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Binding of antigen to IgE-high affinity FcεRI complexes on mast cells and basophils

results in the release of preformed mediators such as histamine and de novo synthesis

of cytokines causing allergic reactions. Src-like adapter protein (SLAP) functions

co-operatively with c-Cbl to negatively regulate signaling downstream of the T cell

receptor, B cell receptor, and receptor tyrosine kinases (RTK). Here, we investigated

the role of SLAP in FcεRI-mediated mast cell signaling, using bone marrow derived

mast cells (BMMCs) from SLAP knock out (SLAP KO) mice. Mature SLAP-KO BMMCs

displayed significantly enhanced antigen induced degranulation and synthesis of IL-6,

TNFα, and MCP-1 compared to wild type (WT) BMMCs. In addition, SLAP KO mice

displayed an enhanced passive cutaneous anaphylaxis response. In agreement with a

negative regulatory role, SLAP KO BMMCs showed enhanced FcεRI-mediated signaling

to downstream effector kinases, Syk, Erk, and Akt. Recombinant GST-SLAP protein

binds to the FcεRIβ chain and to the Cbl-b in mast cell lysates, suggesting a role in FcεRI

down regulation. In addition, the ubiquitination of FcεRIγ chain and antigen mediated

down regulation of FcεRI is impaired in SLAP KO BMMCs compared to the wild type.

In line with these findings, stimulation of peripheral blood human basophils with FcεRIα

antibody, or a clinically relevant allergen, resulted in increased SLAP expression. Together,

these results indicate that SLAP is a dynamic regulator of IgE-FcεRI signaling, limiting

allergic responses.
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INTRODUCTION

Antigen induced crosslinking of IgE, bound to high affinity FcεRI on the surface of mast
cells (MCs) and basophils, results in the degranulation and release of mediators including
histamine as well as de novo synthesis of pro-inflammatory cytokines, growth factors and
chemokines (1, 2). FcεRI-mediated signaling involves cytoplasmic tyrosine kinases and adapter
molecules, that can both positively and negatively regulate the response to antigen. Upon antigen
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exposure, signaling initiates with tyrosine phosphorylation
of ITAM motifs in FcεRI by the Src-family kinase Lyn
and subsequent recruitment of Syk tyrosine kinase. The
transmembrane protein tyrosine phosphatase CD45 plays a
role in the initiation of FcεRI signaling, by dephosphorylating
the carboxy-terminal negative regulatory tyrosine site in
Lyn. Activated Lyn and Syk phosphorylates the downstream
effector molecule LAT resulting in the recruitment of positive
signaling mediators, such as PLCγ, Gads/SLP-76/Vav, and
Grb/Shc/Sos, as well as intracellular calcium mobilization
and degranulation (3, 4). Activated FcεRI receptors also
initiate Gab2-Fyn-PI3Kinase signaling and MAP kinase-NFκB
signaling that regulates calcium mobilization, degranulation
and production of cytokines including TNFα, IL-6 and
MCP-1 (4, 5). To balance the FcεRI signaling response,
several negative regulators are engaged including the SH2
domain-containing protein tyrosine phosphatase 1 (SHP1),
the lipid phosphatases, SH2 domain-containing inositol
polyphosphate 5-phosphatase (SHIP) and Phosphatase and
tensin homolog (PTEN), as well as inhibitory receptors such
as FcγRIIb and the mast function-associated antigen (MAFA)
(3). Additional regulatory mechanisms involve ubiquitin ligases
Cbl and Cbl-b that promote proteasomal degradation of
substrates and receptor internalization, thereby dampening the
signal (6).

The Cbl family of ubiquitin ligases is involved in the
regulation of tyrosine kinase mediated signaling including
the activated T cell receptor (TCR), B cell receptor
(BCR), and growth factor receptors (7, 8). The Cbl
family is comprised of three genes encoding c-Cbl, Cbl-
b and Cbl-c. Previous studies have shown that Cbl-b is
the major isoform expressed in murine MCs and Cbl-b
null MCs have reduced FcεRI internalization, enhanced
downstream signaling and enhanced mast cell functions
including degranulation and production of TNFα, IL-6, and
MCP-1 (9, 10).

In the context of BCR and TCR signaling, Cbl function
requires the SH2 domain and SH3 domain containing Src-like
adapter protein (SLAP). SLAP regulates TCR signaling via the
recruitment of c-Cbl leading to ubiquitination and degradation
of TCR ζ chains (11, 12). Similarly, SLAP alters BCR recycling
and promotes receptor down regulation via the recruitment
of c-Cbl (13). SLAP has also been shown to regulate the cell
surface levels of the c-Kit and Flt3 receptor tyrosine kinases
via ubiquitin mediated degradation, and SLAP null dendritic
cells have enhanced the GM-CSF signaling and elevated GM-
CSF receptor expression (14–16). Together these studies support
the role of SLAP as a negative regulator of tyrosine kinase
mediated signaling in hematopoietic cells. A previous study
demonstrated that dexamethasone, often used in the treatment
of MC mediated allergic responses, causes the up regulation
of SLAP mRNA, suggesting that SLAP may also play a role
in MC mediated allergic responses (17). Here we report that
SLAP functions as a negative regulator of degranulation and
cytokine secretion in vitro and in vivo. SLAP deficient MCs
show enhanced signaling and we provide evidence that Cbl-
b function is altered in the absence of SLAP. Furthermore,

FcεRI activation in human basophils from allergic patients
results in elevated levels of the SLAP protein, suggesting that
SLAP functions as a dynamic regulator of FcεRI signaling and
allergic responses.

RESULTS

SLAP Negatively Regulates
FcεRI-Dependent Degranulation
To investigate the role of SLAP in the regulation of mast cell
(MC) functions, bone marrow-derived mast cells (BMMCs) from
Balb/C (WT) and SLAP knockout (KO) mice were generated.
Immunoblot analysis of mature BMMCs from SLAP KO shows a
complete absence of the SLAP protein compared to WT BMMCs
(Figure 1A). Since the role of SLAP is well-characterized in
the regulation of surface receptor expressions in other immune
cell types (13, 18), we investigated the surface expression of
characteristic mast cell receptors. FcεRI, cKit (CD117) and
SIRPα (CD172a) showed comparable expression levels in both
genotypes (n = 3) (Figure 1B). Mast cell protease-1 (MCPT-1),
FcεRIα, FcεRIβ, and FcεRIγ showed similar mRNA expression
levels in MC from WT and SLAP-KO, as determined by
quantitative PCR (Figure 1C). This suggested that SLAP KO
BMMCs do not have any maturation defect. To understand the
role of SLAP in the IgE (FcεRI) receptor-mediated MC function,
we measured the FcεRI-mediated degranulation response post-
stimulation with the antigen, DNP-HSA. SLAP KO BMMCs
showed an enhanced FcεRI mediated degranulation response
in a dose dependent manner, compared to control BMMCs
based on β-hexosaminidase release (Figure 1D). To confirm
the enhanced degranulation of SLAP KO MCs, cell surface
phosphatidylserine externalization was measured using annexin
V staining on degranulated mast cells as previously described
(19). SLAP KO BMMCs showed a significantly higher level
of annexin V staining upon IgE cross-linking, as compared
to WT cells (Figure 1E). In line with this finding, surface
expression of CD107a (LAMP-1), a marker of granular exocytosis
(20), was also significantly higher in the SLAP KO BMMCs
post-stimulation (Figure 1F). Collectively, these results provide
evidence that SLAP is a negative regulator of FcεRI-dependent
MC degranulation.

Enhanced FcεRI-Mediated Cytokine
Release in SLAP KO BMMCs
In addition to a rapid degranulation response, FcεRI mediated
signaling also regulates the late phase reaction of cytokine
secretion via the de novo synthesis of cytokines (21). To
investigate the role of SLAP in cytokine secretion, BMMCs
were sensitized with anti-DNP IgE and stimulated with DNP-
HSA (10 ng/ml) for 6 and 24 h, supernatants were collected, and
cytokine levels were determined by ELISA. The levels of secreted
IL-6, MCP-1, and TNFα were significantly higher in SLAP KO
BMMCs at 6 h compared to the WT control (Figures 2A–C)
indicating that SLAP negatively regulates cytokine production
post-DNP-HSA stimulation.
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FIGURE 1 | Mature SLAP KO BMMCs show enhanced degranulation upon antigen stimulation. (A) Lysates were prepared from WT and SLAP KO BMMCs derived

from four different mice and subjected to immunoblotting (IB) with SLAP and Tubulin (Tub) antibodies. Positions of relative mass markers (in kilodaltons) are shown on

the left. (B) WT and SLAP KO BMMCs were stained with antibodies against cell surface receptors FcεRIα, KIT, and SIRPα. Numbers in dot plots show the mean ± SD

values of % double positive (FcεRIα+, KIT+) or (FcεRIα+, SIRPα+) of the total cells. Results are from a representative experiment done in triplicate out of three

independent experiments (n = 3). (C) mRNA expression of mast cell markers MCPT1, FcεRIα, FcεRIβ, and FcεRIγ determined by qPCR in mature WT and SLAP KO

BMMCs and GAPDH was used as a control to calculate 1Ct values. Data shown are the means ± SD values from a representative experiment done in triplicate, out

of two independent experiments (n = 2). (D) WT and SLAP KO BMMCs were starved and sensitized with anti-DNP IgE for 18 h and stimulated with DNP-HSA at

indicated concentrations (0–5,000 ng/ml) for 60min at 37◦C. Line graph depicts β-hexosaminidase released in supernatant post-stimulation and shows as the

percentage of the total amount of β-hexosaminidase present in the cells. Data shown are the means ± SD values from a representative experiment done in triplicate,

out of three independent experiments (n = 3) which showed similar results. A significant difference was observed between genotypes (Student’s t-test; *P < 0.05).

(E,F) WT and SLAP KO BMMCs were sensitized with anti-DNP IgE and stimulated with DNP-HSA (20 ng/ml) for 10min at 37◦C. Bar graph showing the median

florescence intensity (MFI) of (E) Annexin V and (F) CD107a staining of sensitized WT and SLAP KO BMMCs at 0min and after 10min of stimulation. Data shown are

the means ± SD values from a representative experiment done in triplicate, out of three independent experiments (n = 3). (Student’s t-test; **P < 0.01).

SLAP Regulates IgE-Dependent Late
Phase Passive Cutaneous Anaphylaxis
Response
To further characterize the role of SLAP in IgE-mediated mast

cell function, we conducted a passive cutaneous-anaphylaxis

assay in ear skin as previously described (22–24). WT and

SLAP KO mice were sensitized with the IgE antibody for

48 h followed by the topical application of dinitrofluorobenzene
(DNFB) (left ear) or vehicle control (right ear). After 24 h,
swelling in DNFB treated ears was observed while no reaction
occurred in the vehicle treated ear. SLAP KO mice (n = 7)
had significantly increased ear skin thickness compared to WT
mice (n = 6) (Figure 3A). Histological examination of ear tissue
sections further confirmed that DNFB application resulted in
inflammatory swelling in both genotypes, however, inflammation
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FIGURE 2 | SLAP KO BMMCs shows elevated levels of IgE induced cytokine

release. BMMCs from WT and SLAP KO mice were sensitized with anti-DNP

IgE and stimulated with DNP-HSA (10 ng/ml) for 0, 6, and 24 h at 37◦C. Bar

graph showing amount (pg/ml) of secreted (A) IL-6; (B) MCP-1; and (C) TNFα

in collected cell supernatants at indicated times as determined by ELISA. Data

in (A–C) show the means ± SD of a representative experiments done in

triplicate, out of three independent experiments (n = 3). (Student’s t-test;

**P < 0.01).

was more pronounced in the SLAP KO ear skin (Figure 3B).
To confirm that the enhanced response of SLAP KO mice
was due to mast cell activation, rather than elevated mast cell
numbers, histological sections of ear skin from WT and SLAP
KO mice were examined. Average mast cell numbers/field were

comparable in SLAP KO and WT mice in DNFB treated ear
skin (Figures 3C,D). This suggests that SLAP negatively regulates
the IgE-mediated cutaneous anaphylaxis functional response but
does not impact the viability, expansion or the recruitment of
mast cells.

To further investigate the impact of SLAP deficiency on

MC responses, F-actin polymerization, a key process in mast
cell degranulation (25) was examined. Sensitized BMMCs were

stimulated with DNP-HSA for the indicated time-points prior to

fixation and permeabilization and F-actin content was quantified
by phalloidin staining as described previously (26, 27). Flow
cytometric analysis showed significantly reduced F-actin levels
in SLAP KO BMMCs prior to stimulation (time 0) compared
to WT BMMCs (Figure 4A). Following DNP-HSA stimulation,
both WT and SLAP KO BMMCs responded similarly, although
F-actin remained significantly lower at late time points (27min).
In addition to F-actin polymerization, calcium mobilization
in response to FcεRI stimulation contributes to degranulation.
Therefore, we loaded the BMMCs with an Indo-1AM ratiometric
Ca2+ fluorescent indicator and stimulated cells with DNP-
HSA or ionomycin in the presence or absence of EDTA.
Quantification of the intracellular calcium concentration (nM)
showed comparable levels between the genotypes at indicated
time points (Figure 4B).

SLAP Regulates Activation of FcεRI
Signaling
To determine the role of SLAP in pathways that regulate
degranulation and cytokine responses, we studied the proximal
signaling events downstream of FcεRI. IgE-sensitized BMMCs
from SLAP KO or WT mice were stimulated with DNP-
HSA and phosphorylation of Lyn and Syk was determined
by immunoblotting with anti-phosphotyrosine and phospho-
site specific antibodies. While there was no change in
phosphorylation of Lyn (Figure 5A), enhanced phosphorylation
of Syk activation loop tyrosines (Y525/526) was observed in SLAP
KO BMMCs at 3, 9, and 27min after DNP-HSA stimulation
compared to WT (Figures 5B,C). Increased phosphorylation of
Syk (tyrosine 238) in SLAP KO BMMC was also confirmed
using phospho-flow cytometry (Figure 5D). Notably, SLAP KO
cells showed a modest increase in the total phosphotyrosine
containing proteins, compared to WT BMMCs (Figure 5A).

Activation of Syk leads to phosphorylation of the membrane
adaptor protein LAT, and subsequent recruitment and activation
of multiple downstream pathways including Ras-ERK-MAPK
and AKT-IKK-NFκB pathways to regulate cytokine and
chemokine production (28). Enhanced phosphorylation
of ERK1/2 was observed in SLAP deficient BMMCs, and
this was most pronounced at later time points, evidence of
sustained activation of downstream signaling from SYK and
LAT (Figure 6A). While there was no significant difference in
p38MAPK phosphorylation (Figure 6B), sustained activation
of JNK1/2 was evident in SLAP deficient MCs (Figure 6C). In
keeping with the observation that SLAP KO BMMC do not show
alterations in calcium mobilization, no significant change in
PLCγ1 phosphorylation post-stimulation was observed in SLAP
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FIGURE 3 | SLAP KO mice show enhanced passive cutaneous anaphylaxis reaction. (A) WT (6 mice) and SLAP KO mice (7 mice) were sensitized by tail vein injection

with 2 µg anti-DNP–IgE 48 h prior to topical application of DNFB (0.2% [wt/vol]) to the left ear or vehicle (acetone-olive oil, 4:1) to the right ear. After 24 h, mice were

culled, and changes in the thicknesses (1 ear thickness) of DNFB-treated and vehicle-treated ears were recorded with digital calipers. Dot plot showing pooled data

of 1 ear thickness from six WT and seven SLAP KO mice, where each dot represents a data from a single mouse with means as a horizontal line and SD values as

vertical line. A significant difference was observed between genotypes (Student’s t-test; *P < 0.05). (B) Representative image of histological section of ear skin from

WT and SLAP KO mice treated with either vehicle or DNFB and stained with H&E. Scale bar, 200µm. (C) Dot plot representing the pooled data of the average

number of mast cells per field (10–15 fields/ear; from six WT and seven SLAP KO mice where each dot represents data from a single mouse). The horizontal lines in

the dot plots represent the mean, and vertical lines are SD values calculated from pooled data. No significant difference was observed between the genotypes.

(D) Histological section of ear skin from WT and SLAP KO mice were stained with toluidine blue. Mast cells in tissue sections are shown by arrows. Scale bar, 200µm.

KO BMMCs (Figure 6D). SLAP KO BMMCs also had enhanced
AKT phosphorylation, particularly at early time points after
antigen stimulation (Figure 7A). Similarly, a modest increase
in phosphorylation of IKK and the downstream transcription
factor NFkB was apparent at early time points (Figures 7B,C).
Collectively, these results indicate that SLAP negatively regulates
antigen induced FcεRI signaling to Syk, and its downstream
effectors, ERK, JNK, and AKT.

Impaired Ubiquitination and Internalization
of FcεRI in SLAP Deficient MCs
Previously, SLAP has been shown to regulate the surface
expression and down regulation of receptors such as TCR and

BCR via recruitment of the ubiquitin ligase Cbl (13, 29, 30).
Therefore, one possible mechanism to explain the enhanced
signaling in SLAP deficient BMMCs is due to impaired Cbl

function in the absence of SLAP. Prior studies have indicated that

Cbl-b is the dominant Cbl family member expressed in BMMC
where it has been demonstrated to regulate the surface expression

and signaling downstream of FcεRI (10). To assess whether SLAP

loss might have effects on Cbl-b function or its activity, we first
tested whether SLAP interacts with Cbl-b. GST-SLAP fusion
proteins were incubated with RBL-2H3 cell lysates and bound
proteins analyzed by immunoblot. GST- SLAP bound to several
tyrosine phosphorylated proteins including Cbl-b and FcεRIβ in
both un-stimulated and DNP-HSA stimulated cells (Figure 8A).
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To investigate whether SLAP affects the surface expression of
FcεRI upon stimulation with antigen, IgE-sensitized BMMCs
were stimulated with DNP-HSA (20 ng/ml) and cell surface levels
of FcεRI were determined by flow cytometry. Quantification
of MFI as a measure of receptor surface expression levels
revealed that SLAP KO BMMCs retained significantly higher
levels of the high affinity IgE receptor compared to WT at all
time-points post-stimulation (Figure 8B), suggesting impaired
internalization of FcεRI. The association of SLAP and Cbl-b
and altered FcεRI internalization in SLAP deficient cells could
suggest that either the adaptor or ubiquitin ligase function of
Cbl-b is defective in the absence of SLAP. In the RBL-2H3
cell line, both FcεRIβ and FcεRIγ are ubiquitinated following

FIGURE 4 | F-actin levels and calcium mobilization in SLAP KO BMMCs.

(A) BMMCs from WT and SLAP KO genotype were sensitized with Anti-DNP

IgE and stimulated with DNP-HSA (20 ng/ml) for indicated times at 37◦C. Line

graph showing the relative phalloidin fluorescence at indicated times

post-stimulation with DNP-HSA (20 ng/ml) in WT and SLAPKO BMMCs where

the median fluorescence intensities (MFI) values at all timepoints were shown

as a % of MFI values of WT at 0min timepoint. Data shown are the means ±

SD values of one representative experiment done in triplicate, out of total three

independent experiments (n = 3). A significant difference was observed

between genotypes (Student’s t-test; *P < 0.05). (B) WT and SLAP KO

BMMCs were sensitized with Anti-DNP IgE and loaded with Indo-1AM dye

and stimulated with either vehicle or DNP-HSA (30 ng/ml). Line graph indicates

the amount of intracellular calcium release (nM) at indicated time point. Data

represents the means ± SD values of pooled data from three independent

experiments (n = 3) each of which gave similar results. No significant

difference was observed between the genotypes.

receptor aggregation and Cbl overexpression has been shown to
promote ubiquitination of both subunits and enhances receptor
internalization (31, 32). To test the impact of SLAP deficiency
on FcεRI ubiquitination, stimulated cell lysates from wild type
or SLAP KO BMMCs were incubated with ubiquitin binding
domain linked agarose (agarose-TUBE) and bound proteins
were detected by immunoblot. Ubiquitinated species of both
FcεRIβ and FcεRIγ were observed at 3- and 9-min following
stimulation. While ubiquitination of FcεRIβ appeared unaffected
in the absence of SLAP (Figure 8C), recovery of ubiquitinated
species of FcεRIγ was reduced in SLAP deficient compared to
wild type cells (Figure 8D). Altogether these data support a
model in which SLAP is important for recruitment of Cbl-b to
FcεRI, ubiquitination of FcεRIγ and receptor down regulation.

Activation of Human Basophils Regulates
Expression of SLAP
A previous study in the RBL-2H3 cell line demonstrated
that SLAP expression is upregulated in response to antigen
stimulation (33). In agreement, the levels of SLAP protein
detected by immunoblotting increased following the antigen
stimulation of murine BMMCs (Figure 9A). To further assess
the contribution of SLAP in IgE receptor signaling, we
determined intracellular SLAP protein expression in peripheral
blood derived human basophils, upon anti-FcεRI or allergen
stimulation. Basophils derived from eight human donors,
uniformly up-regulated SLAP expression upon FcεRI receptor
cross-linking (Figures 9B,C). Furthermore, the same response
was demonstrated at an allergen specific level. Basophils from
food allergy patients stimulated with relevant food allergen
showed a significant increase in SLAP protein levels similar
to that observed upon FcεRI cross-linking, whereas stimulation
with a clinically irrelevant food allergen resulted in no change
in SLAP levels (Figure 9C). All experiments were controlled for
the degranulation of basophils (CD63 expression) in response
to FcεRI cross linking antibody and the allergen. These results
indicate that FcεRI stimulation modulates SLAP expression in
human basophils and suggests that SLAP has a role inmodulating
allergic responses.

DISCUSSION

MCs are key drivers in mounting and propagating allergic
diseases such as allergic rhinitis, conjunctivitis, atopic dermatitis,
food allergy, allergic asthma, and IgE-mediated anaphylaxis (34).
Sensitizing mast cells by binding IgE to FcεRI on MCs is
considered the crucial event conditional for an allergic response.
Binding of IgE to the FcεRI has been shown to further increase
the expression of FcεRI in human and mouse-derived MCs
(35, 36). Consistently, atopic dermatitis patients with an elevated
amount of circulating IgE showed enhanced FcεRI on the
surface of MCs and basophils (37, 38). Therefore, a balanced
expression of FcεRI and controlled downstream signaling are
determinants of a protective immune response vs. detrimental
allergic diseases. Thus, understanding of the critical positive and
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FIGURE 5 | Enhanced Syk signaling in SLAP KO BMMCs. WT and SLAP KO BMMCs were starved and sensitized with Anti-DNP IgE for 18 h and then stimulated

with DNP-HSA (50 ng/ml) for indicated time-points. (A) Lysates were prepared and subjected to immunoblot (IB) with anti-phosphotyrosine (pY), anti-tubulin (TUB),

anti-pY396 Lyn, anti-pY507 Lyn, and anti-Lyn. (B) p-Syk Ab, and anti-Syk Abs. Representative immunoblots are shown from three separate experiments (n = 3).

Positions of relative mass markers in kilodaltons (kDa) are shown on the left. (C) Bar graph represents the quantitation of relative pSyk at indicated time points by

densitometry quantification. Data (mean ± SD) in bar graph represents the pooled data from three independent experiments (n = 3) and compared with Student’s

t-test; *P < 0.05 to calculate statistical significance. (D) WT and SLAP KO BMMCs were starved and sensitized with anti-DNP IgE and stimulated with DNP-HSA for

indicated time-points, stained with pSyk Ab and median fluorescence intensity was quantified by phosphoflow cytometry. Bar graphs showing the average of

normalized MFI (fold change) of pSYK at indicated time-points compared to respective fluorescence minus one (FMO) control from each genotype. Data (mean ± SD)

in bar graph represents the pooled data from three independent experiments (n = 3; Student’s t-test; *P < 0.05).

negative regulators of IgE- FcεRI signaling is required to target
this balance for therapeutic purposes.

Here, we report that SLAP is a negative regulator of FcεRI
signaling and late phase cytokine response in primary bone
marrow derived mast cells (BMMC). SLAP null BMMCs showed
increased degranulation and cytokine production in response
to antigen stimulation and SLAP KO mice have an enhanced
subcutaneous anaphylaxis response compared to theWT control.
Consistently, we also observed effects of SLAP loss on activation
of Syk, ERK and JNK, as well as NFκB signaling downstream
of FcεRI. A previous study reported that SLAP knock down
in the rat basophilic leukemia cell line RBL-2H3, had similar
effects on signaling downstream of FcεRI, but had no effect on
degranulation (33). However, the RBL-2H3 carries a constitutive
active mutation in the kinase domain of c-Kit (39) and therefore

activated c-Kit signaling may have masked the effects of partial
knockdown of SLAP expression on degranulation.

The increased cytokine production observed in SLAP deficient
MCs is explained by enhanced AKT and MAPK signaling
activating NFκB and additional transcription factors including
Elk1 and NFAT leading to cytokine response (28, 40, 41).
Enhanced degranulation and cytokine secretion likely explain
the in vivo phenotype of SLAP KO mice in response to local
MC-mediated anaphylaxis challenges.

Our investigation revealed reduced levels of F-actin in SLAP
KO MCs compared to WT but a comparable reduction in
response to FcεRI crosslinking. Mast cell granule exocytosis and
subsequent degranulation is dependent upon actin cytoskeletal
rearrangement triggered by antigen stimulation (42). In addition,
treatment of BMMCs with a drug that perturbs F-actin
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FIGURE 6 | SLAP perturbs the MAPK signaling downstream of FcεRI. WT and SLAP KO BMMCs were starved and sensitized with anti-DNP IgE for 18 h and then

stimulated with DNP-HSA (50 ng/ml) for indicated time-points. (A) Lysates were prepared and subjected to immunoblot (IB) with anti-phospho-ERK1/2 (pERK1/2),

and ERK2 Abs, (B) anti-p-P38MAPK, and P38MAPK Abs (C) anti-pJNK1/2 and JNK2 (D) anti-pPLCγ1, and PLCγ1 Abs. Representative immunoblots of three

separate experiments are shown (n = 3). Positions of relative mass markers in kilodaltons (kDa) are shown on the left. Bar graph represents the quantitation of relative

levels of indicated phospho-proteins at given time points by densitometry quantification. Data (mean ± SD) in bar graph represents the pooled data from three

independent experiments (n = 3) and compared with Student’s t-test; *P < 0.05.

polymerization showed enhanced degranulation suggesting the
reciprocal relation of F-actin level and degranulation (20).
Therefore, the reduced F-actin levels in SLAP KO MCs may
lower the stimulation threshold required to release granules and
partially contribute to the enhanced degranulation phenotype.

The mechanisms that underlie reduced F-actin levels in SLAP
KO BMMCs are unclear. A potential explanation is that the
function of Cbl-b in regulation of F-actin polymerization
via the actin modulatory protein, Wiskott-Aldrich syndrome
protein (WASP) observed in T cells, might also be defective in
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FIGURE 7 | SLAP negatively regulates AKT- NFκB signaling downstream of FcεRI. WT and SLAP KO BMMCs were starved and sensitized with anti-DNP IgE for 18 h

and then stimulated with DNP-HSA (50 ng/ml) for indicated time-points. (A) Lysates were prepared and subjected to immunoblot (IB) with anti-phospho-AKT serine

473 [pAKT(S)], and AKT Abs, (B) anti-p-IKKα/β, and IKKα Abs. Representative immunoblots are shown from three separate experiments (n = 3). Positions of relative

mass markers in kilodaltons (kDa) are shown on the left. Bar graph represents the quantitation of relative levels of indicated phospho-proteins at given time points by

densitometry quantification. Data (mean ± SD) in bar graph represents the pooled data from three independent experiments (n = 3) and compared with Student’s

t-test; *P < 0.05. (C) WT and SLAP KO BMMCs were starved and sensitized with anti-DNP IgE and stimulated with DNP-HSA for indicated time-points, stained with

pNFκBp65 Ab and median fluorescence intensity was quantified by phosphoflow. Bar graphs showing the average of normalized MFI (fold change) in phosphorylation

of NFκB65 at indicated time-points compared to respective fluorescence minus one (FMO) control from each genotype. Data (mean ± SD) in bar graph represents the

pooled data from three independent experiments (n = 3; Student’s t-test; *P < 0.05; **P < 0.01).

SLAPKO BMMCs (43). Further investigation to address WASP
degradation kinetics in the IgE receptor pathway are required
to address the potential role of SLAP in actin cytoskeletal
dynamics in MCs.

Reduced FcεRI internalization and enhanced signaling in
SLAP deficient MCs were two important findings of this
study. Previously, Cbl-b null MCs were shown to have
reduced endocytosis of FcεRI along with enhanced signaling,
degranulation, and cytokine production, but no defects in
calcium mobilization post-antigen stimulation were observed
(10, 44). Importantly, Cbl-b functions in this context are both
RING finger domain dependent and independent. For example,
while regulation of FcεRI signaling is largely dependent on Cbl-
b ubiquitin ligase function, activation of inflammatory cytokine
production is independent of the Cbl-b RING finger domain

(44, 45). SLAP KO MCs display a very similar phenotype
to the Cbl-b null MCs suggesting that they act through
related mechanisms to regulate IgE-FcεRI pathways. SLAP
binding to Cbl-b, decreased FcεRI internalization and FcεRIγ
ubiquitination in SLAP KO cells post-antigen stimulation,
suggest a role of SLAP in the function of Cbl-b. One model
to explain these results is that SLAP binding to FcεRIβ plays
a role in the recruitment or localization of Cbl-b to the
FcεRI receptor. Receptor recruitment would then promote
phosphorylation of Cbl-b and increase both its ubiquitination
and adaptor functions. This model could account for the
changes in FcεRI receptor mediated endocytosis, signaling
and degranulation observed in SLAP deficient MC as a
consequence of defective adapter and ubiquitin ligase activity
of Cbl-b.
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FIGURE 8 | SLAP interacts with FcεRIβ chain and Cbl-B and regulates FcεRI internalization and ubiquitination. (A) GST-SLAP fusion protein was incubated with

RBL-2H3 lysates and bound proteins were analyzed by immunoblot with anti-phosphotyrosine (pY), anti-FcεRIβ chain, and Cbl-B Abs. Results are representative of

three separate experiments (n = 3). Positions of relative mass markers in kilodaltons (kDa) are shown on the left. (B) Sensitized WT and SLAP KO BMMCs were

stimulated with DNP-HSA (20 ng/ml) for the indicated time-points and stained with anti-IgE antibody to quantify surface level of FcεRI receptor. Line graph shows the

MFI of FcεRI at indicated time points. Data shown are the means ± SD values from a representative experiment done in triplicate, out of three independent

experiments (n = 3). A significant difference was observed between genotypes (Student’s t-test; *P < 0.05; **P < 0.01). Lysates obtained from sensitized and

stimulated WT and SLAP KO BMMCs for indicated times were incubated with ubiquitin binding domain linked agarose (Agarose TUBE) to pull down ubiquitylated

proteins. Representative immunoblots showing the ubiquitinated (C) FcεRIβ, and (D) FcεRIγ chains at indicated times. Results are representative of two independent

experiments (n = 2). Positions of relative mass markers in kilodaltons (kDa) are shown on the left. Ub indicates the ubiquitinated species and arrowhead shows the

indicated protein band at the respective molecular weight.

Clinical successes, by reducing the amount of circulating IgE
with antibodies such as omalizumab, in patients with allergic
disorder suggested the importance of regulating IgE- FcεRI
pathways (46–49). In addition, small molecule inhibitors that
perturb the IgE-FcεRI signaling showed marked improvement

in preclinical allergic disease models (50–52). Such therapeutics
highlight the importance of regulating the signaling pathways
in controlling allergic disease onset and progression. Exploiting
the negative regulators of downstream signaling of FcεRI by
enhancing their function leading to termination of signaling
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FIGURE 9 | SLAP expression is regulated by FcεRI signaling in BMMCs and human basophils. (A) WT and SLAP KO BMMCs were starved and sensitized with

anti-DNP IgE for 18 h and then stimulated with DNP-HSA (50 ng/ml) for indicated time-points. Lysates were prepared and subjected to immunoblot (IB) with

anti-SLAP, and anti-tubulin (TUB) Abs. Results are representative of three separate experiments (n = 3). Densitometry was performed to determine the relative SLAP

protein levels (the WT level at 0min was set as 1.0). Positions of relative mass markers in kilodaltons (kDa) are shown on the left. (B) Gating strategy for basophils in

human samples. Basophil were identified as CCR3hi/SSClow, indicated as P1 in dot plot. SLAP expression was quantified in P1 population by intracellular staining

with anti-SLAP and flow cytometry. (C) Basophils from atopic donors were incubated with human Fc blocking antibody and then treated with medium control (MC) or

stimulated with anti-FcεRI antibody [positive control, (n = 8), relevant (allergic, n = 4)] or irrelevant allergen (n = 5) and stained with anti-SLAP Ab. The median

fluorescence intensity of intracellular staining of SLAP with and without stimulation of each donor sample is shown. Wilcoxon matched-pairs signed-rank test was

used to calculate statistical significance.

pathways could also be an alternative strategy. For example,
a previous study showed that small molecules leading to
enhanced expression of SHP1 in cancer lines and dampened
downstream signaling to STAT3 (53, 54) could also be employed

in allergic diseases. Our study highlights the role of SLAP as
a negative regulator of FcεRI-mediated signaling. This suggests
that enhancing the function of SLAP or even Cbl-b could have
therapeutic implications.
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MATERIALS AND METHODS

Mice
SLAP− Balb/c (SLAP KO) have been described previously
(12, 14) and Balb/c (wild type:WT) mice were bred and
maintained under institute guidelines at the Toronto Centre
for Phenogenomics. Experiments were performed on both male
and female mice at 10–12 weeks of age. All studies and
experimental procedures were approved by the Toronto Centre
for Phenogenomics Animal Care Committee.

Bone Marrow Derived Mast Cell (BMMC)
Culture
Suspended BMMC cultures were derived as previously described
(24, 55). Briefly, bone marrow cells from SLAP KO andWTmice
were cultured for 4 weeks to generate BMMC cultures in BMMC
growth medium [IMDM, 16% (v/v) Fetal calf serum (ATCC: 30-
2030), 1% (v/v) antimicrobial-antimycotic solution (Invitrogen),
1mM sodium pyruvate (Invitrogen), 1% (v/v) minimum non-
essential amino acids (Invitrogen), 2% (v/v) conditionedmedium
from X63-IL-3 cells and 50µM α-monothioylglycolate (Sigma-
Aldrich)]. Maturation of BMMCs were determined by analyzing
the expression of surface FcεRIα and Kit receptor using Life
Technologies Attune R© acoustic focusing cytometer. BMMC
cultures expressing >90% double positive (FcεRIα+/Kit+) were
considered mature and further used for experiments. The
following flow antibodies were used: Biolegend anti- IL-6 (APC;
cloneMP5-20F3), cKIT(CD117, APCCy7; clone 2B8), IgE (FITC;
clone 23G3), CD45 (PE-Cy7;clone 30-F11), SIRPα (CD172a,
PE-Cy7; clone P84), Rat IgG2b κ (Isotype, APC-Cy7; clone
RTK4530), Rat IgG1, κ (Isotype, APC; clone RTK2071), Rat
IgG1, κ (Isotype, PE-Cy7; clone RTK2071), BD Bioscience anti-
TNFα, (PE;clone MP6-XT22), or ebiosciences anti-CD16/CD32
(FcBlock, purified, clone 93).

IgE Receptor Stimulation of Mast Cells and
Cell Lysis
Mature BMMCs (107 cells/time point) were starved overnight
in starvation medium [IMDM, 2% (v/v) Fetal calf serum
(ATCC: 30-2030), 1% (v/v) antimicrobial-antimycotic solution
(Invitrogen), 1mM sodium pyruvate (Invitrogen), 1% (v/v)
minimum non-essential amino acids (Invitrogen), and 50µM
α-monothioylglycolate (Sigma-Aldrich)] with 20% (v/v) anti-
DNP-IgE conditioned medium (SPE7 clone; ≈1µg/ml) for 18 h.
Sensitized BMMCs were washed in Tyrode’s buffer [10mM
HEPES (pH 7.4), 130mM NaCl, 5mM KCl, 1.4mM CaCl2,
1mM MgCl2, 5.6mM glucose, 0.1% BSA] twice. Mast cells were
stimulated with either vehicle control or 30 ng/ml dinitrophenyl-
human serum albumin (DNP-HSA; Santacruz Biotechnology) in
Tyrode’s buffer at 37◦C for indicated timepoints and reactions
were by adding ice-cold PBS. Soluble cell lysates (SCL) were
prepared in Phospho-lipase C buffer [PLC buffer; 50mMHEPES
(pH 7.5), 150mM NaCl, 105 Glycerol, 1mM EGTA, 1% (v/v)
Triton-X, 1.5mM Mgcl2, complete protease inhibitor cocktail
(Roche), and phosphatase inhibitor (Cell Signaling Technology)]
at 12,000 g for 15min at 4◦C.

Degranulation Assay
Degranulation assays were performed as described previously
(56). Briefly, BMMCs of SLAP KO and WT genotypes (1
× 106 cells/ml) were starved and sensitized with 20% (v/v)
anti-DNP-IgE conditioned medium for 18 h, and washed twice
with warm Tyrode’s buffer. In 96-well plates, BMMCs (6.25
× 104 cells/well) were stimulated for 1 h in Tyrode’s buffer
supplemented with vehicle control, DNP-HSA in increasing
concentrations at 37◦C. Supernatants and cell lysates prepared
in Tyrode’s buffer supplemented with 0.5% Triton X-100 were
incubated with p-nitrophenyl N-acetyl-β-D-glucosamide (1.3
mg/ml) for 1 h at 37◦C and reactions were stopped with the
addition of 0.2M Glycine buffer (pH 10.7). A colorimetric assay
was performed to measure β-hexosaminidase activity to calculate
the % release (supernatant) determined as a percentage of the
total activity in the supernatant and pellet.

Immunoblot Analysis
Samples were boiled for 10min and resolved on 8–12% SDS-
PAGE gels. The following antibodies were used: Rabbit anti-
Lyn (2796), rabbit anti-phospho-Lyn 507 (2731), rabbit anti-
Syk (2712), rabbit anti-phospho-Syk (2710), rabbit anti-Cbl-
b (9498), rabbit anti-AKT (2731), rabbit anti-phospho-AKT
(9271), rabbit anti-PLCγ1 (5690), rabbit anti-phospho-PLCγ1
(2821), rabbit anti-IKKα (2682), rabbit anti-phospho-IKKα/β
(2697), rabbit anti-phospho-Erk1/2 (9101), rabbit anti-phospo-
P38 MAPK (9211), rabbit anti-p38MAPK (9212), rabbit anti-
phospho-JNK1/2 (9251), rabbit anti-JNK (9252) were all from
Cell signaling technology. Mouse anti–FcεRIβ (H 5), mouse
anti-pTyr (pY99), goat anti-SLAP (C19), and mouse anti-Cbl-
b (G1) were from Santacruz Biotechnology, rabbit anti-FcεRIγ
(06-727) were from Millipore. Mouse anti-tubulin (T6034,
Sigma-Aldrich), and Mouse Anti-ERK2 (Clone 33/ERK2, BD
transduction Lab) were also used. Secondary Abs were HRP-
conjugated donkey anti-goat IgG (Jackson immunoresearch lab),
HRP-conjugated goat anti-mouse IgG, HRP-conjugated goat
anti-rabbit IgG (Cell signaling technology).

Cytokine Release and Intracellular
Cytokine Staining
BMMCs (WT and SLAPKO; 5 × 106 cells/ml per sample) were
starved and sensitized with 20% (v/v) anti-DNP-IgE conditioned
medium (SPE7 clone; ≈1µg/ml) for 18 h, and then stimulated
(2.5 × 106 cells/ml) with either vehicle control or 10 ng/ml
DNP-HSA for 6 h at 37◦C. Cells supernatants were analyzed to
quantify the amount of IL-6, MCP-1, and TNFα by ELISA kits
(ebiosciences) as per manufacture instructions.

Actin Polymerization Assay
IgE sensitized BMMCs (WT and SLAPKO) were stimulated
with DNP-HSA (30 ng/ml) for 0, 2, 4, 6, 8, and 10min and
fixed in ice cold 2% paraformaldehyde/5mM EGTA/5mM
EDTA and subsequently treated with permeabilization buffer
(PBS/0.1% saponin/2% BSA). Polymerized actin was quantified
with staining for phalloidin (10 nM; molecular probes) and
analyzed by flow cytometry as previously described (56, 57).
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Passive Cutaneous Anaphylaxis Assay
WT (n = 6) and SLAP KO mice (n = 7) mice from two
independent experiments were sensitized with 2 µg anti-
dinitrophenyl-IgE (Sigma-Aldrich) by i.v. injection. After 48 h,
dinitrofluorobenzene [20µl volume of 0.2% (w/v) of DNFB
(Sigma-Aldrich); in acetone-olive oil] was applied on the right ear
while the left ear was treated with the vehicle alone as previously
described (58). Difference in ear thickness (1 ear thickness)
between DNFB- and vehicle-treated skin was quantified using
digital calipers. H&E stained images of DNFB- and vehicle-
treated ear skin were acquired with an EVOS FL color imaging
system (Thermo Fisher scientific) with 20× objective (air).

Phosphoflow Staining
Starved and sensitized BMMCs [WT and SLAP KO (20 × 106

cells)] were washed twice in PBS and then re-suspended in RPMI
(Phenol red free) supplemented with 10mM HEPES 7.4, 1mM
sodium pyruvate and 1% (v/v) minimum non-essential amino
acids for 4 h. Subsequently, cells were stimulated in Tyrode’s
buffer with vehicle or DNP-HSA (30 ng/ml) for indicated time-
points and fixed with 2% paraformaldehyde for 10min at 37◦C,
followed by washing with PB (PBS supplemented with 1%
bovine serum albumin) buffer twice before permeabilization
with cold (−20◦C) BD phosphoflow perm buffer III for 30min.
After permeabilization, cells were stained with antibody solution
(1:100 dilution) for 30min at room temperature before analysis
on a cytometer. The following BD Bioscience antibodies for
phosphoflow analysis were used: pSyk (pY348, PE; clone 1120-
722) and pNFkB p65 (S529, PE; clone K10-895.12.5).

Affinity Purification of Ubiquitinated
Proteins
Starved and sensitized BMMCs (WT and SLAP KO; 60
× 106) were incubated with MG132 (25mM; Merck) and
chloroquine (50mM; Sigma-Aldrich) for 2 h before DNP–HSA
stimulation. BMMCs (20 × 106 cells per sample) were lysed
in 500ml ice-cold ubiquitin lysis buffer [50mM Tris-Cl, pH
7.5, 5mM EDTA, 10mM Na4P2O7, 100mM NaCl, 1% Triton
X-100, protease inhibitor, phosphatase inhibitors and 20µM
deubiquitlyase inhibitor (PR-619; lifesensors)]. Agarose-Tandem
Ubiquitin Binding Entities (TUBEs) (Lifesensors) (20µl/sample)
were incubated with cell lysates at 4◦C for 2 h and were then
washed three times with cold tris-buffered saline with Tween-20
(TBS-T). Bound ubiquitinated proteins were eluted and resolved
with SDS–PAGE, followed by immunoblot with FcεRIβ, and
FcεRIγ chain antibodies.

Quantitative PCR Reaction
Total RNA was isolated using the RNEasy mini kit (Qiagen)
and reverse transcribed with the High-Capacity cDNA Reverse
Transcription kit (Applied Biosystems) per the manufacturer’s
instructions. For quantitative PCR analysis, 1µL cDNA was
combined with SsoAdvanced Universal SYBR Green Supermix
(BioRad) and 0.5µM forward and reverse primers. Reactions
were set up in triplicate and run on an Applied Biosystems
StepOnePlus thermal cycler, using cycling conditions described
by the manufacturer and an annealing temperature of 60◦C.
Reactions were normalized to a GAPDH expression to

calculate 1Ct values. The following primers were used for the
qPCR reaction: FcεRIα (For:AGAGCAAACCTGTGTACTTG,
Rev:GTGGACTTTCCATTTCTTCC), FcεRIβ (For: AGGCTA
CCCATTCTGGGGTG, Rev: GGCTGCCTCTCACCAGATAC),
FcεRIγ (For: CTCCTTTTGGTGGAAGAAGC, Rev:TGAGTC
GACAGTAGAGCAGG), MCPT1 (For:TTCCCTTGCCTGGT
CCCT, Rev:GTTTTCCCCCAGCCAGCT).

Calcium Mobilization
Starved and sensitized BMMCs (WT and SLAP KO; 2 ×

106/sample) loaded with Indo-1AM as described previously (59).
In 96 well-black plate with clear bottom, cells were stimulated
with vehicle, DNP-HSA (20 ng/ml), and ionomycin (5µM)
in presence or absence of EGTA (10 nM). Cells loaded with
Indo-1AM were excited with a UV lamp tuned to 338 nm
while capturing emissions at 405 and 480 nm every 20ms at
Molecular Devices SpectraMax Gemini EM. The concentration
of intracellular free Ca2+ was determined as previously (59).

GST Pull Down Assay
GST or GST-SLAP fusion proteins were purified as described
previously (14). Fusion proteins were quantified by SDS-
PAGE followed by Coomassie staining and compared with BSA
standards. For GST pull down assay, 500 µg of RBL-2H3
protein lysate was incubated with GST or GST-SLAP bound
beads (2µg/sample) for 2 h at 4◦C. Beads were washed three
times with PLC buffer and samples were resolved on 10%
SDS-PAGE gel and immunoblotted with anti- pY, anti- FcεRIβ
chain (Santacruz Biotechnology), and anti-Cbl-b (Cell Signaling
Technology) antibodies.

Analysis of SLAP Expression in Human
Basophils
Blood samples were obtained from atopic children aged 4–6 years
with informed consent and according to the protocol approved
by the Research Ethics Board of the Hospital for Sick Children
(REB#1000041089). After blocking with Fc block (BD biosciences
564220) cells were subjected to stimulation with stimulation
buffer (Bühlmann B-CCR-STB) or anti-FcεRI mAb (Bühlmann
B-CCR-STCON), or with relevant (allergic) or irrelevant (not
allergic) allergen (100 ng/mL), and stained for the surface marker
CCR3 (Biolegend 310708) simultaneously for 15min at 37◦C.
Thereafter the reaction was stopped with fix/lysis buffer 5X
(BD biosciences 558049) for 10min at 37◦C and cells were
treated with permeabilization buffer III (BD biosciences 558050)
overnight at −20◦C. Cells were then incubated for 40min at
4◦C with mouse anti-SLAP mAb (sc-135802) and for 20min
with Cy3-conjugated goat anti-mouse secondary antibody. SLAP
median fluorescence in basophils (n= 500; SSClow/CCR3pos) was
quantified on a CytoFLEX flow cytometer (Beckman Coulter).

Statistical Analysis
For analyzing the flow cytometry data, flowjo 10.0.8 was
employed. BMMC phospho-flow data was further analyzed by
Cytobank software to quantify the fold change in phospho-
profile. A two-tailed unpaired Student’s t-test was used for all
statistical analyses except the human basophil analysis where
a Wilcoxon match paired t-test was applied. Graph Pad prism
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software was used to produce graphs and for the quantification
of statistical significance (∗P < 0.05 and ∗∗P < 0.01).

ETHICS STATEMENT

This study was carried out in accordance with institute
guidelines at the Toronto Centre for Phenogenomics and
experimental protocols were approved by the Toronto Centre
for Phenogenomics Animal Care Committee. Blood samples
were obtained from atopic children aged 4–6 years with
informed consent and according to the protocol approved
by the Research Ethics Board of the Hospital for Sick
Children (REB#1000041089).

AUTHOR CONTRIBUTIONS

NS, MP, SK, DB, and ZP designed, conducted experiments, and
analyzed data. CJM and TE designed experiments and analyzed
data. NS, MP, TE, and CJM wrote the manuscript.

FUNDING

SK was supported by a NSERC USRA; MP was supported

by a grant from the FWF Doctoral Program W 1248-B13
MCCA. This work was supported by grants to CJM from

the Natural Sciences and Engineering Council of Canada
(RGPIN-2014-03649) and The Cancer Research Society,

and to TE by the HSBC Bank Canada Catalyst Research

Grant from The Hospital for Sick Children, Innovation
Fund Denmark #6159-00005A, start-up funds from the

Department of Pediatrics, the Research Institute and the
Allergy and Anaphylaxis Program of the Hospital for
Sick Children.

ACKNOWLEDGMENTS

We thank Amanda Luck and Andrew Bondoc for providing
technical assistance and Craig Simpson for comments on
the manuscript.

REFERENCES

1. Gilfillan AM, Tkaczyk C. Integrated signalling pathways for mast-cell

activation. Nat Rev Immunol. (2006) 6:218–30. doi: 10.1038/nri1782

2. Sibilano R, Frossi B, Pucillo CE. Mast cell activation: a complex interplay of

positive and negative signaling pathways. Eur J Immunol. (2014) 44:2558–66.

doi: 10.1002/eji.201444546

3. Gilfillan AM, Austin SJ, Metcalfe DD. Mast cell biology:

introduction and overview. Adv Exp Med Biol. (2011) 716:2–12.

doi: 10.1007/978-1-4419-9533-9_1

4. Gilfillan AM, Beaven MA. Regulation of mast cell responses

in health and disease. Crit Rev Immunol. (2011) 31:475–529.

doi: 10.1615/CritRevImmunol.v31.i6.30

5. Kim MS, Radinger M, Gilfillan AM. The multiple roles of phosphoinositide

3-kinase in mast cell biology. Trends Immunol. (2008) 29:493–501.

doi: 10.1016/j.it.2008.07.004

6. Gasparrini F, Molfetta R, Santoni A, Paolini R. Cbl family proteins: balancing

FcepsilonRI-mediated mast cell and basophil activation. Int Arch Allergy

Immunol. (2011) 156:16–26. doi: 10.1159/000322236

7. Liu Q, Zhou H, LangdonWY, Zhang J. E3 ubiquitin ligase Cbl-b in innate and

adaptive immunity. Cell Cycle. (2014) 13:1875–84. doi: 10.4161/cc.29213

8. Joazeiro CA, Wing SS, Huang H, Leverson JD, Hunter T, Liu YC. The tyrosine

kinase negative regulator c-Cbl as a RING-type, E2-dependent ubiquitin-

protein ligase. Science. (1999) 286:309–12. doi: 10.1126/science.286.5438.309

9. Zhang J, Chiang YJ, Hodes RJ, Siraganian RP. Inactivation of c-Cbl or Cbl-b

differentially affects signaling from the high affinity IgE receptor. J Immunol.

(2004) 173:1811–8. doi: 10.4049/jimmunol.173.3.1811

10. Gustin SE, Thien CB, Langdon WY. Cbl-b is a negative regulator of

inflammatory cytokines produced by IgE-activated mast cells. J Immunol.

(2006) 177:5980–9. doi: 10.4049/jimmunol.177.9.5980

11. Sosinowski T, Pandey A, Dixit VM, Weiss A. Src-like adaptor protein (SLAP)

is a negative regulator of T cell receptor signaling. J Exp Med. (2000)

191:463–74. doi: 10.1084/jem.191.3.463

12. Sosinowski T, Killeen N,Weiss A. The Src-like adaptor protein downregulates

the T cell receptor on CD4+CD8+ thymocytes and regulates positive

selection. Immunity. (2001) 15:457–66. doi: 10.1016/S1074-7613(01)00195-9

13. Dragone LL, Myers MD, White C, Gadwal S, Sosinowski T, Gu H, et al.

Src-like adaptor protein. (SLAP) regulates B cell receptor levels in a c-

Cbl-dependent manner. Proc Natl Acad Sci USA. (2006) 103:18202–7.

doi: 10.1073/pnas.0608965103

14. Liontos LM, Dissanayake D, Ohashi PS, Weiss A, Dragone LL, McGlade

CJ. The Src-like adaptor protein regulates GM-CSFR signaling and

monocytic dendritic cell maturation. J Immunol. (2011) 186:1923–33.

doi: 10.4049/jimmunol.0903292

15. Kazi JU, Ronnstrand L. Src-Like adaptor protein (SLAP) binds to

the receptor tyrosine kinase Flt3 and modulates receptor stability

and downstream signaling. PLoS ONE. (2012) 7:e53509. doi: 10.1371/

journal.pone.0053509

16. Kazi JU, Agarwal S, Sun J, Bracco E, Ronnstrand L. Src-like-adaptor protein.

(SLAP) differentially regulates normal and oncogenic c-Kit signaling. J Cell

Sci. (2014) 127(Pt 3):653–62. doi: 10.1242/jcs.140590

17. Park SK, Beaven MA. Mechanism of upregulation of the inhibitory regulator,

src-like adaptor protein (SLAP), by glucocorticoids in mast cells. Mol

Immunol. (2009) 46:492–7. doi: 10.1016/j.molimm.2008.10.011

18. Pakuts B, Debonneville C, Liontos LM, Loreto MP, McGlade CJ. The

Src-like adaptor protein 2 regulates colony-stimulating factor-1 receptor

signaling and down-regulation. J Biol Chem. (2007) 282:17953–63.

doi: 10.1074/jbc.M701182200

19. Udell CM, Samayawardhena LA, Kawakami Y, Kawakami T, Craig AW. Fer

and Fps/Fes participate in a Lyn-dependent pathway from FcepsilonRI to

platelet-endothelial cell adhesion molecule 1 to limit mast cell activation. J

Biol Chem. (2006) 281:20949–57. doi: 10.1074/jbc.M604252200

20. Foger N, Jenckel A, Orinska Z, Lee KH, Chan AC, Bulfone-Paus S. Differential

regulation of mast cell degranulation versus cytokine secretion by the

actin regulatory proteins Coronin1a and Coronin1b. J Exp Med. (2011)

208:1777–87. doi: 10.1084/jem.20101757

21. Gilfillan AM, Rivera J. The tyrosine kinase network regulating

mast cell activation. Immunol Rev. (2009) 228:149–69. doi: 10.1111/

j.1600-065X.2008.00742.x

22. Bryce PJ, Miller ML, Miyajima I, Tsai M, Galli SJ, Oettgen HC. Immune

sensitization in the skin is enhanced by antigen-independent effects of IgE.

Immunity. (2004) 20:381–92. doi: 10.1016/S1074-7613(04)00080-9

23. Dudeck A, Dudeck J, Scholten J, Petzold A, Surianarayanan S,

Kohler A, et al. Mast cells are key promoters of contact allergy that

mediate the adjuvant effects of haptens. Immunity. (2011) 34:973–84.

doi: 10.1016/j.immuni.2011.03.028

24. Sharma N, Kumar V, Everingham S, Mali RS, Kapur R, Zeng LF, et al. SH2

domain-containing phosphatase 2 is a critical regulator of connective tissue

mast cell survival and homeostasis in mice. Mol Cell Biol. (2012) 32:2653–63.

doi: 10.1128/MCB.00308-12

25. Draber P, SulimenkoV, Draberova E. Cytoskeleton inmast cell signaling. Front

Immunol. (2012) 3:130. doi: 10.3389/fimmu.2012.00130

26. McDaniel AS, Allen JD, Park SJ, Jaffer ZM, Michels EG, Burgin SJ, et al.

Pak1 regulates multiple c-Kit mediated Ras-MAPK gain-in-function

Frontiers in Immunology | www.frontiersin.org 14 May 2019 | Volume 10 | Article 1020

https://doi.org/10.1038/nri1782
https://doi.org/10.1002/eji.201444546
https://doi.org/10.1007/978-1-4419-9533-9_1
https://doi.org/10.1615/CritRevImmunol.v31.i6.30
https://doi.org/10.1016/j.it.2008.07.004
https://doi.org/10.1159/000322236
https://doi.org/10.4161/cc.29213
https://doi.org/10.1126/science.286.5438.309
https://doi.org/10.4049/jimmunol.173.3.1811
https://doi.org/10.4049/jimmunol.177.9.5980
https://doi.org/10.1084/jem.191.3.463
https://doi.org/10.1016/S1074-7613(01)00195-9
https://doi.org/10.1073/pnas.0608965103
https://doi.org/10.4049/jimmunol.0903292
https://doi.org/10.1371/journal.pone.0053509
https://doi.org/10.1242/jcs.140590
https://doi.org/10.1016/j.molimm.2008.10.011
https://doi.org/10.1074/jbc.M701182200
https://doi.org/10.1074/jbc.M604252200
https://doi.org/10.1084/jem.20101757
https://doi.org/10.1111/j.1600-065X.2008.00742.x
https://doi.org/10.1016/S1074-7613(04)00080-9
https://doi.org/10.1016/j.immuni.2011.03.028
https://doi.org/10.1128/MCB.00308-12
https://doi.org/10.3389/fimmu.2012.00130
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Sharma et al. SLAP Regulates IgE Receptor Function

phenotypes in Nf1+/- mast cells. Blood. (2008) 112:4646–54.

doi: 10.1182/blood-2008-04-155085

27. Sharma N, Everingham S, Ramdas B, Kapur R, Craig AW. SHP2 phosphatase

promotes mast cell chemotaxis toward stem cell factor via enhancing

activation of the Lyn/Vav/Rac signaling axis. J Immunol. (2014) 192:4859–66.

doi: 10.4049/jimmunol.1301155

28. Abramson J, Pecht I. Regulation of the mast cell response to

the type 1 Fc epsilon receptor. Immunol Rev. (2007) 217:231–54.

doi: 10.1111/j.1600-065X.2007.00518.x

29. Naramura M, Kole HK, Hu RJ, Gu H. Altered thymic positive selection and

intracellular signals in Cbl-deficient mice. Proc Natl Acad Sci USA. (1998)

95:15547–52. doi: 10.1073/pnas.95.26.15547

30. Myers MD, Dragone LL, Weiss A. Src-like adaptor protein down-regulates T

cell receptor (TCR)-CD3 expression by targeting TCRzeta for degradation. J

Cell Biol. (2005) 170:285–94. doi: 10.1083/jcb.200501164

31. Paolini R, Molfetta R, Beitz LO, Zhang J, Scharenberg AM, Piccoli M,

et al. Activation of Syk tyrosine kinase is required for c-Cbl-mediated

ubiquitination of Fcepsilon RI and Syk in RBL cells. J Biol Chem. (2002)

277:36940–7. doi: 10.1074/jbc.M204948200

32. Molfetta R, Gasparrini F, Peruzzi G, Vian L, Piccoli M, Frati L, et al. Lipid

raft-dependent FcepsilonRI ubiquitination regulates receptor endocytosis

through the action of ubiquitin binding adaptors. PLoS ONE. (2009) 4:e5604.

doi: 10.1371/journal.pone.0005604

33. Park SK, Qiao H, Beaven MA. Src-like adaptor protein (SLAP) is upregulated

in antigen-stimulated mast cells and acts as a negative regulator. Mol

Immunol. (2009) 46:2133–9. doi: 10.1016/j.molimm.2009.03.013

34. Galli SJ, Tsai M. IgE and mast cells in allergic disease. Nat Med. (2012)

18:693–704. doi: 10.1038/nm.2755

35. Furuichi K, Rivera J, Isersky C. The receptor for immunoglobulin E on rat

basophilic leukemia cells: effect of ligand binding on receptor expression. Proc

Natl Acad Sci USA. (1985) 82:1522–5. doi: 10.1073/pnas.82.5.1522

36. Lantz CS, Yamaguchi M, Oettgen HC, Katona IM, Miyajima I, Kinet JP, et al.

IgE regulates mouse basophil Fc epsilon RI expression in vivo. J Immunol.

(1997) 158:2517–21.

37. MacGlashan DWJr, Bochner BS, Adelman DC, Jardieu PM, Togias A,

McKenzie-White J, et al. Down-regulation of Fc(epsilon)RI expression on

human basophils during in vivo treatment of atopic patients with anti-IgE

antibody. J Immunol. (1997) 158:1438–45.

38. Beck LA, Marcotte GV, MacGlashan D, Togias A, Saini S. Omalizumab-

induced reductions in mast cell Fce psilon RI expression and function. J

Allergy Clin Immunol. (2004) 114:527–30. doi: 10.1016/j.jaci.2004.06.032

39. Tsujimura T, Furitsu T, Morimoto M, Kanayama Y, Nomura S, Matsuzawa Y,

et al. Substitution of an aspartic acid results in constitutive activation of c-

kit receptor tyrosine kinase in a rat tumor mast cell line RBL-2H3. Int Arch

Allergy Immunol. (1995) 106:377–85. doi: 10.1159/000236870

40. Turner H, Cantrell DA. Distinct Ras effector pathways are involved in Fc

epsilon R1 regulation of the transcriptional activity of Elk-1 and NFAT inmast

cells. J Exp Med. (1997) 185:43–53. doi: 10.1084/jem.185.1.43

41. Kitaura J, Asai K, Maeda-Yamamoto M, Kawakami Y, Kikkawa U, Kawakami

T. Akt-dependent cytokine production in mast cells. J Exp Med. (2000)

192:729–40. doi: 10.1084/jem.192.5.729

42. Frigeri L, Apgar JR. The role of actin microfilaments in the down-

regulation of the degranulation response in RBL-2H3 mast cells. J Immunol.

(1999) 162:2243–50.

43. Watanabe Y, Sasahara Y, Ramesh N, Massaad MJ, Yeng Looi C, Kumaki

S, et al. T-cell receptor ligation causes Wiskott-Aldrich syndrome protein

degradation and F-actin assembly downregulation. J Allergy Clin Immunol.

(2013) 132:648–55.e1. doi: 10.1016/j.jaci.2013.03.046

44. Oksvold MP, Dagger SA, Thien CB, Langdon WY. The Cbl-b RING

finger domain has a limited role in regulating inflammatory cytokine

production by IgE-activated mast cells. Mol Immunol. (2008) 45:925–36.

doi: 10.1016/j.molimm.2007.08.002

45. Qu X, Sada K, Kyo S, Maeno K, Miah SM, Yamamura H. Negative

regulation of FcepsilonRI-mediated mast cell activation by a

ubiquitin-protein ligase Cbl-b. Blood. (2004) 103:1779–86. doi: 10.1182/

blood-2003-07-2260

46. Holgate ST, Djukanovic R, Casale T, Bousquet J. Anti-immunoglobulin

E treatment with omalizumab in allergic diseases: an update on anti-

inflammatory activity and clinical efficacy. Clin Exp Allergy. (2005) 35:408–16.

doi: 10.1111/j.1365-2222.2005.02191.x

47. Sheinkopf LE, Rafi AW, Do LT, Katz RM, Klaustermeyer WB. Efficacy of

omalizumab in the treatment of atopic dermatitis: a pilot study. Allergy

Asthma Proc. (2008) 29:530–7. doi: 10.2500/aap.2008.29.3160

48. Rafi A, Do LT, Katz R, Sheinkopf LE, Simons CW, Klaustermeyer W. Effects

of omalizumab in patients with food allergy. Allergy Asthma Proc. (2010)

31:76–83. doi: 10.2500/aap.2010.31.3304

49. Pelaia G, Gallelli L, Renda T, Romeo P, Busceti MT, Grembiale RD, et al.

Update on optimal use of omalizumab in management of asthma. J Asthma

Allergy. (2011) 4:49–59. doi: 10.2147/JAA.S14520

50. Yamamoto N, Takeshita K, Shichijo M, Kokubo T, Sato M, Nakashima

K, et al. The orally available spleen tyrosine kinase inhibitor 2-[7-(3,4-

dimethoxyphenyl)-imidazo[1,2-c]pyrimidin-5-ylamino]nicotinamide

dihydrochloride (BAY 61-3606) blocks antigen-induced airway

inflammation in rodents. J Pharmacol Exp Ther. (2003) 306:1174–81.

doi: 10.1124/jpet.103.052316

51. Rossi AB, Herlaar E, Braselmann S, Huynh S, Taylor V, Frances R,

et al. Identification of the Syk kinase inhibitor R112 by a human mast

cell screen. J Allergy Clin Immunol. (2006) 118:749–55. doi: 10.1016/

j.jaci.2006.05.023

52. MacGlashan DW Jr. IgE-dependent signaling as a therapeutic

target for allergies. Trends Pharmacol Sci. (2012) 33:502–9.

doi: 10.1016/j.tips.2012.06.002

53. Kunnumakkara AB, Nair AS, Sung B, Pandey MK, Aggarwal BB.

Boswellic acid blocks signal transducers and activators of transcription

3 signaling, proliferation, and survival of multiple myeloma via the

protein tyrosine phosphatase SHP-1. Mol Cancer Res. (2009) 7:118–28.

doi: 10.1158/1541-7786.MCR-08-0154

54. Phromnoi K, Prasad S, Gupta SC, Kannappan R, Reuter S, Limtrakul

P, et al. Dihydroxypentamethoxyflavone down-regulates constitutive and

inducible signal transducers and activators of transcription-3 through the

induction of tyrosine phosphatase SHP-1. Mol Pharmacol. (2011) 80:889–99.

doi: 10.1124/mol.111.073676

55. Sharma N, Everingham S, Zeng LF, Zhang ZY, Kapur R, Craig AW. Oncogenic

KIT-induced aggressive systemic mastocytosis requires SHP2/PTPN11

phosphatase for disease progression in mice. Oncotarget. (2014) 5:6130–41.

doi: 10.18632/oncotarget.2177

56. Ho LH, Ohno T, Oboki K, Kajiwara N, Suto H, Iikura M, et al. IL-

33 induces IL-13 production by mouse mast cells independently of IgE-

FcepsilonRI signals. J Leukoc Biol. (2007) 82:1481–90. doi: 10.1189/jlb.04

07200

57. Ito T, Smrz D, Jung MY, Bandara G, Desai A, Smrzova S, et al. Stem cell factor

programs the mast cell activation phenotype. J Immunol. (2012) 188:5428–37.

doi: 10.4049/jimmunol.1103366

58. Ray MC, Tharp MD, Sullivan TJ, Tigelaar RE. Contact hypersensitivity

reactions to dinitrofluorobenzene mediated by monoclonal IgE anti-DNP

antibodies. J Immunol. (1983) 131:1096–102.

59. Zhang Y, Berger SA. Increased calcium influx and ribosomal content

correlate with resistance to endoplasmic reticulum stress-induced cell

death in mutant leukemia cell lines. J Biol Chem. (2004) 279:6507–16.

doi: 10.1074/jbc.M306117200

Conflict of Interest Statement: The authors declare that the research was

conducted in the absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Copyright © 2019 Sharma, Ponce, Kaul, Pan, Berry, Eiwegger and McGlade. This

is an open-access article distributed under the terms of the Creative Commons

Attribution License (CC BY). The use, distribution or reproduction in other forums

is permitted, provided the original author(s) and the copyright owner(s) are credited

and that the original publication in this journal is cited, in accordance with accepted

academic practice. No use, distribution or reproduction is permitted which does not

comply with these terms.

Frontiers in Immunology | www.frontiersin.org 15 May 2019 | Volume 10 | Article 1020

https://doi.org/10.1182/blood-2008-04-155085
https://doi.org/10.4049/jimmunol.1301155
https://doi.org/10.1111/j.1600-065X.2007.00518.x
https://doi.org/10.1073/pnas.95.26.15547
https://doi.org/10.1083/jcb.200501164
https://doi.org/10.1074/jbc.M204948200
https://doi.org/10.1371/journal.pone.0005604
https://doi.org/10.1016/j.molimm.2009.03.013
https://doi.org/10.1038/nm.2755
https://doi.org/10.1073/pnas.82.5.1522
https://doi.org/10.1016/j.jaci.2004.06.032
https://doi.org/10.1159/000236870
https://doi.org/10.1084/jem.185.1.43
https://doi.org/10.1084/jem.192.5.729
https://doi.org/10.1016/j.jaci.2013.03.046
https://doi.org/10.1016/j.molimm.2007.08.002
https://doi.org/10.1182/blood-2003-07-2260
https://doi.org/10.1111/j.1365-2222.2005.02191.x
https://doi.org/10.2500/aap.2008.29.3160
https://doi.org/10.2500/aap.2010.31.3304
https://doi.org/10.2147/JAA.S14520
https://doi.org/10.1124/jpet.103.052316
https://doi.org/10.1016/j.jaci.2006.05.023
https://doi.org/10.1016/j.tips.2012.06.002
https://doi.org/10.1158/1541-7786.MCR-08-0154
https://doi.org/10.1124/mol.111.073676
https://doi.org/10.18632/oncotarget.2177
https://doi.org/10.1189/jlb.0407200
https://doi.org/10.4049/jimmunol.1103366
https://doi.org/10.1074/jbc.M306117200
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

	SLAP Is a Negative Regulator of FcεRI Receptor-Mediated Signaling and Allergic Response
	Introduction
	Results
	SLAP Negatively Regulates FcεRI-Dependent Degranulation
	Enhanced FcεRI-Mediated Cytokine Release in SLAP KO BMMCs
	SLAP Regulates IgE-Dependent Late Phase Passive Cutaneous Anaphylaxis Response
	SLAP Regulates Activation of FcεRI Signaling
	Impaired Ubiquitination and Internalization of FcεRI in SLAP Deficient MCs
	Activation of Human Basophils Regulates Expression of SLAP

	Discussion
	Materials and Methods
	Mice
	Bone Marrow Derived Mast Cell (BMMC) Culture
	IgE Receptor Stimulation of Mast Cells and Cell Lysis
	Degranulation Assay
	Immunoblot Analysis
	Cytokine Release and Intracellular Cytokine Staining
	Actin Polymerization Assay
	Passive Cutaneous Anaphylaxis Assay
	Phosphoflow Staining
	Affinity Purification of Ubiquitinated Proteins
	Quantitative PCR Reaction
	Calcium Mobilization
	GST Pull Down Assay
	Analysis of SLAP Expression in Human Basophils
	Statistical Analysis

	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	References


