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Abstract
Background: Allergen-specific desensitization of mast cell 
(MC) IgE receptors (FcεRI) is an important mechanism of al-
lergen-specific immunotherapy that enables tolerance in-
duction via systemic desensitization. Experimental in vitro 
IgE-mediated MC desensitization is a potential tool to under-
stand the molecular mechanisms underlying this therapy. 
Desensitized MCs exhibit internalized IgE and its FcεRI recep-
tors in response to suboptimal doses of allergen without 
provoking activation. The ovalbumin (OVA) allergen exhibits 
altered allergenicity upon heat treatment. MC reactions are 
fundamentally regulated by allergen features (i.e., allerge-
nicity); however, the effects of allergenicity on desensitiza-
tion remain unclear. Objectives: This study aimed to exam-
ine the impact of allergenicity on the establishment of in vi-
tro MC desensitization using naive OVA (nOVA) and heated 
OVA (hOVA), which could induce varying MC effector re-
sponses. Method: Bone marrow-derived MCs (BMMCs) were 
sensitized with OVA-specific IgE, desensitized with sequen-
tially increasing doses of nOVA or hOVA at 10-min intervals, 
and challenged with nOVA. To evaluate desensitization, the 
cell surface expression level and subcellular localization of 
FcεRI-bound IgE were analyzed before and after the final 

nOVA challenge. MC activation was determined by measur-
ing the release of β-hexosaminidase into supernatants. Re-
sults: Desensitized cells exhibited impaired activation fol-
lowing OVA challenge. Both nOVA and hOVA induced BMMC 
desensitization under different conditions. Formation of 
small IgE-FcεRI cluster BMMCs, which adequately represent 
the desensitized state, was significant. The size of the inter-
nalized IgE-FcεRI clusters might be correlated with the de-
sensitized state of MCs. Conclusions: We demonstrate that 
the optimal size of IgE-FcεRI clusters for in vitro BMMC de-
sensitization differed significantly depending on allergenic-
ity, and the efficacy of desensitization was reflected by IgE-
FcεRI cluster formation. Our study provides information on 
the characteristics of IgE-FcεRI internalization for successful 
desensitization in vitro. © 2021 S. Karger AG, Basel

Introduction

Allergen-specific desensitization is the most effective 
therapy for allergies. Anaphylaxis is initiated by robust de-
granulation of mast cells (MCs) or basophils. Successful de-
sensitization, which is induced by repeated treatments with 
a specific allergen, renders these cells less responsive or 
nonresponsive [1, 2]. The altered magnitude of mediators 
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released from cells represents the first step in modulating 
the subsequent development of Th2-biased responses; this 
can lead to immunological tolerance to a specific allergen 
[3, 4]. Allergen-induced rapid desensitization of in vitro 
cultured MCs has been used to investigate molecular events 
and cell-specific activities during systematic desensitization 
[5–7]. In vitro MC desensitization is achieved by exposure 
to sequentially increasing suboptimal allergen doses, which 
results in a decrease in their cell surface IgE receptor (FcεRI)-
bound IgE; this is explained by the internalization of IgE-
FcεRI [5–8]. However, the mechanisms underlying suc-
cessful desensitization are not fully understood.

The allergenic properties of food proteins often change 
through heating or digestion [9, 10]. For instance, oval-
bumin (OVA), an abundant protein in egg whites and an 
ideal allergen to assess immune reactions, is easily dena-
tured during thermal processing [11–13]. MC responses 
to heated OVA (hOVA) challenge have been reported to 
differ from those of naive OVA (nOVA) [14]. OVA un-
dergoes denaturation and aggregation upon heating and 
exhibits altered allergenicity under in vitro experimental 
conditions [14]. OVA is also known to induce IgE-FcεRI 
internalization in a desensitization protocol [6]. MC de-
sensitization requires sequential exposure to appropriate 
doses of allergen. Furthermore, an appropriate intensity 
of allergen against IgE may be an important factor for 
successful desensitization (i.e., without MC degranula-
tion). However, the underlying molecular mechanisms, 
especially in the context of desensitized IgE-FcεRI dy-
namics and functions during desensitization, remain un-
clear. In this study, we utilized both nOVA and hOVA for 
allergen-specific desensitization and investigated the ef-
fects of allergenicity on successful desensitization in MCs 
through IgE-FcεRI internalization.

Materials and Methods

Mice
Female C57BL/6N mice aged 6–8 weeks were used in this study 

and housed in the animal facility of Kanazawa University under 

controlled temperature (23 ± 2°C), humidity (50 ± 10%), and light 
(12/12-h light/dark cycle). All animal studies were approved by the 
Animal Experiment Committee of Kanazawa University and were 
conducted according to the “Guide for the Care and Use of Labo-
ratory Animals” (NIH Publication No. 85-23, revised 1996).

Cells and Stimulation
Bone marrow-derived MCs (BMMCs) were generated from 

bone marrow cells harvested from C57BL/6N mice using a previ-
ously established method [15]. Differentiation was confirmed by 
flow cytometry after staining with anti-c-Kit-Alexa Fluor 647 (Bi-
oLegend, San Diego, CA, USA) and anti-FcεRIα-Alexa Fluor 488 
(BioLegend) antibodies. More than 90% of the cells were c-Kit+ 
FcεRI+. BMMCs were then sensitized with 1.5 μg/mL OVA-specif-
ic IgE antibody (Chondrex, Redmond, WA, USA) and challenged 
with different doses of OVA (OVA grade V; Sigma, St. Louis, MO, 
USA). Degranulation was determined using the β-hexosaminidase 
release assay [15]. The concentrations indicated in this study were 
the final concentrations obtained after experimental dilution.

In vitro Desensitization
IgE-sensitized BMMCs were subjected to allergen-specific de-

sensitization with increasing doses of OVA. The sensitized cells 
were washed and seeded at 5 × 104 cells/well in a V-bottom 96-well 
plate at a volume of 18 μL. Allergen-induced desensitization was 
performed by exposing the cells to increasing doses of nOVA/
hOVA (low-dose protocol: 0.002, 0.005, 0.01, 0.05, 0.25, 0.5, 1, 2, 
4, and 8 ng/mL; high-dose protocol: 0.2, 0.5, 1, 5, 25, 50, 100, 200, 
400, and 800 ng/mL; all expressed as final concentrations) at 10-
min intervals as described in the main figure (Fig. 1b, 2c). After the 
last 10 min of treatment, the cells were challenged with 2 μg/mL 
OVA without any washing step. All steps were performed with 
Tyrode’s buffer. Desensitization of BMMCs was confirmed by the 
surface expression of FcεRI and degranulation responses.

Flow Cytometry
Challenged or unchallenged BMMCs were fixed with 4% para-

formaldehyde. Anti-IgE-fluorescein isothiocyanate (BD Biosci-
ences, San Jose, CA, USA) was used to label the fixed and nonper-
meabilized cells. Flow cytometry was then performed using a FAC-
SVerse flow cytometer (BD Biosciences).

Immunocytochemistry
Challenged BMMCs were fixed with 4% paraformaldehyde, 

permeabilized with 0.5% Triton X-100, and labeled with anti-IgE-
fluorescein isothiocyanate. For plasma membrane staining, wheat 
germ agglutinin (WGA)-Alexa Fluor 647 was added before fixa-
tion/permeabilization. Images were acquired using an LSM710 

Fig. 1. OVA induced BMMC degranulation and desensitization.  
a BMMC degranulation rate following OVA challenge. b Desen-
sitization protocol. OVA was dissolved in Tyrode’s buffer and ap-
plied to sensitized cells at the indicated concentrations and time 
intervals. c, d BMMC degranulation rate (c) and surface IgE ex-
pression level (d) following OVA desensitization and OVA chal-
lenge. e Confocal microscopy images (scale bar, 10 μm) and line 
profiles of fluorescence intensity (green: IgE, red: WGA as a plas-
ma membrane marker). f Average size of IgE-FcεRI clusters. g The 

rate of FcεRI (IgE-bound) internalization is expressed as the ratio 
of surface to intracellular FITC-IgE fluorescence intensity.  
a, c, d Data are presented as mean ± SE of 3–5 independent ex-
periments. Data are representative images (e) and 10 cells/sample 
(f, g) of 3 or 4 independent experiments. None of the images 
shown was modified by nonlinear adjustments. *p < 0.05; **p < 
0.01; ***p < 0.001; ns, nonsignificance; OVA, ovalbumin; BMMC, 
bone marrow-derived mast cell; WGA, Wheat Germ Agglutinin.

(For figure see next page.)
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confocal laser scanning microscope (CLSM; Carl Zeiss, 
Oberkochen, Germany) with a ×63 magnification objective. Fluo-
rescence intensity was analyzed using ImageJ software (NIH Im-
age, Bethesda, MD, USA) and MIPAV software (NIH Image). 
None of the images were modified by nonlinear adjustments.

Immunoblotting
Native-PAGE was performed according to previously de-

scribed methods with some modifications [16]. In brief, hOVA 
was prepared by boiling OVA for 1 min (OVA: 20 mg/mL, 100 μL) 
at 100°C. The heat-treated and untreated OVAs were subjected to 
native-PAGE (Wako Chemicals, Osaka, Japan) followed by immu-
noblot analysis using anti-OVA antibody (Morinaga Institute of 
Biological Science, Kanagawa, Japan).

Statistical Analysis
Statistical significance was assessed using GraphPad Prism 

(version 7.0d; GraphPad Software, San Diego, CA, USA). Statisti-
cal differences were determined using the 1-way analysis of vari-
ance (ANOVA) followed by Tukey’s or Dunnett’s multiple-com-
parison test (for comparing multiple groups) and 2-way ANOVA 
followed by Fisher’s least significant difference test (for pairwise 
comparisons). Statistical significance was set at p < 0.05.

Results

Cultured BMMCs Desensitized to OVA Showed 
FcεRI-IgE Internalization
We first evaluated degranulation responses under dif-

ferent concentrations of OVA (0–200 μg/mL). OVA-
challenged cells were degranulated with a maximum of 20 
μg/mL OVA (Fig. 1a). Based on these results, we estab-
lished a desensitization protocol for OVA-specific IgE-
sensitized BMMCs (Fig.  1b). After desensitization, 
BMMCs exhibited significantly decreased degranulation 
compared to untreated cells after the final OVA challenge 
(Fig. 1c). Furthermore, we observed a significant reduc-
tion in the cell surface FcεRI-bound IgE on the BMMCs 
(Fig. 1d). These data indicate that IgE-FcεRI internaliza-
tion occurs during desensitization. To evaluate the sub-
cellular localization of IgE-FcεRI after desensitization, we 
conducted confocal laser scanning microscopy experi-

ments. As shown in Figure 1e, surface IgE-FcεRI (Fig. 1e 
[i]) was internalized, and intracellular compartments 
were observed in both OVA-challenged (Fig. 1e [ii, iv]) 
and desensitized cells (Fig. 1e [iii]). The extent of inter-
nalization of IgE-FcεRI was analyzed by determining the 
ratio of fluorescence intensity for plasma membrane IgE 
and intracellular IgE; however, no significant differences 
were observed among the treatments (Fig. 1g). These data 
are consistent with the results of flow cytometric analysis 
shown in Figure 1d. However, the intracellular IgE-FcεRI 
clusters, especially in the context of cluster size, appeared 
to be different, as shown in Figure 1f; this suggests IgE-
FcεRI cluster formation as a relevant characteristic of de-
sensitization.

Desensitization Efficiency Differs between Naive and 
Heated OVA
Thermal processing of OVA is known to enhance its 

allergenicity [17, 18], suggesting different potencies of 
naive OVA (nOVA) and heated OVA (hOVA) for MC 
desensitization in vitro. Therefore, we compared the con-
sequences of nOVA and hOVA desensitization. Further-
more, we investigated the characteristics of BMMCs de-
sensitized using allergens with different allergenicities. 
hOVA was prepared by boiling OVA for 1 min (OVA: 20 
mg/mL, 100 μL) at 100°C. The heat-treated and untreated 
OVAs were subjected to native-PAGE followed by im-
munoblot analysis using anti-OVA antibody. hOVA was 
much larger than the predicted molecular size of OVA 
(45 kDa), which indicated the heat-induced aggregation 
of OVA (Fig. 2a). As shown in Figure 2b, hOVA challenge 
clearly induced greater degranulation compared with 
nOVA challenge at all doses. The confocal microscopy 
images of IgE-FcεRI clusters in nOVA- and hOVA-chal-
lenged BMMCs appeared to be consistent with respect to 
the degree of degranulation shown in Figure 2b (Fig. 2c). 
nOVA challenge at 0.2 μg/mL, which does not induce de-
granulation, did not induce significant internalization of 
IgE-FcεRI clusters, although the cell-surface IgE-FcεRI 
level seemed to be diminished (Fig.  2c [i]). However, 

Fig. 2. Optimal desensitization settings differed with the thermal 
treatment of OVA. a Native-PAGE immunoblot analysis of nOVA 
and hOVA. b BMMC degranulation rate following nOVA and 
hOVA challenge. OVA was dissolved in water at the concentration 
of 20 mg/mL. Thereafter, hOVA and nOVA were diluted in Ty-
rode’s buffer and added to sensitized cells at the indicated concen-
trations. c Confocal microscopic images (scale bar, 10 μm). Data are 
presented as mean ± SE of 7–10 independent experiments (b) and 
a representative image from 3 independent experiments (c). d De-

sensitization protocol. OVA was dissolved in water at the concen-
tration of 20 mg/mL. Thereafter, hOVA and nOVA were diluted in 
Tyrode’s buffer and added to sensitized cells at the indicated con-
centrations and time intervals. e–h BMMC degranulation rate and 
cell surface IgE expression level following OVA desensitization 
with (e) or without (f–h) the final nOVA challenge. Data are pre-
sented as mean ± SE of 4–7 (e–h) independent experiments. *p < 
0.05; **p < 0.01. OVA, ovalbumin; hOVA, heated OVA; nOVA, 
naive OVA; BMMC, bone marrow-derived mast cell.

(For figure see next page.)
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BMMCs stimulated with nOVA (20 μg/mL; Fig. 2c [ii]) 
or hOVA (0.2 and 20 μg/mL; Fig. 2c [iii, iv]) showed sig-
nificant numbers of IgE-FcεRI clusters and induction of 
degranulation responses to the same extent (Fig. 2b).

Allergenicity Determines the Optimal Conditions for 
FcεRI-IgE Desensitization
We sought to examine whether the differences be-

tween nOVA and hOVA could be reflected in their abil-
ity to induce BMMC desensitization. To verify this hy-
pothesis, we designed 2 desensitization protocols with 
different OVA dose ranges, as shown in Figure 2d. We 
then examined the degranulation and surface IgE-FcεRI 
expression in BMMCs (Fig. 2e–h). For both nOVA and 
hOVA, one protocol included 1/100 times lower concen-
trations than those used in the other protocol (referred to 
as low-nOVA and low-hOVA) (Fig.  2d). Low-nOVA 
failed to induce desensitization (Fig.  2e, L-nOVA) and 
IgE-FcεRI internalization (Fig. 2g, L-nOVA). In contrast, 
low-hOVA successfully induced BMMC desensitization 
(Fig. 2e, L-hOVA), whereas hOVA failed to induce de-
sensitization (Fig.  2e, hOVA). The high concentration 
range of the hOVA protocol tended to induce undesirable 
activation (i.e., degranulation) during desensitization 
(Fig. 2f, hOVA). The cell pellets separated from the su-
pernatant used in the experiment presented in Figure 2e 
were also analyzed for their surface IgE-FcεRI expression, 
and the results showed that the desensitized and inacti-
vated cells decreased the expression of IgE-FcεRI to the 
same extent as those of the challenged and activated cells 
(data not shown). Moreover, we performed flow cytomet-
ric analysis, which revealed varying, time-dependent re-
duction of surface IgE levels in the desensitized cells 
(Fig. 2h). Low-nOVA failed to induce IgE-FcεRI internal-
ization (Fig. 2h [i]). Both nOVA and low-hOVA induced 
IgE-FcεRI internalization in lower rate compared with 
hOVA (Fig. 2h [ii–iv]). hOVA induced IgE-FcεRI inter-
nalization in higher rate accompanied with undesirable 
activation (i.e., degranulation) during desensitization 

(Fig. 2h [iv]). Consistent with other data, varying allerge-
nicity may affect IgE-FcεRI clustering and subsequent de-
sensitization processes.

Clarification of FcεRI-IgE Cluster Size in OVA 
Desensitized in BMMCs
As shown above, the high- or low-concentration pro-

tocols of nOVA and hOVA differ in desensitization and 
effector MC response efficacies. Given the different con-
ditions of nOVA/hOVA desensitization (successful or 
failed), we analyzed the distribution of IgE-FcεRI cluster 
sizes and evaluated the cluster sizes required for success-
ful desensitization. To our knowledge, the relationship 
between the IgE-FcεRI cluster size and MC desensitiza-
tion has not been fully investigated, although the IgE-
FcεRI cluster is a critical factor for signal transduction 
and MC effector responses [15, 19–22]. As shown in Fig-
ure 3a, cells desensitized with nOVA (Fig.  3a [v]) and 
low-hOVA (Fig. 3a [iv]) exhibited small clusters, whereas 
cells activated with nOVA (Fig. 3a [ii]) and hOVA (Fig. 3a 
[vi]) exhibited large clusters of sizes >3.0 μm2. Control 
cells (Fig. 3a [i]) and those exposed to low-nOVA treat-
ment (Fig.  3a [iii]) did not exhibit obvious IgE-FcεRI 
clusters. The average size of the clusters was significantly 
different between the treatments (Fig. 3b), and this was 
consistent with their activation pattern after the final 
challenge, as shown in Figure 2e. These results indicated 
that small size and low content of IgE-FcεRI clusters are 
likely required to induce desensitization in BMMCs.

Discussion/Conclusion

We demonstrated that the optimal dose of OVA for in 
vitro MC desensitization differs significantly depending on 
the thermal treatment of OVA, wherein the efficacy of de-
sensitization is reflected in intracellular IgE-FcεRI cluster 
formation. Food proteins are usually subjected to various 
heat treatments such as boiling and baking. Therefore, ap-

Fig. 3. Small but certain IgE-FcεRI clusters were formed in de-
sensitized BMMCs. a nOVA/hOVA-desensitized cells used in 
the experiments were subjected to microscopic examination, 
and their cluster size distributions were analyzed using MIPAV 
software. IgE-sensitized control (i), nOVA-challenged control 
(no desensitization/nOVA challenge) (ii), and desensitized (low 
[L]-nOVA, L-hOVA, nOVA, and hOVA, respectively) and un-
challenged cells (iii–vi). b Average size of the IgE-FcεRI clusters. 
Data are presented as mean ± SE of n = 30 cells from 3 indepen-
dent experiments (5 cells per area, 2 areas per experiment), and 

the representative images are shown (scale bar, 20 μm in large 
panels and 10 μm in inset panels). Average numbers of clusters 
per 10 cells are shown in (a). Average size of clusters (b) in all 
analyzed events (clusters) counted from 30 cells per sample from 
3 independent experiments. None of the images shown was 
modified by nonlinear adjustments. Significance was measured 
using the 1-way ANOVA with Tukey’s multiple-comparison 
test. ***p < 0.001; ns, nonsignificance; OVA, ovalbumin; hOVA, 
heated OVA; nOVA, naive OVA; BMMC, bone marrow-derived 
mast cell.
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propriate strategies are necessary to achieve effective treat-
ment [14]. Heating is known to induce protein denatur-
ation, leading to reduced allergenicity of food proteins un-
der normal physiological conditions [10]. However, in 
vitro studies have shown that allergenicity of food proteins 
is enhanced by heating [17, 18]. These contradictory obser-
vations could be explained by their differential susceptibil-
ity to digestion and/or absorption in the gastrointestinal 
tract [14, 23]. In addition, allergenicity appears to be either 
enhanced or reduced depending on the particular allergen 
[14]. OVA is widely used as an allergen to study FcεRI-
mediated allergic responses. In this study, we evaluated the 
effects of allergenicity on the allergen-dependent desensiti-
zation of FcεRI. hOVA (1 min at 100°C) highly enhanced 
the degranulation responses of BMMCs (Fig. 2). As shown 
in Figure 2a, the OVA bands were observed at a higher mo-
lecular weight after heat treatment. These data indicated 
that heat treatment caused aggregation of OVA and may 
increase its valency, which resulted in highly enhanced de-
granulation responses of BMMCs (Fig. 2). The differential 
allergenicity of OVAs was reflected in their ability to induce 
IgE-FcεRI desensitization in BMMCs (Fig. 2e–h). hOVA 
required low-dose treatment compared with nOVA for 
successful desensitization in BMMCs. As shown in Figure 
2e–h, an inappropriate dose of hOVA/nOVA failed to in-
duce desensitization and caused degranulation responses 
during treatment or failed to induce IgE-FcεRI internaliza-
tion (manifested as desensitization) throughout treatment.

We analyzed the localization of the IgE-FcεRI complex 
by confocal laser scanning microscopy and found that IgE-
FcεRI cluster formation might be a relevant characteristic 
for successful desensitization. Indeed, the size of the IgE-
FcεRI cluster is one of the critical factors for activating signal 
transduction and MC effector responses [19–22]. However, 
in the context of desensitization, it is uncertain whether IgE-
FcεRI cluster formation is linked to the efficacy and/or 
mechanisms of allergen-induced desensitization. Small 
clusters of IgE-FcεRI induced by allergens have been ob-
served in MCs with suboptimal and supraoptimal dose 
stimulations [19, 21]. Andrews et al. [19] revealed that small 
FcεRI clusters are mobile and signaling competent com-
pared with large clusters stimulated with an optimal dose of 
allergen, suggesting that small IgE-FcεRI clusters may not 
be a simple diminished response. In the present study, we 
observed that cluster size may also be involved in successful 
desensitization (Fig. 3a [iv, v]). Mahajan et al. [21] reported 
that suboptimal/supraoptimal dose stimulations could in-
duce tyrosine phosphorylation of Src homology 2-contain-
ing inositol phosphatase (SHIP) colocalized with FcεRI. The 
phosphorylation of SHIP after FcεRI aggregation is known 

to negatively regulate MC degranulation [24–26] and is sug-
gested to be crucial in the desensitization process [22, 27]. 
By comparing nOVA and hOVA, we found that allergenic-
ity varies in its capacity to induce FcεRI desensitization in 
vitro. Our observations, combined with those of earlier 
studies, suggest that the small size of the IgE-FcεRI cluster 
may be a critical feature for successful desensitization.

Overall, this study using allergens with different aller-
genicities provides additional fundamental information 
regarding successful desensitization without effector re-
sponses in MCs. It also provides information regarding 
the characteristic features associated with tolerance to al-
lergens. This is essential for establishing desensitization in 
MCs. However, a limitation of the current study is it does 
not reveal the molecular mechanisms following or accom-
panying small IgE-FcεRI cluster formation, including 
whether the formation is associated with immunoregula-
tory and tolerogenic properties. Furthermore, it does not 
identify a certain threshold in the context of cluster forma-
tion at which MC degranulation was induced and failed to 
establish desensitization state. Further studies are re-
quired to expand this study, overcome the limitations, and 
offer insights into the undetermined risks associated with 
failure in allergen-specific immunotherapy.

Statement of Ethics

All animal studies were approved by the Animal Experiment 
Committee of Kanazawa University and were conducted accord-
ing to the “Guide for the Care and Use of Laboratory Animals” 
(NIH Publication No. 85-23, revised 1996).

Conflict of Interest Statement

The authors have no conflicts of interest to declare.

Funding Sources

This research was supported by JSPS KAKENHI Grant No. 
20K15992 (Y.N.) and 19H03369 (R.S.).

Author Contributions

Y.N. and R.S. designed and performed the research, analyzed 
the data, and wrote the manuscript.

Data Availability Statement

All data generated or analyzed during this study are included 
in this article. Further enquiries can be directed to the correspond-
ing author.

D
ow

nl
oa

de
d 

by
: C

. A
le

ss
an

dr
i -

 8
72

18
84

.2
20

.4
9.

19
2 

- 
12

/1
0/

20
21

 7
:1

1:
06

 A
M



Small FcεRI Clusters Internalize FcεRI 
without Degranulation

9Int Arch Allergy Immunol
DOI: 10.1159/000520132

References

  1	 Eberlein-König B, Ullmann S, Thomas P, 
Przybilla B. Tryptase and histamine release 
due to a sting challenge in bee venom allergic 
patients treated successfully or unsuccessfully 
with hyposensitization. Clin Exp Allergy. 
1995 Aug; 25(8): 704–12.

  2	 Plewako H, Wosińska K, Arvidsson M, Bjor-
kander J, Skov PS, Håkansson L, et al. Baso-
phil interleukin 4 and interleukin 13 produc-
tion is suppressed during the early phase of 
rush immunotherapy. Int Arch Allergy Im-
munol. 2006; 141(4): 346–53.

  3	 Burks AW, Jones SM, Wood RA, Fleischer 
DM, Sicherer SH, Lindblad RW, et al. Oral 
immunotherapy for treatment of egg allergy 
in children. N Engl J Med. 2012 Jul 19; 367(3): 

233–43.
  4	 Akdis M, Akdis CA. Mechanisms of allergen-

specific immunotherapy:  multiple suppressor 
factors at work in immune tolerance to aller-
gens. J Allergy Clin Immunol. 2014 Mar; 

133(3): 621–31.
  5	 Sancho-Serra Mdel C, Simarro M, Castells M. 

Rapid IgE desensitization is antigen specific 
and impairs early and late mast cell responses 
targeting FcεRI internalization. Eur J Immu-
nol. 2011 Apr; 41(4): 1004–13.

  6	 Oka T, Rios EJ, Tsai M, Kalesnikoff J, Galli SJ. 
Rapid desensitization induces internalization 
of antigen-specific IgE on mouse mast cells. J 
Allergy Clin Immunol. 2013 Oct; 132(4): 922–
32.e1–16.

  7	 Ang WX, Church AM, Kulis M, Choi HW, 
Burks AW, Abraham SN. Mast cell desensiti-
zation inhibits calcium flux and aberrantly re-
models actin. J Clin Invest. 2016 Nov 1; 

126(11): 4103–18.
  8	 Nagata Y, Ando H, Sasaki Y, Suzuki R. Ephe-

dra herb, Mao, inhibits antigen-induced mast 
cell degranulation by induction of the affinity 
receptor for IgE internalization. Pharm Res. 
2021 Apr; 38(4): 569–81.

  9	 Verhoeckx KCM, Vissers YM, Baumert JL, 
Faludi R, Feys M, Flanagan S, et al. Food pro-
cessing and allergenicity. Food Chem Toxi-
col. 2015 Jun; 80: 223–40.

10	 Cabanillas B, Novak N. Effects of daily food 
processing on allergenicity. Crit Rev Food Sci 
Nutr. 2019; 59(1): 31–42.

11	 Ma XJ, Chen HB, Gao JY, Hu CQ, Li X. Con-
formation affects the potential allergenicity of 
ovalbumin after heating and glycation. Food 
Addit Contam Part A Chem Anal Control 
Expo Risk Assess. 2013; 30(10): 1684–92.

12	 Shin M, Han Y, Ahn K. The influence of the 
time and temperature of heat treatment on 
the allergenicity of egg white proteins. Allergy 
Asthma Immunol Res. 2013 Mar; 5(2): 96–
101.

13	 Watanabe H, Toda M, Sekido H, Wellner A, 
Fujii T, Henle T, et al. Heat treatment of egg 
white controls allergic symptoms and induces 
oral tolerance to ovalbumin in a murine mod-
el of food allergy. Mol Nutr Food Res. 2014 
Feb; 58(2): 394–404.

14	 Martos G, Lopez-Exposito I, Bencharitiwong 
R, Berin MC, Nowak-Węgrzyn A. Mecha-
nisms underlying differential food allergy re-
sponse to heated egg. J Allergy Clin Immunol. 
2011 Apr; 127(4): 990–7.e1–2.

15	 Suzuki R, Leach S, Liu W, Ralston E, Scheffel 
J, Zhang W, et al. Molecular editing of cellular 
responses by the high-affinity receptor for 
IgE. Science. 2014 Feb 28; 343(6174): 1021–5.

16	 Wu L, Zhao W, Yang R, Yan W. Pulsed elec-
tric field (PEF)-induced aggregation between 
lysozyme, ovalbumin and ovotransferrin in 
multi-protein system. Food Chem. 2015 May 
15; 175: 115–20.

17	 Kroghsbo S, Rigby NM, Johnson PE, Adel-
Patient K, Bøgh KL, Salt LJ, et al. Assessment 
of the sensitizing potential of processed pea-
nut proteins in Brown Norway rats:  roasting 
does not enhance allergenicity. PLoS One. 
2014; 9(5): e96475.

18	 Zhang T, Shi Y, Zhao Y, Wang J, Wang M, 
Niu B, et al. Different thermal processing ef-
fects on peanut allergenicity. J Sci Food Agric. 
2019 Mar 30; 99(5): 2321–8.

19	 Andrews NL, Pfeiffer JR, Martinez AM, Haa-
land DM, Davis RW, Kawakami T, et al. 
Small, mobile FcepsilonRI receptor aggre-
gates are signaling competent. Immunity. 
2009 Sep 18; 31(3): 469–79.

20	 Wilson BS, Oliver JM, Lidke DS. Spatio-tem-
poral signaling in mast cells. Adv Exp Med 
Biol. 2011; 716: 91–106.

21	 Mahajan A, Barua D, Cutler P, Lidke DS, Es-
pinoza FA, Pehlke C, et al. Optimal aggrega-
tion of FcεRI with a structurally defined triva-
lent ligand overrides negative regulation driv-
en by phosphatases. ACS Chem Biol. 2014 Jul 
18; 9(7): 1508–19.

22	 de Las Vecillas Sánchez L, Alenazy LA, Gar-
cia-Neuer M, Castells MC. Drug hypersensi-
tivity and desensitizations:  mechanisms and 
new approaches. Int J Mol Sci. 2017 Jun 20; 

18(6): 1316.
23	 Claude M, Lupi R, Picariello G, Drouet M, 

Larré C, Denery-Papini S, et al. Digestion dif-
ferently affects the ability of native and ther-
mally aggregated ovalbumin to trigger baso-
phil activation. Food Res Int. 2019 Apr; 118: 

108–14.
24	 Huber M, Helgason CD, Damen JE, Liu L, 

Humphries RK, Krystal G. The src homology 
2-containing inositol phosphatase (SHIP) is 
the gatekeeper of mast cell degranulation. 
Proc Natl Acad Sci U S A. 1998 Sep 15; 95(19): 

11330–5.
25	 Huber M, Kalesnikoff J, Reth M, Krystal G. 

The role of SHIP in mast cell degranulation 
and IgE-induced mast cell survival. Immunol 
Lett. 2002 Jun 3; 82(1–2): 17–21.

26	 Xiao W, Nishimoto H, Hong H, Kitaura J, 
Nunomura S, Maeda-Yamamoto M, et al. 
Positive and negative regulation of mast cell 
activation by Lyn via the FcepsilonRI. J Im-
munol. 2005 Nov 15; 175(10): 6885–92.

27	 Sibilano R, Frossi B, Pucillo CE. Mast cell ac-
tivation:  a complex interplay of positive and 
negative signaling pathways. Eur J Immunol. 
2014 Sep; 44(9): 2558–66.

D
ow

nl
oa

de
d 

by
: C

. A
le

ss
an

dr
i -

 8
72

18
84

.2
20

.4
9.

19
2 

- 
12

/1
0/

20
21

 7
:1

1:
06

 A
M

https://www.karger.com/Article/FullText/520132?ref=1#ref1
https://www.karger.com/Article/FullText/520132?ref=2#ref2
https://www.karger.com/Article/FullText/520132?ref=2#ref2
https://www.karger.com/Article/FullText/520132?ref=3#ref3
https://www.karger.com/Article/FullText/520132?ref=4#ref4
https://www.karger.com/Article/FullText/520132?ref=5#ref5
https://www.karger.com/Article/FullText/520132?ref=5#ref5
https://www.karger.com/Article/FullText/520132?ref=6#ref6
https://www.karger.com/Article/FullText/520132?ref=6#ref6
https://www.karger.com/Article/FullText/520132?ref=7#ref7
https://www.karger.com/Article/FullText/520132?ref=8#ref8
https://www.karger.com/Article/FullText/520132?ref=9#ref9
https://www.karger.com/Article/FullText/520132?ref=9#ref9
https://www.karger.com/Article/FullText/520132?ref=10#ref10
https://www.karger.com/Article/FullText/520132?ref=10#ref10
https://www.karger.com/Article/FullText/520132?ref=11#ref11
https://www.karger.com/Article/FullText/520132?ref=11#ref11
https://www.karger.com/Article/FullText/520132?ref=11#ref11
https://www.karger.com/Article/FullText/520132?ref=12#ref12
https://www.karger.com/Article/FullText/520132?ref=12#ref12
https://www.karger.com/Article/FullText/520132?ref=13#ref13
https://www.karger.com/Article/FullText/520132?ref=14#ref14
https://www.karger.com/Article/FullText/520132?ref=15#ref15
https://www.karger.com/Article/FullText/520132?ref=16#ref16
https://www.karger.com/Article/FullText/520132?ref=17#ref17
https://www.karger.com/Article/FullText/520132?ref=18#ref18
https://www.karger.com/Article/FullText/520132?ref=19#ref19
https://www.karger.com/Article/FullText/520132?ref=20#ref20
https://www.karger.com/Article/FullText/520132?ref=20#ref20
https://www.karger.com/Article/FullText/520132?ref=21#ref21
https://www.karger.com/Article/FullText/520132?ref=22#ref22
https://www.karger.com/Article/FullText/520132?ref=23#ref23
https://www.karger.com/Article/FullText/520132?ref=24#ref24
https://www.karger.com/Article/FullText/520132?ref=25#ref25
https://www.karger.com/Article/FullText/520132?ref=25#ref25
https://www.karger.com/Article/FullText/520132?ref=26#ref26
https://www.karger.com/Article/FullText/520132?ref=26#ref26
https://www.karger.com/Article/FullText/520132?ref=27#ref27

