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Crucial role for autophagy in degranulation of mast cells
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Background: Autophagy plays a crucial role in controlling
various biological responses including starvation, homeostatic
turnover of long-lived proteins, and invasion of bacteria.
However, a role for autophagy in development and/or function
of mast cells is unknown.

Objective: To investigate a role for autophagy in mast cells, we
generated bone marrow—derived mast cells (BMMCs) from
mice lacking autophagy related gene (Atg) 7, an essential
enzyme for autophagy induction.

Methods: Bone marrow—derived mast cells were generated from
bone marrow cells of control and IFN-inducible Azg7-deficient
mice, and morphologic and functional analyses were performed.
Results: We found that conversion of type I to type II light chain
(LC3)-11, a hallmark of autophagy, was constitutively induced in
mast cells under full nutrient conditions, and LC3-II localized in
secretory granules of mast cells. Although deletion of Azg7 did
not impair the development of BMMCs, Atg7”~ BMMCs showed
severe impairment of degranulation, but not cytokine
production on FceRI cross-linking. Intriguingly, LC3-II but not
LC3-I was co-localized with CD63, a secretory lysosomal
marker, and was released extracellularly along with
degranulation in Azg7*’* but not Atg7”’- BMMCs. Moreover,
passive cutaneous anaphylaxis reactions were severely impaired
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in mast cell-deficient WBB6F1-W/W" mice reconstituted with
Atg7" BMMCs compared with Atg7*’* BMMCs.

Conclusion: These results suggest that autophagy is not essential
for the development but plays a crucial role in degranulation of
mast cells. Thus, autophagy might be a potential target to treat
allergic diseases in which mast cells are critically involved.

(J Allergy Clin Immunol 2011 ;88 NuS-uEN,)

Key words: Mast cell, autophagy, CD63, degranulation, p62, light
chain 3 (LC3)

Autophagy is an evolutionarily conserved bulk degradation
system in all eukaryotes that controls the clearance and reuse of
intracellular constituents and is important for the maintenance
of amino acid pools essential for survival.' This is initiated by the
process in which organelles and cytosolic components are seques-
tered in double-membraned vesicles (so-called autophagosomes)
and then delivered to lysosomes, where the autophagic cargo is de-
graded.” Yeast genetic screening studies have identified a variety of
essential components of autophagy machinery, called autophagy
related gene (Atg) genes, that are phylogenetically highly con-
served. Among them, a mammalian counterpart of Azg8, light chain
(LC)-3 localizes on autophagosomes through conversion of LC3-1
to LC3-II by its C-terminal lipidification in an Atg5-dependent and
Atg7-dependent fashion.'* Although LC3-I diffusely distributes in
cytoplasm, LC3-II shows a punctuate distribution. Accumulating
studies using Atg5-deficient or Azg7-deficient mice have revealed
that autophagy controls a variety of biological responses including
aging, development, neurodegenerative diseases, intracellular bac-
terial infection, and cancer.'” Intriguingly, autophagy has been
shown to be critically involved in the packaging of antimicrobial
peptides into granules in Paneth cells, thereby promoting efficient
export of microbial peptides into the lumen of the gut.>> Moreover,
autophagy is also involved in the homeostasis of pancreatic [3 cells
through degradation of toxic cytoplasmic components, such as
damaged organelles and ubiquitinylated proteins.®”’

Mast cells express high-affinity receptors for IgE (FceRI) on
the cell surface and are able to release histamine, leukotriene Cy4
(LTC,), and other preformed chemical mediators on cross-linking
of FceRI receptors by polyvalent antigen, thereby playing a cru-
cial role in allergic inflammatory reactions.®” Mast cells are
also involved in protection of the host from bacterial infection
through production of TNF-a in response to bacteria components,
such as LPS.'!'? Most of these functions of mast cells are medi-
ated by regulated exocytosis of specific secretory granules that are
induced by antigen stimulation. Secretory granules in mast cells
are considered to be secretory lysosomes that bridge the secretory
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Abbreviations used
Atg: Autophagy related gene
BM: Bone marrow
BMMC: Bone marrow—derived mast cell
DC: Dendritic cell
FceRI: High affinity receptor for IgE
GM-CSF: Granulocyte macrophage colony-stimulating factor
GFP: Green fluorescence protein
LC3: Light chain 3
LC3-I: Type I light chain 3
LC3-II: Type II light chain 3
LTC,: Leukotriene C,
M-CSF: Macrophage colony-stimulating factor
MFI: Mean fluorescence intensity
MVBs: Multivesicular bodies
PCA: Passive cutaneous anaphylaxis
PMA: Phorbol 12-myristate 13-acetate
Poly I:C: Polyinosinic-polycytidylic acid
SCF: Stem cell factor
siRNA: Small interfering RNA
SNARE: Soluble N-ethylmaleimide—sensitive factor attachment
protein receptor

and endocytic pathways. Selective transport of granular contents
to granules of mast cells is considered to be regulated by
synaptotagmins, mammalian homologue of Caenorhabditis ele-
gans unc (Munc) 13-14, and rab27a." However, the detailed
mechanisms underlying sorting of granular contents to granules,
and regulated exocytosis of granular contents by specific soluble
N-ethylmaleimide—sensitive factor attachment protein receptor
(SNARE), are not fully understood. 14 Because we found that con-
version of LC3-I to LC3-II was constitutively induced in bone
marrow (BM)—-derived mast cells (BMMCs) under full nutrient
conditions, we investigate a contribution of autophagy to the de-
velopment and/or function of mast cells by using IFN-inducible
Atg7-deficient mice.

METHODS
Mice

Atg71ox (FVEI0x (F) Aro7F7F My, Atg 7" :Mx:p62™", and Atg7™" :Mx:p62”
mice were described previously.'>'® Green fluorescence protein (Gfp)-Lc3
transgenic mice were described elsewhere.'” WBB6F1-+/+, WBB6FI-
W/W", and C57BL/6 mice were purchased from Japan Clea (Tokyo, Japan).
To induce deletion of Arg7 gene, 8-week-old to 12-week-old Arg7""F:Mx,
Atg7"F :Mx:p62"", and Atg7"F:Mx:p62” mice were injected with 300 wg
polyinosinic-polycytidylic acid (poly I:C; Sigma-Aldrich, Tokyo, Japan) 3
times every other day. At 2 weeks after the first poly I:C injection, BM cells
from indicated genotyped mice were prepared as described and used for induc-
tion of BMMC:s. In parallel experiments, Mx-cre negative flox mice were sim-
ilarly injected with poly I:C, and BM cells were used to generate control
BMMCs. Deletion of floxed alleles of Azg7 genes was confirmed by PCR using
BM cells or BMMCs. All experiments were performed according to the guide-
lines approved by the Institutional Animal Experiments Committee of Jun-
tendo University School of Medicine.

Antibodies

Anti-GFP (Medical and Biological Laboratories [MBL], Nagoya, Japan),
anti-LC3 (MBL), anti—3-actin (Sigma-Aldrich), anti-CD63 (MBL), antiubi-
quitin (MBL), anti—c-kit (BD Bioscience, Franklin Lakes, NJ), anti-FceRI
(eBioscience, San Diego, Calif), and anti-p62 (Stressgen, Brussels, Belgium)
were purchased from indicated sources. Rabbit anti-LC3 antibody was
generated and described previously.'
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Cells

Bone marrow—derived mast cells were generated as previously described.'”
Briefly, BM cells were cultured in RPMI 1640 medium (Sigma-Aldrich) supple-
mented with 10% heat-inactivated FCS, 100 wmol/L 2-mercaptoethanol, 10
wmol/L minimum essential medium-nonessential amino acids, 100 U/mL pen-
icillin, 100 wg/mL streptomycin, and 10 ng/mL murine IL-3 (Peprotech, Rocky
Hill, NJ), or IL-3 + 10 or 100 ng/mL murine stem cell factor (SCF; Peprotech),
for 5 to 8 weeks. After 5 weeks of culture, more than 98% of cells that were pos-
itive for both c-kit and FceRI on the cell surface by flow cytometry and Diff-
Quick staining were considered to be mature mast cells. A human mast cell
line, laboratory of allergic diseases (LAD)2 cells (provided by Dr Arnold
Kirshenbaum), were maintained as described previously.'® Generation of mac-
rophage colony-stimulating factor (M-CSF)—-induced macrophages, granulo-
cyte macrophage colony-stimulating factor (GM-CSF)—induced dendritic
cells (DCs), and Flt3-induced DCs was described previously.'®

Expression vectors

A lentiviral expression vector for Cherry fused to LC3 (Cherry-LC3) was
generated as a standard method. Briefly, a full-length fragment of human LC3
was generated by PCR using pEGFP-LC3 (provided by Dr Isei Tanida) as a
template, and subcloned into pmCherry-C1 (Clontech). Then, a Cherry-LC3
fragment was transferred into a lentiviral vector, CSII-EF-MCS (provided by
Dr Hiroyuki Miyoshi), and designated plenti-Cherry-LC3. pCR-Cherry-LC3
was constructed by inserting a Cherry-LC3 fragment into pCR-3 (Invitrogen,
Carlsbad, Calif). An expression vector for CD63-GFP was generated by
subcloning murine CD63 into pEGFP-N1 (Clontech, Mountain View, Calif).

Generation of BMIMICs stably expressing Cherry-LC3

Production of Lentivirus and infection of cells with Lentivirus were de-
scribed elsewhere.?® Briefly, 293T cells were transiently transfected with
plenti-mCherry-LC3 along with packaging vectors, pCAG-HIV-gp, and
pCMV-VSV-G-RSV-REV. At 48 hours after transfection, culture supernatants
were collected and used for infection. BMMCs were incubated with the culture
supernatants containing Lentivirus for 48 hours and then used for experiments.

Transient transfection of BMMCs

Bone marrow—derived mast cells were transiently transfected with expres-
sion vectors for pCR-Cherry-LC3 and pEGFP-CD63 by using a Nucleofector
(Amaxa; Program Y-01, Solution V, Lonsa Group Ltd, Basel, Switzerland). At
24 hours after transfection, cells were used for subsequent experiments.

Knockdown of Atg12 by small interfering (si) RNA
Wild-type BMMCs were transfected with control or Azg/2 siRNA (Applied
Biosystems Japan, Tokyo, Japan) by using the Nucleofector (Amaxa; Program
T-30, Solution V). Gene silencing efficiency was determined by quantitative
(q@)PCR. BMMCs were used for experiments 24 hours after transfection.

Degranulation of mast cells

Bone marrow—derived mast cells were sensitized with 1 wg/mL anti-
trinitrophenol (TNP) IgE mAD (clone IgE-3; BD Biosciences) for 1 hour and
then suspended at 1 X 10° cells/mL in Tyrode buffer containing 0.1% BSA.
Cells were stimulated with indicated concentrations of anti-IgE antibody
(BD Biosciences) or 1.6 nmol/L phorbol 12-myristate 13-acetate (PMA)
plus 1 pmol/L ionomycin (Sigma-Aldrich) for 40 minutes at 37°C unless oth-
erwise indicated. Degranulation of mast cells was determined by (3-hexosa-
minidase and histamine release as described previously.'® Degranulation
was expressed as net percent release of B-hexosaminidase ([OD: stimulated
— unstimulated/OD: total lysate — unstimulated] X 100%). There were no sig-
nificant differences in the spontaneous release of (-hexosaminidase from
Atg7"VF-BMMCs and Atg7ABM-BMMCs (results; means = SD; 10.007 *+
2.105% and 10.649 * 1.262%, respectively). Concentrations of histamine
in the same supernatants were determined by histamine competitive ELISA
kit (Oxford Biomedical Research, Inc, Rochester Hills, Mich) according to
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the manufacturer’s instructions, and degranulation was expressed as percent
release of histamine as described in B-hexosaminidase.

Western blotting

Bone marrow—derived mast cells were untreated or stimulated as described.
After stopping the reaction by adding ice-cold PBS, sample buffer containing
SDS was directly added to the pellets, followed by brief sonication. Then, lysates
were subjected to SDS-PAGE and transferred onto polyvinylidene difluoride
membranes (Millipore, Billerica, Mass). In some experiments, supernatants after
removal of degranulated cells were further centrifuged at 100,000g for 1 hour to
obtain the granule pellets. Sample buffer was added to the pellets and subjected
to SDS-PAGE. The membranes were analyzed by immunoblotting with
indicated antibodies, followed by horseradish peroxidase—conjugated respective
secondary anti-immunoglobulin antibodies. The membranes were developed
with the Enhanced Chemiluminescence Western Blotting Detection System
Plus (GE Healthcare Life Sciences, Tokyo, Japan).

Confocal microscopy

Bone marrow—derived mast cells were plated onto 12 wells containing
60-mm dishes (Ibidi GmbH, Munich, Germany) pretreated with poly-L-lysine
(Sigma-Aldrich) and attached to dishes by centrifugation. Then, cells were
fixed with 4% paraformaldehyde in PBS for 30 minutes and permeabilized
with 50 pg/mL digitonin-PBS for 10 minutes. Cells were immunostained with
anti-LC3, antiubiquitin, and anti-p62 antibodies in 1% BSA-Tris-buffered
saline for 1 hour and were visualized with Alexa 488—conjugated or 594-
conjugated secondary antibodies (Invitrogen). Confocal microscopy was
performed on an FV1000 (Olympus, Tokyo, Japan). Pictures were analyzed
by FV10-ASW (Olympus).

Transmission electron microscopy

Bone marrow—derived mast cells were prepared from wild-type C57BL/6,
Atg7" and Atg7"™F:Mx mice. To induce starvation, wild-type BMMCs were
cultured in HBSS (+) without FCS for 2 hours. Cells were serially fixed with
2% glutaraldehyde in PBS for 2 hours and then with 2% osmium tetroxide
(O404) for 2 hours before embedding in Epon 812. Thin sections were pre-
pared by using a MT-5000 ultramicrotome (Dupont, Newtown, Mass) stained
with uranyl acetate followed by lead citrate, and then observed on a JEM 1230
electron transmission microscope (JEOL, New York, NY).

Measurement of translocation of CD63

Bone marrow—derived mast cells were sensitized as described and stim-
ulated with TNP-BSA (1 ng/mL; LSL Co, Ltd, Tokyo, Japan) for 30 minutes at
37°C. The reaction was stopped with ice-cold PBS and fixed in 4%
paraformaldehyde. Cells were stained with anti-CD63 antibody, followed by
fluorescein isothiocyanate—conjugated rabbit antirat IgG antibody (ICN/
Cappel, Costa Mesa, Calif), analyzed by FACS Caliber (BD Biosciences).
The ratios of mean fluorescence intensities (MFIs) of CD63 on antigen-
stimulated and unstimulated BMMCs were calculated.

Reconstitution of skin mast cells in WBB6F1-W/W"
mice with Atg7"/F-BMMCs and Atg7*2"-BMMCs

and passive cutaneous anaphylaxis reactions

Skin mast cells in ears of mast cell-deficient W/W" mice were reconstituted
by intradermal injection of Azg7"”*-BMMCs or Atg7ABM -BMMCs. Six weeks
after injection, reconstitution of skin mast cells was determined by Toluidine
blue, or Alcian blue and Safranin staining of formalin-fixed tissue sections. To
induce passive cutaneous anaphylaxis (PCA) reactions, mice were sensitized
by intradermal injection of 4 g anti-TNP IgE (clone IgE-3) or saline into ears
of reconstituted mice. Two hours after IgE sensitization, 500 wL 0.5% Evans
blue containing 100 pwg TNP-BSA (LSL Co, Ltd) was injected intravenously.
Ears were removed at 30 minutes after injection, and the amounts of dye in
ears were measured as previously described.'
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Statistical analysis
Statistical analysis was performed by unpaired Student ¢ test. P <.05 was
considered to be statistically significant.

RESULTS
Autophagy is constitutively induced in mast cells
To investigate whether autophagy may participate in the
development and/or function of mast cells, we first examined
whether autophagy is induced in wild-type BMMCs. Along with
induction of autophagy, LC3-1 is converted to LC3-II, and LC3-II
becomes anchored to membrane of autophagosomes, thereby
displaying a punctate distribution in the cytoplasm.'? Intrigu-
ingly, we found that LC3-II was abundantly expressed in a mela-
noma cell line, BMMCs, and GM-CSF-induced DCs, but not
freshly prepared BM cells, M-CSF-induced macrophages, or
Flt3 ligand—induced DCs (Fig 1, A). We next performed confocal
microscopic analysis to test whether LC3 displays a punctate dis-
tribution in BMMCs. To visualize localization of LC3, we ana-
lyzed 3 different BMMCs including BMMCs stably expressing
Cherry-LC3, BMMCs from Gfp-Lc3 transgenic mice that consti-
tutively and ubiquitously express GFP-LC3 protein, and BMMCs
stained with anti-LC3 antibody. In these all BMMCs, LC3 dis-
played a punctate distribution (Fig 1, B). Notably, although LC3
diffusely distributed in freshly prepared BM cells, numbers of
LC3-positive dotlike structures and conversion of LC3-I to LC3-
IT were gradually increased along with maturation of BMMCs
(see this article’s Fig E1 in the Online Repository at www.
jacionline.org). Moreover, we found that LC3 showed a punctate
distribution, and conversion of LC3-I to LC3-II was constitutively
induced in IL-3 + SCF-induced BMMCs, freshly isolated perito-
neal MCs, and a human mast cell line, LAD2 cells (Fig 1, C and
D). Considering that IL-3 + high concentrations of SCF (100
ng/mL) still induced autophagy in BMMCs (data not shown), it
is unlikely that autophagy is induced in BMMCs because of
poor nutrition conditions during culture. Together, autophagy is
constitutively induced in MCs even under full nutrient conditions.
Given that autophagy was constitutively induced in MCs, we
next tested whether autophagosome or autophagosome-like struc-
tures are detected in BMMCs. Transmission electron microscopic
analysis of BMMCs revealed that there were a large number of
granules filled with electron-dense materials and/or small vesicles,
the latter reminiscent of MVBs (Fig 1, E). Notably, these granules
were not identical to autophagosomes that usually sequestrate
cytoplasmic components by isolation membrane and display
double-membrane vesicles."'> However, consistent with many
studies using a variety of cells, typical autophagosomes were in-
deed induced in BMMCs under starved conditions (Fig 1, E, right
panel). Collectively, these results suggest that LC3-II localizes in
granules as well as autophagosomes.

Normal development of BMMCs from Atg7-
deficient mice

Autophagy was constitutively induced in BMMCs, prompting us
to test whether autophagy may play a role in the development of
mast cells. Given that Atg7/ " mice died soon after birth,15’21 we
generated BMMCs from BM cells of IFN-inducible Atg7-deficient
(Atg7™" :Mx) mice. After poly I:C injection, floxed alleles of Arg7
were completely deleted in BM from Azg 7" ’F - Mx mice but not con-
trol Arg7""* mice (Fig 2, A). We referred to poly I:C-injected Arg 7" :
Mx mice as AZg7ABM mice hereafter. Importantly, after a 4-week
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FIG 1. Autophagy is constitutively induced in mast cells. A and D, Conversion of LC3-I to LC3-Il was analyzed
by immunoblotting (/B). B, Confocal microscopic analysis of BMMCs stably expressing Cherry-LC3, BMMCs
derived from Gfp-Lc3 transgenic mice, or BMMCs stained with anti-LC3 antibody. Scale bars, 10 um. C,
IL-3 + SCF-induced BMMCs, peritoneal mast cells, and human LAD2 mast cells were stained with anti-
LC3 antibody or Diff-Quick. Scale bars, 10 um. E, BMMCs cultured in indicated conditions were analyzed
by transmission electron microscopy. D, Electron-dense granule; V, multivesicular-like granule; A, autopha-

gosome. Scale bars, 500 nm.

culture, floxed alleles of Azg7 were still deleted in BMMCs from
Atg7*BM mice (Fig 2, A), and conversion of LC3-I to LC3-II was
completely blocked in BMMCs from Arg7*™ mice (Fig 2, B).
After a 4-week culture, almost 98% of cultured cells from
Atg7ABM as well as Arg7" F mice became positive for both c-kit and
FceRI, and expression levels of FceRI were not different between
Atg7"F.-BMMCs and Arg7**M-BMMCs (Fig 2, C). Thus, these
cells were considered to be mature BMMC:s. In addition, the total
numbers of Arg7**¥-BMMCs were comparable to those of
Atg7""-BMMCs (Fig 2, D). Moreover, Diff-Quick staining showed
that staining intensities of intracellular granules of Arg7°EM-
BMMCs were not significantly different from those of Arg7""*-
BMMC:s (Fig 2, E). Together, differentiation and proliferation of
Atg7ABM-BMMCs appeared to be normal. However, LC3-I formed
large aggregates in Azg7**-BMMCs because of a defect in conver-
sion from LC3-I to LC3-I1 by A7g7 gene deficiency, whereas LC3-1I
showed a punctate distribution in Azg7”"-BMMCs (Fig 2, F).

Autophagy plays a crucial role in FceRl-induced
degranulation by BMMCs

Because LC3-II appears to localize in granules, we examined
whether degranulation is impaired in Atg7ABM-BMMCs. Interest-
ingly, FceRI-induced releases of both 3-hexosaminidase and his-
tamine were severely impaired in Alg7ABM-BMMCs, whereas

total cellular contents of -hexosaminidase and histamine were
slightly reduced in Arg7°®™-BMMCs compared with Azg7""F-
BMMC:s (Fig 3, A). In sharp contrast, PMA/ionomycin—induced
release of B-hexosaminidase and histamine by Atg7AB M_BMMCs
was comparable to that by Arg7” F_.BMMCs, suggesting that im-
pairment of degranulation caused by deficiency of autophagy
might be overcome by strong signals that induce degranulation
(Fig 3, A). Notably, FceRI-induced release of 3-hexosaminidase
and histamine was severely impaired in Azg7**-BMMCs at any
time point after stimulation (see this article’s Fig E2 in the Online
Repository at www.jacionline.org), indicating that FceRI-induced
degranulation is not delayed in Arg7**-BMMCs compared with
Atg7™"-BMMCs. We also observed similar impairment in degran-
ulation in IL3 + SCF-induced Arg7*®™-BMMCs (Fig 3, B).

To substantiate further a contribution of the autophagy-
dependent signaling pathway to degranulation of BMMCs, we
tested whether knockdown of an autophagy-related gene other
than Arg7 could impair FceRI-induced degranulation of BMMCs.
Knockdown of Azgl2 gene (Fig 3, C), which is also essential for
autophagosome formation, similarly impaired releases of [3-hex-
osaminidase and histamine by BMMC:s (Fig 3, D). These results
further substantiate that Arg7-dependent and Azgl2-dependent
signaling pathways play a crucial role in degranulation of mast
cells and exclude a possibility that Arg7 may control degranula-
tion by mast cells in an autophagy-independent fashion.
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FIG 2. Normal development of BMMCs derived from IFN-inducible Atg7-deficient mice. A, Complete deletion
of floxed alleles of Atg7 gene of freshly prepared BM cells or 4-week-cultured BMMCs from Atg7*8" mice
was determined by PCR. M, Marker. B, Conversion of LC3-l to LC3-Il was analyzed by immunoblotting (/B).
C, Atg7”F-BMMCs and Atg7*2"-BMMCs were stained with anti-c-kit and anti-FceRl antibodies and analyzed
by flow cytometry. Results are representative of 6 independent experiments. MFIs of FceRI expression on
Atg77F-BMMCs and Atg7*#M-BMMCs. Results are means * SDs of 3 independent experiments. ns, Not sig-
nificant. D, Total numbers of cells during development of BMMCs from Atg7*f™ mice are comparable to
those from Atg77F mice. Results are means * SDs of 3 independently prepared BMMCs. E, Atg7""-BMMCs
and Atg7*BM.BMMCs after 5 weeks of culture were stained with Diff-Quick. Scale bars, 20 um. F, Atg7™"-
BMMCs and Atg7*BM-BMMCs stably expressing Cherry-LC3 were analyzed by confocal microscopy. Scale

bars, 10 pm.

The signaling pathways leading to degranulation of BMMCs
triggered by FceRI cross-linking depend on phosphorylation of
early signaling molecules and Ca®* mobilization.?” Thus, we next
investigated whether these signaling pathways are impaired in
A1g7**M_BMMCs. Ca®* mobilization and phosphorylation of
early signaling molecules including syk, phospholipase C-vyl,
and gab2 were not impaired in Atg7ABM-BMMCs compared
with Arg7*”F-BMMCs (see this article’s Fig E3 in the Online Re-
pository at www.jacionline.org). Moreover, production of inflam-
matory cytokines such as IL-6 and TNF-a, generation of LTC,,
activation of the mitogen-activated protein kinases (MAPKSs), or
phosphorylation of inhibitor of NF-kappa B (IkB)a were not im-
paired in Arg7*#M-BMM(Cs (see this article’s Fig E4 in the Online
Repository at www.jacionline.org). These results suggest that
deficiency of autophagy results in a relatively specific defect in
degranulation, but not global dysfunction of mast cells.

LC3-Il co-localizes with a secretory lysosomal
marker, CD63, and upregulation of CD63 on cell
surface is impaired in Atg7*2M-BMMCs on
stimulation

Taken that FceRI-induced degranulation, but not Ca®* mobili-
zation or phosphorylation of early signaling molecules, was

impaired in Atg7ABM-BMMCs, we surmised that autophagy
may play a role in granule maturation, translocation, or fusion
of granules with the plasma membrane along with degranulation.
A previous study has shown that a member of the tetraspanin
family, CD63 (also known as lysosomal-associated membrane
protein-3), localizes on granule membranes of basophils, mast
cells, and platelets, and is considered to be a secretory lysosomal
marker.> Moreover, expression of CD63 on cell surfaces is up-
regulated along with degranulation through granule-plasma
membrane fusion.?” Thus, we investigated whether LC3-II co-lo-
calizes with CD63. We transiently transfected expression vectors
for GFP-CD63 and Cherry-LC3 into Arg7”"-BMMCs and
Atg7ABM -BMMCs and analyzed intracellular localization by con-
focal microscopy. Intriguingly, LC3-II completely co-localized
with CD63 in Arg7"”"-BMMCs, but not in Arg7**¥-BMM(Cs,
in which LC3-I formed large aggregates or diffusely distributed
in the cytoplasm (Fig 4, A). Moreover, we also found that endog-
enous LC3-II partially co-localized with endogenous CD63 in
BMMC:s (Fig 4, B). We then tested whether FceRI-induced upre-
gulation of CD63 on cell surfaces is impaired in Azg7°*M-
BMMCs. We sensitized BMMCs with anti-TNP-IgE, then stim-
ulated them with TNP-BSA. Although surface expression of
CD63 on Atg7""-BMMCs was almost equivalent to Atg7ABM-
BMMCs before stimulation, upregulation of CD63 on
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FIG 3. Autophagy plays a crucial role in FceRI-induced degranulation by BMMCs. A, Release of B-hexosa-
minidase and histamine in culture supernatants and their total contents in cell lysates were measured.
P/I, PMA/ionomycin. Results are means = SDs of triplicate samples and pooled data of 9 to 10 independent
experiments. B, FceRI-induced degranulation is similarly impaired in IL-3 + SCF-induced Atg7*EM-BMMCs.
C, Knockdown of Atg12 by siRNA in wild-type BMMCs. Relative expression levels of Atg72 mRNA were de-
termined by qPCR. D, FceRl-induced degranulation is impaired in Atg12 knockdown BMMCs. Results are
means * SDs of 3 independent experiments, (B and D). *P < .05; **P < .01; ***P < .001. cont, Control; ns,

not significant.

stimulation was lower in Atg7ABM-BMMCs compared with
Atg7""-BMMCs (Fig 4, C). Relative ratios of MFI of CD63 on
stimulated/unstimulated Atg7ABM—BMMCs were substantially
decreased compared with those on Azg7” F_BMMCs (Fig 4, O).
These results suggest that granule translocation or fusion of
granules with the plasma membrane is partially impaired in
Atg7*BM_BMMCs.

LC3-ll is released extracellularly along with
degranulation in Atg7*F-BMMCs, but this release is
impaired in Atg7*2" .BMMCs

Taken that LC3-II accumulated in granules and co-localized
with CD63 (Fig 4, A and B), it would be intriguing to test whether
LC3-II may be released into extracellular space like exosomes
along with degranulation.”* To visualize this process, we unsti-
mulated or stimulated Azg7"”"-BMMCs and Azg7**"-BMMCs
stably expressing Cherry-LC3, and then analyzed them by confo-
cal microscopy. Although Cherry-LC3 showed a punctate distri-
bution in the cytoplasm before stimulation, Cherry-LC3—
positive signals were drastically diminished in Azg7*”*-BMMCs
after stimulation (Fig 5, A, left panels). More importantly,
Cherry-LC3 was released into extracellular space along with de-
granulation (Fig 5, A, left lower panel). However, such release
was not detected in Atg7ABM-BMMCs (Fig 5, A, right lower

panel). To evaluate the contents of released LC3-II more quanti-
tatively, we collected culture supernatants from untreated or stim-
ulated Arg7"”"-BMMCs and Atg7ABM—BMMCs and isolated the
granule fractions by ultracentrifugation. We examined the con-
tents of LC3-II in the granule fractions by Western blotting. En-
dogenous LC3-II was indeed detected in the released granule
fractions from stimulated Arg7"”"-BMMCs but not Azg7"”F-
BMMCs (Fig 5, B). Moreover, large amounts of CD63 were de-
tected in the released granule fractions; however, such release
of CD63 was significantly reduced in Arg7**¥-BMMCs (Fig 5,
B). These results suggest that LC3-II-positive and CD63-
positive granules are released extracellularly like exosomes.>*

Formation of ubiquitin-positive and p62-positive
inclusions in Atg7*#"-BMMCs

Recent studies have shown that inactivation of autophagy
results in formation of large aggregates, culminating in the
development of liver injury and neurodegeneration.15’25’26 We
have recently identified an adaptor protein, p62 (also known as
A170 or SQSTM1 [Sequestosome 1]), that has been shown to
be involved in various signaling pathways as a binding molecule
to LC3.'%% Importantly, deletion of p62 gene abolishes
ubiquitin-positive aggregates and also ameliorates hepatitis of
hepatocyte-specific Atg7-deficient mice.'® To investigate further
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FIG 4. LC3 co-localizes with CD63 in Atg7”/F-BMMCs but not Atg7*&M-
BMMCs. A, BMMCs were cotransfected with indicated expression vectors
and analyzed by confocal microscopy. Scale bars, 10 um. B, Endogenous
LC3 partially co-localizes with endogenous CD63. Wild-type (WT) BMMCs
were stained with indicated antibodies and analyzed as in A. Scale bars,
10 wm. C, Upregulation of CD63 on cell surface is impaired in Atg7*8V-
BMMCs. BMMCs were unstimulated or stimulated with TNP-BSA. Expres-
sion of CD63 on cell surfaces was analyzed by flow cytometry. Relative ra-
tios of MFI of CD63 on cell surface of Atg7”7*-BMMCs and Atg7*EM-BMMCs
unstimulated or stimulated with TNP-BSA are shown. Results are means =
SDs of 4 independent experiments. *P < .05.

the mechanisms underlying impaired degranulation of Atg7ABM-
BMMCs on stimulation, we first tested whether ubiquitin-
positive and p62-positive aggregates were similarly observed in
Atg7ABM-BMMCs. LC3-I formed aggregates that completely
merged with staining with anti-p62 and antiubiquitin antibodies
in Atg7ABM -BMMCs (Fig 6, A). Expression levels of p62 were
markedly increased in lysates of Atg7ABM-BMMCs compared
with Atg7F F.BMMCs (Fig 6, B). FceRlI-induced activation of
mast cells did not alter expression levels of p62 in Atg7ABM—
BMMCs and Atg7F ’F_BMM(Cs. Moreover, transmission electron
microscopy showed that amorphous and electron-thin substances
accumulated in the cytoplasm of Atg7AB M_BMMCs, which might
correspond to aggregates containing p62, LC3-1, and ubiquitiny-
lated proteins (Fig 6, C, lower panel). However, such amorphous
structures were not observed in Arg7”"-BMMCs (Fig 6, C, upper
panel).

To test a possibility that large aggregates containing p62 could
impair degranulation of Atg7ABM-BMMCs, we next generated
BMMCs derived from Arg7 and p62—double-deficient mice. De-
letion of p62 completely eliminated large ubiquitin-positive ag-
gregates (see this article’s Fig ES, A, in the Online Repository

USHIO ET AL 7

at www.jacionline.org), but FceRI-induced degranulation was
still impaired in Arg7%M:p627"-BMMCs (Fig E5, B). Together,
these results suggest that impairment of FceRI-induced release
of B-hexosaminidase and histamine by Atg7AB M_BMMCs is not
a result of accumulation of aggregates containing p62, LC3,
and ubiquitinylated proteins.

Passive cutaneous anaphylaxis reactions were
severely impaired in mast cell-deficient mice
reconstituted with Atg7*2M-BMMCs

To demonstrate an in vivo relevance of autophagy in mast
cells, we adoptively transferred Azg7"”"-BMMCs and Arg7**M-
BMMCs into skins of mast cell-deficient WBBG6F1-W/W"
mice. We assessed degranulation of reconstituted mast cells by
PCA reactions. Although reconstitution efficiency of Arg7*%¥-
BMMCs was approximately 70% of those of Atg7"/"-BMMCs
(Fig 7, A and B), the PCA reaction was almost completely abol-
ished in W/W" mice reconstituted with Arg7***-BMMCs (Fig
7, C). Although we need to consider that a severe defect in
PCA reaction is partly affected by lower numbers of reconstituted
Atg7*PM_BMMCs that had slightly lower histamine contents, au-
tophagy plays a crucial role in degranulation of mast cells in vivo.

DISCUSSION

In the current study, we found that autophagy was constitu-
tively induced in mast cells. Confocal and transmission electron
microscopic analysis revealed that LC3-II localized in CD63-
positive secretory granules, some of which were reminiscent of
multivesicular bodies (MVBs), but not typical autophagosomes in
BMMCs. Moreover, FceRI-induced degranulation, but not cyto-
kine production or LTC, generation, was severely impaired in
Atg7ABM-BMMCs. Intriguingly, LC3-II was released into extra-
cellular space along with degranulation in Arg7"”*- but not
Atg7AB M_BMMCs. Furthermore, PCA reactions were severely
impaired in W/W" mice reconstituted with Atg7ABM -BMMCs. To-
gether, these findings show that autophagy plays a crucial role in
degranulation of mast cells in vitro and in vivo.

One of the most important and unexpected findings in this study
isthat LC3-II accumulated in mast cell granules under full nutrient
conditions and was released extracellularly along with degranu-
lation (Fig 5). It is not likely that LC3-1I normally anchored to iso-
lation membranes of autophagosomes is released extracellularly
through fusion of autophagosomes with the plasma membrane,
because under these conditions, LC3-II should remain in the
plasma membrane. One plausible interpretation would be that at
least some portions of LC3-II-positive and CD63-positive gran-
ules may be initially generated from small vesicles that seques-
trate a set of contents of secretory granules such as histamine
and B3-hexosaminidase (Fig 1, E). These small vesicles may even-
tually be engulfed by MVBs to become mature secretory granules.
If that is the case, LC3-II anchored to membrane of small vesicles
may be released into extracellular space through fusion of MVBs
with the plasma membrane. Consistently, recent studies in yeast
have shown that selective autophagy collects cargos that are sub-
sequently engulfed by multivesicular endosomes, which eventu-
ally fuse with the plasma membrane to release its contents
extracellularly.”®*° Although this secretory pathway is called un-
conventional protein secretion,* our current study suggests for


http://www.jacionline.org

8 USHIO ET AL

A Atg7FF

anti-lgE

Total lysates

J ALLERGY CLIN IMMUNOL
mmm 2011

Atg7iam

granule fractions

AtQTF!F

anti-IgE 0 30 0

30

ABM
Atg7 F/IF ABM F/F ABM

0 0 30 30 (min)

<4—Lc3-

o | < .c3

CD63

aans 8-

FIG 5. Extracellular release of LC3-ll along with degranulation of BMMCs. A, BMMCs stably expressing
Cherry-LC3 were untreated or stimulated with anti-IgE antibody and analyzed by confocal microscopy.
Red box is enlarged image. Scale bars, 10 um. B, LC3-ll but not LC3-l is detected in the released granule frac-
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were analyzed by immunoblotting.

the first time a possible link between autophagy and the unconven-
tional protein secretion pathway in degranulation of mast cells.
Mast cell exocytosis of secretory granules occurs by a highly
regulated series of events, which is controlled by SNARE
proteins.'* Intriguingly, recent studies have shown that degranu-
lation, but not cytokine or chemokine production, is impaired in
mast cells deficient in vesicular-associated membrane protein 8,
a member of the vesicular SNARE complex.3]’32 Similar to
vesicular-associated membrane protein 87 mast cells, degranula-
tion, but not cytokine release or LTC,4 generation, was selectively
impaired in Atg7ABM -BMMCs, further substantiating that degran-
ulation and release of cytokines are differentially regulated by
possibly different SNARE proteins. Given that MAPK activation
was not impaired in autophagy-deficient BMMC:s (Fig E4, C and

D), lack of a defect in cytokine release and LTC, generation in
autophagy-deficient BMMC:s is consistent with previous studies,
in which activation of the MAPK pathways are critically involved
in this process. Partial impairment of upregulation of CD63 on
cell surfaces in Arg7**-BMMCs suggested that autophagy
may also be implicated in this process (Fig 4, C), although the de-
tailed mechanisms have not been fully investigated. On the other
hand, strong calcium signals are known to mobilize both secretory
and conventional lysosomes in a variety of cell types.3 33 Indeed,
PMA/ionomycin—induced degranulation was not impaired in
Atg7*PM_BMMCs (Fig 3, A). This suggests that deficiency of au-
tophagy may be overcome by a strong signal such as PMA/iono-
mycin that may mobilize degranulation of both secretory and
conventional lysosomes.34
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FIG 6. LC3-1, p62, and ubiquitinylated proteins form large aggregates in Atg7*5" -BMMCs. A, BMMCs were
stained with indicated antibodies and analyzed by confocal microscopy UB, Ubiquitin. Scale bars, 10 um. B,
Accumulation of p62 in Atg7*5M-BMMCs was analyzed by immunoblotting. C, BMMCs were analyzed by
transmission electron microscopy. Scale bar, 1 wm. Red box is enlarged image.
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Autophagy deficiency has been shown to induce degeneration of
mitochondria, which results in impaired insulin secretion from
pancreatic B cells in Azg7”~ mice because of decline in cellular ATP
contents.®” Given that optimal cellular ATP levels may be crucial
for activation of kinases involved in degranulation, we examined
cellular ATP contents in Azg7”*-BMMCs and Arg7**™-BMMCs.
In contrast with our expectations, cellular ATP contents were in-
creased in Arg7*PM-BMMCs compared with Arg7"”"-BMMCs
(data not shown). Although the reason cellular ATP contents
were increased in Atg7AB M_BMMCs is currently unknown, these
results suggest that impaired degranulation is not caused by a de-
cline in cellular ATP contents in Atg7AB M_BMMCs.

A significant defect in PCA reactions in W/W" mice reconsti-
tuted with Atg7ABM -BMMCs has clearly shown an in vivo rele-
vance of autophagy in mast cells (Fig 7, C). Although mast
cells appear to be promising targets to treat various allergic
diseases including atopic dermatitis and asthma, we and others
previously reported a crucial role for mast cells in protection of
hosts from bacterial infection.'®!? Therefore, a strategy to inhibit
global function of mast cells might cause serious side effects
through exacerbating bacterial infections. Taken that inhibition
of autophagy might selectively impair FceRI-induced degranula-
tion, but not cytokine production by mast cells, autophagy might
be a potential target to treat allergic diseases by selective suppres-
sion of antigen-induced degranulation of mast cells.

We thank N. Mizushima, I. Tanida, H. Miyoshi, H. Suzuki, H. Ohno, K.
Waguri, and M. Koike for providing reagents and helpful discussions. We also
thank M. Yoshida, J. Nakamoto, and K. Takahashi for support of transmission
electron microscopy.

Clinical implications: Autophagy might be a potential target to

treat allergic diseases in which mast cells are critically involved.
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METHODS
Mice

The Arg 750X FV Flox(E) Ara77E My, Atg7™F :Mx:p62™+", and Atg 7" :Mx:p62™
mice were described previously. "2 C57BL/6 mice were purchased from
Japan Clea (Tokyo, Japan). To induce deletion of Azg7 gene, 8-week-old to
12-week-old Arg7":Mx, Atg7™7-Mx:p62™", and Atg7"F:Mx:p62”" mice were
injected with 300 g poly I:C (Sigma-Aldrich, Tokyo, Japan) 3 times every other
day. At2 weeks after the first poly I:C injection, BM cells from indicated genotyped
mice were prepared as described and used for induction of BMMC:s. In parallel
experiments, Mx-cre negative flox mice were similarly injected with poly I:C,
and BM cells were used to generate control BMMCs. Deletion of floxed alleles
of Atg7 genes was confirmed by PCR using BM cells or BMMCs. All experiments
were performed according to the guidelines approved by the Institutional Animal
Experiments Committee of Juntendo University School of Medicine.

Antibodies

Anti-LC3 (Medical and Biological Laboratories [MBL]), anti—B-actin
(Sigma-Aldrich), and anti-p62 (Stressgen) were purchased from indicated
sources. Anti-phospho (p)-syk, anti-syk, anti-phospho-PLC-vy1, anti-phospho-
gab2, and anti-gab2 were purchased from Cell Signaling technology (Boston,
Mass). Rabbit anti-LC3 antibody was generated and described previously.**

Cells

Bone marrow—derived mast cells were generated as previously described.®?
Briefly, BM cells were cultured in RPMI 1640 medium (Sigma-Aldrich) sup-
plemented with 10% heat-inactivated FCS, 100 wmol/L 2-mercaptoethanol,
10 pmol/L minimum essential medium-nonessential amino acids, 100
U/mL penicillin, 100 pg/mL streptomycin, and 10 ng/mL murine IL-3 (Pepro-
tech) for 5 to 8 weeks. After 5 weeks of culture, more than 98% of cells that
were positive for both c-kit and FceRI on cell surfaces by flow cytometry and
Diff-Quick staining were considered to be mature mast cells.

Confocal microscopy

Bone marrow—derived mast cells were plated onto 12 wells containing
60-mm dishes (Ibidi GmbH) pretreated with poly-L-lysine (Sigma-Aldrich)
and attached to dishes by centrifugation. Then cells were fixed with 4%
paraformaldehyde in PBS for 30 minutes and permeabilized with 50 wg/mL
digitonin-PBS for 10 minutes. Cells were immunostained with anti-LC3,
antiubiquitin, and anti-p62 antibodies in 1% BSA-Tris-buffered saline for
1 hour and were visualized with Alexa 488—conjugated or 594-conjugated
secondary antibodies (Invitrogen). Confocal microscopy was performed on an
FV1000 (Olympus, Tokyo, Japan). Pictures were analyzed by FV10-ASW
(Olympus).

Western blotting

Bone marrow—derived mast cells were untreated or stimulated as described.
After stopping the reaction by adding ice-cold PBS, sample buffer containing
SDS was directly added to the pellets, followed by brief sonication. Then,
lysates were subjected to SDS-PAGE and transferred onto polyvinylidene
difluoride membranes (Millipore). The membranes were analyzed by
immunoblotting with indicated antibodies, followed by horseradish peroxi-
dase—conjugated respective secondary anti-immunoglobulin antibodies. The
membranes were developed with the Enhanced Chemiluminescence Western
Blotting Detection System Plus (GE Healthcare Life Sciences, Tokyo, Japan)
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and analyzed by LAS4000 (GE Healthcare Life Sciences). Relative intensities
of phosphorylated and total proteins were calculated by an ImageGauge (GE
Healthcare Life Sciences). To draw kinetics curves of phosphorylated proteins
after stimulation, relative ratios of intensities of each phosphorylated protein
to those of corresponding total protein were calculated and plotted at indicated
times.

Degranulation of mast cells

Bone marrow—derived mast cells were sensitized with 1 pg/mL anti-
trinitrophenol (TNP) IgE mAb (clone IgE-3; BD Biosciences) for 1 hour and
then suspended at 1 X 10° cells/mL in Tyrode buffer containing 0.1% BSA.
Cells were stimulated with indicated concentrations of anti-IgE antibody
(BD Bioscience) or 1.6 nmol/L PMA plus 1 wmol/L Ionomycin (Sigma-Al-
drich) for indicated times at 37°C. Degranulation of mast cells was determined
by B-hexosaminidase and histamine release as described previously.®® De-
granulation was expressed as net percent release of B-hexosaminidase
([OD: stimulated — unstimulated/OD: total lysate — unstimulated] X 100%).
Concentrations of histamine and LTC, in the same supernatants were deter-
mined by competitive ELISA kit (Oxford Biomedical Research, Inc) accord-
ing to the manufacturer’s instructions. Degranulation was expressed as percent
release of histamine as described in 3-hexosaminidase.

Measurement of intracellular Ca?* mobilization

Intracellular Ca?>* mobilization from BMMCs was measured by a no-
washing method using a FLIPR Calcium Assay Kit (Molecular Devices, Sun-
nyvale, Calif) as previously described.®* Briefly, IgE-sensitized BMMCs were
seeded at a density of 3 X 10° cells per well into poly-D-lysine—coated 96-well
plates (Becton Dickinson, Franklin Lakes, NJ) and loaded with Calcium 3 Re-
agent (Molecular Devices) containing 2.5 mmol/L probenecid (Sigma-Al-
drich) for 1 hour at 37°C. Fluorescence change by addition of agonist was
measured by using a FlexStation II (Molecular Devices).

Cytokine measurement of stimulated-BMMCs

IgE-sensitized BMMCs (2 X 10%mL) were stimulated with indicated
concentrations of anti-IgE (BD Biosciences) for 6 hours. Concentrations of
cytokines in supernatants were determined by using ELISA kit according to
the manufacturer’s instructions (R & D Systems, Minneapolis, Minn).

Statistical analysis
Statistical analysis was performed by unpaired Student 7 test. P <.05 was
considered to be statistically significant.
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mice were stained with anti-LC3 antibody or Diff-Quick at indicated times after starting culture. Scale bars,
10 um. W, Weeks. B, Conversion of LC3-I to LC3-1l was analyzed by immunoblotting (IB).
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FIG E2. FceRl-induced degranulation is not delayed but is severely impaired in Atg7*EM.BMMCs. Release of
B-hexosaminidase and histamine from Atg7”*-BMMCs and Atg7*5"-BMMCs at indicated times after stim-
ulation was measured. Results are representative of 2 independent experiments showing means + SDs of
triplicate samples. ***P < .001.
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FIG E3. Early signaling events are not impaired in Atg7ABM—BMMCs. A, Ca®* mobilization is not impaired in
Arg7ABM—BMMCs. Results are representative of 3 independent experiments. RFU, Relative fluorescence
units. B, Phosphorylation of early signaling molecules is not impaired in Atg7*"-BMMCs. Results are rep-
resentative of 2 to 3 independent experiments. p, Phosphorylated. C, Kinetics of relative ratios of intensities
of each phosphorylated protein per corresponding total protein. Results are representative of 2 to 3 inde-
pendent experiments. D, Relative ratios of p-Gab2 at 10 minutes after stimulation. Results are means *
SDs of 4 independent experiments. ns, Not significant.
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FIG E4. Cytokine release, LTC, generation, and phosphorylation of MAPKs are not impaired in Atg7*fM-
BMMCs. Release of IL-6 and TNF-a (A) and generation of LTC, by Atg7”*-BMMCs and Atg7*5M-BMMCs
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Atg7*BM_.BMMCs (C), and kinetics of relative ratios of intensities of each phosphorylated protein per corre-
sponding total protein (D). Results are representative of 2 to 3 independent experiments ERK, Extracellular
signal-regulated kinase; JNK, c-jun N-terminal kinase.
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FIG E5. Ablation of p62-containing aggregates does not rescue a defect in
degranulation of mast cells. A, Confocal microscopic analysis of BMMCs
from indicated genotyped mice stained with indicated antibodies. Scale
bars, 10 um. B, FceRl-induced degranulation (release of B-hexosaminidase
and histamine) is still impaired in BMMCs from Atg7*#M:p62" mice. Results
are means * SDs of 3 independent experiments. *P < .05; ***P < .001. ns,
Not significant. P/l, PMA/ionomycin.
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