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Abstract

Humanmononuclear phagocytes can modulate the turnover
of extracellular matrix by producing metalloproteinases
such as 92-kD gelatinase and interstitial collagenase as well
as the tissue inhibitor of metalloproteinases (TIMP). We
have previously reported that IL-4 and IFNy released by
lymphocytes suppress metalloproteinase biosynthesis in
macrophages without affecting TIMP production (Lacraz,
S., L. Nicod, B. C. de Rochementeix, C. Baumberger, J.
Dayer, and H. Welgus. 1992. J. Clin. Invest. 90:382-388.;
Shapiro, S. D., E. J. Campbell, D. K. Kobayashi, and H. G.
Welgus 1990. J. Clin. Invest. 86:1204-1210). Like IL-4, IL-
10 is secreted by Th2 lymphocytes and is inhibitory to several
macrophage functions. In the present study, IL-10 was
tested and compared to IL-2, IL-4, IL-6, and IFNy for its
capacity to modulate synthesis of 92-kD gelatinase, intersti-
tial collagenase and TIMP in human macrophages and
monocytes. We found that IL-10, just like IL-4, inhibited
the production of 92-kD gelatinase and blocked LPS-, as
well as killed Staphylococcus aureus-induced, interstitial
collagenase production. The principal finding of this study,
however, was that IL-10, in distinction to IL-4, produced a
dose-dependent stimulation in the biosynthesis of TIMP-1.
TIMP-2 production was not affected. IL-10 regulated the
expression of 92-kD gelatinase and TIMP-1 at the pretrans-
lational level. Furthermore, IL-10 regulation was cell type-
specific, as it had no effect on the production of metallopro-
teinases or TIMP by human fibroblasts. In summary, IL-
10 has a potent and unique effect upon tissue macrophages
and blood monocytes by enhancing TIMP-1 production
while decreasing metalloproteinase biosynthesis. (J. Clin.
Invest. 1995. 96:2304-2310.) Key words: IL-10 * TIMP -

metalloproteinase * mononuclear phagocytes * lymphokines

Introduction

Macrophages play an important role in the immune response,
in acute and chronic inflammation, and they participate in degra-

Address correspondence to Jean-Michel Dayer, M.D., Division of Im-
munology and Allergy, University Hospital, 24, rue Micheli-du-Crest,
1211 Geneva 14, Switzerland. FAX: 22-3729418.

Receivedfor publication 24 May 1995 and accepted in revisedform
3 August 1995.

dation and remodelling of extracellular matrix (ECM) .' These
cells are able to modulate matrix turnover by synthesizing and
secreting several metalloproteinases and their specific inhibi-
tors, tissue inhibitors of metalloproteinases (TIMPs) (1, 2).
Such enzymes include interstitial collagenase, stromelysin, gel-
atinases of 92 and 72 kD (2, 3) of which the former is predomi-
nant (4), and a newly described metalloelastase (5). Macro-
phages also produce the counter-regulatory inhibitors TIMP-1
and TIMP-2 (6, 7). TIMP-1 interacts with the active forms of
interstitial collagenase and stromelysin as well as with the active
and latent form of 92-kD gelatinase. TIMP-2 specifically binds
the proenzyme and active species of 72-kD gelatinase. Both
TIMPs inhibit the activity of the fully competent metalloprotein-
ases and also diminish metalloproteinase precursor activa-
tion (8).

The prominence of mononuclear phagocytes in inflamma-
tory sites is the result of their attraction by mediators such as
leukotrienes, chemokines and complement split products. These
cells, in addition to fibroblast-like cells, may contribute signifi-
cantly to the degradation and pathological remodelling of ECM.
Support for this concept is found by in situ hybridization studies
demonstrating high levels of interstitial collagenase and stro-
melysin mRNAin macrophage-like cells of the rheumatoid sy-
novial pannus (9) and also in lipid-laden macrophages of ath-
erosclerotic plaques (10). In addition, during inflammatory pro-
cesses, other migratory cells are often present, including B- and
T lymphocytes. T lymphocytes can interact with mononuclear
cells through released peptides, such as lymphokines (11) or
by direct cell-cell contact (12). The lymphokine profiles of Th,
and Th2 T helper cells are distinct and may be able to modify
specific macrophage functions, in particular their ability to de-
grade ECM(13).

IL-10 is primarily a product of activated Th2 cells (14) and
of LPS-stimulated monocytes (15), but it is also synthesized
by B cells (16) and keratinocytes (17). Among the different
cell types affected by IL-10, monocyte-macrophages appear to
be particularly modified in regard to their function, morphology,
and phenotype. For instance, IL-1O strongly diminishes the pro-
duction of IL-la, IL-1,3, IL-6, IL-8, TNFa, GM-CSF, and G-
CSF by LPS-activated human monocytes (15). It also inhibits
the antigen-specific proliferative T cell response by reducing the
antigen-presenting capacity of monocytes via downregulation of
class II MHCmolecules (18). Thus, IL-10 appears to be a
potent suppressor of the immune response.

To determine the effect of IL-1O upon the capacity of macro-
phages to modulate ECMdegradation, we compared the ability

1. Abbreviations used in this paper: ECM, extracellular matrix; Killed
Staph., killed Staphylococcus aureus; MMP, matrix metalloproteinase;
TIMP, tissue inhibitor of metalloproteinases.
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of this cytokine to regulate the production of matrix metallopro-
teinases and TIMPs to that of IL-4, another product of activated
Th2 T helper cells which has been previously shown to inhibit
the expression of interstitial collagenase and 92-kD gelatinase
by mononuclear phagocytes without affecting the synthesis of
TIMP-1 (19, 20). Wehave found that like IL-4, IL-10 can
suppress metalloproteinase production by human mononuclear
phagocytes. In addition, however, IL-10 potently stimulates
TIMP-1 biosynthesis at both protein and gene levels. Thus, IL-
10 may have powerful antiinflammatory effects by counter-
acting macrophage degradative functions and by altering the
proteinase/antiproteinase balance of this cell in favor of matrix
preservation.

Methods

Reagents. Recombinant human IL-10 and specific monoclonal antise-
rum to human IL-10 (aIL-10) were kindly provided by DNAXInc.
(Palo Alto, CA). Recombinant human IL-4 and human IL-6 were ob-
tained from Sandoz Ltd. (Basel, Switzerland). Recombinant human
IFNy and IL-2 were obtained from Biogen S.A. (Geneva, Switzerland).
Amounts of endotoxin were quantified in all cytokines and antibodies
used in these studies by the limulus amebocyte lysate assay (QCL-
1000; Whittaker M. A. Bioproducts, Walkersville, MD). All reagents
contained < 0.05 ng/ml of endotoxin. Killed Staphylococcus aureus
(killed Staph.) (generously supplied by Dr. S. Kantengwa, Allergology
Unit, University Hospital, Geneva) was prepared as previously de-
scribed (20). Bovine serum albumin (BSA), lipopolysaccharide (LPS),
phenylmethylsulfonyl fluoride (PMSF), EDTA, Triton X-100 and pro-
tein A-Sepharose were obtained from Sigma Chemical Co. (St. Louis,
MO). RPMI-1640, modified Eagle's medium (MEM), phosphate-buf-
fered saline (PBS), fetal calf serum (FCS), penicillin, streptomycin
and L-glutamine were purchased from GIBCOBRL (Paisley, Scotland).

Cell culture. Human alveolar macrophages were harvested from the
uninvolved lung tissue of individuals undergoing surgical resection for
pulmonary carcinoma (21). Segments or lobes were lavaged and pro-
cessed as described previously (20). The adherent macrophages were
cultured at a concentration of 1 x 106 cells/ml in the presence of RPMI-
1640 medium, containing 5%FCS, penicillin ( 100 U/ml), streptomycin
(100 ng/ml) and 2 mML-glutamine in 24-well cluster plates (Costar
Corp., Cambridge, MA). The cells were maintained in humidified 95%
air/ 5% CO2. Cultures were treated with medium alone, killed Staph,
LPS and/or various concentrations of the different cytokines for 48 h.
The conditioned media were then collected and stored at -20°C until
further analysis.

Peripheral blood monocytes were obtained by phlebotomy of normal
adult volunteers. The mononuclear fraction was purified by Ficoll-Hy-
paque gradient centrifugation (Pharmacia Fine Chemicals, Piscataway,
NJ). Monocytes were plated at a concentration of 1 X 106 cells/ml and
isolated by adherence to plastic at 37°C for 1 h. Nonadherent cells were
washed away three times with PBS and the resulting adherent cells were
cultured in the presence of RPMI-1640 medium, containing 5% FCS,
penicillin (100 U/ml), streptomycin (100 ng/ml) and 2 mML-gluta-
mine in 24-well cluster plates. The cells were maintained in humidified
95% air / 5%C02 for 48 h. Cells were then treated with culture medium
alone or various concentrations of IL-4, IL-10, and/or aIL-O0. After 48
h of incubation at 37°C, the conditioned media were collected and stored
at -20°C until further analysis.

Dermal fibroblasts were obtained by proteolytic dispersion of human
skin, and lung fibroblasts were obtained by proteolytic dispersion of the
uninvolved lung tissue of individuals undergoing surgical resection
(22). Fibroblasts were plated in 96-well cluster plates (Costar Corp.)
at 2 x 104 cells per 200 ml MEMcontaining 5%heat-inactivated FCS.
After 36 h of culture, the fibroblast monolayers were fed with new fresh
MEM, and various cytokines were added for 72 h. Conditioned media

were then collected and the content of interstitial collagenase and TIMP-
1 was determined by ELISA.

Enzyme determinations. Samples of conditioned media were sub-
jected to enzyme-linked immunosorbent assays (ELISA). The assays
for interstitial collagenase, 92-kD gelatinase and TIMP- 1 have been
previously described (23-25). The sensitivity for all protein assays is
10 ng/ml.

Metabolic labeling and immunoprecipitation studies. All samples
subjected to immunoprecipitation were conditioned in the presence of
[35S] methionine for 24 h. To determine the effects of IL-10 on the
production of metalloproteinases by macrophages, cells were exposed
to this cytokine for a period of 24 h in RPMI-1640 culture medium
containing 5%FCSand then washed three times in PBS. For the labeling
period of 24 h, RPMI-1640 culture medium was replaced with otherwise
identical methionine-free RPMI-1640 medium (GIBCO) containing 50
MCi/ml of [35S]methionine (Amersham Corp., Zurich, Switzerland) and
dialyzed 5%FCS. After 24 h of incubation, the samples containing the
labeled proteins were collected and stored at -70'C until further analy-
sis. For immunoprecipitation, polyclonal antisera to human interstitial
collagenase, TIMP-1 and TIMP-2 were used as reported previously (3,
8, 26). Processed samples were applied to 12% polyacrylamide slab
gels and electrophoresis was performed as described (27). The gels were
exposed to HyperfilmT film (Amersham, CEAAB, Solna, Sweden) for
24-48 h at -700C.

RNApreparation and Northern hybridization. Total cellular RNA
from 1 x 107 alveolar macrophages, untreated or exposed to IL-6 or
various concentrations of IL-10, was extracted by the guanidine isothio-
cyanate method and purified by cesium chloride density gradient centrif-
ugation (28). Total RNA(10 Ag) was processed for Northern analysis
as described previously (23). Membranes were sequentially hybridized
at 58°C overnight with 32P-labeled cDNA probes for 92-kD gelatinase
(4) and TIMP-I (kindly provided by David Carmichael, Synergen,
Boulder, CO). The 92-kD cDNA plasmid was digested with BamHI
and XbaI in order to obtain a probe of 0.56 Kb as described previously
(29). 18 S and 28 S rRNA bands stained with ethidium bromide were
used as a control. Filters were then exposed to Hyperfilm2 film (Amer-
sham, CEAAB, Solna, Sweden) for 24-48 h at -70°C.

Results

IL-JO suppresses MMPand stimulates TIMP-J production by
human mononuclear phagocytes. To determine whether IL-10
regulates the production of 92-kD gelatinase and TIMP by hu-
man alveolar macrophages, the cells were exposed to increasing
concentrations of this cytokine. For comparison, IL-4 was also
tested. As shown in Fig. 1, macrophages under basal conditions
released both 92-kD gelatinase and TIMP-1 in culture. The
addition of either IL-10 or 11L-4 resulted in a dose-dependent
decrease of 92-kD enzyme production. 1L-4 at 10 ng/ml inhib-
ited gelatinase production by 55% whereas an identical concen-
tration of IL-10 caused a 37% decrease. Interestingly, IL-10
strongly stimulated the production of TIMP- 1 in a dose-depen-
dent manner, whereas IL-4, at various concentrations, failed to
affect TIMP-1 synthesis. The time course of IL-10 regulation
of 92-kD gelatinase and TIMP- 1 production was next examined.
As shown in Fig. 2, 1L-10 inhibited the production of 92-kD
gelatinase, but only 12-24 h after the addition of the cytokine,
whereas stimulation of TIMP-1 synthesis occurred earlier, be-
tween 4-12 h of exposure.

To determine whether the activities of these cytokines ex-
tended to less differentiated forms of mononuclear phagocytes,
we studied human peripheral blood monocytes exposed to 1L-
10 and IL-4. Both cytokines suppressed the production of 92-
U) gelatinase in monocytes in a dose-dependent manner (Fig.
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Figure 1. Dose-dependent effect
of IL-10 and IL-4 on the produc-
tion of 92-kD gelatinase and
TIMP-l by human alveolar mac-
rophages. Macrophages were cul-
tured for 48 h at 1 X 106 cells/ml
in the presence of increasing con-
centrations of IL- 10 or IL-4. Con-
ditioned media were collected and
subjected to ELISA for determina-
tion of 92-kD gelatinase (A) and
TIMP-l (B) content. Mean±SEM
from three separate experiments.
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3 A). However, only IL-10 significantly increased TIMP-1 pro-

duction; IL-4 did not alter the release of metalloproteinase inhib-
itor (Fig. 3 B).

To verify the specificity of IL-10 effects, antiserum to this
cytokine was used. As shown in Table I, IL-10 decreased the
basal release of 92-kD gelatinase in both alveolar macrophages
and blood monocytes, an effect which was reversed by the
simultaneous presence of cytokine antibody. Furthermore, IL-
10 markedly stimulated TIMP-I production by both tissue mac-

rophages and blood monocytes; this effect was also blocked by
IL-1O antibody. In contrast a nonspecific antibody (mIgG) was

totally unable to block the effects of IL-1O on both enzyme and
inhibitor.

Effect of IL-1O on activated alveolar macrophages. To de-
termine whether IL-10 would also modify the biological func-
tion of activated alveolar macrophages, cells were treated with
either killed Staph. or LPS and were simultaneously exposed
to the cytokine. As shown in Table II, the addition of killed
Staph. markedly induced the expression of interstitial collagen-
ase and 92-kD gelatinase. IL-10 added simultaneously abro-
gated this response, reducing metalloproteinase production to
baseline levels. Killed Staph. also induced the production of
TIMP-1; this effect was enhanced nearly fourfold by IL-10.
Thus, IL-10 exhibited identical activities upon both basal mac-

rophages and cells stimulated by killed Staph.
Macrophage activation was also studied in response to LPS.

Cells were cultured for 48 h in the presence or absence of LPS,
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with or without added IL-10, and were metabolically labeled
with [35S]methionine for the final 24 h of incubation. Labeled
proteins were immunoprecipitated with antisera specific for in-
terstitial collagenase, TIMP-1 and TIMP-2. Fig. 4 demonstrates
that basal macrophages failed to synthesize collagenase, whose
expression was massively induced by LPS. In the presence of
IL-10, LPS-stimulated biosynthesis of interstitial collagenase
was substantially reduced. Both basal and LPS-stimulated levels
of TIMP-l were markedly increased by exposure of the cells
to IL-1O. Labeled cellular proteins from the same experiment
were also immunoprecipitated with antiserum specific for
TIMP-2. As shown in Fig. 4 (last lane), macrophages spontane-
ously synthesized considerable amounts of TIMP-2, and consis-
tent with our previous findings (9), production of TIMP-2 was

decreased by LPS. However, the addition of IL-1O to such
cultures failed to alter either basal or LPS-treated levels of
TIMP-2. This type of experiment was not performed on periph-
eral blood monocytes because they are not responsive in their
MMPproduction to LPS or killed Staph.

Pretranslational control of 92-kD gelatinase and TIMP-J
expression by IL-JO. To study the mechanisms of IL-10 action
on alveolar macrophages, steady-state mRNAlevels of 92-kD
gelatinase and TIMP- I were examined by Northern blot hybrid-
ization. As shown in Fig. 5, IL-10 produced a dose-dependent
increase in TIMP- 1 mRNAas compared to untreated cells. Fur-
thermore, IL-10 inhibited levels of 92-kD gelatinase mRNA
also in a dose-dependent manner. A stimulatory effect of IL-6

B
+*I+lL-10 1 < Figure 2. Time course of IL-10

regulation of 92-kDa gelatinase

and TIMP- production by macro-

phages. Macrophages (1 X 106
cells/ml) were cultured in the ab-
sence or presence of IL- 10 ( 10 ng/

ml) for the times indicated and

content of secreted 92-kD gela-
tinase (A) and TIMP-1 (B) was

determined. Values represent
mean±SEM(n = 3) of 1 experi-

0 4 12 24 36 48 ment which is representative of

two experiments with similar re-
ion (h) sults.
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upon TIMP-1 mRNAexpression was observed, without effect
on 92-kD gelatinase mRNAlevels. Since the effect of IL-10
upon 92-kD gelatinase and TIMP-1 mRNAparallel those ob-
served by protein determinations (Figs. 1 and 2), we conclude
that IL-10 modulates metalloproteinase and TIMP-l expression
in a pretranslational manner.

Relative effectiveness of various cytokines in modifying the
production of 92-kD gelatinase and TIMP-J by alveolar macro-
phages. We next compared the relative efficacy of different
soluble mediators released by activated T-lymphocytes, includ-
ing IL-2, IL-4, LL-6, IL-10, and IFNy, to regulate the expression
of 92-kD gelatinase and TLMP-1 by macrophages. Interstitial
collagenase was not measured because it is not secreted basally
nor can it be induced by any of these cytokines. As shown in
Fig. 6, 92-kD gelatinase and TIMP-1 were produced by macro-
phages under basal conditions in culture. The addition of 1L-4

Table 1. Effect of IL-1O on 92-kD Gelatinase and TIMP-1
Production by HumanAlveolar Macrophages and Human
Peripheral Blood Monocytes

Experimental conditions 92 kD TIMP-1

48 h ng/ml

Human Alveolar Macrophages
Control 257 < 10
IL-10 (10 ng/ml) 131 143
aIL-10 (20 jsg/ml) 240 < 10
IL-10 + aIL-10 238 < 10
mIgG (1/50) 289 < 10
IL-10 + mIgG 169 181

Human Peripheral Blood Monocytes
Control 1118 1040
IL-10 (10 ng/ml) 273 1707
aIL-10 (20 ug/ml) 1483 907
IL-10 + aIL-10 543 897
mIgG (1/50) 950 933
11-10 + mIgG 238 1547

Macrophages and peripheral blood monocytes were cultured in the pres-
ence of IL-10 (10 ng/ml) ± antibody to IL-10 (aIL-10 to 20 ,g/ml) or
± a nonspecific antibody (mIgG) for 48 h. Conditioned media were
harvested and tested for 92-kD gelatinase and TIMP-1 levels.

I

O .1 1

Figure 3. Concentration depen-
dence of 11-10 and 11L-4 regulation
of 92-kD gelatinase and TIMP-1
production by human peripheral
blood monocytes. Monocytes
were cultured at 1 x 106 cells/ml
for 48 h in the presence of increas-
ing concentrations of IL-10 or IL-
4. Conditioned media were col-
lected and subjected to ELISA for
determination of 92-kD gelatinase
(A) and TIMP (B) content. Val-

10 ues represent mean±SEM(n = 3)
of 1 experiment which is represen-
tative of three experiments with
similar results.

(10 ng/ml), IL-10 ( 10 ng/ml), and IFNy (500 U/ml) decreased
92-kD enzyme production by 60, 30, and 76%, respectively
(Fig. 6 A). Although synthesis of 92-kD gelatinase was reduced
on average by 35% with 10 ng/ml of IL-10, both higher and
lower degrees of inhibition were observed among the different
individuals' alveolar macrophages (Figs. 1 and 4, Tables I and
II). Furthermore, cell supernatants subjected to gelatin zymog-
raphy and subsequently scanned densitometrically showed a
decrease of at least 30% in 92-kD gelatinolytic activity (data
not shown). 11L-6 and IL-2 failed to affect production of 92-kD
gelatinase by macrophages.

Of the cytokines tested, only IL-10 (10 ng/ml) and 11L-6
(10 ng/ml) stimulated the production of TIMP-1 by alveolar
macrophages (Fig. 6). Both cytokines increased TIMP-1 ex-
pression by nearly 5-fold above baseline levels. Thus, IL-10 was
the only cytokine to simultaneously reduce MMPand enhance
TIMP-1 production.

Capacity of IL-JO to influence the production of interstitial
collagenase and TIMP-I by human dermal and lung fibroblasts.
To assess the cell type-specificity of the effect of IL-10, we
studied human dermal and lung fibroblasts treated with the cy-
tokine. Cells were cultured under control conditions and also
in the presence of added IL-10 and/or IL-1/3. In the case of
skin fibroblasts, IL-10 failed to inhibit the basal production
of interstitial collagenase and reduced IL-1-stimulated enzyme

Table II. IL-1O Inhibits Metalloproteinase and Stimulates TIMP-J
Production by HumanAlveolar Macrophages Exposed to Killed
S. aureus

Experimental conditions C'ase 92 kD TIMP-1

48 h ng/ml

Control < 10 158±31 < 10
IL-10 (10 ng/ml) < 10 88±5 220±26
k.Staph. (10 org/M0) 208±22 359±20 101±28
k.Staph. + IL-10 (10 ng/ml) < 10 162±33 388±39

Macrophages were cultured at 1 x 106 cells/ml in the presence of killed
S. aureus (10 organisms/M0) with or without IL-10 (10 ng/ml). After
48 h of incubation, the conditioned media were analyzed for interstitial
collagenase, 92-kD gelatinase and TIMP levels. Mean±SEMfrom one
experiment which is representative of three experiments.
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Figure 4. Effect of IL- 10 on the biosynthesis of macrophage interstitial
collagenase, TIMP-l and TIMP-2. Macrophages cultured in medium
alone or in the presence of LPS (2.5 Mg/ml) were exposed to IL-10
(10 ng/ml) for 48 h. Cells were metabolically labeled with [35S] -

methionine as described under Methods. Labeled proteins were immuno-
precipitated with antiserum to interstitial collagenase, TIMP- 1 or TIMP-
2 as indicated.

production only marginally (by < 20%) (Table III). Further-
more, the production of TIMP-1 was unaffected by IL-10. In
contrast, IL-lp strongly increased interstitial collagenase pro-
duction and slightly upregulated the production of TIMP-1. For
the lung fibroblasts, IL-10 also failed to modify the expression
of either interstitial collagenase or TIMP-1.

Discussion

T lymphocytes and macrophages, attracted to damaged sites by
various chemotactic factors are often in close spatial proximity

Table 111. Effect of IL-1O and IL-1f3 on Interstitial Collagenase
and TIMP-1 Production by Dermal and Lung Fibroblasts

Experimental conditions Collagenase TIMP- 1

72 h percent of control percent of control

Dermal Fibroblasts
Medium alone 100 100
IL-10 (10 ng/ml) 109±20 106±6
IL-1,/ (125 pg/ml) 631± 126 148±26
IL-10 + IL-1,8 (125 pg/ml) 526± 105 142± 19

Lung Fibroblasts
Medium alone 100 100
IL-10 (10 ng/ml) 116±28 120±13
IL-1,6 (125 pg/ml) 135± 13 145±25
IL-10 + IL-1f3 (125 pg/ml) 160±5 136±29

Lung and dermal fibroblasts (2 X 104 cells/well) were cultured in the
presence of various cytokines at the indicated concentrations for 72 h.
Supernatants were harvested and analyzed by ELISAs for their content
of interstitial collagenase and TIMP-1. Mean+SEMfrom five separate
experiments. Amounts of spontaneously secreted collagenase and TIMP-
1 in dermal fibroblasts were 500 and 1066 ng/ml, respectively, and in
lung fibroblasts were 1234 and 1373 ng/ml, respectively.

Figure 5. 92-kD gelatinase and TIMP-1 regulation by IL-10 is mediated
at a pretranslational level. Humanalveolar macrophages from on a single
donor were cultured for 24 h alone or in the presence of IL-4 (10 ng/
ml), increasing concentrations of IL-10 (0.1, 1.0 and 10 ng/ml), or IL-
6 (10 ng/ml). Each condition utilized 107 cells, but each lane contains
10 ng of total RNA. Total RNAwas harvested (see Methods) and
subjected to Northern blot analysis using cDNAprobes for 92-kD gela-
tinase (A) and TIMP- 1 (B). The inset demonstrates the quality and
content of ribosomal RNAas shown by ethidium bromide staining (C).

and may interact with each other or with resident tissue cells
( 12, 30). Activated T lymphocytes release several inflammatory
mediators which in turn activate macrophage functions (31).
Based upon their secretion of lymphokines, activated murine T
lymphocytes can be divided into two subsets: Th1 cells which
secrete predominantly IL-2, IIFNy, and TNFJ, and Th2 cells
which release predominantly IL-4, IL-5, IL-6, and IL-10 (13).
However, in the human system, both Th, and Th2 cells are
capable of producing IL-10 (32).

IL-10 is a potent antiinflammatory factor with prominent
effects upon monocyte-macrophages. IL-10 inhibits cytokine
production by LPS-activated monocytes (15); it also inhibits
the antigen-specific proliferative T cell response by reducing
the antigen presenting capacity of monocytes via down-regula-
tion of class II MHCantigen (18). Furthermore, IL-10 de-
creases the production of reactive oxygen intermediates (H202)
and reactive nitrogen intermediates (NO) by macrophages
(33). In our study, we have analyzed the effects of IL-10 upon
the monocyte-macrophage's capacity to modulate extracellular
matrix turnover. We have shown IL-10 to be unique among
lymphokines in that it simultaneously decreases the production
of interstitial collagenase and 92-kD gelatinase while enhancing
TIMP-1 expression. All these combined activities on mononu-
clear cells would be expected to lead to powerful antiinflamma-
tory effects. The intracellular second messenger molecules in-
duced by IL-1O in mononuclear phagocytes have not been stud-
ied yet.

TIMP- 1 is responsible for controlling the enzymatic activity
of interstitial collagenase, stromelysin and 92-kD gelatinase. Its
expression in fibroblasts is stimulated by a variety of agents
such as IL-1,f (34), TGF,/ (35), phorbol esters (34), and
retinoids (36). IL-6 has recently been shown to specifically
stimulate TIMP-1 production in fibroblasts (37) and alveolar
macrophages (20), with inconsistent effect upon metallopro-
teinase release. Wehave found IL-10 to be as effective as IL-
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6 in inducing TIMP- production by alveolar macrophages, both
basal levels and in cells activated with LPS or killed Staph.
TIMP-2 is primarily responsible for controlling the activity of
72-kD gelatinase (38). This inhibitor is produced constitutively
at high levels by human fibroblasts (8) and alveolar macro-

phages (7). In macrophages, basal secretion of TIMP-2 is mark-
edly reduced by LPS, denatured type I collagen and zymosan,

factors which stimulate TIMP-1 production by the same cells
(7). In contrast to its effects upon the production of TIMP-1,
IL-10 failed to alter the biosynthesis of TIMP-2. Thus, IL-10
provides yet another example for the dissociated regulation of
TIMP-1 and TIMP-2 in tissue macrophages.

Wealso compared other cytokines released by activated T
lymphocytes to IL-10 for their capacity to modulate the matrix
metalloproteinase and TIMP-1 expression of macrophages. IL-
4 suppressed the production of interstitial collagenase and 92-
kD gelatinase, but, in contrast to IL-10, it had no effect on

TIMP-1 release (19, 20). IFNy is an established inducer of
several macrophage functions, but, paradoxically, as we have
previously reported, IFNy potently inhibited the biosynthesis of
macrophage metalloproteinases (26). Thus, four major products
secreted by activated T lymphocytes, IL-10, IL-4, IL-6, and
IFNy, inhibit the production of metalloproteinases by human
mononuclear phagocytes and/or stimulate TIMP biosynthesis.
These lymphokines may act collectively to restrict matrix de-
struction during inflammation.

Another interesting finding in this study is the cell type-

specific nature of IL-10 regulation. When human dermal and
lung fibroblasts, control or stimulated by IL-1,6, were exposed
to IL- IO, neither basal nor induced levels of interstitial collagen-
ase or TIMP-1 were affected. Those results are in contradiction
with results of Reitamo et al. who observed that IL-10 is able
to stimulate the mRNAexpression of both interstitial collagen-
ase and stromelysin (39). Examples of such cell type-specific
control are becoming more commonplace in metalloproteinase
biology. For example, TGFI3 has been shown to inhibit the
production of metalloproteinases and augment the biosynthesis
of TIMP-1 in fibroblasts (35). Yet, this cytokine stimulates
92-kD gelatinase production in both keratinocytes (40) and
monocytes (41).

Wehave recently found that activated T cells can stimulate
the metalloproteinase production of human mononuclear phago-
cytes by a mechanism which involves the expression of one or

more cell surface glycoproteins induced via direct cell-cell
contact (42). It is thus tempting to speculate that such activated
T lymphocytes may utilize the secretion of cytokines versus

cell-cell contact as strategies to respectively downregulate and
upregulate the capacity of nearby mononuclear phagocytes to

Figure 6. Comparative efficacy of various cytokines to
regulate the production of 92-kD gelatinase and TIMP-
1 by human alveolar macrophages. Macrophages were

cultured in the presence of IL-4 (10 ng/ml), IL-10 (10
ng/ml), IFN-y (500 U/ml), IL-6 (10 ng/ml), and IL-
2 (2 ng/ml). After 48 h of culture, conditioned media

were analyzed for content of 92-kD gelatinase (A) and
-00 400 TIMP-1 (B). Values are means±SEM from 4 separate

experiments, each performed in triplicate. **P < 0.01,
I) **P < 0.05, compared with control by paired t test.

degrade the extracellular matrix. In any event, IL-10 appears to
be unique among T cell lymphokines in suppressing the produc-
tion of metalloproteinases while simultaneously inducing
TIMP-1 biosynthesis. As such, IL-10 may represent an im-
portant matrix-protective cytokine during inflammation, but in
vivo studies will be necessary to evaluate the effectiveness of
this cytokine.
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