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Abstract

Mast cells are critical in the pathogenesis of allergic disease due to the release of preformed and
newly synthesized mediators, yet the mechanisms controlling mast cell activation are not well
understood. Members of the tetraspanin family are recently emerging as modulators of FceRI-
mediated mast cell activation; however, mechanistic understanding of their function is currently
lacking. The tetraspanin CD151 is a poorly understood member of this family and is specifically
induced on mouse and human mast cells upon FceRI aggregation but its functional effects are
unknown. In this study, we show that CD151 deficiency significantly exacerbates the IgE-
mediated late phase inflammation in a murine model of passive cutaneous anaphylaxis. Ex vivo,
FceRI stimulation of bone marrow—derived mast cells from CD151~/~ mice resulted in
significantly enhanced expression of proinflammatory cytokines IL-4, IL-13, and TNF-a
compared with wild-type controls. However, FceRI -induced mast cell degranulation was
unaffected. At the molecular signaling level, CD151 selectively regulated IgE-induced activation
of ERK1/2 and PI3K, associated with cytokine production, but had no effect on the phospholipase
Cy1 signaling, associated with degranulation. Collectively, our data indicate that CD151 exerts
negative regulation over IgE-induced late phase responses and cytokine production in mast cells.

The high-affinity receptor for IgE (FceRlI) is a principal mast cell receptor mediating
immune responses in allergic diseases (1). Crosslinking of IgE-bound FceRI by Ags
activates downstream signal transduction pathways, resulting in mast cell degranulation and
de novo synthesis of cytokines (2-5). Proximal signaling through FceRI involves
phosphorylation of ITAMs within the FceRI B and +y subunits by the Src-family protein
tyrosine kinases Lyn, spleen tyrosine kinase (Syk), and Fyn (6, 7). In particular, activation of
Syk is indispensable for FceRI-mediated mast cell activation (5). This tyrosine kinase
signaling induces two principal downstream signaling cascades: the phospholipase Cy1
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(PLCy1)—protein kinase C (PKC)—Ca?* cascade, which is required for degranulation and the
release of preformed mediators stored in the mast cell’s cytoplasmic granules, and the Ras-
Raf1-ERK1/2 cascade, which is critical for de novo synthesis of cytokines (7). Additionally,
there are complementary pathways for amplification and maintenance of degranulation and
cytokine production. The PI13K-dependent complementary pathway involved in
degranulation is mediated via the recruitment of Btk kinase, as well as subsequent
amplification and maintenance of PLCyl-mediated latent calcium signals. Amplification of
cytokine/chemokine production is regulated by PI3K via an independent pathway mediated
by PDK1 and Akt signaling (8). The degranulation event is crucial for immediate-type
allergic reactions, whereas mast cell-mediated late phase reactions and IgE-induced chronic
allergic inflammatory processes are mainly dependent on the de novo production of
inflammatory mediators (9, 10). At the same time, receptors bearing ITIM and ITAM motifs,
protein tyrosine kinases, protein and lipid phosphatases, adaptors, and ubiquitin ligases
provide a diverse regulatory network to achieve the desired response and limit a persistent or
excessive “outside—in” signaling for mast cell activation (11-20).

Members of the tetraspanin family are classically recognized as “passive” facilitators that
function as scaffolds in the assembly of signaling complexes at the cell membrane (21).
Only recently, tetraspanins have started to emerge as “active” signaling molecules
modulating outside—in signals for cellular activation. For example, tetraspanin CD9
negatively regulates LPS-induced macrophage activation and lung inflammation (22). It is
also reported that macrophages from CD9 and CD81 null or CD9/CD81 double knockout
mice show enhanced in vitro formation of multinucleated giant cells, which are known to
contribute to inflammatory tissue damage through increased secretion of matrix
metalloproteinases in vivo (23). In B cells, the tetraspanin CD37 has been shown to possess
inhibitory functions upon ligation with an anti-CD37 small modular immunopharmaceutical
(24). In fibroblasts, CD151 has been reported to negatively regulate the adhesion-dependent
activation of Ras (25).

Mast cells constitutively express several members of the tetraspanin family, although the
function of these molecules in mast cell FceRI-mediated signaling is largely unknown (26).
Interaction of tetraspanins with FceRI in mast cells has been demonstrated in two previous
studies using the RBL-2H3 mast cell line (27, 28). In both studies, Abs against the
tetraspanins CD63 or CD8L1 inhibited in vitro and in vivo FceRI-mediated mast cell
degranulation, without affecting FceRI-mediated Ca?* mobilization or total tyrosine
phosphorylation levels (27, 28). CD63 is a diagnostic marker in allergic diseases (29, 30),
and the granular isoform of CD63 has also been reported as a molecular marker of
degranulated human mast cells (31). Recently, it was demonstrated that the tetraspanin
CD63 is required for IgE-mediated mast cell degranulation and anaphylactic response in
mice, although the role of CD63 in the mechanisms that regulate degranulation was not
defined (32). Tetraspanin CD9 has been recently reported as a regulator of mast cells
chemotaxis, where aggregation of CD9 blocked Ag- and IL-13-induced chemotaxis of bone
marrow—derived mast cells (BMMCs) (33). In contrast to other tetraspanins, CD151 was
reported to be specifically induced upon IgE/Ag crosslinking of FceRI receptors in umbilical
cord—derived human cells (34). However, the functional significance of expression of this
tetraspanin in mast cells is not known.
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In this study, we used CD151~/~ mice to investigate the role of CD151 in the regulation of
IgE-dependent activation and effector functions of mast cells. Ex vivo, we demonstrated that
deficiency of CD151 in BMMC:s significantly enhanced FceRI-mediated de novo synthesis
of multiple cytokines without affecting mast cell degranulation or altering surface expression
levels of FceRI and c-Kit. In vivo, CD151 deficiency led to exaggerated IgE-mediated late
phase responses in a model of passive cutaneous anaphylaxis (PCA). Mechanistically, we
found CD151 to specifically target the late phase of mast cell activation via negative control
over the canonical Ras/ERK1/2 and the complementary PI3K pathway for cytokine
production. CD151 deficiency did not affect the upstream activation of PLCy1, which
regulates calcium flux and mast cell degranulation. Collectively, our data indicate that
CD151 selectively exerts negative regulation over IgE-induced late phase allergic responses
and de novo cytokine production by activated mast cells.

Materials and Methods

Reagents

Animals

Immunoblotting Ab against CD151 (H-80) was purchased from Santa Cruz Biotechnology
(Dallas, TX). Alexa Fluor 568—conjugated anti-rat IgG secondary Ab was purchased from
Invitrogen (Carlsbad, CA). FITC-conjugated anti-FceRla (MAR-1) Ab and cell stimulation
mixture (PMA [40.5 uM] and ionomycin [670 uM] in ethanol [500x]) were from
eBioscience (San Diego, CA). Allophycocyanin-conjugated anti-mouse CD117, purified
anti-mouse CD16/CD32, and FITC-conjugated CD16/CD32 were from BD Biosciences
(San Jose, CA). PE-conjugated anti-mouse CD9 Ab was from Santa Cruz Biotechnology
(Dallas, TX). PE-conjugated anti-mouse CD63 and allophycocyanin/Cy7-conjugated anti-
mouse CD117 flow cytometry Abs were from BioLegend (San Diego, CA).
Allophycocyanin-conjugated anti-mouse CD151 flow cytometry Ab was from R&D
Systems (Minneapolis, MN). ECL Prime Western blotting detection reagent was from GE
Healthcare Biosciences (Pittsburgh, PA). Anti-phosphotyrosine 4G10 mAb was from
Upstate Biotechnology (Lake Placid, NY). Abs against p-Akt (Ser4’3), Akt, p-Syk (Tyr317
and Tyr519/520) ‘Syk, p-PLCy1 (Tyr’83), PLCy1, p-ERK1/2 (Thr292/Tyr204) and ERK1/2
were purchased from Cell Signaling Technology (Danvers, MA). MEK/ERK inhibitor
PD98056 and PI3K inhibitors LY294002 and wortmannin were obtained from Calbiochem
(San Diego, CA). All other reagents were obtained from Sigma-Aldrich (St. Louis, MO)
unless otherwise indicated.

CD1517/~ mice on a C57BL/6 background (a gift from Dr. Jonathan Jones, Northwestern
University) were previously described (35). C57BL/6J wild-type (WT) mice were purchased
from The Jackson Laboratory (stock no. 000664). The mice were housed under barrier
conditions and were specific pathogen-free as determined in sentinel mice. Female mice 6-8
wk of age were used in all experiments. All procedures were reviewed and approved by the
Animal Care and Use Committee at Northwestern University.
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Gene expression microarray data

For human mast cell CD151 expression, we consulted National Center for Biotechnology
Information’s Gene Expression Omnibus (GEO) repository dataset GSE3982 (http://
www.ncbi.nlm.nih.gov/genbank), which is a human immune cell transcriptomics study (36).
In this study, nonstimulated human cord blood—derived mast cells (/7= 2) were compared
with mast cells stimulated with IgE for 2 h (7= 2). We performed statistical comparison of
these groups by moderated #test with false discovery rate (FDR) pvalue (multiple testing)
correction using the GEO2R analysis tool (National Center for Biotechnology Information).
The 10% cut-off (p(corr) < 0.1) was used for determining statistical significance in
differential expression. In this microarray, CD151 was represented by a single probe set
(204306_s_at). CD151 gene expression data for mice were derived from our ongoing study
of the transcriptomics of mast cell activation (P.J. Bryce, unpublished microarray data).
Briefly, BMMCs from WT mice were plated on six-well plates at a density of 5 x 106 cells
per well. Cells were either unstimulated or coated with 1 pg/ml DNP-IgE overnight,
followed by 0.5 pg/ml DNP-human serum albumin (HSA) stimulation. Cells were collected
4 h after stimulation and RNA was extracted using an RNeasy kit (Qiagen). Samples were
processed using lllumina bead array technology by the Genomics Core Facility at
Northwestern University. Bioinformatics analysis was done using GeneSpring GX 12.6
software (Agilent Technologies). Data were normalized using a quantile normalization
algorithm with no baseline transformation. Non-stimulated WT mast cells (n7 = 3) were
compared with IgE-stimulated WT mast cells (7= 3) using a moderated #test with the
Benjamini-Hochberg FDR multiple testing correction. The 10% cut-off (p(corr) < 0.1) was
used for determining statistical significance in differential expression. CD151 was
represented by three different probe sets (1400630, 6450390, 5720100).

IgE-mediated PCA

PCA was performed as previously described (37). Briefly, mice were sensitized by
intradermal injection of 100 ng anti-DNP IgE mAb (Sigma-Aldrich) into the left ears,
whereas the right ears received saline as a control. After 24 h, mice were challenged by
retro-orbital injection of 100 ug DNP-HSA (Sigma-Aldrich). The thickness of the ear was
measured using a thickness micrometer at baseline and for the indicated time points.
Changes in ear thickness were reported relative to baseline.

Histological quantification of mast cells in ear tissue

Mice were euthanized and ear tissue was fixed in formalin and embedded in paraffin. Four-
micrometer tissue sections were stained for mast cells with toluidine blue. Twenty high-
power fields were assessed per sample in a blinded fashion.

Mast cell cultures

BMMCs were obtained by flushing bone marrow from both femur bones using complete
RPMI media (Invitrogen, Carlsbad, CA) with 10% FBS, 100 U/ml penicillin, 100 pg/ml
streptomycin, L-glutamine, 1 mM sodium pyruvate, and nonessential amino acids (1x).
Cells were then cultured in complete mast cell growth media supplemented with 30 ng/ml
recombinant mouse IL-3 (Shenandoah Biotechnology). For 6-8 wk, twice each week, non-
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adherent cells were removed, the media refreshed completely, and cells were replated in a
new flask. Resulting mast cell culture purity was determined by flow cytometry for double
staining of CD117*/FceRI™ cells (>90% purity).

Toluidine blue staining of BMMCs

Cytospin slides were prepared by centrifugation of 10° cells at 400 rpm for 5 min in a
CytoFuge. Cells were air dried overnight and then stained with toluidine blue solution with
pH 2.0 (45 ml 1% sodium chloride plus 5 ml 1% toluidine blue O [Sigma-Aldrich] in 100 ml
70% EtOH) for 2—-3 min. The slides were allowed to dry overnight before applying
coverslips with Permount fixative (Fisher Scientific).

Flow cytometry

BMMC:s or cell suspensions from lavage of the peritoneal cavity were washed once in PBS
1x, stained with Aqua Live/dead dye (Invitrogen) for 20 min at room temperature, blocked
with anti-CD16/CD32 (mouse BD Biosciences Fc Block) for 10 min at 4°C in flow staining
buffer, and consequently incubated with Abs in flow staining buffer for 30 min at 4°C.
CD117 (c-Kit) and FceRI double labeling was used to gate on mast cell populations. For
surface staining of FcyRII/RIII, unblocked mast cells were labeled with FITC-conjugated
CD16/CD32 Ab for 30 min at 4°C. Flow cytometry was performed on a BD LSR Il flow
cytometer (BD Biosciences) and analyzed using FlowJo v10 software.

B-Hexosaminidase assay

The degree of mast cell degranulation was measured by release of -hexosaminidase.
BMMCs (0.3 x 106 cells/ml) were preincubated overnight with anti-DNP IgE (100 ng/ml) in
medium. Sensitized cells were stimulated for 20 min with indicated concentrations of DNP-
HSA in Tyrode’s buffer, centrifuged, and the cell pellets were solubilized with 0.5% Triton
X-100 in Tyrode’s buffer. The enzymatic activity of -hexosaminidase in the supernatants
and cell pellets was measured using p-nitrophenyl- N-acetyl-B-D-glucosaminide (Sigma-
Aldrich) in 0.1 M sodium citrate (pH 4.5) as a substrate. The reaction was allowed to run for
30 min at 37°C and then stopped by adding 0.2 M glycine (pH 10.7). Release of the product,
p-nitrophenol, was detected based on the absorbance at 405 nm. The percentage -
hexosaminidase release was determined by dividing the measurements detected in the
supernatant by the total measurements detected in the supernatant plus those from the cell
pellet.

Detection of gene expression by quantitative PCR

Gene expression of cytokines IL-4, IL-9, IL-10, IL-13, and TNF-a and chemokines CCL1
and CCL2 was determined by quantitative PCR (qPCR) from BMMCs sensitized overnight
with 1 pg/ml anti-DNP IgE. Cells were pretreated or not for 1 h at 37°C with the following
specific inhibitors: 10 uM PD98056, 10 uM LY 204002, or 100 nM wortmannin. The cells
were further nonstimulated or stimulated for 5 h with 0.5 pg/ml DNP-HSA. Total RNA was
isolated from cells using the Qiagen RNeasy mini kit (Qiagen). cDNA was prepared from
500 ng MRNA/cDNA synthesis reaction using a qScript cDNA synthesis kit (Quanta
BioSciences) and analyzed by real-time PCR on a 7500 real-time PCR system (Applied
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Biosystems) using primers/probes from Integrated DNA Technologies and Quanta
BioSciences PerfeCTa qPCR FastMix. Amplification parameters were 50°C for 2 min, 95°C
for 10 min, followed by 40 cycles of 95°C for 15 s alternating with 60°C for 1 min. Gene
expression was determined based on the ACt values between gene of interest and
housekeeping gene GAPDH and compared with the mean ACt values for the control group
to determine a fold induction value, as previously described (38).

ELISA for cytokine secretion

BMMCs were sensitized overnight with 1 pg/ml anti-DNP IgE. Cells were pretreated (or not
pretreated) for 1 h at 37°C with the following specific inhibitors: 10 uM PD98056, 10 uM
LY204002, or 100 nM wortmannin. BMMCs were then stimulated with 100 ng/ml DNP-
HSA for 3 or 24 h, or stem cell factor (SCF) 100 ng/ml or PMA/ionophore (0.081 nM/1.34
uM), after which the cell culture supernatants were assayed for cytokines TNF-a, IL-4, and
IL-13 using Ready-SET-Go! ELISA kits purchased from eBioscience. ELISA assays were
performed according to the manufacturer’s instructions.

Cell lysates and immunoblotting

BMMCs (2 x 108 cells/sample) were unprimed or primed with 1 pg/ml anti-DNP IgE for 24
h and stimulated with 0.5 pg/ml DNP-HSA for 5 and 10 min. Cell lysates were prepared in
RIPA buffer (10 mM Tris [pH 7.4], 150 mM NaCl, 1% Triton X-100, 1% deoxycholic acid,
0.1% SDS, 5 mM EDTA) containing a protease inhibitor mixture (Sigma-Aldrich). Lysates
were resolved by SDS-PAGE followed by semidry electroblotting transfer onto
nitrocellulose membranes. Membranes were blocked with 5% nonfat milk in TBS (20 mM
Tris [pH 7.5] and 0.15 M NaCl) containing 0.1% Tween 20 for 1 h at room temperature and
incubated with Abs overnight at 4°C, followed by 1 h secondary incubation with HRP-
conjugated goat 1gG (Cell Signaling Technology). Proteins were detected by ECL Plus
Western blotting detection reagent (GE Healthcare), and densitometry was performed on
scanned Western blot images using ImageJ software (National Institutes of Health). The data
were presented as the fold increase in the ratio of relative intensity of the band/the relative
intensity of band for the loading control (B-actin or total protein for protein phosphorylation
blots). Complete Western blot images are provided in Supplemental Fig. 4.

Calcium mobilization assay

Calcium flux was determined using the Fluo-4 NW calcium assay kit (F36206, Life
Technologies, Grand Island, NY) according to the manufacturer’s instructions. Briefly,
BMMCs were primed overnight with 1 pg/ml DNP-specific IgE, then cells were centrifuged
and resuspended in assay buffer (13 HBSS, 20 mM HEPES) at a density of 2.5 x 106/ml.
Cells were incubated at 37°C and 5% CO» for 60 min to allow them to settle. The cell
suspension was then mixed with an equal volume of dye loading solution (Fluo-4 dye mix
plus assay buffer and 5 mM probenecid) and incubated at 37°C for 30 min followed by
incubation at room temperature for 30 min. To measure calcium flux, the cells were
analyzed by flow cytometry for 25 s to establish a baseline (prestimulation) FITC signal.
Cells were treated with vehicle, DNP-HSA (5-500 ng/ml), or 0.25 uM ionomycin, the
positive control. Cells were further analyzed for 30 s to determine a poststimulation FITC
signal. The median pre- and poststimulation FITC signal values were determined using
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FlowJo v10 and subtracted from each other to determine the A median FITC or “relative
Ca?* flux.” A Student ¢test and two-way ANOVA were used to assess statistical differences
for each individual stimulant concentration.

Statistical analysis

Results

Data were analyzed by one-way ANOVA, followed by a Tukey multiple comparisons test.
PCA and time course immunoblot data were analyzed using repeated measures ANOVA. All
statistical tests were carried out in the Systat 13 statistical package (Systat Software). All
data are presented as the mean + SEM.

IgE stimulation induces upregulation of tetraspanin CD151 expression by both mouse and
human mast cells

We consulted both mouse and human gene expression microarray studies to determine
whether tetraspanin CD151 was expressed basally in mast cells and whether its transcription
was induced by stimulation with IgE. In mouse BMMCs (P.J. Bryce, unpublished
microarray study of transcriptomics of mast cell activation), CD151 was found to be
significantly upregulated at 4 h poststimulation (the only time point considered in the
experiment) (Fig. 1A). All three probe sets for CD151 showed statistically significant
upregulation of CD151 upon activation of mast cells by IgE. In human cord blood—derived
mast cells (GEO dataset GSE3982), CD151 was significantly upregulated at 2 h after IgE
stimulation (also the only time point considered) (Fig. 1A). Additionally, in another study of
human mast cell IgE-dependent activation, CD151 was reported to be significantly
upregulated at 6 h (34). Out of 34 tetraspanin family members measured in these microarray
experiments, only CD151 was consistently upregulated by IgE stimulation in both mouse
and human arrays (data for expression of other tetraspanins not shown). Additionally, we
assessed protein level expression of CD151 by flow cytometry in mouse WT BMMCs
stimulated with IgE/Ag for 4 h. CD151 expression was induced by IgE stimulation of WT
BMMCs (Fig. 1B).

CD151 deficiency significantly enhances the late phase of FceRI-mediated PCA

We used a murine model of PCA to examine the role of CD151 in regulation of mast cell-
dependent responses in vivo (Fig. 2A). CD1517/~ and WT mice were sensitized by
intradermal injection of anti-DNP IgE or saline 24 h prior to Ag challenge by retro-orbital
injection of 100 ug DNP-HSA or saline control solution. The early phase response to anti-
DNP IgE, measured within 2 h by localized tissue swelling at the site of injection, was not
significantly different between CD1517~ and WT controls (Fig. 2A). However, CD151~/~
mice exhibited a significant increase in magnitude of the late phase response compared with
the WT mice, as assessed by a significant increase in thickness of ear tissue between 24 and
36 h after Ag challenge (Fig. 2A). To exclude the possibility that the increased cutaneous
allergic response in CD151~/~ mice was caused by a basal level increase in CD1517/~ mast
cell numbers, the ears of CD1517~ and WT mice were sectioned in paraffin followed by
histological staining and quantification of mast cells. There were no differences in basal
numbers of tissue mast cells between WT and CD151~/~ mice (Fig. 2B). These data suggest
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that CD151 may exert negative influences over the development of the IgE-dependent late-
phase cutaneous response. This prompted us to extend our findings to mast cells derived
from the bone marrow of CD1517~ and WT mice and determine a mechanism by which
CD151 negatively regulates FceRI-mediated mast cell activation.

Mast cells develop normally in absence of CD151

Mast cells were cultured from the bone marrow of CD151~/~ or WT mice for 4-6 wk in the
presence of murine recombinant IL-3. The IL-3-stimulated growth and proliferation of mast
cells cultured from the bone marrow of CD151~/~ mice was not significantly different from
that of BMMCs from WT mice (Fig. 3A). We next determined whether CD151 is
constitutively expressed at MRNA and protein levels by nonstimulated BMMCs ex vivo and
peritoneal mast cells in vivo. Constitutive expression of CD151 was detected by gPCR and
Western blot analysis of total cell lysates of WT BMMCs with an anti-CD151 Ab that
recognizes the extracellular domain of this protein. CD151 was constitutively expressed by
BMMC:s derived from WT mice. As expected, there was no CD151 present in mast cells
from CD151~/~ mice (Fig. 3A). In vivo, CD151 was constitutively expressed by FceRI*c-
Kit* peritoneal mast cells in WT mice (Fig. 3A). The morphology of resulting mast cells
was assessed by toluidine blue staining. The appearance and presence of toluidine blue—
positive, granule-containing cells was similar in the cultures of BMMCs derived from WT
and CD1517~~ mice (Fig. 3B). No significant difference in the expression levels of FceRI
and c-Kit or resulting culture purity was observed between BMMCs from CD151 7/~ and WT
mice, as assessed by flow cytometry (Fig. 3B). Because decreased levels of the inhibitory
Fcy receptors may be associated with an exaggerated IgE response (39-41), we determined
whether the BMMCs derived from CD1517/~ mice had FcyRII/III expression comparable to
WT controls. No significant changes in the expression of Fcy receptors were observed in
BMMCs derived from CD151~/~ mice (Supplemental Fig. 1). Basal surface expression of
two other constitutively expressed mast cell tetraspanins, CD9 and CD63, was comparable
between WT and CD151~/~ BMM(Cs, as measured by flow cytometry (Supplemental Fig. 1).
Taken together, these findings suggest that the basal development of BMMCs was not
affected by CD151 deficiency, and that the resulting cells exhibit normal expression levels of
several key cell surface receptors.

CD151 deficiency does not alter the level of degranulation by BMMCs

We next examined whether CD151 played a role in FceRI-mediated mast cell degranulation
ex vivo. It was previously established that Abs against the tetraspanins CD63 or CD81
inhibit in vitro and in vivo FceRI-mediated mast cell degranulation (27, 28). Moreover,
CD63~/~ mast cells exhibit reduced mast cell degranulation compared with WT cells (32).
To investigate whether CD151 participates in regulating mast cell degranulation, WT and
CD1517~ BMMCs were primed with anti-DNP IgE overnight. Degranulation was induced
by incubating mast cells with different concentrations of DNP-HSA. There was no
difference in degranulation levels between BMMCs from CD151 7/~ and WT mice, as
assessed by release of B-hexosaminidase (Fig. 4A). This finding was consistent with the lack
of effect on the mast cell degranulation-dependent early phase PCA reaction in vivo (Fig.
2A). B-Hexosaminidase release initiated by the positive degranulation control compound
48/80 was also comparable in BMMCs from CD151~/~ and WT mice (Fig. 4A). We also
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found no significant differences in calcium flux responses with mast cell CD151 deficiency
compared with WT BMMCs (Fig. 4B, Supplemental Fig. 2). For this experiment, sensitized
BMMCs were loaded with 1.5 pM Fluo-4 and stimulated with DNP-HSA. The kinetics of
calcium flux was monitored by the reduction in green fluorescence (FITC) intensity. Both
CD1517~ and WT mast cells generated the same level of intracellular calcium rise either
upon IgE plus DNP-HSA stimulation or in the presence of ionophore ionomycin, which
bypasses the need for FceRI stimulation.

CD151 deficiency significantly increases FceRI-mediated cytokine production by BMMCs

Activated mast cells play a significant role in the activation of other cell types and in the
development of the late-phase allergic response through the production and release of
cytokines and chemokines (42). For this reason, we investigated whether FceRI-mediated
cytokine production was altered in CD1517~ mast cells. WT and CD151~/~ BMMCs were
sensitized with DNP-specific IgE and then stimulated with DNP-HSA for 3 or 24 h. After 3
h, FceRI crosslinking of CD151-deficient BMMCs did not result in any changes in protein
levels of released cytokines measured in culture supernatants (Fig. 5A). However, IgE/Ag
stimulation for 24 h did induce a significant increase in cytokine production as measured by
ELISA, suggesting an effect on de novo synthesis of cytokines. Specifically, protein levels of
the cytokines IL-4, IL-13, and TNF-a were significantly greater in CD151~~ BMMCs upon
DNP-HSA stimulation (Fig. 5B). Gene expression of IL-4, IL-13, and TNF-a measured by
gPCR was also significantly increased in CD1517~ BMMCs compared with WT BMMC
controls at 24 h (Supplemental Fig. 3). This effect of CD151 on cytokine production was
specific to IgE/Ag stimulation, because no increase in cytokine levels was observed between
WT and CD1517/~ BMMCs stimulated with SCF or PMA (Fig. 5C). FceRI-mediated
expression of cytokines IL-9 and IL-10, as well as chemokines CCL1 and CCL2, was
unaffected by the absence of CD151 (Supplemental Fig. 3). In summary, CD151 appeared to
selectively negatively regulate FceRI-mediated de novo production of cytokines IL-4, IL-13,
and TNF-a.

Enhanced and sustained ERK1/2 and Akt phosphorylation in FceRI-stimulated mast cells
with CD151 deficiency

To understand the mechanism by which CD151 deficiency enhances mast cell cytokine
production, we next examined signaling events downstream of FceRI receptor activation.
WT and CD151~/~ BMMCs were sensitized with anti-DNP-IgE and activated with DNP-
HSA. At indicated time points, the cells were lysed and analyzed by immunoblotting using
the specified Abs. The phosphorylation of Syk at Tyr>19/520 within its activation loop is
essential for Syk’s activity and is the most proximal signal in the FceRI signaling cascade
(43-45). There was no difference in Syk Tyr519/520 phosphorylation between WT and
CD1517~ BMMCs, both at 5 and 10 min poststimulation (Fig. 6). We also quantified Syk
phosphorylation at residue Tyr317, which is an inhibitory site limiting Syk activation (46). In
CD1517/~ BMMCs, Syk Tyr37 phosphorylation was similar to WT cells at 5 min
poststimulation; however, the signal persisted for 10 min, although it returned to basal levels
in WT controls (Fig. 6). PLCy1 phosphorylation is crucial for FceRI-induced diacylglycerol
production and mast cell degranulation (2, 5). PLCy1 phosphorylation at Tyr’83 was not
affected by CD151 deficiency in mast cells (Fig. 6). A complementary pathway for cytokine
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production is mediated by PI3K signaling and activation of Akt (8, 47). We detected an
increase in phosphorylation of Akt at both 5 and 10 min poststimulation (Fig. 6).
Downstream signaling through MAPKS is critical for cytokine release by mast cells (7).
Immunoblotting experiments revealed that ERK1/2 phosphorylation at Thr293/Tyr205
reached its peak at 5 min following FceRI aggregation, and it was significantly increased in
CD151~/~ BMMCs compared with WT controls (Fig. 6). Moreover, in CD151~~ BMMCs,
the ERK1/2 phosphorylation signal was sustained at 10 min, whereas it decreased 2-fold in
WT cells. No differences in total tyrosine phosphorylation were detected between WT and
CD1517/~ mast cells (Fig. 6). In summary, deletion of CD151 resulted in sustained ERK1/2
and Akt phosphorylation, but no changes in activation of Syk, PLCvy1, or total tyrosine
phosphorylation levels in activated BMMCs. This is consistent with the lack of change in
calcium release and the increase in cytokine production by CD151~/~ BMMCs.

CD151 negatively regulates cytokine production in activated BMMCs by inhibiting ERK
pathway activation

In the “principal” FceRI signaling cascade in activated mast cells, activation of the MAPK
family members is central to downstream activity of numerous transcription factors
important for cytokine production (9, 48). As demonstrated in Fig. 6, ERK1/2
phosphorylation was significantly enhanced and sustained in CD151~~ BMMCs compared
with WT mast cells. Thus, to determine whether the ERK pathway contributed to elevated
cytokine production by CD1517~ BMMCs, we treated mast cells with PD98056, a specific
inhibitor of MEK, which is a crucial component of the ERK1/2 MAPK pathway. The
addition of 10 pM PD98056 decreased mRNA levels of the cytokines IL-4, IL-13, and TNF-
a in stimulated WT and CD151 7/~ cells (Fig. 7). Alternatively, the “complementary” or
amplification signaling cascade in activated mast cells may involve the PI3K pathway as
another positive regulator of IgE-induced cytokine production (48-50). Moreover, the ERK
signaling pathway itself can be also activated in a PI3K-dependent manner upon FceRlI
stimulation (51). To test possible involvement of PI3K kinase in cytokine production by WT
and CD1517/~ mast cells, we employed two different PI3K inhibitors: LY294002 and
wortmannin. We used two inhibitors rather than one because all PI3K inhibitors possess
some off-target effects, which tend to be different from one inhibitor to another (52-54).
Similar biological responses by the two different inhibitors suggested that their effect was
through the inhibition of PI3K. LY294002 and wortmannin both suppressed IL-4, 1L-13, and
TNF-a gene expression in response to IgE/Ag activation (Fig. 7). The degree of cytokine
suppression was similar to the reduction in cytokine signaling caused by ERK inhibitor
PD98056 (Fig. 7). In summary, both ERK and PI3K pathways were responsible for IgE/Ag-
induced cytokine production in WT and CD151~~ BMMCs. Moreover, these results suggest
that CD151 functions as a negative regulator of both principal and complementary pathways
for cytokine production by activated mast cells.

Discussion

To our knowledge, this study is the first to report a regulatory function of tetraspanin CD151
in mast cells. Moreover, it is one of the first reports, to our knowledge, addressing the
signaling mechanism of modulation of mast cell activation by any member of the tetraspanin
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family. In the present study, we demonstrated that CD151 deficiency exacerbated late-phase
allergic inflammation in mice in vivo and enhanced proinflammatory cytokine production by
cultured BMMCs ex vivo. Moreover, BMMCs deficient in CD151 showed enhanced and
sustained FceRI-induced ERK1/2 and Akt phosphorylation compared with WT cells.
Conversely, CD151 deficiency had no effect on mast cell degranulation or the acute phase of
PCA. Thus, our data demonstrate that the tetraspanin CD151 functions to selectively inhibit
late-phase anaphylaxis responses and the de novo synthesis of cytokines by activated mast
cells.

Mast cells possess mechanisms for fine tuning cellular activation that allow initial FceRI-
mediated signaling to proceed in a controlled fashion and further permit the termination of
the activated signals in a timely manner. Tetraspanins are classically known as passive
membrane “organizer” proteins that form complexes with integrins and regulate cellular
events involving cytoskeletal reorganization such as cell fusion and matility (55). Only
recently have they begun to emerge as molecules with a specific regulatory capacity for
signal transduction in various cell types (22-25). In mast cells specifically, tetraspanins
CD63 and CD81 have been shown to be negative regulators of mast cell degranulation, both
in vivo and in vitro (27, 28, 32). Moreover, tetraspanin CD63 has long been known as an
activation marker of human basophils (29, 30). In contrast to other mast cell tetraspanins,
CD151 is specifically induced at 6 h following FceRI aggregation in human mast cells (34)
at a time when degranulation is largely complete, but prior to FceRI-mediated cytokine
production. To build on information from this study, we revisited raw data from additional
mast cell microarray studies. In agreement with Jayapal et al. (34), we found that, following
IgE stimulation, CD151 transcription was significantly enhanced at 4 h poststimulation in
mouse mast cells and at 2 h in human mast cells. This timing coincides with onset of the
late-phase reaction, which is usually associated with cytokine production by activated mast
cells. Notably, tetraspanin CD63, implicated in control of mast cell degranulation and early
phase anaphylactic reactions, was not upregulated with IgE treatment in either mouse or
human microarray studies that we examined. Curiously, out of 34 tetraspanins considered,
only tetraspanin CD151 showed consistent IgE-induced upregulation of transcription by
both mouse and human mast cells (data for other tetraspanins not shown). To further support
CD151 as a potential negative regulator of cytokine production by activated mast cells, we
demonstrated the enhanced production of cytokines IL-4, IL-13, and TNF-a by Ag-activated
CD1517/~ mast cells ex vivo. This function of CD151 as an inhibitor of cytokine production
in mast cells is consistent with our finding that CD151~/~ mice had an exaggerated FceRI-
mediated late-phase allergic response in a mast cell-dependent model of PCA in vivo, which
requires production of cytokines and recruitment of inflammatory cells.

CD151 is a membrane scaffolding molecule that is known to regulate signaling molecules,
such as phosphatidylinositol-4-kinase and PKC in epithelial cells (1, 56). Therefore, it could
have complex roles in multiple signaling pathways affecting homeostasis and activation of
mast cells. Basally, CD151 deficiency did not alter development of BMMCs ex vivo or
numbers of cutaneous mast cells in vivo. CD151~/~ BMMCs were not deficient in surface
levels of receptors FceRI and c-Kit, or expression of inhibitory receptor FcyRI1I/111 and other
tetraspanins known to be expressed on mast cells. In general, the basal phenotype of
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CD1517/~ mast cells that we are reporting is consistent with reports of deficiency of
tetraspanin CD63 not affecting basal development of human mast cells (32).

However, interactions of CD151 with signaling pathways directly or indirectly associated
with mast cell activation and exocytosis are not known. To gain further insight into the
molecular mechanism behind the inhibitory role of CD151 in mast cell activation, we
interrogated FceR1-mediated signaling transduction in CD151~/~ BMMCs. In a “classical”
mast cell activation pathway, propagation of FceRI signaling depends on phosphorylation of
protein tyrosine kinases Syk and Lyn, which results in phosphorylation of PLCy1 (48, 57).
Degranulation follows the activation of PLCy1 and calcium mobilization (Ca2*)/PKC
pathway, whereas cytokine synthesis depends primarily on downstream activation of the
Ras-Rafl-MEK (MEK1 and 2)-MAPK (ERK1/2)-transcription factor pathway (9, 10, 43).
Phosphoproteomics studies show that ERK1 phosphorylation at the autophosphorylation
sites Thr293/Tyr205 and ERK2 autophosphorylation at Thr83/Tyr185 are the most prominent
phosphorylation events that follow IgE receptor aggregation in mouse mast cells (44).
Similarly, we observed a 5-min peak in ERK1/2 phosphorylation at the residues Thr293/
Tyr205 and Thrl83/Tyrl85 However, ERK1/2 phosphorylation was significantly enhanced in
CD1517/~ BMMCs compared with WT mast cells, and this increase was sustained at 10 min
following IgE receptor stimulation. Moreover, we found that Akt phosphorylation was also
increased at 5 and 10 min poststimulation. In contrast to activation of pathways leading to
cytokine production, phosphorylation status of PLCy1 and Ag-induced calcium flux were
not affected by CD151 deficiency. There was no difference in Syk phosphorylation at
tyrosine residue Tyr>19/520 jn the activation loop of the kinase. Interestingly, at 10 min, but
not 5 min, CD151~/~ BMMCs exhibited significantly greater increase in Syk
phosphorylation at tyrosine residue Tyr317, which is an inhibitory site in the linker region of
Syk, and binds the negative regulator Cbl, which negatively regulates the signals leading to
degranulation (46). This would further prevent hyperactivation of pathways associated with
degranulation in CD151~/~ mast cells. Additionally, we showed that a selective inhibitor of
MEK/ERK pathway inhibited Ag-induced expression of I1L-4, IL-13, and TNF-a in WT and
CD1517~ BMMCs. Our results showing that MEK/ERK inhibitors inhibited cytokine
induction are consistent with those reported previously (58-60). Moreover, inhibitors of
PI3K significantly attenuated cytokine production by activated WT and CD151~~ BMMCs
to a degree comparable with ERK inhibition, thus also implicating a complementary PI13K-
dependent signaling pathway for cytokine production. The aforementioned signaling events
were specific to IgE/Ag-induced stimulation, because we observed no signaling differences
between WT and CD151~/~ mast cells upon stimulation with SCF, which activates mast cells
via its binding to the c-Kit receptor, or PMA, which bypasses outside—in receptor signaling.
Collectively, these findings reinforce the conclusion that the tetraspanin CD151 has a
focused inhibitory function in FceRI-dependent mast cell activation, specifically targeting
components of the ERK1/2 and PI3K/Akt signaling cascade downstream of Syk, leading to
de novo cytokine production.

Selective inhibition of ERK1/2-PI3K-Akt signaling by CD151 may be explained either by 1)
the tetraspanin’s direct involvement in the ERK1/2 activation pathway or 2) CD151
functioning as an inhibitory receptor via recruitment of phosphatases inhibitory to the
MAPK activity. In fibroblasts, CD151 was reported to directly interact with and inhibit Ras
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(Raf-1) activity (25). Furthermore, activation of PKB/c-Akt and ERK1/2, downstream
targets in the Ras signaling pathway, was also diminished in fibroblasts overexpressing
CD151 (25). As a scaffold, CD151 has potential to recruit inhibitory adaptor proteins that
negatively regulate the Ras/Raf1l/ERK1/2 pathway, although this possibility remains to be
tested. For instance, recruitment of inhibitory adaptor protein Dok-1 negatively regulates
Ras by recruiting Ras GTPase or SHIP-1, which inhibits the entire Ras/Raf1/ERK pathway
in Ag-stimulated RBL-2H3 mast cells (16). Another potential mechanism for the inhibitory
action of tetraspanins is the recruitment of inhibitory phosphatases to ITIM-like motifs
found in cytoplasmic domains of several members of this protein family. ITIM motifs are
known to recruit phosphatases such as SHIP-1/2, SHP-1/2, and the dual specificity protein
phosphatase-1, which all have capacity to dephosphorylate and inactivate MAPKSs (17, 18).
Upon ligation with anti-CD37 small modular immunopharmaceutical, the ITIM-like motif
of tetraspanin CD37 recruits the phosphatase SHP-1, which exerts negative regulation of
survival of B cells by inhibiting phosphorylation of MAPK/ERK and AKT (24). Moreover,
tetraspanins CD53 and CD63 were reported to immunoprecipitate an unidentified
phosphatase with inhibitory activity in lymphoid and RBL-2H3 mast cells (61).
Interestingly, this hyperactivation phenotype of CD1517/~ mast cells matches the phenotype
of mast cells derived from mice with specific knockouts of phosphatases PTPa (62), SHIP-1
(63), and SHIP-2 (64). Although CD151 does not possess a confirmed ITIM or ITIM-like
motif, it is possible that through its scaffolding interactions or yet unknown tyrosine-based
motifs, CD151 recruits a phosphatase for the specific inhibition of MAPK activity. This
remains a subject of future investigation by our group.

Although all evidence points to a direct modulation of classical IgE receptor signaling
responses by CD151, we cannot exclude the possibility that CD151 may also be involved in
the regulation of other mast cell receptors, some of which could be modulatory for IgE
downstream signaling pathways. Notably, downstream of ERK1/2 activation, CD151
deficiency resulted in overproduction of only selected cytokines, whereas expression of
other cytokines or chemokines was not altered. This implies existence of a fine-tuning
mechanism of ERK1/2-driven transcriptional regulation of cytokine production, which may
be time- or context-dependent and may involve additional targets of CD151 at the level of
ERKZ1/2 signaling.

In conclusion, we demonstrated that CD151 deficiency exacerbated inflammation during the
late phase of IgE-induced PCA and that, mechanistically, in the FceRI signaling pathway,
CD151 is inhibitory for the activation of the ERK1/2 and PI3K/Akt signal transduction
cascades, which further control downstream transcription of selected proinflammatory
cytokines. These results reveal a significant role for CD151 in mast cell activation and
provide further evidence that members of the tetraspanin family have specific and
nonredundant functions in IgE-mediated signaling.
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FIGURE 1.
IgE stimulation induces upregulation of tetraspanin CD151 expression by both mouse and

human mast cells. (A) BMMCs from WT mice were either unstimulated or primed with 1
pg/ml DNP-IgE overnight, followed by 0.5 pg/ml DNP-HSA stimulation. Cells were
collected 4 h after stimulation and subjected to gene expression microarray analysis using
Illumina bead array technology. Nonstimulated mast cells (7= 3) were compared with IgE-
stimulated mast cells (/7= 3) using a ¢test with the Benjamini-Hochberg FDR multiple
testing correction. This graph represents the average of three probe sets used to measure
CD151 expression in the arrays (each individual probe showed statistical significance). Both
raw ftest pvalue and p value after FDR correction for multiple testing [p(corr)] are shown.
Data for human mast cell CD151 expression are derived from GEO2R analysis of human
immune cell transcriptomics study GSE3982 (National Center for Biotechnology
Information’s GEO database). In this study, human cord blood—derived mast cells were
either left unstimulated (7= 2) or stimulated with IgE for 2 h (n=2). The pvalues shown
are both unadjusted and adjusted by the Benjamini—-Hochberg FDR correction [p(corr)]. p<
0.05 and p(corr) < 0.1 are deemed to be significant. (B) CD151 is upregulated in WT
BMMCs at 4 h as measured by flow cytometry.

J Immunol. Author manuscript; available in PMC 2016 May 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Abdala-Valencia et al.

Page 19

A 30 *
S ~ WT
> 20 - = CD151"
£
=2
%) *
»
i)
c
]
i 10-&
@
w
0 #r—rrri

02468 12 18 24 30 36 42 48 54 60 66 72
Time post challenge (hrs)

B
20 7 ns
e
L. |
L 154
@
a
w0 10 4
©
o
& 5
=
;= T
wT CD151+

FIGURE 2.
CD151 deficiency leads to enhanced late phase of FceRI-mediated PCA. (A) WT and

CD1517/~ mice were sensitized passively by an intradermal injection with 100 ng IgE into
the right ear and saline into the left ear as a control. After 24 h, mice were challenged retro-
orbitally with 100 ug DNP-HSA.. Ear swelling was measured at each time point shown
(mean + SEM, n=>5 mice/group). The DNP-HSA-induced increase in ear thickness was
measured as the A difference from thickness of the same mouse control ears injected with
saline. At 24-36 h, a significant increase in IgE-induced ear thickness was observed in
CD1517"~ mice compared with WT mice (*p < 0.05). This experiment was repeated three
times. (B) Mast cells were quantified by histology in 4-um paraffin sections of ear tissue
stained by toluidine blue. HPF, high-powered field.
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FIGURE 3.

CD151 deficiency does not alter basal phenotype of cultured BMMCs. (A) CD151
deficiency does not affect growth dynamics of mast cell culture. WT and CD1517/~ BMMCs
were cultured in IL-3-conditioned media for 8 wk and the total numbers of live cells in
culture were counted at each time point indicated (/ef). Flow cytometry for CD151
expression on peritoneal mast cells (flow cytometry chart) (/middle), gPCR detection of
CD151 mRNA in WT and CD151~/~ BMM(Cs (bar graph, right), and Western blot analysis
of total-protein lysates for CD151 expression (Western blot, right) all confirm constitutive
CD151 expression in WT mast cells. WT peritoneal mast cells are shown as gray-filled
histogram with dotted line and negative control as transparent histogram with dotted line. In
immunoblotting, actin was used as a loading control. (B) Five-week-old BMMCs from WT
and CD1517/~ mice were stained with toluidine blue and images were obtained with an
original magnification of x100. Flow cytometry analysis of FceRI and c-Kit surface
expression and purity of WT and CD151~~ BMMC cultures. All data are representative of
three independent experiments. Data are represented as mean + SEM. *p < 0.05.
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FIGURE 4.
CD151 deficiency does not affect BMMC degranulation or calcium mobilization. (A) p-

Hexosaminidase release by stimulated CD151~/~ and WT BMMCs shows no difference in
mast cell degranulation ex vivo. Data are represented as the mean = SEM from three
individual assay wells/group over two independent experiments. (B) BMMCs were
precoated with DNP-IgE overnight and incubated with a dye loading solution (Fluo-4 dye
mix, assay buffer, and 5 mM probenecid) and incubated for 60 min prior to 0.5 pg/ml DNP-
HSA stimulation. Cells were also stimulated with 0.25 pM ionomycin to confirm the
capability of cells to induce calcium influx. Filled columns indicate WT; open columns
indicate CD1517/~,
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Increased cytokine release by CD151~/~ BMMCs after IgE/Ag stimulation. Cytokine release
by BMMCs was measured in culture supernatants by ELISA. BMMCs were unprimed or
primed with IgE-DNP, then exposed to 100 ng/ml DNP-HSA for 3 h (A) or 24 h (B) and
culture supernatants were tested for levels (pg/ml) of IL-4, IL-13, and TNF-a. (C)
Comparison of stimulation effects of IgE, SCF, and PMA on cytokine release by WT and
CD151 BMMCs. ELISA data represent the mean = SEM from four individual assay wells/
group over two independent experiments. Filled columns indicate WT; open columns

indicate CD1517/~. *

p<0.05.
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CD151 deficiency leads to enhanced and sustained ERK1/2 and Akt activation in IgE-
stimulated mast cells. BMMCs from WT and CD151~/~ mice were sensitized with 1 pg/ml
IgE for 24 h and then stimulated with 0.5 pg/ml DNP-HSA for the time points indicated.
Cell lysates were subjected to immunoblotting analysis of the following phosphorylation
events: Syk phosphorylation at Tyr519/520 and Tyr317 PLCy1 at Tyr’83, Akt phosphorylation
at Ser473, ERK1/2 phosphorylation at Thr202/Tyr204  and total phosphotyrosine detection,
which represents total phosphorylation events following IgE stimulation. Representative
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Western blots are shown on the /eft, as phosphorylation bands followed by total protein
loading controls. Bar graphs on the right show intensities of Western blot bands quantified
by densitometry analysis. Fold increase in phosphorylation intensity was measured relative
to total levels of detected proteins of interest. Densitometry values are mean = SEM of three
independent Western blots. Filled columns indicate WT: open columns indicate CD1517/~.
*p<0.05.
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FIGURE 7.
CD151 negatively regulates cytokine production in activated BMMCs by inhibiting ERK

and PI3K pathway activation. BMMCs were unprimed or primed with IgE, then exposed to
100 ng/ml DNP-HSA for 24 h in the absence or presence of 10 uM LY294002 (LY), 100 nM
Wortmannin (W), 10 uM PD98056 (PD) or DMSO vehicle control. NS, not stimulated
controls. IL-4, IL-13, and TNF-a cytokine release by BMMCs was measured in culture
supernatants by ELISA. Results shown are the mean = SEM of three determinations. Filled
columns indicate WT; open columns indicate CD1517/~. *p < 0.05.
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