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Chemokine Production by G Protein-Coupled Receptor
Activation in a Human Mast Cell Line: Roles of Extracellular
Signal-Regulated Kinase and NFAT

Hydar Ali, 2 Jasimuddin Ahamed,* Cristina Hernandez-Munain,** Jonathan L. Baron,"
Michael S. Krangel;* and Dhavalkumar D. Patel™*

Chemoattractants are thought to be the first mediators generated at sites of bacterial infection. We hypothesized that signaling
through G protein-coupled chemoattractant receptors may stimulate cytokine production. To test this hypothesis, a human mast
cell line (HMC-1) that normally expresses receptors for complement components C3a and C5a at low levels was stably transfected
to express physiologic levels of fMLP receptors. We found that fMLP, but not C3a or C5a, induced macrophage inflammatory
protein (MIP)-1 8 (CCL4) and monocyte chemoattractant protein-1 (CCL2) mRNA and protein. Although fMLP stimulated both
sustained C&* mobilization and phosphorylation of extracellular signal-regulated kinase (ERK), these responses to C3a or C5a
were transient. However, transient expression of C3a receptors in HMC-1 cells rendered the cells responsive to C3a for sustained
Ca?* mobilization and MIP-1 B production. The fMLP-induced chemokine production was blocked by pertussis toxin, PD98059,
and cyclosporin A, which respectively inhibit G activation, mitgen-activated protein kinase kinase-mediated ERK phosphory-
lation, and calcineurin-mediated activation of NFAT. Furthermore, fMLP, but not C5a, stimulated NFAT activation in HMC-1
cells. These data indicate that chemoattractant receptors induce chemokine production in HMC-1 cells with a selectivity that
depends on the level of receptor expression, the length of their signaling time, and the synergistic interaction of multiple signaling
pathways, including extracellular signal-regulated kinase phosphorylation, sustained CGd mobilization and NFAT
activation. The Journal of Immunology,2000, 165: 7215-7223.
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hemoattractants, such as formyl containing bacterial pepmost detail in human neutrophils. However, very little information o
tides (for example, fMLP), and the complement compo- is available on the signaling pathways activated by C3aR. In neu- c
nents C3a and Cba (1-3) are among the first mediatorgrophils, both FR and C5aR couple to the same pertussis toxin 2
generated at sites of bacterial infection. These chemoattractaniptx)-sensitive G proteins to activate similar biological responses, &
activate leukocyte chemotaxis and cause mediator release via thejuch as superoxide generation and the release of proteolytic en-
interaction with cell surface G protein-coupled receptors (GPCR). zymes (3, 6, 7). The biochemical events that follow FR and C5aR 3
fMLP causes the generation of superoxide anions and stimulategctivation in neutrophils include the activation of phospholipase C,

Asuued

<

the production of IL-8 (CXCL8) in neutrophils and monocytes (4, phosphoinositol 3-kinase (P13 kinase), increased association of Src3.
5). We hypothesized that leukocytes probably produce other proingamily of protein kinases with p22, and activation of p42/p44 =
flammatory  cytokines in response to stimulation by mitogen-activated protein kinases (MAPK), known as extracellular S
chemoattractants. signal-regulated kinases (ERKSs) (6, 8, 9). The transcription factor 2
The signaling pathways and biological responses activated byr.,g is activated by fMLP and C5a in neutrophils, and this ac- S
fMLP and CSa receptors (FR and C5aR) have been studied in thg ation is associated with IL-8 production (4, 5). The transcription é’
factor NFAT regulates the activation of cytokine genes in Ag- %’

) — _ ~ stimulated T cells and mast cells (10, 11). Whether NFAT is ac- a—
gt ey ryerity o e Sl f Dl e, ated by GPCR In leukoctes and what biologial response 1t
University Medical Center, Durham, NC 27710 performs are not known. o
Received for publication April 17, 2000. Accepted for publication September ~1N€ purpose of the present study was to determine whether Q
25, 2000. GPCRs could activate the production of cytokines and to delineate ™

The costs of publication of this article were defrayed in part by the payment of pagethe signaling pathways involved in this process. We have used a

charges. This article must therefore be hereby maddeertisemenin accordance : _ : ; :

with 18 U.S.C. Section 1734 solely to indicate this fact. human _maSt cell line, HMC-1 cells, WhICh_IS a rich source OT
chemokines (12), as a model for GPCR activation. Although this

1This work was supported by National Institutes of Health Grants HL54166, . . .
HL63372, AI37548, GM41052, and AR39162. cell line natively expresses C3aR and C5aR at low levels, it does

2 Address correspondence and reprint requests to Dr. Hydar Ali, Department of pA10t €xpress FR. Therefore, we developed this cell line to stably

thology, University of Pennsylvania School of Dental Medicine, 4010 Locust Street,express physiologic levels of FR. We found that fMLP stimulated

Philadelphia, PA 19104-6002. E-mail address: ali@path.dental.upenn.edu a sustained G4 mobilization. whereas the responses to C3a or

3 Present address: Basel Institute for Immunology, Grenzacherstrasse 487, 40Q§5a were transient Using thi,S system, we demonstrate that fMLP

Basel, Switzerland. . " ’ .

. - o ) induces the expression and release of the chemokines macrophage
Abbreviations used in this paper: GPCR, G protein-coupled receptor; FR, fMLP, K

receptor; HA, hemagglutinin; HMC, human mast cell; MAPK, mitogen-activated pro- INflammatory protein (MIP)-¢ and monocyte chemoattractant

tein kinase; MIP, macrophage inflammatory protein; MCP, monocyte chemotactiqprotein (MCP)-1. Furthermore, we have dissected the signaling

protein; ptx, pertussis toxin; PI3 kinase; phosphoinositol 3-kinase; cpt-cAMP, 8'(4'pathways activated by GPCRs in HMC-1 cells and made the novel

chlorophenylthio)-cAMP; RPA, RNase protection assay; CsA, cyclosporin A; ERK, - / ~ . . -
extracellular signal-regulated kinase; MEK, mitogen-activated protein kinase kinaseobservations that their ability to stimulate chemokine production
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depends on the level of receptor expression, the length of signalinged overnight with 10ug of RNA samples. The hybridized RNA was
time, and the synergistic interaction of ERK phosphorylation, susireated with RNase and purified according to the manufacturer's recom-
tained CA* mobilization and NFAT activation mendations. The samples were electrophoresed in 6% polyacrylamide gels,
' the gels were dried and exposed, and protected fragments were quantified
. by phosphorimager analysis.
Materials and Methods Y PRosP ¢ _ Y _ _
Materials Assay of chemokine protein production by ELISA

FMLP, wortmannin, bisindolylmaleimide (GF 109203X), PD98059, flu- For measurement of chemokine protein release, HMC-1 cells were resus-
phenazine, and A23187 were purchased from Calbiochem (La Jolla, CA)pe_nded in fresh complete growth medium XL10Ymi), and cells were
[PH]fMLP (53.6 Ci/mmol) was obtained from New England Nuclear (Bos stimulated with C3a, C5a, or fMLP for 6 h (unless otherwise stated). Su-
ton, MA). [y-3%P]ATP was purchased from ICN Radiochemicals (Irvine pernatants were collected from centrifuged samples and were stored frozen
CA). Recombinant C5a and 8-(4-chlorophenylthio)-cAMP (cpt-cAMP) at —80°C until analysis. Chemokine protein levels were quantified by

; ; ; dwich ELISA using matched Ab pairs. ELISA plates (Costar, Cam-
were purchased from Sigma (St. Louis, MO). PMA, indo-1/AM, and pluo- 58" A
ronic acid were obtained from Molecular Probes (Eugene, OR). RabbiPridge, MA) were coated with 400 ng/well of capture Ab (14215.41 for

it- ; i - i _Elk- ; MIP-1a (R&D Systems, Minneapolis, MN), 24006.111 for MIB-{R&D
anit-ERK-1, anti-ERK-2, and anti-phospho-Elk-1 Abs were obtained from
Santa Cruz Biotechnology (Santa Cruz, CA), and rabbit anti-phospho-ERISYStEmS), 6217.11 for IL-8 (R&D Systems), and B69-2 for MCP-1
Ab was purchased from New England Biolabs (Beverly, MA). 12CA5 Ab PharMingen)) in PBS overnight at 4°C, blocked with blocking buffer (PBS

was obtained from Roche (Indianapolis, IN). Purified C3a was obtainectONtining 1% BSA, 5% sucrose, and 0.05% N(?aMr 2 h at room tem- 9
from Advanced Research Technologies (San Diego, CA). The ptx waderature, and washed with Washlng buffer (0.05% Tween-20 in PBS). Sam- g
obtained from List Biologicals (Campbell, CA). The ECL Western blotting ples (100ul) ar_ld standards_ were incubated for 2 h at room temperature, %
analysis kit was purchased from Amersham (Arlington Heights, IL). All washed, and incubated with 20 ng/ml polyclonal biotinylated Abs to 8
tissue culture reagents were purchased from Life Technologieé\mp'lo‘ (R&D Sys'tems), MIP-B (R&D Systems), IL-8 (R&D Systems), 13
(Gaithersburg, MD). or MCP-1 (Ph_ar_Mlngen) for 2 h at room temperature. After washing, 0.1 =

ng/ml streptavidin-HRP (Zymed, South San Francisco, CA) was added for g
Cell culture and transfection 20 min at room temperature, washed, and developed with tetramthylben- 3

zidine peroxidase substrate (Kirkegaard & Perry Laboratories, Gaithers- =
The human mast cell line HMC-1 was established from a patient sufferinghurg, MD) for 20 min. The peroxidase reaction was stopped by adding 0.5 2

from mast cell leukemia and was provided by Dr. J. H. Butterfield (Mayo yolumes of 1 M phosphoric acid. The plate was read at 450 nm in an
Clinic, Rochester, MN). HMC-1 cells were cultured in IMDM supple- ELISA plate reader (Anthos, Durham, NC).

mented with 10% FCS, glutamine (2 mM), penicillin (100 U/ml), and

streptomycin (100ug/ml). For transfection, cells were washed twice in Phosphorylation of ERK-1/ERK-2

Earle’s modified Eagle’s medium supplemented with 50 mM HEPES an . .
20% FBS. Cells were resuspended in the same medium at a density of Sﬁ%iﬁfﬁ:ISH(EISE]'S(ZSJ%QEE)SV;E:E S;':‘ d“'?r:eedrxg:ig\: I:/C’a(‘sll\sﬂt)ogijgg’zu dif-

107/ml, and 1 X 10" cells were electroporated (Gene Pulser, Bio-Rad, ! . o )

Hercules, CA) at 250 V and a capacitance of 500 microfarad in the presf-erem. time periods by the addition of a 3-fold excess of ice-cold PBS

ence of a mammalian expression vector pcDNA3 (i§) containing containing 1 mM sodium orthovanadate. Cells were harvested by centrif-
: Hi tion and resuspended in g0 of lysis buffer of the following compo-

cDNA encoding hemagglutinin (HA)-tagged fMLP receptor (HA-FR) (13). uga - . -

The culture medium was replaced with fresh medium containing 1 mg/m ition: 150 mM NaCl, 50 mM Tris (pH 8.0), 1.0% Nonidet P-40, 0.5%

geneticin (G418) 24 h after transfection. Two weeks after eIectroporationdeg.XyChOIate’hO'1%‘1’ ?DSl 5'\r/|nM E.DTA' %t? mM sdodtium ﬂtlj?ride’ 1t0 mM
the antibiotic resistant cells were analyzed for cell surface expression o ocium pyrophosphate, 1 mii sodium orthovanada eud/nl leupeptin,
00 pg/ml 1-chloro-3-tosylamido-4-phenyl-2-butanone, 5@.g/ml

- 0, i
HA-FR by flow cytometry, and the top 3% of cells expressing the recepto 1-chloro-3-tosylamido-7-amino-2-heptanone, and dgiml PMSF. The

were sorted by FACS and cultured for use in this study. samples were centrifuged (10,080g, 10 min) to remove insoluble debris,
Radioligand binding and the supernatant was mixed with an equal volume ofSDS sample
buffer and heated to 90°C for 10 min. Samples were electrophoresed in
Binding of [PHIfMLP to intact HMC-1 cells expressing HA-FR was con  10% SDS-polyacrylamide gels and transferred onto a nitrocellulose filter. &'
ducted on 1x 10° cells in 200ul of HEPES-buffered saline supplemented The filter was treated with 3% nonfat milk in PBS and incubated with an
with 1% BSA at 4°C for 4 h. Cells were collected by vacuum filtration on Ab specific for phosphorylated ERK-1/ERK-2. The reaction was detected &

AlASUURd JO AluN T2 /B0 jounwiw - mmm//

Whatman GF/C filters (Clifton, NJ) and washed four times with ice-cold by enhanced chemiluminescence. The membrane was stripped and rey
saline, then dried filters were counted in scintillation fluid (13). probed with an Ab that reacts with unphosphorylated ERK-1 or ERK-2.
Calcium measurements Construction of HA-C3aR and transient transfection in

HMC-1 cells

HMC-1 cells (3X 10°) were loaded with JuM indo-1/AM in the presence
of 1 uM pluronic aqid for 30 min at room temperaturg. Cells were washedp pycleotide sequence encoding the nine-amino acid HA peptide (YPY
and resuspended in 1.5 ml of HEPES-buffered saline. Intracelluléf Ca DVPDYA) was inserted between the N-terminal initiator methionine and
measurements were conducted in a Perkin-Elmer fluorescence spectrophfs second amino acid of C3aR by PCR. Thekgonucleotide, in a 5'-3'
tometer (model 650-19, Norwalk, CT) with an excitation wavelength of grqer, contained six miscellaneous bases, six bases enddainl, three

355 nm and an emission wavelength of 410 nm. Maximum and minimumyases encoding methionine, 27 bases encoding the HA tag, and 27 base
fluorescence val_ues were determined in the presence of (_).l% Triton X‘1090mplementary to the cDNA of the C3aR encoding aa 2—10 of the receptor.
and 20 mM Tris-HCI (pH 8.0)/5 mM EGTA, respectively. Intracel- The 3'-gligonucleotide was complementary to the C-terminal seven amino
lular C&* concentrations were calculated using the following formula: gcids and a stop codon with a Bindlll and ligated into a mammalian
[Ce®"] = Kg (F = Frnin)/Finax - F) (13, 14). expression vector, pRK5 (13). Transient transfection of HMC-1 cells with

. . - . empty vector (mock) or vector containing cDNA encoding HA-C3aR was
Analysis of cytokine mRNA expression by RNase protection per?c?r/med as Eiescriz)ed above for FR, bL?t the cells were Ssed 16-18 h after
assay (RPA) transfection. Mock or C3aR-transfected cells were incubated with 12CA5
Ab followed by FITC-labeled goat anti-mouse 1gG. The cells were washed,
and receptor expression was analyzed by flow cytometry.

220z ‘6z quisides uo Ak

HMC-1 cells (8 10%/3 ml of complete growth medium) were exposed to
fMLP, C3a, or C5a, incubated at 37°C for 1-15 h, collected, centrifuged
and washed with PBS. Total RNA was extracted and quantitated by abyjclear extracts and EMSA

sorbance at 260 nm. Cytokine mRNAs encoding IL-2, IL-3, IL-4, IL-5,

IL-6, IL-7, IL-8, IL-9, IL-10, IL-13, IL-14, IL-15, TNF-o, TNF-B, LTS, Nuclear extracts were prepared according to the method of Shreiber et al.
IFN-B, IFN-y, TGF81, TGF82, TGF#3, G-CSF, M-CSF, GM-CSF, (15) with some modification. HMC-1 cells (% 10°) were treated with or
stem cell factor, leukocyte inhibitory factor, oncostatin M, lymphotaetin, without fMLP (1 uM) or C5a (100 nM) for 1 h at 37°C. Cells were washed
MCP-1, MIP-1x (CCL3), MIP-183, I-309 (CCL1), IFN,y-inducible protein  in PBS and resuspended in 10 ml of ice-cold buffer A (10 mM HEPES (pH
of 10 kDa (IP-10, CXCL10), and RANTES (CCL5) were detected using 7.6), 10 mM KCI, 0.1 mM EDTA, 0.1 mM EGTA, 0.75 mM spermidine,
the RiboQuant Multiprobe RPA template sets hCK-1, hCK-3, hCK-4, and1 mM DTT, 0.5 mM PMSF, 1ug/ml aprotinin, 2ug/ml leupeptin, and 2
hCK-5 (PharMingen, San Diego, CAJ?P-labeled riboprobes were gen  ug/ml pepstatin) and incubated for 15 min on ice. Nonidet P-40 was added
erated according to the manufacturer's recommendations and were hybridrom a 10% stock solution to a final concentration of 0.6%, and the sample
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was vortexed for 10 s. Samples were centrifuged at 3,000 rpm for 10 min
at 4°C, and the nuclei were resuspended in 10 ml of buffer C (20 mM
HEPES (pH 7.6), 0.4 M NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM DTT,

0.5 mM PMSF, 1ug/ml aprotinin, and 2ug/ml pepstatin). Suspensions
were agitated for 30 min at 4°C, and nuclear extracts were separated from
debris by centrifugation at 15,000 g for 15 min at 4°C. Nuclear extracts
were frozen at-70°C in aliquots containing 20% glycerol.

NFATc and AP-1 consensus and mutant double-stranded oligonucleo-
tides were obtained from Santa Cruz Biotechnology (Santa Cruz, CA).
Top-strand sequences are NFATc consensus site 5'-CGCCAAAGAGGA
AAATTTGTTTCATA, NFATc mutant site 5’"CGCCCAAAGCTTAAA
ATTTGTTTCATA, and AP-1 consensus site 5'-CGCTTGATGACTAC
AGCCGGAA. Annealed binding sites were radiolabeled using T4
polynucleotide kinase andy{*?P]JATP. Radiolabeled oligonucleotides
were purified by electrophoresis through an 8% polyacrylamide gel, over-
night elution from gel slices at 37°C, concentration using an Elutip-d
(Schleicher & Schuell, Keene, NH), and ethanol precipitation. EMSAs
were performed as described previously (16) with some modifications. Nu-
clear extracts (39) were incubated with Lg of poly(dl-dC) carrier in a
25-ul reaction mix containing 10 mM Tris-HCI (pH 7.5), 50 mM NacCl, 1
mM DTT, 1 mM EDTA, and 5% glycerol for 30 min either at room tem-
perature (to test Ab inhibition) or at 4°C (to test oligonucleotide compe-
tition). For Ab inhibition experiments, 0.2g of goat affinity-purified anti-
NFATc (SC-1149X, Santa Cruz Biotechnology) or goat control IgG was
included in the incubation. For oligonucleotide competition experiments,
unlabeled oligonucleotides (250 fmol) were included in the incubation.
Labeled binding site probes (5 fmek5-6 X 10 cpm) were then added
for an additional 20 min of incubation at 4°C. Samples were electropho-
resed through a 4% polyacrylamide gel containing 22.5 mM Tris-borate
and 0.5 mM EDTA at 4°C.

Results
Characterization of expressed HA-FR in HMC-1 cells

HMC-1 cells, which endogenously express receptors for C3a and
Cba at low levels, were stably transfected with cDNA encoding
HA-FR. The transfectants were analyzed for their ability to bind
[*H]fMLP and to mobilize CA* in response to fMLP. Saturation
binding studies revealed the presence of 54,353,478 binding
sites/cell, which compares to 55,000-120,000 binding sites for
natively expressed receptors in human neutrophils (17, 18). As

shown in Fig. 1A, fMLP stimulated a dose-dependent increase ig|GURE 1. Calcium mobilization by fMLP, C3a, and C5a in HMC-1
cells. HMC-1 cells expressing FR (8 10°/sample), were loaded with
indo-1 and stimulated with different concentrations of C3a, C5a, or fMLP,
fMLP-stimulated degranulation in rat basophilic leukemia (RBL- and peak C&" mobilization was determined (A). The basal response in the
2H3) cells expressing HA-FR (13). C3a and C5a also stimulatedbsence of chemoattractant was 1998 nM (n = 36). Points are the
mean + SE of three experiment$3, Tracing for C&" in response to
optimal concentrations of fMLP (M), C3a (10 nM), and C5a (100 nM).
Data are representative of three experiments.

peak C&" mobilization in transfected HMC-1 cells with an EC
value of 80 nM, which is identical with the EgGvalue reported for

dose-dependent increases irf Canobilization, but with EG, val-
ues of 0.1 and 3.3 nM, respectively (FigA)1 Although the peak
intracellular C&™ mobilizations to all three ligands were similar in
magnitude, there were remarkable differences in their ability to
activate a sustained €& mobilization. Responses to all three

stimulants reached a peak within 5 s after stimulation. Howevershown). HMC-1 cells constitutively expressed low levels of mR-
C3a and C5a-induced €amobilizations returned to basal levels NAs encoding the cytokines IL-6, IL-15, leukocyte inhibitory fac-
tor, lymphotoxing, M-CSF, and TGH31, but their expression was

within 2—3 min after stimulation. In contrast, fMLP-induced®Ca
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mobilization remained elevated for the duration of the experimenhot changed by stimulation with C3a, C5a, or fMLP. For chemokines,

(up to 15 min). Ptx (100 ng/ml for 16 h) blocked €amobiliza-
tion to C3a, C5a, and both the initial €aspike as well as the
sustained response to fMLP (data not shown).

neither unstimulated nor chemoattractant-stimulated HMC-1 cells
expressed mRNAs for lymphotactin, 1-309, INFinducible protein
of 10 kDa, or RANTES (Fig. 2AHMC-1 cells did express low levels

of MIP-18, MCP-1, and IL-8 transcripts. Stimulation with fMLP, but

Expression of chemokine mRNA and protein by HMC-1 cells

not C3a or Cba, for 3 h caused an up-regulation of M@Pahd

To determine the effects of signaling through chemoattractant reMCP-1 mRNAs (31= 17-fold for MIP-18 and 10+ 2-fold for
ceptors on cytokine expression, transfected HMC-1 cells werdMCP-1; n = 4; Fig. 2, A—C). This effect of fMLP was due to the
stimulated for different time periods with a concentration of che-activation of its receptor, because fMLP did not stimulate this re-

moattractant that resulted in maximal®amobilization; C3a (10
nM), C5a (100 nM), or fMLP (1uM) and cytokine mRNAs were

quantified by RPA. Resting HMC-1 cells expressed no mRNAscause up-regulation of mRNA for MIPaA(Fig. 2A).

encoding cytokines IL-2, IL-3, IL-4, IL-5, IL-7, IL-9, IL-10, IL-
13, IL-14, IFN-y, oncostatin M, TGF32, TGF83, G-CSF, GM-

sponse in untransfected cells (Fig) ZFhe effect of fMLP on MIP-4
MRNA expression in this assay was not clear, but C3a or C5a did not

The ability of fMLP to up-regulate MIP8 and MCP-1 mRNA
reached a maximum by 3 h after stimulation and returned to base-

CSF, or stem cell factor as determined by RPA, and stimulatiorine levels by 14 h (Fig. 2A and B). To determine whether the
with C3a, C5a, or fMLP did not induce their expression (not up-regulation of mRNA by fMLP resulted in protein production,
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and protein release (FigE2 was about 80 nM. Neither C3a (10
Cells nM) nor C5a (100 nM) stimulated MIPALproduction in HMC-1

? cells either at the mRNA or protein level (Fig. &, B, andD).

5%55 Neither C3a nor Cba, up to a concentration ofll, stimulated

3333 MIP-18 production (data not shown). In human lung mast cells

Lin - and HMC-1 cells, MCP-1 is released into the supernatant in a

P-10 - constitutive manner (19). We also found that incubation of HMC-1

MIP-18 = i cells with medium alone for 6 h resulted in production of MCP-1

G to a level of 195+ 26 pg/1@ cells. Stimulation of cells with fMLP

for 6 h resulted in a net increase of 730143 pg/16 cells. Under

this condition, neither fMLP, C3a, nor C5a stimulated secretion of

~ae . MCP-1 MIP-1a, RANTES, or IL-8 proteins in HMC-1 cells (data not
e -8 shown).

Roles of G protein, protein kinase C, and ERK phosphorylation
L32 - in fMLP-induced MIP18 production in HMC-1 cells

GAPDH ; FR couples to Glike G proteins in leukocytes (13, 18, 20). To test
the role of signaling through ;@ proteins in chemokine gene ex-
GAPDH pression, we incubated HMC-1 cells with ptx (100 ng/ml, over-
night), which inhibits signaling through,;@, and stimulated cells
B C with fMLP (1 uM) for 2 h (mRNA) and 6 h (chemokine release).
Ptx had no effect on basal responses, but almost completely abol-
ished both fMLP-stimulated mRNA induction and protein release
(Fig. 3). To determine which signal transduction pathways may be
involved in the generation of chemokines by GPCR activation, we
tested the effects of inhibitors of protein kinase C (bisindolyl-
maleimide), PI3 kinase (wortmannin), mitogen-activated protein
Tsim(hnr‘; Is 1 10 100 1000 10000 kinase kinase (MEK) (PD98059), and a membrane-permeable
fMLP [aM] cAMP analogue, cpt-cAMP, an activator of PKA. Bisindolylma-
leimide had no effect on fMLP-induced chemokine production at
either the mRNA or protein level (Fig. 3). Stimulation of cells with
PMA and the C&" ionophore A23187 resulted in a much greater
level of MIP-18 production than that in fMLP-stimulated cells (net
increase 022000 pg/16 cells compared with-300 pg/16 cells).
Bisindolylmaleimide, which had no effect on fMLP-induced che-
:g mokine production, inhibited the response to PMA/A23187 by
o 5 10 s 1 10 100 1000 10000 >95% (not shown). Cpt-cAMP (1 mM) or PD98059 (1)

Timo (k) PMLP foM) caused substantial inhibition of fMLP-induced MCP-1 and
FIGURE 2. GPCR-mediated chemokine production in HMC-1 cells as MIP-18 mRNA up-regulation as well as MIPBLprotein release
determined by RPA and ELISA, For RPA, HMC-1 cells expressing FR  (Fig. 3). Wortmannin partially blocked fMLP-induced responses.
(8 X 10°in 3 ml of medium) were stimulated with fMLP (iM), C3a (10 These data suggest that the ability of fMLP to stimulate the ex-
nM), or C5a (100'nM) for 0, l 3, 6, and 14 h. For a control, untranSfeCtedpression of MCP-1 and MIPA genes in HMC-1 cells requires
cells were also stimulated with fMLP, C3a, and C5a for 3 h. Total Ce”u'arGPCR-mediated activation of MAPK, but not protein kinase C.

RNA was isolated and hybridized wiftfP-labeled riboprobes. Following To further test th le of MAPK activati h i
RNase digestion, the samples were resolved by SDS-PAGE, and the gels O turther test the role o activation on chemokine pro-

were exposed in a phosphorimag®, Time course of fMLP-induced duction, the effect of fMLP on ERK phosphorylation was deter-
MIP-18 mRNA up-regulation in HMC-1 cells. Quantitation of mRNA for Mined. HMC-1 cells were stimulated with fMLP (@M) or C3a
MIP1-8 was performed with ImageQuant software and is expressed as £10 nM) for different time periods, and ERK phosphorylation was
percentage of GAPDHC, Dose-response curve of MIBIMRNA expres-  determined by Western blotting using an Ab that specifically rec-
sion at 3 h in response to varying doses of fMLP. Data are expressed as@ggnizes the phosphorylated ERK-1 and ERK-2. As shown in Fig.
percentage of GAPDH. For the assay of chemokine protein productiong, fMLP caused phosphorylation of both ERK-1 and ERK-2. The
HMC-1 cells (1x 10° cells/1 ml medium) were incubated with fMLP (1 response reached a peak within 1 min after stimulation and was
1M), C3a (10 nM), or C5a (100 nM) for different time periods (D) or with g giained for up to 15 min. Although C3a also caused an increase
:hfferent concentrations of FMLP for 6 IEJ. Thg samples were centri- in ERK phosphorylation within 1 min, this response was transient
uged, and supernatants were used to determine NIBYLELISA. The . . . . .
data shown are representative of three experiments. and returned to basal V\_/lth!n_S min after stimulation (Flg. 4). The
effects of the MEK-1 inhibitor PD98059 on fMLP-stimulated
MIP-1B production, phosphorylation of both ERK and its down-
supernatants from fMLP-, C3a-, and C5a-stimulated HMC-1 cellsstream effector Elk-1 were tested. As shown in Fig. 5, PD98059
were tested for MIP-@ and MCP-1 proteins by ELISA. Unstimu- inhibited fMLP-induced MIP-B production, ERK and ELK-1
lated cells secreted little or no MIPB1 However, stimulation of  phosphorylation in a dose-dependent manner. Ptx had no effect on
HMC-1 cells with fMLP resulted in a time- and dose-dependentbasal ERK-2 phosphorylation, but substantially inhibited the re-
increase in MIP-B protein production (Fig. 2P and E). The  sponse to fMLP (Fig. 6). Bisindolylmaleimide had no effect on
production of MIP-B was maximal at 6 h after stimulation and fMLP-induced ERK phosphorylation (Fig. 6) or chemokine pro-
declined thereafter (Fig. 2D). As for €& mobilization, the EG, duction (Fig. 3). Surprisingly, neither wortmannin nor cpt-cAMP
for both fMLP-induced MIP-B mRNA up-regulation (Fig. 2C) inhibited fMLP-induced ERK-2 phosphorylation (Fig. 6) despite
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© & I A HMC-1 cells were stimulated with fMLP (M) or C3a (10 nM), and 3
" £ inhibi ‘ imul h i the reactions were stopped at different times by the addition of ice-cold %
FIGL_JRE 3. Efiects of in |b_|tors on MLI?-stlmu a‘e‘? CNemoKIng pro-  ppg ce| pellets were lysed, proteins separated on a 10% SDS-polyacryl- =
duction. HMC-1 cells expressing FR $810° in 3 ml medium for RPA (A) Q

amide gel, and Western blotting was performed with an Ab that specifically g
recognizes the phosphorylated forms of ERK-1 and ERK-2. Equal amounts §
of protein loading were confirmed by stripping the membrane and per-
forming a Western blot with ERK-2 Ab (not shownB, The extent of
ERK-2 phosphorylation was expressed as the fold increase over the basal

or 1 X 10° cells/1 ml medium for ELISA (B)) were incubated with me

dium, ptx (100 ng/ml, overnight), bisindolylmaleimide (BIM; 1M, 10

min), cpt-cAMP (1 mM, 10 min), wortmannin (100 nM, 30 min), or

PD98059 (10QuM, 30 min) and stimulated WM; fMLPA, The reaction

was cont?n'ued for 3 h after stimylation. Total cellqlar RNA was isol_ated unstimulated response. The data shown are the mesBEM of four

and hybridized with*?P-labeled riboprobes. Following RNase digestion, experiments.

the samples were resolved by SDS-PAGE, and the gels were exposed in a

phosphorimagerB, The reaction was stopped 6 h after stimulation. The

samples were centrifuged, and supernatants were used to determine

MIP-18 production by ELISA. The data shown are representative of thregncreasing the level of C3aR expression could result in C3a-in-

experiments. duced chemokine production, HMC-1 cells were transiently trans-
fected with vector alone (mock) or with cDNA encoding HA-
tagged C3aR. FACS analysis with 12CA5 Ab, which recognizes

the fact that they blocked the chemokine response to fMLP (Figthe HA tag on the transfected receptor but does not bind to the

3). These findings suggest that fMLP-induced chemokine producnative receptor, revealed that40% of the cells expressed HA-

tion involves synergistic interaction of MAPK with another sig- tagged C3aR (Fig. 8A). As expected, C3a stimulated a transient

62 Joquieldas uo ArlqiT eIueA|Asuuad JO Alun

naling pathway. Ca& " mobilization in mock-transfected cells, but this response was

) more sustained in cells transiently expressing C3aR (By. Bhis
Role of extracellular C&" on GPCR-induced MIP{l sustained Ca response was associated with C3a-induced p,
production in HMC-1 cells MIP-18 production (Fig. 8C). Similar data were obtained with %

EGTA binds to extracellular Ga and blocks C&" influx in re- HMC-1 cells transiently expressing C5aR (not shown). These find-

sponse to receptor stimulation. To test the role of extracellulaings suggest that the signaling pathway that synergizes with

Ca* on fMLP-induced responses, HMC-1 cells were exposed toMAPK activation for GPCR-induced chemokine production in-

EGTA (5 mM) before stimulation with the ligand. As shown in Vvolves sustained Ca mobilization.

Fig. 7,A andB, EGTA had no effect on the initial €& spike in o . .

response to fMLP, but it blocked the sustained Caobilization. RO 0f NFAT activation on fMLP-induced chemokine

EGTA also completely inhibited fMLP-stimulated MIRB1pro-  Production in HMC-1 cells

duction (Fig. 7C). Calmodulin is a signaling molecule that medi- Given that elevation of intracellular calcium was a prominent fea-

ates the effects of 4 mobilization in many systems (21). To test ture of the response to fMLP, we hypothesized that Cadepen

the role of C&"-mediated signaling on MIPAL production,  dent activation of calcineurin and, subsequently, NFAT may also

HMC-1 cells were pretreated with a calmodulin inhibitor fluphen- be involved in GPCR-induced chemokine gene expression. Cer-

azine before stimulation with fMLP. As shown in Fig. 7C, fluo- tainly, Ag stimulation of T cells and mast cells causes calcineurin

phenazine almost completely blocked the response to fMLP.  activation (23). We first tested the effect of cyclosporin A (CsA),
Unlike FR, which are expressed on the surface of leukocytes at potent inhibitor of calcineurin, on fMLP-induced MIFB Jpro-

high levels (50,000—120,000 receptors/cell), C3aR and C5aR arguction. CsA (100 nM) inhibited fMLP-induced MIPBlproduc-

less abundant (3,000-15,000 receptors/cell) (22). To test whethdion by 80 = 3% (Fig. 9A). To test whether fMLP stimulates
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HMC-1 cells. Cells (1xX 10°/ml) were incubated with medium (C/CONT), S
123:{8)059 Fsar 1 30810 ptx (100 ng/ml, overnight), bisindolylmaleimide (BIM; 1M, 10 min), %
cpt-CAMP (CAMP; 1 mM, 10 min), and wortmannin (WM; 100 nM, 30 @
FIGURE 5. Effect of PD98059 on fMLP-induced MIPBLproduction, min) and then exposed to buffer (=) or fMLP (M) and incubated for 3 Q

ERK and ELK-1 phosphorylatiorA, HMC-1 cells were incubated with min. The reactions were stopped by the addition of ice-cold PBS. Cell C
different concentrations of PD98059 for 30 min and were stimulated withpellets were lysed, proteins were separated on a 10% SDS-polyacrylamide 5
fMLP (1 uM) for 6 h. MIP-18 production was determined by ELISA. The gel, and Western blotting was performed with phospho-ERK Ab BA). =}
data are expressed as the percentage of the fMLP-stimulated respon$ge extent of ERK-2 phosphorylation was expressed as the fold increase §
(350 + 23 pg/16 cells) after the basal level (58 4 pg/1@ cells) was  over the basal unstimulated response. The data shown are them#
subtracted. PD98059 had no significant effect on the basal respgnse. of four experiments.
Cells were incubated in the absence or the presence of different concen-

trations of PD98059 and were exposed to buffe) or fMLP (+) for 3

min. Western blotting was performed with phospho-ERK Ab as described.

<, Stripping the membrane and perfo.rming \.NEStem blotting with ERK'Zno effect. Unlike its effect on NFAT, fMLP had no effect on the

Ab confirmed equal amounts of protein loadiig. The same membrane - .

was stripped again, and Western blotting was performed with a phosphd?‘P_'l _reSponse (F!g. QD)' To test whether C5a stimulated tran-

ELK-1 Ab. Data shown are representative of three similar experiments. scription factor activation, nuclear extracts from fMLP- and C5a-
stimulated HMC-1 cells were compared for their ability to stimu-
late NFAT and AP-1 activation. FMLP caused a 4:20.02-fold

NFAT activity, nuclear extracts from untreated and fMLP-treatedincrease in NFAT activity, whereas C5a had no effect.

HMC-1 cells were used to perform EMSA. As shown in Fi@, 9

fMLP caused the up-regulation of a protein-DNA complex con- Discussion

sistent with NFAT activation. This complex formed with a wild- In this study we have used HMC-1, which endogenously expresses Ny

(o}
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type NFAT binding site (comparkanes 2and6), but not with a
mutant binding site (compatanes 1and5). Moreover, unlabeled

receptors for C3a and C5a at low levels and generated stable trans-
fectants expressing FR. We used this system as a model to study

wild-type competitor blocked the fMLP-induced complex forma- the role of GPCR-mediated cytokine production in leukocytes. Us-

tion, whereas the mutant competitor had no effect (FR}.l@nes

ing RPA, we initially screened for the ability of fMLP, C3a, and

7 and 8). To further test for specificity, the EMSA reaction was C5a to induce mRNA accumulation of 33 cytokines. We found that
performed in the presence of anti-NFAT or control Ab. Anti- of these cytokines, mRNAs for MIPgland MCP-1 were up-reg-
NFAT Ab inhibited formation of the fMLP-induced complex, ulated in response to fMLP, but not to C3a or C5a. This mRNA
whereas the control Ab did not (Fig. 9C). Ag-stimulated cytokine up-regulation was associated with a time- and dose-dependent re-
gene expression involves activation of both NFAT and AP-1.lease of chemokines as measured by ELISA.

Therefore, we determined whether fMLP also causes activation of It is important to note that in leukocytes, FR are expressed at
AP-1 in HMC-1 cells. For these experiments EMSA was first per-much higher levels than C3aR or C5aR. For example, 50,000—
formed with nuclear extract from unstimulated HMC-1 cells. As 120,000 FR are present on neutrophils (17, 18). In contrast, C3aR
shown in Fig. 9D(lane 1), AP-1 binding activity was detected in expression in monocytes, neutrophils, eosinophils, and basophils
HMC-1 cell extracts. This activity represents AP-1, as incubationranges from 3,000 to 10,000 copies/cell (22). Also, basophils, eo-
with excess AP-1 oligonucleotide blocked formation of the pro-sinophils, and HMC-1 cells expressl5,000 C5aR/cell. Although
tein-DNA complex, but a nonspecific control oligonucleotide had most leukocytes express FR, C3aR, and C5aR, the ability of these
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FIGURE 7. Effect of extracellular C&" on fMLP-induced C&" mobi
lization and MIP-B production. HMC-1 cells were loaded with indo-1,
washed, and resuspended in HEPES buffer containing 1 mi @§ or
in the same buffer that was supplemented with EGTA (5 n&)l;FMLP o- Mock C3aR
(1 M) was added (time zero), and intracellularC#evels were measured
for 4-5 min.C, Cells were incubated with medium containing’Calone FIGURE 8. Effect of transient C3aR expression on C3a-mediatetd Ca
or medium supplemented with EGTA (5 mM) or fluphenazine (FLU; 50 mopilization and MIP-B production in HMC-1 cells. Cells were tran-
pM) and stimulated with fMLP (1uM) for 6 h, and MIP-) release was  sjently transfected with empty vector (mock) or with cDNA encoding HA-
determined by ELISA. tagged C3aR (C3aR}, FACS analysis was performed with 12CAS A.
Indo-1-loaded mock-or C3aR-transfected cells were stimulated with C3a
(10 nM; at time zero) and intracellular €amobilization was determined
for 4-5 min.C, HMC-1 cells were incubated with C3a (10 nM) for 6 h, and

receptors 1o §t|mulate b|olog|qal respohses has peen W_e” dOCLMIP-lﬁ production was determined by ELISA. Data shown are represen-
mented only in human basophils. The differences in the biochemg,giye of three similar experiments.

ical and functional properties of the GPCRs described herein for

HMC-1 cells, which express 54, 35# 3,478 FR/cell, are very

similar to those reported for the same receptors in basophils. Fgzhosphorylation, did not stimulate chemokine production. Evi-
example, as in basophils (1), fMLP stimulated a sustaineti’ Ca dence that fMLP-induced ERK phosphorylation was necessary for
mobilization, whereas the response to C5a was transient (Fig. 1xhemokine production was provided by the demonstration that ptx
Furthermore, fMLP causes leukotriene production in basophilsand PD98059, which respectively block G protein and MAPK ac-
whereas C3a or C5a has no effect (2, 24, 25). The findings in thé&vation, inhibited fMLP-induced ERK phosphorylation and che-
present study that C3a and C5a stimulate transieAt @aobili- mokine production. Furthermore, fMLP stimulated the phosphor-
zation in HMC-1 cells and that overexpression of C3aR or C5aRylation ELK-1, which is a transcription factor that is activated by
leads to both a sustained €amobilization and MIP-B produe ERK. In addition, PD980589 blocked fMLP-induced ELK-1 phos-

MIP-1B (pg/10° cells)
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tion demonstrate that the ability of GPCR to stimulate chemokinephorylation in a dose-dependent manner. These findings suggest

production depends on the level of receptor expression. that fMLP-induced chemokine production in HMC-1 cells is me-
An interesting aspect of the present work was that although FRdiated via signaling pathways that include sustained*Gaobk
C3aR, and C5aR all couple to the same ptx-sensitive G protein, thiization and ERK phosphorylation.
differences in their ability to stimulate chemokine production re- The mechanism by which fMLP stimulates ERK phosphoryla-
flected the length of their signaling time. Thus, fMLP-stimulated tion in HMC-1 cells is not known. It is generally accepted that
chemokine production was associated with both sustainéd Ca G,-coupled receptors use tizy subunits of G protein to activate
mobilization and ERK phosphorylation. Furthermore, C3a andMAPK via a mechanism involving the following pathway:
C5a, which induced both transient €amobilization and ERK ~ GBy— Src—Shc/Grb/SOS-Ras—Raf—MEK—ERK (26). In
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neutrophils, P13 kinase is involved in fMLP-induced ERK phos- CsA blocked fMLP-induced MIP production indicated that the
phorylation, possibly via its direct effect on MEK (3—PI3 signal needed to synergize with ERK phosphorylation to induce
kinase—MEK— ERK) (8). Thus, cpt-cAMP and wortmannin, chemokine production might be the activation of NFAT (Fig. 7).
which inhibit Raf-1 and PI3 kinase, respectively, block fMLP- This possibility was supported by the finding that fMLP, but not
stimulated ERK phosphorylation in human neutrophils (8, 27). TheC5a, stimulated NFAT activation in nuclear extracts of HMC-1
finding in the present study that neither wortmannin nor cAMP cells. Although NFAT regulates cytokine gene expression in Ag-
blocked fMLP-induced ERK phosphorylation in HMC-1 cells is stimulated mast cells and T cells, the present study demonstrates
inconsistent with a role for Raf or PI3 kinase in MAPK activation previously unrecognized role of this transcription factor in GPCR-
in this cell line. This type of inconsistency has recently been re-induced chemokine production.

ported for other receptors. For example, in CHO cells expressing In summary, we have used a human mast cell line that natively =
CXCR1 and CXCR2, IL-8-induced MAPK activation is mediated expresses C3aR and C5aR at low levels and generated stable trans®

[Asuuad 18 Alun e /610" jounwuwu mmmy/:dny

independently of Raf or PI3 kinase (28). In Swiss-3T3 and COS-7ectants expressing physiologic levels of FR as a model for GPCR ';T_J'

cells, epidermal growth factor and lysophosphatidic acid-inducedactivation. Using this system we have shown that bacterial prod- =

MAPK activities are mediated in a Raf-1-independent and aucts such as fMLP can induce cells of innate immunity to produce g

cAMP-insensitive manner (29). In PC12 cells, Ras-dependenthe proinflammatory chemokines MIRBand MCP-1 that may, in o

MAPK activation also does not require PI3 kinase or Raf activa-turn, recruit other leukocytes to sites of infection. Furthermore, we "

tion (30). These findings suggest the existence of a MEK kinasdave shown that the selectivity of fMLP vs C3a or C5a to induce é,)

different from classic Raf kinases that might be involved in ERK 3

phosphorylation in HMC-1 cells and other cell types. The identity a—

of this kinase and the mechanism by which fMLP activates ERK »

phosphorylation remain to be determined. ﬂ\’i_LP o 'B
An important and unexpected finding of the present study was I—‘%@ ] |1 ] N

that although cpt-cAMP and wortmannin had no effect on fMLP- ( PLfB

stimulated ERK phosphorylation, they blocked chemokine produc: Ras P

tion in response to fMLP. This raises the intriguing possibility that Ca?

fMLP-stimulated chemokine production involves synergistic inter- ?1?

action of ERK phosphorylation with another signaling pathway. MEK Calacnrd

NFAT is a cytosolic transcription factor that regulates the activa- { g

11). Ag stimulation of these cells results in a’Calependent ac
tivation of the phosphatase calcineurin, which dephosphorylate
NFAT. This dephosphorylation allows NFAT to translocate to the \l/ \l/

nucleus, where it combines with the AP-1 complex to regulate the NFATC Ft .
. . . <E!::]2 Chemokine G
transcription of early cytokine genes (10, 23). The immunosup- O S

pressive drug CsA inhibits cytokine gene expression by blocking-igure 10. Model for fMLP-induced chemokine gene expression in

calcineurin. Although recent studies have shown that GPCR coulginvc-1 cells. FMLP activates MAPK via a pathway that does not appear
activate NFAT in lymphoid (31) and microglial cells (32), its bi- to involve Raf. This response synergizes with NFAT activation for the
ological significance is not known. The demonstration herein thatnduction of chemokine gene expression.

tion of cytokine genes in Ag-stimulated T cells and mast cells (10, ETK
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chemokine production is due to the level of receptor expressionis.

the length of their signaling time, and the synergistic interaction of
ERK phosphorylation, sustained €amobilization, and NFAT
activation (see model in Fig. 10).
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