SC H 0 I—A R S H I P AT H A RVA R D Office for Scholarly Communication

DASH.HARVARD.EDU

DIGITAL ACCESS 10
HARVARD LIBRARY

A Soluble Form of the High Affinity IgE Receptor,
Fc-Epsilon-RI, Circulates in Human Serum

Citation

Dehlink, Eleonora, Barbara Platzer, Alexandra H. Baker, Jessica LaRosa, Michael Pardo, Peter
Dwyer, Elizabeth H. Yen, Zsolt Szepfalusi, Samuel Nurko, and Edda Fiebiger. 2011. A soluble
form of the high affinity IgE receptor, Fc-Epsilon-RI, Circulates in Human Serum. PLoS ONE 6(4):
e19098.

Published Version
doi:10.1371/journal.pone.0019098

Permanent link
http://nrs.harvard.edu/urn-3:HUL.InstRepos:5084272

Terms of Use

This article was downloaded from Harvard University’s DASH repository, and is made available
under the terms and conditions applicable to Other Posted Material, as set forth at http://
nrs.harvard.edu/urn-3:HUL.InstRepos:dash.current.terms-of-use#LAA

Share Your Story

The Harvard community has made this article openly available.
Please share how this access benefits you. Submit a story .

Accessibility


http://nrs.harvard.edu/urn-3:HUL.InstRepos:5084272
http://nrs.harvard.edu/urn-3:HUL.InstRepos:dash.current.terms-of-use#LAA
http://nrs.harvard.edu/urn-3:HUL.InstRepos:dash.current.terms-of-use#LAA
http://osc.hul.harvard.edu/dash/open-access-feedback?handle=&title=A%20Soluble%20Form%20of%20the%20High%20Affinity%20IgE%20Receptor,%20Fc-Epsilon-RI,%20Circulates%20in%20Human%20Serum&community=1/4454685&collection=1/4454686&owningCollection1/4454686&harvardAuthors=043d92d013aabcb8d4d9c15cd4a0b56f&department
https://dash.harvard.edu/pages/accessibility

OPEN 8 ACCESS Freely available online

© pLos one

A Soluble Form of the High Affinity IgE Receptor, Fc-
Epsilon-RI, Circulates in Human Serum

Eleonora Dehlink'?, Barbara Platzer', Alexandra H. Baker', Jessica LaRosa', Michael Pardo’, Peter
Dwyer’, Elizabeth H. Yen', Zsolt Szépfalusi?>, Samuel Nurko'®, Edda Fiebiger'*®

1 Division of Gastroenterology and Nutrition, Department of Pediatrics, Harvard Medical School, Children’s Hospital Boston, Boston, Massachusetts, United States of
America, 2 Department of Pediatrics and Adolescent Medicine, Medical University of Vienna, Vienna, Austria

Abstract
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Soluble IgE receptors are potential in vivo modulators of IgE-mediated immune responses and are thus important for our
basic understanding of allergic responses. We here characterize a novel soluble version of the IgE-binding alpha-chain of Fc-
epsilon-RI (sFceRl), the high affinity receptor for IgE. sFceRl immunoprecipitates as a protein of ~40 kDa and contains an
intact IgE-binding site. In human serum, sFceRl is found as a soluble free IgE receptor as well as a complex with IgE. Using a
newly established ELISA, we show that serum sFceRl levels correlate with serum IgE in patients with elevated IgE. We also
show that serum of individuals with normal IgE levels can be found to contain high levels of sFceRI. After IgE-antigen-
mediated crosslinking of surface FceRl, we detect sFceRl in the exosome-depleted, soluble fraction of cell culture
supernatants. We further show that sFceRI can block binding of IgE to FceRl expressed at the cell surface. In summary, we
here describe the alpha-chain of FceRl as a circulating soluble IgE receptor isoform in human serum.
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Introduction

Allergic patients are commonly characterized by high serum
IgE and high IgE-receptor expression on effector cells of the innate
and adaptive immune system [1,2]. In humans, three different
IgE-receptors have been described: CD23, galectin-3 and FceRI
[1,2]. CD23, also known as FceRIl, is a low affinity IgE receptor
and the classical IgE receptor on B cells. Galectin-3, formerly
known as epsilon binding protein (¢éBP), is another low affinity IgE
receptor; its role in allergy is rather poorly defined [3,4]. FceRlI,
the high-affinity receptor for IgE, induces activation of mast cells
and basophils via IgE-antigen complexes during the acute phase of
an allergic response [5,6]. In rodents, FceRI is constitutively
expressed on the surface of basophils and mast cells as a tetrameric
receptor composed of the ligand-binding alpha-chain, one beta-
chain and a pair of disulphide-linked gamma-chains. Humans can
express a trimeric version of FceRI lacking the beta-chain on
eosinophils and antigen presenting cells, such as dendritic cells and
Langerhans cells [6,7]. Additionally, expression of FceRI on
bronchial and intestinal epithelial cells was described in humans
[8,9]. Serum IgE binding stabilizes surface FceRI leading to the
upregulation of receptor levels in allergic patients [10,11,12].

In addition to the transmembrane forms, CD23 and galectin-3
are found as soluble proteins in human serum. Soluble CD23
(sCD23) is a modulator of IgE responses  vivo and is generated by
cleavage of membrane CD23 from the surface of B-cells [13].
sCD23 has been demonstrated to enhance IgE production
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[14,15,16] and several reports show that high serum levels of
sCD23 correlate directly with the severity of allergy and asthma
[17]. Along this line, successful immune therapy is accompanied
by a drop in sCD23 levels in the serum of allergic patients [18].
The role of sCD23 in modulating IgE production and its potential
for monitoring allergic responses has been discussed for more than
two decades [13,19,20]. However, sCD23 is currently approved as
a prognostic parameter only for B-cell chronic lymphocytic
leukemia [21,22,23]. Interestingly, soluble galactin-3 is also a
common marker for tumor burden [4,24]. Why the production of
these soluble IgE receptors is induced during malignant diseases is
an interesting scientific question that has yet to be resolved. Thus,
our limited understanding of the i vivo role of sCD23 and soluble
galectin-3 highlights the need for continued research on soluble
factors that modulate serum IgE responses in the context of an
allergic response.

FceRI is an activating immune receptor of the immunoglobulin
superfamily, which includes the Fc receptors CD16, CD32, CD64
and CD89 [6,25,26]. FceRI shares key structural characteristics
and signaling features with these Fc receptors. For most IgE, IgG
and IgA Fc receptors, soluble isoforms are found in humans.
FceRI, however, has so far not been reported as a soluble IgE
receptor in human serum [1,6].

Here we describe a soluble form of the FceRI alpha-chain
(sFceRI). In human serum, this sFceRI is found as both a free form
and bound to its ligand IgE. We show that IgE-mediated cell
activation induces the release of sFceRI in vitro and that the soluble
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form of the receptor can inhibit binding of IgE to FceRI at the cell
surface.

Results

Detection of a soluble form of FceRI alpha (sFceRl) in
human serum

To give a definitive answer whether a soluble form of the alpha
chain of FceRI exists in humans, we performed immunoprecip-
itation experiments to isolate this protein from serum. Sera from
patients with normal IgE levels and elevated IgE were run over
IgE-columns. Eluates from these columns were analyzed with the
FceRI alpha-chain specific mAb 19-1 by Western blot [12]. The
IgE used for these precipitation is commonly used for detection of
FceRI [12,27] and has a chimeric immunoglobulin containing the
human IgE heavy chain and a murine Fab-anti NP fragment
(referred to as cIgE from here on). Columns were prepared by
coupling cIgE to NP sepharose. 10 ml serum was run over a
gravity column packed with 0.5 ml beads. Figure 1A shows a
representative positive (right lane) and a negative serum (left lane).
A soluble form of FceRI-alpha (sFceRI) was precipitated as a
protein of ~40 kDa (Figure 1A). The higher molecular weight
bands of the Western blot shown in Figure 1A (=130 kDa) are a
result of cross-reactivity of the secondary anti-mouse antibody used
for immunoblotting and the precipitating cIgE. Only the low-
molecular weight protein from the serum precipitate is recognized
specifically by the anti-FceRI alpha-chain specific mAb 19-1.
Since this antibody recognizes the IgE binding epitope of FceRI
alpha [12,28], these data show a soluble non-IgE bound form of
the receptor in human serum. When the mAb 19-1 was replaced
with an isotype control antibody, the sFceRI band was no longer
detected (data not shown). Individuals with normal to moderately
elevated IgE levels tested strongest positive in the immunoprecip-
itation assay. In such sera the sFceRI is likely still available for
precipitation, whereas in patients with elevated IgE the soluble
receptor is mainly bound to serum IgE and therefore cannot be
immunoprecipated by the mAb19-1.

To perform a more detailed molecular characterization of
sFFceRI, we next compared sFceRI-alpha precipitated from serum
to FceRlI-alpha precipitated from the cell surface of MelJuso-ory
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cells. As expected for a soluble form, sFceRI has a lower molecular
weight than the surface expressed protein. Unlike transmembrane
FceRI-alpha, which forms a multimeric complex with the
common FcR-gamma chain (also called FceRI-gamma) [1,6],
sFceRI was not associated with FceR-gamma (Figure 1B). This
finding confirms that sFceRI is likely a soluble serum protein that
1s distinct from the membrane multimeric form of the receptor
[6,28].

In summary, this set of results show that the Fc-portion of
human IgE can interact with a soluble alpha-chain protein in
serum and that this serum sFceRI does not have the molecular
characteristics of the multimeric membrane-associated FceRI.

Detection of sFceRl in human serum by ELISA

To allow for semi-quantitative analysis of sFceRI levels in
human serum, we next established a sandwich-ELISA system
(schematic model in Figure 2A). For this ELISA, the anti-FceRI-
alpha mAb CRA1 was used as the capture antibody. This mAb
binds the stalk region of the alpha-chain and is expected to capture
a serum alpha-chain without interfering with the IgE-binding
epitope [29]. Levels of serum sFceRI dropped when comparing
pre- and post-immunoprecipitation samples (Figure 2B), confirm-
ing the specificity of our ELISA. As a further control, capture and
detection antibodies were omitted, which consistently resulted in a
loss of sFceRI signal (data not shown). We were also able to detect
sFceRI in plasma with this ELISA, (data not shown). Using a small
collective of atopic pediatric patients (5 boys, 3 girls, mean age
10.3+/—2.7 years; detailed patient characteristics are found in
Table S1), we established that this ELISA is a feasible method for
detection of sFceRI in a larger patient set. In summary, this set of
data describes a novel ELISA for the detection of serum sFceRI.
Any conclusions about the clinical relevance of this finding are
however not possible based on the small patient collective.

Serum levels of sFceRI correlate with serum IgE levels in
patients with elevated IgE

Due to the absence of a recombinant sFceRI protein for the
generation of a standard curve, the specific, blanked OD was used
for semi-quantitative analysis of serum sFceRI levels. To
investigate the occurrence of sFceRI and potential associations
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Figure 1. A soluble form of the high affinity IgE receptor, FccRl, is found in human serum. A. Inmunoprecipitations from a negative (first
lane, Serum 1) and a positive (right lane, Serum 2) serum specimens. Soluble FceRI (sFceRl) was precipitated from serum with IgE-loaded NIP-beads
and eluted with non-reducing Laemmli sample buffer. Eluates were separated on 12% non-reducing SDS-PAGE gels, transferred to PVDF membranes
and probed with anti-FceRl-alpha mAb 19-1 followed by peroxidase (HRP)-conjugated goat-anti-mouse IgG for detection of precipitated a-chain. B.
Comparison of sFceRI from serum (upper left blot) with FceRI precipitated from the cell surface of Melluso-ay cells (upper right blot). In the low
molecular weight range, blots were re-probed with an anti-FceRl-gamma polyclonal serum. sFceRI does not associate with the gamma chain (lower

panel). Molecular weight is given in kDa.
doi:10.1371/journal.pone.0019098.g001
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Figure 2. Detection of sFceRl in human serum by ELISA. A. Schematic of the ELISA established for the detection of sFceRIl. B. ELISA
measurements pre- and post-immunoprecipitation with IgE-loaded NIP-beads confirmed that IgE immunoprecipitation depleted serum of sFceRI. OD,
optical density at 450 nm. C. In children with elevated IgE-levels, levels of sFceRI and total IgE levels correlate. D. In children with normal serum IgE-
levels, sFceRl could be detected, but no correlation with total IgE levels was found. E. sFceRI circulates as a free or an IgE-complexed protein in human
serum. By omitting the IgE-loading step in the ELISA protocol, circulating complexes of IgE and sFceRl were measured. The fraction of free sFceRI was
then calculated as OD(total sFceRI)—OD(IgE- sFceRl complexes)= 0D (free sFceRl). Graph displays the 14 patients with the highest OD (total sFceRl)

with an arbitrary cut off of >0.15.
doi:10.1371/journal.pone.0019098.g002

with serum IgE in pediatric patients, we screened sera from a
cohort of 119 children (56 boys, 63 girls, mean age 10.6+/—5.3
years) with a wide range of normal and elevated serum IgE levels.
Patients were categorized based on the specifications given in the
Materials and Methods section into individuals with normal or
elevated IgE. We found a weak correlation between serum IgE
and sFceRI in patients with elevated IgE (n=32, rho=0.291,
p=0.106, Spearman’s rank correlation, Figure 2C). In children
with normal IgE levels, sFceRI was also found, but no correlation
to serum IgE was detected (n=87, rho=0.02, p=0.874, Spear-
man’s rank correlation, Figure 2D). Interestingly, patients with
highest levels of sFFceRI did not show elevated serum IgE levels
(Figure 2D). In an independent experiment, we confirmed that
sFceR1 itself did not interfere with detection of IgE and vice versa
(data not shown). One limitation of the analyzed patient cohort is
that it does not contain healthy individuals, because truly healthy
children do not undergo upper GI tract endoscopy for diagnostic
purposes. Our patients are controls with regards to the non-
inflamed esophageal tissue, but show clinical symptoms of yet
unclassified nature. For conclusions on the clinical relevance of our
findings it is therefore important to study sFceRI in sera from truly
healthy controls.

sFceRl circulates as a free or an IgE-complexed protein in
human serum

The alpha-chain of FceRI has a high-affinity-binding site for
IgE [6]. It is thus likely that sFceRI exists as a preformed complex
with IgE in human serum. By omitting the IgE incubation step in
our ELISA and detection with the anti-human IgE-HRP
conjugate, our method allowed for the detection of sFceRI-IgE
complexes in serum. Subtracting the signal without the i vitro IgE
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incubation step from the signal with the IgE incubation step
allowed us to determine how much sFceRI was complexed to IgE
in vivo. We randomly selected 14 sera that were positive for sFceRI
and found that in human serum, sFceRI is present as both a free
and an IgE-bound protein (Figure 2E).

IgE-antigen-mediated receptor crosslinking induces the

production of sFceRl from an FceRl-expressing cell line
The mechanism of sFceRI production cannot be studied using
primary human cells due to limited acess to patient material. We
thus took advantage of a recently established cell line that allows
studying the function of trimeric FceRI i vitro. This new cell line
model is based on MelJuso cells, which were stably transfected
with FceRI-alpha and FceRI-gamma cDNA. The resulting
MelJuso-ary cells express FceRI-alpha at the cell surface
(Figure 3A) and can bind monomeric IgE (Figure 3B, left FACS
histogram). In line with previous reports, IgE binding to MelJuso-
ary also induces upregulation of surface FceRI-alpha, a key feature
of this FC receptor (Figure 3B, right FACS histogram). Multimeric
FceRI complexes containing FceRI-alpha and FceRI-gamma
subunits can be precipitated from this cell line (Figure 3C) and
receptor activation by crosslinking of FceRI induces efficient
receptor internalization from the cell surface (Figure 3D). All of
these features match the characteristics of trimeric human FceRI
found in the literature [10,11,12]. Thus, we used this cell model to
address whether IgE-mediated activation of cell-surface FceRI
induces the release of the soluble form of the receptor. MelJuso-oy
cells were loaded overnight with hapten-specific cIgE. After
removal of excess cIgE, surface FceRI was activated by cross-
linking the receptor-bound ligand with haptenized antigen. 36 h
after receptor crosslinking, sFceRI was precipitated from culture

April 2011 | Volume 6 | Issue 4 | €19098
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Figure 3. sFceRl is released from a cell line after IgE-antigen-mediated receptor crosslinking. A. Surface FceRlo expression of MelJuso-ory
cells (black histogram) compared to MelJuso cells (filled gray histogram) and isotype control (grey hedged histogram). B. Detection of IgE binding of
MelJuso-ay cells with NP-PE (left overlay) and of increased surface FceRla expression induced by IgE binding (right overlay). Cells were cultured for
16 hin the presence or absence of clgE. Black histograms represent cells incubated with clgE, grey filled histograms are non-clgE treated cells; isotype
control is shown as gray, hedged histogram. C. Coimmunopreciptiation of FceRl alpha and gamma-chain dimers from MelJuso-ay cells. D. FceRI
internalization induced by antibody-mediated crosslinking. FceRl is shown in red and cell surface membranes were stained with WGA (in green).
Representative images of cells with non-crosslinked FceRI (t=0; left image) and cells 45 min after crosslinking of FceRl (t=45 min; right image). E.
After 36 h of crosslinking, sFceRI can be precipitated from supernatants of activated MelJuso-ory. sFceRI proteins were precipitated with IgE-loaded -
beads, eluted with non-reducing Laemmli sample buffer, separated on 12% non-reducing SDS-PAGE gels, transferred to PVDF membranes, and
probed with anti-FceRl-alpha (mAb 19-1) followed by peroxidase (HRP)-conjugated goat-anti-mouse IgG. F. Kinetics of sFceRI release into culture
supernatants. Supernatants were harvested from MelJuso-ay cell cultures 4, 8, 24 and 32 h after receptor activation (left graph). ELISA measurements
showed an accumulation of sFceRl over time. MelJuso@@ does not produce sFceRl (right graph). G. sFceRl is a soluble protein as it could be detected
in culture supernatants (left lane) and in exosome-depleted culture supernatants (right lane). SN: supernatant; OD: optical density. Molecular weight is
given in kDa.

doi:10.1371/journal.pone.0019098.g003

supernatants with a cIgE column and visualized by immunoblot-
ting with mAb 19-1 and compared to sFceRI precipitated from
patient serum (Figure 3E). Next, the kinetics of sFceRI release was
studied by harvesting supernatants 4, 8, 24 and 32 h after receptor
crosslinking for analysis by ELISA. Accumulation of sFceRI was
observed only after receptor crosslinking (Figure 3F, left graph).
sFceRI was not detected in supernatants of empty vector-
transfected MelJusoOO cells that do not express IceRI
(Figure 3F, right graph). To demonstrate that the detected protein
was a soluble form of FceRI and not protein shedded with
exosomes or derived from cell debris, sequential high-speed

@ PLoS ONE | www.plosone.org

ultracentrifugation was performed to deplete the supernatants
from cell debris and exosomes as established by Thery et al. [30].
sFceRI was detected in the exosome-depleted, soluble fraction
after high-speed centrifugation confirming that the detected
protein is a bona fide soluble form of the receptor (Figure 3G).

sFceRI inhibits IgE loading of FceRI at the cell surface in
vitro

Since we detected IgE-sFceRI complexes in serum, we
speculated that sFceRI could interfere with IgE-binding to FceRI
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when expressed at the cell surface. If that indeed occurs, sFceRI
could function as a potential modulator of IgE-mediated immune
activation. We tested this hypothesis by loading FceRI-expressing
MelJuso-ay cells with either a mix of cIgE and cell-culture derived
sFceRI or with cIgE diluted with medium control. Cell-bound
cIgE was visualized by flow cytometry with PE-conjugated hapten
NP. sFceRI efficiently blocked binding of cIgE to FceRI expressed
at the cell surface (Figure 4A). Binding of cIgE was blocked in a
dose dependent manner as dilution curves with supernatants from
sFFceRI-containing MelJuso-oy cells and control supernatants from
mactivated cells demonstrated (Figure 4B). In summary, these
results show that sFceRI can interfere with binding of IgE to
FceRI at the cell surface of immune cells.

Discussion

We here describe a soluble version of the FceRI-alpha (sFceRI)
chain that circulates in human serum as a free protein or bound to
its natural ligand, IgEl. We show that sFceRI is released upon Igli-
antigen-mediated activation of cell surface FceRI i witro and,
maybe most interestingly, that sFceRI interferes with IgE-binding
to cellular FceRI i vitro. The affinity of IgE with its high affinity
receptor FceRI was defined after crystallization of the ligand with
recombinant version of the alpha chain [31,32]. It is therefore
highly likely that the soluble form in human serum has equally
high affinity as described in the literature.

Commonly, the reagents used to detect transmembrane forms of
FceRI-alpha are directed against the IgE-binding epitope of the

clgE + control
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protein. Thus, the identification of sFceRI could easily have been
missed if the detection reagents were not selected carefully. We
here established an ELISA system that uses a monoclonal antibody
directed against the stalk region of the protein [29] to capture
sFceRI and use human IgE combined with anti-IgE for detection
[12]. By omitting the IgE incubation step, this ELISA also allows
for an assessment of the amount of sFceRI that circulates as a
preformed complex with serum IgE.

Several studies with recombinant versions of sFceRI are found
in the literature [33,34]. Since the recombinant sFceRI used as a
tool to interfere with allergic responses and a potential therapeutic
agent, there have been some speculations about a soluble serum
equivalent in the literature [8]. A single report is found in the
literature that described a soluble complex of FceRI in cultures of
human eosinophils [35]. Since the integrity of FceRI complexes
requires the presence of cell membranes [28,36], Seminario et al.
most likely described a version of the receptor that was released in
an exosomal fraction rather than a bona fide soluble protein.

Based on our current understanding of the mechanism of
sFceRI generation, it is fair to assume that serum sFceRI is a
reflection of FceRI activation. In an independent study, we were
able to confirm the observation of Liang et al. [37] showing that
patients can carry substantial amounts of IgE on peripheral blood
cells even in the absence of elevated serum IgE [27]. In summary,
these two studies show that cells in the peripheral blood bind IgE
from the serum and thereby can clear the serum of IgE. These
IgE-loaded cells could be the source of sFceRI when activated.
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Figure 4. sFccRI blocks IgE loading of cell surface-expressed FceRl. A. MelJuso-ory were loaded for 30 min on ice with a 1:2 dilution of cIgE in
PBS (left panel) or cIgE in cell culture supernatant containing sFceRI (right panel). B. Serial dilutions of cIgE in a cell culture supernatant containing
sFceRl (black squares) or cIgE in supernatants derived from unstimulated MelJuso-ary that did not contain sFceRI (open triangles; control, open
circles). Cell-bound clgE was stained with PE-conjugated hapten and measured by flow cytometry. sFceRI prevents clgE binding to cellular FceRI. MFI:

mean fluorescence intensity.
doi:10.1371/journal.pone.0019098.9g004
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Our finding that the presence of sFceRI correlates with serum IgE
supports this hypothesis. On the other hand, IgE-mediated cell
activation could also account for the detection of serum sFceRI in
the absence of high serum IgE levels. Whether patients that have
high sFceRI are protected from allergic diseases will have to be
addressed in detail. Along this line of argument, it is tempting to
speculate that serum sFceRI is a predictive marker for the onset of
allergies that may be detectable even before serum IgE levels are
elevated. We are currently investigating this hypothesis in a
prospective cohort study.

sFceRI is also an excellent candidate for an efficient i vivo
modulator of IgE-mediated responses. While sCD23 has to
trimerize to develop considerable affinity for its ligand [1], sFceRI
can bind IgE with a one-to-one ligand-receptor ratio. Additionally,
the affinity of the FceRI-IgE interaction is exceptionally high and
disruption of a once formed contact requires low pH, which is
physiologically found only in the stomach [1,6,7]. The finding that
receptor crosslinking is required for the production of sFceRI also
hints at a potential negative feedback mechanism. Antigen-IgE-
mediated receptor crosslinking could induce shedding of sFceRI to
remove IgE-binding sites from the cell surface and to terminate
receptor-mediated signaling. In addition, we show here that
sFceRI has the ability to prevent IgE-binding to surface expressed
receptors. Thus the presence of serum sFceRI could mhibit IgE-
loading of effector cells of allergy u vivo.

Our i witro studies suggest that sFceRI may also prevent IgE-
mediated activation of the immune system by clearing the serum
of IgE in a manner comparable to omalizumab. Omalizumab is a
recombinant humanized monoclonal antibody directed against
serum IgE and currently approved for the treatment of severe
allergic asthma [38,39,40]. Omalizumab also downregulates cell
surface levels of FceRI [41].

In summary we here describe a new soluble form of human
FceRI, the high affinity receptor for IgE (s FceRI), in human
serum. Establishing an improved quantitative ELISA with a
standard protein is now highly important, because such a
quantitative method will allow for an extensive comparative
analysis of serum levels in various patient groups. Such studies will
be of outmost importance to draw conclusions about the clinical
relevance of this new serum IgE receptor. It will be also essential to
gain a better understanding of how endogenous levels of sFceRI
are regulated and how sFceRI is linked to IgE-mediated immune
activation i vivo.

Materials and Methods

Ethics statement

Patient sera used for this study were obtained from an ongoing
prospective cohort study on the role of FceRI in the gastrointes-
tinal tract at Children’s Hospital Boston or had been previously
obtained as part of routine clinical care at the Medical University
of Vienna. The prospective cohort study was approved by the
Investigational Review Board of Children’s Hospital Boston
(Harvard Medical School, Boston, MA) and patients or their legal
guardians provided written informed consent. The retrospective
study of patient sera was approved by the Ethics Committee of
Medical University of Vienna, Vienna, Austria.

Antibodies and reagents

Anti-human FceRI alpha mAb 19-1 was kindly provided by Dr.
J.P. Kinet (Laboratory of Allergy and Immunology, Beth Israel
Deaconess Medical Center, Boston, MA) and used as previously
described [12,28,36]. Anti-human FceRI alpha mAb CRALI (clone
AER-37) was purchased from eBioscience, San Diego, CA. Anti-
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FceRI-gamma polyclonal serum was purchased from Millipore,
Billerica, MA. Chimeric IgE that contains the human Fc domain
and recognizes the haptens 4-hydroxy-3-nitrophenylacetic acid
(NP) and 4-hydroxy-3-iodo-5-nitrophenylacetic acid (NIP) with its
Fab region (cIgE) was derived from Jw 8/5/13 cells (Serotec,
Oxford, UK, kindly provided by Dr. D. Maurer, Department of
Dermatology, Medical University of Vienna, Austria, [12,42]) and
was used for immunoprecipitation of properly folded FceRI-alpha
and for wm witro cell culture experiments. Phycoerythrin (PE)-
conjugated was purchased from Biosearch Technologies, Novato,
CA, and used for flow cytometry analysis. Anti-mouse IgG (Fc
specific, produced in goat; Sigma Aldrich, St. Louis, MO,
#M3534-1 mL) was used for coating of the ELISA plates. High-
IgE human serum (total IgE>2000 kU/L) was purchased from
Bioreclamation, Hicksville, NY to assure the quality control of IgE
used for detection of sFceRI by ELISA. Goat anti-human IgE
HRP conjugated antibody (Caltag, Invitrogen, Carlsbad, CA) was
used as a secondary antibody.

Cell lines and culture conditions

The MelJuso cell line was provided by Hidde L. Ploegh
(Whitehead Institute, MI'T, Cambridge, MA) and is well-established
for studies on MHC class I and MHC class II trafficking [43].
MelJuso cells that stably express FceRI-alpha and FceRI-gamma
(MelJuso-ary) were generated by viral transduction using a standard
protocol (http://www.stanford.edu/group/nolan/) following the
guidelines of Children’s Hospital Boston. MelJuso cells transfected
with empty vector (MelJuso©®Q) and MelJuso-ory cells were
maintained in Dulbecco’s Modified Eagle Medium (DMEM,
Cellgro, MediaTech, Herndon, VA) supplemented with 10% fetal
calf serum (HyClone, Logan, UT), 2 mM glutamine (Cellgro),
100 U/ml penicillin, and 100 pg/ml streptomycin (Gibco BRL,
Gaithersburg, MD). Cells were reselected using hygromycin
(1 mg/ml) and puromycin (1 pg/ml, both Sigma). Jw 8/5/13 cells
[12,42] were used for the production of cIgE and cultured in
RPMI 1640 medium (Gibco, Invitrogen, Grand Island, NY)
supplemented with 10% fetal calf serum (HyClone), 2 mM
glutamine (Cellgro), 100 U/ml penicillin, and 100 pg/ml strepto-
mycin (Gibco BRL).

Patient sera

Sera from adult individuals were tested for the presence of
sFceRI by immunoblot and ELISA. Sera from eight poly-
sensitized, highly atopic children were analyzed for sFceRI by
ELISA. Total serum IgE and allergen-specific IgE were measured
by solid phase immunoassay (Phadia ImmunoCAP®, Pharmacia
Diagnostics, Uppsala, Sweden). Total serum IgE levels are given in
kU/1, specific IgE is given in kUA/1 and CAP RAST classes.

Sera from 119 children were obtained from an ongoing
prospective cohort study on the role of FceRI in the gastrointes-
tinal tract. Patients between 1 and 19 years of age scheduled for an
elective esophago-gastro-duodenoscopy at the Division of Gastro-
enterology at Children’s Hospital Boston were randomly invited to
participate. Subjects who used steroids in any form, immunomod-
ulatory drugs, mast cell stabilizer, or leukotriene inhibitor within
the last 3 months, as well as patients with an established diagnosis
of autoimmune, inflammatory, or immunodeficiency disease were
not enrolled. Total serum IgE levels were assessed according to
standard procedures at Children’s Hospital Boston using the
Elecsys IgE II kit (Roche Diagnostics, Mannheim, Germany). IgE
levels are given in kU/1. Expected normal ranges for this assay are
30 kU/I for age 0-3 years, 200 kU/1 for 3-10 years, 500 kU/1 for
1014 years, and 200 kU/I for >14 years.
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Immunoprecipitation and immunoblotting of sFceRlI

To target the fully mature form of FceRI alpha as expressed on
the cell surface, we loaded MelJuso-ary cells with cIgE (10 mg/ml
in PBS) before solubilization in lysis buffer (3x10° cells per ml;
0.5% Brij 96, 20 mM Tris, pH 8.2, 20 mM NaCl, 2 mM EDTA,
0.1% NaNj) containing protease inhibitors (Complete, Roche,
Genentech, South San Francisco, CA) for 30 min on ice.
Immunoprecipitation was next performed with NIP-beads (Sigma)
as previously described [36,42]. Proteins were eluted from beads in
non-reducing Laemmli sample buffer and samples were separated
on 12% non-reducing SDS-PAGE gels, transferred to PVDF
membrane (Pierce, Thermo Fisher Scientific, Rockford, IL) and
probed with anti-FceRI-alpha (mAb 19-1 or CRAI1 for reducing
conditions, both 0.5 mg/ml) followed by peroxidase (HRP)-
conjugated goat-anti-mouse IgG for detection of precipitated o-
chain. For immunoprecipitation of sFceRI from serum, 2-5 ml
serum was used. clgE-loaded NIP columns were also used for
purification of sFceRI from supernatants of MelJuso-avy cells prior
to immunoblotting. Peroxidase activity was detected by Super-
Signal chemiluminescent substrate (Pierce). Accordingly, sFceRI
was precipitated from serum with IgE-coupled beads and
immunoblotting was performed.

For co-immunoprecipitation of FceRI alpha and gamma chains
from MelJuso-ay, cells were loaded overnight with cIgE. Cell
lysates were prepared and incubated with NIP sepharose beads as
described above. FceRI alpha-chain was detected with mAb 19-1,
FceRI gamma-chains with polyclonal rabbit anti-FceRIy antibod-
ies (Upstate).

ELISA for the detection of sFceRl in cell culture
supernatants and serum

To improve sensitivity, wells were first incubated with a goat-
anti-mouse coating antibody (5 mg/ml, Sigma), then with ant-
alpha chain mAb (CRA1 0.5 mg/ml, clone AER-37; eBioscience).
After a blocking step with 10% FCS in PBS, wells were incubated
with sera (1:2 dilution) overnight. After repetitive washing, plate-
bound sFceRI was loaded with IgE (Bioreclamation) and detected
with a goat anti-human IgE-HRP conjugated second step (Caltag).
Rather than using IgE purified from different patient sera, IgE was
purchased to ensure the quality and consistency of this reagent in
our ELISA. Conversion of 3,3',5,5"-tetramethyl-benzidine liquid
substrate (TMB, Sigma) was measured at 450 nm. Results are
given as optical density (OD). To control for intra-assay variability,
we included on each plate a positive and a negative control
sample consisting of a pool of three positive or three negative
patients respectively. The levels of circulating IgE-sFceRI
complexes were determined by omitting the IgE-loading step of
the protocol. Levels of free sFceRI were then calculated as follows:
ODtoml SFCSRI_ODIgE— sFceRI complexes = ODfree sFceRI-

In a subset of patients, sFceRI was measured in plasma and
serum in parallel. For conversion of plasma samples into serum,
BD Serum Separation Tubes (Becton Dickinson) were used
according to the manufacturer’s guidelines.

Production of sFceRI by MelJuso-ary cells and detection in
cell culture supernatants

MelJuso-ary cells were grown to confluence and incubated with
cIgE overnight. Excess cIgE was washed away and ligand-bound
receptor was activated with haptenized antigen (BSA- or OVA-,
1 pg/ml, both from Biosearch Technologies, Novato, CA). Cell
culture supernatants were collected after the indicated time
periods and analyzed for the presence of soluble alpha chain by
ELISA or by immunoprecipitation.
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Exosome removal

To remove exosomes from cell culture supernatants, MelJuso-
oy supernatants were treated with a sequence of ultracentrifuga-
tion steps following the protocol published by Thery et al. [30].
Briefly, exosome-free supernatants were obtained by the following
consecutive centrifugations: 300 g for 5 minutes, 1200 g for
20 min, and 10000 g for 30 min, followed by a final centrifugation
step at 110000 g for 1 h.

Flow cytometry analysis

Surface expression of FceRI on MelJuso-ay cells was deter-
mined by staining with the anti-human FceRI alpha mAb CRAI.
IgE binding was tested by culturing MelJuso-ay cells in the
presence or absence of NP-specific cIgE and staining with
phycoerythrin (PE)-conjugated NP (NP-PE; Biosearch Technolo-
gies). For the detection of sFceRI, cells were loaded with either a
mix of cIgE (100 ng/ml) in culture supernatants that contained
sFceRI or supernatants from unstimulated cell cultures for 30 min
on ice. A number of different ratios of cIgE to culture supernatants
was analyzed. FceRI-bound cIgE was stained with NP-PE.
Analysis was performed on a BD FACScan™ flow cytometer
using CellQuest software for acquisition and data analysis (both
from Becton Dickinson).

Immunofluoresces Microscopy

For FceRI alpha internalization, MelJuso-oy cells were grown
on coverslips (No 1.5), stained first with purified mouse anti-FceRI
alpha CRALI antibody for 20 min at 37°C and subsequently with
an anti-mouse Alexa Fluor 568 for 45 min at 37°C to induce
receptor crosslinking. Cells were fixed with 4% paraformaldehyde
for 20 min and mounted using Prolong Antifade reagent
(Invitrogen). Both antibodies were diluted in HBSS supplemented
with 10 mM HEPES (Invitrogen) and 5% NuSerum (Invitrogen).
CRALI was diluted at 1:100 and anti-mouse Alexa Fluor 568 was
diluted at 1:400. Plasma membranes of fixed cells were stained
with Alexa Fluor 647-conjugated wheat germ agglutinin (WGA,
diluted at 1:1000) for 10 min. For time point t =0 cells were fixed
before incubation with anti-mouse Alexa Fluor 568 and WGA. All
incubation steps were carried out in a humidified chamber.
Confocal images were acquired on a Nikon TE2000 inverted
microscope coupled to a Yokogawa spinning disk confocal unit
(Perkin-Elmer Inc.) and an Orca AG scientific-grade cooled CCD
camera (Hamamatsu Photonics K.K.). Slidebook software (Intel-
ligent Imaging Innovations Inc.) was used for image capture,
processing, and analysis.

Statistical Analysis

Correlations between serum IgE and serum sFceRI were
calculated by Spearman’s rank correlation test using SPSS for
Windows (version 16.0, SPSS Inc., Chicago, IL). Spearman’s rank
correlation coefficients are displayed as ‘rho’, a p-value of >0.05
was considered significant.

Supporting Information

Table 81 Serum levels of sFceRI in atopic patients.

DOC)

Acknowledgments

We thank Jessica Lewis and Kristen Hart for their assistance with patient

recruitment and conducting this study. We thank Dr. Bonny Dickinson for
critically reading the manuscript.

April 2011 | Volume 6 | Issue 4 | €19098



Author Contributions

Conceived and designed the experiments: ED BP SN EF. Performed the
experiments: ED BP AHB MP PD. Analyzed the data: ED BP SN EF.

References

1.

20.

21.

22.

Gould HJ, Sutton BJ (2008) IgE in allergy and asthma today. Nat Rev Immunol
8:205-217.

. von Bubnoff D, Novak N, Kraft S, Bicher T (2003) The central role of

FeepsilonRI in allergy. Clin Exp Dermatol 28: 184-187.

. Liu FT (2005) Regulatory roles of galectins in the immune response. Int Arch

Allergy Immunol 136: 385-400.

. Liu FT, Hsu DK (2007) The role of galectin-3 in promotion of the inflammatory

response. Drug News Perspect 20: 455-460.

. Abramson J, Pecht I (2007) Regulation of the mast cell response to the type 1 Fc

epsilon receptor. Immunol Rev 217: 231-254.

. Kraft S, Kinet JP (2007) New developments in FcepsilonRI regulation, function

and inhibition. Nat Rev Immunol 7: 365-378.

. Dehlink E, Fiebiger E (2009) The role of the high-affinity IgE receptor,

FeepsilonRI, in cosinophilic gastrointestinal diseases. Immunol Allergy Clin
North Am 29: 159-170, xii.

. Campbell AM, Vachier I, Chanez P, Vignola AM, Lebel B, et al. (1998)

Expression of the high-affinity receptor for IgE on bronchial epithelial cells of
asthmatics. Am J Respir Cell Mol Biol 19: 92-97.

. Untersmayr E, Bises G, Starkl P, Bevins CL, Scheiner O, et al. (2010) The high

affinity IgE receptor Fc epsilonRI is expressed by human intestinal epithelial
cells. PLoS One 5: €9023.

. Maurer D, Ebner C, Reininger B, Fiebiger E, Kraft D, et al. (1995) The high

affinity IgE receptor (FceRI) mediates Igk-dependent allergen presentation.
J Immunol 154: 6285-6290.

. Maurer D, Fiebiger E, Ebner C, Reininger B, Fischer GF, et al. (1996)

Peripheral blood dendritic cells express FceRI as a complex composed of
FeeRIa- and FeeRIg-chains and can use this receptor for IgE-mediated allergen
presentation. J Immunol 157: 607-613.

. Maurer D, Fiebiger E, Reininger B, Wolff-Winiski B, Jouvin M-H, et al. (1994)

Expression of functional high affinity immunoglobulin E receptors (FceRI) on
monocytes of atopic individuals. J Exp Med 179: 745-750.

. Delespesse G, Sarfati M, Hofstetter H, Frost H, Kilchherr E, et al. (1989)

Human Fe epsilon R II and IgE-binding factors. Int Arch Allergy Appl Immunol
88: 18-22.

. Aubry JP, Pochon S, Graber P, Jansen KU, Bonnefoy JY (1992) CD21 is a

ligand for CD23 and regulates IgE production. Nature 358: 505-507.

. Bonnefoy JY, Gauchat JF, Life P, Graber P, Aubry JP, et al. (1995) Regulation of

IgE synthesis by CD23/CD21 interaction. Int Arch Allergy Immunol 107:
40-42.

. Grenier-Brossette N, Bourget I, Akoundi C, Bonnefoy JY, Cousin JL (1992)

Spontaneous and ligand-induced endocytosis of CD23 (Fc epsilon receptor 1)
from the surface of B lymphocytes generates a 16-kDa intracellular fragment.
Eur J Immunol 22: 1573-1577.

. Michel O, Kips J, Duchateau J, Vertongen F, Robert L, et al. (1996) Severity of

asthma is related to endotoxin in house dust. Am J Respir Crit Care Med 154:
1641-1646.

. Jung CM, Prinz JC, Rieber EP, Ring J (1995) A reduction in allergen-induced Fc

epsilon R2/CD23 expression on peripheral B cells correlates with successful
hyposensitization in grass pollinosis. J Allergy Clin Immunol 95: 77-87.

. Delespesse G, Sarfati M, Hofstetter H (1989) Human IgE-binding factors.

Immunol Today 10: 159-164.

Ishizaka K (1988) IgE-binding factors and regulation of the IgE antibody
response. Annu Rev Immunol 6: 513-534.

Meuleman N, Stamatopoulos B, Dejeneffe M, El Housni H, Lagneaux L, et al.
(2008) Doubling time of soluble CD23: a powerful prognostic factor for newly
diagnosed and untreated stage A chronic lymphocytic leukemia patients.
Leukemia 22: 1882-1890.

Reinisch W, Willheim M, Hilgarth M, Gasche C, Mader R, et al. (1994) Soluble
CD23 reliably reflects disease activity in B-cell chronic lymphocytic leukemia.
J Clin Oncol 12: 2146-2152.

@ PLoS ONE | www.plosone.org

A Soluble Isoform of Fc-Epsilon-RI in Humans

Contributed reagents/materials/analysis tools: EHY SN ZS JL. Wrote the
paper: ED BP EF. Patient recruitment and analysis of clinical parameters:
ED JL EHY MP ZS SN.

23.

27.

28.

29.

30.

31.

32.

33.

34.

36.

37.

38.

39.

40.

41.

42.

43.

Sarfati M, Bron D, Lagneaux L, Fonteyn C, Frost H, et al. (1988) Elevation of
IgE-binding factors in serum of patients with B cell-derived chronic lymphocytic
leukemia. Blood 71: 94-98.

. Liu FT, Rabinovich GA (2005) Galectins as modulators of tumour progression.

Nat Rev Cancer 5: 29-41.

. Call ME, Wucherpfennig KW (2007) Common themes in the assembly and

architecture of activating immune receptors. Nat Rev Immunol 7: 841-850.

5. van der Boog PJ, van Zandbergen G, de Fijter JW, Klar-Mohamad N, van

Seggelen A, et al. (2002) Fc alpha RI/CD89 circulates in human serum
covalently linked to IgA in a polymeric state. ] Immunol 168: 1252-1258.
Dehlink E, Baker AH, Yen E, Nurko S, Fiebiger E (2010) Relationships between
levels of serum IgE, cell-bound IgE, and IgE-receptors on peripheral blood cells
in a pediatric population. PlosOne 5: ¢12204. doi:10.1371/journal.pone.
0012204.

Fiebiger E, Tortorella D, Jouvin MH, Kinet JP, Ploegh HL (2005) Cotransla-
tional endoplasmic reticulum assembly of Fc{varepsilon}RI controls the
formation of functional IgE-binding receptors. J Exp Med 201: 267-277.
Kubota T, Mukai K, Minegishi Y, Karasuyama H (2006) Different stabilities of
the structurally related receptors for IgEk and IgG on the cell surface are
determined by length of the stalk region in their alpha-chains. J Immunol 176:
7008-7014.

Thery C, Regnault A, Garin J, Wolfers J, Zitvogel L, et al. (1999) Molecular
characterization of dendritic cell-derived exosomes. Selective accumulation of
the heat shock protein hsc73. J Cell Biol 147: 599-610.

Garman SC, Kinet JP, Jardetzky TS (1998) Crystal structure of the human high-
affinity IgE receptor. Cell 95: 951-961.

Wurzburg BA, Jardetzky TS (2002) Structural insights into the interactions
between human IgE and its high affinity receptor FcepsilonRI. Mol Immunol
38: 1063-1072.

Ra C, Kuromitsu S, Hirose T, Yasuda S, Furuichi K, et al. (1993) Soluble
human high-affinity receptor for IgE abrogates the IgE-mediated allergic
reaction. Int Immunol 5: 47-54.

Vangelista L, Laffer S, Turck R, Gronlund H, Sperr WR, et al. (1999) The
immunoglobulin-like modules Cepsilon3 and alpha2 are the minimal units
necessary for human IgE-FcepsilonRI interaction. J Clin Invest 103: 1571-1578.
Seminario MC, Saini SS, MacGlashan DW, Jr., Bochner BS (1999) Intracellular
expression and release of Fc epsilon RI alpha by human eosinophils. J Immunol
162: 6893-6900.

Singleton TE, Platzer B, Dehlink E, Fiebiger E (2009) The first transmembrane
region of the beta-chain stabilizes the tetrameric Fc epsilon RI complex. Mol
Immunol 46: 2333-2339.

Liang Y, Ganley-Leal LM (2009) A simple method for measuring human cell-
bound IgE levels in whole blood. J Immunol Methods.

Firszt R, Kraft M (2010) Pharmacotherapy of severe asthma. Curr Opin
Pharmacol 10: 266-271.

Molimard M, Buhl R, Niven R, Le Gros V, Thielen A, et al. (2010)
Omalizumab reduces oral corticosteroid use in patients with severe allergic
asthma: real-life data. Respir Med 104: 1381-1385.

Rodrigo GJ, Neffen H, Castro-Rodriguez JA (2010) Efficacy and Safety of
Subcutaneous Omalizumab Versus Placebo as Add on Therapy to Corticoste-
roids for Children and Adults with Asthma: a Systematic Review. Chest 2011
Jan;139(1): 28-35.

Prussin C, Griffith DT, Boesel KM, Lin H, Foster B, et al. (2003) Omalizumab
treatment downregulates dendritic cell FcepsilonRI expression. J Allergy Clin
Immunol 112: 1147-1154.

Platzer B, Fiebiger E (2010) The signal peptide of the IgE receptor alpha-chain
prevents surface expression of an immunoreceptor tyrosine-based activation
motif-free receptor pool. J Biol Chem 285: 15314-15323.

Bania J, Gatti E, Lelouard H, David A, Cappello F, et al. (2003) Human
cathepsin S, but not cathepsin L, degrades efficiently MHC class II-associated
invariant chain in nonprofessional APCs. Proc Natl Acad Sci U S A 100:
6664-6669.

April 2011 | Volume 6 | Issue 4 | €19098



