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Abstract
Mast cell activation through the high affinity IgE receptor FcεRI leads to the release of mediators
involved in immediate-type allergic reactions. While antibodies against the tetraspanins CD63 and
CD81 inhibit FcεRI-induced mast cell degranulation, the intrinsic role of these molecules in
FcεRI-induced mast cell activation is unknown. In mast cells, CD63 is expressed at the cell
surface and in lysosomes (particularly secretory lysosomes that contain allergic mediators). Here,
we investigated the role of CD63 in mast cells using a CD63 knockout mouse model. CD63-
deficiency did not affect in vivo mast cell numbers and tissue distribution. Bone-marrow-derived
mast cells (BMMC) developed normally in the absence of CD63 protein. However, CD63-
deficient BMMC showed a significant decrease in FcεRI-mediated degranulation, but not PMA/
ionomycin-induced degranulation, as shown by β-hexosaminidase release assays. The secretion of
TNF-α, which is both released from granules and synthesized de novo upon mast cell activation,
was also decreased. IL-6 secretion, and production of the lipid mediator leukotriene C4 were
unaffected. There were no ultrastructural differences in granule content and morphology, late
endosomal/lysosomal marker expression, FcεRI-induced global tyrosine phosphorylation, and Akt
phosphorylation. Finally, local reconstitution in genetically mast cell-deficient Kitw/w-v mice was
unaffected by the absence of CD63. However, the sites reconstituted with CD63-deficient mast
cells developed significantly attenuated cutaneous anaphylactic reactions. These findings
demonstrate that the absence of CD63 results in a significant decrease of mast cell degranulation,
which translates into a reduction of acute allergic reactions in vivo, thus identifying CD63 as an
important component of allergic inflammation.

INTRODUCTION
Mast cells (MC) originate in the bone marrow and migrate to most connective tissues and
mucosa/epithelia in processes that involve various integrins and extracellular matrix proteins
(1). Within those peripheral tissues, MC mature and can be long-lived, constitutional tissue

1This work was supported by a NIH grant (RO1 AI41087) to JPK and grants from the Deutsche Forschungsgemeinschaft (DFG-
GRK1459; SPP1480) and the Center of Excellence Inflammation at Interfaces to P.S and B.S.
*Corresponding Authors: Jean-Pierre Kinet, Laboratory of Allergy and Immunology, Department of Pathology, Beth Israel Deaconess
Medical Center, 99 Brookline Ave, Boston, MA 02215, USA, kinet@bidmc.harvard.edu, Tel.: +1-617-667-2816, Fax:
+1-617-667-1323, Paul Saftig, University Kiel, Biochemical Institute, Otto-Hahn Platz 9, 24098 Kiel, Germany,
psaftig@biochem.uni-kiel.de, Tel: +49-431-8802216, Fax: +49-431-8802238.

NIH Public Access
Author Manuscript
J Immunol. Author manuscript; available in PMC 2014 September 15.

Published in final edited form as:
J Immunol. 2013 September 15; 191(6): 2871–2878. doi:10.4049/jimmunol.1202323.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



residents, or recruited to sites of inflammation. Their best established role is in IgE-mediated
allergic reactions, but they also positively and negatively regulate multiple aspects of the
inflammatory reaction in autoimmunity, contact hypersensitivity, cancer response, and host
defense directly and indirectly by influencing dendritic cells, Th1, Th2, Treg and Th17 cells,
endothelial cells, neurons, and possibly B cells (2, 3). These effects are mediated by the
numerous mediators that MC release upon activation. Two main release mechanisms operate
in MC. Mediators such as histamine, serotonin, proteases, IL-4, and also a significant
proportion of TNF-α, are preformed and stored in granules from which they are released
upon MC activation in a process called degranulation or regulated exocytosis. Others, such
as numerous cytokines, leukotrienes, and prostaglandins are synthesized de novo and
released upon MC activation (4–8).

MC can be activated by various mechanisms, such as immunoglobulins, cytokines, physical
factors, and microbial products. MC activation takes place in acute IgE-mediated allergic
reactions such as anaphylaxis. In this case, antigen-specific IgE bound to its high affinity
receptor FcεRI expressed at the surface of MC is crosslinked by multivalent antigens,
leading to the activation of multiple signaling cascades. Key features are the activation of
protein tyrosine kinases of the src and syk family, multiple downstream adapter molecules,
GTPases, and serine-threonine kinases, and calcium mobilization, which ultimately results
in the release of the different mediators (7, 9, 10).

FcεRI-induced MC activation can be positively or negatively affected by a variety of
mechanisms (11). One involves tetraspanins, proteins that are expressed in various
membrane compartments and regulate cell morphology, motility, invasion, fusion and
signaling (12–14). Using monoclonal antibodies (mAb) that recognize antigens expressed at
the surface of MC and inhibit FcεRI-induced mast cell degranulation, we previously
identified the tetraspanins CD63 and CD81 as regulators of FcεRI-induced mast cell
activation (15, 16). Anti-CD63 inhibits MC degranulation without affecting early signals,
such as protein tyrosine phosphorylation and calcium mobilization, suggesting that it
interferes with exocytosis (16). CD63 is known to be expressed in intracellular membranes,
such as secretory lysosomes including serotonin-containing granules (17–20). Upon
basophil degranulation, CD63 expression at the plasma membrane increases, and is
classically used as a marker of basophil activation (21). Recently, an isoform of CD63 has
been identified as specific form of CD63 expressed at the plasma membrane in degranulated
MC (22). Anti-CD63 also inhibits adhesion of the MC model cell line RBL-2H3 to
extracellular matrix proteins, which could be explained by the known interaction of CD63
with integrins in plasma membrane microdomains, or by inhibition of signaling mechanisms
common to FcεRI and integrins (16, 23, 24).

Recently, CD63-deficient mice were generated. In spite of the broad tissue and cell
distribution of CD63, these mice display no obvious morphologic or functional
abnormalities of their lysosomes (25). However, they exhibit morphologic changes in the
collecting ducts in the kidneys, a disturbed water balance (25), defective endosomal protein
sorting during melanogenesis (26), and leukocyte recruitment (27).

To further investigate the role of CD63 in MC in vivo, we took advantage of the availability
of these CD63-deficient mice.

MATERIALS AND METHODS
Mice and bone marrow-derived mast cells (BMMC)

The generation and characterization of CD63-deficient mice were described previously (25).
MC-deficient Kitw/w-v mice were obtained from Jackson Labs (Bar Harbor, ME). Mice were
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housed in a pathogen-free barrier facility at the Center for Life Sciences, Boston, MA.
Studies were conducted in accordance with the National Institutes of Health Guide for the
Care and Use of Laboratory Animals as well as the Institutional Animal Care and Use
Committee (IACUC) guidelines of the Animal Research Facility at Beth Israel Deaconess
Medical Center. BMMC were generated from 4 to 8 week-old mice by isolating bone
marrows and tibias. Cells were then cultured in IMDM (Corning Cellgro, Mediatech Inc.,
Manassas, VA) supplemented with 10% fetal bovine serum, nonessential amino acids
(Corning Cellgro), 50 µM β-mercaptoethanol (Sigma Aldrich, St. Louis, MO), and 3 ng/ml
IL-3 (Peprotech, Rocky Hill, NJ). After 4 weeks of culture, purity of BMMC cultures was
assessed by morphology and flow cytometric analysis of c-Kit expression using a FITC-
conjugated anti c-Kit monoclonal antibody (BD Biosciences, San Jose, CA). FcεRI
expression was determined by labeling with IgE (Sigma Aldrich) and an anti-IgE FITC
conjugated antibody (BD Biosciences). Sections from different organs were subject to
formalin fixation, and paraffin embedding in a routine histopathologic laboratory according
to standard procedures. Sections were stained with 0.1 % toluidine blue solution (Sigma).

Electron microscopy and Giemsa staining of BMMC
For electron microscopy, the BMMC were fixed in a dilute mixture of aldehydes, washed in
0.1 M sodium cacodylate buffer, and spun through molten agar to form agar blocks
containing the cells. The blocks were processed for electron microscopic studies as
described using a Philips CM10 electron microscope (28). In addition, Giemsa stains were
performed on 1 µm sections from agar blocks and analyzed by light microscopy.

Indirect immunofluorescence and confocal microscopy analysis
Coverslips were coated in 100 µg/ml poly-L-lysine (Sigma-Aldrich) overnight and washed
twice with water for 1 h before use. BMMC were fixed in 4% (wt/vol) paraformaldehyde in
PBS for 20 min at room temperature. Immunocytochemical stainings were performed as
described previously (29) with anti-LAMP1 (1D4B; Developmental Studies Hybridoma
Bank, Iowa City, IA), anti-LAMP2 (ABL93; Developmental Studies Hybridoma Bank),
anti-cathepsin D (30), anti-CD63 (25), and anti-LIMP-2 (31) as primary antibodies. Alexa
Fluor 488– or 594– conjugated goat anti–rat IgG or goat anti–rabbit IgG were used as
secondary antibodies (MoBiTec, Göttingen, Germany), respectively. Coverslips were
mounted on glass slides in a medium containing 17% Mowiol 4–88 (EMD Millipore,
Billerica, MA), 33% glycerol, and 20 mg/ml DABCO (1,4-diaza-bicyclo-[2,2,2]-octane) in
PBS. Nuclei were visualized with DAPI (4-,6-diamidino-2-phenylindole; Sigma) added to
the embedding medium at a concentration of 1 µg/ml. Photographs of optical sections were
acquired with an FV1000 confocal laser scanning microscope (Olympus, Tokyo, Japan)
equipped with an U Plan S Apo 100°— oil immersion objective (N.A. 1.40) and Olympus
Fluoview Software (3.0a).

Immunoblotting
BMMC were solubilized in lysis buffer (50 mM Tris pH 7.4, 150 mM NaCl, 5 mM EDTA,
1% (vol/vol) Triton X-100), followed by centrifugation and resuspension in SDS sample
buffer without β-mercaptoethanol. SDS-PAGE and immunoblotting were performed using
10% polyacrylamide gels. Anti-mouse CD63 rabbit antiserum (25) was used at a 1:400
dilution and control anti-FcεRIβ monoclonal antibody supernatant (JRK1 (32)) pure,
followed by incubation with horseradish-peroxidase conjugated anti-rabbit and anti-mouse
antibodies (Sigma). Anti-phosphotyrosine (4G10, Millipore, Billerica, MA), anti-phospho-
Akt (anti phosphoserine 473 Akt; Cell Signaling Technology, Beverly, MA) and anti-Akt
blots (Cell Signaling Technology) of cells triggered as described for degranulation assays
were performed as described in (16, 33).
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Degranulation Assays
For assessment of MC degranulation, β-hexosaminidase assays were performed. Briefly,
1×106/ml BMMC were loaded with 1 µg/ml anti-DNP IgE (Sigma) in culture medium
without IL-3 over night. Then, cells were washed 3× in Modified Tyrode’s Buffer (135 mM
NaCl, 5 mM KCl, 1 mM MgCl2, 10 mM Hepes, 5.6 mM dextrose, 0.1 % (wt/vol) BSA), and
then triggered for 30 minutes at 37°C with 0 – 100 ng/ml DNP-BSA (Sigma) or 2 – 10 nM
PMA in combination with 0.5 – 2 µM ionomycin, at 4 × 106 cells/ml. After stimulation, cells
were centrifuged at 4°C and supernatants were incubated in citrate buffer (50 mM citric
acid, 50 mM sodium citrate, pH = 4.5) with 0.3 mg/ml p-nitrophenyl N-acetyl-β-D-
glucosaminide (Sigma) for 60 minutes at 37°C. Cell pellets were lysed in a Modified
Tyrode’s solution with 1% (vol/vol) Triton X-100 and also incubated in citrate buffer.
Reactions were terminated in carbonate buffer (100 mM Na2CO3, 100 mM NaHCO3), and
after 15 minutes OD at 405 nM was determined using an ELISA plate reader. Specific
release was calculated as % of total β-hexosaminidase content after subtraction of baseline
degranulation in untriggered cells.

LTC4 production
BMMC were loaded and triggered similar to β-hexosaminidase assays except that culture
medium for overnight loading contained IL-3 and cell concentration during triggering was
0.5 × 106/ml. After triggering, LTC4 and PGD2 production was determined using an EIA
assay (Cayman Chemical, Ann Arbor, MI) according to manufacturer’s instructions.

TNF-a and IL-6 ELISA
BMMC were loaded with 0.5 µg/ml anti-DNP IgE over night in culture medium without
IL-3. Then cells, were washed and incubated for 6 hours at 0.25 × 106 cells/ml in culture
medium with 0–100 ng/ml DNP-BSA. ELISA was performed using kits (BD Biosciences)
according to manufacturer’s instructions.

Adoptive transfer of BMMC to Kitw/w-v mice and passive cutaneous anaphylaxis (PCA)
Transfer of CD63+/+ and CD63−/− BMMC into MC-deficient Kitw/w-v mice (3, 34) was
performed by intradermal injection of 1×106 BMMC in PBS + 10 µg/ml mouse serum
albumin (Sigma) each into ear skin. After 4 weeks, PCA was performed as described
previously (34) with some modifications. Briefly, 100 ng anti-DNP IgE (or control buffer) in
PBS + 10 µg/ml mouse serum albumin was injected intradermally into ear skin. On the next
day, PCA was elicited by injecting 200 µg of DNP-BSA in 0.9 % (wt/vol) NaCl containing
1% (wt/vol) Evan’s blue (Sigma) intravenously into tail veins. After 30 minutes, mice were
sacrificed and development of anaphylactic reactions was determined by measuring the
amount of leaked Evan’s Blue extracted in formamide (three incubations for 2 hours each at
60°C) from 5 mm ear skin punches. The average amount of dye extracted from ears of mice
that were injected in buffer (without DNP-IgE) was used as a baseline control and was
subtracted from test values. Additional mice were subject to PCA, followed by use of ear
skin for histopathology and toluidine blue staining. A value of more than 10% of granules
released from the mast cell cytoplasm was used to determine the number of degranulated
mast cells in tissue sections.

RESULTS
CD63 −/− mice show normal mast cell numbers and tissue distribution

To evaluate the role of CD63 in mast cells (MC), CD63-deficient mice were analyzed in
detail (25). Many tetraspanins regulate cell motility in conjunction with integrins (12). Thus,
CD63 deletion could affect the migration, homing and maturation of MC from the bone
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marrow into tissues (1). To determine whether CD63-deficient mice show any abnormalities
in MC development and tissue distribution, paraffin-embedded sections from skin, stomach,
tracheobronchial tree, and heart were prepared from CD63+/+ and CD63−/− littermates. The
sections were stained with toluidine blue, which leads to metachromatic staining of MC
granules, and the numbers of MC’s and their locations within these tissues were compared.
Figure 1 shows representative views of bronchial tissues (Fig.1A,B) and the result of MC
counts in skin, stomach, tracheobronchial tree, and heart from three mice from each
genotype (Fig.1C). No differences were found in MC numbers and locations within these
tissues, indicating that CD63 is dispensable for normal MC development and tissue
distribution.

FcεRI-induced degranulation is significantly diminished in CD63−/− BMMC
To assess the role of CD63 in MC functions, we generated mouse bone marrow-derived
mast cells (BMMC) from CD63+/+ and CD63−/− 6–8 week-old littermates by culture in the
presence of IL-3. BMMC developed normally within 3–4 weeks of culture, and showed no
obvious differences in morphology (see Fig. 2A and B) and c-Kit and FcεRI expression as
determined by flow cytometry (data not shown). To confirm CD63 expression in wild-type
BMMC and loss of expression in genetically deficient BMMC, western blot analysis was
performed, using a recently described polyclonal antibody (25). As seen in Fig. 2C, BMMC
lysates from CD63+/+ mice show a 50–60 kD band representing heterogeneously
glycosylated CD63, while this band is absent in BMMC lysates from CD63−/− mice. As a
control, the same membrane was blotted with an anti-FcεRIβ Ab. The expression of FcεRIβ
was in a comparable range in CD63+/+ and CD63−/− BMMC (Fig. 2D).

Once we had verified the absence of gross abnormalities of CD63-deficient MC, we
assessed their response to activation by comparing FcεRI-induced degranulation in CD63+/
+ and CD63−/− BMMC. Degranulation was measured by the release of β-hexosaminidase
after crosslinking of FcεRI-bound anti-DNP-IgE with the multivalent antigen DNP-BSA.
Fig. 3A shows that FcεRI-induced mast cell β-hexosaminidase release is significantly
decreased in CD63-deficient BMMC compared to wild type littermates (p < 0.0001 by
ANOVA). PMA and the calcium ionophore ionomycin can induce degranulation
irrespective from FcεRI activation due to the direct activation of PKC and calcium influx.
Fig. 3B shows that degranulation induced by PMA and ionomycin was unaffected in CD63-
deficient BMMC (while FcεRI-induced triggering was still significantly affected in two
concomitant experiments performed in duplicate with 7.4 +/− 1.46% β-hexosaminidase
release for CD63+/+ BMMC and 0.0 +/− 0.4% β-hexosaminidase release for CD63−/−
BMMC; p = 0.0016). In addition, total granule content of β-hexosaminidase (arbitrary units
measured from lysates plus supernatant at 405 nm wavelength) was calculated from all β-
hexosaminidase assays performed, and was found not to be significantly different (1796 +/−
137 for CD63+/+ (n = 16), and 1909 +/− 159 for CD63−/− BMMC (n = 15); p=0.59). Thus,
a granule storage defect in CD63−/− BMMC is unlikely. In summary, CD63 expression is
required for efficient MC degranulation via IgE and FcεRI in cell-based assays.

CD63-deficient BMMC exhibit decreased TNF–α secretion, while IL-6 secretion and
leukotriene C4 synthesis remain intact

The decrease in degranulation observed in CD63−/− BMMCs could be due to a defect in
granule functions, resulting from the absence of CD63 in granules. As opposed to preformed
mediators stored in granules, such as histamine, serotonin, and hexosaminidase, other MC
mediators such as leukotrienes are synthesized de novo (3). Given the role of CD63 in
granules/lysosomes, we hypothesized that CD63-deficiency would not affect the release of
de novo synthesized mediators. To test this hypothesis, we measured FcεRI-induced
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leukotriene C4 (LTC4) release in BMMC. As shown in Fig. 4, FcεRI aggregation-induced
release of LTC4 is not reduced in CD63-deficient BMMC.

While cytokines such as IL-6 are mostly synthesized upon activation, TNF-α is both
synthesized de novo and stored within MC for rapid release through regulated exocytosis
during degranulation (4–6, 8). We hypothesized that TNF-α release upon FcεRI aggregation
would be decreased, while IL-6 release would not be affected by CD63-deficiency. As
shown in Fig. 5, the absence of CD63 led to impaired TNF-α secretion (Fig. 5 A), while
IL-6 secretion (Fig. 5B) was unaffected.

CD63-deficient BMMC show no ultrastructural abnormalities, differences in lysosomal
marker expression, and FcεRI-induced tyrosine and Akt phosphorylation

As shown in Fig. 2 A and B, CD63-deficient BMMC showed no overt light microscopic
differences on Giemsa stains. To further investigate possible differences in granule content
and morphology, electron microscopic studies were performed (see Fig. 6A and B). Analysis
of both CD63+/+ and CD63−/− BMMC showed immature mast cells without discernible
ultrastructural differences (two independent experiments performed with n=3 CD63+/+ and
n=2 CD63−/− BMMC cultures). In addition, indirect immunofluorescence for the late
endosomal/lysosomal marker proteins LIMP-2, LAMP-1, LAMP-2, and cathepsin D and
confocal microscopy was performed and showed no obvious differences in expression or
distribution of these markers, while CD63 expression was lost in CD63-deficient BMMC
(see Figs. 6C–E). Finally, we evaluated proximal FcεRI signaling events. Similar to our
prior study using anti-CD63 mediated inhibition of degranulation in RBL (16), global
FcεRI-induced tyrosine phosphorylation was unaffected in CD63-deficient BMMC (see
supplemental Fig. 1A). However, the Gab2/Akt pathway for degranulation does not appear
to be affected in CD63−/− BMMC, as shown by retained Akt phosphorylation (see
supplemental Fig. 1B and C).

CD63 contributes significantly to IgE-mediated anaphylactic reactions in vivo
To address the role of CD63 in MC-mediated allergic responses in vivo, we took advantage
of the congenitally MC-deficient mouse strain Kitw/w-v. These mice can be reconstituted
with MC of various genotypes. This model of “mast cell knockin” mice allows for selective
analysis of MC-specific functions of genes of interest in vivo (3). MC-deficient Kitw/w-v

mice were reconstituted intradermally in one ear with CD63−/− BMMC and in the other ear
with the same number of CD63+/+ BMMC. We verified that equal numbers of CD63+/+
and CD63−/− mast cells were present in each ear after reconstitution (Fig. 7A–C).

We then used an established model of IgE- and FcεRI-mediated anaphylaxis, passive
cutaneous anaphylaxis, adapted for use in locally reconstituted Kitw/w-v mice (34).
Anaphylaxis was induced by injecting DNP-specific IgE in ears reconstituted with either
CD63+/+ or CD63−/− BMMC, followed by triggering with DNP-BSA injected
intravenously along with Evan’s blue. Evan’s blue binds to albumin and stays in the vascular
system unless it leaks into the tissues when vascular permeability is increased, such as in the
case of an acute allergic reaction. The amount of Evan’s blue that can be extracted from ear
tissues allows for quantification of the extent of MC degranulation in that ear. In ears
reconstituted with CD63−/− BMMC, less Evan’s Blue dye extravasation was observed than
in contralateral ears reconstituted with CD63+/+ BMMC (Fig. 7D). For each experiment, the
ratio between the amount of Evan’s blue extracted from the CD63−/− ear and the CD63+/+
ear was calculated. The average of this ratio in 7 experiments was 0.49 (SD 0.16; confidence
interval 0.34–0.64), which was significantly different from 1 (p = 0.0002; t-test). In addition,
tissue sections of reconstituted ears prepared after induction of anaphylaxis in a separate
experiment performed without Evan’s blue were analyzed. These showed more pronounced
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MC in the ear reconstituted with CD63+/+ BMMC, as can be seen by the presence of
numerous toluidine blue positive granules outside the MC cytoplasm (Fig. 7 E). The
majority of CD63−/− BMMC showed no prominent degranulation (Fig. 7 F). Additional
scoring showed that a mean of 71.01% of CD63+/+ BMMC and 26.19% CD63−/− BMMC
were degranulated (n=2 slides each).

DISCUSSION
In this study, we showed that the tetraspanin CD63 is required for optimal IgE-mediated MC
degranulation and anaphylaxis. Activation of CD63−/− MC generated ex vivo led to a
significantly decreased secretion of β-hexosaminidase and TNF-α, while production of IL-6
and LTC4 was unaffected. No obvious ultrastructural differences, differences in late
endosomal/lysosomal marker expression, as well as alterations in FcεRI-dependent tyrosine
phosphorylation were seen in CD63−/− BMMC. However, MC-deficient mice developed
significantly less severe passive cutaneous anaphylaxis at sites reconstituted with CD63−/−
BMMC compared to sites reconstituted with CD63+/+ BMMC. These strong effects of
CD63-deficiency on MC functions are unusual, since knockout models on other tetraspanins
often have fallen short of confirming the strong functional effects of antibodies, possibly due
to redundant roles in multi-molecular complexes (35).

The discrepancy between the decrease in TNF-α secretion and the preservation of IL-6 and
LTC4 production is most likely due their different processing in MC. TNF-α, like mediators
such as serotonin, histamine and β-hexosaminidase, is stored in granules and released upon
activation by regulated exocytosis (8). A smaller amount of TNF-α is synthesized upon
activation and released immediately (4, 6). In MC, CD63 is expressed in secretory
lysosomes (SL), structures that possess characteristics of both lysosomes and granules (36).
SL are the main organelle responsible for degranulation in nonprofessional secretory cells,
such as MC (19, 37–39). CD63 colocalizes with serotonin in RBL cells, a mast cell model
cell line (20). SL in RBL cells are capable of regulated secretion upon FcεRI aggregation.
Dynamic studies of MC activated by FcεRI aggregation have shown the migration of CD63-
positive granules towards the plasma membrane (PM) followed by their fusion with the PM
(17). As mentioned, we did not observe any decrease of total β-hexosaminidase levels in
CD63−/− BMMC, making a storage defect unlikely. In addition, there were no
ultrastructural difference in mast cell morphology and SL marker expression. This supports
the hypothesis that CD63-deficiency specifically affects the release of mediators that are
stored in SL, either directly or by inhibiting upstream signaling mechanisms.

The molecular details of distal events of MC degranulation such as membrane fusion, and
their connection with FcεRI signaling, are now beginning to be understood. These processes
are regulated by SNAREs (soluble N-ethyl-maleimide-sensitive factor-attachment protein
receptors) (5, 7). The major t-SNARES (located on the target membrane) in MC
degranulation appear to be syntaxin 4 and SNAP-23 (40–43), and the major v-SNARE
appears to be VAMP-8 (42, 44–46). It remains to be elucidated how CD63 interfaces with
this machinery. Given that PMA/ionomycin-induced degranulation, which circumvents
FcεRI-induced signaling events that lead to activation of membrane fusion, is unaffected in
CD63−/− BMMC, CD63 may be required for signaling events that feed into membrane
fusion processes. Very proximal events such as FcεRI-induced global tyrosine
phosphorylation and Akt phosphorylation (the latter was affected with anti-CD63 in RBL),
were not affected in CD63-deficient BMMC. However, given the different cellular systems
used and the different types of CD63 alterations (binding of surface-expressed CD63 by an
antibody in the prior study, versus removal of both surface-expressed and intracellular
granule-expressed CD63 by genetic targeting in the current study), differences in affected
signaling pathways are to be expected. Regardless, the data obtained with both approaches
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support an important role for CD63 in the degranulation process and allergic reactions in
vivo.

A major signaling event during FcεRI-induced degranulation appears to be the activation of
the t-SNARE SNAP23 through IKK2 (IKKβ) (43). Interestingly, IKK2-deficient BMMC not
only show a defect in degranulation, but also in TNF-α secretion, similar to our observation
in CD63-deficient BMMC in this study. In addition, IKK2 is a signaling molecule
downstream of Akt, whose activation was suppressed by anti-CD63 in our previous study
(16). Another recently described role for CD63 is recruitment of the calcium sensor
synaptotagmin VII to lysosomes, which may provide another possible link between FcεRI
signaling and CD63 (47). Further studies will focus on the role of CD63 in the mechanisms
that regulate degranulation.

In our prior study using an anti-CD63 mAb and the RBL cell line, we observed that anti-
CD63 inhibited degranulation only when tested on adherent cells (16). Anti-CD63 also
inhibited RBL cell adhesion to extracellular matrix proteins. In our current study we used
BMMC, which do not adhere spontaneously in contrast to RBL, which adhere very strongly
to numerous surfaces. For example, in order to detach RBL cells from culture flasks
incubation of several minutes at 37°C with trypsin and EDTA is required. CD63−/− BMMC
showed diminished degranulation when triggered in suspension. Therefore, the requirement
for adhesion to uncover the role of CD63 in RBL cells may be due to a particularity of these
cells not shared by BMMC, or due to a CD63 antibody-induced effect that is not seen in
cells genetically deficient for CD63. In addition, the prior study also suggested an inhibitory
effect of anti-CD63 on the Gab2-PI3K–PKCδ pathway of degranulation (16). The possible
mechanism of suppression in those studies included anti-CD63-mediated inhibition of
adhesion signaling (which would then lead to diminished degranulation as a downstream
effect), or alternatively, sequestering of signaling molecules required for both adhesion and
degranulation. Given our new data in CD63−/− BMMC, the latter possibility appears more
likely, given the robust inhibition of degranulation in suspended cells. While RBL cells have
been used extensively as a model of MC, they may not be entirely representative of primary
MC. For example, primary MC are heterogeneous depending on their degree of maturation,
their tissue location, and whether they are resident or recruited to the site of an inflammatory
reaction. They also differ in the presence of signaling molecules. For example, the tyrosine
kinase Fyn, a regulator of FcεRI-induced degranulation in BMMC (48), is expressed at only
very low levels in RBL cells. Therefore, differences should be expected depending on the
source of MC used in the respective study.

The observed decrease in MC degranulation in CD63−/− BMMC and also with anti-CD63
in RBL cells (16) was approximately 50%. This strong, but partial inhibition may be due to
the role of tetraspanins in multimeric complexes which incorporate other members of the
tetraspanin family (12, 35), allowing for other tetraspanins to compensate for absent or
inhibited CD63. This is also underscored by the observation that the defects in knockout
models of other tetraspanins were generally mild (including the previously reported mild
effects of CD63 in a knockout model) highlighting possible redundancies (25, 35).
Candidate tetraspanins for cooperation with CD63 in mast cell degranulation are CD81,
whose inhibition suppresses degranulation (15), and CD9, which is widely expressed on
mast cells (13).

MC-mediated diseases such as allergic rhinoconjunctivitis or anaphylaxis, represent a
significant health problem. Our observation of significantly impaired IgE-mediated allergic
reactions both upon deletion of CD63 (as in this study) or with anti-CD63 antibodies (as in
the prior studies), indicates that targeting CD63 for therapeutic purposes may represent a
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promising avenue for therapy, and possibly for other inflammatory diseases in which MC
have been implicated to play a pathogenic role.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. CD63 −/− mice show normal numbers and tissue distribution of mast cells (MC)
Staining of MC in bronchial walls of (A) CD63 +/+ and (B) CD63 −/− mice by toluidine
blue. (C) Tissue MC numbers in skin, stomach, trachea/bronchi and heart of CD63 +/+ and
CD63 −/− littermates (mean +/− standard deviation; 3 mice per genotype; 10 HPF counted
twice per condition).
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Figure 2. Bone marrow-derived mast cells (BMMC) from CD63 −/− mice show no overt
morphological differences to BMMC from CD63 +/+ mice and lack CD63 protein expression
Giemsa-stained preparations from CD63 +/+ BMMC (A) and CD63 −/− BMMC (B).
Lysates from CD63 +/+ and CD63 −/− BMMC were blotted with anti-CD63 (C) or anti-
FcεRIβ as a control (D).
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Figure 3. CD63 −/− BMMC show diminished FcεRI aggregation-induced degranulation and
similar PMA/ionomycin-induced degranulation
CD63+/+ and CD63−/− BMMCs were loaded with anti-DNP IgE and (A) triggered with
DNP BSA for FcεRI-induced activation or (B) a combination of PMA and ionomycin for 30
minutes. Supernatants were assayed for β-hexosaminidase with the substrate p-nitrophenyl
N-acetyl-β-D-glucosaminide. Results are expressed as mean + SEM of release calculated as
% of total β-hexosaminidase content and after subtraction of baseline degranulation in
untriggered cells (n=10 for CD63+/+ and n=9 for CD63−/− BMMC cultures from
littermates in 3 independent experiments with p < 0.0001 for (A); n=6 each for CD63+/+
and CD63−/− BMMC cultures from littermates in 4 independent experiments with p =
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0.8298, p = 0.9597, and p = 0.9892 for 2 nM/0.5 µM, 10 nM/0.5 µM, and 10 nM/ 2µM
PMA/ionomycin respectively for (B)).
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Figure 4. FcεRI aggregation-induced leukotriene C4 (LTC4) production is not significantly
different in CD63+/+ and CD63−/− BMMC
CD63+/+ and CD63−/− BMMCs were loaded with anti-DNP IgE and triggered with DNP
BSA (0–100 ng/ml) for 30 minutes. LTC4 was measured in the supernatants by EIA. Results
are expressed as mean + SEM from 3 independent experiments performed each with BMMC
from one CD63+/+ and one CD63−/− littermate).
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Figure 5. FcεRI aggregation-induced TNFα secretion, but not IL-6 secretion, is reduced in
CD63−/− BMMC
CD63+/+ and CD63−/− BMMCs were loaded with anti-DNP IgE and triggered with DNP
HSA (0–100 ng/mL) for 6 hours. Supernatants were assayed for TNFα (A) and IL-6 (B) by
ELISA against a standard curve. TNFα: mean +/− SEM after subtraction of background
(one experiment representative of three independent experiments performed each with one
CD63+/+ mouse and one CD63−/− littermate). IL-6: one experiment representative of two
independent experiments performed each with one CD63+/+ mouse and one CD63−/−
littermate.
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Figure 6. CD63+/+ and CD63−/− BMMC do not show discernible ultrastructural differences and
late endosomal/lysosomal marker expression
Electron microcopy of CD63+/+ (A) and CD63−/− (B) BMMC shows immature mast cells
with a large nucleus with partially dispersed chromatin, narrow surface folds, and many
membrane-bound cytoplasmic secretory granules which are only partially filled with a
mixture of membranous and dense materials (data shown are representative for two
independent experiments, performed in two different facilities (Boston, MA, and Kiel,
Germany). Indirect immunofluorescence and confocal microscopy shows absence of CD63
expression in CD63−/− BMMC (C), but comparable expression and distribution of late
endosomal/lysosomal proteins LIMP-2 and LAMP-1 (D), as well as cathepsin D and
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LAMP-2 (E). Scale bars: 10 µm. Data shown are representative of two independent
experiments.
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Figure 7. IgE-mediated passive cutaneous anaphylaxis in ears of MC reconstituted Kitw/w-v mice
is reduced in ears reconstituted with CD63−/− BMMC compared to ears reconstituted with
CD63+/+ BMMC
Kitw/w-v mice were reconstituted by intradermal injection in 1 ear with 1×106 CD63+/+
BMMC and with the same number of CD63−/− BMMC in the other ear. (A) MC numbers
were counted per 10 HPF on toluidine blue stains. Mean +/− SEM from two independent
experiments. (B, C) Toluidine blue stains of sections from ears after WT or CD63−/−
BMMC reconstitution. (D) Extravasated Evan’s blue was extracted from ears after PCA and
measured. Three independent experiments performed with BMMC from a total of 7 CD63+/
+ mice and 7 CD63−/− littermates. (E, F) In a separate similar experiment performed
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without Evan’s blue the ears were harvested and stained with toluidine blue to assess
degranulation in the CD63+/+ BMMC reconstituted ear (E) and in the CD63−/− BMMC
reconstituted ear (F).
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