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Introduction

The cutaneous immune system involves both innate and
adaptive immunity. Antimicrobial peptides (AMPs) form

Summary

Catestatin, a neuroendocrine peptide with effects on human autonomic
function, has recently been found to be a cutaneous antimicrobial peptide.
Human catestatin exhibits three single nucleotide polymorphisms: Gly364-
Ser, Pro370Leu and Arg374GIn. Given reports indicating that antimicro-
bial peptides and neuropeptides induce mast cell activation, we postulated
that catestatin might stimulate numerous functions of human mast cells,
thereby participating in the regulation of skin inflammatory responses.
Catestatin and its naturally occurring variants caused the human mast cell
line LAD2 and peripheral blood-derived mast cells to migrate, degranulate
and release leukotriene C, and prostaglandins D, and E,. Moreover,
catestatins increased intracellular Ca®>' mobilization in mast cells, and
induced the production of pro-inflammatory cytokines/chemokines such
as granulocyte-macrophage colony-stimulating factor, monocyte chemo-
tactic protein-1/CCL2, macrophage inflammatory protein-1¢/CCL3 and
macrophage inflammatory protein-1/CCL4. Our evaluation of possible
cellular mechanisms suggested that G-proteins, phospholipase C and the
mitogen-activated protein kinase/extracellular signal-regulated kinase
(ERK) are involved in catestatin-induced mast cell activation as evidenced
by the inhibitory effects of pertussis toxin (G-protein inhibitor), U-73122
(phospholipase C inhibitor) and U0126 (ERK inhibitor), respectively. We
also found that human mast cells express the a7 subunit of the nicotinic
acetylcholine receptor at both the mRNA and protein levels. Given that
silencing the a7 receptor mRNA and an a7-specific inhibitor did not affect
catestatin-mediated activation of mast cells, however, we concluded that
this receptor is not likely to be functional in human mast cell stimulation
by catestatins. Our finding that the neuroendocrine antimicrobial peptide
catestatin activates human mast cells suggests that this peptide might have
immunomodulatory functions, and provides a new link between neuroen-
docrine and cutaneous immune systems.

Keywords: activation; basophils; disease; mast cells; signal transduction;
signalling; skin (dermatology) immunology

an innate epithelial chemical barrier and have direct
microbicidal effects on numerous bacteria, fungi and
enveloped viruses.! Moreover, multiple components of
the innate and adaptive immune systems are thought to

Abbreviations: AMP, antimicrobial peptide; EIA, enzyme immunoassay; ERK, extracellular signal-regulated kinase; GAPDH,
glyceraldehyde 3-phosphate dehydrogenase; GM-CSF, granulocyte-macrophage colony-stimulating factor; IL-6, interleukin-6;
JNK, Jun N-terminal kinase; LT, leukotriene; MAPK, mitogen-activated protein kinase; MCP, monocyte chemotactic protein;
MIP, macrophage inflammatory protein; nAChR, nicotinic acetylcholine receptor; PG, prostaglandin; PLC, phospholipase C;
SCF, stem cell factor; siRNA, small interfering RNA.
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be coordinated by AMPs.” In addition to their microbi-
cidal activities, AMPs exhibit a variety of activities,
including endotoxin neutralization, pro- and anti-apopto-
tic effects, chemoattraction, wound repair, angiogenesis,
tumour surveillance, and enhancement of the production
of cytokines and chemokines."” Among the numerous
AMPs discovered so far in human skin, diverse properties
have been reported for human f-defensins, cathelicidin
LL-37 and S100 proteins.' Recently, catestatin, a neuroen-
docrine peptide derived from the pro-hormone chro-
mogranin A,> has been demonstrated to be an AMP in
human skin.* Beyond its microbicidal properties, how-
ever, the immunomodulatory activities of catestatin in
cutaneous tissue remain unknown.

The neuroendocrine protein chromogranin A is a mem-
ber of the granin family found in the secretory granules of
endocrine, neuroendocrine and neuronal cells.” Upon pro-
teolytic cleavage, chromogranin A can give rise to biologi-
cally active peptides such as pancreastatin, f-granin,
vasostatin, parastatin and catestatin.’ Catestatin is a 21-
amino acid residue, cationic and hydrophobic peptide that
affects human autonomic function as a catecholamine
release inhibitor, via non-competitive inhibition of nico-
tinic acetylcholine receptors (nAChRs).® Catestatin occurs
in normal human skin,* and is reported to exhibit antimi-
crobial activity against a wide array of skin pathogens,
including bacteria, yeast and fungi.*’ Catestatin is also a
potent vasodilator, given its ability to induce in vivo hista-
mine release in rats,® and a chemotactic factor for human
monocytes.” The expression of catestatin in human skin
has been detected in keratinocytes, and can be increased
in response to injury or infection in murine skin.* The
human catestatin exhibits three naturally occurring single
nucleotide polymorphisms, Gly364Ser, Pro370Leu and
Arg374GIn, which are estimated to occur in ~ 4% of the
population.'® These polymorphisms show different poten-
cies in terms of their inhibition of catecholamine secre-
tion, with a rank order of Pro370Leu > wild-type
catestatin > Gly364Ser > Arg374GlIn."!

Mast cells are frequently present in areas with close
proximity to epithelial surfaces. They are important effec-
tor cells of the innate immune system and participate in
allergy, inflammation, immune surveillance and sensitiza-
tion to allergens.'> Moreover, their numbers in local tis-
sues increase under conditions such as wound healing
and inflammatory and allergic diseases.'”'> Among the
various mast cell stimulants, AMPs (e.g. human f-defen-
sins and cathelicidin LL-37) and neuropeptides (e.g. sub-
stance P and vasoactive intestinal polypeptide) have both
been reported.'*™'® Therefore, we postulated that the neu-
roendocrine AMP catestatin might also activate diverse
functions of human mast cells.

Our findings demonstrated that catestatin and its vari-
ants caused mast cells to migrate, degranulate and release
inflammatory mediators such as leukotriene C, (LTC,),

prostaglandin D, (PGD,) and PGE,. In addition, catesta-
tins induced the production of cytokines and chemokin-
es, and catestatin-mediated mast cell activation was
regulated by G-proteins, phospholipase C (PLC), and the
mitogen-activated protein kinase extracellular signal-regu-
lated kinase (MAPK ERK). We also found that human
mast cells express the o7 subunit of the nAChR; however,
this receptor is not likely to function in catestatin-caused
mast cell activation. Our finding that the skin-derived
AMP catestatin activates various functions of human
mast cells suggests that this peptide may have an immu-
nomodulatory role, and supports the hypothesis of a link
between the neuroendocrine and cutaneous immune sys-
tems.

Materials and methods

Reagents

Human wild-type catestatin (SSMKLSFRARAYGFRGPG-
PQL), catestatin natural variants Gly364Ser (SSMKLSFRA-
RAYSFRGPGPQL), Pro370Leu (SSMKLSFRARAYGFRGP-
GLQL), and Arg374Gln (SSMKLSFRARAYGFRGPGPQ-
LRQGWRPSSREDSLEAGLPLQVRGYPEE), and a scram-
bled form of -catestatin sCst (MKLSSSFRAYARGFR-
GPGPQL) were synthesized using a solid-phase method on
a peptide synthesizer (model PSSM-8; Shimadzu, Kyoto,
Japan) by fluoroenylmethoxycarbonyl (Fmoc) chemistry,
and their molecular masses were confirmed using a mass
spectrometer (model TSQ 700; Thermo Quest Finnigan,
Manchester, UK). Compound 48/80 was purchased from
Sigma-Aldrich (St Louis, MO). Enzyme immunoassay
(EIA) kits for LTC,, PGD, and PGE, were purchased from
Cayman Chemical Company (Ann Arbor, MI), and cyto-
kine and chemokine ELISA kits were obtained from R&D
Systems (Minneapolis, MN). Rabbit polyclonal antibodies
against phosphorylated p38, ERK and jun N-terminal
kinase (JNK), in addition to unphosphorylated p38, ERK
and JNK, were from Cell Signaling Technology (Beverly,
MA). The G-protein inhibitor pertussis toxin, ERK inhibi-
tor U0126, JNK inhibitor II SP600125, PLC inhibitor U-
73122, and PLC inhibitor inactive control U-73343 were
obtained from Calbiochem (La Jolla, CA). The nAChR
primers used were from Invitrogen (Camarillo, CA), and
small interfering RNA (siRNA) targeting the o7 nAChR
and control siRNA were purchased from Applied Biosys-
tems (Branchburg, NJ).

Cell culture

The LAD2 cell line isolated from the bone marrow of a
patient with mast cell leukaemia was a kind gift from
Dr Arnold Kirshenbaum (National Institutes of Health,
National Institute of Allergy and Infectious Diseases,
Bethesda, MD)."” These cells were grown in Stem Pro-34
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medium containing nutrient supplements (Invitrogen),
supplemented with 2 mm 1-glutamine (Invitrogen),
100 IU/ml penicillin and 100 pg/ml streptomycin (Meiji
Seika, Tokyo, Japan), and 100 ng/ml human stem cell fac-
tor (SCF) (Wako, Osaka, Japan). Cell culture medium
was hemi-depleted every week with fresh medium.
Human peripheral blood-derived cultured mast cells were
obtained using previously described methods with some
modifications.'® Briefly, granulocyte colony-stimulating
factor (G-CSF) -mobilized human peripheral bloods
CD34" cells (Veritas Corporation, Tokyo, Japan) were
cultured in serum-free Iscove’s methylcellulose medium
(Stem Cell Technologies, Vancouver, BC, Canada) con-
taining 200 ng/ml SCF, 50 ng/ml interleukin-6 (IL-6) and
2-5 ng/ml IL-3 (PeproTech, London, UK), 100 IU/ml
penicillin and 100 pg/ml streptomycin (Gibco, Grand
Island, NY). At 6 weeks, the methylcellulose medium was
dissolved in PBS, and the cells were then resuspended and
cultured in Iscove’s modified Dulbecco’s medium supple-
mented with 100 ng/ml SCF, 50 ng/ml IL-6, 5% fetal calf
serum, 55 UM 2-mercaptoethanol, 100 IU/ml penicillin
and 100 pg/ml streptomycin. Hemi-depletions of media
were performed weekly by adding fresh media. The final
purity of mast cells always exceeded 95%.

B-Hexosaminidase release assay

Mast cells (2 x 10° cells/well) were suspended in Tyrode’s
buffer [10 mm HEPES buffer (pH 7-4), 130 mm NaCl,
5 mm KCI and 5-6 mm glucose] containing 0-1% BSA,
1 mm CaCl, and 0-6 mm MgCl,, then stimulated with
various concentrations of catestatin peptides or diluent
(0-01% acetic acid) for 40 min at 37°. The ff-hexosamini-
dase levels in the supernatants and total cell lysates solu-
bilized with Triton X-100 were quantified by hydrolysis of
p-nitrophenyl-N-acetyl-f-p-glucopyranoside in  0-1 m
sodium citrate buffer for 90 min at 37°. The percentage
of f-hexosaminidase release was calculated as reported
previously.'> In some experiments, inhibitors were added
2 hr before stimulation, and f-hexosaminidase release
was measured as described above.

EIA and ELISA

Mast cells (1 x 10° cells) were incubated with catestatins
at the indicated concentrations for 0-5-24 hr at 37°. After
stimulation, the cells were centrifuged, and the cell-free
supernatants from cultures of stimulated mast cells or
non-stimulated control cells were used for LTC,, PGD,
and PGE, quantification by an EIA, while granulocyte
macrophage colony-stimulating factor (GM-CSF), mono-
cyte chemotactic protein (MCP-1)/CCL2, macrophage
inflammatory protein 1o (MIP-10/CCL3 and MIP-1f/
CCL4 were measured using appropriate ELISA Kkits

Catestatin activates human mast cells

according to the manufacturer’s instructions. In some
experiments, inhibitors were added 2 hr before stimula-
tion, and the EIA or ELISA quantification was performed
as described above.

Total RNA extraction, quantitative real-time PCR and
reverse trancription PCR

Total RNA was extracted from mast cells using an RNeasy
Micro kit (Qiagen, Venlo, the Netherlands). First-strand
cDNA was then synthesized from 2 pg total RNA using a
High-Capacity ¢cDNA Reverse Transcription kit (Applied
Biosystems) according to the manufacturer’s instructions.
Quantitative real-time PCR was performed as reported
previously,'® using TagMan Universal PCR Master Mix
(Applied Biosystems). Amplification and detection of
mRNA were analysed using a 7500 Real-Time PCR Sys-
tem (Applied Biosystems) according to the manufacturer’s
instructions.

The mRNA expression of the o3, a4, o7 and o9 subunits
of the nAChRs in mast cells was examined by reverse tran-
scription (RT-) PCR using an Advantage 2 PCR Enzyme
System (Clontech Laboratories, Palo Alto, CA) according
to the manufacturer’s instructions. The primers used were:
o3 subunit (401 bp), sense primer CCATGTCTCAGCTG-
GTG, antisense primer GTCCTTGAGGTTCATGGA; o4
subunit (346 bp), sense primer TGGGTGAAGCAG-
GAGTGG, antisense primer AGTCCAGCTGGTCCACG;
o7 subunit (414 bp), sense primer CCTGGCCAGTGTG-
GAG, antisense primer TACGCAAAGTCTTTGGACAG;
o9 subunit (403 bp), sense primer GTCCAGGGT-
CTTGTTTGT, antisense primer ATCCGCTCTTGCTAT-
GAT; glyceraldehyde 3-phosphate dehydrogenase (GAPDH;
447 bp), sense primer ACCACAGTCCATGCCATCAC,
antisense primer TCCACCACCCTGTTGCTGTA. The
PCR amplification was carried out for 35 cycles (1 min at
95°, 30 seconds at 95° and 1 min at 68° repeated for 34
cycles, and 1 min at 68°). Aliquots of the PCR products
were run on 2% agarose gels and visualized by ethidium
bromide staining.

Treatment with pertussis toxin, U-73122 and MAPK
inhibitors

The effects of pertussis toxin, U-73122, U0126 and
SP600125 on various mast cell functions induced by
catestatin and its variants were evaluated by pre-treating
mast cells with pertussis toxin (1000 ng/ml), U-73122 or
its inactive control U-73343 (10 um each), U0126
(10 pm), or SP600125 (20 pm) for 2 hr at 37° in Stem-
Pro-34 medium. The cells were then stimulated with
wild-type catestatin and its variants for indicated time
periods, and appropriate assays were performed as
described above.
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Western blot analysis

Mast cells (1 x 10° cells) were stimulated with 5 pum
catestatins for 5 min to 1 hr. After stimulation, cell lysates
were obtained by lysing cells in lysis buffer (50 mm Tris—
HCI (pH 8), 150 mm NaCl, 0-02% NaNj3, 0-1% SDS, 1%
Nonidet P-40 containing a protease inhibitor cocktail,
Phosphatase Inhibitor Cocktail 1 and Cocktail 2 (Sigma-
Aldrich) prepared according to the manufacturer’s
instructions. The amount of total protein was determined
using a BCA Protein Assay (Pierce Chemical, Rockford,
IL), and equal amounts of total protein were subjected to
12-5% SDS—-PAGE analysis. After the non-specific binding
sites were blocked, the blots were incubated with poly-
clonal antibodies against phosphorylated or unphosphory-
lated p38, ERK and JNK overnight. The membranes were
developed using an enhanced chemiluminescence detec-
tion kit (Amersham Pharmacia Biotech, Piscataway, NJ).

Measurements of intracellular Ca®* mobilization

Intracellular Ca®* mobilization was measured by a no-
washing method using a FLIPR Calcium Assay kit
(Molecular Devices, Sunnyvale, CA). Cells (100 pl) were
seeded at a density of 2 x 10° cells per well into 96-well,
black-walled, clear-bottom microtitre plates coated with
poly-p-lysine (Becton-Dickinson, NJ), and then loaded
for 1 hr at 37° in an equivalent volume of Hanks’ bal-
anced salt solution containing 20 mm HEPES, 2-5 mm
probenecid (Sigma-Aldrich), and Calcium 3 Reagent
(Molecular Devices, Menlo Park, CA), pH 7-4, prepared
according to the manufacturer’s instructions. To form a
uniform monolayer of cells on the bottoms of the wells,
the microplate was gently centrifuged for 5 min with low
acceleration and without brake. The cell-containing plate
was placed into a FlexStation I (Molecular Devices), and
a volume of 50 pl catestatins diluted in assay buffer was
added to each well to achieve the final indicated concen-
trations. The maximum change in fluorescence over
baseline was quantified using sorrmMax PrO (version 5)
software (Molecular Devices).

Chemotaxis assay

The chemotaxis assay was performed using a 48-well che-
motaxis micro-chamber (Neuroprobe, Cabin John, MD).
Mast cells (50 pl of 3 x 10° cells/ml) were added to the
upper wells separated from the lower wells containing
chemoattractants by a polycarbonate membrane with
pores 8 um in diameter. After 3 hr of incubation, the
mast cells that migrated and adhered to the underside of
the filter were fixed and stained with DiffQuick. The
membrane was mounted, and the cells that migrated were
counted under a light microscope in three randomly cho-
sen high-power fields. In some experiments, inhibitors

were added 2 hr before the assay, and chemotaxis was
evaluated as described above.

FACS analysis of a7 nAChR expression in mast cells

Mast cells (1 x 10° cells) were suspended in BD Cytofix/
Cytoperm solution (BD Biosciences Pharmingen, San
Diego, CA) for 20 min according to the manufacturer’s
instructions. Following one wash with BD Perm/Wash
buffer, an antibody against the o7 nAChR (Santa Cruz
Biotechnology, Santa Cruz, CA) or an isotype control rat
IgGlk antibody (BD Biosciences) was added for 30 min.
The expression of the o7 nAChR was evaluated by FACS
after staining with FITC-conjugated goat anti-rat IgG (BD
Biosciences).

RNA interference with o7 nAChR siRNA

Mast cells (100 ul at a density of 3 x 10" cells/ml) were
transfected with 400 nm 7 nAChR siRNA or control siRNA
(Applied Biosystems) using the Amaxa Cell Line Nucleo-
fector Kit V, programme T-030 (Lonza Bio, Cologne,
Germany), according to the manufacturer’s instructions.
Gene silencing was carried out for at least 24 hr, and the effi-
cacy of knockdown was confirmed by quantitative real-time
PCR using o7 nAChR-specific primers/probes. Following
transfection, the cells were stimulated with catestatin
peptides, and an assessment of degranulation or cytokine/
chemokine production was carried out as described above.

Statistical analysis

Statistical analysis was performed using one-way analysis
of variance with a multiple comparison test or Student’s
t-test (Prism 4; GraphPad Software, San Diego, CA), and
P < 0-05 was considered to be significant. The results are
shown as the mean £ SD.

Results

Effects of catestatins on mast cell degranulation

The f-hexosaminidase enzyme is released in combination
with histamine and, therefore, is a marker of mast cell
degranulation.”® As shown in Fig. 1(a), wild-type catesta-
tin and its variants markedly induced f-hexosaminidase
release from LAD2 cells at 2-5 pum, whereas nanomolar
concentrations (100 and 500 nm) did not cause mast cell
degranulation. Wild-type catestatin, Gly364Ser and
Pro370Leu displayed nearly identical potencies, whereas
Arg374GIn showed lower activity. Scrambled catestatin
used as a control peptide had no effect on mast cell
degranulation, suggesting that catestatin-mediated human
mast cell activation is specific. Compound 48/80 was used
as a positive control.
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Figure 1. Catestatins induce human mast cell degranulation and
release of leukotriene (LT) C,, prostaglandin (PG) D, and PGE,. (a)
LAD2 cells (2 x 10° cells) were incubated with 100-2500 nm wild-
type catestatin (WT), Gly364Ser (G364S), Pro370Leu (P370L) or
Arg374GlIn (R374Q), 2500 nm scrambled catestatin (sCst), 5 pg/ml
compound 48/80 (48/80), or diluent 0-01% acetic acid. After 40 min
incubation at 37°, ff-hexosaminidase (ff-Hexo) release was measured
in the supernatants as described in the Materials and methods sec-
tion. Values are the mean + SD of five separate experiments. (b)
Peripheral blood-derived mast cells (2 x 10° cells) were incubated
with 5 pm WT catestatin, G364S, P370L or R374Q and f-Hexo
release was measured. Values are the mean + SD of three separate
experiments. (c—e) LAD2 cells (1 x 10° cells) were stimulated for
30 min at 37° with 5-10 pm WT catestatin, G364S, P370L or R374Q,
10 pm sCst, 5 pg/ml compound 48/80 (48/80), or diluent 0-01% ace-
tic acid (Ctrl, control). LTC,, PGD, and PGE, released into the
supernatants were quantified by an enzyme immunoassay. (f~h) Fur-
thermore, peripheral blood-derived mast cells (1 x 10° cells) were
incubated 10 pm WT catestatin, G364S, P370L or R374Q, or diluent
0-01% acetic acid (Ctrl, control) as above, and LTC,, PGD, and
PGE, release was quantified. Values are shown as the mean + SD of
three to six separate experiments, and in comparison with untreated
cells (Ctrl, control), respectively. *P < 0-05, **P < 0-01, #P < 0-001.

Catestatins also notably caused degranulation of
peripheral blood-derived mast cells (Fig. 1b); however,
these cells had a weaker response to wild-type catestatin

Catestatin activates human mast cells

and its variants when compared with LAD2 cells (5 pm
for peripheral blood mast cells versus 2-5 pm for LAD2
cells), implying different characteristics of these two cell
types. The doses of catestatin peptides used in this study
were not toxic to mast cells, as evaluated by trypan blue
dye exclusion, and lactate dehydrogenase activity (data
not shown).

Catestatins induce the release of lipid mediators LTC,,
PGD2 and PGE2

When stimulated, mast cells undergo degranulation and
release of various eicosanoids in inflammatory or allergic
diseases.”’ Therefore, given that catestatin peptides
induced mast cell degranulation, we investigated their
ability to cause the release of LTs and PGs from human
mast cells. In support of our hypothesis, wild-type catest-
atin and its mutants noticeably enhanced LTC,, PGD,
and PGE, release from LAD2 cells in a dose-dependent
manner. Scrambled catestatin had no effect, and com-
pound 48/80 was a positive control (Fig. 1c—e). We also
confirmed that wild-type catestatin and its variants signif-
icantly augmented LTC,;, PGD, and PGE, release from
peripheral blood-derived mast cells (Fig. 1f~h). Although
catestatin peptides increased LTC, release by approxi-
mately 100-fold, the release of PGD, and PGE, was only
increased two- to three-fold. We verified that longer stim-
ulation (3-12 hr) of the cells did not further increase the
amounts of LTC,, PGD, and PGE, released (data not
shown).

Catestatins stimulate gene expression and protein
production of cytokines and chemokines by mast cells

As a number of AMPs and neuropeptides known to
induce mast cell degranulation have been reported to
increase chemokine and cytokine plroduction,ls’17
tested whether catestatin peptides would also activate
mast cells to generate pro-inflammatory cytokines and
chemokines, including GM-CSF, IL-4, IL-5, IL-8, TNF-a,
MCP-1/CCL2, MIP-10/CCL3 and MIP-1§/CCL4. Follow-
ing 1 hr of stimulation, we observed that wild-type catest-
atin and its variants noticeably enhanced the mRNA
expression levels of the above-mentioned cytokines and
chemokines in a dose-dependent manner (Fig. 2). We
chose to stimulate the cells for 1 hr because in prelimin-
ary experiments the highest mRNA expression levels were
observed after 1 hr of a 1-24 hr stimulation.

After observing enhanced mRNA expression of various
cytokines and chemokines, the stimulatory effects of
catestatin peptides on the production of the respective

we next

cytokine and chemokine proteins by mast cells were eval-
uated using an ELISA. Among the cytokines and chemo-
kines tested, wild-type catestatin and its variants, but not
scrambled catestatin, only selectively increased the

© 2011 The Authors. Immunology © 2011 Blackwell Publishing Ltd, Immunology, 132, 527-539 531
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Figure 2. Enhancement of the mRNA expressions of various cyto-
kines and chemokines. LAD2 cells (1 x 10° cells) were incubated
with 2:5-10 pm wild-type catestatin  (WT), Gly364Ser (G364S),
Pro370Leu (P370L) or Arg374Gln (R374Q), or diluent 0-01% acetic
acid (Ctrl, control) for 1 hr. Following incubation, total RNA was
extracted and converted into ¢cDNA, and quantitative real-time PCR
was performed to analyse changes in the gene expression of granulo-
cyte—macrophage colony-stimulating factor (GM-CSF), interleukin-4
(IL-4), IL-5, IL-8, tumour necrosis factor-o (TNF-o), monocyte
chemoattractant protein-1 (MCP-1/CCL2), macrophage inflamma-
tory protein-la. (MIP-1¢/CCL3) and MIP-1$/CCL4. Each bar shows
the mean + SD of three different experiments. Values represent fold
increases in gene expression above untreated cells (Ctrl, control).
*P < 0-05, **P < 0-01, #P < 0-001.

production of GM-CSF, MCP-1/CCL2, MIP-12/CCL3 and
MIP-18/CCL4 (Fig. 3), and this effect was dose-depen-
dent. The production of cytokines and chemokines was
highest after 6 hr of stimulation.

Induction of intracellular Ca®* mobilization

Given that calcium is critically involved in the regulation
of numerous functions of mast cells,”> we tested whether
catestatin peptides have the ability to mobilize intracellu-
lar Ca*" in mast cells, thereby leading to cell activation.
As expected, wild-type catestatin and its variants induced
considerable increases of intracellular Ca** mobilization
in human mast cells. These Ca®" increases were dose-
dependent, and catestatin concentrations as low as

C=Ctrl
o5 #
1000
550 =15 um

100 == EZZ2 10 pm

GM-CSF (pg/ml)
>
o

Figure 3. Stimulatory effects of catestatins on the production of
cytokines and chemokines by mast cells. LAD2 cells (1 x 10° cells)
were treated with the indicated concentrations of wild-type catestatin
(WT), Gly364Ser (G364S), Pro370Leu (P370L) or Arg374Gln
(R374Q), 10 pm scrambled catestatin (sCst), 5 pg/ml compound 48/
80 (48/80), or diluent 0-01% acetic acid (Ctrl, control) for 6 hr, and
the amounts of granulocyte—macrophage colony-stimulating factor
(GM-CSF), monocyte chemoattractant protein-1 (MCP-1/CCL2),
macrophage inflammatory protein-lo. (MIP-1¢/CCL3) and MIP-1p/
CCLA4 released into the culture supernatants were determined by an
ELISA. Values were compared between stimulated and untreated cells
(Ctrl, control). *P < 0-05, **P < 0-01, #P < 0-001. Each bar repre-
sents the mean + SD of three separate experiments.

1:25 pm caused large amounts of Ca®" influx, reaching a
peak at around 50 seconds after the addition of catestatin
peptides (Fig. 4a).

Catestatins induce mast cell chemotaxis

Because catestatin is a potent chemoattractant for mono-
cytes,” we evaluated whether this peptide would also
chemoattract human mast cells. In support of our
hypothesis, wild-type catestatin and its variants induced
mast cell chemotaxis, and the dose-dependence of this
effect gave a bell-shaped curve. The optimal chemotactic
concentration was as low as 0-32 pMm, whereas higher con-
centrations of catestatin peptides resulted in the inhibi-
tion of cell migration. Scrambled catestatin had no effect
on LAD2 mast cell migration (Fig. 4b). Similar results
with 0-32 pm wild-type catestatin and its variants were
observed in human peripheral blood-derived cultured
mast cells (Fig. 4c).

Inhibitory effects of pertussis toxin and U-73122

To evaluate the cellular mechanisms by which catestatins
activate human mast cells, we investigated whether the
G-protein and PLC pathways were involved in catestatin-
mediated human mast cell activation by using the specific

532 © 2011 The Authors. Immunology © 2011 Blackwell Publishing Ltd, Immunology, 132, 527-539
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Figure 4. Catestatins mediate intracellular Ca®* mobilization and
mast cell chemotaxis. (a) LAD2 cells (2 x 10° cells) were incubated
for 1 hr at 37° in Hanks” balanced salt solution containing HEPES,
probenecid and Calcium 3 Reagent, and then stimulated with 1-25-
5 um wild-type catestatin (WT), Gly364Ser (G364S), Pro370Leu
(P370L) or Arg374Gln (R374Q), or diluent 0-01% acetic acid (Ctrl,
control). The data presented are representative of four separate exper-
iments and are shown as the changes in fluorescence. (b) LAD2 cells
(50 pl from 3 x 10° cells/ml) were placed in the upper wells of a che-
motaxis micro-chamber and allowed to migrate towards 0-02—
1-25 um WT catestatin, G364S, P370L or R374Q, 0-32 pum scrambled
catestatin (sCst), or diluent 0-01% acetic acid (Ctrl, control) for 3 hr
at 37°. Chemotaxis was assessed by counting under a light microscope
the number of cells that migrated through the polycarbonate mem-
brane with 8-pum diameter pores, in three randomly chosen high-
power fields. Values were compared between stimulated and non-
stimulated cells (Ctrl, control). *P < 0-05, **P < 0-01, #P < 0-001.
Each bar represents the mean + SD of nine separate experiments. (c)
Peripheral blood-derived mast cells (50 pl from 3 X 10° cells/ml) were
allowed to migrate towards 0-32 um WT catestatin, G364S, P370L or
R374Q, or diluent 0-01% acetic acid (Ctrl, control), and chemotaxis
assay was performed as above. Values were compared between stimu-
lated and untreated cells (Ctrl, control). *P < 0-001. Each bar repre-
sents the mean + SD of three separate experiments.

Catestatin activates human mast cells

inhibitors, pertussis toxin and U-73122, respectively. Prior
treatment of the mast cells with pertussis toxin or
U-73122 significantly suppressed the mast cell degranula-
tion and release of LTC,, PGD, and PGE, induced by wild-
type catestatin and its variants (Fig. 5a—d). In addition,
both inhibitors markedly suppressed mast cell chemotaxis,
intracellular Ca®" mobilization, and the production of
cytokines and chemokines (Fig. 5e—j). U-73122 was more
potent than pertussis toxin, and its inactive control,
U-73343, had no effect on mast cell activation.

Phosphorylation of the MAPKSs is mediated by
catestatin peptides

To further understand the signalling pathways of catesta-
tin peptides in human mast cells, we also examined
whether these peptides could activate MAPK pathways.
The MAPK pathway was a likely candidate because it has
been reported to be responsible for AMP-mediated activa-
tion of mast cells,"'> and because catestatin induces
human monocyte migration via MAPK activation.” As
shown in Fig. 6(a), wild-type catestatin and its variants
almost identically enhanced phosphorylation of ERK and
JNK, but not p38 in mast cells, as observed after 5 min of
stimulation with catestatin peptides. Scrambled catestatin
had no effect on MAPK phosphorylation. Notably, longer
exposure of mast cells to catestatin peptides, up to
60 min, did not lead to enhanced p38 phosphorylation
(data not shown).

The requirement for MAPK signalling pathways in
catestatin-induced mast cell stimulation was evaluated by
pre-treating mast cells with specific inhibitors for ERK
and JNK: U0126 and SP600125, respectively. As shown in
Fig. 6(b), U0126 almost completely abolished the produc-
tion of cytokines and chemokines mediated by wild-type
catestatin and its variants, whereas SP600125 had no
inhibitory effect. Similarly, other inhibitors specific to
JNK did not reduce the stimulatory effects of catestatin
peptides (data not shown). We confirmed that both
U0126 and SP600125 suppressed ERK and JNK phos-
phorylation, respectively (data not shown), suggesting
that only ERK is required for catestatin-induced stimula-
tion of human mast cells.

Expression of the a7 nAChR

Given that the activation of G-proteins may imply the
presence of functional receptors, we next assessed the pos-
sibility that catestatin peptides might activate human mast
cells via specific receptors. Catestatin inhibits catechol-
amine release through nAChR activation;® therefore, we
envisaged that nAChRs might be involved in catestatin-
induced mast cell stimulation. Among the nAChRs tested,
including o3, o4, o7 and 09, we observed that only the o7
subunit mRNA was expressed in human mast cells as
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shown by RT-PCR (Fig. 7a). To confirm the presence of
the 7 nAChR in mast cells at the protein level, we per-
formed FACS analysis. As shown in Fig. 7(b), staining
human mast cells with an o7 nAChR-specific antibody
showed increased expression of the &7 nAChR compared
with staining with a control IgG.

To determine whether the o7 nAChR is used function-
ally by catestatin peptides to activate human mast cells,
we performed «7 nAChR gene silencing by transfecting
the mast cells with o7 nAChR siRNA, and used these
transfected cells to assess the possible involvement of the
o7 nAChR in catestatin-induced mast cell degranulation
and production of cytokines and chemokines. As seen in
Fig. 7(c), silencing the a7 nAChR for 24 hr almost com-
pletely suppressed 7 nAChR mRNA expression, com-
pared with cells transfected with the control siRNA. Our

Figure 5. Inhibitory effects of pertussis toxin and U-73122 on catest-
atin-induced mast cell activation. Cells were pre-treated with
1000 ng/ml pertussis toxin (PTx), 10 pm U-73122, 10 pm U-73343
or 0-1% DMSO for 2 hr. (a) Pre-treated cells (2 x 10° cells) were
stimulated with 2-5 um  wild-type catestatin  (WT), Gly364Ser
(G364S) or Pro370Leu (P370L), 5 um Arg374Gln (R374Q), or dilu-
ent 0-01% acetic acid (Ctrl, control) for 40 min, and f-hexosamini-
dase (f-Hexo) release was measured. (b—d) Pre-treated cells (1 x 10°
cells) were also stimulated with 10 um WT catestatin, G364S, P370L,
R374Q, or 0-01% acetic acid (Ctrl, control) for 30 min, and the
release of leukotriene (LT) C,, prostaglandin (PG) D,, and PGE, was
assessed by an enzyme immunoassay. (e) In addition, pre-treated
cells were incubated with 0-32 um WT catestatin, G364S, P370L,
R374Q, or 0-01% acetic acid (Ctrl, control) for 3 hr, and the chemo-
taxis assay was then performed. (f) Cells were also evaluated for
intracellular Ca®" mobilization following stimulation with 5 pM WT
catestatin, G364S, P370L, R374Q, or 0-01% acetic acid (Ctrl, con-
trol). Furthermore, cells were stimulated for 6 hr with 10 um WT
catestatin, G364S, P370L, R374Q, or 0-01% acetic acid (Ctrl, con-
trol), and the levels of (g) granulocyte—macrophage colony-stimulat-
ing factor (GM-CSF), (h) monocyte chemoattractant protein-1
(MCP-1/CCL2), (i) macrophage inflammatory protein-loc (MIP-1a/
CCL3) and (j) MIP-15/CCL4 released into the supernatants were
determined by an ELISA. Values are the mean + SD of four to nine
separate experiments. **P < 0-01 and #P < 0-001 for comparisons
between untreated cells (Ctrl, control) and stimulated groups with-
out inhibitor (w/o inhibitor). *P < 0-05, **P < 0-01, and #P < 0-001
for comparisons between the presence and absence of inhibitors.

experiments using these o7 nAChR siRNA-transfected
mast cells, however, failed to show that the «7 nAChR is
indeed functional in catestatin-mediated mast cell activa-
tion, as there were no significant differences in the pro-
duction of cytokines and chemokines (Fig. 7d), and
degranulation (data not shown) between mast cells trans-
fected with the o7 nAChR siRNA and the control siRNA.
Longer gene silencing of the a7 nAChR (48-96 hr) did
not modify the stimulatory effects of wild-type catestatin
and its variants on human mast cells (data not shown).
This result was supported by the observation that inhibi-
tors specific to the o7 nAChR such as a-bungarotoxin
also had no effect on catestatin-mediated mast cell stimu-
lation (data not shown). Hence, the «7 nAChR is not
likely to be involved in catestatin-induced human mast
cell activation.

Discussion

In the present study, we investigated the roles of the neu-
roendocrine AMP catestatin in immune responses based
on its stimulatory effects on human mast cells. We dem-
onstrated that wild-type catestatin and its naturally occur-
ring variants induce mast cell migration and
degranulation, release of lipid mediators such as PGs and
LTs, and production of cytokines and chemokines.
Catestatin-mediated mast cell activation was shown to be
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under the control of G-proteins, PLC and the MAPK/
ERK pathways. Although the o7 nAChR was expressed in
human mast cells, this receptor is not likely to be func-
tional in catestatin-induced mast cell activation. Although
catestatin has been shown to stimulate rat mast cell
release of histamine,” to our knowledge, this is the first
study demonstrating multiple functions of wild-type
catestatin and its variants in human mast cells. Our find-

Catestatin activates human mast cells

Figure 6. Involvement of the mitogen-activated protein kinases
(MAPKs) extracellular signal-regulated kinase (ERK) and c-Jun
N-terminal kinase (JNK). (a) Catestatins induce the phosphorylation
of ERK and JNK. LAD2 cells (1 x 10° cells) were stimulated with
5 um wild-type catestatin (WT), Gly364Ser (G364S), Pro370Leu
(P370L), Arg374GIn (R374Q), and scrambled catestatin (sCst), or
diluent 0-01% acetic acid (Ctrl, control) for 5 min, and the levels of
phosphorylated ERK (p-ERK), JNK (p-JNK), and p38 (p-p38), and
unphosphorylated ERK, JNK, and p38 in the cellular lysates were
determined by Western blot analysis. Upper panel: representative of
three separate experiments with similar results. Lower panel: Bands
were quantified by densitometry using the software program IMAGE
GAUGE (LAS-4000plus) to allow correction for protein loading. Data
represent the ratio of the intensity of each phosphorylated protein
(p-ERK, p-JNK or p-p38) divided by the amount of the respective
unphosphorylated protein (ERK, JNK or p38). Values are the
mean + SD of three independent experiments. *P < 0-05 as com-
pared between stimulated and untreated cells (Ctrl, control). (b)
Inhibitory effects of ERK and JNK inhibitors. LAD2 cells (1 X 10°
cells) were pre-treated with 10 pm U0126, 20 um SP600125 or 0-1%
DMSO for 2 hr, and the cells were then exposed to 10 pm wild-type
catestatin (WT), Gly364Ser (G364S), Pro370Leu (P370L), Arg374Gln
(R374Q) or diluent 0-01% acetic acid (Ctrl, control) for 6 hr. The
concentrations of granulocyte—macrophage colony-stimulating factor
(GM-CSF), monocyte chemoattractant protein-1 (MCP-1/CCL2),
macrophage inflammatory protein-lo. (MIP-1¢/CCL3) and MIP-1p/
CCL4 in the culture supernatants were measured by an ELISA. Val-
ues are the mean * SD of four separate experiments and were com-
pared between untreated cells (Ctrl, control) and stimulated cells
without inhibitor (w/o inhibitor), **P < 0-01, #P < 0-001, and
between cells with the presence and absence of ERK inhibitor.
*P < 0-05, **P < 0-01, #P < 0-001.

ings suggest a new role for catestatin peptides in immu-
noregulation of the cutaneous immune system via mast
cell activation.

Eicosanoids and histamine are mainly secreted by acti-
vated mast cells, and are mediators of inflammatory reac-
tions.”’ Both LTs and PGs are critically involved in
inflammatory and allergic conditions, and PGD, and
PGE, are abundant in allergic skin inflammation such as
contact hypersensitivity.**® Furthermore, intracellular
Ca®" is thought to play a key role in mast cell activation,
including chemotaxis and release of histamine and eicosa-
noids.>”*® In this report, wild-type catestatin and its vari-
ants increased intracellular Ca®* mobilization in mast
cells and caused them to migrate, degranulate, and release
inflammatory mediators. These observations suggest that
catestatin peptides might participate in inflammatory
reactions via mast cell activation. Overall, wild-type
catestatin and its variants had almost equal potencies in
activating human mast cells, except for the strongest
activity of Pro370Leu in inducing LTC, release, and the
least stimulatory capacity of Arg374Gln in degranulating
mast cells. This observation partially contradicts the liter-
ature relating to catestatin peptides, where wild-type
catestatin and its variants display differential potencies in

© 2011 The Authors. Immunology © 2011 Blackwell Publishing Ltd, Immunology, 132, 527-539 535
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inhibiting catecholamine release and in inducing mono-
cyte migration.”'" This was not the result of artificial
effects of catestatin peptides, because a control peptide
had no effect on mast activation. Hence, the potencies of
wild-type catestatin and its variants might vary following
their specific activities, and between cell types.

Mast cells accumulate and become activated at sites of
inflammation, and their numbers significantly increase
during wounding,” where the levels of catestatin have
been found to be enhanced.* Although the amount of
catestatin has been estimated to 20 pm in normal murine
skin,* the precise concentration of an active catestatin in
human skin is not yet known. However, because the levels
of catestatin increase during skin injury or inflammatory

Figure 7. Expression of the o7 nicotinic acetylcholine receptor
(nAChR) on mast cells and its involvement in catestatin-induced
activation of mast cells. (a) Total RNA (2 pg) isolated from LAD2
cells was analysed for expression of the o3, a4, o7 and «9 subunits of
nAChR by RT-PCR. Aliquots of the PCR products were run on 2%
agarose gels and visualized by ethidium bromide staining. One repre-
sentative of three separate experiments is shown. (b) Expression of
the o7 nAChR protein in mast cells. Cells (1 x 10° cells) were incu-
bated with an o7 nAChR antibody (nAChR «7) or isotype control
rat IgGlk antibody (Ctrl IgGlx) for 30 min, and following staining
with FITC-conjugated goat anti-rat IgG, the expression of the o7
nAChR was evaluated by FACS. (c) Cells (3 x 10° cells) were trans-
fected with 400 nm o7 nAChR siRNA or control siRNA using the
Amaxa Cell Line Nucleofector kit V, program T-030. After 24 hr of
gene silencing, 7 nAChR mRNA expression was evaluated by quan-
titative real-time PCR. Values are the mean £ SD of three separate
experiments and were compared between 27 nAChR siRNA-trans-
fected (o7 siRNA) and control siRNA-transfected cells (Ctrl siRNA).
None: non-transfected mast cells. *P < 0-001. (d) In addition, cells
were transfected with 400 nm o7 nAChR siRNA or control siRNA
for 48 hr. Transfected cells (1 x 10° cells) were stimulated with
10 pm wild-type catestatin (WT), Gly364Ser (G364S), Pro370Leu
(P370L), Arg374Gln (R374Q), or diluent 0-01% acetic acid (Ctrl,
control) for 6 hr, and the amounts of granulocyte—macrophage col-
ony-stimulating factor (GM-CSF), monocyte chemoattractant pro-
tein-1 (MCP-1/CCL2), macrophage inflammatory protein-lo: (MIP-
12/CCL3) and MIP-15/CCL4 released into the culture supernatants
were determined by an ELISA. Each bar represents the mean + SD
of three separate experiments.

conditions,* one could expect that catestatin might reach
its optimal levels at inflammatory sites or wound sites. In
this study, the concentrations used for catestatin peptides
ranged from 0-02 to 10 umM, doses that have been reported
to display antimicrobial activities against skin pathogens®
and Plasmodium falciparum.”® However, because circulat-
ing concentrations of catestatin are in the nanomolar
range,’' this suggests that in vitro mast cell activation by
catestatin peptides might require higher doses than those
expected in vivo. Catestatin has been detected in supraba-
sal and granular keratinocytes and, to a lesser extent, in
the dermis.* Given that catestatin expression is markedly
increased during cutaneous inflammation or skin injury
where mast cells accumulate,®® direct contact may occur
between catestatin and mast cells, resulting in mast cell
activation.

We also herein demonstrated that wild-type catestatin
and its variants caused significant increases in the mRNA
expression levels of various cytokines and chemokines,
but only enhanced the protein levels of GM-CSF, MCP-1/
CCL2, MIP-10/CCL3 and MIP-15/CCL4. This implies
that catestatin-induced human mast cell stimulation may
be selective for a limited number of inflammatory media-
tors. Indeed, there are numerous reports highlighting the
inflammatory roles of GM-CSF, MCP-1/CCL2, MIP-1a/
CCL3 and MIP-15/CCL4. It is know that GM-CSF is
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involved in allergic diseases via its promotion of the anti-
gen-processing activity of Langerhans and dendritic cells,
and takes part in the maintenance of the chronic inflam-
matory process in atopic dermatitis.’”> The chemokines
MIP-10/CCL3 and MIP-13/CCL4 are regarded as markers
of local skin inflammatory responses,”® and are critical in
both acute inflammation and chronic inflammatory
diseases.”*?> Furthermore, MIP-10/CCL3 enhances the
migration of T cells, macrophages, eosinophils and neu-
trophils in human skin.”® As for MCP-1/CCL2, it displays
chemoattractant activity for numerous inflammatory and
immune cells, and participates in the pathogenesis of sys-
temic sclerosis and fibrotic processes.’®”” In addition,
MCP-1/CCL2 is up-regulated in the epidermis of the
chronic lesional skin of atopic dermatitis and psoriasis
patients.”® Taken together, our results suggest that in
addition to histamine and eicosanoid release, catestatins
may also participate in the regulation of cutaneous
inflammatory processes by promoting the production of
inflammatory cytokines and chemokines by mast cells.

To understand the molecular mechanisms underlying
the activities of catestatin peptides, we investigated the
requirement for G-proteins and PLC, as their roles in
mast cell activation have been reported previously,'>'®
and involvement of G-protein pathway has been claimed
in catestatin-stimulated rat mast cells and human mono-
cytes.”® The G-protein inhibitor pertussis toxin and the
PLC inhibitor U-73122 showed inhibitory effects on all
catestatin-mediated mast cell functions, implying that
catestatins act via G-protein and PLC pathways to exert
their stimulatory effects on human mast cells. Although
both pertussis toxin and U-73122 had significant inhibi-
tory effects on catestatin activity, the inhibition was not
complete, suggesting the presence of additional pathways
such as another activating receptor or transactivation.
Therefore, we attempted to identify a functional receptor
for catestatin in mast cells. Catestatin reportedly inhibits
catecholamine release via nAChRs so these receptors were
chosen as candidates for our investigation of possible
catestatin receptors in human mast cells.® Among nAC-
hRs examined, we only found the o7 subunit to be
expressed in human mast cells, and unexpectedly this
receptor was not likely to be used by catestatin peptides
because neither o7 nAChR gene silencing nor the o7
nAChR antagonist «-bungarotoxin inhibited catestatin-
induced activation of mast cells. This was not consistent
with the studies by Kageyama-Yahara et al’® reporting
the expression of 4, «7 and 2 nAChRs in mouse bone-
marrow-derived mast cells, and by Mishra et al.*® demon-
strating the expression of o7, 9 and 10 nAChRs in a rat
mast/basophil cell line (RBL-2H3). However, as there are
important functional differences between rodent and
human mast cells,*' and because there is a marked heter-
ogeneity in mast cell responses both between species and
from different tissues within the same species,** one could

Catestatin activates human mast cells

not conclude that the presence of the o7 subunit in
human mast cells in our study was irrelevant. The
onAChR has also been detected in another human mast
cell line (HMC-1), in basophils, macrophages, epithelial
cells and endothelial cells;**~* however, the role of the &7
receptor in inflammation is not yet known. Although the
presence of non-functional o7 receptor in human mast
cells does not exclude the existence of other still unidenti-
fied catestatin receptors, it is noteworthy that as catestatin
is a cationic peptide, it might act either at some non-
selective membrane receptors or might directly bind to
and activate G proteins sensitive to pertussis toxin and
coupled to PLC, as has been shown for most basic secret-
agogues of mast cells.*® This is supported by a previous
report that catestatin probably elicits its histamine releas-
ing activity from rat mast cells via a receptor-independent
activation of the pertussis toxin-sensitive pathway.>

In the course of evaluating the downstream cellular
mechanisms involved in mast cell activation by catestatin,
we focused on MAPK cascades, which participate in dif-
ferent activities such as cell survival and proliferation, and
expression of pro-inflammatory cytokines and chemokin-
es.*”*® Catestatin peptides induced the phosphorylation
of ERK and JNK, but not p38. Given that the ERK-
specific inhibitor U0126 showed an almost complete inhi-
bition of catestatin-stimulated cytokine and chemokine
production, we concluded that only ERK was involved
in catestatin-mediated mast cell activation. Notably,
although JNK phosphorylation was increased by catestatin
peptides, the inhibition of JNK did not affect the ability
of catestatin to stimulate mast cells, implying that the
JNK pathway might not be required for mast cell activa-
tion by wild-type catestatin and its variants.

Neuropeptides and the neuroendocrine system have
previously been thought to be regulators of cutaneous
immunity.*>® Moreover, the influence of neural and
neuroendocrine factors on mast cell activities has been
demonstrated by the fact that surgical denervation of sen-
sory nerve fibres impairs mast cell-induced cutaneous
anaphylaxis.”’ The current study reveals one more link
between the immune and neuroendocrine systems in
which the neuroendocrine AMP catestatin activates
human mast cells, and may exert immunomodulatory
effects on the cutaneous immune system. Further studies
are needed for investigation of the pathophysiological
roles of catestatin peptides in tissues where mast cells are
abundantly present.
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