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Notch ligand Delta-like1 enhances degranulation and cytokine
production through a novel Notch/Dok-1/MAPKs pathway in vitro
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Abstract
Food allergy includes sensitization phase and effect phase, and effect cells degranulate and secrete cytokines in the effect phase,
causing allergic clinical symptoms.We have demonstrated that Notch signaling plays an important role in the sensitization phase,
but its role in effect phases still remains unclear. In this study, we investigated the role of Notch signaling in degranulation and
cytokine production of the effect phase response. A RBL-2H3 cell model was used and Notch signaling was induced by priming
with Notch ligands. Our results showed after priming with Notch ligand, Delta-like1(Dll1)-Fc, β-hexosaminidase release, and
cytokines production, including TGF-β, IL-1β, IL-4, IL-6, and IL-13, were increased significantly, and the enhancement was
abolished after DAPT treatment, a γ-secretase inhibitor, indicating that Dll1 Notch signaling enhanced RBL-2H3 cell degran-
ulation and cytokine production. Western blot analysis showed that Dll1 Notch signaling augmented high-affinity IgE receptors-
mediated phosphorylation of MAPKs through suppressing the expression of downstream tyrosine kinases 1 (Dok-1). Besides, a
passive systemic anaphylaxis mouse model was used to confirm the role of Notch signaling. And our data showed that allergic
clinical features of mice were alleviated, and the level of degranulation was decreased significantly after inhibiting Notch
signaling in vivo. Therefore, we demonstrated Notch ligand Dll1 enhanced RBL-2H3 cell degranulation and cytokine production
through a novel Notch/Dok-1/MAPKs pathway, suggesting Notch signaling played a key role in the effect phase of food allergy.
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Introduction

Food allergy can cause a series of allergic disease complica-
tions, such as urticaria, asthma, and diarrhea, which could
endanger human health [1, 2]. In recent years, the incidence
of food allergy has increased, but the specific mechanism still
remains unclear [3]. Many studies have demonstrated that
most food allergies are immunoglobulin E (IgE)-mediated
type 1 hypersensitivity, which depend on the antigen-

specific differentiation of Th2 cells in the sensitization phase
and degranulation and cytokine production of mast cells, ba-
sophils in the effect phase [4–6]. In the effect phase, cross-
linking of high-affinity IgE receptors (FcεRI) on effect cells
by IgE/antigen complexes induces the release of preformed
and newly synthesized proinflammatory mediators that give
rise to allergic symptoms, varying in severity from mild to
life-threatening, including histamine,β-hexosaminidase, mast
cell protease (MCP), and a series of cytokines [7, 8].

Mast cells and basophils are key effector cells in the effect
phase of IgE-mediated food allergy [8]. Rat basophilic leuke-
mia (RBL) cells are of mucosal mast cell origin and have been
used frequently as an established model for the study of IgE-
mediated degranulation and cytokine production [9, 10].
RBL-2H3 cells express FcεRI on the cell-surface membrane
[11]. Antigen-induced cross-linking of FcεRI initiates numer-
ous early signaling events to promote degranulation and cyto-
kine production. Mast cells are widely distributed in tissues,
and their functions are regulated by the microenvironment of
the body, such as local mediators, including cytokines,
chemokines, and molecules on cell surface [12, 13]. Notch
receptors and ligands are important pairs of costimulatory
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molecules on cell surface. Four Notch receptors (Notch 1, 2, 3,
and 4) and five known ligands (Jagged [Jag] 1, 2, and Delta-
like [Dll] 1, 3, and 4) have been found in mammals [14]. As a
highly conserved signaling pathway, Notch signaling is in-
duced when the Notch receptors encounter the ligands. This
interaction finally initiates the release of Notch intracellular
domain (NICD), which is affected by γ-secretase, and then
NICD translocates to the nucleus to induce the transcription of
genes [15].We have illuminated that the Notch signaling path-
way plays an important role in Th2 cell differentiation in the
sensitization phase of IgE-mediated food allergy [16], which
is consistent with many other findings [17–19]. However, the
role of Notch signaling in the effect phase is still unclear.

In this study, we investigated the effect of Notch signaling
on degranulation and cytokine production of effect cells. A
RBL-2H3 cell model was used and Notch signaling was in-
duced by priming with Notch ligands. Then, preformed and
newly synthesized proinflammatory mediators were exam-
ined. Besides, a passive systemic anaphylaxis (PSA) mouse
model was used to confirm the role of Notch signaling in
effector phase response in vivo. Our results showed that
Dll1 enhanced RBL-2H3 cell degranulation and cytokine pro-
duction via a novel Notch/downstream of tyrosine kinases 1
(Dok-1)/MAPKs pathway, suggesting Notch signaling was a
key mediator in the effect phase of food allergy. These find-
ings provide scientific basis for Notch signaling as a potential
target in suppressing food allergy processes.

Materials and methods

Cells and mice

RBL-2H3 cells were maintained in Eagle’s Minimal Essential
Medium supplemented with 15% defined fetal bovine serum
as described previously [20].

Twenty-four female specific pathogen-free BALB/c mice
(14–18 g) with 4 weeks of age were obtained from Weitong
Lihua Inc. (Beijing, China) and left to acclimatize for 7 days.
These mice were provided with fresh water and diet, main-
tained at 23 ± 3 °C and a relative humidity of 40–70% with a
light/dark cycle of 12 h. All experimental studies were con-
ducted under a protocol approved by the Animal Ethics
Committee of China Agricultural University.

Coculture of RBL-2H3 cells with Jagged1-Fc
and Delta1-Fc in vitro

RBL-2H3 cells were cultured with plate-bound Jag1-Fc (5μg/
mL) or Dll1-Fc (5 μg/mL) for 4 days. In some experiments,
RBL-2H3 cells were pretreated with DAPT, a γ-secretase in-
hibitor for 24 h after coculture with Notch ligands.

Detection of RBL-2H3 proliferation after priming
with Notch ligands by CCK-8

After priming with Notch ligands, RBL-2H3 cells were plated
(105 cells/well) in 96-well round-bottom plates, and 200 μL of
CCK-8 reagent was added into each well. The plates were
centrifuged to remove supernatant after 4 h. Then, 125 μL
of dimethyl sulfoxide was added into each well, and the ab-
sorbance at 450 nmwas detected after 10 min shaking with an
oscillator at room temperature in darkness.

Stable lentiviral transduction of RBL-2H3 cells
with short hairpin RNAs

Stable knockdown of Dok-1 expression was achieved by
transduction with the lentiviral vector pLKO.1-puro express-
ing a short hairpin RNA (shRNA) targeting rat Dok-1 (Dok-1
shRNA1, shRNA2, shRNA3), which were obtained from
Hanbio (Shanghai, China). A vector was used as a control.
The lentiviral transduction particles (2 × 106 transduction
units) were incubated for 5 h at 37 °C in RetroNectin-coated
plates to attach the virus particles onto the RetroNectin. After
removing the supernatants, RBL-2H3 cells (5 × 105 cells)
were plated onto the virus-attached plates. The transduced
cells were selected by additional culture in the presence of
1.6 mg/mL puromycin for 14 days.

Measurement of the β-hexosaminidase release

Degranulation was assessed by the enzymatic activity of the
granule marker, β-hexosaminidase. RBL-2H3 cells were seed-
ed in 96-well plates (105 cells/well) and cultured for 24 h at
37 °C. Cells were sensitizedwith 1μg/mL anti-DNP IgE for 2 h
at 37 °C and washed and stimulated at 37 °C with 100 ng/mL
DNP-HSA in Tyrode’s buffer for 45min (135mMNaCl, 5mM
KCl, 1 mM MgCl2, 1.8 mM CaCl2, 20 mM HEPES, 5.6 mM
glucose, 0.05%BSA [pH 7.4]). In some experiments, sensitized
cells were pretreatedwithMAPK inhibitors prior to the addition
of DNP-HSA for 1 h. β-hexosaminidase in supernatants was
measured as described previously [21].

Determination of cytokine production

RBL-2H3 cells were dispensed in 12-well plates (2 × 106

cells/well) and cultured for 24 h at 37 °C. Cells were sensitized
with 10 μg/mL anti-DNP IgE for 2 h at 37 °C, washed and
stimulated at 37 °C with 500 ng/mL DNP-HSA in Tyrode’s
buffer (135 mM NaCl, 5 mM KCl, 1 mM MgCl2, 1.8 mM
CaCl2, 20 mM HEPES, 5.6 mM glucose, 0.05% BSA [pH
7.4]), and incubated for 8 h at 37 °C in 5% CO2. In the super-
natants, the levels of IL-1β, IL-4, IL-6, IL-13, and TNF-α
were determined with Rat ELISA kits (eBioscience, Inc.,
San Diego, CA).
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Real-time PCR

Total RNAwas extracted from cultured cells directly by using
the TRIzol reagent (Invitrogen, USA) and reverse transcribed
to generate first-strand complementary DNA (cDNA)
(SuperScript II reverse transcriptase, Invitrogen, USA).
SYBR Green Master Mix kit (Takara) was used for real-time
PCRwith the Bio-Rad iCycler iQ system (Bio-Rad). The real-
time PCR was carried out under the following conditions:
95 °C for 30 s followed by 40 cycles of 95 °C for 5 s, and
60 °C for 30 s. As a control, each cDNA sample was simul-
taneously subjected to β-actin amplification. The threshold
cycle (Ct) for each sample was determined according to the
manufacturer’s instructions, and the relative level of each tran-
script (2ΔCt) was calculated from ΔCt (test Ct–β-actin Ct).
Primer sequences are shown in supplementary Table 1.

Western blotting

RBL-2H3 cells were lysed after different treatments and sub-
jected to SDS-PAGE, and then the separated proteins were
transferred to PVDF membranes, which were blocked in
Tris-buffered saline, 0.1% Tween 20, and 5% milk, and then
incubated with primary antibodies overnight at 4 °C. After
incubation, the membranes were incubated with specific
HRP-conjugated secondary antibodies for 2 h at room temper-
ature. Finally, the membranes were incubated in ECL reagents
(Pierce) and exposed to film. For semi-quantification of the
expression levels, the blots were scanned, and the density of
each band was determined using image analysis software.

Passive systemic anaphylaxis protocol

Mice were grouped into negative group, positive group, and
dual antiplatelet (DAPT) group (n = 8) randomly. Positive and
DAPT groups were sensitized with 200 μL of IgE solution
(the mice will receive a total of 20 μg of IgE anti-DNP). And
the negative group were injected with 200 μL of 0.9% NaCl.
All mice were challenged with 100 μL of DNP-HSA solution
by intravenous injection after 24 h. And the DAPT group
received DAPT (1 mg/kg) treatment by tail vein injection
1 h before challenge. Rectal temperature was measured at
10-min intervals for the first hour following the challenge.
Besides, 100 μL 0.5% Evans Blue was also injected through
tail vein along with the DNP-HSA solution. The blue exuda-
tion of the soles of mice was also observed. For additional
assessment of degranulation, blood samples were collected
from orbital venous plexus of mice eyes 20 min after chal-
lenge and were collected in centrifugal tubes to obtain plasma,
which contained heparin. Blood samples were collected again
to obtain serum 45 min after challenge. Blood samples were
centrifuged for 10 min at 3000g and 4 °C following coagula-
tion for 2 h at room temperature to get the plasma and serum.

The plasma was stored at − 80 °C before analyzing for plasma
histamine levels by a commercial mouse ELISA kit
(eBioscience, Inc., SanDiego, CA), and the serumwere stored
at − 80 °C before analyzing for mMCP-1 levels by commer-
cial mouse ELISA kits (eBioscience, Inc., San Diego, CA).

Statistical analyses

Statistical analysis was performed using GraphPad Prism 5
(GraphPad Software, San Diego, CA). One-way analysis of
variance was used to determined significant differences be-
tween groups. Significance was defined as p < 0.05.

Results

RBL-2H3 cells expressed Notch receptors on cell
surface

As a highly conserved signaling pathway, Notch signaling is
widespread in many types of cells [14]. To determine whether
Notch signaling is functional in RBL-2H3 cells, we first ex-
amined the expression of Notch receptors on RBL-2H3 cells.
Western blot analysis showed Notch 1, 2, 3, and 4 were all
expressed, and Notch 1, 3, and 4 were expressed much more
than Notch 2 (p < 0.05) (Fig. 1). These observations indicated
that RBL-2H3 cells constitutively express Notch receptors on
cell surface, suggestingNotch signalingmight be an important
mediator of its functions.

Fig. 1 Western blot analysis of Notch receptors on RBL-2H3 cell surface.
*p < 0.05 vs. Notch 2. The results presented are from three independent
experiments
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Priming with Notch ligands induced Hes1 expression
in RBL-2H3 cells, but did not promote
the proliferation

Since RBL-2H3 cells expressed Notch receptors, we then in-
vestigated the effect of Notch signaling in RBL-2H3 cells.
Hes1, Hes5, and Hey2 are the direct target genes of Notch
signaling [22]. We detected the expression of these genes after
priming with Notch ligands for 4 days. As shown in Fig. 2a,
the expression of Hes1 was significantly increased after prim-
ing with both Notch ligands, Jag1 and Dll1 (p < 0.05), while
the expression of Hes5 and Hey2 did show a significant in-
crease (p > 0.05), suggesting that the Notch signaling pathway
was induced after priming with Notch ligands, and Hes1 was
the target gene.

In addition, many studies have proved that Notch signaling
regulates cell proliferation and differentiation broadly
[23–25]. Thus, we examined the effect of Notch signaling
on the proliferation of RBL-2H3 cells. As shown in Fig. 2b,
although the proliferation was slightly increased in the Notch
ligand groups, there was no significant difference when com-
pared with the control group (p > 0.05), indicating that the
Notch signaling pathway did not significantly promote the
proliferation of RBL-2H3 cells in the present study.

Dll1 priming augmented β-hexosaminidase release
and cytokine production of RBL-2H3 cells

Next, we examined the effects of Notch signaling on IgE-
mediated degranulation and cytokine production, the impor-
tant effector phase response of allergic hypersensitivity. As
shown in Fig. 3a, compared with the control group, Jag1-Fc
enhanced the β-hexosaminidase release slightly, but it did not
show a significant difference (p > 0.05), while the β-
hexosaminidase release was significantly increased after prim-
ing with Dll1-Fc (p < 0.05). Furthermore, the enhancement of
β-hexosaminidase release in the Dll1-Fc group was abolished
after treatment of DAPT, a γ-secretase inhibitor, suggesting

that Dll1 Notch signaling augmented the degranulation of
RBL-2H3 cells.

Effect cells also secrete a series of cytokines, such as IL-4,
IL-6, TNF-α, and IL-13, upon cross-linking of their FcεRI
receptors. IL-1β, IL-6, and TGF-α play a key role in inflam-
matory response, while IL-4 and IL-13 are important in Th2
cell differentiation [26–28]. We next investigated whether
Notch signaling had an effect on cytokines secretion after
cross-linking their FcεRI receptors with DNP-HAS and
DNP-specific IgE antibodies. As shown in Fig. 3b, the levels
of IL-1β, IL-13, and TNF-αwere significantly increased after
priming with Jag1-Fc (p < 0.05), but it showed no significant
difference on the secretion of IL-4 and IL-6 (p > 0.05). In
contrast, Dll1 priming augmented the IL-1β, Il-4, IL-6, IL-
13, and TNF-α production significantly (p < 0.05) compared
to the control group. To further confirm whether this enhance-
ment of cytokine production was caused by Notch signaling,
DAPTwas used to blunt Notch signaling in Dll1-treated RBL-
2H3 cells. As expected, the enhancement on cytokine secre-
tion completely disappeared, suggesting that Dll1 Notch sig-
naling pathway had an enhancement on the cytokine produc-
tion in RBL-2H3 cells, which was consistent with the release
of β-hexosaminidase.

Dll1-Fc priming enhanced FcƐRI-mediated
phosphorylation of MAPKs in RBL-2H3 cells

In FcεRI-mediated signaling events, MAPK activation plays a
critical role in degranulation and cytokine production [29, 30].
To investigate the mechanism by which Dll1 Notch signaling
augmented the degranulation and cytokine production in
RBL-2H3 cells, we examined whether Notch signaling influ-
enced the phosphorylation of MAPKs induced by FcεRI
cross-linking. As shown in Fig. 4a, JNKs, p38 MAPK, and
ERK1/2 were phosphorylated following FcεRI cross-linking.
And the degree of phosphorylation was significantly aug-
mented in Dll1-Fc-treated RBL-2H3 cells compared with the
control group (p < 0.05). And the enhancement was almost

Fig. 2 Real-time PCR analysis of
Notch target genes (a) and the
effect of Notch signaling on
proliferation of RBL-2H3 cells
(b). *p < 0.05, relative to the
control group. The results are
from three independent
experiments
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abolished after treatment with DAPT, suggesting that Dll1
Notch signaling augmented phosphorylation of MAPKs
might contribute to the enhancement of FcεRI-mediated de-
granulation and cytokine production in RBL-2H3 cells. In
addition, the release of β-hexosaminidase and cytokine pro-
duction (IL-1β, IL-4, IL-6) was inhibited significantly by
treatment with SP600125 (JNK inhibitor), SB203580 (p38
inhibitor), and U0126-EtOH (ERK1/2 inhibitor) (p < 0.05) in
Dll1-Fc-treated RBL-2H3 cells (Supplementary Fig. 1). These
results indicated that augmented phosphorylation of MAPKs
was important to the enhancement of FcεRI-mediated degran-
ulation and cytokine production in Dll1-Fc-treated RBL-2H3
cells.

Downregulation of Dok-1 expression contributed
to the enhancement of FcεRI-mediated degranulation
and cytokine production by Dll1 Notch signaling

Many studies indicated that the phosphorylation of MAPKs
might be related to an alteration in downstream signaling of
FcεRI [31, 32]. Therefore, we focused on a negative regulator
in FcεRI signaling. Dok-1 was originally identified as a
tyrosyl-phosphorylated molecule of 62 kDa [33]. In the pres-
ent study, western blot analysis showed that the expression of

Dok-1 was clearly reduced in Dll1-treated RBL-2H3 cells
compared with control (p < 0.05), and the reduction of Dok-
1 was prevented by DAPT (Fig. 4b). These results indicated
that Dll1 Notch signaling suppressed the expression of Dok-1.

To ascertain whether the enhancement of FcεRI-mediated
degranulation and cytokine production inDll1-RBL-2H3 cells
can be explained by the reduction in expression of Dok-1, we
next determined the degranulation and cytokine production of
Dok-1 knockdown RBL-2H3 cells. In this experiment, three
shRNAs against Dok-1 were used to exclude the possibility of
any off-target effects of shRNAs. As shown in Fig. 5, the
expression of Dok-1 mRNA was decreased by 82% in the
shRNA 3 group, and shRNA 3 also showed the best inhibition
effect in protein level. So, we established a Dok-1 downregu-
lated expression RBL-2H3 cell strain with shRNA 3. Then we
used this strain to investigate the role of Dok-1in degranula-
tion and cytokine production. As shown in Fig. 5c, compared
with the control group, the release of β-hexosaminidase was
significantly increased in the Dok-1 knockdown group
(p < 0.05). Besides, the production of IL-1β, IL-4, IL-6, IL-
13, and TNF-α of Dok-1 knockdown RBL-2H3 cells upon
FcεRI cross-linking was significantly enhanced (p < 0.05)
(Fig. 5d). These data indicated that Dok-1 was a key mediator
in degranulation and cytokine production of RBL-2H3 cells.

Fig. 3 The effect of Notch ligands on the IgE-mediated degranulation (a) and cytokine production (b) of RBL-2H3 cells. *p < 0.05, relative to the control
group, **p < 0.05, relative to the Jag1-Fc group, #p < 0.05, relative to the Dll1-Fc group
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We next investigated the role of Dok-1 in phosphorylation
of MAPKs. As shown in Fig. 5e, knockdown of Dok-1 result-
ed in marked augmentation of FcεRI-mediated phosphoryla-
tion of JNKs, p38 MAPK, and ERK1/2 (p < 0.05), which was
similar to Dll1-Fc priming (Fig. 4a). These results indicated
that the reduced expression of Dok-1contributed to the en-
hancement of FcεRI-mediated degranulation and cytokine
production through the augmentation phosphorylation of
MAPKs in Dll1-Fc priming RBL-2H3 cells.

Notch signaling was important in the effect phase
of food allergy in vivo

Systemic anaphylaxis mouse model is an important tool for
the study of mast cells and basophil functions of food allergy
[34]. Thus, we used a PSA mouse model to further confirm
whether Notch signal was a key mediator of effect cell func-
tions in vivo. As shown in Fig. 6a, mice in the positive group
showed a marked drop in body temperature (p < 0.05) while
mice in the DAPT group did not (p > 0.05). Besides, com-
pared with the control group, the vascular permeability of
mice in the positive group was significantly increased
(p < 0.05), while the change vanished after treatment with
DAPT (Fig. 6b), indicating that mice in the positive group
showed some clinical symptoms, and the clinical symptoms

were alleviated after inhibiting Notch signaling in vivo. In
addition, we detected the level of degranulation by detecting
mMcp-1 and histamine in different groups. As shown in Fig.
6c, compared to the positive group, the levels of serummMcp-
1 and plasma histamine were significantly decreased after
treatment with DAPT (p < 0.05). These results illustrated that
Notch signaling was an important mediator in the effect phase
in vivo, which was consistent with the results in vitro.

Discussion

Mast cells and basophils are important effector cells in IgE-
mediated food allergy, and their functions are influenced by
various microenvironmental factors [35]. Studies have shown
that Notch receptors are expressed on mast cells, while Notch
ligands are expressed onmany types of cells, such as intestinal
epithelial cells and vascular endothelial cells in various tissues
[36, 37]. Therefore, we assumed that Notch signalingmight be
a key mediator factor of effector cells function in food allergy.

To verify this, we firstly detected the expression of Notch
receptors on RBL-2H3 cells to illustrate the possibility that
Notch signaling is functional in RBL-2H3 cells. We found
that Notch 1, 2, 3, and 4 were expressed on the RBL-2H3 cell
surface (Fig. 1), but Nakano et al. [38] found that only Notch 1

Fig. 4 The effect of Dll1-Fc priming on the phosphorylation levels of MAPKs (a) and the expression of Dok-1 (b) in RBL-2H3 cells. *p < 0.05, relative
to the control group. The results are from three independent experiments
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and 2 were expressed on mouse mast cells; this difference
might be due to the discrepancy of different cell types.
Despite this, the expression of Notch receptors suggested that
Notch signaling was a possible mediator in RBL-2H3 cells.

We further investigated the effect of Notch signaling on
degranulation and cytokine production of RBL-2H3 cells.
Jag1-Fc and Dll1-Fc enhanced the degranulation and cytokine
production of RBL-2H3 cells, especially Dll1-Fc remarkably
enhanced the FcεRI-mediated degranulation and cytokine
production (Fig. 3). And the potentiation effect disappeared
after treatment of DAPT, a γ-secretase inhibitor, which indi-
cated that Dll1 Notch signaling pathways enhanced RBL-2H3
cell degranulation and cytokine production. Besides, the pro-
liferation of RBL-2H3 cells was not affected by priming with
Notch ligands at concentrations of 5 μg/mL (Fig. 2b), sug-
gesting that the enhancement of degranulation and cytokine
production was not due to its growth acceleration effects. In
fact, many studies have demonstrated that Notch signaling
pathways promote proliferation of many types of cells, such
as T cells and endothelial cells [23, 39]. However, Notch

signaling showed no promotion effect in proliferation of
RBL-2H3 cells in the present study, and this might be related
to the concentrations of Notch ligands and priming time.

Interestingly, we found different Notch ligands showed dif-
ferent enhancement effects in RBL-2H3 cell degranulation
and cytokine production. Dll1-Fc significantly enhanced
FcεRI-mediated production of IL-1β, IL-4, IL-6, IL-13, and
TNF-α, whereas Jag1-Fc only increased IL-1β, IL-13, and
TNF-α production (Fig. 3b), and the enhancement of Jag1-
Fc was not as remarkable as Dll1, the same tendency in de-
granulation (Fig. 3a). This difference might be the result of the
different affinities of Notch receptors for different ligands.
Shimizu et al. [40] have found that Jag1 and Jag2 are mainly
combined with Notch 2 on a mouse pro-B cell line, but we
found that Notch 2 receptor was expressed much less than
Notch 1, Notch 3, and Notch 4 on RBL-2H3 cells (Fig. 1).
Thus, we considered that the binding affinity of Jag1 for
Notch receptors on RBL-2H3 cells was weaker compared
with that of Dll1, and this might contribute to the different
effects of different Notch ligands on degranulation and

Fig. 5 The effect of Dok-1 on degranulation, cytokine production, and
phosphorylation ofMAPKs. Real-time PCR analysis (a) and western blot
analysis (b) of Dok-1; the effect of knockdown of Dok-1 on FcεRI-

mediated degranulation (c) and cytokine production (d); the effect of
knockdown of Dok-1 on phosphorylation of MAPKs (e). *p < 0.05,
relative to the control group

Immunol Res



cytokine production. However, which Notch receptor/
receptors plays/play a key role needs further investigation.

How did Notch signaling enhance degranulation and cyto-
kine production in RBL-2H3 cells? We found a novel indirect
action through the modulation of activation signals. Our re-
sults indicated that Dll1-Fc priming significantly suppressed
the expression of Dok-1, leading to augmentation of FcεRI-
mediated phosphorylation of MAPKs, and this enhancement
was almost abolished after treatment of DAPT (Fig. 4). Thus,
we considered that Dok-1 played an important role in the
reinforcement of degranulation and cytokine production of
Dll1 priming.

To confirm this, we established a Dok-1 knockdown
RBL-2H3 cell strain with shRNA. We found that knock-
down of Dok-1 enhanced the RBL-2H3 cell degranulation
and cytokine secretion (Fig.5c, d), indicating that Dok-1
indeed played a negative regulatory role in FcεRI-
mediated degranulation and cytokine production. Besides,
downregulation of Dok-1 resulted in enhanced phosphory-
lation of MAPKs (Fig. 5e), indicating that knockdown of
Dok-1 enhanced degranulation and cytokine secretion via
enhancement of phosphorylation of MAPKs in Dll1-
treated RBL-2H3 cells, or at least partly. Dok-1 is a mem-
ber of a recently discovered family of docking proteins

phosphorylated by different PTKs and involved in the neg-
ative regulation of signaling downstream of cell surface
receptors [41]. Carpino et al. [42] demonstrated that Dok-
1 was a negative regulator of Ras/Erk signaling. Moreover,
upon anti-CD3/TCR stimulation, Dok-1 associates with
CD45 in a phosphotyrosine-dependent manner and nega-
tively regulates JAK/STAT pathways [43]. Recent studies
have demonstrated that Dok-1 is also a negative regulator
of allergen-induced Th2 inflammation and airway
hyperresponsiveness through selective inhibition and acti-
vation of STAT-6 and STAT-4 signaling pathways in air-
way epithelial cells [33]. In this study, we found that Dok-1
was a negative regulator of degranulation and cytokine
production via negative regulation of phosphorylation of
MAPKs. Together, these data suggested Dok-1 might have
an important negative regulatory role in food allergy.

But, how did the downregulation of Dok-1 enhance phos-
phorylation of MAPKs? It remains unclear. Abramson et al.
[44] have found that Dok-1 bounds to CrkL, non-catalytic pro-
tein kinase (Nck), Lyn, SH2-domain-containing inositol
polyphosphate 5′-phosphatase (SHIP), and RasGAP in FcεRI-
stimulated RBL-2H3 cells in vitro. Thus, we supposed the reg-
ulatory mechanism might be indirect, through the interaction
with SHIP, Nck, etc., and this needs to be further studied.

Fig. 6 The effect of blunting Notch signaling on passive systemic anaphylaxis in vivo. The effect of DAPT on body temperature changes (a), vascular
permeability (b), and degranulation of effect cells (c). *p < 0.05, relative to the control group
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In conclusion, this study demonstrated that Dll1 Notch sig-
naling significantly enhanced RBL-2H3 cell degranulation
and cytokine production by enhancing FcεRI-mediated phos-
phorylation ofMAPKs through downregulation of the expres-
sion of Dok-1, suggesting that Notch signaling might be an
important mediator in the effect phase of food allergy. And
this was confirmed in a PSA mouse model. In addition, we
have indicated that Notch signaling is necessary in Th2 cell
differentiation in the sensitization phase of food allergy [16].
So, our studies suggested that Notch signaling may be a ther-
apeutic target of food allergy.

Acknowledgements We thank all colleagues who contributed to this
research.

Funding information This work was supported by the National Natural
Science Foundation of China (No. 81573158).

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest.

References

1. Krogulska A, Polakowska E, Wąsowskakrólikowska K,
Małachowska B, Młynarski W, Borowiec M. Decreased FOXP3
mRNA expression in children with atopic asthma and IgE-
mediated food allergy. Ann Allergy Asthma Immunol.
2015;115(5):415–21. https://doi.org/10.1016/j.anai.2015.08.015.

2. Kucuk ZY, Strait R, Khodoun MV, Mahler A, Hogan S, Finkelman
FD. Induction and suppression of allergic diarrhea and systemic
anaphylaxis in a murine model of food allergy. J Allergy Clin
Immunol. 2012;129(5):1343–8. https://doi.org/10.1016/j.jaci.
2012.03.004.

3. Venter C, Arshad SH. Epidemiology of food allergy. Pediatr Clin N
Am. 2011;58(2):327–49. https://doi.org/10.1016/j.pcl.2011.02.011.

4. Sampson HA. Food allergy. Part 1: immunopathogenesis and clin-
ical disorders. J Allergy Clin Immunol. 1999;103(5):717–28.
https://doi.org/10.1016/S0091-6749(99)70411-2.

5. Yu W, Freeland DMH, Nadeau KC. Food allergy: immune mecha-
nisms, diagnosis and immunotherapy. Nat Rev Immunol.
2016;16(12):751–65. https://doi.org/10.1038/nri.2016.111.

6. Kumar S, Verma AK, Das M, Dwivedi PD. Molecular mechanisms
of IgE mediated food allergy. Int Immunopharmacol. 2012;13(4):
432–9. https://doi.org/10.1016/j.intimp.2012.05.018.

7. Kawakami T, Galli SJ. Regulation of mast-cell and basophil func-
tion and survival by IgE. Nat Rev Immunol. 2002;2(10):773–86.
https://doi.org/10.1038/nri914.

8. Burks AW, Tang M, Sicherer S, Muraro A, Eigenmann PA,
Ebisawa M, et al. ICON: food allergy. J Allergy Clin Immunol.
2012;129(4):906–20. https://doi.org/10.1016/j.jaci.2012.02.001.

9. Cohen R, Torres A, Ma HT, Holowka D, Baird B. Ca2+ waves
initiate antigen-stimulated Ca2+ responses in mast cells. J
Immunol. 2011;183(10):6478–88.

10. Masi G, Mercati D, Vannuccini E, Paccagnini E,Riparbelli MG,
Lupetti P, Pelicci PG, Baldari CT, Ulivieri C. p66Shc regulates
vesicle-mediated secretion in mast cells by affecting F-actin dynam-
ics. J Leukoc Biol. 2014;95(2):285–92. https://doi.org/10.1189/jlb.
0313178.

11. Passante E, Frankish N. The RBL-2H3 cell line: its provenance and
suitability as a model for the mast cell. Inflamm Res. 2009;58(11):
737–45. https://doi.org/10.1007/s00011-009-0074-y.

12. Macey MR, Sturgill JL, Morales JK, Falanga YT, Morales J,
Norton SK, et al. IL-4 and TGF-β1 counterbalance one another
while regulating mast cell homeostasis. J Immunol. 2010;184(9):
4688–95. https://doi.org/10.4049/jimmunol.0903477.

13. Sibilano R, Frossi B, Suzuki R, D'Incà F, Gri G, Piconese S, et al.
Modulation of FcεRI-dependent mast cell response by OX40L via
Fyn, PI3K, and RhoA. J Allergy Clin Immunol. 2012;130(3):751–
60. https://doi.org/10.1016/j.jaci.2012.03.032.

14. Guruharsha KG, Kankel MW, Artavanis-Tsakonas S. The Notch
signalling system: recent insights into the complexity of a con-
served pathway. Nat Rev Genet. 2012;13(9):654–66. https://doi.
org/10.1038/nrg3272.

15. Kleinjan A, BruijnMD, NimwegenMV, Bergen I, Hoogsteden HC,
Amsen D, et al. The Notch mediator RBP-J in CD4 T cells plays a
crucial role in the induction of allergic asthma in mice. J Allergy
Clin Immunol. 2013;131(2):AB147.

16. Jiang S, Han S, Chen J, Li X, Che H. Inhibition effect of blunting
Notch signaling on food allergy through improving T H 1/T H 2
balance in mice. Ann Allergy Asthma Immunol. 2017;118(1):94–
102. https://doi.org/10.1016/j.anai.2016.10.024.

17. Amsen D, Blander JM, Lee GR, Tanigaki K, Honjo T, Flavell RA.
Instruction of distinct CD4 T helper cell fates by different Notch
ligands on antigen-presenting cells. Cell. 2004;117(4):515–26.
https://doi.org/10.1016/S0092-8674(04)00451-9.

18. Nouri-Shirazi M, Kahlden C, Nishino P, Guinet E. Nicotine expo-
sure alters the mRNA expression of Notch ligands in dendritic cells
and their response to Th1-/Th2-promoting stimuli. Scand J
Immunol. 2015;81(2):110–20. https://doi.org/10.1111/sji.12254.

19. Pérez-Cabezas B, Naranjo-Gómez M, Bastos-Amador P, Requena-
Fernández G, Pujol-Borrell R, Borràs FE. Ligation of Notch recep-
tors in human conventional and plasmacytoid dendritic cells differ-
entially regulates cytokine and chemokine secretion and modulates
Th cell polarization. J Immunol. 2011;186(12):7006–15. https://doi.
org/10.4049/jimmunol.1100203.

20. Suzuki R, Liu X, Olivera A, Aguiniga L, Yamashita Y, Blank U,
et al. Loss of TRPC1-mediated Ca2+ influx contributes to impaired
degranulation in Fyn-deficient mouse bone marrow-derived mast
cells. J Leukoc Biol. 2010;88(5):863–75. https://doi.org/10.1189/
jlb.0510253.

21. Sun N, Tekutyeva L, Wang S, Pu Q, Zhou C, Wang J, et al. A
modified weight-of-evidence approach to evaluate the allergenic
potential of food proteins. Toxicol Res. 2015;4(2):476–85. https://
doi.org/10.1039/C4TX00211C.

22. Borggrefe T, Oswald F. The Notch signaling pathway: transcrip-
tional regulation at Notch target genes. Cell Mol Life Sci.
2009;66(10):1631–46. https://doi.org/10.1007/s00018-009-8668-
7.

23. Palaga T, Miele L, Golde TE, Osborne BA. TCR-mediated Notch
signaling regulates proliferation and IFN-γ production in peripheral
T cells. J Immunol. 2003;171(6):3019–24. https://doi.org/10.4049/
jimmunol.171.6.3019.

24. Grotek B, Wehner D, Weidinger G. Notch signaling coordinates
cellular proliferation with differentiation during zebrafish fin regen-
eration. Development. 2013;140(7):1412–23. https://doi.org/10.
1242/dev.087452.

25. Wang XD, Leow CC, Zha J, Tang Z, Modrusan Z, Radtke F, et al.
Notch signaling is required for normal prostatic epithelial cell pro-
liferation and differentiation. Dev Biol. 2006;290(1):66–80. https://
doi.org/10.1016/j.ydbio.2005.11.009.

26. Galli SJ, Tsai M. IgE and mast cells in allergic disease. Nat Med.
2012;18(5):693–704. https://doi.org/10.1038/nm.2755.

27. Taube C, Wei X, Swasey CH, Joetham A, Zarini S, Lively T, et al.
Mast cells, Fc epsilon RI, and IL-13 are required for development of

Immunol Res

https://doi.org/10.1016/j.anai.2015.08.015
https://doi.org/10.1016/j.jaci.2012.03.004
https://doi.org/10.1016/j.jaci.2012.03.004
https://doi.org/10.1016/j.pcl.2011.02.011
https://doi.org/10.1016/S0091-6749(99)70411-2
https://doi.org/10.1038/nri.2016.111
https://doi.org/10.1016/j.intimp.2012.05.018
https://doi.org/10.1038/nri914
https://doi.org/10.1016/j.jaci.2012.02.001
https://doi.org/10.1189/jlb.0313178
https://doi.org/10.1189/jlb.0313178
https://doi.org/10.1007/s00011-009-0074-y
https://doi.org/10.4049/jimmunol.0903477
https://doi.org/10.1016/j.jaci.2012.03.032
https://doi.org/10.1038/nrg3272
https://doi.org/10.1038/nrg3272
https://doi.org/10.1016/j.anai.2016.10.024
https://doi.org/10.1016/S0092-8674(04)00451-9
https://doi.org/10.1111/sji.12254
https://doi.org/10.4049/jimmunol.1100203
https://doi.org/10.4049/jimmunol.1100203
https://doi.org/10.1189/jlb.0510253
https://doi.org/10.1189/jlb.0510253
https://doi.org/10.1039/C4TX00211C
https://doi.org/10.1039/C4TX00211C
https://doi.org/10.1007/s00018-009-8668-7
https://doi.org/10.1007/s00018-009-8668-7
https://doi.org/10.4049/jimmunol.171.6.3019
https://doi.org/10.4049/jimmunol.171.6.3019
https://doi.org/10.1242/dev.087452
https://doi.org/10.1242/dev.087452
https://doi.org/10.1016/j.ydbio.2005.11.009
https://doi.org/10.1016/j.ydbio.2005.11.009
https://doi.org/10.1038/nm.2755


airway hyperresponsiveness after aerosolized allergen exposure in
the absence of adjuvant. J Immunol. 2004;172(10):6398–406.
https://doi.org/10.4049/jimmunol.172.10.6398.

28. HepworthMR, Daniłowicz-Luebert E, Rausch S,Metz M, Klotz C,
Maurer M, et al. Mast cells orchestrate type 2 immunity to hel-
minths through regulation of tissue-derived cytokines. Proc Natl
Acad Sci U S A. 2012;109(17):6644–9. https://doi.org/10.1073/
pnas.1112268109.

29. Han SY, Choi YJ, Kang MK, Park JHY, Kang YH. Resveratrol
suppresses cytokine production linked to FcεRI-MAPK activation
in IgE-antigen complex-exposed basophilic mast cells and mice.
Am J Chin Med. 2015;43(8):1605–23. https://doi.org/10.1142/
S0192415X15500913.

30. Toda M, Kuo CH, Borman SK, Richardson RM, Inoko A, Inagaki
M, et al. Evidence that formation of vimentin·mitogen-activated
protein kinase (MAPK) complex mediates mast cell activation fol-
lowing FcϵRI/CC chemokine receptor 1 cross-talk. J Biol Chem.
2012;287(29):24516–24. https://doi.org/10.1074/jbc.M111.
319624.

31. Furumoto Y, Nunomura S, Terada T, Rivera J, Ra C. The
FcepsilonRIbeta immunoreceptor tyrosine-based activation motif
exerts inhibitory control on MAPK and IkappaB kinase phosphor-
ylation and mast cell cytokine production. J Biol Chem.
2004;279(47):49177–87. https: / /doi .org/10.1074/jbc.
M404730200.

32. Kambayashi T, Koretzky GA. Proximal signaling events in FcɛRI-
mediated mast cell activation. J Allergy Clin Immunol.
2007;119(3):544–52. https://doi.org/10.1016/j.jaci.2007.01.017.

33. Lee CM, Jung ID, Noh KT, Lee JS, Park JW, Heo DR, et al. An
essential regulatory role of downstream of kinase-1 in the
ovalbumin-induced murine model of asthma. PLoS One.
2012;7(4):e34554. https://doi.org/10.1371/journal.pone.0034554.

34. Allen IC. Mouse models of allergic disease. Methods Mol Biol.
2013;1032:109–19. https://doi.org/10.1007/978-1-62703-496-8_1.

35. Knol EF. Requirements for effective IgE cross-linking onmast cells
and basophils. Mol Nutrnn. 2006;50(7):620–4.

36. Sakata-Yanagimoto M, Sakai T, Miyake Y, Saito TI, Maruyama H,
Morishita Y, et al. Notch2 signaling is required for proper mast cell

distribution and mucosal immunity in the intestine. Blood.
2011;117(1):128–34. https://doi.org/10.1182/blood-2010-07-
289611.

37. Massi D, Tarantini F, Franchi A, Paglierani M, Serio CD, Pellerito
S, et al. Evidence for differential expression of Notch receptors and
their ligands in melanocytic nevi and cutaneous malignant melano-
ma. Mod Pathol. 2006;19(2):246–54. https://doi.org/10.1038/
modpathol.3800526.

38. Nakano N, Nishiyama C, Yagita H, Koyanagi A, Akiba H, Chiba S,
et al. Notch signaling confers antigen-presenting cell functions on
mast cells. J Allergy Clin Immunol. 2009;123(1):74–81. https://doi.
org/10.1016/j.jaci.2008.10.040.

39. Sainson RC, Aoto J, Nakatsu MN, Holderfield M, Conn E, Koller
E, et al. Cell-autonomous Notch signaling regulates endothelial cell
branching and proliferation during vascular tubulogenesis. FASEB
J. 2005;19(8):1027–9. https://doi.org/10.1096/fj.04-3172fje.

40. Shimizu K, Chiba S, Hosoya N, Kumano K, Saito T, KurokawaM,
et al. Binding of Delta1, Jagged1, and Jagged2 to Notch2 rapidly
induces cleavage, nuclear translocation, and hyperphosphorylation
of Notch2.Mol Cell Biol. 2000;20(18):6913–22. https://doi.org/10.
1128/MCB.20.18.6913-6922.2000.

41. Mashima R, Hishida Y, Tezuka T, Yamanashi Y. The roles of Dok
family adapters in immunoreceptor signaling. Immunol Rev.
2009;232(1):273–85. https://doi.org/10.1111/j.1600-065X.2009.
00844.x.

42. Carpino N, Wisniewski D, Strife A, Marshak D, Kobayashi R,
Stillman B, et al. p62dok: a constitutively tyrosine-phosphorylated,
GAP-associated protein in chronic myelogenous leukemia progen-
itor cells. Cell. 1997;88(2):197–204. https://doi.org/10.1016/
S0092-8674(00)81840-1.

43. Wu L, Bijian K, Shen SH. CD45 recruits adapter protein DOK-1
and negatively regulates JAK-STAT signaling in hematopoietic
cells. Mol Immunol. 2009;46(11–12):2167–77. https://doi.org/10.
1016/j.molimm.2009.04.032.

44. Abramson J, Rozenblum G, Pecht I. Dok protein family members
are involved in signaling mediated by the type 1 Fcϵ receptor. Eur J
Immunol. 2003;33(1):85–91. https://doi.org/10.1002/immu.
200390011.

Immunol Res

https://doi.org/10.4049/jimmunol.172.10.6398
https://doi.org/10.1073/pnas.1112268109
https://doi.org/10.1073/pnas.1112268109
https://doi.org/10.1142/S0192415X15500913
https://doi.org/10.1142/S0192415X15500913
https://doi.org/10.1074/jbc.M111.319624
https://doi.org/10.1074/jbc.M111.319624
https://doi.org/10.1074/jbc.M404730200
https://doi.org/10.1074/jbc.M404730200
https://doi.org/10.1016/j.jaci.2007.01.017
https://doi.org/10.1371/journal.pone.0034554
https://doi.org/10.1007/978-1-62703-496-8_1
https://doi.org/10.1182/blood-2010-07-289611
https://doi.org/10.1182/blood-2010-07-289611
https://doi.org/10.1038/modpathol.3800526
https://doi.org/10.1038/modpathol.3800526
https://doi.org/10.1016/j.jaci.2008.10.040
https://doi.org/10.1016/j.jaci.2008.10.040
https://doi.org/10.1096/fj.04-3172fje
https://doi.org/10.1128/MCB.20.18.6913-6922.2000
https://doi.org/10.1128/MCB.20.18.6913-6922.2000
https://doi.org/10.1111/j.1600-065X.2009.00844.x
https://doi.org/10.1111/j.1600-065X.2009.00844.x
https://doi.org/10.1016/S0092-8674(00)81840-1
https://doi.org/10.1016/S0092-8674(00)81840-1
https://doi.org/10.1016/j.molimm.2009.04.032
https://doi.org/10.1016/j.molimm.2009.04.032
https://doi.org/10.1002/immu.200390011
https://doi.org/10.1002/immu.200390011


Supplementary table 1. List of primer sequences used in RT-qPCR.

Supplementary figure 1. The effect of inhibitors of MAPKs on the IgE-mediated degranulation

(a) and cytokine production (b) of RBL-2H3 cells. *p < 0.05, relative to the Dll1-Fc group.

Gene Name Forward primer sequences Reverse primer sequences

Hes1 F: 5’-CGAAAATGCCAGCTGATATAA-3’ R: 5’- ACACGCTCGGGTCTGTGCTGA-3’

Hes5 F: 5’-CTCCGCTCCGCTCCGCTCGCTAAT-3’ R: 5’-GGGGCCGCTGGAAGTGGTAAAGCA-3’

Hey2 F: 5’-CAGTTTGCAAGAGTTTGGGTTAAT-3’ R: 5’- CTCACGTGCTCAATTTCAATGTAT-3’

Dok-1 F: 5’-ATACGCCTGGCTGAATGTGT-3’ R: 5’- GGTTCTCCGTCTGAGCCAAA-3’

GAPDH F: 5’- ATGATTCTACCCACGGCAAG-3’ R: 5’- CTGGAAGATGGTGATGGGTT-3’
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