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Abstract
To study the interaction of lymphocytes and macrophages in
the control of extracellular matrix turnover, we determined the
effects of several soluble T cell products on mononuclear phago-
cyte production of metalloproteinases. Cytokines including IL-
2, IL4, IL-6, tumor necrosis factor a (TNFa), GM-CSF, and
IFN-gamma were each tested for capacity to modulate macro-
phage metalloproteinase and tissue inhibitor of metalloprotein-
ases (TIMP) expression. The addition of IL4 to cells cultured
under basal conditions caused a dose-dependent suppression in
the release of 92-kD type IV collagenase without affecting
TIMP production. 92-kD enzyme secretion was inhibited by
50%with 1-2 ng/ ml of IL4 and by 90%with 10 ng/ml of IL4.
Whencells were first exposed to killed Staphylococcus aureus
to induce metalloproteinase production, IL4 potently blocked
the stimulated release of both interstitial collagenase and 92-
kD type IV collagenase, again without effect upon TIMP. Meta-
bolic labeling experiments and Northern hybridizations demon-
strated that IL4 exerted its action at a pretranslational level.
Furthermore, IL4 possessed the capacity to inhibit metallo-
proteinase expression even in the relatively immature periph-
eral blood monocyte. As reported previously (Shapiro, S. D.,
E. J. Campbell, D. K. Kobayashi, and H. G. Welgus. 1990. J.
Clin. Invest. 86:1204), IFN-gamma suppressed constitutive
macrophage production of 92-kD type IV collagenase. Despite
the frequent antagonism observed between IL-4 and IFN-
gammain other systems, the combination of these two agents
lowered metalloproteinase biosynthesis dramatically, whereas
IL-4 opposed the IFN-gamma-stimulated production of cyto-
kines (IL-1 and TNFa). IL-6 had only minimal effect upon
metalloproteinase production, but appeared to specifically aug-
ment TIMP release. In summary, cytokines released by acti-
vated T cells may profoundly reduce the capacity of the macro-
phage to mediate extracellular matrix degradation. (J. Clin.
Invest. 1992. 90:382-388.) Key words: metalloproteinases-col-
lagenase * macrophage - cytokines

Introduction
Mononuclear phagocytes are developmentally complex cells
that subserve a variety of immunoregulatory, phagocytic, and
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secretory functions. Macrophages can modulate the turnover
of extracellular matrix both directly by producing metallopro-
teinases and proteinase inhibitors ( 1, 2) and also indirectly by
secretion of IL-1 (3) and tumor necrosis factor (TNF)' (4),
soluble messengers that potently induce metalloproteinase
gene expression by resident tissue fibroblasts. The capacity of
macrophages to remodel extracellular matrix can in turn be
influenced by other cell types such as the activated T lympho-
cyte, especially at sites of inflammation. In this regard, we have
shown that very low concentrations ( 10-40 U/ml) of the lym-
phokine IFN-gamma abolish interstitial collagenase and stro-
melysin production by human alveolar macrophages (5), even
while this factor serves to upregulate most other macrophage
functions including tumoricidal capacity (6, 7).

The production of metalloproteinases and tissue inhibitor
of metalloproteinases (TIMP) by mononuclear phagocytes has
been the subject of several recent reports (2, 8, 9). As such cells
undergo differentiation from monocytes into resident tissue
macrophages, their proteinase armamentarium shifts from an
intracellularly stored group of neutrophil-like serine enzymes
into a highly regulatable, but secreted battery of metallopro-
teinases (2, 8, 10). Two major secreted macrophage metalloen-
zymes are 92-kD type IV collagenase and interstitial collage-
nase ( 1, 2, 1 1 ). Production of the 92-kD enzyme is character-
ized by (a) secretion at a relatively early stage of cell differentia-
tion (2); (b) high basal levels of expression ( 11 ); and (c) cata-
lytic function that appears to replace the highly related 72-kD
type IV collagenase released by fibroblasts ( 1 1, 12). The 92-kD
enzyme can cleave a broad spectrum of extracellular matrix
substrates that includes native types IV and V collagens, dena-
tured collagens, fibronectin, and insoluble elastin (13, 14).
This latter specificity may provide a link between the massive
proliferation of macrophages and abnormal elastolysis found
in smoker's emphysema. Catalytic activity of 92-kD type IV
collagenase is controlled by the simultaneously secreted coun-
terregulatory molecule TIMP. The potential physiological im-
portance of macrophage metalloproteinase production is un-
derscored by recent in situ hybridization studies demonstrating
high levels of stromelysin mRNAin lipid-laden macrophages
of atherosclerotic plaques ( 15) and of interstitial collagenase
mRNAin macrophage-like cells of the rheumatoid synovial
pannus (16).

IL-4 is a 20-kD glycoprotein produced by activated T cells
that influences many biological functions. Originally isolated
based on its capacity to induce proliferation of B cells costimu-
lated with anti-IgM antibodies ( 17), it is now recognized that

1. Abbreviations used in this paper: kS. aureus, killed Staphylococcus
aureus; TIMP, tissue inhibitor of metalloproteinases; TNF, tumor ne-

crosis factor.
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IL-4 also modulates B cell antibody isotype expression ( 18), T
cell activation (19), mast cell proliferation (20), and hema-
topoiesis (21). As regards the mononuclear phagocyte, IL-4
can exert profound effects that have either activating or sup-
pressing properties. For example, the lymphokine accelerates
monocyte-macrophage cell differentiation in vitro (22) and
enhances MHCclass II antigen expression (22) while inhibit-
ing secretion of IL-lI3, TNFa, and IL-6 (23, 24) and also block-
ing osteoclast formation from progenitor mononuclear phago-
cytes (25). Furthermore, considerable evidence has accumu-
lated to suggest that IL-4 antagonizes many of the activities of
the cosecreted lymphokine IFN-gamma (26, 27). Since we
have previously reported the suppressive effects of IFN-gamma
on macrophage metalloproteinase expression (5), we em-
barked upon the present study to assess the potential of IL-4 to
modulate metalloenzyme production by the human alveolar
macrophage. Our results indicate that IL-4 potently inhibits
macrophage capacity for interstitial collagenase and 92-kD
type IV collagenase release without altering TIMP secretion.
Furthermore, IFN-7 potentiates the ability of IL-4 to suppress
metalloproteinase biosynthetic capacity whereas it antagonizes
the inhibitory effect of IL-4 on cytokine (IL-l and TNFa) pro-
duction by the macrophage.

Methods

Reagents. Recombinant human IL-4 (I X 106 U/mg) and human IL-6
(3.3 X 10' U/mg) were kindly provided by Sandoz Ltd. (Basel, Swit-
zerland). Recombinant human IFN-gamma (1.3 X 106 U/mg), IL-2
(3.6 X 106 U/mg), TNFa (5 x 106 U/mg), and GM-CSF(3.4 X 106
U/mg) were obtained from Biogen S.A. (Geneva, Switzerland). Spe-
cific monoclonal antiserum to human IL-4 was procured from DNAX
Inc. (Palo Alto, CA). Killed Staphylococcus aureus (k.S.aureus) was
obtained from a single cultured colony and incubated overnight at
37°C in Mueller-Hinton medium (28). The bacteria were washed
twice with PBS, resuspended in PBS containing 10% NaCl, placed at
85°C for 1 h, washed again twice, and then resuspended in PBS.
k. S.aureus processed in this manner were generously provided by Dr.
S. Kantengwa, Allergy Unit, Geneva, Switzerland. BSA, lipopolysac-
charide from E. coli (LPS), phenylmethylsufonyl fluoride, EDTA, Tri-
ton X-100 and protein-A Sepharose were obtained from Sigma Chemi-
cal Co. (St. Louis, MO). RPMI 1640, PBS, FCS, penicillin, streptomy-
cin, and L-glutamine were purchased from GIBCO BRL (Paisley,
Scotland).

Cell culture. Humanalveolar macrophages were harvested from the
uninvolved lung tissue of cigarette-smoking individuals undergoing
surgical resection for pulmonary carcinoma (29). Segments or lobes
were lavaged at room temperature with 250-500 ml of sterile 0.9%
NaCl using a 50-cc syringe introduced in the major bronchial airways
and the cells obtained were > 90%macrophages as determined by dif-
ferential counting of Wright-stained cytocentrifuge preparations. The
remaining cells were primarily lymphocytes. The lavaged cells were
centrifuged, washed once with PBS, and then resuspended in RPMI
1640 supplemented with 5% heat-inactivated FCS, and plated in 24-
well cluster plates (Costar Corp., Cambridge, MA) at a concentration
of 1 x 106 cells/ml. The cells were incubated for 1 h at 37°C to allow
macrophage attachment. The wells were then washed three times with
PBS to remove any floating cells (usually < 5%of cells). The adherent
macrophages were cultured in the presence of new RPMI 1640 me-
dium containing 5% FCS, penicillin (100 U/ml), streptomycin (100
gg/ml), and 2 mML-glutamine. The cells were maintained in humidi-
fied 95% air:5% CO2 for 72 h.

Peripheral blood monocytes were obtained by phlebotomy of nor-
mal adult volunteers. The mononuclear fraction was purified by Ficoll-
Hypaque gradient sedimentation (Pharmacia Fine Chemicals, Div. of

Pharmacia Inc., Piscataway, NJ). The monocytes were isolated by ad-
herence to plastic at 370C for 1 h followed by washing the plates three
times with PBS to remove lymphocytes and nonadherent cells. The
resulting adherent cells were > 95% monocytes. After overnight incu-
bation, the spontaneously released monocytes were harvested and
plated as above at a concentration of 1 X 106 cells/ml.

Collection ofconditioned media. Macrophages were placed into cul-
ture as described above. Cells were treated with medium alone,
k.S-aureus, and/or various concentrations of the different cytokines.
After 72 h of incubation at 370C, the conditioned media were collected
and stored at -20'C until further analysis.

Immunological assays. Samples of conditioned medium were sub-
jected to ELISAs for interstitial collagenase (30), 92-kD type IV collage-
nase (31), and TIMP (32). Our assays for interstitial collagenase and
TIMP have been used extensively and employ specific polyclonal anti-
sera that recognize either free collagenase or TIMP or the species corn-
plexed to one another with equal avidity (30, 32). The ELISA for
92-kD type IV collagenase is based upon minor modifications of an
assay described recently (31). It also uses a rabbit anti-human polyclo-
nal antibody that we have developed after immunization with enzyme
purified from U937 cells (12) and is sensitive in the nanogram range.
This antibody recognizes 92-kD zymogen with equal facility to acti-
vated enzyme and does so whether or not TIMP is associated. There is
no cross-reactivity by ELISA or Western analysis with any of the other
known metalloproteinases, including the highly related 72-kD type IV
collagenase. FCScontributes no immunologically cross-reactive mate-
rial.

Metabolic labeling and immunoprecipitation studies. All samples
subjected to immunoprecipitation were conditioned in the presence of
"5S-methionine for 24 h. To determine the effects of IL-4, the cells were
exposed to this agent for 24 h before labeling and then again during the
study period. To begin the study period, culture medium was replaced
with otherwise identical (except forthe use ofdialyzed 5%FCS) methio-
nine-free medium containing 50 AtCi/ml of 35S-methionine (Amer-
sham Corp., Zurich, Switzerland) and the cells were metabolically la-
beled for the next 24 h. After collection, the samples of conditioned
medium containing the labeled proteins were stored at -70°C until
further analysis.

For immunoprecipitation, polyclonal antisera to human interstitial
collagenase, 92-kD type IV collagenase, and TIMP were used as re-
ported previously (2, 5). Processed samples were applied to 12% poly-
acrylamide slab gels and electrophoresis was performed as described by
King and Laemmli (33). The gels were exposed to Kodak XAR-5
X-Omat film (Eastman Kodak Co., Rochester, NY) at -70°C.

IL-I enzyme immunoassay. IL-la and IL-Ij# were measured by
enzyme immunoassay using tandem mAbs as previously described
(34).

TNFa radioimmunoassay. Radioimmunoassay for TNFa (IRE-
Medgenix, Fleurus, Belgium) was performed according to the instruc-
tions of the suppliers.

RNApreparation. Total cellular RNA from 15 X 106 stimulated
and control human alveolar macrophages was extracted by the guani-
dine isothiocyanate method and purified by cesium chloride density
gradient centrifugation as described previously (35, 36).

RNAanalysis. Total RNA(10 Mg) was denatured with formalde-
hyde and 3-(4-morpholino) propane sulfonic acid (MOPS), electro-
phoresed on 1.2% agarose gels and stained for RNAintegrity with ethi-
dium bromide (0.5 tig/ml). After transfer to a Biodyne nylon mem-
brane (Pall' Ultrafine Filtration Corp., Glen Cove, NY), filters were
baked for 2 h at 80°C before prehybridization for 6 h at 58°C with a
mixture containing 50% deionized formamide, 5% 5OX Denhardt's
solution, 0.25 MPipes, 5 MNaCl, 0.5 MEDTA, 10% SDS, and 250
ug/ml salmon sperm DNA. Hybridization was performed at 58°C
overnight with a 92-kD type IV collagenase cDNAprobe (provided by
Dr. Gregory Goldberg, Washington University School of Medicine, St.
Louis, MO) (12) labeled with a-[32P]dUTP of specific activity 250
uCi. The 92-kD type IV collagenase cDNA is a 1.55-kb clone inserted
in XbaI site of Bluescript KS (Stratagene Inc., La Jolla, CA). The probe
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was linearized by BamHI and transcribed with bacteriophage T7. The
filters were then washed to a stringency of 0.1% standard saline citrate
(SSC), 0.1% SDS at 750C. The filters were exposed to Kodak XAR
X-Omat film (Eastman Kodak Co.) for 24-48 h at -70'C.

Results

To determine which cytokines released by activated T lympho-
cytes are capable of regulating macrophage metalloproteinase
or TIMP expression, freshly harvested human alveolar macro-
phages were placed in culture in the presence of IL-2, IL-4,
IL-6, IFN-gamma, TNFa, or GM-CSF. After 72 h of incuba-
tion, conditioned media were harvested and subjected simulta-
neously to ELISAs for interstitial collagenase, 92-kD type IV
collagenase, and TIMP. Interstitial collagenase was not se-
creted by basal macrophages and no tested cytokine induced its
release. As shown in Table I, 92-kD type IV collagenase and
TIMP were constitutively produced by the adherent alveolar
macrophages at 380 and 103 ng/ 106 cells, respectively. Interest-
ingly, the addition of IL-4 (2 ng/ml) to culture medium re-
duced secretion of 92-kD enzyme by > 50%. The presence of
IL-6 resulted in a twofold increase in TIMP production along
with significant, but inconstant effect upon metalloproteinase
levels. These results for IL-6 confirm and extend the observa-
tions of Lotz and Guerne (37), who reported specific stimula-
tion of TIMP production by this cytokine in human fibro-
blasts. Finally, IFN-gamma suppressed 92-kD enzyme release,
consistent with our own previous observations (5). None of
the other agents induced changes in metalloproteinase or
TIMP biosynthesis that could not be explained by parallel alter-
ations in levels of total new protein synthesis.

To further characterize IL-4 effects upon metalloproteinase
production, a dose titration experiment was performed. Hu-
manalveolar macrophages were exposed to various concentra-
tions of IL-4 for 72 h and secretion of 92-kD type IV collage-
nase and TIMP were quantified by ELISA on the same samples
of conditioned medium. As shown in Fig. 1, spontaneous re-

Table I. Effect of Various Cytokines on Metalloproteinase
Production by HumanAlveolar Macrophages

Incubation condition 92 kD TIMP

72 h %of controla %of controlb

Medium alone 100 100
11-2 (1 ng/ml) 106±6 111±17

IL4 (2 ng/ml) 46±8* 97±4

IL-6 (2 ng/ml) 136±13 180±17*
IFN-gamma (500 U/ml) 49±15* 128±20
TNFa (1 ng/ml) 116±15 120±6
GM-CSF(10 ng/ml) 138±38 151±8

Humanalveolar macrophages were incubated in the presence of each
of the various cytokines for 72 h. Conditioned media were analyzed
for secreted 92-kD type IV collagenase and TIMP by ELISA. No in-
terstitial collagenase was detected under any of the conditions tested.
Data are expressed as a percentage of basal production levels±SEM
(n = 5 separate experiments). Amounts of spontaneously secreted
92-kD type IV collagenase and TIMP were a 380 ng/ml and b 103
ng/ml, respectively. * P < 0.005, as compared with control by Krus-
kal-Wallis.
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Figure 1. IL-4 induces a dose-dependent suppression of 92-kD type
IV collagenase without affecting TIMP release. Humanalveolar mac-
rophages were cultured ( - 1 x 106 cells/ml) in the presence of in-
creasing concentrations of IL-4. After 72 h of incubation, conditioned
media were harvested and each sample was assayed for 92-kD type
IV collagenase and TIMP by ELISA.

lease of 92-kD enzyme was inhibited - 50% by 1 ng/ml of
IL-4 whereas nearly complete inhibition was achieved at 10
ng/ml. Although such a dose response was typical, both greater
and lesser degrees of sensitivity to IL-4 were observed with
different individuals' alveolar macrophages (Table II, Figs. 2
and 3). In contrast, TIMP production was unaffected by any
concentration of IL-4 tested. To ensure that changes observed
in metalloproteinase production were the consequence of IL-4
activity alone, specific antiserum to this cytokine was used to
abrogate its effects. As shown in Table II, 10 ng/ml of IL-4
reduced spontaneous production of 92-kD type IV collagenase
by - 60%, an effect completely reversed by the presence of
IL-4-specific antiserum. The antiserum alone caused no
change in 92-kD enzyme secretion.

Although human macrophages in culture fail to elaborate
interstitial collagenase spontaneously, production of this en-
zyme can be induced by exposing the cells to activating agents
such as LPS or phagocytizable material. As shown in Table III,
collagenase secretion was stimulated to readily measureable
levels by the addition of k.S.aureus to cell cultures ( 10 bacte-
ria/cell). Similarly, production of 92-kD enzyme and of TIMP
were increased substantially from basal levels. IL-4 ( 10 ng/ml)
reduced spontaneous production of 92-kD enzyme by - 50%.

Table II. Effect of Anti-IL-4 Antibody on IL-4-treated Human
Alveolar Macrophages

Incubation condition 92 kD TIMP

72 h ng/ml

Medium alone 407 115
IL-4 (10 ng/ml) 172 100
Anti-IL-4 Ab (10 ,g/ml) 433 117
IL-4 + anti-IL-4 Ab 413 122

Humanalveolar macrophages were cultured in the presence of IL-4,
antibody to IL-4, or both agents in combination for 72 h. Superna-
tants were analyzed for secreted levels of 92-kD type IV collagenase
and TIMP. These results were confirmed by two separate experiments.
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Figure 2. IL-4 inhibits
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After stimulation with killed bacteria, interstitial collagenase
secretion was decreased 90% by IL-4, whereas 92-kD enzyme
release was inhibited > 50%. Thus, IL-4 is capable of reducing
both basal and stimulated metalloproteinase production with
nearly equal efficacy. Upon simultaneous analysis of con-
ditioned media samples, TIMP biosynthesis was unaffected
by IL-4.

A dose titration was also performed to further characterize
IL-4 inhibition of stimulated macrophage metalloproteinase
production (Fig. 2). Increasing concentrations of IL-4 were
added to k. S. aureus-stimulated macrophages and the condi-
tioned media simultaneously assayed for interstitial collage-
nase and 92-kD type IV collagenase. As shown in Fig. 2, sup-
pression of each metalloenzyme by IL-4 was parallel and very
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Table III. Effect of IL-4 on Unstimulated and Stimulated Human
Alveolar Macrophages

Incubation condition Interstitial collagenase 92 kD TIMP

72 h ng/ml

Medium alone <10 384 68
IL-4 (10 ng/ml) <10 183 82
k. S. aureus (10 bacteria/mO) 109 944 338
IL-4 + k. S. aureus 10 456 272

Humanalveolar macrophages were exposed to IL-4, k. S. aureus, or
both agents in combination for 72 h. Conditioned media were ana-
lyzed for content of interstitial collagenase, 92-kD type IV collage-
nase, and TIMP. These results were confirmed by three separate
experiments.

nearly identical. 50% inhibition of the release of each protein-
ase was observed at 0.1-0.5 ng/ml of IL-4.

To gain insights into the intracellular processes responsible
for IL-4 inhibition of metalloproteinase production, metabolic
labeling and immunoprecipitation experiments were per-
formed. Human alveolar macrophages were cultured in the
presence of LPS to stimulate interstitial collagenase and TIMP
biosynthesis. The LPS-stimulated cells were then exposed to
35S-methionine in the presence or absence of IL-4 and the
newly synthesized labeled proteins immunoprecipitated with
specific antisera to interstitial collagenase and TIMP. As shown
in Fig. 3, IL-4 reduced LPS-stimulated interstitial collagenase
biosynthesis in a manner completely analogous to its effects
upon steady state protein levels shown in Fig. 2. In contrast,
LPS-stimulated biosynthesis of TIMP was entirely unaffected,
even at the highest tested concentration of the cytokine. These
data demonstrate that IL-4 exerts its action at the level of new
protein synthesis. Furthermore, IL-4 is capable of inhibiting
metalloproteinase biosynthesis even after macrophage stimula-
tion by different ligands (soluble endotoxin or the ingestion of
k. S.aureus).

To further assess mechanism of regulatory control exerted
by IL-4, we examined steady state mRNAlevels by Northern
hybridization. Total RNAwas isolated as described in Meth-
ods, resolved by formaldehyde-agarose electrophoresis, and hy-
bridized to 92-kD type IV collagenase cDNA ( 12). As shown
in Fig. 4, basal alveolar macrophages contained considerable
amounts of 92-kD mRNA.Upon exposure of the cells to IL-4

Collagenase TIMP

Figure 3. IL-4 inhibition of metalloproteinase production is mediated
at the level of enzyme biosynthesis. Humanalveolar macrophages
were stimulated with LPS (2.5 ,g/ml) and cultured in the presence

of increasing concentrations of IL-4. Cells were metabolically labeled
with "5-methionine as described in Methods and conditioned media
immunoprecipitated with specific antisera. (A) Labeled conditioned
media proteins were immunoprecipitated with antiserum to intersti-
tial collagenase. (B) The same labeled conditioned media proteins
were immunoprecipitated with antiserum to TIMP. Note the stimu-
lation in the biosynthesis of both proteins by LPS as compared with
control cells. Also note the marked IL-4-induced suppression of in-
terstitial collagenase biosynthesis without effect upon TIMP produc-
tion.

Ctl IL-4 IL-6 6FN IL-2

Figure 4. Pretransla-
92 kD tional inhibition of me-

talloproteinase expres-
sion by IL-4. Human
alveolar macrophages
were cultured for 48 h

Act in with medium alone, IL-

4(10ng/ml),IL-6(2
ng/ml), IFN-gamma
(500 U/ml), or IL-2 (I

ng/ml). Total RNAwas harvested and subjected to Northern analysis
using a cDNAprobe for 92-kD type IV collagenase ( 12). Note pre-
translational inhibition of constitutive 92-kD enzyme production by
IL-4 and IFN-gamma. The stimulatory effect of IL-6 upon steady
state 92-kD mRNAlevels was not consistently observed.

Interleukin-4 Inhibition of Metalloproteinases 385

43 -

30-

20 -

i. _ d

:I:t-A qw



(10 ng/ml) or IFN-,y (500 U/ml), 92-kD-specific message
was decreased drastically. Therefore, IL-4 inhibits metallopro-
teinase expression in a pretranslational manner.

IFN-gamma, another cytokine released by activated T lym-
phocytes, has been shown to directly antagonize many of the
biological activities of IL-4 (26, 27). To evaluate the effects of
the simultaneous presence of both cytokines upon macrophage
metalloproteinase production, cells were incubated with IL-4
in the presence of increasing concentrations of IFN-,y. As
shown in Fig. 5 A, IFN-'y suppressed production of 92-kD colla-
genase, consistent with its previously reported capacity to in-
hibit metalloproteinase secretion (5). IL-4 alone also de-
creased 92-kD enzyme synthesis as discussed above. When
both cytokines were present together, production of the 92-kD
enzyme was inhibited by > 75%, an amount much larger than
each agent caused alone in this experiment. Despite such coop-
erativity, we failed to detect synergism between IFN-y and IL-
4. Low concentrations of either agent were not potentiated by
the simultaneous presence of small amounts of the other (not
shown).

Since production of cytokines is highly relevant to the in-
flammatory response, we determined amounts of IL-l1a and
TNFa secreted by the same cultures of macrophages that had
been treated with IL-4 in the presence of increasing amounts of
IFN-gamma as described above. Consistent with previous re-
ports (23, 24), IL-4 caused suppression of macrophage release
of IL- l a and TNFa, whereas IFN-,y potently stimulated secre-
tion of these cytokines (Figs. 5, Band C). As also shown in Fig.
5, IL-4 clearly antagonized the cytokine stimulation induced
by IFN-y. These data indicate that IL-4 and IFN-,y oppose each
other's actions in modulating macrophage cytokine produc-
tion, whereas they function coordinately to suppress the biosyn-
thesis of metalloproteinases. Therefore, although secreted pro-
teinases and cytokines (via their actions on fibroblasts [ 3, 4])
represent important components of the macrophage's arsenal
to direct matrix degradation, their expression appears to be
regulated quite differently.

To gain insights into the role of cell differentiation upon the
capacity of IL-4 to suppress mononuclear phagocyte metallo-
proteinase production, we examined the effects of this cytokine
upon 92-kD enzyme release by freshly harvested human blood
monocytes. As shown in Table IV, IL-4 caused a dose-depen-
dent and significant reduction in the spontaneous secretion of
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Figure 5. Effect of IL-4 and IFN-gamma on macrophage secretion of
92-kD type IV collagenase, IL- la, and TNFa. Humanalveolar
macrophages (- 1 x 106/ml) were cultured for 72 h with increasing
concentrations of IFN-gamma in the presence or absence of IL-4 (10
ng/ml). (A) 92-kD type IV collagenase, (B) IL-la, and (C) TNFa
secreted into culture medium were quantified as described under
Methods. E, IL-4: 0; , IL-4: 10 ng/ml.

Table IV. Effect of IL-4 on Blood Monocyte Production of 92-kD
Type IV Collagenase and TIMP

Incubation condition 92 kD TIMP

48 h %of control*

Monocytes 100 100
Monocytes + IL-4 (1 ng/ml) 79±8 146±9
Monocytes + IL-4 (10 ng/ml) 48±14 128±3
Monocytes + k. S. aureus (10 bacteria/MO) 100 100
Monocytes + k. S. aureus + IL-4 (10 ng/ml) 34±17 94±24

* Humanmonocytes were isolated and placed in culture for 48 h as
described under Methods. Secreted 92-kD type IV collagenase and
TIMP were quantified by ELISA. Results shown are the mean values
from three separate experiments±standard deviation. Controls are
defined as equal to 100% and include monocytes incubated in culture
medium alone and monocytes cultured in the presence of killed S.
aureus. Effects of IL-4 are compared with the appropriate control.
Amounts of spontaneously secreted 92-kD type IV collagenase and
TIMP were - 1.0 and 0.7 ,tg/ml, respectively.

92-kD enzyme by monocytes, very similar to its action on al-
veolar macrophages (Table I, Fig. 1). It should be noted, how-
ever, that such responsiveness stands in direct contrast to the
lack of efficacy of LPS, phorbol esters, and phagocytized mate-
rial on monocyte metalloenzyme production; when exposed to
these latter agents, the immature cells are incapable of altering
their proteinase or TIMP expression in a manner displayed by
the more mature tissue macrophage (2, 8).

Discussion

The inflammatory response is characterized by a cascade of
events that often leads to tissue destruction and remodeling.
Released chemotactic factors trigger an influx of inflammatory
cells capable of secreting cytokines and cytokine inhibitors.
These factors may amplify or constrain the reactive process.
Two prominent cell types present in a variety of inflammatory
conditions, including arthritides and lung inflammatory dis-
eases, are T lymphocytes and macrophages. Both activated T
lymphocytes and macrophages release soluble factors designed
to modulate the function of each other as well as of neighboring
cell types.

A major cytokine secreted by T lymphocytes is IL-4. IL-4
has profound effects upon macrophage biological function,
which may be either stimulatory or inhibitory in nature. The
cytokine enhances MHCclass II antigen and CR3and FceRIIb
expression and promotes mononuclear phagocyte cellular dif-
ferentiation (22). However, IL-4 also decreases FcyRI-II-III
expression, inhibits the monocyte's production of IL- 1, TNFa,
and IL-6 (23, 24), and most recently has been shown to block
osteoclast formation from progenitor mononuclear cells (25).
The data presented in this manuscript demonstrate that IL-4
can potently suppress the macrophage's capacity to produce its
two principal metalloproteinases, 92-kD type IV collagenase
and interstitial collagenase, without affecting the simultaneous
release of the counter-regulatory inhibitor TIMP. Metallopro-
teinase biosynthesis was blocked by IL-4 both constitutively
and also in cells stimulated by the ingestion of k. S.aureus or by
exposure to endotoxin. Although our specific antisera and
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cDNAprobes do not distinguish between activated and zymo-
gen enzyme forms, it is very likely that diminished metallopro-
teinase activity also results from IL-4 exposure. The inability of
IL-4 to modulate TIMP levels provides yet another example,
along with retinoids (36), IFN-'y (5), and IL-6 (37), of the
potential for dissociated regulation of secreted metalloprotein-
ases versus TIMP.

Wehave previously reported (5) that IFN-gamma, another
cytokine released by activated T lymphocytes that is capable of
influencing macrophage function, inhibits the latter cells' ca-
pacity for metalloproteinase production. Interstitial collage-
nase and stromelysin biosynthesis were exquisitely sensitive to
this agent (10 U/ml caused 50% inhibition; [5]), whereas 92-
kD enzyme production was affected at higher cytokine concen-
trations (> 50 U/ml). This result was quite unexpected since
IFN--y is a potent upregulator of virtually all other macrophage
biological functions, including stimulation of class II MHCan-
tigen and FcyR expression, antigen presenting capacity,
ADCCactivity, antibody-dependent cellular cytotoxicity, tu-
moricidal and microbicidal activity, oxidative metabolism,
and the production of monokines (6, 7, 26, 27). Interestingly,
for all of these activities except class II MHCantigen expression
and antigen-presenting capacity, IL-4 specifically antagonizes
the action of IFN-gamma (26, 27). In this regard, our findings
of IL-4 potentiation of IFN--y's ability to inhibit macrophage
metalloproteinase production may be of considerable biologi-
cal importance. Although the actions of both lymphokines ap-
pear to be additive rather than synergistic, it is clear that potent
suppression of enzyme biosynthesis results from their com-
bined presence (Fig. 5).

Another cytokine secreted by T lymphocytes, IL-6, has
been reported to specifically stimulate TIMP production in
fibroblasts without measureable effect upon metalloprotein-
ases (37). The data in the present study examining a different
cell type, the human alveolar macrophage, confirm these ac-
tions. IL-6 stimulated TIMP biosynthesis by twofold; produc-
tion of interstitial collagenase and 92-kD type IV collagenase
were only inconsistently affected (Table I). In fact, when IL-6
and IL-4 were present simultaneously in culture medium, each
cytokine appeared to function independently of the other; IL-6
specifically augmented TIMP production whereas IL-4
blocked the release of metalloproteinases (data not shown).

Mononuclear phagocytes have the capacity to mediate ma-
trix degradation by two distinct biological strategies, the elabo-
ration of cytokines such as IL- 1 and TNFa, which stimulate
fibroblast production of metalloproteinases, and also by secre-
tion of their own battery of enzymes. The data presented here
strongly suggest that control mechanisms for each of these
pathways are separate and dissociated. IL-4 suppresses macro-
phage secretion of IL-lI3, IL-la, and TNFa (23, 24), results
which we have confirmed in this study. Similarly, this lympho-
kine inhibits the macrophage's own expression of matrix me-
talloproteinases. However, IFN--y potently enhances macro-
phage production of the above cytokines (6, 7) while ablating
the cells' capacity for degradative enzyme release (5). Indeed,
we have shown that although IL-4 antagonizes IFN-y-me-
diated stimulation of macrophage cytokine production, it po-
tentiates the latter's suppression of macrophage metallopro-
teinases (Fig. 5). In this regard, it is of interest that emerging
data suggest the existence of different subpopulations of T lym-
phocytes that preferentially express either IFN-y or IL-4 (38) .
Such cell subsets could conceivably modulate monocyte-mac-

rophage production of metalloproteinases and cytokines differ-
entially. In any event, although macrophages can exert control
over matrix degradation via directing the production of fibro-
blast-stimulating cytokines and also by the elaboration of their
own metalloproteinases, cellular mechanisms controlling these
pathways appear to be different.

The data presented in this report strongly suggest that solu-
ble factors released by activated T lymphocytes function coordi-
nately to suppress the macrophage's capacity to synthesize me-
talloproteinases and thereby to promote extracellular matrix
degradation. IL-4 and IFN-gamma block the biosynthesis of
interstitial collagenase and 92-kD type IV collagenase without
altering TIMP production. IL-6 stimulates the synthesis of
TIMP in the absence of consistent effect upon the metallopro-
teinases. Other T cell cytokines appear to lack significant capac-
ity to modulate macrophage expression of enzymes or inhibi-
tors. In this regard, it is interesting that we have recently de-
scribed the marked induction of mononuclear phagocyte
cytokine (IL- 1, TNFa) release by a mechanism involving cell
surface contact between activated T lymphocytes and mono-
cytes (Vey, E., J.-H. Zhang, and J.-M. Dayer, manuscript sub-
mitted for publication). If such cell-cell contact were to also
stimulate metalloproteinase expression, a biological strategy
might exist whereby T cells suppress macrophage degradative
capacity by the release of soluble factors and enhance it via
direct cell surface interaction. Studies to address this possibility
are currently in progress.
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