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The high affinity of IgE for its receptor, FceRI (K, ~ 10'° M~ 1), is
responsible for the persistence of mast cell sensitization. Cross-
linking of FceRI-bound IgE by multivalent allergen leads to cellular
activation and release of pro-inflammatory mediators responsible
for the symptoms of allergic disease. We previously demonstrated
that limiting the IgE-FceRI interaction to just one of the two Ce3
domains in IgE-Fc, which together constitute the high affinity
binding site, results in 1000-fold reduced affinity. Such attenua-
tion, effected by a small molecule binding to part of the IgE:FceRI
interface or a distant allosteric site, rather than complete blocking
of the interaction, may represent a viable approach to the treat-
ment of allergic disease. However, the degree to which the interac-
tion would need to be disrupted is unclear, because the importance
of high affinity for immediate hypersensitivity has never been
investigated. We have incorporated into human IgE a mutation,
R334S, previously characterized in IgE-Fc, which reduces its affin-
ity for FceRI ~50-fold. We have compared the ability of wild type
and R334S IgE to stimulate allergen-induced mast cell activation in
vitro and in vivo. We confirmed the expected difference in affinity
between wild type and mutant IgE for FceRI (~50-fold) and found
that, in vitro, mast cell degranulation was reduced proportionately.
The effect in vivo was also marked, with a 75% reduction in the
passive cutaneous anaphylaxis response. We have therefore dem-
onstrated that the high affinity of IgE for FceRlI is critical to the
allergic response, and that even moderate attenuation of this affin-
ity has a substantial effect in vivo.

The binding of IgE to its high affinity receptor, FceR], is a
critical common step in the allergic reaction (1). IgE, bound to
FceRI expressed on the surface of mast cells and basophils, can
be cross-linked by specific multivalent antigen to effect the
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release of inflammatory mediators. These mediators are
responsible for the symptoms associated with an immediate
hypersensitivity reaction and the subsequent allergic cascade.
The affinity of the complex formed between FceRI and IgE is
extremely high (K, ~ 10'° m~!) (2), with a half-life of ~16 h on
cells in suspension (3) and 2 weeks in tissue (4). The crystal
structure of this complex has revealed two separate and exten-
sive contact sites for FceRI on the IgE molecule, one on each
chain of the antibody (5). In previous work we showed that
interaction with both sites is critical for high affinity binding
and that engagement of only one lowers the affinity by 3 orders
of magnitude (6). We further suggested that partially blocking
the binding of IgE to FceRI, for example by a small molecule
that inhibits binding to one of the two sites, might have a sig-
nificant effect on allergic sensitization. However, if this is to
have therapeutic potential, it is important to determine the
degree to which the affinity of IgE for FceRI must be reduced to
impact on the allergic reaction.

Here we describe an investigation into the properties of an
IgE molecule with attenuated affinity for FceRI. Specifically, a
recombinant hapten-specific IgE molecule was engineered with
a single point mutation (R334S) in the FceRI-binding site. This
mutation has previously been shown to disrupt, but not abro-
gate, the binding of IgE-Fc fragments to FceRI (7). In this study,
the mutation acts as a model for the effect of partial inhibition
on IgE function by a small molecule. There is growing evidence
that small molecules can disrupt protein-protein interfaces (8),
the binding energies of which are often dominated by a small
number of individual amino acid residues or “hot spots” (9, 10).
The R334S hapten-specific IgE was compared with wild type
IgE for its ability to bind human recombinant sFceRIa” by SPR
and to initiate degranulation using the RBL-SX38 cell line. It
was also tested in vivo in a PCA reaction using a human FceRI
transgenic mouse model.

EXPERIMENTAL PROCEDURES

Cloning, Expression, and Purification of NP-IgE and R334S
NP-IgE—A new vector, termed pSV-V, He R334S, encoding
an NP-specific human IgE heavy chain incorporating an R334S

® The abbreviations used are: sFceRle, soluble fragment of the high affinity IgE
receptor FceRl a-chain; ELISA, enzyme-linked immunosorbent assay;
hFceRl Tg mouse, human FceRI transgenic mouse; NP, nitrophenylacetyl;
NIP, 5-iodo-4-hydroxy-3-nitrophenylacetyl; PCA, passive cutaneous ana-
phylaxis; SPR, surface plasmon resonance; PBS, phosphate-buffered saline;
BSA, bovine serum albumin.
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mutation, was created using the Quickchange XL site-directed
mutagenesis kit (Stratagene) and the vector pSV-V, He (11) as
a template (R334S forward primer, gattccaacccgagcggggt-
gagcgcec; R334S reverse primer, ggegetcaceccgetegggttggaatc).
pSV-V;p» He R334S was transfected by electroporation into the
J558L cell line (ECACC 88032902) and positive transfectants
selected (11). Cells expressing R334S NP-IgE and NP-IgE
(ECACC 87080706) were grown in Dulbecco’s modified Eagle’s
medium (Sigma) supplemented with 10% fetal bovine serum
(Invitrogen), and IgE was purified by affinity chromatography
(11, 12). After affinity purification, the eluted IgE was concen-
trated by microfiltration, and antibody monomer was isolated
from the aggregate by gel filtration chromatography using a
$200 10/300 GL Superdex column (GE Biosciences) run at 0.75
ml/min in a Tris-saline buffer (0.5 M Tris, 0.25 m NaCl, pH 7.2).
The integrity of the protein was further confirmed by nonre-
ducing SDS-PAGE.

SPR Analysis of NP-IgE and R334S NP-IgE Using Biacore—
SPR assays were performed using a Biacore 3000 instrument
(GE Healthcare), as described previously (6, 7). Data were ana-
lyzed using the BIAevaluation package (version 4.1, GE Health-
care) with double referencing applied (13).

In Vitro Degranulation Assays—The ability of NP-IgE and
R334S NP-IgE to cause degranulation was measured in vitro
using the RBL-SX38 cell line; this expresses the human tet-
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FIGURE 1. Biochemical analysis of wild type and R334S NP-IgE. A, analyti-
cal S200 10/300 GL Superdex gel filtration traces of NP-IgE and R334S NP-IgE
after purification; run at 0.75 ml/minin 0.5 m Tris, 0.25 M NaCl, pH 7.2. B, 4-20%
Tris glycine SDS-PAGE of NP-IgE and R334S NP-IgE after purification. AU,
absorbance at 280 nm (normalized).
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ramer form of FceRI (14). Cells were maintained under stand-
ard culture conditions. For degranulation assays, cells were
plated overnight (2 X 10* per well in flat-bottomed 96-well
tissue culture plates) and the following day sensitized for 2 h
with IgE at indicated concentrations. Cells were then washed
twice (Hanks’ balanced salt solution plus 1% BSA) and triggered
for 30 min with 100 ul of NIP,-BSA (Biosearch Technologies)
at 100 ng/ml in wash buffer. Degranulation was terminated by
placing the cells on ice. Supernatants were collected, including
controls (cells treated with no antigen for background release
or wash buffer plus 1% Triton X for total release). Degranula-
tion was measured by release of B-hexosaminidase, assayed
using a fluorogenic substrate (4-methylumbelliferyl-N-acetyl-
B-p-glucosaminide) (15). Background release, subtracted from
all values, was always <10% of total release. Data were fitted to
anonlinear regression model using Prism (GraphPad software)
to obtain EC, values.

Stimulation with Immobilized Antigen-IgE Complexes—
Cells were stimulated with immobilized antigen-IgE complexes
according to a method adapted from Yamasaki et al. (16). Bone
marrow-derived mast cells prepared from hFceRI Tg mice were
loaded with [*H]serotonin (used as a measure of degranulation)
(17). Resuspended cells (1 X 10°/ml in Hanks’ balanced salt
solution, 1% BSA) were centrifuged at 400 X g onto 24-well
tissue culture plates coated with antigen-IgE complexes, or
antigen alone as a control (200 wl per well), prepared as
described (16). After centrifugation, degranulation was left to
proceed for 30 min at 37 °C; controls and reaction termination
were carried out as for RBL-SX38 assays. Radioactivity in the
supernatant was assessed by scintillation counting.

Detection of IgE Binding to RBL-SX38 Cells by Flow
Cytometry—Cells sensitized according to the degranulation
protocol were washed and treated, on ice, with the protein-
protein cross-linker bis(sulfosuccinimidyl) suberate (Pierce)
for 15 min, harvested by trypsinization, followed by washing
with FACS buffer (PBS with 2% normal goat serum). Cells were
then stained with fluorescein isothiocyanate-conjugated goat
polyclonal anti-IgE (Vector Laboratories), washed, and ana-
lyzed for IgE binding relative to untreated controls using a
FACSCalibur and Cellquest Pro software (BD Biosciences).

Titration of NP-IgE in a hFceRI Tg Mouse Model of PCA—
The minimal amount of NP-IgE required to give maximal PCA

in hFceRI Tg mice (17, 18) was
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FIGURE 2. SPR analysis of NP-IgE (A) and R334S NP-IgE (B) binding to sFceRla in the concentration range
12-200 nm. The top panel shows binding curves overlaid with biphasic fits that best describe the interaction;
the bottom panel shows a plot of the residuals for the fit. See Table 1 for full kinetic parameters derived from the

in the tail vein with 200 ul of PBS
containing 100 ug of NIP.-BSA and
2% Evans blue dye. Animals were
sacrificed 1.5 h after intravenous
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antigen challenge, and ears amputated, cut to identical sizes,
and Evans blue dye extracted into 1 ml of formamide by minc-
ing followed by incubation at 80 °C; dye was measured by
absorbance at 620 nm after filtration to remove ear debris.

Effect of the R334S Mutation on PCA—Once the appropriate
dose of NP-IgE was determined by titration in the PCA model,
a further experiment was carried out to assess the effect of the
R334S mutation. Intensity of PCA was compared between the
ears of mice sensitized with 20 ug of NP-IgE and with 20 ug of
R334S NP-IgE in opposite ears. Antigen challenge was then
carried out at 24, 48, or 96 h (n = 2-7), and samples were
processed as described for the NP-IgE titration. Significant dif-
ferences between R334S IgE and the wild type were determined
for each time point on the basis of a two-tailed £ test.

Rate of Clearance of NP-IgE from Mouse Ear Tissue—For
experiments measuring the rate of IgE diffusion out of ears, 14
g of NP-IgE or R334S NP-IgE in a 20-ul volume was injected
into the dorsal surface of the mouse ear. Mice (n = 9) were
sacrificed either 24, 48, or 96 h later without antigen challenge
or Evans blue dye injection, and ears were removed and cut to

TABLE 1

Kinetic parameters and affinity constants derived from the SPR
analysis of NP-IgE and R334S NP IgE binding to immobilized FceRlax

Both IgEs were analyzed using a biphasic interaction model from which association
and dissociation constants were derived for each component (shown * S.D. for at
least five determinations in the concentration range 12.5—-100 nm). R, /R, describes
the fractional contribution of the first component to the overall fit.

Deviation of
R334S NP-IgE
from NP-IgE

Constant NP-IgE R334S NP-IgE

k, MM 's™h) (0.85*+27)X10° (127 *=0.24) X 10°  Within error

identical sizes. IgE was extracted from ear tissue by homogeni-
zation of each individual ear in Lysis Buffer (10 mm Hepes, pH
7.2, 100 mm NaCl, 1.5 mm MgCl,, 10 mm KCl, 25% glycerol,
0.5%Nonidet P-40). Supernatants containing IgE extracts were
stored at —80 °C until ELISA analysis.

IgE ELISA—ELISA was used for detection of human IgE
according to a standard method (19). For detection of NP-IgE
and R334S NP-IgE in mouse ear homogenates, known concen-
trations of both NP-IgE and R334S NP-IgE were used to con-
firm equal detection of both and to enable adjustment for dif-
ferences in signal between plates.

RESULTS

Expression and Characterization of R334S NP-IgE—R334S
NP-IgE was expressed and purified and found to be identical to
NP-IgE as judged by SDS-PAGE and gel filtration chromatog-
raphy (Fig. 1, A and B).

SPR Analysis of NP-IgE and R334S NP-IgE Using Biacore—
Biacore analysis of NP-IgE and R334S NP-IgE showed distinct
differences in their kinetics of binding to sFceRla (Fig. 2, A and
B), with the values for NP-IgE in good agreement with those
previously published for full-length IgE, and the R334S IgE val-
ues in agreement with those for an R334S IgE-Fc fragment (7).
NP-IgE affinity constants were K,; = 0.40 X 10’ M ', K, =
1.53 X 10° M~ !, R,/R, = 0.03 = 0.01, and for R334S NP-IgE
were K,, = 0.96 X 10" M~ ', K, = 4.68 X 10" M~ ', R,/R, =
0.31 = 0.04; see Table 1 for complete kinetic data. Two associ-
ation constant values are presented because IgE binding to
sFceRla is fitted to a biphasic kinetic model (7). The relative

K (s (214 + 048) X 102 (132 + 0.16) X 10~> Within error contributions of these higher and lower affinity components
k(71T (188 £0.51) X 10° (825 +2.3) X 10°  ~2X slower are described by the R, /R, ratio (being the fractional contribu-
Ky (s™h) (123 £031) X 107* (1.71 £0.12) X 107> ~10X faster : . :
AR yhanse 0.96 5107 Within orror tl‘on‘(?f the first, K,; component). The. R334S mutation has a
K, (M) 1.53 X 10° 4.68 X 107 ~33X lower significant effect on both the principal component (K,),
Ri/Ry 0.03 = 0.01 0.31 * 0.04 mainly because of a faster off-rate (see Table 1), and the R,/R,
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FIGURE 3. In vitro analysis of R334S and wild type NP-IgE-mediated effector cell activation. A, titration of (®) wild type and ((CJ) R334S IgE-induced
degranulation from sensitized RBL-SX38 cells. Values are an average of three measurements corrected for background release = S.D. and are expressed as a
percentage of total release. B, flow cytometry of anti-IgE-stained RBL-SX3 cells sensitized in an identical manner to those used in the degranulation experi-
ments. Post-sensitization cells were treated, on ice, with protein cross-linker to immediately fix the cells. Cells were then harvested and stained with fluorescein
isothiocyanate anti-IgE. The points at which traces overlap indicate equivalent IgE binding, and these points correlate with equivalent levels of degranulation
in identically treated cells (inset; values calculated as A). C, degranulation triggered by surface immobilized R334S and wild type IgE. Tg hFceRI bone marrow-
derived mast cells were spun onto tissue culture plates pre-treated with antigen and then IgE, and degranulation was measured by the release of [*H]serotonin
into the culture medium. Values are an average of three measurements = S.D. and are expressed as a percentage of total release.
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in maximum degranulation, meas-
ured for R334S NP-IgE compared
with wild type NP-IgE, may be due
to R334S IgE-FceRI complexes dis-
sociating prior to the completion
of downstream signaling cascades
necessary for full stimulation. To
address this, the amount of FceRI-

B bound IgE present at the time of
antigen challenge was estimated by
<0.001 flow cytometry, to correlate it with

the level of degranulation produced.
Cells used for flow cytometric anal-
yses were treated in an identical
manner to those used for degranu-
lation experiments, except that
instead of antigen challenge, they

B

.

T

NP-IgE R334S NP-IgE  PBS

Tests 24 hours Tests 48 hours

|

NP IgE R334S NP-IgE PBS

T 1

were treated with a chemical cross-
NP-IgE R334S NP-IgE

linker to covalently couple recep-
tor-bound IgE to the cell, but not
IgE free in solution (Fig. 3B and

Tests 96 hours

B 35, - ::;f;w . inset). In the flow cytometry experi-
T 37 A Lineer (wt ;QQE] ment 0.1 ug/ml NP-IgE resulted ‘in a
S Linear (mt IgE) level of receptor occupancy equiva-
@ lent to sensitization with 10 ug/ml
o 2 R334S NP-IgE, and these concen-
% 154 trations yielded similar degranula-
ks tion values (compare orange and
g green columns and flow cytometry
< 051 plots in Fig. 3B).

5 . . Finally, it was investigated
24 48 96 whether indeed R334S NP-IgE was
Time (hours) capable of producing equivalent lev-

FIGURE 4. In vivo analysis of NP-IgE- and R334S NP-IgE-mediated effector cell activation. A, inset, titration
of NP IgE in ears of hFceRI Tg mice to determine IgE dose required for maximal PCA. Data are expressed as a
mean of all measurements (+S.E.). A, main panel, comparison of R334S NP-IgE and NP-IgE in hFceRI Tg PCA
model. All data are expressed as a mean of all measurements (+S.E.); controls are mock sensitizations carried
out with an equivalent volume of PBS alone (24 h; 48 h). B, ELISA to determine rate of clearance of injected

NP-IgE and R334S NP-IgE from mouse ears. All values are shown = S.D.

ratio. Overall, this means that the R334S mutation decreases
the affinity of IgE for FceRI by ~50-fold if an average weighted
affinity is calculated (based on the different contributions of the
two affinity constants according to the R,/R, values) or 33-fold
if only the major component is compared (K,,).

Comparison of NP-IgE and R334S NP-IgE in Vitro
Degranulation—The ability of the R334S NP-IgE to initiate the
allergic cascade was first measured in vitro using the RBL-SX38
cell line, which expresses the human form of FceRI (14). In
these experiments a clear difference in the EC,, was observed
for the R334S NP-IgE (2.5 ug/ml) when compared with NP-IgE
(0.025 pg/ml); see Fig. 3A for a representative plot. The range
observed for the difference between R334S NP-IgE and NP-IgE
was 40 —100-fold, with the mean EC,, (concentration at which
50% of the maximum effect is observed) for NP-IgE 0.11 * 0.04
nM and for R334S NP-IgE 6.7 = 5.4 nMm (both n = 5).

According to SPR measurements the R334S IgE dissociates
from FceRI on the time scale of the degranulation experiments
(compare Fig. 2, A with B). Therefore the differences observed

OCTOBER 31, 2008+ VOLUME 283 +NUMBER 44

els of degranulation as NP-IgE when
receptor occupancy was equal. This
was achieved by using avidity to
overcome the effect of the R334S
mutation. To ensure that all antigen
was engaged simultaneously, cells
were spun onto either wild type or R334S IgE that had been
captured on a tissue culture plate coated with NIP-BSA. In
these experiments the R334S NP-IgE and NP-IgE were found to
be equivalent; see Fig. 3C.

Comparison of Wild Type NP-IgE and R334S NP-IgE in Vivo—
The in vitro assays indicate that the lower affinity of R334S
NP-IgE hinders its ability to induce an allergic response com-
pared with wild type NP-IgE. To discover whether these results
are translated in vivo, the mutant and wild type IgE were com-
pared in a transgenic human FceRI mouse model of PCA. First,
the wild type molecule was titrated to establish the level at
which maximal degranulation was achieved after 48 h of sensi-
tization (10 g of IgE per ear; see Fig. 44, inset panel). Mice
were then injected with either NP-IgE or R334S NP-IgE in
excess of this concentration (20 wg), and the PCA reaction
was monitored after 24, 48, and 96 h (see Fig. 44, main
panel). At doses in excess of those identified as necessary to
yield maximal degranulation 48 h after sensitization, the
R334S mutant was only ~25% as effective as the wild type IgE
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in eliciting a PCA reaction (differences were significant to
p = 0.002). Significant differences were also noted at 24 h
(»p = 0.02) and 96 h (p = 0.001).

To determine whether this reduction was the result of an
increased rate of clearance of the R334S NP-IgE from the ear,
resulting from its lower affinity for FceRI, or the result of a
difference in the ability of the IgE to sensitize the effector cells
in the ear, dosing was repeated, and the relative amount of IgE
present in the ear was assayed at each time point (Fig. 4B).
ELISA analysis from unchallenged sensitized ears indicated
that, within a 96-h time frame, the rate of loss of IgE from the
ear did not differ between the wild type and R334S molecules;
values for each time point were compared on the basis of a ¢ test
(not shown).

DISCUSSION

The experiments described in this study were carried out to
ascertain the degree to which the allergic response is suscepti-
ble to changes in the IgE:FceRI affinity constant. We engineered
an anti-NP-specific IgE molecule containing the R334S muta-
tion and demonstrated a reduction in affinity for FceRI of
between 33- and 50-fold (SPR data, Fig. 2). This is consistent
with earlier studies in which the R334S mutation in IgE-Fc led
to a decrease in affinity of between 15-fold (cell binding data)
and 120-fold (SPR data) (7). The creation of a full-length R334S
IgE enabled us to study the functional consequences of a reduc-
tion in IgE-FceRI interaction affinity following allergen chal-
lenge both in vitro and in vivo. In vitro degranulation assays
demonstrated that the presence of the R334S mutation led to an
~60-fold increase in the EC, compared with wild type IgE (Fig.
3A). The difference in potency between R334S and wild type
IgE simply reflects a difference in FceRI occupancy at the time
of allergen challenge, rather than the degree of cross-linking, as
the change in affinity constant parallels that for the reduction in
effector cell response. This was confirmed by in vitro experi-
ments that showed a correlation between levels of R334S and
wild type IgE bound to the cell, and subsequent degranulation
(Fig. 3B). Indeed, when equal FceRI occupancy by R334S to wild
type IgE was forced (Fig. 3C), degranulation responses were
equal. However, this situation does not reflect how allergen
would be encountered in vivo.

Using an in vivo model of PCA, a 75% reduction in cellular
activation was observed with R334S IgE relative to its wild type
counterpart (Fig. 44). This is despite the fact that equivalent
amounts of IgE were present in the tissue at the time of antigen
challenge (Fig. 4B). The similarity in the slow clearance rates of
wild type and mutant IgE is unsurprising, given that the half-life
of free immunoglobulin injected into skin is ~2.5 days (20), a
function of the size of the molecule and restricted diffusion in
tissue. Therefore, at all times within the time frame of our
experiments, the reduced PCA mediated by R334S IgE is not
the result of preferential clearance from the tissue but is
reduced receptor occupancy.

Our data thus demonstrate that the effect of the R334S muta-
tion is to shift the response curve for effector cell stimulation to
the right. Critically, a mere 50-fold reduction in affinity leads to
a marked reduction in an in vivo allergic response. The impor-
tance of these observations is that they demonstrate that the
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allergic response is titratable. It is well established that IgE:
FceRI-stimulated effector mechanisms are sensitive to blocking
by antibodies (21), as exemplified by the successful introduc-
tion of an anti-IgE monoclonal antibody therapy, omalizumab.
Anti-IgE functions by lowering the amount of IgE that is free in
serum to bind FceRIl. As a consequence, the number of IgE-
FceRI complexes present on effector cells is reduced, such that
they are below the critical level for effective antigenic stimula-
tion (22). (Indeed, reduced IgE occupancy of FceRI leads to
down-regulation of surface-expressed receptor, further ampli-
fying this effect (23).) We now show that an IgE molecule with
reduced affinity for receptor has a similar outcome. A small
molecule inhibitor of the FceRI-IgE interaction would create
such a population of attenuated molecules, thereby presenting
aroute to low cost allergy therapy.

The crystal structure of the complex between a sub-fragment
of IgE-Fc (consisting of a dimer of the Ce3 and Ce4 domains,
Fce3—4) with FceRI shows that the interface consists of two
distinct binding sites, each comprising residues from the Ce3
domain of each chain (5). The extensive surface area (~1850
A?) is very much greater than that occupied by a typical small
molecule inhibitor (~300 A2) (25), which might therefore be
expected to be incapable of blocking IgE binding to FceRI com-
pletely. However, if the small molecule could restrict IgE bind-
ing to a single sub-site, we have shown in previous studies that
the affinity of the complex would be reduced 1000-fold (6). This
is far in excess of the effect of the R334S mutation and reveals
the potential for inhibitors that prevent full engagement of IgE
with FceR, an effect that could also be achieved by allosteric
mechanisms, given the known requirement for conformational
changes within IgE and the receptor (5, 24, 26 —28).

In summary, we have demonstrated that even a moderate
attenuation of the interaction between IgE and FceRI is suffi-
cient to cause a physiological effect and that this encourages a
small molecule strategy for inhibition of this interaction. If such
a molecule were to create a population of R334S-like IgE mol-
ecules, this would raise the threshold for cellular activation suf-
ficiently to dampen the allergic response.
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