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SYNOPSIS
This study describes the design of a heterotetravalent allergen (HtTA) as a multi-component
experimental system that enables an integrative approach to study mast cell degranulation. The
HtTA design allows presentation of two distinct haptens, each with a valency of two, thereby
better reflecting the complexity of natural allergens by displaying epitope heterogeneity and IgE
antibody variability. Using the HtTA design, synthetic allergens HtTA-1 and HtTA-2 were
synthesized to model a combination of epitope/IgE affinities. HtTA-1 presented DNP and dansyl
haptens (Kd = 22 and 54 nM for IgEDNP and IgEdansyl respectively), and HtTA-2 presented dansyl
and the weak affinity DNP-Pro haptens (Kd = 550 nM for IgEDNP). Both HtTAs effectively
induced degranulation when mast cells were primed with both IgEDNP and IgEdansyl antibodies.
Interestingly, tetravalent DNP-Pro or bivalent dansyl were insufficient in stimulating a
degranulation response, illustrating the significance of valency, affinity, and synergy in allergen-
IgE interactions. Importantly, maximum degranulation with both HtTA-1 and HtTA-2 was
observed when only 50% of the mast cell-bound IgEs were hapten specific (25% IgEdansyl + 25%
IgEDNP). Taken together, this study establishes the HtTA system as a physiologically relevant
experimental model and demonstrates its utility in elucidating critical mechanisms of mast cell
degranulation.
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INTRODUCTION
Type–1 hypersensitivity (allergic reactions) is an abnormal response of the adaptive immune
system directed against otherwise harmless, non-infectious substances. It is caused by the
crosslinking of IgE antibodies that are bound to their high-affinity receptor (FcεRI) on the
surface of mast cells by multivalent allergens, which initiates a mast cell degranulation
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response resulting in the release of mediators such as vasoactive amines, neutral proteases,
chemokines, and cytokines [1, 2]. Naturally occurring allergens are typically complex,
structurally heterogeneous proteins, with multiple allergy-inducing epitopes. Consequently,
the IgE antibodies that are generated against these proteins are polyclonal in nature, and bind
to the various allergy-inducing epitopes with different affinities [3, 4]. Typical allergens can
have 2 to 12 epitopes recognized by polyclonal IgE antibodies [5–8]. Recent evidence
suggests that among the identified epitopes on a given allergen, 1 to 5 are immunodominant,
meaning they are recognized in the majority of patients with that particular allergy [6, 7, 9–
11]. For example, there are 4 epitopes on the peanut protein Ara h 3, which is recognized by
80–90% of patients with peanut allergies and play a significant role in triggering the allergic
reaction [6].

As a result of the complexity of natural allergens, it has been a challenge to develop
experimental models that mimic natural allergic responses. Consequently, in studies to date,
simplified models have been utilized to study mast cell degranulation and type-I
hypersensitivity. An example of a common and ubiquitously used model system involves the
use of the Dinitrophenyl/anti-DNP IgE (DNP/IgEDNP) hapten/antibody pair [12]. Typically,
in the experiments that utilize this system, rat basophilic leukemia (RBL) cells are first
primed with monoclonal IgEDNP,and are then stimulated with a synthetic allergen prepared
by conjugating multiple copies of DNP to a scaffold such as BSA [13–15]. Although this
model has provided important insight into mast cell signaling, it falls short of being a
realistic representation of natural allergy systems (perhaps with the exception of certain drug
allergies). One shortcoming of this model is that DNP binds to IgEDNP with an atypically
high monovalent affinity (Kd in the range of high picomolar to low nanomolar depending on
the IgE clone), which is not representative of the broad range of affinities IgEs have for
allergy epitopes present in nature [10, 16, 17]. Additionally, multivalent presentation of the
same hapten on a scaffold does not accurately represent the multiple distinct epitopes on
natural allergens. Given the heterogeneity of natural allergens, which possess a combination
of epitopes with high and low affinities for the various polyclonal IgEs, better designed
experimental model systems reflecting such epitope variability and incorporating multiple
IgE clones that target each of these epitopes are needed to elucidate the critical and
unrevealed aspects of mast cell activation.

Here, we describe the design of a multi-component experimental model system of mast cell
degranulation that incorporates epitope heterogeneity and IgE antibody variability to better
reflect the complexity of natural allergens. In our design, we sought after the following two
criteria: i) to mimic the presence of multiple epitopes on a natural allergen, the synthetic
allergen must incorporate more than one type of hapten; and ii) to mimic the involvement of
polyclonal antibodies in natural allergy systems, crosslinking of more than one IgE clone,
each with a different hapten specificity, must be required to initiate an allergic response. To
meet these criteria, we designed a heterotetravalent synthetic allergen (HtTA) scaffold that
can present two distinct haptens, each with a valency of two (Figure 1). HtTA provides a
realistic representation of a natural allergen since recent studies report that there are
typically 1 to 5 immunodominant epitopes on an allergen [6, 7, 9–11]. For example various
common allergens such as Ara h 3 of peanut, Tri a 14 of wheat, and Cuc m 2 of melon all
have four immunodominant epitopes [6, 16, 18]. Therefore, the HtTA design, with its four
haptens, is a close approximation of many natural allergens. Importantly, the HtTA design
provides that if only one of the respective IgEs is present on the mast cell surface, the HtTA
will essentially behave as a bivalent ligand, which, according to literature reports, is
insufficient for triggering degranulation [19, 20]. Accordingly, for HtTA to trigger
degranulation, the presence of both hapten-specific IgE antibodies on the mast cell surface is
necessary. Therefore, the HtTA design better reflects the complexity of natural allergy
systems by incorporating two distinct haptenic moieties that require the involvement of both
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respective IgE antibodies for a degranulation response. These concepts are summarized in
Figure 1.

EXPERIMENTAL
Materials

We purchased N-Fmoc-amido-dPEG8-acid from Quanta BioDesign, Fmoc-NH-(PEG)4-
COOH, N-Fmoc-amino acids, Fmoc-lys(ivDde)-OH, NovaPEG Rink Amide resin, 2-(1H-
Benzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU), and BSA
from EMD Biosciences. Dansyl chloride, 1-Fluoro-2,4-dinitrobenzene (DNP), N,N-
diisopropylethylamine (DIEA), Trifluoroacetic acid (TFA), and Piperidine were from Sigma
and N,N-dimethylformamide (DMF) (>99.8%) was purchased from Thermo Fisher.
IgEDansyl (clone 27–74) was purchased from BD Biosciences. IgEDNP, was isolated from
ascites and purified using a trinitrophenyl-lysine affinity column, was a gift from Dr. Bridget
Wilson.

Synthesis of the tetravalent and bivalent synthetic allergens
All molecules were synthesized using standard Fmoc chemistry on a solid support. Fmoc
protected amino acids were activated with HBTU and DIEA in DMF for 3 minutes and
coupling was monitored with Kaiser tests [21]. Fmoc protecting groups were removed by
exposure to 20% piperidine in DMF. The synthetic allergens were synthesized using
multiple lysine derivatives to achieve branching while N-Fmoc-amido-dPEG8-acid was used
to provide the EG8 linkers [22, 23]. A detailed synthetic protocol is provided in the
Supplementary Materials section.

Determination of IgEDNP/HtTA complex formation
The sizes of cyclic IgE complexes that formed upon addition of HtTA were measured using
a Brookhaven dynamic light scattering system at 25 °C. The size of the IgE antibodies was
measured by preparing a 3 µM IgE solution in PBS pH 7.4 and using an estimated refractive
index of 1.45. IgE/HtTA complex formation was measured using a stoichiometric amount of
HtTA to total IgE (1:2). The solution contained an equimolar solution of IgEDNP and
IgEdansyl. In order to remove dust particles, the solution was centrifuged using an Eppendorf
centrifuge model 5224 at 16,000 xg for 30 minutes prior to DLS measurement.

Fluorescence quenching assay for determination of IgE/hapten binding affinities
The binding constants of the monovalent haptens to IgE were determined as previously
described in detail [14]. Briefly, DNP and dansyl quench the fluorescence from the IgE
tryptophan residues, occurring at 335 nm, only when the two molecules are in proximity to
each other (<10 nm). The monovalent haptens were titrated into a 96 well plate containing a
200 μL solution of 10 nM IgEDNP in PBS. All experiments were done in at least triplicates.

Synthesis of hapten conjugated BSA molecules as synthetic allergens
BSA (10 mg) was dissolved in 1 mL of bicarbonate buffer (0.1 M pH 9.0), 10 mg of dansyl
chloride was dissolved in 1 mL of DMF and 100 uL of the dansyl chloride solution was
added to the BSA solution. The conjugated BSA was purified using a 0.5 mL 10 kDa
molecular weight cut off spin concentrator (Millipore). The purity of the dansyl-BSA was
determined using SE-HPLC on an Agilent 1200 series system with a Tosoh Bioscience
TSKgel Super SW3000 column (4.6mm × 300mm) at 0.35 mL/min PBS (pH 6.8). The
purity of dansyl-BSA (elution time 8.7 minutes) was estimated to be >97% and the only
contaminant detected was un-conjugated dansyl (elution time 33 minutes). On average there
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were 14 dansyl molecules per BSA as determined by the absorbance ratio of 335 nm to 280
nm.

RBL degranulation assay
RBL cells and IgEDNP were kindly provided by Dr. Wilson (University of New Mexico).
RBL cells were maintained as described previously [13]. For the degranulation assays, cells
were plated at 0.5 × 106 cells/ml in a 96 well plate, and were incubated for 24 hours
followed by a two hour incubation with the indicated IgE antibodies. Cells were washed
immediately before experiments and were stimulated with the indicated concentrations of
ligand. Degranulation was detected spectroscopically by measuring the activity of the
granule stored enzyme β-hexosaminidase secreted into the supernatant on the substrate p-
nitrophenyl-N-actyl-β-O-glucosamine. All degranulation assays were repeated in at least
triplicates. In all experiments the total IgE concentration was kept constant at 1 µg/ml.

RESULTS AND DISCUSSION
Design of the heterotetravalent model system

The HtTA model requires incorporation of multiple hapten/antibody pairs with a broad
range of affinities. DNP/IgEDNP is the most commonly utilized hapten/antibody pair in
allergy research and DNP has a high affinity for IgEDNP. Therefore, we selected DNP/
IgEDNP as the high affinity pair in our design. The hapten DNP can be chemically modified
to alter the affinity of this interaction to generate weaker affinity pairs [17, 24]. In order to
create a second hapten/IgE pair with weaker affinity, we synthesized a DNP variant, DNP-
proline (DNP-Pro). As the third pair, we selected 5-(dimethylamino)naphthalene-1-sulfonyl/
anti-dansyl IgE (dansyl/IgEdansyl). Dansyl, similar to DNP, is a small molecule that is easily
incorporated into multivalent synthetic schemes. The structures of the haptens used in the
HtTA design are shown in Figure 2A.

Next we designed the tetravalent scaffold that was used to synthesize the HtTAs (Figure
2B). The scaffold should space the four haptens sufficiently far apart such that the assembly
of four antibodies to the tetravalent allergen would not be sterically hindered. Yet, the
haptens need to be positioned close enough to make it sterically unfavorable for one HtTA
molecule to bridge the two Fab arms of a single IgE. Previously, we identified that a
separation distance of 6 nm is optimal for haptens to bind to multiple antibodies without
bridging two antigen binding sites on a single antibody [25–27]. Another important
parameter in the design of HtTA is the selection of the linker molecule used to conjugate the
four haptens. In earlier studies, we identified ethylene glycol to be the preferred linker when
designing multivalent molecules that bind antibodies [14]. Ethylene glycol does not form
non-specific interactions with proteins, is flexible enough to minimize steric constraints for
hapten binding, and enhances the solubility of the hydrophobic haptens [28–30]. With these
design considerations in mind, we synthesized homotetravalent (HmTA-1, HmTA-2, and
HmTA-3), and heterotetravalent (HtTA-1 and HtTA-2) allergens by conjugating the
respective hapten molecules to each other with lysine containing ethylene glycol linkers
(Figure 2B). The ethylene glycol linkers connecting the four hapten molecules to the
tetravalent molecule are each 3.2 nm long (when fully extended), providing a maximum
separation distance of ~6.4 nm, while the lysine residues provide a charged group to further
enhance solubility. This design provided the HtTA model system with epitope heterogeneity
and IgE antibody variability to better reflect the complexity of natural allergens.

Determination of the binding affinity for the IgE-hapten interactions
Since the affinity of the haptens DNP, DNP-Pro, and Dansyl are specific to the monoclonal
antibody used, we first determined the monovalent binding affinities of the haptens for their
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corresponding IgEs. DNP and dansyl have significant absorbance at 335 nm. This overlaps
with the tryptophan emission from the antibody and enables us to measure binding affinities
using a fluorescence quenching method we described earlier [14]. We determined the
monovalent dissociation constants for dansyl (Kd

dansyl = 54 ± 4 nM), DNP (Kd
DNP = 22 ± 2

nM) and DNP-Pro (Kd
DNP-pro = 550 ± 40 nM) for the respective antibodies (Figure 3A).

Next, we tested cross-reactivity between hapten/antibody pairs. We confirmed that DNP and
DNP-Pro did not cross-interact with IgEdansyl and likewise dansyl did not cross-react with
IgEDNP (Supplementary Data, Figure S1). These results demonstrated that the affinity of the
dansyl/IgEdansyl interaction is 2.5 times lower compared to the affinity of DNP/IgEDNP

interaction. Furthermore, there is a 25 fold difference between affinities of DNP and DNP-
Pro for IgEDNP. The binding affinities achieved with these hapten/antibody pairs cover the
range necessary for simulating a realistic representation of the heterogeneity seen in natural
allergens.

The IgEDNP and IgEdansyl antibodies simultaneously bind to HtTA molecules
As reported previously, the optimal separation distance between haptens for efficient
bivalent binding to both Fabs on a single IgE antibody is 10 nm [31, 32]. In the HtTA
design, we used eight repeating units of ethylene glycol as the linker that provides a
maximum separation distance of 6.4 nm between haptens. This length is not long enough to
effectively crosslink the two Fab arms on a single antibody, but provides enough space for
the binding of multiple antibody molecules simultaneously [25–27]. Therefore, to verify that
simultaneous binding of four antibodies (2 of each IgEDNP and IgEdansyl) to HtTA-1 was not
sterically hindered, we determined HtTA-1’s ability to associate simultaneously with
IgEDNP and IgEdansyl antibodies in solution using dynamic light scattering (DLS). A
solution containing equimolar amounts of IgEDNP and IgEdansyl was analyzed using DLS,
which established that the antibodies had an average hydrodynamic radius of 7.5 nm (Figure
3B). Upon the addition of a stoichiometric amount of HtTA-1 (HtTA-1: total IgE, 1:2) the
peak at 7.5 nm disappeared and a new peak at 16 nm appeared indicating the formation of
IgE/HtTA-1 complexes. No larger particles were detected and the signal at 7.5 nm was no
longer present indicating the depletion of monomeric IgE (Figure 3C). Thermodynamic
equilibrium was reached in less than 1 minute and complexes were stable over several hours.
Since, HtTA-1 is incapable of binding bivalently to a single antibody (when mixed at a
stoichiometric ratio of haptens to IgE binding sites), the only possible complex that can form
is a bicyclic antibody tetramer (IgE4HtTA2) at this size (see Supplementary Section for
further discussion on the complex formation). These results indicated that HtTAs were able
to bind tetravalently to IgEDNP and IgEdansyl antibodies and form complexes, indicating the
potential to trigger degranulation of mast cells primed with both antibodies.

Optimization of the rat basophilic leukemia (RBL) cell degranulation assay using BSA
conjugated DNP and dansyl as synthetic allergens

To evaluate if the designed HtTA molecules can stimulate mast cell degranulation, we used
the well-established rat basophilic leukemia (RBL) cell line. The IgE receptor, FcεRl, is
expressed on RBL cell surface and has a very high affinity for the Fc domain of IgE
antibodies. BSA-conjugated haptens, owing to their high valency, have been shown to be
potent stimulators of allergic responses. Therefore, we first optimized the RBL assay by
using the synthetic allergens: DNP25-BSA and dansyl14-BSA, as positive controls. DNP25-
BSA and dansyl14-BSA were synthesized and characterized as described in the experimental
section. RBL cells were first primed with either monoclonal IgEDNP or monoclonal IgEdansyl

to bind to FcεRl, and were then exposed to increasing concentrations of the corresponding
BSA conjugate to crosslink the cell-bound IgE to trigger degranulation. Our results
demonstrated both dansyl14-BSA and DNP25-BSA to be potent stimulators of degranulation
with DNP25-BSA triggering a slightly stronger response (Figure 4A). This was expected as
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the hapten DNP has a higher affinity for IgEDNP than dansyl has for IgEdansyl and DNP25-
BSA has more hapten moieties per BSA molecule than dansyl14-BSA. An increase in either
the valency of an allergen or in the affinity between the haptens and the IgEs both correlate
with an increase in the cellular response.

Once we confirmed that DNP25-BSA and dansyl14-BSA were potent synthetic allergens, we
verified that there was no cross-reactivity between haptens in the system. As expected,
DNP25-BSA did not initiate a response from the mast cells primed only with IgEdansyl.
Similarly, no response was observed when dansyl14-BSA was added to the RBL cells
primed with IgEDNP (Figure 4A), which was consistent with the monovalent binding assay
results.

Next, to confirm that both antibodies could simultaneously bind to the surface of the mast
cells, we prepared a solution of equimolar IgEDNP and IgEdansyl to prime the cells, and used
either DNP25-BSA or dansyl14-BSA as the synthetic allergen. Under these conditions the
responses observed from the BSA conjugates were almost identical to the responses
observed when the cells were primed with only one of the antibodies. This indicated that
both antibodies were able to bind to the FcεRI receptors on cell surface, and that the
presence of either antibody did not inhibit the other from binding to its hapten (Figure 4A).

Evaluation of Homotetravalent Synthetic Allergens as Stimulators of Mast Cell
Degranulation

Next, we investigated if the homotetravalent molecules, which were synthesized by
conjugating DNP, DNP-Pro, or dansyl to the tetravalent scaffold, were potent stimulators of
mast cell degranulation by using the RBL cell assay. Homotetravalent DNP (HmTA-1) and
dansyl (HmTA-2) demonstrated strong activity in triggering degranulation, while
homotetravalent DNP-Pro (HmTA-3) was unable to initiate a degranulation response
(Figure 4B). This result suggested that HmTA-3 was incapable of aggregating FcεRI
receptors by crosslinking IgEDNP due to its weaker affinity for this antibody. Potentially a
higher valency presentation of this hapten could induce degranulation, however, such a high
valency synthetic allergen would not provide a good model of natural systems.

Evaluation of Heterotetravalent Synthetic Allergens as Stimulators of Mast Cell
Degranulation

Due to the presence of a single hapten, the homotetravalent molecules provide only a
marginally better model over DNP25-BSA and dansyl14-BSA synthetic allergens. Therefore,
we synthesized a heterotetravalent synthetic allergen composed of two DNP and two dansyl
moieties (HtTA-1). To evaluate the potency of HtTA-1 in initiating a degranulation
response, RBL cells were sensitized with equal concentrations of IgEdansyl and IgEDNP, and
then exposed to increasing concentrations of HtTA-1. HtTA-1 induced degranulation over a
wide concentration range from 0.6 nM to 1 µM with a maximum response at 10 nM (Figure
4C). As expected, the degranulation response followed a bell-shape curve and decreased at
elevated allergen concentrations. The decrease at high concentrations is presumably caused
by the presence of excess HtTA-1 in solution, competitively inhibiting multivalent binding
of HtTA-1 to cell bound IgE preventing FcεRl clustering, and therefore reducing the
degranulation response. Under conditions where only one of the two IgEs were present on
the RBL cell surface, HtTA-1 behaved as a bivalent molecule and was not capable of
inducing degranulation. This result confirms that both IgE antibodies are required for the
HtTA to successfully stimulate degranulation (Figure 4C). Control experiments were also
performed on RBL cells primed with both IgEs by using the synthetic bivalent molecules:
homobivalent DNP (HmBA-1), homobivalent dansyl (HmBA-2), and heterobivalent DNP-
dansyl (HtBA). None of the bivalent molecules induced degranulation (Figure 4C). These
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results are in line with literature reports, which demonstrated that bivalent ligands are not
potent stimulators of mast cell degranulation [19, 20]. It should be noted that in a few
reports rigid bivalent ligands have been shown to stimulate mast cell degranulation [33–36].
However, these bivalent allergens were still poor stimulators of degranulation compared to
higher valency allergens and required enhancing reagents such as cytochalasin D or D2O to
detect a response. Combined, our results demonstrate that the HtTA system provides us with
a multicomponent experimental model that better represents natural allergens by
incorporating hapten and IgE antibody variability.

The HtTA system also provides us with a model to evaluate the role that low affinity
epitopes play in mast cell degranulation. In order to evaluate the significance of low affinity
epitopes, particularly when they are presented in combination with higher affinity epitopes,
we synthesized yet another heterotetravalent allergen composed of two DNP-Pro and two
dansyl molecules (HtTA-2). It is noteworthy that, in our earlier experiments, we have shown
that a tetravalent presentation of the low affinity DNP-Pro hapten (HmTA-3), or a bivalent
presentation of dansyl (HmBA-2) did not induce any degranulation response (Figure 4B, 4C,
respectively). Interestingly, HtTA-2 effectively stimulated RBL cell degranulation (Figure
5). The synergistic activity of these two components, each of which are insufficient to
initiate a response on their own, demonstrates the significant role that low-binding epitopes
can play in mast cell degranulation, particularly when they are presented in combination
with higher-affinity epitopes.

Effect of allergen specific IgE density on mast cell degranulation
It has previously been demonstrated that, in a patient’s serum, the level of IgE that is
specific for a given allergen can range from 0.01% to 82%, however, is typically less than
25% of all IgEs present [37]. As a result, mast cells present multiple clones of IgEs on their
surface, with each particular clone of IgE occupying only a certain fraction of the total
FcεRI receptors. Therefore, by using the heterotetravalent model system, we next
investigated the effect of allergen specific IgE density on mast cell degranulation. In order to
mimic physiologically relevant conditions, we assayed the HtTAs for their efficiency in
RBL degranulation while varying relative IgEDNP and IgEdansyl ratios as well as their total
percentages on RBL cell surface. This was accomplished by changing their relative
stoichiometries used to prime the RBL cells, while reducing their total amount with the
addition of an orthogonal IgE (IgECyclin A). Since all 3 IgE antibodies are murine, they have
the same affinity for the FcεRI receptor and therefore their relative ratios in solution are
representative of the surface bound IgE ratios on the RBL cells.

The results of the experiments that measured the degranulation response induced by HtTA-1
and HtTA-2, with decreasing specific IgE ratios on the cell surface are summarized in
Figure 6. During these experiments, the relative ratios of IgEdansyl and IgEDNP were kept
constant at 1:1, while the orthogonal IgE’s (IgEcyclin A) relative abundance was increased
from 0 to 100%. According to the results, HtTA-1 generated the strongest degranulation
response at 10 nM concentration with cells primed with 25% IgEdansyl, 25% IgEDNP and
50% orthogonal IgE (Figure 6A). Meanwhile, the strongest response from HtTA-2
stimulation was achieved at 600 nM concentration again with cells primed with the same
IgE ratio: 25% IgEdansyl, 25% IgEDNP and 50% orthogonal IgE (Figure 6B). Both results
establish that the ratio of the IgE antibody present on the cell surface is a significant factor
that affects the degranulation response. Furthermore, for both the stronger stimulant HtTA-1
and the weaker stimulant HtTA-2, the ratios of the antibodies that generated the most intense
response were identical. A closer analysis of the data reveals that the IgE ratio is more
critical for the weaker of the synthetic allergens, HtTA-2, where the degranulation response
is increased by 140% when compared to conditions where the cells were only primed with
specific IgEs. The increase was still significant for the stronger synthetic allergen, HtTA-1,
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where we observed an increase of 54% in degranulation. While these results may appear
surprising, they were not completely unexpected. Earlier studies reported that maximal
degranulation could occur at 5% IgE crosslinking on mast cells [33]. Furthermore, an
inverse correlation between FcεRl aggregate size and degranulation response has also been
reported [13, 38]. We predict that reducing the ratio of allergen specific IgEs on the mast
cell surface reduces the sizes of the FcεRl clusters due to decreased crosslinking by the
synthetic allergen, resulting in a stronger degranulation signaling by the receptors.

Finally, we investigated the effect of the relative ratios of specific IgEs on cellular
degranulation. We performed two experiments with each synthetic heterotetravalent
allergen. In the first experiment the RBL cells were primed only using specific IgEs at
different ratios. In the second experiment 75% of the antibody used to prime the RBL cells
was the orthogonal IgE, and the relative ratios of the specific IgEs was varied only with the
remaining 25%. In both experiments the allergens were used at the concentration that
elicited maximum degranulation, HtTA-1 at 10 nM, and HtTA-2 at 600 nM. The results of
these experiments established that regardless of the amount of orthogonal IgE used,
maximum degranulation was consistently obtained at a 1:1 ratio of IgEdansyl to IgEDNP for
both HtTA-1 and HtTA-2 (Figure 7). This result is likely a reflection of the symmetry of the
HtTAs as both HtTAs present the same number of haptens specific for each IgE.
Additionally, as the maximum response occurred at a 1:1 ratio of IgEdansyl to IgEDNP, this
indicates equal binding of both haptens to their respective IgEs, which can only occur if the
HtTAs are binding tetravalently to cell bound IgE. Furthermore, these results illustrate the
importance of the presence of both IgE antibodies in eliciting degranulation. Prior to these
results, it was assumed that higher affinity IgEs (IgEdansyl in the case of HtTA-2) are more
important in promoting degranulation than lower affinity IgEs. These results demonstrate,
however, that each IgE was equally important, further highlighting the significance of weak
binding epitopes in allergies.

CONCLUSION
This study describes the development of a well-defined, multi-component experimental
system that enables an integrative approach to study mast cell degranulation. The HtTA
design allows for the multivalent presentation of two different haptens with varying
affinities on the same scaffold, and requires the use of two distinct IgE antibodies to elicit
mast cell degranulation, while the overall fraction of allergen specific IgE can be controlled
with the use of a third orthogonal IgE. As such, the model replicates epitope heterogeneity,
as well as the variations in epitope-IgE affinity, and thereby better reflects the complexity of
natural allergy systems.

In this study we also demonstrate the utility of the heterotetravalent model system for a more
complete elucidation of the mechanism of mast-cell degranulation. By using the HtTA
design, we synthesized two synthetic allergens, HtTA-1 and HtTA-2, which covered a range
of 2.5 and 10 fold variation in epitope affinity on the same scaffold, respectively. Both
synthetic allergens required the presence of both IgEdansyl and IgEDNP antibodies on the
mast cell surface to trigger degranulation. In each case, the degranulation response
demonstrated a bell shaped curve – where degranulation first increased, reached a
maximum, and then decreased with increasing synthetic allergen concentration. As
expected, the relative potency of the HtTAs, both in terms of the concentration required for
stimulating a response and intensity of degranulation, correlated with hapten affinity.
Therefore, HtTA-1, being composed of higher affinity haptens than HtTA-2, proved to be
the more potent synthetic allergen. Interestingly, the maximum degranulation response for
both HtTA-1 and HtTA-2 occurred when only 50% of the total IgE on the mast cell surface
were hapten specific (25% IgEdansyl + 25% IgEDNP). We predict that reducing the ratio of
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allergen specific IgEs on the mast cell surface reduces the sizes of the FcεRl clusters due to
decreased crosslinking, resulting in a stronger degranulation signaling by the receptors.

Another interesting outcome of this study that was revealed by utilizing the HtTA model is
that the individual components of HtTA-2, tetravalent DNP-Pro (HmTA-3) and bivalent
dansyl (HmBA-2), were unable to stimulate degranulation. Yet, when DNP-Pro and dansyl
were combined each with a valency of two in the same scaffold to create HtTA-2, the
molecule proved to be a potent allergen. We believe that HtTA-2’s synergistic activity
originates from a sequential order of events: First, the tighter binding dansyl on the allergen
binds to IgEdansyl on the RBL surface, attaching HtTA-2 to the cell surface and preventing it
from dissociating and diffusing back into the bulk solution. Next, the HtTA-2/IgEdansyl/
FcεRI complex diffuses laterally on the cell surface until it encounters an IgEDNP/FcεRI
complex, upon which the weaker affinity DNP-Pro moiety binds and causes clustering. In
the absence of a tighter binding hapten, the weak affinity DNP-Pro is insufficient to bind to
multiple IgEDNP antibodies simultaneously because the rate of dissociation of HtTA-2 from
IgEDNP is too rapid to allow the formation of signaling competent clusters of IgEDNP/FcεRl.
In the absence of the IgEDNP antibody, the tighter binding hapten dansyl is unable to form
large enough clusters due to its insufficient valency, as there are only two copies of dansyl
on each HtTA-2. These experiments illustrate the importance of valency, affinity, and
cooperativity in allergen-IgE binding interactions in mast cell degranulation. Moreover,
these results demonstrate the significance of weak affinity epitope/IgE interactions in mast
cell degranulation, especially when they are presented simultaneously with higher affinity
epitopes on the same allergen.

Finally, the architectural elements of the synthetic allergen, HtTA, can be easily modified to
expand the platform to include various functionalities such as fluorescent labels, drug
conjugates, or ligands that target other receptors to address fundamental questions in allergy
research. Importantly, variations of HtTA can be synthesized to further explore the
relationship between epitope affinity and stimulation of mast cell degranulation, as well as
its inhibition. For example, in this study we have shown that HtTA did not stimulate
degranulation, unless both types of haptens were interacting with their respective IgEs on
the mast cells. In other words, the interaction of either hapten alone with its respective IgE
was insufficient to trigger degranulation. Given that there are 1–5 immunodominant allergy
epitopes on a natural allergen, our result suggests that inhibiting as little as a single allergy
epitope on an allergen may be sufficient to inhibit the mast cell degranulation response
completely. Therefore the HtTA design also provides a model system that can be utilized to
help in the design of selective inhibitors of allergic responses.

The results presented in this study emphasize the significance of more advanced,
physiologically relevant, experimental models in allergy research. It would not have been
possible to undertake these types of analysis using the previously established, simplified
models of mast cell degranulation. Altogether, this study establishes the HtTA design as a
well-characterized, multi-component experimental model system to address fundamental
questions regarding mast cell stimulation and its inhibition by bringing an integrative
approach to allergy research.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Design of a heterotetravalant synthetic allergen as a model system to study mast cell
degranulation
A) Crystal structure of the peanut allergy protein Ara h 3 (PDB 3C3V) with the 4
immunodominant epitopes shown. To mimic the multiple different epitopes present on a
natural allergen such as Ara h 3, we synthesized the heterotetravalent synthetic allergen
(HtTA) made of two distinct haptens, each with a valency of 2. Bivalent ligands composed
of 2 copies of one hapten (HmBA-1, HmBA-2), or composed of 1 copy of each of the two
haptens (HtBA) were also synthesized as controls. B) In an allergic reaction, the allergen
binds to polyclonal IgE antibodies found on the surface of mast cells. The cross-linking of
the IgE receptor, FcεRl, initiates a signaling cascade that results in mast cell degranulation.
C) In the HtTA design, multiple different haptens of HtTA simultaneously bind to their
respective IgE antibodies, mimicking the involvement of polyclonal antibodies in a natural
allergic response. D) When the mast cells have only a single type of IgE on their surface that
is specific for only one of the haptens, the HtTA can only bind bivalently to the IgE, which
does not provide sufficient cross-linking to stimulate a degranulation response.
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Figure 2. Chemical structures of the haptens and tetravalent synthetic allergens
A) Structures of the haptens used to synthesize the tetravalent allergens are shown. B)
Heterotetravalent (HtTA-1, HtTA-2), homotetravalent (HmTA-1, HmTA-2, HmTA-3),
homobivalent (HmBA-1, HmBA-2), and heterobivalent (HtBA) synthetic allergens are
shown.

Handlogten et al. Page 14

Biochem J. Author manuscript; available in PMC 2014 January 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3. Characterization of the hapten/IgE binding interactions
A) Binding curves for monovalent DNP/IgEDNP (■), monovalent DNP-Pro/IgEDNP ( ), and
monovalent dansyl/IgEdansyl (□) interactions are shown. Binding was observed by
monitoring the fluorescence quenching of tryptophan. Values for the binding constants are
Kd

DNP = 22 ± 2 nM, Kd
DNP-Pro = 550 ± 40 nM and Kd

dansyl = 54 ± 4 nM. Control
experiments done with DNP/IgEdansyl, DNP-Pro/IgEdansyl, or dansyl/IgEDNP did not show
any cross-reactivity, Figure S1. Data represents means ± SD of triplicate experiments. B)
DLS data demonstrates the aggregation of IgEDNP and IgEdansyl in response to addition of a
stoichiometric concentration of HtTA. The size of the monomeric IgE antibodies was 7.5 nm
and increased to 16 nm upon the addition of the HtTA.
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Figure 4. Mast cell degranulation response induced by homotetravalent and heterotetravalent
synthetic allergens
A) RBL cell assay was optimized using DNP25-BSA and dansyl14-BSA. RBL cells were
primed with IgEDNP, IgEdansyl, or an equimolar mixture of both antibodies. DNP25-BSA and
dansyl14-BSA both stimulated degranulation when the hapten specific antibody was present
on the cell surface, but did not stimulate degranulation if it was absent. DNP25-BSA and
dansyl14-BSA were used at 10 ng/mL. B) RBL cell degranulation in response to increasing
concentrations of HmTA allergens are shown. In all experiments, RBL cells were primed
with an equimolar mixture of IgEDNP and IgEdansyl. C) RBL cell degranulation in response
to increasing concentrations of HtTA-1 is shown. HtBA, HmBA-1, and HmBA-2 were used
as controls. HtTA-1 and HtBA were assayed with RBL cells primed with IgEDNP, IgEdansyl,
or an equimolar mixture of both antibodies. HmBA-1, and HmBA-2 were assayed with
hapten specific antibody, IgEDNP and IgEdansyl, respectively. The bivalent molecules did not
stimulate degranulation under any of the conditions assayed. HtTA-1 was a potent stimulator
of degranulation only when both IgE antibodies were present on the cell surface. HtTA-1
triggered degranulation from 0.6 nM to 1000 nM with a maximum response at 10 nM.
Triton X (1%) was used to determine the percent degranulation. Data represents means ± SD
of triplicate experiments.
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Figure 5. Mast cell degranulation response induced by low-affinity epitopes
Degranulation response of RBL cells in response to increasing concentrations of HmTA-3
and HtTA-2. HmTA-3 was unable to stimulate a response at any concentration, while
HtTA-2 was a potent stimulator with a maximum response observed at 600 nM. Triton X
(1%) was used to determine the percent degranulation. Data represents means ± SD of
triplicate experiments.

Handlogten et al. Page 17

Biochem J. Author manuscript; available in PMC 2014 January 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6. Effect of allergen specific IgE density on mast cell degranulation
Degranulation response of RBL cells primed with a decreasing fraction of allergen specific
IgE after exposure to A) HtTA-1 or B) HtTA-2. Maximum degranulation occurred with 50%
allergen specific IgE (25% IgEDNP and 25% IgEdansyl). Triton X (1%) was used to
determine the percent degranulation. Data represents means ± SD of triplicate experiments.
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Figure 7. Effect of the relative IgEDNP and IgEdansyl ratios on mast cell degranulation
RBL cells were primed with A) 100% hapten specific IgE or B) 25% hapten specific IgE. In
both experiments the relative ratios of IgEDNP to IgEdansyl were varied. HtTA-1 and HtTA-2
both elicited the strongest response when the mast cells were primed with equal relative
ratios of IgEDNP and IgEdansyl. Triton X (1%) was used to determine the percent
degranulation. Data represents means ± SD of triplicate experiments.

Handlogten et al. Page 19

Biochem J. Author manuscript; available in PMC 2014 January 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


