°C. CB1 binding to CD23 was
revealed by staining with FITC-labeled anti-human IgE antibody (KPL,
Gaithersburg, MD, USA) using a flow cytometer (BD FACS Canto, BD
Biosciences, Rockville, MD, USA). Data was analyzed using Flowjo (Tree Star,
Inc., Ashland, OR, USA). Live cells were gated using forward-sideward scatter
and 7-AAD (Sigma, St Louis, MO, USA) discrimination.

For inhibition of CB1 binding to B cells using anti-CD23 antibodies, the
EBV-B cells were pre-incubated with 5pg anti-human CD23 (DakoCytoma-
tion, Glostrup, Denmark) for 1h at 4 °C, and washed prior to the addition of
CB1. Equal amounts of a mouse IgGl antibody (anti-His6-Tag, Dianova,
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Germany) were used as isotype control. CB1 binding was determined using
FITC-labeled anti-IgE antibodies as described above.

Inhibition with anti-human IgE was done by incubating CB1 with a mouse
monoclonal anti-human IgE antibody (BD Pharmingen, San Diego, CA, USA)
recognizing the CD23 binding site of human IgE, for 1h at 37°C, before
addition to B cells. CB1 binding to B cells was analyzed by staining with
anti-IgE as described above. A mouse monoclonal anti-human IgG (BD
Pharmingen) was used as isotype control.

Binding of IgE immune complexes to CD23 on B cells

Monomeric CB1 was incubated with increasing concentrations of monomeric
rBet v 1 or rBet v 1 trimer for 1h at 37 °C. The complexes were then exposed
to B cells for 1h at 4 °C. Following a wash and blocking step, bound CB1 was
detected by FACS as described above. In another set of experiments, immune
complexes were first formed between monomeric CB1 and Bet v 1 by
incubation at 37 °C for 1h, then incubated with B cells, followed by super-
crosslinking with rabbit anti-Bet v 1 IgG antibodies. Bound CB1 was detected
with FITC-labeled anti-human IgE antibodies. For control purposes, experi-
ments were performed with CBI1 that was either pre-incubated with a Bet v 1-
unrelated allergen (that is, grass pollen allergen Phl p 5) or phosphate
buffered saline.

A monoclonal mouse anti-human IgE (BD Pharmingen) recognizing the
CD23 binding site of IgE was used to stain IgE antibodies in CD23-bound
complexes that were not engaged in receptor binding. In these experiments
mouse anti-human IgE was detected with anti-mouse IgG FITC (BD
Bioscienes) for 30 min at 4 °C. Controls in these experiments were mixtures
of CB1 with Phl p 5 or with phosphate buffered saline. Rabbit anti-Bet v 1 IgG
antibodies were replaced with two rabbit IgG antibodies without specificity for
Bet v 1 in control experiments.

Surface plasmon resonance-based assessment of affinity and
interaction kinetics between monomeric or oligomeric Bet v 1
and CB1

Surface plasmon resonance measurements were performed at 25°C on a Cl
sensor chip using Biacore 2000 (GE Healthcare Biacore AB, Uppsala, Sweden).
For ligand immobilization on the chips, the sensor chip surfaces in two
different flow cells were activated by injection of a 1:1 mixture of 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide hydrochloride and N-hydroxysuccini-
mide, followed by injection of monomeric Bet v 1 in the first cell and Bet v
1 oligomer in the second flow cell. An unrelated allergen (Phl p 5) was injected
in the reference flow cell. All proteins were injected at a concentration of
20pgml~!. To determine association- (k,) and dissociation rate constants
(kq), CBI was diluted in HBS-EP running buffer (0.01 M HEPES, 0.15 M NaCl,
3mm EDTA, 0.005% v/v surfactant P20, pH 7.4) and injected at two-fold
dilution steps, starting from 0.25nm to 16 nm, in random order into the flow
cells. After a dissociation time of 30 min, the surface was regenerated by
injection of 10 mm glycine-HC, pH 2. Results were confirmed by repeating the
experiment under the same conditions, and results were evaluated using
BIAEvaluation 3.2 (GE Healthcare Biacore AB).
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