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1 Macrophage Stimulating Protein (MSP), a serum factor related to Hepatocyte Growth Factor,
was originally discovered to stimulate chemotaxis of murine resident peritoneal macrophages. MSP
is the ligand for Ron, a member of the Met subfamily of tyrosine kinase receptors. The e�ects of
MSP on human macrophages and the role played in human pathophysiology have long been elusive.

2 We show here that human recombinant MSP (hrMSP) evokes a dose-dependent superoxide
anion production in human alveolar and peritoneal macrophages as well as in monocyte-derived
macrophages, but not in circulating human monocytes. Consistently, the mature Ron protein is
expressed by the MSP responsive cells but not by the unresponsive monocytes. The respiratory burst
evoked by hrMSP is quantitatively higher than the one induced by N-formylmethionyl-leucyl-
phenylalanine and similar to phorbol myristate acetate-evoked one.

3 To investigate the mechanisms involved in NADPH oxidase activation, leading to superoxide
anion production, di�erent signal transduction inhibitors were used. By using the non selective
tyrosine kinase inhibitor genistein, the selective c-Src inhibitor PP1, the tyrosine phosphatase
inhibitor sodium orthovanadate, the phosphatidylinositol 3-kinase inhibitor wortmannin, the p38
inhibitor SB203580, the MEK inhibitor PD098059, we demonstrate that hrMSP-evoked superoxide
production is mediated by tyrosine kinase activity, requires the activation of Src but not of PI 3-
kinase. We also show that MAP kinase and p38 signalling pathways are involved.

4 These results clearly indicate that hrMSP induces the respiratory burst in human macrophages
but not in monocytes, suggesting for the MSP/Ron complex a role of activator as well as of possible
marker for human mature macrophages.
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Introduction

Macrophage Stimulating Protein (MSP) is a 78 kDa

heterodimeric protein composed by a disul®de-linked
53 kDa a chain and a 23 kDa b chain. It belongs to the
kringle protein family, that includes plasminogen, prothrom-

bin and Hepatocyte Growth Factor (HGF) (Yoshimura et
al., 1993). MSP is synthesized in the liver and circulates in the
blood in nanomolar concentration as a biologically inactive

single-chain precursor, pro-MSP. Proteolytic cleavage of pro-
MSP, yielding the dimeric mature MSP required for the
activation of its receptor, occurs on the cell surface of murine
peritoneal macrophages and in wound ¯uids by the pro-MSP

convertase activity, a trypsin-like serine protease (Nanney et
al., 1998; Wang et al., 1996c). The speci®c receptor of MSP is

the transmembrane tyrosine kinase Ron, which belongs to the

Met proto-oncogene family. Ron is a heterodimeric receptor
composed of extracellular a (35 kDa) and a transmembrane b
(150 kDa) chains (Gaudino et al., 1994; Wang et al., 1994b).

MSP ligand stimulation of Ron-expressing cells rapidly
induces the tyrosine kinase activity of the receptor, and
Ron signalling occurs through association with multiple

e�ectors [e.g., phospholipase C-g, phosphatidylinositol 3-
kinase (PI 3-kinase), focal adhesion kinase, c-Src, mitogen-
activated protein kinase (MAP kinase), c-Jun amino terminal
kinase (JNK)] as a consequence of the phosphorylation of a

unique multifunctional docking site, conserved in all
members of the Met family (Danilkovitch & Leonard, 1999;
Danilkovitch-Miagkova et al., 2000; Iwama et al., 1996;

Wang et al., 1996b). Since its discovery as a serum protein
able to induce responsiveness to the chemoattractant C5a,
and to enhance spreading, phagocytosis and chemotaxis in

British Journal of Pharmacology (2001) 134, 1285 ± 1295 ã 2001 Nature Publishing Group All rights reserved 0007 ± 1188/01 $15.00

www.nature.com/bjp

*Author for correspondence: S Brunelleschi;
E-mail: sbrunell@med.unipmn.it



mouse resident peritoneal macrophages (Leonard & Skeel,
1979), the MSP spectrum of activity has widened and this
protein is now regarded as a pleiotrophic factor. MSP

stimulates human and murine bone marrow megakaryocyto-
poiesis, induces apoptosis in erythroid cell lines, induces
proliferation and migration of murine keratinocytes and liver
progenitor cells, increases ciliary motility of human nasal

cilia, stimulates bone resorption by human osteoclasts, and
promotes migration of non-small cell lung tumour cells (Banu
et al., 1996; Kurihara et al., 1996; Medico et al., 1996;

Sakamoto et al., 1997; Wang et al., 1996a; Willett et al.,
1998). An increased expression of mRNA for MSP has been
shown in experimental models of in¯ammation and liver

regeneration in the rat (Bezerra et al., 1994), while a
decreased hepatic MSP production has been suggested to
impair Kup�er cell phagocytosis in patients with fulminant

hepatic failure (Harrison et al., 1994).
MSP also inhibits lipopolysaccharide (LPS)- and/or

cytokine-induced nitric oxide (NO) release and iNOS
expression in murine peritoneal macrophages (Chen et al.,

1998; Wang et al., 1994a), by negative modulation of co-
stimulatory signals activating the transcription factor NF-kB
(Liu et al., 1999).

The expression of the mouse Ron homologue Stk has been
regarded as a marker of terminal di�erentiation of murine
peritoneal macrophages, since this receptor is present in

peritoneal macrophages, but not in alveolar macrophages,
acute exudate macrophages or circulating monocytes (Iwama
et al., 1995).

Knock-out mice lacking the Ron/Stk receptor showed
enhanced susceptibility to LPS-induced septic shock, in-
creased NO production as well as increased responses in tests
of delayed-type hypersensitivity (Correll et al., 1997). More-

over, it has been demonstrated that mice carrying a targeted
loss of MSP have a delayed macrophage activation, although
migration of mononuclear phagocytes into the peritoneal

cavity is unaltered as compared to wild-type animals (Bezerra
et al., 1998).
In mouse peritoneal resident macrophages, as well as in

peritoneal exudate macrophages, Ron becomes expressed and
tyrosine phosphorylated upon MSP stimulation. Conse-
quently, iNOS expression and NO release from mature
peritoneal exudate macrophages are inhibited (Chen et al.,

1998). Interestingly, endotoxin-induced NO production
down-regulates Ron expression in murine macrophages
(Wang et al., 2000).

As far as NO production is concerned, human monocyte/
macrophages are at variance from the rodent ones. While
murine macrophages rapidly produce large amounts of NO

after challenge with classical stimuli such as IFN-g, TNF-a or
LPS, human monocytes and tissue macrophages usually do
not. The actual amount of NO metabolites released by human

monocyte/macrophages is extremely low when compared to
that produced by rodent cells, although human monocytes and
macrophages express the iNOS gene (Albina, 1995).
Recently, Ron immunoreactivity has been detected in

dermal macrophages of normal human skin as well as in
macrophages from burn wound skin (Nanney et al., 1998);
however, the functions exerted by MSP on human monocyte/

macrophages are still elusive.
This prompted us to investigate the e�ects of MSP on

human mononuclear phagocytes of di�erent origins: circulat-

ing monocytes, monocyte-derived macrophages, alveolar
macrophages and peritoneal macrophages. In the in¯amma-
tory and immune processes, monocytes and macrophages

operate phagocytosis, chemotaxis, antigen processing and
presentation, secretion of enzymes and cytokines as well as
oxy-radical production (Morrissette et al., 1999). Therefore,
we used these cells to evaluate the ability of MSP to evoke

superoxide anion (O2
7) production, as compared to other

stimuli such as N-formylmethionyl-leucyl-phenylalanine
(FMLP) and phorbol 12-myristate 13-acetate (PMA). More-

over, by using di�erent pharmacological inhibitors, we
investigated the signal transduction pathways involved.

Methods

Human recombinant macrophage stimulating protein

Human recombinant MSP (hrMSP) was expressed in Sf9
insect cells, by the baculovirus expression system, using Bac-

N-BlueTM AcMNPV DNA (Invitrogen). Conditioned medium
was treated prior to use with 2% foetal calf serum (FCS) for
1 h at 378C, in order to allow MSP processing to the mature

two-chain form (Gaudino et al., 1994). The biological activity
of hrMSP was tested by scatter assay and by Ron tyrosine
phosphorylation on cells expressing the recombinant recep-

tor, i.e., Madin-Darby Canine Kidney/Ron (MDCK/Ron)
and NIH-3T3 RON ®broblasts, respectively. The titer of
hrMSP was expressed as the highest dilution able to induce

cell scatter in MDCK/Ron. The scatter assay was conducted
with a standard procedure as previously described (Medico et
al., 1996); the hrMSP used in this work had an average titer
of 250 scatter units ml71. Results were also validated and

con®rmed by using a commercially available source of MSP
(R & D Systems); in this case, scatter activity was observed at
8 ng ml71.

Expression of the Ron receptor

Ron expression in di�erent cell populations was evaluated by
Western immunoblot analysis. Con¯uent cell monolayers
(56106 macrophages or monocytes) were lysed with 750 ml
bu�er B (20 mM Tris base- pH 7.4, 1% v v71 Triton X-100,

0.5 % w v71 Na-deoxycholate, 0.1 % w v71 SDS, 50 mM

NaCl, 5 mM EDTA) supplemented with phenylmethanesulfo-
nyl ¯uoride (PMSF; 1 mM), sodium orthovanadate (1 mM),

aprotinin (10 mg ml71), pepstatin (10 mg ml71), leupeptin
(50 mg ml71). Cell lysates were cleared by centrifugation at
15,0006g for 15 min at 48C. Equal amounts (800 mg) of total
proteins from each cell line, determined using the BCA
protein assay reagent kit, were immunoprecipitated with
stirring for 2 h at 48C with the anti-Ron speci®c antisera

adsorbed to 40 ml of protein A-Sepharose 4B packed beads.
Immunocomplexes were washed twice with lysis bu�er and

proteins from immunoprecipitates were solubilized in boiling
Laemmli bu�er (Tris-HCl 62.5 mM, pH 6.8, 10% v v71

glycerol, 1% w v71 SDS, 1% v v71 b-mercaptoethanol,
0.01% v v71 Bromophenol blue) for 5 min in reducing
conditions. Denatured proteins were subsequently separated

on 8% SDS ±PAGE and transferred to nitro-cellulose ®lters
(Hybond, Amersham, U.K.) in bu�er C (Tris base 50 mM,
pH 8.3, glycine 192 mM, 20% v v71 methanol). The
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nitrocellulose ®lter was treated for 1 h with bu�er D (Tris
base 25 mM, pH 7.4, NaCl, 150 mM 0.1% v v71 Tween 20,
5% w v71 bovine serum albumin (BSA) fraction V and

incubated overnight in the same bu�er with the relevant
primary antibody. After washing in bu�er D, ®lters were
incubated for 60 min with anti-Ron speci®c antiserum
(Gaudino et al., 1994) or anti-phosphotyrosine antibody

(U.B.I.) clone 4G10, diluted 1 : 5000 in bu�er D and then
washed again. Antibody-labelled proteins were visualized by
the enhanced chemiluminescence system (ECL).

Isolation of human monocyte/macrophage populations

Human monocytes (HMs) were isolated from heparinized
venous blood (30 ± 40 ml) of healthy volunteers (aged 22 ± 45)
by standard techniques of dextran sedimentation, Ficoll ±

Paque gradient centrifugation (4006g, 30 min, room tem-
perature) and recovered by thin suction at the interface. Cells
were then washed twice with phosphate-bu�ered salt solution
(PBS) and resuspended at 1 ± 26107/ml in RPMI 1640

medium supplemented with 5% FCS, 2 mM glutamine,
10 mM HEPES, 50 mg/ml streptomicin and 5 U/ml penicillin.
Cell viability, as assessed by Trypan blue dye exclusion, was

498%. Puri®ed HMs were obtained by adhesion and
assessed with the pan-leukocyte monoclonal antibody HLE-
1 (anti-CD45); the monoclonal antibody LEUm3 (anti-

CD14), a marker for the LPS receptor, was also used to
better de®ne blood monocytes (Ziegler-Heitbrock, 2000).
Brie¯y, 100 ml of cell suspension were plated in six-well

tissue culture plates (35 mm diameter; Costar, U.K.) and
allowed to adhere for 90 min at 378C in a humidi®ed
atmosphere containing 5% CO2, as described (Brunelleschi et
al., 1998). The non-adherent cells (mainly lymphocytes) were

removed by three gentle washings with PBS.
Monocyte-derived macrophages (MDMs) were prepared

from HMs (see above) cultured for 7 ± 8 days in a CO2

incubator at 378C in RPMI 1640 medium containing 10%
FCS, glutamine, HEPES and antibiotics; medium was
exchanged every 2 ± 3 days. MDMs were de®ned as

macrophage-like cells according to Gantner et al. (1997), by
evaluating the decrease in the surface monocyte marker
CD14. The great majority of HMs (92+5%) was CD14+,
while a signi®cantly lower percentage of MDMs (23+5%;

P50.01 vs HMs; n=5) was CD14+. Moreover, the absence
of CD1a expression demonstrated that no di�erentiation
towards dendritic cells occurred in our MDM preparations.

Alveolar macrophages (AMs) were isolated from broncho-
alveolar lavage (BAL) as described (Brunelleschi et al., 1996).
After informed consent was obtained from each subject (one

healthy volunteer, one smoker, one patient with lung cancer,
one with a larynx cancer, one patient with lung ®brosis and
three patients with pulmonary sarcoidosis) and pretreatment

with parenteral atropine sulphate (0.5 mg), airways were
anaesthetized with 2% lidocaine. A ®beroptic bronchoscope
was advanced and wedged into the middle lobe under direct
visualization. Lavage was carried out with 200 ml of pre-

warmed (378C) sterile saline solution in ten 20-ml aliquots
with immediate gentle vacuum (syringe) aspiration after each
injection. The ¯uid so obtained was ®ltered through two

layers of sterile surgical gauze and centrifuged (4006g,
30 min). The whole BAL pellet was washed twice in PBS,
resuspended in RPMI 1640 medium (supplemented as above)

and plated in tissue culture plates. After 2 hours at 378C in
humidi®ed 5% CO2 atmosphere, non-adherent cells (mainly
lymphocytes) were gently removed and AMs were used for

the experiments. CD14 expression on AMs varied according
to the disease (Brunelleschi et al., 1996), being 28+3% in the
three patients with pulmonary sarcoidosis, 75% in the
smoker subject and 35 ± 50% in the others.

Peritoneal macrophages (PMs) were obtained from ascitic
¯uid (0.8 ± 4 l) of cirrhotic patients and puri®ed by adhesion.
Brie¯y, ascitic ¯uid was centrifuged (4006g, 30 min); the

pellet was resuspended in PBS, strati®ed on Ficoll ± Paque
gradient and centrifuged (4006g, 30 min). Cells were
recovered by thin suction at the interface, washed twice in

PBS, resuspended in RPMI 1640 medium and plated as
above. CD14 expression on PMs was 32+6% (n=4).

Assay of superoxide anion (O2
7) production

Adherent monocytes (HMs) or macrophages (MDMs, PMs,
AMs) (0.6 ± 16106 cells/dish) were washed twice with PBS,

incubated in sterile culture medium (RPMI 1640 without
phenol red) and challenged with increasing concentrations of
hrMSP or commercially available MSP for 30 min. The

e�ects of hrMSP were compared with those evoked by known
standard stimuli, e.g., the bacterial peptide N-Formylmethio-
nyl-leucyl-phenylalanine (FMLP) and the direct protein

kinase C activator phorbol 12-mirystate 13-acetate (PMA).
Superoxide anion (O2

7) production was evaluated by the
superoxide dismutase (SOD)-inhibitable cytochrome C reduc-

tion, the absorbance changes being recorded at 550 nm in a
Beckman DU 650 spectrophotometer. O2

7 production was
expressed as nmol cytochrome C reduced/106cells/30 min,
using an extinction coe�cient of 21.1 mM (Brunelleschi et al.,

1996). To avoid interference with spectrophotometrical
recordings of O2

7 production, adherent cells were incubated
with RPMI 1640 without phenol red. FCS, at the

concentration used to activate hrMSP, did not modify the
respiratory burst (data not shown). O2

7 production was
evaluated also in cells treated with control conditioned

medium from non-infected Sf9; these values were subtracted
from those obtained with hrMSP. Results so obtained were
con®rmed by using a commercial source of MSP. Experi-
ments were performed in duplicate or triplicate; control

values (e.g., basal O2
7 production in the absence of stimuli)

were subtracted from all determinations.

Effects of signal transduction inhibitors on O2
7

production in human peritoneal macrophages

Reported selective inhibitors of signal transduction were used
to evaluate the possible modulation of NADPH oxidase
activation in human peritoneal macrophages. In these

experiments, PMs were pretreated with the PI 3- kinase
inhibitor wortmannin (10710 ± 1077 M, 30 min preincubation
according to Chen et al., 1998), the non-selective tyrosine
kinase inhibitor genistein (1076 ± 1074 M, 30 min preincuba-

tion according to Torres & Forman, 1999), the tyrosine
phosphatase inhibitor sodium orthovanadate (1075 ± 1074 M,
60 min preincubation), the p38 MAP kinase inhibitor

SB 203580 (1077 ± 1075 M, 60 min preincubation according
to Rane et al., 1997), the MEK inhibitor PD 098059 (1077 ±
1075 M, 60 min preincubation according to Downey et al.,
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1998) or the selective Src inhibitor PP1 (1078 ± 1075 M,
30 min preincubation according to Erdreich-Epstein et al.,
1999) and then evaluated for O2

7 production by hrMSP,

PMA or FMLP as previously described. All signal transduc-
tion inhibitors (except for sodium orthovanadate) were
dissolved in DMSO as a stock solution of 10 mM. Non-
stimulated (basal) and stimulated PMs were added the same

amount of DMSO (when required) as plates treated with the
signal transduction inhibitors. DMSO 0.1% lowered of about
15 ± 20% the responses evoked by FMLP, PMA and hrMSP

(data not shown). None of the signal transduction inhibitors
a�ected O2

7 production per se. Results are expressed as
percentage of control, O2

7 production evoked by each

stimulus (FMLP, PMA and hrMSP) in the absence of
inhibitor being 100%.

Drugs and analytical reagents

Dextran T-500, Ficoll ± Paque and protein A-Sepharose 4B
packed beads were obtained from Pharmacia (Uppsala,

Sweden). Monoclonal antibodies HLE-1 (anti-CD45) and
Leu-M3 (anti-CD14) were from Becton Dickinson (San Jose,
CA, U.S.A.). The anti-phosphotyrosine antibody clone 4G10

was from U.B.I. (Lake Placid, NY, U.S.A.). PBS, RPMI
1640 (with or without phenol red), FCS. BSA, glutamine,
HEPES, streptomicin, penicillin, FMLP, SOD, cytochrome

C, Tris base, Na-deoxycholate, NaCl, EDTA, aprotinin,
pepstatin, leupeptin, Bromophenol blue, glycine, glycerol,
methanol and Tween 20 were obtained from Sigma

(Milwaukee, WI, U.S.A.). Triton X-100 and b-mercap-
toethanol were from Fluka (Buchs, Switzerland); PMSF
was from Promega (Madison, WI, U.S.A.). SDS and DMSO
were from Merck (Darmstadt, Germany). Commercial MSP

was from R&D Systems (Minneapolis, MN, U.S.A.). PMA,
wortmannin, genistein, sodium orthovanadate, PD098059
(2'-amino-3'-methoxy¯avone), PP1 (4-amino-5-(4-methyl-

phenyl)-7-(t-butyl)pyrazolo[3,4-d]-pyrimidine) and SB203580,
([4 - (4 - ¯uorophenyl) -2 (4 -methylsul®nylphenyl)5-(4-pyridyl)-
1H-imidazole]) were purchased from Alexis Biochemicals

(Vinci, FI, Italy). BCA Protein Assay Reagent Kit was from
Pierce (Rockford, IL, U.S.A.). Nitro-cellulose ®lters (Hy-
bond) and the enhanced chemiluminescence system (ECL)
were from Amersham (Buckinghamshire, U.K.). Tissue-

culture plates were purchased from Costar Ltd (Bucking-
hamshire, U.K.)

Data and statistical analysis

Data are expressed as means+s.e.mean of `n' independent

determinations. Concentration-response curves for hrMSP
were constructed and logarithmically transformed. EC50 values
were interpolated from curves of best-®t. When required,

statistical evaluation was performed by Student's t-test.

Results

Human recombinant MSP displays full biological activity

To assess the biological activity of hrMSP produced in insect
cells, preliminary tests were done in MDCK and in NIH-3T3
cells, transfected with human recombinant Ron and stabilized

in culture after marker selection (Ron/MDCK and NIH-3T3
RON). These transfectants constitutively express the Ron
receptor, which can be stimulated by the MSP ligand, so

representing optimal tools to measure biochemical and
biological activities of hrMSP. A typical feature of the Met
subfamily receptors is the capability to induce dissociation
and motility of epithelial monolayers, known as `scatter'

e�ect. The scatter activity induced by the recombinant MSP
used in this work was evaluated in Ron/MDCK. As reported
in Figure 1A, hrMSP was able to induce scatter of Ron/

MDCK cells; the maximal dilution of the conditioned
medium of insect cells expressing MSP, at which the scatter
e�ect was detectable, resulted 1 : 250. This value was

indicated as one `Scatter Unit'; consequently the conditioned
medium typically contained 250 Scatter Units ml71. The
scatter activity evoked by hrMSP 10 Scatter Units ml71 is

similar to the one evoked by 80 ng ml71 commercial MSP
(Figure 1A).

The primary e�ect of ligand stimulation of tyrosine kinase
receptors such as Ron, is the auto-transphosphorylation of

the receptor itself, that can be evaluated using anti-
phosphotyrosine antibodies. As shown in Figure 1B, Ron

Figure 1 Human recombinant MSP displays full biological activity.
(A) Scatter activity induced by hrMSP or commercial MSP in Ron/
MDCK cells. Left panel: control mock stimulated cells grown in a
characteristic round colony with epithelial morphology; middle panel:
cells after stimulation with hrMSP (10 Scatter Units ml71)
dissociated and displayed ®broblastoid appearance; right panel: cells
after stimulation with commercial MSP 80 ng ml71. (B) Immuno-
precipitation with anti-Ron antibodies (IP:anti-Ron), followed by
immunoblotting of lysates from NIH-3T3 RON cells stimulated with
hrMSP (10 ± 50 Scatter Units ml71). The ®lter has been probed either
with anti-protein (anti-Ron; IB:anti-Ron) and with anti-phosphoty-
rosine (anti-PTyr; IB:anti-Ptyr) antibodies. The recombinant MSP
induced the tyrosine phosphorylation of the 150 kDa b-chain (pp
150) of the Ron receptor in a dose-dependent manner; pr 170 is the
single-chain precursor of Ron.
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tyrosine phosphorylation induced by recombinant MSP was
checked in NIH-3T3 RON cells, where hrMSP dose-
dependently (10 ± 50 Scatter Units ml71) induced tyrosine

phosphorylation of 150 kDa b-chain of the receptor, as
evaluated by immunoprecipitation and immunoblotting with
anti-phosphotyrosine (pp150) and anti-Ron antisera (p150)
(Figure 1B). By using IB: anti-Ron, we demonstrated that an

equal amount of protein is present in all the lanes. These
results, which were also validated by using commercial MSP
(data not shown), demonstrated that the hrMSP displayed

full biological activities and was suitable for further
investigation on human cells.

Human macrophages of different origin express Ron

Murine Stk/Ron receptor has been found expressed in

resident peritoneal macrophages (Iwama et al., 1995). In
order to investigate the human counterpart, the expression
of the Ron receptor has been investigated in human
MDMs, as well as in AMs, PMs and HMs (Figure 2).

The anti-Ron antiserum used here (Gaudino et al., 1994)
requires to enrich the concentration of extracted Ron
protein by immunoprecipitation before immunoblotting,

due to the high non-speci®c background observed in direct
Western blotting.
Immunoblotting analysis on immunoprecipitates made

with anti-Ron antiserum, demonstrated that AMs, PMs and
MDMs, but not HMs, express the Ron protein, although at
lower level as compared to the positive control, NIH-3T3

RON cells (Figure 2). The anti-Ron antiserum recognizes
both the mature 150 kDa Ron b-chain protein (p150) and the
single-chain precursor of 170 kDa (pr170; biologically
inactive).

hrMSP evokes O2
7 production in macrophages of

different origin

Human recombinant MSP had no e�ects on adherent
monocytes (HMs) collected from peripheral blood of healthy

donors, while in the range 1 ± 600 ng ml71 (that is, 0.125 ± 75
Scatter Units ml71) it dose-dependently evoked O2

7 produc-
tion from monocyte-derived macrophages (MDMs), perito-

neal macrophages (PMs) obtained from ascitic ¯uid of four
cirrhotic patients and alveolar macrophages (AMs) collected
from eight di�erent patients (Figure 3). Maximal O2

7

production was not signi®cantly di�erent among the three
human macrophage populations evaluated, reaching about
40 nmol cytochrome C reduced /106 cells (Figure 1 and Table
1). The EC50 values for hrMSP were 110, 187 and

224 ng ml71 in MDMs, PMs and AMs, respectively.
Human macrophages of di�erent origin, as well as HMs,

undergo a respiratory burst, when challenged in vitro with the

bacterial peptide FMLP or the protein kinase C activator,
PMA: hrMSP, une�ective in HMs, was more potent than
FMLP in evoking O2

7 production in MDMs, PMs and AMs

(P50.01; Table 1), and evoked a respiratory burst quantita-
tively similar to the PMA-induced one in the three
macrophage populations evaluated (Table 1).

By evaluating individual O2
7 production in AMs obtained

from eight di�erent patients, a more pronounced e�ect of
hrMSP was observed in the smoker patient and the three
with sarcoidosis as compared to the control volunteer and

patients with cancer, suggesting a possible role for MSP in
interstitial lung pathologies (data not shown): however, the
limited number of patients evaluated did not allow any

de®nitive conclusion.

Figure 2 Representative Western blots showing Ron expression in
human macrophages of di�erent origin (AMs: alveolar macrophages,
MDMs: monocyte-derived macrophages, PMs: peritoneal macro-
phages), but not in human monocytes (HMs). Immunoprecipitation
with anti-Ron antibodies (IP: anti-Ron) followed by immunoblotting
with the same antibodies (IB: anti-Ron) from lysates of the indicated
cells. The mature 150 kDa Ron b-chain protein (p150) and the single
chain precursor of 170 kDa (pr170) are detectable in control NIH-
3T3 RON cells as well as in AMs, MDMs and PMs. No Ron protein
expression can be detected in HMs. Representative of three di�erent
experiments.

Figure 3 Human recombinant MSP evokes O2
7 production in

human macrophages of di�erent origin, but not in human
monocytes. Cells (0.6 ± 16106/well) were challenged with hrMSP
for 30 min. Means+s.e.mean of 4 ± 8 experiments.

Table 1 O2
7 production induced by hrMSP, PMA and

FMLP in monocyte/macrophages

O2
7 production

nmol cytochrome C reduced/106 cells
hr MSP PMA FMLP

Cell Type 600 ng ml71 1076
M 1076

M

HMs (n=4) 0a 14.7+2.3a 5.3+1b

MDMs (n =4) *42+3{, c *27.1+7{ 4.3+0.8b

AMs (n=8) *36+4{, c *34.5+7{ 6.3+1.5b

PMs (n=4) *42+1{, c *27.4+7{ 7.2+1b

aP50.01 vs macrophage populations; bP50.01 vs PMA and
hrMSP; *NS among macrophage populations; {P50.01 vs
FMLP; cNS vs PMA.
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Signal transduction and O2
7 production in PMs

The intracellular signals transduced by the MSP/Ron

activated complex, involved in NADPH-oxidase activation,
are far from being elucidated. In order to get insight into this
mechanism, the e�ects of di�erent signal transduction
inhibitors on the respiratory burst induced by hrMSP were

evaluated in human PMs and compared with those elicited by
the classical PMA and FMLP stimuli. In these experiments,
FMLP and PMA were used at 1076 M and produced 4.5+0.6

and 28.6+4 nmol cytochrome C reduced/106 cells, respec-
tively (n=5), while hrMSP was used at 400 ng ml71 and
produced 36+4 nmol cytochrome C reduced /106 cells (n=5).

The tyrosine kinase inhibitor genistein blocks the increase
in tyrosine phosphorylation and the morphological changes
induced by MSP in IL-3-dependent Ba/F3 cells expressing

Ron (Mera et al., 1999), inhibits FMLP-evoked O2
7

production but has little e�ect on the respiratory burst
induced by PMA in human neutrophils (Tan et al., 1998). In
the range 1 ± 100 mM, genistein inhibited O2

7 production

evoked by hrMSP or FMLP in human PMs, but had an
inconsistent e�ect on PMA-evoked one: maximal inhibition
amounted to 30+3% vs hrMSP and 21+4% (n=5) vs

FMLP, IC50 values being 6.3 mM and 9 mM, respectively.
These e�ects were con®rmed by the enhancement of the
respiratory burst evoked by hrMSP and FMLP, when the

tyrosine phosphatase inhibitor sodium orthovanadate was
present (Figure 4). PI 3-kinase, a member of the phospha-
tidylinositol kinase family, has been frequently associated to

MSP/Ron signalling (Chen et al., 1998, Danilkovitch &
Leonard, 1999; Wang et al., 1996b), whereas FMLP is well
characterized as one of the most e�ective and rapid activators
of PI 3-kinase (Stephens et al., 1991). The PI 3-kinase speci®c

inhibitor wortmannin reduces MSP-evoked epithelial cell
migration (Wang et al., 1996b), prevents MSP-induced
inhibition of NO production in macrophage cell lines (Chen

et al., 1998) and also potently inhibits the phosphorylation of

p47phox and O2
7 release in human neutrophils stimulated by

FMLP, but not by PMA (Ding et al., 1995). In our
experiments, wortmannin did not a�ect hrMSP- or PMA-

evoked O2
7 production, while in the concentration range

0.1 ± 100 nM, it inhibited FMLP-evoked respiratory burst in
human PMs (Figure 5). Maximal inhibition (68+6%; n=5)
was achieved at 100 nM; the IC50 value was 4.07 nM.

The potent and selective Src-inhibitor PP1 has been shown
to inhibit O2

7 production evoked by immune complexes in
bone marrow-derived human macrophages (Erdreich-Epstein

Figure 4 E�ects of genistein or vanadate on O2
7 production evoked by hrMSP, FMLP or PMA in PMs. PMs were pretreated

with the tyrosine kinase inhibitor genistein for 30 min or the tyrosine phosphatase inhibitor vanadate for 60 min and then
challenged with ®xed concentrations of hrMSP (400 ng ml71), FMLP (1076 M) or PMA (1076 M). O2

7 production evoked by
single stimulus was taken as 100%; results are expressed as per cent of single stimulus-induced respiratory burst. Means+s.e.mean
of ®ve experiments. *P50.05 vs PMA; hrMSP vs FMLP is not signi®cant (NS).

Figure 5 E�ects of wortmannin on O2
7 production evoked by

hrMSP, FMLP or PMA in PMs. PMs were pretreated with the PI 3-
kinase inhibitor wortmannin for 30 min and then challenged with
®xed concentrations of hrMSP (400 ng ml71), FMLP (1076 M) or
PMA (1076 M). O2

7 production evoked by single stimulus was taken
as 100%; results are expressed as per cent of single stimulus-induced
respiratory burst. Means+s.e.mean of ®ve experiments. *P50.05 vs
PMA and hrMSP; PMA vs hrMSP is not signi®cant (NS).
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et al., 1999) as well as adhesion-dependent NADPH oxidase
activation in human eosinophils (Lynch et al., 1999). In our
hands, PP1 dose-dependently (10 nM± 10 mM) inhibited the

respiratory burst evoked by hrMSP and PMA, IC50 value
being 0.4 mM for both stimuli, while less active against FMLP
(IC50=1.85 mM) (Figure 6).
SB203580 is an ATP binding site inhibitor of the a and b

isoforms of p38, a member of the MAP kinase family, which
is required for FMLP stimulation of the neutrophil
respiratory burst (Rane et al., 1997). This drug has been

shown to prevent PMA- and FMLP-induced O2
7 production

in neutrophils (Lal et al., 1999) as well as NADPH oxidase

activity in eosinophils (Lynch et al., 1999). In our
experiments, SB203580 dose-dependently (0.1 ± 10 mM) inhib-
ited PMA-, hrMSP- and FMLP- evoked respiratory burst

(Figure 7), IC50 values being 0.37, 1 and 0.87 mM.
PD098059 is a MEK (MAP kinase kinase) inhibitor and,

as a consequence, inhibits also tyrosine phosphorylation and
activation of ERK-1 and ERK-2, the two isoforms mainly

expressed in neutrophils (Downey et al., 1998). It has been
reported to interfere with FMLP- and zymosan-induced
respiratory burst in the same cells (Downey et al., 1998).

However, others have demonstrated that it inhibits chemo-
taxis but not O2

7 production in FMLP-stimulated neutro-
phils (Kuroki & O'Flaherty, 1997). In this work, PD0908059

was used at 0.1 ± 10 mM and inhibited hrMSP- and FMLP-
evoked respiratory burst, IC50 values being 1.56 mM vs
hrMSP and 1 mM vs FMLP. However, it had no inhibitory

e�ects on the O2
7 production induced by PMA, which, at

the highest PD0908059 concentration evaluated, resulted
slightly but non-signi®cantly increased over PMA alone
(Figure 7).

Discussion

The results presented here indicate that human macrophages
of di�erent origin (alveolar, peritoneal and in vitro-di�er-

entiated macrophages) express the tyrosine kinase receptor
Ron, whereas in human circulating monocytes no Ron
protein was detected. These results also con®rm and further

extend previous observations in murine macrophages (Iwama
et al., 1995) as well as in the monocytic THP-1 cell line,
which expressed Ron only when di�erentiated to macro-
phages by IFN-g plus TNF-a treatment (Chen et al., 1996).

Interestingly, Ron expression has been observed in human

Figure 6 E�ects of PP1 on O2
7 production evoked by hrMSP,

FMLP or PMA in PMs. PMs were pretreated with the selective Src
inhibitor PP1 for 30 min and then challenged with ®xed concentra-
tions of hrMSP (400 ng ml71), FMLP (1076

M) or PMA (1076
M).

O2
7 production evoked by single stimulus was taken as 100%; results

are expressed as per cent of single stimulus-induced respiratory burst.
Means+s.e.mean of ®ve experiments. *P50.05 vs PMA and hrMSP;
PMA vs hrMSP is not signi®cant (NS).

Figure 7 E�ects of SB203580 or PD098059 on O2
7 production evoked by hrMSP, FMLP or PMA in PMs. PMs were pretreated

with the p38 MAP kinase inhibitor SB203580 or the MEK inhibitor PD098059 for 60 min and then challenged with ®xed
concentrations of hrMSP (400 ng ml71), FMLP (1076 M) or PMA (1076 M). O2

7 production evoked by single stimulus was taken
as 100%; results are expressed as per cent of single stimulus-induced respiratory burst. Means+s.e.mean of ®ve experiments.
*P50.05 vs FMLP and hrMSP; FMLP vs hrMSP is not signi®cant (NS).
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dermal macrophages from both normal and burn wound skin
(Nanney et al., 1998).
Human Ron mRNA is expressed in the lung (Gaudino et

al., 1994) and the protein has been detected at the apical
surface of the bronchiolar ciliated epithelium, but not in
goblet cells (Sakamoto et al., 1997). Moreover, MSP content
ranged from 1.3 to 5.8 ng/ml in BAL ¯uids obtained from

four healthy non-smokers, but the absolute concentration of
MSP in the bronchoalveolar space, where AMs are located,
was possibly higher as suggested by Sakamoto et al. (1997).

It is attractive to speculate that MSP, via circulation (Wang
et al., 1996c), can be supplied to the bronchoalveolar spaces,
where it binds and activates Ron on AMs to induce the

respiratory burst, as suggested by our results. The
stimulatory e�ect of hrMSP on AMs was comparable to
the one evoked by the tumour promoter PMA and higher

than the chemotactic peptide FMLP-induced one. Similar
®ndings have been reported in human nasal cilia, where
MSP ability to increase ciliary motility is similar to that of
LTC4 and other in¯ammatory mediators (Sakamoto et al.,

1997). Moreover, by evaluating MSP levels in induced
sputum, Takano et al. (2000) found a signi®cant increase in
patients with bronchiectasis as compared with normal

controls. They also reported that half of the MSP in
sputum is present as mature MSP, that is the biologically
active alpha/beta chain heterodimer (Takano et al., 2000).

Furthermore, the elevated O2
7 production measured after

challenge with hrMSP in AMs isolated from patients with
sarcoidosis might suggest a peculiar involvement of MSP in

interstitial lung diseases.
We also demonstrate that the tyrosine kinase receptor Ron

is expressed in MDMs and PMs isolated from ascitic ¯uid of
cirrhotic patients, and that hrMSP induces a dose-dependent

respiratory burst. In this case, too, hrMSP induced a higher
amount of O2

7, as compared to FMLP, strongly implying
this factor as a potent regulator of macrophage activity.

The Ron receptor is functional in the macrophage lineage
cells but not in circulating monocytes, since hrMSP activates
only human macrophages of di�erent origin to produce

superoxide anion. This is a novel activity proposed for MSP,
not described so far, that suggests a role of MSP in host
defense and control of infection.
The source of reactive oxygen intermediates is the NADPH

oxidase, a multi-component enzyme complex which transfers
a single electron from NADPH to oxygen, resulting in the
production of O2

7. The O2
7 so generated is in turn the key

element for the production of hydrogen peroxide, hydroxyl
radical, singlet oxygen and long-living oxidants.
NADPH oxidase, which comprises both cytosolic and

membrane components, is inactive until the cell is stimulated
by phagocytosis or various in¯ammatory mediators. Activa-
tion is a multi-step process, not completely elucidated, which

comprises partial activation of p47phox, translocation of
p47phox, p67phox and p40phox to the membrane, ®nal phosphor-
ylation of p47phox, coupled to the acquisition of the catalytic
activity of the enzyme (Babior, 1999).

NO has been demonstrated to inhibit the oxidase by
preventing its assembly during activation (Fujii et al., 1997)
and it is tempting to speculate that hrMSP- evoked O2

7

production in our cells might result, as least in part, from its
ability to inhibit NO release, as demonstrated in murine
macrophages (Chen et al., 1998; Liu et al., 1999).

The tyrosine kinase activity of Src-like protein kinases, as
well as PI 3-kinase and MAP kinases, have also been
associated to activation of the NADPH oxidase (Downey et

al., 1998; Erdreich-Epstein et al., 1999; Lal et al., 1999; Rane
et al., 1997). The majority of these studies have been
performed using human neutrophils, while few of them were
conducted on monocyte/macrophages. In rat AMs, di�erent

MAP kinases have been shown to be responsible for NADPH
oxidase activation in response to zymosan-activated serum
(Torres & Forman, 1999); in another macrophage popula-

tion, the human bone marrow-derived macrophages, tyrosine
kinases of the Src family have been demonstrated to play a
key role in O2

7 production evoked by immune complexes

(Erdreich-Epstein et al., 1999).
The mechanism of hrMSP-induced O2

7 production in
human macrophages is still to be de®ned. However, PI 3-

kinase does not seem to play a key role in the process,
although this enzyme has been implicated in MSP/Ron signal
transduction in other cell types. Our data show that
wortmannin had no signi®cant inhibitory e�ect on hrMSP-

evoked O2
7 production, while markedly inhibited FMLP-

evoked (but not PMA-evoked) respiratory burst. These
observations are consistent with the implication of PI 3-

kinase in chemotaxis and in NADPH oxidase activation of
human eosinophils elicited by agonists acting through G
protein-coupled receptors (Elsner et al., 1996). Moreover,

also in the respiratory burst of human neutrophils,
wortmannin has been repetitively reported to inhibit FMLP-
but not PMA- induced responses (Kodama et al., 1999;

Tudan et al., 1999).
The involvement of tyrosine kinases in NADPH oxidase

activation in PMs was evaluated by using selective and non-
selective inhibitors. The non-selective tyrosine kinase in-

hibitor genistein inhibited hrMSP- and FMLP-evoked O2
7

production in human PMs, while inactive against PMA, so
con®rming previous data in human neutrophils (Tan et al.,

1998). The increased O2
7 production that we observed in the

presence of the tyrosine phosphatase inhibitor sodium
vanadate further con®rmed the role of genistein in the

respiratory burst. Sodium vanadate enhanced by 40%
hrMSP- and FMLP-evoked respiratory burst, but did not
a�ect PMA-evoked one. It has to be taken into account that
the role of this phosphatase inhibitor in PMA-stimulated

macrophages is controversial, being either inhibitory (Conde
et al., 1995) or stimulatory (Green & Phillips, 1994).

PP1, a selective inhibitor of the Src-family tyrosine kinase

activity, dose-dependently inhibited hrMSP- and PMA-
evoked O2

7 production, while less active versus FMLP. This
®nding is partially at variance with previous observations in

bone marrow-derived human macrophages (Erdreich-Epstein
et al., 1999), showing a large inhibitory e�ect (about 80%
with PP1 10 mM) in immune complexes-induced respiratory

burst but no e�ect on PMA-evoked one. We have no
de®nitive explanation for this fact, but di�erences in the
macrophage cell type might be envisaged, since, as reported
by the authors (Erdreich-Epstein et al., 1999), 99.5% of bone

marrow-derived human macrophages (recovered from the
screens used to ®lter bone marrow after harvest, grown and
di�erentiated in M-CSF) were CD14 positive. Recent

investigations in epithelial cells have shown that Ron
activation is integrin-dependent and that adhesion of RON-
expressing epithelial cells to extracellular matrix requires the
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tyrosine kinase activity of c-Src and Ron itself as well.
Actually, collagen-induced Ron phosphorylation becomes
reduced in cells transfected with a dominant-negative

kinase-inactive Src construct, suggesting that Ron is
phosphorylated by activated Src (Danilkovitch-Miagkova et
al., 2000). The fact that Src can phosphorylate Ron in
epithelial cells when stimulated by collagen, but not by MSP,

indicates that the pattern of Ron tyrosine phosphorylation
induced by extracellular matrix is distinct from that induced
by MSP. Moreover, MSP addition to collagen-adherent cells

resulted in an increased Ron phosphorylation and kinase
activity as compared to MSP or collagen alone (Danil-
kovitch-Miagkova et al., 2000). Whether the known Src

inhibitor PP1 a�ects MSP-evoked respiratory burst either
through the direct inhibition of Src or indirectly, requires
further investigations. However, in our opinion, our observa-

tions on macrophages further strengthen the role of Src in
MSP/Ron signalling.
The dual speci®city kinase MEK (MAP kinase kinase)

activates ERKs (Extracellular-regulated protein kinases) and

p38, which are members of the MAP kinase family. MEK
inhibition by PD098059 prevents O2

7 production in
zymosan-stimulated neutrophils (Downey et al., 1998), while

con¯icting results have been reported for FMLP (Downey et
al., 1998; Kuroki & O'Flaherty, 1997). On the other hand,
inhibition of p38 by SB203580 prevents NADPH oxidase

activation by FMLP and by PMA (Lal et al., 1999).
Our results indicate that PD 098059 inhibited hrMSP- and

FMLP- evoked respiratory burst, while a slight increase was

observed at 10 mM versus PMA. On its turn, the p38 inhibitor
SB 203580 displayed a clear-cut inhibitory e�ect on all
evaluated stimuli, i.e. hrMSP, FMLP and PMA, in
accordance with results obtained in human neutrophils (Lal

et al., 1999).
These results are in agreement with the observation that in

Ron-transfected MDCK cells, MSP activates Ras by

activation and translocation of the nucleotide exchange
factor SOS (Li et al., 1995) and con®rm that ERKs and
p38 are primary targets of the pathway induced by Ron, via

the Ras/MAP kinase pathway. It is well known that the
activity of NADPH oxidase can be regulated also by Rac, a

small GTP binding protein of the Ras family (Babior, 1999;
Irani & Goldschmidt-Clermont, 1998), that has been shown
activated by several tyrosine kinase receptors (Babior, 1999;

Boehm et al., 1999). A possibility therefore exists that the
pattern of activation of NADPH oxidase by MSP could also
rely on Rac.
However, the occasional discrepancies observed in some

experiments on signal transduction inhibitors are due to the
pathways elicited by the di�erent stimuli, given that FMLP
acts through a G-protein-coupled receptor, unlike MSP and

PMA. Another explanation relates to possible structural
di�erences in the mechanism of NADPH oxidase activation
between macrophages and other phagocytes (e.g., neutro-

phils, where most experiments have been conducted).
The role of reactive oxygen species has recently been re-

evaluated and growing evidence points to their physiological

function as signalling molecules in the regulation of
intracellular pathways; protein tyrosine kinases, protein
tyrosine phosphatases, phospholipase A2 and the transcrip-
tion factor NF-kB were identi®ed as potential targets of

hydrogen peroxide (Finkel, 1998). Reactive oxygen species
produced by the NADPH oxidase could regulate the dynamic
equilibrium between the opposing e�ects of the tyrosine

kinases and tyrosine phosphatases (Finkel, 1998). Therefore,
one can speculate that the O2

7 produced by MSP in human
macrophages of di�erent origin might also act as a second

messenger for signal transduction.
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