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nducer of Secretory Functions in Human Mast Cells
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In the present study, we have investigated the pro-
piomelanocortin (POMC)-derived neuropeptide a-MSH
or its ability to modulate activation of human mast
ells. The in vitro ability of purified human skin mast
ells to secrete various types of mast cell mediators was
onitored in response to a-MSH at the mRNA and at the

rotein level. Picomolar concentrations of a-MSH in-
uced a dose-dependent release of histamine from iso-

ated human skin mast cells and from skin punch biop-
ies. However, no effect of a-MSH was seen regarding
he expression of IL-1, IL-6, IL-8, TGF-b, and TNF-a.
elanocortin receptor MC-1 was identified at the tran-

criptional level by RT-PCR analysis but not at the pro-
ein level, whereas, in leukemic human mast cells (HMC-
), the mRNAs and the proteins for the MC-1 and MC-5
eceptor were identified. These results suggest that
-MSH may selectively induce acute inflammary effects
ia secretion of histamine. © 2000 Academic Press

Key Words: mast cell; HMC-1; melanocortin receptor;
ro-opiomelanocortin (POMC); a-MSH; histamine.

Human skin is a rich source of the proopiomelano-
ortin (POMC) peptide a-MSH since this molecule is
ynthesised by keratinocytes and also by dermal fibro-
lasts (1, 2). a-MSH is involved in the regulation of
pidermal melanin synthesis by melanocytes, and of a
ariety of inflammatory and immune reactions (2). Its
nti-inflammatory effects are exerted either via a di-
ect action on inflammatory cells (lymphocytes, neutro-
hils, macrophages) or—as has been shown in the
rain—via those cells targeted by the inflammatory
ells.

a-MSH actions are mediated by five different recep-
or subtypes named melanocortin receptor (MC) 1–5.
hese are all G-protein coupled and—as second
essengers—activate either the adenylate cyclase-

ystem, generating cAMP, or the JAK/STAT pathway

1 To whom correspondence should be addressed. Fax: 0049 30 450
5 900. E-mail: andreas.gruetzkau@charite.de.
14006-291X/00 $35.00
opyright © 2000 by Academic Press
ll rights of reproduction in any form reserved.
heir ratio differs from tissue to tissue. MC-1 receptors
re expressed in melanocytes, endothelial cells, and
broblasts, but not in neuronal tissue; MC-2 receptors
re present in adrenocortical cells and were originally
haracterised as ACTH-receptors; MC-3 and MC-4 re-
eptors are primarily found in certain brain regions,
nd MC-5 receptors have been described in skin and
keletal muscle (3).
Considering the high level of involvement of mast

ells in inflammatory reactions, it is surprising that
lmost nothing is known about an interaction between
OMC-peptides and human mast cells. The only data
tem from studies of rat peritoneal and of cultured
one-marrow derived murine mast cells (5, 6).
In a first attempt to examine a putative stimulation

f human mast cells by a-MSH, we were able to dem-
nstrate the expression of MC-1 and MC-5 receptors on
he human leukemic mast cell line 1 (HMC-1) (7). Since
uman mast cells might thus be potential target cells
or a-MSH actions, the present investigation was
imed at clarifying whether a-MSH modulates or me-
iates the synthesis and release of cutaneous mast cell
ssociated mediators and cytokines.

ATERIALS AND METHODS

HMC-1 cell culture, isolation, and stimulation of human skin mast
ells. Human leukemic mast cells (HMC-1 cells) (kindly provided
y Dr. Butterfield, Rochester, MN) which exhibit an immature phe-
otype (8, 9) were cultured in Iscove’s medium (Biochrom, Berlin,
ermany), supplemented with 10% FCS (Biochrom), 10 mM mono-

hioglycerol (Sigma, Deisenhofen, Germany), and antibiotics (strep-
omycin and penicillin).

Human skin mast cells and punch biopsies (surface diameter of 4
m) were prepared from juvenile foreskin obtained after circumci-

ion. For isolation of mast cells, the epidermis was enzymatically
etached by an overnight incubation at 4°C with dispase (Boeh-
inger, Mannheim, FRG) at a concentration of 1 mg/ml. The remain-
ng dermis was dispersed by an incubation with collagenase type IV
Worthington Biochem. Corp., Freehold, USA) for 1 h at 37°C. There-
fter, cells were washed and cultured overnight at 37°C and 5%
O2/95% air in RPMI 1640 medium supplemented with 10% fetal

alf serum (FCS) (Biochrom). Enrichment of mast cells was achieved



by positive magnetic selection using the MACS microbeads technol-
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gy (Miltenyi Biotec, Bergisch Gladbach, Germany). For that pur-
ose, dermal cells were incubated for 30 min at 4°C with the mono-
lonal antibody YB5.B8 which recognizes the c-kit receptor (CD117)
the antibody was kindly provided by Dr. L. Ashman, Adelaide,
ustralia). After washing with phosphate buffered saline (PBS) con-

aining 1% BSA and 5 mM titriplex III (Merck, Darmstadt, Ger-
any), a second incubation was done at 4°C for 30 min with a
ACS-conjugated goat anti-mouse polyclonal antiserum (Miltenyi
iotec). Separation of labeled and unlabeled cells was achieved by
assing cells over a large cell separation column (Miltenyi) that was
laced in the magnetic field of a MiniMACS separator (Miltenyi).
ells were washed three times and, after removing the column from

he separator, retained cells were eluted with 500 ml PBS containing
% BSA and 5 mM titriplex III. An average of 2.3 3 105 6 1.2 3 105

n 5 10) mast cells were isolated from one gram of tissue. Purity of
ast cells was 95% 6 4%, as measured by flow cytometry (staining

or CD117 and for the a-chain of the high affinity IgE-receptor, mAb
9C6, kindly provided by Dr. J. Hakimi, Hoffmann La Roche, USA)
nd toluidine blue staining at pH 0.5. Viability, as determined by
taining the cells with trypan blue.

Mast cell mediator release assays (histamine, TNF-a, and IL-8).
solated mast cells or skin punch biopsies were suspended in Ty-
ode’s buffer (10 mM Hepes, 130 mM NaCl, 5 mM KCl, 1.4 mM
aCl2, 1 mM MgCl2, 5.6 mM glucose, 0.1% BSA) containing various

oncentrations of a-MSH (10 nM-0.01 pM, Sigma) or anti-IgE
Calbiochem-Novabiochem, Bad Soden, Germany) at a density of 5 3
05 cells per ml, and 100 ml were seeded per well in 96-well plates
Greiner, Frickenhausen, Germany). Skin punches were incubated
n 200 ml per well in 96-well plates. Plates were incubated for 30 min
t 37°C and 5% CO2/95% air. Thereafter, cells were centrifuged, and
he cell-free supernatants were stored at 280°C. The total histamine
ontent of mast cells was determined by lysis in 2% perchloric acid.
istamine content was determined with a histamine-specific EIA kit

Coulter-Immunotech, Krefeld, Germany) or with a fluorescence-
ased histamine autoanalyzer II (Technicon, Dublin, Ireland). The
ytokines IL-8 and TNF-a were quantified in the supernatants of
ells stimulated for 24 h at 37°C and 5% CO2/95% air, using cytokine-
pecific ELISA kits (Pharmingen, Hamburg, Germany and R&D
ystems, Wiesbaden, Germany, respectively).

Isolation of RNA and RT-PCR. For RT-PCR and multiple PCR,
otal RNA was isolated from mast cells with RNeasy System (Qia-
en, Hilden, Germany) and treated with RNAse-free DNAse (Boeh-
inger Mannheim, Mannheim, Germany) to remove genomic DNA.
fter isopropanol precipitation, whole RNA was reversely tran-
cribed with random primed M-MLV reverse transcriptase (Gibco,
ggenstein, Germany). The reverse transcriptase products from

hese samples were amplified by 35 cycles of PCR in 50 ml total
eaction volumes. PCR conditions were standardized for each exper-
ment by use of a master mixture containing 2.5 U Taq DNA-
olymerase, 1.5 mM MgCl2, 0.2 mM nucleotide mix (dATP, dCTP,
GTP, dTTP), and 2 ml of cDNA per 50 ml of total PCR volume. The
equences of the upstream and downstream primers for
elanocortin-receptors (MC-1, MC-2, MC-3, MC-4, MC-5) are as

ollows: MC-1R upstream 59-GCC ATT TTC TTC CTC TGC TG-39;
ownstream 59-ATG TCA GCA CCT CCT TGA GC-39; MC-2R up-
tream 59-TGC TGG CTG TGT TCA AGAA-39; downstream 59-ATG
TC ACG ATG CTG TGG TA-39; MC-3R upstream 59-CCT CCA TCT
CA ACC TCCT-39; downstream 59-GTG CTG CTA TGC GCT TGA-
9; MC-4R upstream 59-CAG CCT GCT TTC AAT TGCA-39; down-
tream 59-TCC TCT TAA TGT GAA GCC TG-39; MC-5R upstream
9-CAT TGC TGT GGA GGT GTT TCT-39; downstream 59-GTC ATG
TG TGG TGG TAG CG-39. Detection of the expression of human

nflammation related genes GM-CSF, TNF-a, IL-1b, IL-6, IL-8, and
GF-b and transcription factors NFkB, IkB, NF-AT, NF-ATc, and
CT-2 in human mast cells after treatment with a-MSH or phorbo-

esther (PMA) were performed with multiple PCR-kits (Maxim Bio-
ech, San Francisco, CA). Differences in gene expression were deter-
15
amples against normalized GAPDH expression. Each sample was
lectrophoresed in 2% agarose gels. Quantification of ethidium
romide-stained gels was performed with GelWorks 1D software
Ultra-Violet Products Ltd, Cambridge, UK).

Flow cytometry. HMC-1 cells and primary skin mast cells were
nalyzed with receptor-specific polyclonal antibodies (Santa Cruz
iotechnology, Heidelberg, Germany) for the expression of MC-1 and
C-5 receptors. Briefly, cells were prefixed with 4% freshly prepared

araformaldehyde and were then incubated with saturating concen-
rations of the polyclonal antiserum or a control serum (Dianova,
amburg, Germany) for 30 min at 4°C. After washing, cells were

abeled with an FITC-conjugated F(ab9)2 fragment of donkey anti-
oat IgG (Dianova) for 30 min at 4°C. Specificity of staining was
dditionally checked by preincubating the antiserum with specific
locking peptides (Santa Cruz Biotechnology) for at least 2 h at 4°C.
n addition, binding experiments were performed with the
uorescein-labeled a-MSH analogue [Nle4, D-Phe7]-a-MSH (Molecu-

ar Probes, Leiden, The Netherlands) in the presence and absence of
100-fold molar excess of unlabeled a-MSH. At least 5000 cells were
nalyzed by an Epics XL flow cytometer (Coulter, Krefeld, Germany).

Measurement of cAMP. For cAMP measurements, 1 3 105 mast
ells were stimulated in 200 ml Tyrode’s buffer containing increasing
oncentrations of a-MSH (10 nM-1 pM). Cells were incubated for 30
in at 37°C. Fifty mM forskolin (Calbiochem-Novabiochem) were
sed as a positive control. After incubation, total cellular cAMP was
easured by a specific EIA system, according to the manufacturer’s

nstructions (Amersham Pharmacia Biotech, Freiburg, Germany).

ESULTS

a-MSH-induced histamine release in human skin
ast cells. In order to demonstrate a-MSH-

ependent effects on the secretory behavior of mast
ells, human cutaneous mast cells were immunomag-
etically enriched up to 95% from normal human fore-
kin by positive selection using an anti-CD117 mono-
lonal antibody and a MiniMACS separation device.
ells isolated in this fashion showed a viability of
95% and were able to release histamine in response

o anti-IgE or substance P (Fig. 1). After treatment of
ast cells with a-MSH, a dose-dependent release of

istamine was detectable (Fig. 1). The dose-response
urve was bell-shaped over a concentration range from
.01 to 10 pM, with a maximal response at 1 pM. In
omparison to the anti-IgE-induced histamine release,
he response evoked by a-MSH was 30–60% lower. The
inetics of histamine release induced by a-MSH and
nti-IgE showed also conspicuous differences (Fig. 2)
ince, whereas the anti-IgE-induced effect was fast and
ost of the histamine was released in less than 7.5
in, a-MSH induced a significantly slower release,
ith detectable amounts only at 15 min after stimula-

ion (Fig. 2).
In addition to the experiments done with isolated

kin mast cells, we also stimulated skin punch biopsies
n the same manner as described above. Under these
onditions, a-MSH also induced a dose-dependent his-
amine release which was maximal at 100 pM (Fig. 3).
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a-MSH-induced cytokine-release in human skin mast
ells. In order to gain insights into the types of cyto-
ines potentially released on exposure of mast cells to
-MSH, we examined the expression of various proin-
ammatory cytokines at the mRNA-level by a specially
esigned multiplex-PCR system. In this way, we were
ble to show that mast cells constitutively express
RNA for IL-6, IL-8, and TGF-b. Cells treated for 4 h

FIG. 1. Anti-IgE and a-MSH-induced histamine release in iso-
ated human skin mast cells. Cells were suspended in Tyrode’s buffer
ontaining various concentrations of a-MSH or anti-IgE at a density
f 5 3 105 cells per ml, and 100 ml were seeded per well in 96-well
lates. Plates were incubated for 30 min at 37°C and 5% CO2/95%
ir. Thereafter, cells were centrifuged, and the cell-free supernatants
ere stored at 280°C. The total histamine content of mast cells was
etermined by lysis in 2% perchloric acid. Histamine content was
etermined with a histamine-specific EIA kit or with a fluorescence-
ased histamine auto analyzer II. Histamine release was expressed
s percent of total release. Shown are means 6 SD of three separate
xperiments.

FIG. 2. Time-dependent release of histamine in response to anti-
gE or a-MSH (1 pM). Histamine content was determined with a
istamine-specific EIA kit or with a fluorescence-based histamine
utoanalyzer II. Histamine release was expressed as percent of total
elease. Shown are data from one representative experiment.
16
ith 1 pM a-MSH exhibited the same expression pat-
ern, whereas stimulation of mast cells with PMA kept
nder the same conditions resulted in a de novo expres-
ion of the mRNA’s for TNF-a and IL-1 (Fig. 4). Since
L-8 and TNF-a are performed mediators that are
tored in unstimulated mast cells (10, 11) and released
n stimulation with PMA and via Fc«RI-mediated
echanisms, we examined their release after stimula-

ion of human skin mast cells with a-MSH using
ytokine-specific ELISA-systems. Under these condi-
ions, we were however unable to detect any release of
hese molecules, although cells were incubated for 24 h
ith a broad range of a-MSH concentrations (0.1 to 10
M) (data not shown).

Expression of MC-receptors at the mRNA-level. The
ell-shaped dose-response curve and the high sensitiv-
ty of the a-MSH-induced histamine release suggest a
eceptor-mediated effect. We therefore looked for the
xpression of specific MC-receptors at the mRNA level
y RT-PCR analyses. For this purpose, we examined
otal mRNA of skin mast cells and of HMC-1 cells for
omparison. In HMC-1 cells, transcripts for the MC-1
nd MC-5 (not shown) receptor were detectable, while
n purified skin mast cells, only the message for the

C-1 receptor was identified (Fig. 5). Transcripts for
he other melanocortin receptors (MC-2, 3, and 4) were
ot detectable in mast cells by RT-PCR analysis (not
hown).

Expression of MC-receptors at the protein-level. For
tudies on MC-receptor protein expression, HMC-1 and
kin mast cells were stained with MC-1- and MC-5-
pecific polyclonal antisera and analyzed by flow cy-
ometry. Sixty to eighty percent of HMC-1 cells stained
ositively for the MC-5 receptor and less than 10% of
ells expressed the MC-1 receptor (Fig. 6). In skin mast
ells, a specific signal was only detectable for the MC-5

FIG. 3. Anti-IgE and a-MSH-induced histamine release in skin
unch biopsies (surface diameter of 4 mm) prepared from juvenile
oreskin. The tissue were suspended in 200 ml Tyrode’s buffer per
ell in 96-well plates containing various concentrations of a-MSH or
nti-IgE. Plates were incubated for 30 min at 37°C and 5% CO2/95%
ir. Thereafter, the cell-free supernatants were stored at 280°C.
istamine released was expressed as absolute amounts (nM). Shown
re means 6 SD of three separate experiments.
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eceptor (Fig. 6). The specificity of staining was
hecked by preadsorption of the antisera with antisera-
pecific blocking peptides.

a-MSH-induced activation of cAMP and transcrip-
ion factors. In order to examine whether the ob-
erved a-MSH effects are mediated by the G-protein
oupled MC-1 receptor, we measured the generation of
AMP in HMC-1 cells and skin derived mast cells. For
his purpose, cells were treated with a-MSH (1 pM-10
M) for 30 min. Total cAMP was quantified by a spe-
ific EIA. Although forskolin, an activator of adenylate
yclase, induced a significant increase in cAMP,
-MSH showed no effect (data not shown).
Additionally, we examined whether mast cells

reated for 4 h with 1 pM a-MSH showed a different
xpression pattern of transcription factors in compar-
son to untreated cells. This was done by a multiplex
CR-system. We were however unable to detect any

FIG. 5. Expression of MC-1 receptor at the mRNA-level in iso-
ated skin mast cells and HMC-1 cells. RT-PCR of MC-1 receptor in
kin mast cells. Lane 1, DNA ladder (100 bp); lane 2, mast cells; lane
, HMC-1 cells.

FIG. 4. Multiplex RT-PCR of GAPDH, TNFa, IL-1b, GMCSF, IL-6
, unstimulated skin mast cells; lane 2, PMA stimulated; lanes 3–7,
adder (100 bp).
17
ifference in the expression of NFkB, NFAT, NFATc,
CT-2, or IkB, as compared to untreated cells (Fig. 7).

ISCUSSION

In the present study, we have shown for the first
ime that isolated human skin mast cells are able to
ount a secretory response in the presence of picomo-

ar concentrations of a-MSH, resulting in the release of
istamine in a concentration-dependent manner. Our
revious studies (7) and the present data showing
C-1 and MC-5 receptors in human leukemic mast

ells (HMC-1) and the MC-1 receptor in primary skin
ast cells at the mRNA level and at the protein level,

uggest that the a-MSH effects observed are MC-
ediated. This assumption is further supported by the

igh efficiency of a-MSH-induced histamine release
rom isolated skin mast cells since effects were seen at
icomolar concentrations of a-MSH.
Although the MC-receptors are known to couple with
-proteins, however, we could not detect an activation
f adenylate cyclase after treatment of cells with
-MSH. A rapid degradation of cAMP by an enhanced
ctivation of phosphodiesterases was excluded since in
he presence of the phosphodiesterase inhibitor IBMX,
he same results were observed. As an alternative ex-
lanation, MC-receptors might be expressed at only
ow levels in mast cells or the histamine releasing
ffect of a-MSH could be linked to a non-cAMP medi-
ted signal transduction pathway. Thus, the activation
f various post-receptor signaling systems such as
hose involving inositol triphosphate (IP3), mobiliza-
ion of intracellular calcium or the JAK/STAT pathway
ave been described in the past (4, 12–14). Analysis of
ossibly involved transcription factors in unstimulated

-8, and TGFb in a-MSH- and PMA-stimulated skin mast cells. Lane
SH stimulated (1026 to 10210 M); lane 8, pos. control; lane 9, DNA
, IL
a-M



a
c
e

c
w
a
d
t
T
a
o

c
m
t
d
p

r
a
t
s
o
p
i
n
P
p
o
t

t
a
c
I
u

a
w
p
f
s
g

D
c

Vol. 278, No. 1, 2000 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
nd a-MSH-treated cells gave, however, also no indi-
ation for a-MSH-induced postreceptor signaling
vents.
Thus, IkB, NF-AT and NF-ATc were found to be

onstitutively expressed, NFkB and OCT-2 messages
ere undetectable, and results were unaltered in
-MSH-treated skin mast cells. In agreement with our
ata, NF-AT-like transcription factors have been iden-
ified in the past in human and mouse mast cells (15).
hese molecules were shown to be involved in the
nti-IgE- and PMA-induced transcriptional activation
f various cytokine genes (15).
Taken together, these results suggest a highly spe-

ific, but MC-receptor-independent effect of a-MSH on
ast cell histamine release. The effects described in

his report for human skin mast cells resemble those
escribed previously for the mast cell degranulating
eptide (MCDP) (16, 17). This peptide exerts histamine

FIG. 6. Expression of MC-receptors at the protein-level in isolated
nd MC-5-specific polyclonal antisera and analyzed by flow cytometr
ith antisera-specific blocking peptides. In A, data are expressed as
urified goat control immunoglobulins. In B, staining for the MC-5 re
or cells stained with the MC-5-specific antiserum in the absence of t
pecificity of staining with a preadsorbed anti-MC-5 serum, and the c
oat control immunoglobulins.

FIG. 7. Multiplex RT-PCR of GAPDH, NFkB, NFAT, NFATc, OC
NA ladder (100 bp); lane 3, unstimulated mast cells; lane 4, PMA s

ontrol.
18
eleasing capacities at low concentrations (10–100 nM)
nd anti-inflammatory effects at micromolar concen-
rations. They have been shown to depend on a short
equence of basic amino acids, as also described for
ther peptides containing clusters of basic and hydro-
hobic amino acids which are able to induce an IgE-
ndependent degranulation of mast cells (18). We can
ot exclude the possibility that the sequence -His6-
he7-Arg8-Trp9-Gly10-Lys11 of the a-MSH molecule is
rimarily responsible for the histamine releasing effect
bserved in human mast cells, although we were able
o detect MC-receptors in these cells.

Besides the prestored and rapidly released vasoac-
ive mediator histamine, we also examined whether
-MSH might modulate the cytokine profile of mast
ells. At the mRNA-level, the constitutive expression of
L-8, IL-6, and TGF-b was detectable, but it remained
ninfluenced by a-MSH. Similarly, other cytokines in-

MC-1 cells (A) and skin mast cells (B). Cells were stained with MC-1-
Specificity of staining was checked by preadsorption of the antisera
rcent of positively stained cells in comparison to cells stained with
tor in skin mast cells is shown. The filled curve represents the signal
corresponding blocking peptide. The dotted curve demonstrates the
e with the closed line represents the negative staining with purified

2, and IkB in a-MSH- and PMA-stimulated skin mast cells. Lane 1,
ulated; lanes 5–9, a-MSH stimulated (1026 to 10210 M); lane 10, pos.
H
y.
pe

cep
he
urv
T-
tim
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ot altered by a-MSH. These results were confirmed
or IL-8 and TNF-a secretion at the protein level.

Until now, only one recent publication has demon-
trated histamine release from a-MSH and
-endorphin-stimulated human foreskin slices, in ac-
ordance with our data, since cutaneous mast cells
ere the only likely source of the histamine (19). Our
resent findings confirm this and provide final proof
hat mast cells are indeed the direct target of a-MSH-
nduced histamine release.

While these data on the secretory response suggest
hat the a-MSH-effects on human mast cells, as de-
cribed here, induce primarily proinflammatory activ-
ties, other data published so far suggest the opposite,
lthough they derive almost exclusively from murine
ast cells (20). Thus, PMA-activated cultured murine

one marrow derived mast cells (BMCMC) have been
hown to express the MC-1 receptor and to respond to
-MSH with a downregulation of histamine release
rom antigen-stimulated cells (5). The same group of
orkers also ascertained a transcriptional downregu-

ation of IL-1b, TNF-a, and lymphotactin in a-MSH-
timulated BMCMC (5). Since all these effects were
nly observed in prestimulated cells, they might have
een due to stimulation-dependent modulation of MC-
eceptor expression. In our cell system, prestimulation
ith PMA or anti-IgE failed, however, to alter the
xpression of MC receptors (unpublished).
In summary, our results provide evidence that in

itro, human mast cells respond to picomolar concen-
rations of a-MSH with a liberation of histamine. The
timulatory mechanisms involved remain unclear from
he present experiments, although indications for the
xpression of MC-receptors are evident. Furthermore,
his study once again underlines the fact that funda-
ental phenotypic differences exist between human
ast cells, as examined here, and data obtained with

nd published previously for rodent mast cells.
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