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Macrophage-Stimulating Protein, the Ligand for the Stem
Cell-Derived Tyrosine Kinase/RON Receptor Tyrosine Kinase,
Inhibits IL-12 Production by Primary Peritoneal Macrophages
Stimulated with IFN-␥ and Lipopolysaccharide1
Amy C. Morrison,* Caleph B. Wilson,† Manujendra Ray,‡ and Pamela H. Correll2*†‡

T

he production of proinflammatory mediators by macrophages must be tightly regulated to establish an effective
immune response without causing damage to the host.
The proinflammatory cytokine IL-12 plays a unique role in the
immune response by bridging innate and adaptive immunity. IL-12
is produced primarily by APCs and stimulates IFN-␥ production
by NK and ␥␦T cells (1). This cytokine also plays a key role in
promoting the development of Th1 cells as well as the inhibition of
Th2 responses (reviewed in Ref. 2). Animals deficient in IL-12 or
its receptor have decreased ability to produce IFN-␥ and induce
normal Th1 responses (3) and are more susceptible to infection
with intracellular pathogens (4, 5). Although IL-12 helps drive
cell-mediated immunity, overproduction of IL-12 has been implicated in granuloma formation from delayed-type hypersensitivity
(DTH)3 responses (6) as well as endotoxemia (7) and autoimmune
disorders (8, 9).
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The production of IL-12 by macrophages and other APCs is
regulated by a variety of mechanisms. IL-12 can be produced in a
T cell-independent manner in response to bacterial products such
as LPS, where IFN-␥ is thought to have a priming effect (10), as
well as in a T cell-dependent manner via CD40/CD40 ligand interaction of APCs with naive CD4⫹ T cells (reviewed in Refs. 11
and 12). The subsequent IFN-␥ produced in response to IL-12
serves as a classical positive feedback regulator of IL-12 to maintain IL-12-induced Th-1 responses. To control IFN-␥-mediated
augmentation of IL-12, there are also effective mechanisms to
down-regulate IL-12 production. Cytokines such as IL-4, IL-10,
and TGF-␤; chemoattractants; activators of complement; and
phagocytic receptors have all been shown to be inhibitors of IL-12
production (reviewed in Ref. 12). More recently, receptor tyrosine
kinases from the Tyro 3 family, receptors for the growth factors
Gas6 and protein S, have been shown to regulate IL-12. Macrophages from triple-mutant mice lacking Tyro3, Axl, and Mer receptors produce elevated levels of IL-12 (13).
Macrophage-stimulating protein (MSP) is an 80-kDa serum
growth factor that was originally identified due to its ability to
cause shape changes and induce responsiveness to chemoattractants in murine peritoneal macrophages (14, 15). MSP is most
closely related to hepatocyte growth factor and belongs to a family
of proteins characterized by a kringle domain and an inactive
serine protease-like domain (16). MSP is primarily produced in the
liver as a biologically inactive single-chain pro-MSP (17) and can
be converted to its active form by several coagulation cascade
enzymes (18), a serine protease found in wound fluids (19), and a
macrophage plasma membrane-associated enzyme (20). In primary murine peritoneal macrophages, MSP can induce both C5amediated chemotaxis as well as act as a chemoattractant itself (21).
0022-1767/04/$02.00
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IL-12, produced by APCs during the initial stages of an immune response, plays a pivotal role in the induction of IFN-␥ by NK
and ␥␦T cells and in driving the differentiation of Th1 cells, thus providing a critical link between innate and acquired immunity.
Due to the unique position occupied by IL-12 in the regulation of immunity, many mechanisms have evolved to modulate IL-12
production. We have shown previously that macrophage-stimulating protein (MSP), the ligand for the stem cell-derived tyrosine
kinase/recepteur d’origine nantais (RON) receptor, inhibits NO production by macrophages in response to IFN-␥ and enhances
the expression of arginase. Mice lacking RON exhibit increased inflammation in a delayed-type hypersensitivity reaction and
increased susceptibility to endotoxic shock. In this study we demonstrate that pretreatment of macrophages with MSP before
IFN-␥ and LPS results in the complete inhibition of IL-12 production due to suppression of p40 expression. This response is
mediated by the RON receptor, and splenocytes from RONⴚ/ⴚ animals produce increased levels of IFN-␥. MSP pretreatment of
macrophages resulted in decreased tyrosine phosphorylation of Stat-1 and decreased expression of IFN consensus sequence
binding protein in response to inflammatory cytokines. In addition to IL-12, the expression of IL-15 and IL-18, cytokines that are
also dependent on IFN consensus sequence binding protein activation, is inhibited by pretreatment with MSP before IFN-␥ and
LPS. We also show that the ability of MSP to inhibit IL-12 production is independent of IL-10. Taken together, these results
suggest that MSP may actively suppress cell-mediated immune responses through its ability to down-regulate IL-12 production
and thus inhibit classical activation of macrophages. The Journal of Immunology, 2004, 172: 1825–1832.
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Materials and Methods
Cells and animals
The mouse strains used for these experiments were CD-1, CD-1 mice with
a targeted mutation in the RON gene (35), C57/B6, and C57/B6 mice with
a deletion in the IL-10 gene (The Jackson Laboratory, Bar Harbor, ME).
Murine resident peritoneal macrophages were obtained by peritoneal lavage with 10 ml of RPMI 1640 containing 10% FBS (Life Technologies,

Gaithersburg, MD). Cells were incubated 2–3 h and then washed with PBS
to eliminate nonadherent cells. Splenic cells were mechanically harvested
from control and RON⫺/⫺ mice. RBC were lysed using a buffer containing
17 mM Tris-HCl and 140 mM NH4Cl, pH7.2. All cell cultures were maintained in RPMI 1640 and 10% FBS at 37°C in a humidified incubator
containing 5% CO2.

Reagents and Abs
MSP was obtained from R&D Systems (Minneapolis, MN). IFN-␥ was
purchased from PeproTech (Rocky Hill, NJ). LPS was obtained from Sigma-Aldrich (St. Louis, MO). Anti-phospho-STAT1 S727 was purchased
from Upstate Biotechnology (Lake Placid, NY). Anti-phospho-STAT1
Y701 and anti-STAT1 were purchased from Cell Signaling Technology
(Beverly, MA).

RNA extraction and RT-PCR
IL-12 p35, p40, TNF-␣, IL-15, IL-18, IFN regulatory factor-1 (IRF-1), and
IFN consensus sequence binding protein (ICSBP) expression in resting and
IFN-␥- and LPS-activated resident peritoneal macrophages with or without
pretreatment with MSP was analyzed by RT-PCR. Briefly, 1 ⫻ 106 cells
were activated with 100 ng/ml MSP for 8 –10 h, after which they were
stimulated with IFN-␥ and LPS, then harvested for RNA isolation using
RNeasy (Qiagen, Valencia, CA). RT was conducted for 15 min at 42°C
using random hexamers from 0.1 g of total RNA. Conditions for PCR are
as follows: IL-12 p40 (39) at 95°C for 5 min, followed by 35 cycles of
95°C for 1 min, 54°C for 1 min, and 72°C for 2 min, with a final extension
at 72°C for 10 min (IL-12 p40 sense, 5⬘-ATCGTTTTGCTGGTGTCTCC3⬘; IL-12 p40 antisense, 5⬘-AGTCCCTTTGGTCCAGTGTG-3⬘). Conditions for IL-12 p35, IL-15, IL-18, and TNF-␣ (40) as well as IRF-1 (34)
and ICSBP (41) were previously described.

Western blot analysis
Cells (5 ⫻ 106) were incubated with the indicated cytokines. After incubation cells were washed with PBS and lysed for 15 min on ice in 500 l
of lysis buffer containing 150 mM NaCl, 10 mM Tris-HCl (pH 7.5), 0.5%
Triton X-100, and protease inhibitors (1 g/ml leupeptin, 1 g/ml pepstatin A, and 2 g/ml aprotinin). The protein contents were determined using
the DC protein assay kit (Bio-Rad, Richmond, CA). Absorbance was measured at 750 nm with a DU530 spectrophotometer (Beckman Coulter, Palo
Alto, CA). Proteins were mixed with 5⫻ SDS sample buffer. SDS-PAGE
was performed using 12.5% bis-acrylamide gel for separation with a MiniProtean II Cell (Bio-Rad) at 65 V for 15 min, then at 150 –160 V for 1 h.
Immobilon P polyvinlydifluoride membranes (Millipore, Bedford, MA)
were washed briefly in methanol, then in ddH2O, and was equilibrated in
transblotting buffer (48 mM Tris, 39 mM glycine, and 20% methanol) for
5 min. The gels were washed in ddH2O, then in transblotting buffer for 15
min. Transblotting was performed using the Mini Trans-Blot Electrophoretic Transfer Cell (Bio-Rad) for 1 h at 100 V. The blots were then
placed in blocking buffer containing 5% nonfat dry milk for 1 h at room
temperature and incubated overnight with primary Ab according to manufacturer’s instructions. Anti-rabbit or anti-goat Abs conjugated with HRP
were added at 1/8000 for 1 h. Protein was then detected by incubating the
blots in chemiluminescence substrates (Amersham Pharmacia Biotech, Piscataway, NJ) and exposing them to x-ray film.

Cytokine measurement
Cells (1 ⫻ 105) were incubated with the cytokines indicated in a 96-well
plate, and the cytokines in the supernatant were detected by standard sandwich ELISA. The OptELIA IL-10 mouse set was obtained from BD
PharMingen (San Diego, CA), and the IL-12 p70, TNF-␣, IL-1␤, and IL-6
and IFN-␥ Quantikine murine ELISAs were obtained from R&D Systems
and were performed according to the manufacturer’s instructions. Colorimetric changes in enzyme substrates were detected at 430 nm using a HTS
7000 Bio Assay Reader (PerkinElmer, Shelton, CT).

Results
Pretreatment of primary murine peritoneal macrophages with
MSP inhibits IL-12 production in response to IFN-␥ and LPS
IL-12 produced by macrophages plays an important role in cellmediated immunity and early IFN-␥ production. To determine
whether MSP regulates IL-12 production, we harvested peritoneal
macrophages and incubated them for 10 h with or without 100
ng/ml MSP before stimulation with IFN-␥ and LPS, and measured
IL-12 p70 production by ELISA (Fig. 1A). Although MSP given at
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In these cells MSP has also been shown to stimulate the phagocytosis of C3bi-coated SRBC (22).
The receptor for MSP is the recepteur d’origine nantais (RON)
receptor tyrosine kinase, a member of the MET protooncogene
family and shares structural similarities to the Tyro 3 receptor
family (23). RON was originally isolated from a human keratinocyte cDNA library (23), and the murine homologue, also called
stem cell-derived tyrosine kinase (STK), was cloned from hemopoietic stem cells (24). RON is a disulfide-linked heterodimer
composed of an extracellular ␣-chain and a transmembrane
␤-chain with intrinsic kinase activity (25). Binding of MSP stimulates autophosphorylation of two C-terminal tyrosine residues in
the multifunctional docking site (26). Signaling through this family
of receptors has been shown to recruit a number of SH2-containing
signaling molecules, including PLC-␥, phosphoinositol 3-kinase,
Shc, and Grb2 (25, 27), as well as the adaptor protein Gab 1 (28).
RON is expressed on tissue-resident macrophages, including resident peritoneal macrophages (29), human alveolar macrophages
(30), osteoclasts (31), and dermal macrophages (19), but is not
present on circulating monocytes or bone marrow macrophages
(29). RON expression, which is regulated during inflammation, is
inhibited by proinflammatory cytokines and NO (32), but is upregulated on day 3 peritoneal exudate macrophages (29) and burn
wound exudate macrophages (19).
Recent data suggest that RON plays an important role in regulating the activities of macrophages during inflammation. Activation of RON by MSP results in the inhibition of inducible NO
production by macrophages stimulated with LPS and inflammatory
cytokines, such as IFN-␥ and TNF-␣ (33), due to transcriptional
repression of the inducible NO synthase (iNOS) gene (34) and is
associated with the inhibition of NF-B activation (33). Subsequently, mice with a targeted disruption in the RON gene exhibit
increased susceptibility to LPS-induced septic shock associated
with increased levels of serum NO (35, 36). We have recently
shown that activation of the RON receptor by MSP also results in
the up-regulation of arginase, an enzyme that shares a substrate
with iNOS, L-arginine, but has opposing biological effects (37),
suggesting another potential mechanism by which MSP/RON may
regulate NO production. In addition to arginase, scavenger receptor A and IL-1R antagonist, other markers associated with alternative activation of macrophages, were induced by MSP (37).
IL-12 produced by APCs is the principal mediator of cell-mediated immunity and DTH responses. In addition to its central role
in protection against mycobacterial infection, IL-12 augments tissue damage resulting from a DTH response (reviewed in Ref. 6).
RON⫺/⫺ animals also exhibit increased inflammation in a DTH
response (35, 38). The increased inflammation in the RON⫺/⫺
animals suggests that MSP and RON may play a role in regulating
IL-12 production. In this study we demonstrate that pretreatment
of peritoneal macrophages with MSP before stimulation with
IFN-␥ and LPS results in the complete inhibition of IL-12 production. MSP inhibits IL-12 in a manner similar to IL-10; however,
MSP acts independently of IL-10. We also observe increased
IFN-␥ levels in the spleens of RON⫺/⫺ animals, suggesting that
the inhibition of IL-12 by MSP is an important mechanism of
regulating inflammation in vivo.

MSP INHIBITS IL-12 PRODUCTION
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the same time as IFN-␥ and LPS was unable to suppress IL-12
production, pretreatment for 10 h with MSP completely suppressed
IL-12 p70 secretion. IL-12 is a heterodimeric cytokine made up of
a p40 and a p35 subunit. The IL-12 p35 chain is constitutively
produced at a low level by a variety of cell types, whereas the p40
chain is only produced by cells making biologically active IL-12
(42). The transcription of both chains as well as the IL-12 p70
heterodimer are inducible by many pathogens and their components, including LPS (1, 42). Although it does not induce IL-12 by
itself, IFN-␥ exerts a potent priming effect on IL-12 p40 production in cultured macrophages stimulated with LPS (10, 43). In this
study we show that pretreatment of macrophages with MSP before
IFN-␥ and LPS completely inhibits the up-regulation of IL-12 p40
RNA, with an ⬃2-fold decrease in IL-12 p35 RNA as determined
by densitometry (Fig. 1B).
The inhibition of IL-12 by MSP requires pretreatment. Therefore, we performed a time course of MSP pretreatment to determine the amount of time needed for MSP to exert its effects. As
seen in Fig. 1C, ⬃2– 4 h of pretreatment with MSP is required
before IFN-␥ and LPS stimulation to inhibit the production of
IL-12. We also performed a dose-response curve to determine the
minimal concentration of MSP required to inhibit IL-12. As shown
in Fig. 1D, pretreatment with 25 ng/ml MSP is sufficient to inhibit
IL-12 in response to IFN-␥ and LPS. In comparison, pretreatment
of peritoneal macrophages with MSP only partially inhibits TNF-␣

RNA and protein expression (Fig. 2, A and B). IL-1␤ is unaffected
by MSP (Fig. 2C), whereas pretreatment with MSP before IFN-␥
and LPS enhances IL-6 production (Fig. 2D).
MSP mediates its effects on macrophages through the STK/
RON receptor tyrosine kinase. Thus, we examined the effects of
MSP pretreatment on IL-12 production in RON⫺/⫺ macrophages.
In this study we show that the effect of MSP on IL-12 production
is dependent on signaling through the RON receptor, as macrophages from the knockout animals produce IL-12 in the presence
of MSP (Fig. 3A). During the early stages of an innate immune
response, IL-12 stimulates IFN-␥ production by NK and ␥␦ T cells. It
has also been suggested that dendritic cells and macrophages themselves can produce IFN-␥ in response to IL-12 (44, 45). To determine
whether the inhibitory effect of MSP on IL-12 production plays a role
in the regulation of IFN-␥ production in vivo, we isolated splenic
white cells from RON⫺/⫺ mice and their wild-type littermates and
examined IFN-␥ production by unstimulated splenocytes cultured in
vitro for 24 h by ELISA (Fig. 3B). Splenocytes from RON⫺/⫺ mice
produce significantly elevated levels of IFN-␥ compared with splenic
cells from wild-type animals.
MSP pretreatment inhibits the tyrosine phosphorylation of
STAT1 and expression of ICSBP/IRF-8
Both IRF-1⫺/⫺ and ICSBP⫺/⫺ mice are deficient in IL-12 production, suggesting that these are both critical transcription factors in
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FIGURE 1. MSP inhibits IL-12 production by primary peritoneal macrophages. A, Peritoneal macrophages were treated with or without 100 ng/ml MSP
for 10 h before stimulation with 10 U/ml IFN-␥, 0.1 M LPS, and/or 100 ng/ml MSP for 24 h. Supernatants were collected, and IL-12 p70 production was
measured by ELISA. B, Peritoneal macrophages were treated with or without 100 ng/ml MSP for 10 h. RNA was collected from macrophages 6 h after
stimulation with either 10 U/ml IFN-␥ and 0.1 M LPS or MSP, and IL-12 p40 and p35 subunit expression was determined by RT-PCR. C, Supernatants
from macrophages were pretreated with 100 ng/ml MSP for the times indicated before stimulation with IFN-␥ and LPS for 24 h, and IL-12 p70 production
was measured ELISA as described in A. D, Supernatants from macrophages were pretreated with the indicated dose of MSP for 10 h before stimulation
with IFN-␥ and LPS for 24 h, and IL-12 p40 production was measured by ELISA.
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the regulation of IL-12 p40 (46 – 48). These transcription factors
are regulated, in turn, by IFN-␥-induced STAT1 activation.
STAT1 is phosphorylated in response to IFN-␥ on both Y701 and
S727, and phosphorylation at both of these residues is required for
maximal transcriptional activity of STAT1 (49). Although tyrosine
phosphorylation of STAT1 in response to IFN-␥ is not affected by
simultaneous treatment of macrophages with MSP (34), Fig. 4A
demonstrates that 10 h of MSP pretreatment inhibits the tyrosine
phosphorylation of STAT1 after stimulation with IFN-␥ and LPS.
Serine phosphorylation appears to be unaffected at both 30 min and
6 h after stimulation with both IFN-␥ and LPS (Fig. 4A). The
inhibition of STAT1 tyrosine phosphorylation by pretreatment
with MSP is mediated by the RON receptor as MSP pretreatment
of macrophages from RON⫺/⫺ animals has no effect on STAT1
tyrosine phosphorylation (Fig. 4B).
STAT1 activation leads to stimulation of ICSBP and IRF-1 promoter activity through the IFN-␥ activation site element (50, 51).
ICSBP can, in turn, potentiate STAT1-dependent activation of
IFN-␥-responsive promoters through the IFN-␥ activation site element (52). To determine the effect of MSP on IRF-1 and ICSBP
expression, we examined the expression of these transcription factors by RT-PCR. Macrophages pretreated with MSP before IFN-␥
and LPS stimulation exhibit decreased expression of ICSBP, but
no relative change in IRF-1 expression (Fig. 5A). The time period
of pretreatment with MSP required for the inhibition of ICSBP
expression was also determined (Fig. 5B). Similar to the inhibition
of IL-12 production, pretreatment of macrophages with MSP for at
least 2– 4 h before stimulation with IFN-␥ and LPS was required
for decreased ICSBP expression, with complete inhibition observed at 6 h. In addition to IL-12, IL-15 and IL-18 are cytokines
that required ICSBP for their maximal expression (53, 54). Pretreatment of macrophages with MSP before IFN-␥ and LPS inhibits the up-regulation of both IL-15 and IL-18 mRNA (Fig. 5C).

MSP inhibits IL-12 production independently of IL-10
IL-10 is a potent inhibitor of IL-12 production (55). We have previously shown that stimulation of peritoneal macrophages with
100 ng/ml MSP does not result in the up-regulation of IL-10 (37).
However, LPS alone or combined with other signals can induce
IL-10 production. In Fig. 6A we tested the effects of MSP combined with LPS on the production of IL-10. Treatment of macrophages with MSP simultaneously or before LPS stimulation did
not result in any significant changes in IL-10 production. We also
examined the effect of MSP on IL-12 production in IL-10⫺/⫺ mice
(Fig. 6B). Pretreatment of macrophages with MSP before stimulation with IFN-␥ and LPS resulted in complete inhibition of IL-12
production in these mice, suggesting that MSP acts independently
of IL-10 in its ability to inhibit IL-12 production.

Discussion
The regulation of IL-12 p40 is incompletely understood; however,
some transcriptional regulatory elements have been described. The
human p40 gene contains both NFB (⫺122 to ⫺132) and Ets
(⫺212 to ⫺207) sites that are important for promoter activation by
IFN-␥ and LPS (56, 57). PU.1, IRF-1, and ICSBP have all been
shown to cooperate and bind to the Ets site on the p40 promoter
(58, 59). It has also been shown that C/EBP (⫺96 to ⫺88 murine)
and AP-1 (⫺79 to ⫺74 murine) sites are important for the regulation of both murine and human IL-12 p40 in response to LPS (60,
61). In addition, AP-1 family members have been shown to synergize with C/EBP␤ to induce p40 downstream of LPS (61). More
recently, IRF-1 and ICSBP were found to cooperatively activate
transcription of the murine p40 promoter at an ISRE-like site
downstream from the NF-B and C/EBP sites (62). ICSBP has
been shown to be important at yet another site on this promoter,
cooperating with NF-AT (⫺68 to ⫺54 murine). This site is functionally important for p40 promoter activation by LPS plus INF-␥

Downloaded from http://www.jimmunol.org/ by guest on November 17, 2017

FIGURE 2. MSP alters the profile of inflammatory cytokines. Supernatants were collected from macrophages 24 h after stimulation with inflammatory
cytokines and/or MSP as described in Fig. 1. TNF-␣ (A), IL-1␤ (C), and IL-6 (D) production was measured by ELISA. B, RNA was collected from
macrophages 6 h after stimulation as described in Fig. 1, and TNF-␣ expression was determined by RT-PCR.
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(63). In this study we demonstrate that MSP inhibits IL-12 production primarily by repressing the expression of the p40 subunit.
Although both ICSBP and IRF-1 have been shown to be activated by STAT1, it has also been demonstrated that IRF-1 can be
activated by STAT1-independent mechanisms. Retinoic acid is
able to induce IRF-1 via a STAT1-independent pathway that involves NF-B (64). STAT1 responses have also been inhibited in
the absence of an effect on IRF-1. In studying the effect of IL-10
on IFN-␥-inducible genes, Ito et al. (65) observed that STAT1
tyrosine phosphorylation was inhibited; however, IRF-1 expression was unaffected by IL-10. In our studies we show that MSP
inhibits ICSBP induction, probably through the inhibition of
STAT1 tyrosine phosphorylation, with little or no effect on IRF-1
expression. The cytokines affected by MSP pretreatment all require ICSBP for their expression, whereas the cytokines that are
either unaffected or slightly affected do not. Macrophages from
ICSBP⫺/⫺ animals show a selective impairment in the mRNA
expression of IL-12 p40, but not in that of IL-1-␣, IL-1-␤, IL-6,
IL-10, or TNF-␣, in response to LPS (5). In addition, dendritic
cells from ICSBP⫺/⫺ mice did not express either IL-12 p40 or
IL-15 (53). IL-18 up-regulation is also dependent on ICSBP (54,
66). In our studies we have shown that pretreatment with MSP
before stimulation with IFN-␥ and LPS inhibits the expression of
IL-12 p40, IL-15, and IL-18, but not IL-1-␤, IL-6, or IL-10 and
only slightly inhibits TNF-␣. This corresponds to the cytokines
that require ICSBP for their induction.
A variety of cytokines and anti-inflammatory molecules have
previously been shown to inhibit IL-12 production. These molecules affect the expression of IL-12 at the level of both transcription and message stability. The type 1 IFNs (IFN-␣␤) primarily
target the transcription factor PU.1 (67, 68), whereas the cytokine
TGF-␤ appears to reduce the stability of IL-12 p40 mRNA (69).
Molecules such as PGE2 and histamine act by inducing cAMP
pathways to inhibit IL-12 production (70, 71). The Th2 cytokines
IL-10 and IL-4 act by signaling through STAT pathways. IL-4

FIGURE 4. MSP inhibits STAT1 tyrosine phosphorylation. A, Peritoneal macrophages were treated with or without 100 ng/ml MSP for 10 h
before stimulation with 10 U/ml IFN-␥ and 0.1 M LPS for the indicated
time. Whole-cell extracts were analyzed by Western blot for STAT1 phosphorylation and then striped and reprobed for STAT1 protein to ensure
equal protein loading. B, Peritoneal macrophages from RON⫺/⫺ mice were
treated as described in A for 30 min, and STAT1 tyrosine phosphorylation
was determined by Western blot.

inhibits IL-12 by both STAT6-dependent and -independent mechanisms (72).
IL-10, a key regulator of IL-12, is produced by LPS and inhibits
IL-12 as part of a negative feedback mechanism (73). It is also
produced in response to anti-inflammatory molecules such as glucocorticoids and catecholamines, which inhibit IL-12 (74). IL-10,
which mediates all of its effects through STAT3 (75), induces suppressors of cytokine signaling (SOCS3), which is able to inhibit
both IFN-␥ and LPS responses (65, 76). In a microarray experiment IL-10 was also shown to down-regulate the expression of
ICSBP in bone marrow macrophages treated with LPS (75). The
inhibition of STAT1 tyrosine phosphorylation and ICSBP expression by IL-10 is similar to our results with MSP. However, we
have shown that MSP can inhibit IL-12 by an IL-10-independent
mechanism, suggesting that MSP is not inducing IL-10, but may
be sharing a similar signaling pathway.
The phagocytosis of a number of microbial pathogens has been
associated with IL-12 production from macrophages. LPS, lipoteichoic acid, and bacterial DNA are all known inducers of IL-12 (10,
77, 78). However, ligation of phagocytic receptors, such as CR3,
Fc␥R, and scavenger receptor-A (SR-A), inhibits the production of
IL-12 (79). Calcium fluxes and the production of PGE2 are implicated in FcR-mediated inhibition of IL-12 production (80). IL-10
is also partially responsible for this inhibition; however, FcR-mediated inhibition of IL-12 can occur in IL-10⫺/⫺ mice (81). Ligation of Fc␥Rs also disrupts binding of PU.1 to the Ets site on the
IL-12 p40 promoter (59). We and others have shown that MSP
regulates the expression and/or activity of several phagocytic receptors involved in the down-regulation of IL-12, including CR3,
C5aR, and SR-A (22, 37). In addition, CR3 stimulation by C3bi
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FIGURE 3. MSP inhibition of IL-12 production is dependent on the
RON receptor. A, Supernatant was collected from macrophages from wildtype or STK⫺/⫺ mice treated with or without MSP for 10 h before stimulation with 10 U/ml IFN-␥ and 0.1 M LPS for 24 h. IL-12 p70 production was determined by ELISA, and the percent change was calculated. B,
Unstimulated splenic cells were isolated from wild-type and STK⫺/⫺ mice,
and IFN-␥ production was determined by ELISA 24 h after isolation.
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FIGURE 5. MSP inhibits the up-regulation of ICSBP expression. A,
Peritoneal macrophages were treated with or without 100 ng/ml MSP for
10 h before stimulation with 10 U/ml IFN-␥ and 0.1 M LPS for 1.5 h.
RNA was extracted and analyzed by RT-PCR. B, Peritoneal macrophages
were stimulated with MSP for the time indicated before treatment with
IFN-␥ and LPS for 1.5 h, and ICSBP expression was determined by RTPCR. C, Macrophages were treated with or without MSP for 10 h before
stimulation with IFN-␥ and LPS for 4 h, and IL-15 and IL-18 expression
was determined by RT-PCR.

results in the suppression of IFN-␥-stimulated tyrosine phosphorylation (82). Therefore, MSP/RON may be able to regulate the
production of IL-12 in part by inducing the expression of receptors
such as SR-A or through the activation of complement receptors
such as CR3.
Recent evidence has suggested that receptor tyrosine kinase
(RTKs) play an important role in immune regulation. Mice deficient in either the Mer receptor alone or all three receptors of the
Tyro-3 family, Tyro-3, Axl, and Mer, exhibit decreased phagocytosis and clearance of apoptotic cells (83, 84) as well as increased
susceptibility to LPS-induced endotoxic shock (85). Macrophages
from Tyro-3-, Axl-, and Mer-deficient animals also express increased levels of MHC class II and produce elevated amounts of
IL-12 (13). In this study we show that the RON receptor tyrosine
kinase is another RTK that regulates IL-12 production and thus the
production of IFN-␥ in the spleen. Both the RON receptor and the
Mer receptor have been shown to inhibit the nuclear translocation
of NF-B after LPS stimulation (34, 86, 85), which is important
for the regulation of iNOS, cyclooxygenase-2, and TNF-␣ produc-

tion by macrophages. Previous studies have implicated the phosphoinositol 3-kinase pathway in the regulation of iNOS by MSP
(87). We will continue to look at the signaling pathways downstream of RTKs that regulate immune responses.
The need for 2– 4 h of pretreatment with MSP before IFN-␥ and
LPS to inhibit responses suggests that there may be new protein
being made. It will be of interest to determine whether MSP is
inducing the expression of SOCS proteins. SOCS proteins have
been shown to regulate cytokine signals transduced by the Janus
kinase (JAK)/STAT pathway through a mechanism that involves
their up-regulation by STAT proteins. Both SOCS1 and SOCS3
inhibit JAK tyrosine kinase activity, which is important for IFN-␥
signaling. SOCS-1 binds directly to the activation loop of JAKs
through the SH2 domain, whereas SOCS3 binds to the cytokine
receptors (88, 89). Thus, the SOCS proteins are able to effectively
down-regulate IFN-␥ signaling.
Based on previous data from our laboratory and others, we proposed a model in which the expression of the RON receptor on
tissue-resident macrophages may provide protection from excess
inflammation through the inhibition of iNOS expression and NO
production in response to IFN-␥. Much like Th cells, the polarization of macrophages has recently been described. IFN-␥ is the
primary mediator of classical macrophage activation, resulting in
the up-regulation of inflammatory cytokines such as IL-12, IL-1,
and TNF-␣, as well as bactericidal molecules, such as NO. In
contrast, IL-4 is the primary mediator of alternative macrophage
activation associated with the expression of genes involved in the
inhibition of inflammation and the promotion of healing (90). We
have shown previously that MSP induces arginase activity, potentially providing a second mechanism to regulate NO production. In
addition, MSP can induce the expression of SR-A and IL-1R antagonist, which are markers of alternatively activated macrophages
(37). In this study we demonstrate for the first time that the MSP/
RON signaling pathway regulates the expression of IL-12 by
APCs, thus, limiting IFN-␥ production. Therefore, in addition to
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FIGURE 6. MSP inhibition of IL-12 production is independent of IL10. A, Peritoneal macrophages were treated with or without 100 ng/ml
MSP for 10 h before stimulation with 0.1 M LPS and/or 100 ng/ml MSP
for 24 h. Supernatants were collected, and IL-10 production was measured
by ELISA. B, Peritoneal macrophages from IL-10⫺/⫺ mice were stimulated
as described in Fig. 1. IL-12 p70 production was measured by ELISA.
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limiting the effector functions of classically activated macrophages
and promoting the expression of genes associated with alternative
activation, MSP may also regulate the induction of classical activation through down-regulation of the IL-12/IFN-␥ axis.
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