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Abstract

Mast cells possess specialized lysosomes, so-called secretory granules, which play a key role 
not only in allergic responses but also in various immune disorders. The molecular mechanisms 
that control secretory-granule formation are not fully understood. Solute carrier family member 
15A4 (SLC15A4) is a lysosome-resident amino-acid/oligopeptide transporter that is preferentially 
expressed in hematopoietic lineage cells. Here, we demonstrated that SLC15A4 is required for  
mast-cell secretory-granule homeostasis, and limits mast-cell functions and inflammatory responses 
by controlling the mTORC1–TFEB signaling axis. In mouse Slc15a4−/− mast cells, diminished 
mTORC1 activity increased the expression and nuclear translocation of TFEB, a transcription factor, 
which caused secretory granules to degranulate more potently. This alteration of TFEB function 
in mast cells strongly affected the FcεRI-mediated responses and IL-33-triggered inflammatory 
responses both in vitro and in vivo. Our results reveal a close relationship between SLC15A4 and 
secretory-granule biogenesis that is critical for the functional integrity of mast cells.
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Introduction

Solute carrier family (SLC) member 15A4 is a lysosome-res-
ident, proton-coupled histidine/oligopeptide transporter that 
has 12 membrane-spanning regions (1). SLC15A4 is prefer-
entially expressed in immune cells, including dendritic cells 
and B cells (2, 3), and transports certain amino acids and 
oligopeptides—particularly histidine and the NOD1 ligand 
Tri-DAP—to the cytosol, along with a proton from the inside 
of the late endosome/lysosome (2, 4). SLC15A4 is critical for 
the TLR7- and TLR9-mediated production of type I interferon 
(IFN-I), for which SLC15A4’s transporter activity is required 
to optimize pH and other conditions in the late endosomes/
lysosomes for lysosome-dependent signaling events (2, 5–7). 
These intracellular TLR-signaling compartments are thought 
to differ from traditional lysosomes, which are specialized for 
catabolic processes, and are instead characterized as lyso-
some-related organelles (LROs) (8). In these compartments, 
SLC15A4 also plays a key role in IFNAR downstream signaling 

by regulating mTORC1’s activity, which is required to estab-
lish the IRF7–IFN-I regulatory circuit (6). In SLC15A4-deficient 
mice, a decrease in IFN-I ameliorates lupus-like diseases and 
autoantibody production (6). Thus, the SLC15A4-mediated 
regulation of these signaling compartments is an integral part 
of innate immune responses and could significantly influence 
the pathogenesis of autoimmune diseases.

Lysosomes have long been regarded as waste bags con-
taining an acidic interior for degrading intra- and extracellular 
materials (9). However, recent research has established 
that lysosomes are advanced organelles that are central in 
regulating membrane repair, macroautophagy, cell death, 
cholesterol homeostasis or other aspects of cellular homeo-
stasis (9, 10). Immune cells utilize lysosomes not only for 
degradation, but also as a secretory pathway, for recycling 
and for signal transduction (11, 12). These LROs include het-
erogeneous vesicles such as cyototoxic granules in CD8+  
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T cells and NK cells, platelet-dense granules and neutrophil 
azurophilic granules (8, 13). Maturing phagosomes in phago-
cytes such as dendritic cells, macrophages and neutrophils 
can also be considered inducible LROs (8), in which nucleic 
acid-sensing TLRs transmit signals to elicit innate immune 
responses. Although the molecular mechanisms of the bio-
genesis and maintenance of lysosomes and LROs are not 
fully understood, a clue emerged from the identification of 
transcription factor EB (TFEB), a master transcriptional regu-
lator of lysosomal biogenesis and autophagy (12, 14–16). 
TFEB controls genes in the coordinated lysosomal expression 
and regulation (CLEAR) network, which coordinates and reg-
ulates a panel of genes involved in lysosome biogenesis and 
autophagy (16). TFEB’s transcriptional activity is controlled 
downstream of the mTORC1 pathway (17, 18), which plays 
pivotal roles in cell growth and metabolism by sensing nutri-
tional conditions. TFEB is phosphorylated by mTORC1 at the 
lysosomal surface, and the phosphorylated TFEB is retained 
outside the nucleus by associating with 14-3-3 proteins (18). 
Environmental cues such as starvation and lysosomal stress 
prompt the dephosphorylation of TFEB and its subsequent 
dissociation from the 14-3-3 proteins, leading to TFEB’s nu-
clear translocation and decreased mTORC1 activity (15, 18). 
Forced TFEB expression and its consequent translocation to 
the nucleus alters lysosomal conditions, including the levels 
of lysosomal enzymes, lysosomal catabolic activity and lyso-
some exocytosis (16, 19). Thus, the TFEB-mediated regula-
tion of lysosomes, including their biogenesis and functional 
adaptation, strongly affects a wide range of cellular activities. 
However, it is not clear whether TFEB is involved in cell-type-
specific LRO functions or in disease pathogeneses in vivo.

Mast cells have well-developed LROs, also called secre-
tory granules (20). These heterogeneous granules contain 
histamine and a panel of proteases and other inflammatory 
mediators, and their stored components and membrane pro-
teins are not distributed uniformly (21). The molecular mech-
anisms that control secretory-granule formation are not fully 
understood. A  deficiency of mast-cell granule components 
such as histamine and serglycin, a major proteoglycan found 
in the granules, results in poorly formed secretory granules 
(22, 23), indicating that some components of mast-cell secre-
tory granules are important for granule formation.

Mast cells secrete granule contents in response to stimuli 
such as FcɛRI cross-linking and G protein-coupled receptor-
stimulating agents, and play key roles in the pathogenesis of 
anaphylaxis, asthma and allergy (24, 25). Mast cells also se-
crete de novo-synthesized cytokines such as IL-6 and IL-13 in 
response to infectious stimuli via TLRs, and modulate inflam-
mation and acquired immune responses (26, 27). Mast cells 
secrete these cytokines when stimulated by growth factors 
and cytokines. The cytokine IL-33, which belongs to the IL-1 
superfamily and is released from cells with damage-induced 
necrosis (28), is an important regulator of mast-cell functions 
in allergic inflammation (29–31). IL-33 binds the receptors 
ST2L and sST2; the former is a transmembrane form that can 
transmit signals, and the latter is a soluble form that is consid-
ered a decoy receptor (28). IL-33 acts on mast cells and other 
immune cells, including innate lymphoid cell 2 (ILC2) and NK 
cells, to regulate IL-13 production, leading to airway eosino-
philia (32–34). Although mast cells’ roles depend largely on 

their secretory functions, their secretion is phasic. Preformed 
secretory-granule components such as histamine, proteases 
and serotonin are secreted immediately by degranulation, 
and this early-phase response regulates the initial events in 
an inflammatory response, including type I hypersensitivity 
(35). In the later phase, mast cells secrete de novo-synthe-
sized cytokines and mediators (late-phase response) (35). 
Thus, the biogenesis, maturation, and membrane trafficking 
of secretory granules and the process of secretion in mast 
cells appear to be tightly and coordinately regulated by mul-
tiple mechanisms, which remain largely unresolved.

Since mast cells express significant amounts of SLC15A4, 
which is important in lysosome-dependent and probably LRO-
dependent cellular events, we examined whether SLC15A4 
has a role in mast cells and in mast-cell-dependent patho-
genic conditions. We here showed that SLC15A4 is required 
for regulating the pre-synthesized granule components and 
the secretory function in mast cells. We also showed that 
SLC15A4 is important for secreting de novo-synthesized 
cytokines downstream of the IL-33 receptor ST2L. The loss 
of SLC15A4 augmented the expression of CLEAR-network 
genes in mast cells by altering the mTORC1–TFEB signaling 
pathway, which appears to be involved in LRO homeostasis 
and LRO-dependent cytokine secretion in mast cells. Our 
results revealed a novel and unexpected functional linkage 
between the amino-acid transporter SLC15A4 and mast-cell 
LRO functions, which are important in mast-cell-mediated al-
lergic inflammation.

Methods

Mice, cell lines and reagents
Slc15a4-deficient mice were generated as previously described 
(2). All animal experiments were approved by the Animal Care 
and Use Committee of the National Center for Global Health 
and Medicine (NCGM) Research Institute, and were conducted 
in accordance with institutional procedures. The P815 mouse 
mastocytoma line was purchased (American Type Culture 
Collection, VA, USA). The RBL-2H3 rat basophilic leukemia cell 
line and the anti-TNP mouse IgE (IGELb4) were kind gifts from 
H.  Karasuyama (Tokyo Dental and Medical University). TNP-
conjugated BSA (LGC Biosearch Technologies, CA, USA), 
E. coli LPS and 4-methylumbelliferyl-N-acetyl-β-glucosaminide 
(4-MUAG) (Sigma, MO, USA), histamine (Wako Pure Chemical 
Industries, Osaka, Japan), recombinant mouse IL-3 and mouse 
SCF (Peprotech, NJ, USA) and recombinant mouse IL-33 (R&D 
Systems, MN, USA) were purchased.

Mast-cell preparation
Bone marrow-derived mast cells (BMMCs) were prepared 
as follows: bone marrow cells taken from the femur or tibia 
of wild-type (WT) or Slc15a4−/− mice were cultured with IL-3 
for 6–8 weeks, and the purity of the BMMCs was routinely 
confirmed by flow cytometry and staining with anti-FcεRIα 
(MAR-1) and anti-c-kit (2B8) mAbs. Peritoneal mast cells 
were enriched by following procedure: peritoneal cells were 
stained with PE-conjugated anti-FcεRIα (MAR-1) and FITC-
conjugated anti-c-kit (2B8) mAbs, and double-positive cells 
were sorted on a FACSAria II (BD Biosciences, CA, USA).
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Degranulation assay and cytokine quantification
To measure degranulation upon FcεRI ligation, BMMCs 
from WT or Slc15a4−/− mice were incubated overnight with 
anti-TNP IgE (clone IGELb4) in medium containing IL-3. 
Cells were washed twice with prewarmed Tyrode’s buffer 
(10  mM HEPES pH 7.4, 130  mM NaCl, 5  mM KCl, 1  mM 
MgCl2, 1.4  mM CaCl2, 5.6  mM d-glucose and 0.1% BSA) 
and stimulated with TNP4-BSA for 15  min or for the indi-
cated periods in Tyrode’s buffer. The supernatant was incu-
bated with 4-MUAG (final concentration 0.5 mM) for 15 min 
at 37°C, and the reaction was stopped with Stop solution (2 
M Na2CO3, 1.1 M glycine). Fluorescence (ex; 365 nm, em; 
450 nm) was measured on a microplate reader (VarioScan 
Flash, Thermo Fisher, MA, USA). The degranulation rate 
was calculated by dividing the β-hexosaminidase (β-Hex) 
activity in the culture supernatant by the total cellular β-Hex 
activity, which was obtained from the supernatant of cells 
lysed with Tyrode’s buffer containing 0.5% Triton-X 100. 
Cytokine levels in BMMC culture supernatants were meas-
ured with the Mouse ELISA Max Kit (BioLegend, CA, USA, 
for IL-6), or the Ready-Set-Go ELISA Kit (Thermo Fisher, for 
TNFα or IL-13).

Systemic anaphylaxis model
For IgE-mediated passive systemic anaphylaxis, mice were 
injected intravenously (i.v.) with 10 μg anti-TNP IgE (IGELb4) 
and challenged 24 h later with 400 μg of i.v. TNP4-BSA. The 
rectal temperature of the mice was monitored over 60  min 
using a digital thermometer (Shibaura Electronics). To 
measure serum histamine levels, mice were sacrificed 90 s 
after the TNP4-BSA challenge, and the sera were immediately 
isolated from blood obtained by cardiac puncture. For hista-
mine-induced anaphylaxis, WT or Slc15a4−/− mice were given 
5 mg histamine i.v., and the rectal temperature was monitored 
for 60  min. Histamine and serotonin levels in the mast-cell 
culture or sera were determined by a competitive enzyme im-
munoassay (EIA) (Bertin Pharma, France for histamine, and 
R&D Systems for serotonin).

IL-33-induced airway inflammation model
WT or Slc15a4−/− mice were sensitized with 25 ng of mouse 
IL-33 (R&D Systems) in combination with 100 μg OVA admin-
istered intraperitoneally (i.p.) on day 0 (d0), boosted on d7 
and challenged intratracheally with 100 μg OVA from d17 to 
d19 (3 consecutive days). Bronchioalveolar lavage or per-
ipheral blood was collected for flow cytometric analysis or 
measurement of antigen-specific antibody production, re-
spectively, at d20. OVA-specific antibody production was 
measured as described below.

Measurement of immunoglobulins and antibody 
responses in vivo
Serum IgE levels in mouse sera were measured using a 
Mouse IgE ELISA Kit (BD Biosciences). To measure antigen-
specific antibody levels, ELISA plates (Sumitomo Bakelite, 
Tokyo, Japan) were coated with 10 μg ml−1 OVA and OVA-
specific antibodies were detected by HRP-conjugated iso-
type-specific antibodies (SouthernBiotech, AL, USA).

Flow cytometry
Single-cell suspensions were prepared from the periton-
eal lavage, the spleen or the bone marrow of mice, and the 
cells were stained with the indicated mAbs and analyzed by 
flow cytometry using a BD FACSVerse or BD FACSCalibur 
(BD Biosciences). The following antibodies were used for 
flow cytometry: PE or APC-conjugated anti-FcεRI (MAR-1), 
AlexaFluor647- or FITC-conjugated anti-c-kit (2B8), bioti-
nylated anti-mouse ST2 (RMST2-33) and APC-conjugated 
streptavidin. The 1–10 anti-SLC15A4 mAb was estab-
lished by inoculating Slc15a4−/− mice with cells expressing 
SLC15A4, and the specificity was confirmed by flow cytom-
etry (Supplementary Figure S4, available at International 
Immunology Online).

Separation of intracellular vesicles and cytosolic or 
nuclear fractions, and immunoblot analysis
BMMC intracellular vesicles were fractionated as previously 
described (6). Briefly, cells were suspended in extraction 
buffer (50 mM HEPES-OH pH 7.5, 78 mM KCl, 4 mM MgCl2, 
8.4 mM CaCl2, 10 mM EGTA, 250 mM sucrose and 1× Halt 
Phosphatase Inhibitor) and homogenized by shear force 
using a 29-gauge needle with a syringe. The cell extracts 
were fractionated by 5–30% Opti-Prep (Sigma) gradient 
ultracentrifugation at 130 000 × g for 4 h. The fractionated 
vesicular proteins were separated by 4–20% SDS–PAGE 
and confirmed by immunoblotting. Cytosolic and nuclear 
fractions were separated by lysing BMMCs with extraction 
buffer for 10 min and centrifuging at 1000 × g for 5 min. The 
pellet was rinsed once with extraction buffer to remove left-
over cytosol and was used as the nuclear fraction. The fol-
lowing antibodies were used for immunoblotting: anti-Stat3, 
anti-phospho-Stat3 (Tyr705), anti-phospho-Stat3 (Ser727), 
anti-Stat5, anti-phospho-Stat5 (Tyr694), anti-phospho-IκBα 
(Ser32/Ser36), anti-ERK1/2, anti-phospho-ERK1/2 (Thr202/
Tyr204), anti-p38, anti-phospho-p38 (Thr180/Tyr182), anti-
β-actin, anti-mTOR, anti-4EBP1, anti-phospho-4EBP1 
(Thr37/46), anti-p70 S6 kinase, anti-phospho-p70 S6 kinase 
(Thr389), anti-S6, anti-phospho-S6 (Ser235/Ser236), anti-
Rab7, anti-histone H3 (all from Cell Signaling Technology, 
MA, USA), anti-LAMP1 (1D4B), anti-Rab5, anti-Myc (9E10) 
(Santa Cruz Biotechnology, TX, USA), anti-IκBζ (Thermo 
Fisher) and anti-TFEB (Proteintech, IL, USA). For quantifi-
cation of the band intensities, a LAS3000 (Fuji Photo Film, 
Tokyo, Japan) was used.

Retrovirus transduction
Slc15a4−/− mice were treated with 20 mg kg−1 5-FU, and bone 
marrow cells were recovered 3 days later from the tibia and 
femur. Cells were cultured in RPMI 1640 medium supple-
mented with 10% fetal bovine serum, 2% streptomycin/peni-
cillin, 10 ng ml−1 IL-3 (Peprotech), 10 ng ml−1 thrombopoietin 
(Wako Pure Chemical) and 100 ng ml−1 SCF (Peprotech) for 
2 days. The retrovirus carrying WT or an E465K mutation of 
human SLC15A4 was introduced twice into the bone marrow 
cells, and 2 days after transduction, the cells were cultured for 
8 weeks with RPMI 1640 medium supplemented with 10 ng 
ml−1 IL-3 and selected with puromycin (2 μg ml−1). Myc-tagged 
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human TFEB-WT, -S142A or -4RA (R245A, R246A, R247A, 
R248A) was introduced into the RBL2H3 or P815 cells.

Immunofluorescence
Mouse BMMCs were fixed with PBS containing 4% paraform-
aldehyde (PFA) and 0.25% glutaraldehyde for 30 min at 4°C. 
After fixation, cells were permeabilized with 1× Perm Wash 
(BD Biosciences) and stained with anti-Histamine polyclonal 
antibody (Immunostar, WI, USA) in combination with anti-β-
galactosidase (Abcam, UK) and anti-LAMP1 followed by 
staining with fluorochrome-conjugated secondary antibod-
ies: AlexaFluor568–anti-rabbit Ig(H+L), AlexaFluor488–anti-
chicken IgY or AlexaFluor647–anti-rat Ig(H+L), respectively. 
Mouse peritoneal mast cells were prepared from the peri-
toneal lavage of WT mice using 70% Percoll-assisted density-
gradient centrifugation, and were fixed with 4% PFA in PBS 
for 30 min at 4°C. After fixation, cells were permeabilized with 
1× Perm Wash (BD Biosciences) and stained with the 1–10 
anti-SLC15A4 mAb in combination with anti-β-galactosidase, 
or anti-LAMP1 followed by staining with fluorochrome-con-
jugated secondary antibodies: AlexaFluor568–anti-mouse 
Ig(H+L), AlexaFluor488–anti-chicken IgY or AlexaFluor647–
anti-rat Ig(H+L), respectively. For Rab7 staining, cells were 
stained with 1–10 anti-SLC15A4 mAb in combination with 
anti-Rab7 (Cell Signaling Technology) followed by anti-mouse 
IgG1–eFlour570 (eBioscience) and AlexaFluor647–anti-rab-
bit Ig(H+L). For EEA-1 staining, peritoneal mast cells were 
stained with AlexaFluor488-conjugated anti-EEA1 (MBL, 
Nagoya, Japan) and the 1–10 mAb followed by anti-mouse 
IgG1–eFlour570. Subcellular distribution was visualized using 
an FV1000 confocal microscope (Olympus, Tokyo, Japan).

Gene expression assays
RNA from BMMCs was purified with the RNeasy Mini Kit 
(Qiagen, Germany) or ISOGEN (Nippon Gene, Japan) and 
reverse-transcribed using a SuperScript III cDNA Synthesis 
Kit (Thermo Fisher). Quantitative RT–PCR was conducted with 
a StepOne Plus Real-Time PCR System (Thermo Fisher) with 
specific primers and probes for mouse Tnf, Il6 or Hprt (Thermo 
Fisher). Gene expressions were normalized to Hprt. The 
expression of Hdc, mast-cell proteases, the genes involved 
in the serotonin synthesis or lysosome-associated genes was 
quantified with the THUNDERBIRD SYBR qPCR mix (Toyobo, 
Tokyo, Japan) on a StepOne Plus Real-Time PCR System. The 
primers used in this study are listed in Supplementary Table 
S1, available at International Immunology Online.

Statistics
The statistical significance of differences in the mean ± SD of 
various groups was calculated with Student’s two-tailed t-test 
unless otherwise noted. P-values less than 0.05 were consid-
ered statistically significant.

Results

Increased histamine and serotonin synthesis and secretion 
in Slc15a4−/− mast cells
WT and SLC15A4-deficient (Slc15a4−/−) mice did not differ 
in the frequency of c-kit+FcɛRIα+ cells in peritoneal exudate 

cells or of toluidine blue-positive mast cells in the ear skin 
(Supplementary Figure S1A and B, available at International 
Immunology Online). In addition, the IL-3- or SCF-dependent 
DNA replication of Slc15a4−/− BMMCs was comparable to 
that of WT BMMCs (Supplementary Figure S1C, available at 
International Immunology Online), and mast-cell granule pro-
teases were expressed in Slc15a4−/− mast cells (Supplementary 
Figure S1D and E, available at International Immunology 
Online). These results indicated that SLC15A4 was not import-
ant for the commitment to a mast-cell lineage or in mast-cell 
survival and proliferation. We next examined whether SLC15A4 
deficiency altered mast-cell functions, particularly those medi-
ated by secretory granules. Histamine secretion in response 
to FcɛRI cross-linking was elevated in Slc15a4−/− mast cells  
(Fig. 1A), probably due to an increase in total cellular hista-
mine (Fig. 1A). These results were consistent with our previous 
report that histidine and its metabolite, histamine, are increased 
in LAMP1+ fractions in Slc15a4−/− B cells (6). Histidine decarb-
oxylase, which catalyzes histamine synthesis from histidine, 
was also elevated in Slc15a4−/− mast cells (Fig. 1B). Serotonin 
secretion was also greatly enhanced in Slc15a4−/− mast cells in 
the presence of FcɛRI-mediated stimulation (Fig. 1C), although 
the enzymes involved in serotonin synthesis were expressed 
at similar levels in Slc15a4−/− and WT BMMCs (Supplementary 
Figure S1F, available at International Immunology Online). 
Notably, the secretion of both histamine and serotonin in the 
absence of FcɛRI-mediated stimulation was significantly 
increased in Slc15a4−/− mast cells (Fig. 1A and C), indicat-
ing that SLC15A4 is required for the homeostatic regulation of 
mast-cell secretory granules.

We next examined whether SLC15A4 is involved in mast-cell 
degranulation. FcɛRI cross-linking induced the surface expres-
sion of LAMP1 glycoproteins in WT BMMCs because LAMP1+ 
secretory granules fused to the plasma membrane, as previ-
ously reported (36). In Slc15a4−/− BMMCs stimulated by FcɛRI 
cross-linking, both the frequency of LAMP1-expressing cells 
and the mean fluorescence intensity of cell-surface LAMP1 
staining increased (Fig. 1D). To quantify degranulation, we 
assayed the release of β-Hex, and found that it was increased 
in Slc15a4−/− BMMCs compared with WT BMMCs, both in 
the absence and the presence of FcɛRI cross-linking (Fig. 
1E). The amount of β-Hex protein did not differ significantly in 
whole-cell lysates of WT and Slc15a4−/− BMMCs (the enzym-
atic β-Hex activities in WT and Slc15a4−/− BMMC lysates were 
156.8 ± 22.6 and 134.2 ± 4.29, respectively). These results 
indicated that SLC15A4 is involved in regulating the exocyt-
osis of mast-cell granules. FcɛRI expression and IgE binding to 
the BMMC surface were equivalent in Slc15a4−/− and WT mast 
cells (Supplementary Figure S1A, available at International 
Immunology Online; Fig. 1F and G). Immunohistochemical 
analyses demonstrated that the Slc15a4−/− BMMCs contained 
enlarged LAMP1+ but β-galactosidase (β-Gal)− granules that 
contained histamine (Fig. 1H). Collectively, these results indi-
cated that SLC15A4 plays a pivotal role in controlling secre-
tory-granule quality and limiting the degranulation process.

SLC15A4 loss differentially affected systemic and local 
anaphylaxis
We next investigated whether the loss of SLC15A4 affects 
mast-cell-mediated anaphylactic reactions in vivo. After 
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Fig. 1.  SLC15A4 is required for the proper regulation of mast-cell effector functions. (A) Histamine levels in the culture supernatant or cell 
lysates of BMMCs from WT or Slc15a4−/− mice, determined by competitive EIA. Means and SD of three technical replicates are shown, and data 
are representative of three independent experiments. **P < 0.01. (B) Histidine decarboxylase (Hdc) levels in WT and Slc15a4−/− BMMCs were 
determined by quantitative RT–PCR. Means and SD of three technical replicates are shown, and data are representative of three independent 
experiments. *P < 0.05. (C) Serotonin in the culture supernatant or cell lysates of WT and Slc15a4−/− BMMCs upon IgE-mediated FcεRI ligation 
was quantified by competitive EIA. Means and SD of three technical replicates are shown, and data are representative of two independent 
experiments. **P < 0.01. (D) Cell-surface LAMP1 was detected on WT and Slc15a4−/− BMMCs by flow cytometry. BMMCs were sensitized with 
anti-TNP IgE and stimulated by TNP4-BSA. Histograms represent LAMP1 levels without stimulation or 15 min after stimulation, respectively (left). 
The proportion of LAMP1+ cells was tracked during IgE-mediated degranulation (~120 min.) (right); LPS was used as a negative control. Results 
are representative of three independent experiments. (E) Degranulation of WT or Slc15a4−/− BMMCs was measured by β-Hex activity in the 
culture supernatant at 15 min (left), or over 30 min (right). ***P < 0.001. (F, G) IgE-binding capacity on the surface of WT or Slc15a4−/− BMMCs. 
The amount of bound IgE was measured by flow cytometry. Results are representative of three independent experiments. (H) Morphology of 
histamine-containing granules in BMMCs. The intracellular histamine in WT or Slc15a4−/− BMMCs was detected by anti-Histamine antibody and 
visualized on confocal microscopy. Results are representative of three independent experiments.
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inducing passive systemic anaphylaxis with TNP-BSA and 
anti-TNP IgE antibodies, serum histamine levels were higher 
in Slc15a4−/− than in WT mice (Fig. 2A). The histamine con-
centrations in the steady-state sera were also higher in 
Slc15a4−/− than in WT mice (Fig. 2A), suggesting the steady-
state secretion of histamine in Slc15a4−/− mice. Due to the 
increase of histamine in the steady state, the fold increase 
of serum histamine concentration in Slc15a4−/− mice was 
lower than in WT mice after FcɛRI cross-linking (there were 
a 2.63- and 12.6-fold increase in Slc15a4−/− and WT mice, 
respectively). The transgenic complementation of Slc15a4−/− 
mice with SLC15A4 cDNA tended to decrease the serum 
histamine with or without antigenic stimulation (Fig. 2B), sup-
porting SLC15A4’s involvement in synthesizing and secreting 
histamine. Unexpectedly, the body temperature decreased 
similarly in Slc15a4−/− and WT mice during passive systemic 
anaphylaxis (Fig. 2C). This may be explained by a reduced 
response of Slc15a4−/− mice to histamine, possibly caused 
by histamine-receptor desensitization (37) due to increased 
levels of serum histamine in the steady state. This notion was 
supported by the finding that histamine-induced hypothermia 
was ameliorated in the Slc15a4−/− mice (Fig.  2D). Notably, 
FcɛRI cross-linking induced cytokine secretion similarly in 
Slc15a4−/− and WT BMMCs (Fig. 2E; Supplementary Figure S2, 
available at International Immunology Online). These results 
suggested that in the context of FcɛRI-mediated mast-cell 
activation, the early-phase secretion of preformed granules 
depended on SLC15A4, but de novo-synthesized cytokine 
secretion was less dependent.

SLC15A4 loss augmented IL-33-mediated inflammatory 
responses
IL-33 is released by damaged cells and elicits allergic 
inflammation by binding ST2 receptors on mast cells (31). 
We investigated whether SLC15A4 is also involved in IL-33-
mediated mast-cell functions using an IL-33-triggered, anti-
gen-dependent respiratory inflammation model (38) (Fig. 3A). 
Slc15a4−/− mice challenged with OVA in the presence of IL-33 
showed an increase in monocyte numbers in the bronchoal-
veolar lavage fluid (BALF) compared with WT mice (Fig. 3B). 
The IL-33-induced TNFα and IL-6 secretion was augmented 
in Slc15a4−/− BMMCs (Fig. 3C), even though ST2L, a mem-
brane-bound IL-33 receptor, was expressed similarly in WT 
and Slc15a4−/− BMMCs (Fig. 3D). IL-33-triggered IL-13 secre-
tion did not differ significantly between WT and Slc15a4−/− 
mast cells (Fig. 3C). IL-33-triggered NFκB-pathway activation 
estimated by the phosphorylation and degradation of IκBα 
was unaffected by SLC15A4 loss (Fig.  3E). In contrast, 
ERK1/2 and STAT3 phosphorylation, particularly late-phase 
phosphorylation, were augmented in Slc15a4−/− mast cells in 
response to IL-33 stimulation (Fig. 3E). The augmentation of 
MyD88-mediated signaling was supported by the finding that 
the LPS-triggered secretion of TNFα and IL-6 also increased 
in Slc15a4−/− mast cells (Fig. 3F).

Our previous study using dendritic cells and B cells 
showed that the loss of SLC15A4 results in dysregulated ves-
icular pH, probably due to histidine accumulation, which is 
one of the causal factors of diminished TLR7/9 activation (6). 
In mast cells, however, there was no apparent dysregulation 

of vesicular pH (Supplementary Figure S3A and B, avail-
able at International Immunology Online). Although ST2 and 
SLC15A4 were partially colocalized in mast-cell vesicular 
compartments, disturbing the vesicular pH by Bafilomycin 
A1 treatment had little effect on IL-33-mediated cytokine 
production (Supplementary Figure S3C and D, available at 
International Immunology Online). These results suggested 
that IL-33-mediated signaling events in mast cells depend 
less on the vesicular pH than do the TLR7/9 signals in den-
dritic and B cells.

SLC15A4 distribution in mast cells
We next investigated which vesicles in mast cells con-
tained SLC15A4. We established an anti-SLC15A4 mAb 
by inoculating SLC15A4 transfectants into Slc15a4−/− mice 
(Supplementary Figure S4A–C, available at International 
Immunology Online). The anti-SLC15A4 mAb (clone 1–10) 
specifically recognized both human and murine SLC15A4 
but not the highly homologous family protein SLC15A3 
(Supplementary Figure S4A–C, available at International 
Immunology Online). We then used this mAb to analyze the 
localization of endogenous SLC15A4. In the P815 murine 
mastocytoma cell line, some SLC15A4 proteins were dis-
tributed to intracellular vesicular compartments positive for 
LysoTracker and CD63 staining (Fig. 4A); these are consid-
ered to be lysosomes or LROs. Some SLC15A4 was distrib-
uted to LysoTracker-negative (non-acidic), CD63− vesicular 
compartments (Fig. 4A). We further examined SLC15A4’s 
distribution in peritoneal mast cells, and found that SLC15A4 
localized to CD63+ vesicular compartments (Fig. 4B) and 
some SLC15A4 colocalized with or in the vicinity of LAMP1 
(Fig. 4C). Although SLC15A4’s localization appeared to be 
heterogeneous, hardly any localized to traditional β-Gal-
containing lysosomes that perform degradation (Fig. 4C). 
SLC15A4’s distribution was further investigated by organelle 
fractionation experiments, in which HA-tagged SLC15A4 was 
introduced into Slc15a4−/− BMMCs (since the 1–10 mAb was 
not applicable for western blot analyses). SLC15A4 proteins 
were highly enriched in the fractions containing LAMP1 and 
mTOR (fractions no. 4 and 5) but not in those containing β-
Gal (Fig. 4D), consistent with our previous observations (6). 
Collectively, SLC15A4 localized to CD63-positive LROs, but 
not to degradative compartments in mast cells.

The mTOR–TFEB axis is involved in mast-cell cytokine 
production
We next investigated the mechanisms of SLC15A4-dependent 
mast-cell regulation. Since we previously demonstrated that 
SLC15A4 was required for mTORC1-dependent events in 
B cells and that SLC15A4 loss caused the dysregulation of 
mTORC1 association in B cells and BMMCs (6), we examined 
whether the loss of SLC15A4 disrupts mTORC1 signaling in 
mast cells. As expected, the mTORC1-dependent phos-
phorylation of 4E-BP1 and S6K was decreased in Slc15a4−/− 
compared with WT BMMCs (Fig. 5A). We next tried to clarify 
whether diminished mTORC1 activity could cause dysregu-
lated mast-cell function. Torin 1, a specific mTORC1 inhibitor, 
decreased the phosphorylation of mTOR as well as its down-
stream target 4E-BP1 in mast cells (Fig. 5B). Treating WT 
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Fig. 2.  SLC15A4 regulates histamine release in vivo. (A) Serum histamine levels during passive systemic anaphylaxis (PSA). WT (n = 4) or 
Slc15a4−/− (n = 4) mice were sensitized with anti-TNP IgE and challenged with TNP4-BSA. Serum histamine levels 90 s after antigen challenge 
were determined by EIA. *P < 0.05. (B) Reversed histamine levels in mice expressing human SLC15A4. Serum histamine levels in the steady 
state or during PSA in transgenic Slc15a4−/− mice expressing human SLC15A4 and in control mice [n = 5 each for IgE-TNP (−), n = 4 each for 
IgE-TNP (+)] determined by histamine EIA. (C) Body-temperature changes during PSA. WT or Slc15a4−/− mice sensitized with anti-TNP IgE 
were challenged with TNP4-BSA, and rectal temperature was monitored over 60 min (n = 5 for WT, n = 4 for Slc15a4−/−). Results are represen-
tative of three independent experiments. (D) Body temperatures were monitored over 60 min during histamine-induced anaphylaxis in WT and 
Slc15a4−/− mice. Dots and error bars represent the mean and SE (n = 3 for both WT and Slc15a4−/−, respectively). Results are representative 
of three independent experiments. (E) BMMC production of pro-inflammatory cytokines during IgE-mediated FcεRI ligation. WT or Slc15a4−/− 
BMMCs were stimulated for 6 h and cytokine levels in the culture supernatant were determined by ELISA (in technical triplicate). Results are 
representative of three independent experiments. n.s., not significant.
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Fig. 3.  SLC15A4-deficiency alters IL-33 signaling in mast cells. (A) Schematic of the IL-33-induced airway inflammation model. (B) Number 
of monocytes in the BALF before or after IL-33-induced inflammation in WT or Slc15a4−/− mice, analyzed by flow cytometry. Bars indicate the 
mean, and data are integrated from three independent experiments (n = 3 for WT none, n = 8 for WT IL-33, n = 4 for Slc15a4−/− none, n = 9 for 
Slc15a4−/− IL-33). *P < 0.05. (C) Cytokine production in response to IL-33 stimulation in BMMCs. TNFα, IL-6 and IL-13 levels in culture superna-
tants of WT or Slc15a4−/− BMMCs stimulated with recombinant IL-33 for 6 h measured by ELISA (in technical triplicate). Results are representa-
tive of four independent experiments. **P < 0.01; n.s., not significant. (D) Surface expression of the IL-33 receptor ST2L on BMMCs, analyzed 
by flow cytometry. (E) IL-33 signaling in WT or Slc15a4−/− BMMCs was analyzed by immunoblotting. WT or Slc15a4−/− BMMCs stimulated with 
recombinant IL-33 for the indicated periods were subjected to immunoblot analysis with the specific antibodies. (F) Cytokine production in WT 
or Slc15a4−/− BMMCs in response to LPS stimulation for 6 h; cytokine levels in the culture supernatant were measured by ELISA (in technical 
triplicate). For (D–F), results are representative of three independent experiments. **P < 0.01; n.s., not significant.
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Fig. 4.  SLC15A4’s subcellular distribution in mast cells. (A) SLC15A4’s subcellular distribution in a P815 mouse mastocytoma, visualized by 
confocal microscopy. LysoTracker or CD63 were used as the markers for the acidic compartment or the secretory granules, respectively. 
Results are representative of three independent experiments. (B, C) SLC15A4 subcellular distribution in WT peritoneal mast cells, visualized 
by confocal microscopy using LAMP1, Rab7, EEA1 and CD63 as markers for specific intracellular compartments. Results are representative of 
three independent experiments. (D) Distribution of SLC15A4+ vesicles in hematopoietic stem cell-derived Slc15a4−/− mast cells transduced with 
a control vector or HA-tagged human SLC15A4. Cell homogenate was fractionated, and markers for intracellular vesicles in each fraction were 
examined by western blotting; results are representative of three independent experiments.
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mast cells with Torin 1 increased their IL-33-induced produc-
tion of TNFα and IL-6 in a concentration-dependent fashion 
(Fig. 5C and D). Torin 1 treatment did not affect IL-13 pro-
duction (Fig. 5E). These results suggested that the increased 
production of TNFα and IL-6 in Slc15a4−/− mast cells was at 
least partly due to the diminished activation of the mTORC1 
pathway. Inhibiting mTORC1 by Torin 1 treatment had lit-
tle effect on the FcɛRI-mediated secretion of TNFα or IL-6  
(Fig. 5F), consistent with our finding that FcɛRI-mediated cyto-
kine production was not affected by the loss of SLC15A4, as 
shown in Supplementary Figure S2, available at International 
Immunology Online.

SLC15A4 loss modified the CLEAR gene network through 
the mTORC1–TFEB signaling pathway
We further investigated how diminished mTORC1 activity 
affected mast-cell functions. We previously demonstrated 
that the loss of SLC15A4 caused the nuclear translocation of 
TFEB probably because of decreased TFEB phosphorylation 
mediated by mTORC1. Consistent with this scenario, TFEB’s 
nuclear translocation was augmented in Slc15a4−/− BMMCs 
(Fig. 6A). Furthermore, the TFEB transcription was elevated 
in Slc15a4−/− BMMCs (Fig. 6B). This finding was consistent 
with the increased nuclear TFEB translocation in Slc15a4−/− 
BMMCs, since TFEB activity is autoregulated by a loop in 
which TFEB binds to its own promoter and induces its own 
transcription (14). We further found that among TFEB target 
genes, the transcription of a panel of genes involved in the 
CLEAR network was increased in Slc15a4−/− BMMCs (Fig. 6C). 
Electron microscopic analyses revealed anomalous vesicle 
formation in Slc15a4−/− mast cells (Fig. 6D), suggesting that 
SLC15A4 is involved in the biogenesis and/or homeostasis of 
LROs, including secretory granules.

We next sought to confirm that increased TFEB activ-
ity enhanced the transcription of CLEAR-network genes in 
Slc15a4−/− mast cells. Previous study demonstrated that ele-
vated TFEB expression causes TFEB’s nuclear translocation 
(15, 16). Here, we used the RBL-2H3 mast-cell line to estab-
lish stable transfectants with elevated TFEB levels (Fig. 6E). 
The transcription of CLEAR-network genes increased in 
transfectants expressing TFEB-WT or TFEB-S142A, in which 
the mTORC1 phosphorylation site at the serine 142 residue 
was replaced by alanine (Fig. 6F; Supplementary Figure S5, 
available at International Immunology Online), but it did not 
increase in transfectants expressing TFEB-4RA, which cannot 
translocate to the nucleus in mTOR-dependent manner (18) 
(Fig. 6F; Supplementary Figure S5, available at International 
Immunology Online). Taken together, these results indicated 
that SLC15A4 loss augmented TFEB’s transcriptional activity, 
which altered LROs by affecting the CLEAR network.

TFEB’s mTORC1-regulated nuclear translocation limits 
mast-cell secretory functions
We finally examined whether altering the mTORC1–TFEB axis 
could affect mast cells’ secretory functions and responses to 
IL-33. Increased expression of TFEB-WT or TFEB-S142A but 
not of mock cDNA augmented lysosome exocytosis triggered 
by FcɛRI cross-linking (Fig. 7A). Similar results were obtained 
in P815 transfectants (Fig. 7B). Notably, elevated TFEB also 

augmented the secretion of IL-6 both in the absence and 
presence of stimuli such as IL-33 or LPS (Fig. 7C and D), sug-
gesting that elevated TFEB changes the basal set point of IL-6 
secretion in mast cells. This augmentation did not occur in 
the P815 parental cell line or in mock transfectants. Elevated 
TFEB did not affect IL-13 secretion, probably because IL-13 
was constitutively produced by P815 cells (Supplementary 
Figure S6, available at International Immunology Online). 
Furthermore, elevated TFEB did not affect FcɛRI-mediated 
IL-6 secretion (Fig. 7E); again, this was consistent with our 
finding that IgE-dependent pro-inflammatory cytokine secre-
tion did not differ between WT and Slc15a4−/− BMMCs, as 
shown in Fig. 2(E) and Supplementary Figure S2, available 
at International Immunology Online. Biochemical analyses of 
IL-33-mediated signaling events demonstrated that increases 
in TFEB enhanced ERK1/2 activation, particularly late-phase 
activation of ERK1/2 (Fig. 7F). This observation also supports 
the idea that increased TFEB expression plays a causal role in 
enhancing ERK1/2 activation in Slc15a4−/− mast cells. Taken 
together, these results strongly suggested that enhanced 
TFEB function, caused by diminished mTORC1 activity in the 
absence of SLC15A4, modified mast-cell-dependent inflam-
matory responses by altering secretory functions and IL-33-
mediated signaling events.

Discussion

We here demonstrated that the amino-acid/oligopeptide 
transporter SLC15A4 is critical for secretory-granule homeo-
stasis, which is necessary for mast-cell functions. Analyses 
of SLC15A4-deficient mast cells revealed that SLC15A4 limits 
the amino-acid-derived granule contents such as histamine 
and serotonin, leading to the novel concept that the amino-
acid/oligopeptide flow from vesicular compartments to the 
cytosol is important for controlling mast-cell homeostasis 
and functions. The increase in histamine in secretory gran-
ules in Slc15a4−/− mast cells was not caused by inefficient 
degranulation, since both steady-state and FcɛRI-mediated 
histamine release were elevated. We previously reported that 
SLC15A4 loss causes histidine and its metabolite, histamine, 
to accumulate in LAMP1+ compartments in B cells (6). Since 
histamine and serotonin are metabolites of histidine and tryp-
tophan, respectively (39, 40), the accumulation of such amino 
acids in certain vesicular compartments might contribute to 
the increased storage of these mediators. However, the syn-
thetic enzymes of these metabolites are cytoplasmic (41), 
and it is not clear whether the amino-acid accumulation is 
directly connected to the metabolite accumulation.

Notably, in Slc15a4−/− mast cells, the transcription of TFEB 
and a set of genes involved in the CLEAR network is aug-
mented. Given that TFEB is a key regulator of lysosome bio-
genesis and adaptation (42), our results strongly suggest 
that TFEB’s nuclear translocation, promoted by diminished 
mTORC1 activity, modulates LRO states via its transcriptional 
activity in Slc15a4−/− mast cells. The forced expression of 
WT or mutant TFEB confirmed that TFEB could activate the 
CLEAR network in mast cells and modulate mast-cell func-
tions such as degranulation and response to IL-33. Although 
we did not investigate whether or how individual molecules 
involved in the CLEAR network connect functionally to 
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mast-cell functions, augmented TFEB functions explained the 
enhanced granule exocytosis seen in Slc15a4−/− mast cells. 
A  previous study reported that increased TFEB expression 
recruits lysosomes close to the plasma membrane, and this is 

required for lysosomal exocytosis (43). In fact, TFEB reverses 
pathologic lysosomal storage by promoting lysosomal exo-
cytosis (43). Taken together with our finding that forced TFEB 
expression in mast-cell lines enhanced degranulation, the 

Fig. 5.  SLC15A4 is required for mTOR activity in mast cells. (A) The mTOR pathway in BMMCs. Whole-cell extracts from WT or Slc15a4−/− 
BMMCs were analyzed by immunoblotting. Band intensities were measured by ImageJ software (NIH) and the relative phosphorylation ratio 
was indicated. (B–E) Pharmacological mTOR inhibition in IL-33 signaling in BMMCs. The mTOR signaling pathway during IL-33 stimulation (B) 
and levels of pro-inflammatory cytokines produced by WT BMMCs stimulated with recombinant IL-33 for 6 h in the presence of Torin 1 at the 
indicated concentrations (C–E). **P < 0.01; n.s., not significant. (F) Effect of pharmacological mTOR inhibition in FcεRI-triggered cytokine pro-
duction in BMMCs. The levels of pro-inflammatory cytokines produced by IgE-sensitized WT BMMCs stimulated with TNP4-BSA for 6 h in the 
presence of Torin 1 at the indicated concentrations determined by ELISA (in triplicate). Results of both immunoblotting (A and B) and ELISA 
(C–F) and results are representative of three independent experiments.
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Fig. 6.  SLC15A4 regulates the TFEB-mediated CLEAR network in mast cells. (A) The nuclear localization of the transcription factor TFEB in 
BMMCs. The cytosolic or nuclear fraction of WT or Slc15a4−/− BMMCs was analyzed by immunoblotting, and mTOR or histone H3 was used 
as cytosolic or nuclear reference, respectively. (B) TFEB expression levels in BMMCs; cDNA from WT or Slc15a4−/− BMMCs was assessed by 
quantitative RT-PCR. (C) Expression levels of lysosome-associated genes (the CLEAR network) in BMMCs. The cDNA from WT or Slc15a4−/− 
BMMCs was analyzed by quantitative RT-PCR. In (B) and (C), means and SD of three technical replicates are shown. Primer sets used in this 
experiment are listed in Supplementary Table S1, available at International Immunology Online. *P < 0.05; **P < 0.01. (D) Morphology of intra-
cellular vesicles in BMMCs. The superstructure of WT or Slc15a4−/− BMMCs was observed on transmission electron microscopy. (E) Protein 
expression of human TFEB mutants in RBL2H3 cells. RBL2H3 cells stably expressing Myc-tagged human TFEB WT or mutants were estab-
lished, and their protein expression levels were analyzed by immunoblotting. (F) Expression levels of lysosome-associated genes in RBL2H3 
cells expressing human TFEB mutants. The cDNA from RBL2H3 transfectants was analyzed by quantitative RT-PCR. *P < 0.05; **P < 0.01; n.s., 
not significant, determined by Fisher’s LSD. All data in Fig. 6 were representatives of more than three independent experiments.
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Fig. 7.  Mast-cell effector functions depend on TFEB activity. (A, B) The degranulation of RBL2H3 transfectants expressing human TFEB mutants 
(A) or P815 transfectants expressing human TFEB-WT (B). RBL2H3 or P815 transfectants sensitized with anti-TNP IgE were stimulated with 
TNP4-BSA for 30 min, and β-Hex activity in the supernatant or cell lysates was measured. Means and SD of three technical replicates are 
depicted. Results are representative of four independent experiments. (C–E) TFEB over-expression enhanced the response to IL-33 and LPS 
but not to FcεRI ligation. IL-6 levels in the culture supernatant of P815 transfectants stimulated with IL-33 (C), LPS (D) or IgE followed by TNP4-
BSA (E) for 24 h were determined by ELISA (in technical triplicate). *P < 0.05; **P < 0.01; n.s., not significant, determined by Tukey’s test. Means 
and SD of three technical replicates are depicted. Results are representative of three independent experiments. (F) TFEB over-expression 
enhances IL-33 signaling. Whole-cell lysates from P815 mock-transfected cells (Mock) or from transfectants expressing human TFEB (TFEB) 
stimulated with recombinant IL-33 for the indicated periods were analyzed by immunoblotting. In the right side line plot, p-ERK1/2 band densi-
ties were measured by ImageJ and normalized against β-actin. Results are representative of three independent experiments.
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augmented granule exocytosis in Slc15a4−/− mast cells might 
be a consequence of elevated TFEB expression and activity.

Slc15a4−/− mast cells produced high levels of pro-inflam-
matory cytokines in response to IL-33, indicating that 
SLC15A4 limits IL-33-mediated signaling events in mast 
cells. These high cytokine levels were also explained in part 
by dysregulated TFEB functions, since forced TFEB expres-
sion increased the IL-33-mediated IL-6 secretion. Based 
on our observations, it is plausible that TFEB facilitates the 
IL-33-dependent IL-6 production by altering ERK1/2 activity, 
since ERK1/2 activation in TFEB transfectants was elevated 
concomitantly with increased IL-6 secretion. However, the 
precise mechanisms by which increased TFEB expression 
enhances MAPK activation are unknown. Previous stud-
ies show that LAMTOR2/3 proteins form a scaffold for the 
ERK signaling complex at endosomes (44, 45), and that 
increased LAMTOR2/3 expression alone activates ERK (46). 
We observed that the amount of LAMTOR1 and LAMTOR2 
proteins tended to increase in Slc15a4−/− mast cells (data not 
shown). Therefore, we hypothesize that the TFEB-mediated 
modulation of lysosomal biogenesis or adaptation enhances 
LAMTOR protein expression, increasing ERK’s scaffolding 
potential. In addition, mTORC1’s activity might directly con-
tribute to IL-33’s downstream signaling, since brief treatment 
with Torin 1 prior to IL-33 stimulation moderately enhanced 
the IL-33-dependent cytokine production.

Notably, our observations revealed an unexpected linkage 
between the dysregulation of the amino-acid/oligopeptide 
transporter SLC15A4 and the exacerbation of lung inflamma-
tion. Both mast cells and ILC2 cells are known to contribute 
to respiratory inflammation in the model we used (34, 38). 
Although the diminished response of Slc15a4−/− BMMCs 
to IL-33 supports the involvement of mast cells in IL-33-
dependent inflammatory responses, the expression and 
significance of SLC15A4 in ILC2 cells should also be investi-
gated. Moreover, since IL-33-dependent mast-cell functions 
are involved in the pathogenesis of various diseases such as 
food anaphylaxis (47), antiviral innate immunity (48) and re-
spiratory inflammation induced by house dust mite or aspirin 
(49, 50), it might be important to investigate the significance 
of SLC15A4 in the pathogenesis of these diseases.

While a deeper mechanistic understanding of the aug-
mented lung inflammation in Slc15a4−/− mice is still needed, 
our finding that the mTORC1–TFEB axis has a critical role 
in mast-cell functions opens the intriguing possibility that a 
sensing pathway exists in which nutrient signals modify mast-
cell functions, since the mTORC1–TFEB signaling pathway is 
regulated according to nutritional conditions (12). Although 
this possibility requires further study, our findings offer an 
important insight into the close connection between nutri-
tional sensing and allergic inflammation.

Although both FcɛRI- and IL-33-mediated responses 
in mast cells require SLC15A4, the defects observed in 
FcɛRI-mediated responses are an early event associated 
with the alteration of pre-synthesized granules, while those 
in IL-33-mediated cytokine production are a relatively late-
phase event accompanied by de novo protein synthesis. 
As mentioned, both FcɛRI-dependent degranulation and 
IL-33-mediated cytokine production are partly explained by 
elevated TFEB activity, and TFEB-dependent activation of the 

CLEAR network and the subsequent alteration or adaptation 
of lysosomes/LROs might occur prior to antigenic or inflam-
matory stimuli. Therefore, SLC15A4 appears to be necessary 
for the maturation or maintenance of mast cells, even though 
the differentiation of mast cells, as evaluated by surface 
markers such as c-kit and FcɛRI, was not noticeably affected 
by SLC15A4 loss. Whether TFEB contributes to dysregulated 
histamine and serotonin storage in Slc15a4−/− mast cells is 
unclear. In the context of receptor downstream-signaling 
events after stimulation, the action schema of SLC15A4 in 
FcɛRI downstream events seems to be distinct from that in 
IL-33 downstream events. FcɛRI-mediated signaling events, 
including PLCγ and Akt phosphorylation and Ca2+ mobiliza-
tion, were apparently unaffected by the loss of SLC15A4 (data 
not shown). Thus, neither SLC15A4 itself nor the mTORC1 
pathway appears to be required for FcɛRI-proximal signal-
ing events; this conclusion is also supported by the obser-
vation that Torin 1 treatment did not affect FcɛRI-mediated 
cytokine production. In IL-33-mediated signaling events, 
relatively early events such as IκBα phosphorylation or deg-
radation progressed properly in the absence of SLC15A4. 
However, SLC15A4 loss affected later-phase signaling events 
such as ERK and STAT3 activation, which occur after IκBα 
phosphorylation and STAT5 phosphorylation. Therefore, it is 
conceivable that SLC15A4 deficiency affected the vesicular 
signaling compartment, where ST2L probably localized after 
being internalized. It remains to be clarified whether and how 
altered TFEB-mediated lysosome and/or LRO regulation is 
functionally attributed to the modification of vesicular signal-
ing events.

Previous studies reported that rapamycin has no effect 
on FcεRI-triggered degranulation even though FcɛRI cross-
linking activates the mTORC1 pathway in human and mouse 
mast cells (51), suggesting that FcεRI-mediated degranu-
lation does not require activation of the mTORC1 complex. 
This discrepancy with our results might be because a brief 
rapamycin treatment was insufficient to alter secretory-gran-
ule biogenesis or adaptation, which are accompanied by 
transcriptional changes. Therefore, we consider that the sus-
tained reduction in mTORC1 activity seen in Slc15a4−/− mast 
cells (and also observed in transfectants after a sustained 
increase in TFEB) significantly accelerates degranulation by 
modulating the LRO state via the CLEAR network.

How SLC15A4’s function is connected to mTORC1 regu-
lation is still unclear. Since the mTORC1 activity is partly 
regulated by v-ATPase activity (52), and v-ATPase activity 
depends on vesicular pH (53), dysregulated granule acid-
ity in Slc15a4−/− mast cells might decrease the mTORC1 
activity (as we previously observed in B cells). However, 
we did not detect any dysregulation of the vesicular pH in 
Slc15a4−/− BMMCs, either in the presence or absence of 
stimuli. Furthermore, WT and Slc15a4−/− mast cells did not 
differ in the phosphorylation of GCN2 or its substrate, eIF2α 
(data not shown). These results may suggest that different 
mechanisms exist for sensing certain types of amino-acid or 
oligopeptide flow. It is important to clarify how a deficiency 
of a single amino-acid/oligopeptide transporter is linked to 
decreased mTORC1 activity, when mast cells possess mul-
tiple amino-acid transporters, including ABC-type transport-
ers, for nutrient uptake.
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Analyzing SLC15A4’s intracellular localization is critical 
for advancing our understanding of SLC15A4’s functions 
and the mechanisms that regulate signaling compartments 
in immune cells. We here used Slc15a4−/− mice to establish 
an anti-SLC15A4 mAb that was applicable for flow cytom-
etry, immunohistochemistry and immunoprecipitation and 
made it possible to investigate the localization of endoge-
nous SLC15A4. SLC15A4 was previously described as being 
lysosome-resident, a conclusion based partly on the obser-
vation that exogenously introduced, tagged SLC15A4 colo-
calizes with LAMP1 (6). However, our findings clarify that, at 
least in mast cells, SLC15A4 does not reside in typical β-Gal-
containing lysosomes, which are clearance compartments, 
but instead localizes to CD63+ LROs or late endosomes. Since 
SLC15A4 was not distributed uniformly in these vesicular com-
partments, precise analyses of SLC15A4 distribution should 
be performed, from the perspective of vesicular trafficking.

In conclusion, our results indicated that the biogenesis and 
maintenance of secretory granules of mast cells is strictly 
dependent on SLC15A4. We revealed that SLC15A4 pro-
motes the proper function of the mTORC1–TFEB axis in mast 
cells, and that TFEB dysregulation alters secretory-granule 
conditions, disturbing mast-cell secretory functions and the 
IL-33 signaling pathway. In addition, the results of an in vivo 
inflammatory model using Slc15a4−/− mice provide the intrigu-
ing possibility that mast cells’ nutritional conditions are signifi-
cant in Th2 type immune responses. Although some aspects 
require further clarification, this study revealed a novel regu-
latory pathway for mast-cell functions.
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online.
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