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Abstract

The expression of the matrix-degrading enzymes collagen-
ase and stromelysin is modulated by a variety of biologic
and pharmacologic agents. IFN-y has potent effects on me-
talloproteinase production and therefore may play an im-
portant role in preventing excessive connective tissue degra-
dation during inflammation and repair. Weinvestigated the
mechanisms of collagenase and stromelysin regulation by
IFN-y in human dermal fibroblasts. IFN-y (300 U/ml) pre-
vented the stimulation of metalloproteinase gene expression
by IL-1,8. In addition, incubation of fibroblasts with IFN-y
resulted in a marked increase in cellular indoleamine 2,3-
dioxygenase (1DO) mRNA, a > 90% depletion of trypto-
phan, and a corresponding > 30-fold increase in the trypto-
phan metabolite kynurenine in the culture media. Reducing
the concentration of tryptophan from 25 jaM to 0 markedly
diminished the ability of fibroblasts to increase collagenase
and stromelysin mRNAand collagenase production in re-
sponse to IL-1p3. Addition of exogenous tryptophan (25-50
Iug/ml) to cultures that had been tryptophan depleted by
pretreatment with IFN-y for 48 h restored the fibroblast
response to IL-1,8 or PMA, but had no effect on IFN-y-
induced HLA-DR a chain mRNAexpression. These results
indicate that inhibition of collagenase and stromelysin gene
expression by IFN-y in fibroblasts is associated with activa-
tion of IDO and enhanced cellular tryptophan metabolism.
Tryptophan degradation and ensuing tryptophan depletion
may account, at least in part, for the inhibitory effect of IFN-
y on metalloproteinase production in dermal fibroblasts. (J.
Clin. Invest. 1995. 96:475-481.) Key words: collagenase -

stromelysin * interferon-y * tryptophan * indoleamine 2,3-
dioxygenase

Introduction

A dynamic balance between the deposition and the degradation
of connective tissue must be carefully maintained during physi-
ologic tissue remodeling in development, angiogenesis, and
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wound healing. Alterations in connective tissue turnover are
implicated in the degradation of the extracellular matrix
(ECM)1 characteristic of pathologic processes, including rheu-
matoid joint destruction, corneal ulcerations, and tissue invasion
by tumors. Fibroblasts and other mesenchymal cells produce
several structurally related endopeptidases that are capable of
degrading the macromolecules of the ECM(reviewed in refer-
ences 1 and 2). Interstitial collagenase, the prototypic member
of the metalloproteinase family, initiates degradation of native
interstitial collagens, whereas stromelysin degrades proteogly-
cans, laminin, and other matrix components and activates pro-
collagenase in vitro. The production and activity of metallopro-
teinases are tightly regulated and can be modulated by various
extracellular signals. IL-Il#3 stimulates the expression of colla-
genase and stromelysin genes in a variety of cell types by a
combination of transcriptional and posttranscriptional mecha-
nisms (3-6). Additional inflammatory mediators, such as TNF-
a (7) and leukoregulin (8), are also potent physiologic stimuli
for metalloproteinase production in fibroblasts and synovial
cells. These cytokines are therefore pivotal in mediating connec-
tive tissue destruction in rheumatoid arthritis and related in-
flammatory conditions (9).

The interferon family of peptides are highly pleiotropic cy-
tokines that exert immunomodulatory and antiproliferative ef-
fects on many cell types both in vitro and in vivo (10). IFN-
y is a product of activated T lymphocytes, macrophages, and
natural killer cells. It has been shown to modulate the expression
of genes for nitric oxide synthetase, tryptophanyl-tRNA synthe-
tase, indoleamine 2,3-dioxygenase (IDO), and other proteins
of unknown function (11-13). These gene products may be
involved in mediating many of the biologic activities associated
with IFN-y (14). In particular, IFN-y-induced activation of
IDO, which catalyzes tryptophan oxidation (15), is considered
to be an important mechanism accounting for the antiprolifera-
tive effects of IFN--y on some tumor cells (16-19) and the
inhibition of intracellular replication of parasites (20-23).

In addition to its well-recognized roles in the immune and
inflammatory responses, IFN-y can also influence the metabo-
lism of connective tissue cells. IFN-y regulates collagen accu-
mulation by inhibiting the synthesis of types I and II collagens
(24-26), abrogating the stimulatory effects of TGF-f3 (27, 28),
and stimulating the expression of collagen receptors on fibro-
blasts (29). These effects have been shown to be mediated
largely at the pretranslational level (25-28). IFN-y by itself,
or in combination with inflammatory mediators, also has potent
effects on the ability of fibroblasts and other cells to degrade

1. Abbreviations used in this paper: ECM, extracellular matrix;
GAPDH, glyceraldehyde-3-phosphate dehydrogenase; IDO, indole-
amine 2,3-dioxygenase.
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the surrounding ECM(30, 31). The precise mechanisms in-
volved in this potentially important function of IFN-y have
not been fully characterized. In this study, we examined the
regulation of metalloproteinase gene expression by IFN--y in
cultured human fibroblasts and investigated whether modulation
of IDO-mediated cellular tryptophan catabolism plays a role in
mediating these effects. The results indicate that IFN-y pre-
vented IL-1,8- or PMA-stimulated collagenase and stromelysin
gene expression in fibroblasts and caused a marked increase in
IDO activity, resulting in depletion of tryptophan from the cul-
ture media. Repletion of tryptophan selectively reversed the
IFN-y-induced inhibition of metalloproteinase gene expres-
sion. Therefore, the inhibitory effects of IFN-y on IL-l/,-in-
duced collagenase and stromelysin production in human fibro-
blasts appear to be mediated, at least in part, via induction of
IDO and cellular tryptophan catabolism and the consequent
depletion of tryptophan.

Methods

Reagents. All tissue culture reagents were obtained from Gibco Labora-
tories (Grand Island, NY). L-Tryptophan and PMAwere obtained from
Sigma Chemical Co. (St. Louis, MO). Recombinant human IL-1,8 and
IFN-y were from Boehringer Mannheim Biochemicals (Indianapolis,
IN). Methanol-water extracts of L-tryptophan used in these experiments
were shown by HPLC to contain numerous peaks in addition to trypto-
phan; the concentration of each peak obtained was < 0.1%, based on
comparison of the peak area with the area of the tryptophan peak (Hill,
R., personal communication). Therefore, the impurities in the trypto-
phan preparations represented by the peaks were present in the culture
media at very low concentrations (< 250 nM) in these experiments.

Fibroblast cultures. The cell lines used in the present experiments
were established from forearm skin biopsies of four healthy adults by
explant techniques previously described (32). Cells were grown in
MEMsupplemented with 10% FCS, 1% vitamins, and 2 mML-gluta-
mine (complete medium). When the cells reached visual confluence,
fresh medium and 5%FCS (extensively dialyzed against 0.05 MTris,
pH 7.5, 0.15 MNaCl to remove free amino acids) were added to the
cultures. In selected experiments, tryptophan-free medium was used.
IFN-y was added to cultures 24 h before IL-1,6 and/or exogenous
tryptophan, unless otherwise noted. In previous experiments under simi-
lar conditions, we have found that neither IL-l1, nor IFN-y had a sig-
nificant effect on cell numbers in confluent cultures. Each experiment
was performed at least twice, using different fibroblast lines. To deter-
mine total protein synthesis, 8 pCi/ml [35S] cysteine and [355]me-
thionine (EXPRE35S35S Protein Labeling Mix; DuPont, Wilmington,
DE) were added to some cultures for the final 24 h of incubation. Cell
viability was evaluated at the end of the incubation period by trypan
blue staining and by measuring the release of lactate dehydrogenase
into the culture media, as described previously (33), and by determining
the incorporation of radiolabeled precursors into nondialyzable macro-
molecules in the culture supernatants.

Extraction and analysis of RNA. At the end of each experiment, total
RNAwas isolated from confluent fibroblasts by the CsCl centrifugation
method (34) and subjected to Northern analysis using cDNAs pre-
viously labeled with [a-32P]dCTP by nick translation (35). Autoradio-
grams were analyzed by scanning at the linear range of the absorbance
curve with a laser densitometer (LKB Wallac, Bromma, Sweden). The
following cDNAs were used: human collagenase (36), HLA-DR a
chain (37), and rat glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) (38), all obtained from the American Type Culture Collec-
tion (Rockville, MD); human stromelysin from Dr. C. Brinckerhoff
(Dartmouth Medical School, Hanover, NH) (39); and IDO from Dr.
S. Gupta (Hipple Cancer Research Center, Dayton, OH) (40).

Determination of tryptophan and kynurenine concentrations. Total
free tryptophan and kynurenine were assayed by HPLC on a C-18

column eluted isocratically using a solvent of 0.1 Mphosphate buffer
(pH 3.6 with sodium hydroxide) containing 0.001 Mdisodium-EDTA
and 5% acetonitrile. Samples of culture media were deproteinized with
perchloric acid (0.6 M). Tryptophan was detected by its native fluores-
cence (activation at 290 nmand emission at 360 nm) using a program-
mable fluorimeter (model HP1046A; Hewlett-Packard Co., Palo Alto,
CA). Kynurenine was detected in the same chromatograms by ultravio-
let absorption at 360 nm using a UV-1 absorbance detector (Rainin
Instrument Co., Woburn, MA) in series with the fluorimeter. Chromato-
gram recordings and calculations were done using the Dynamax program
(Rainin Instrument Co.).

Determination of collagenase levels. Competitive binding ELISAs
for human fibroblast collagenase were performed on conditioned me-
dium samples exactly as described previously (41). This assay measures
active and latent, as well as free and bound (enzyme-substrate and
enzyme-inhibitor complex) forms of collagenase.

Results

Effect of IFN- y on IL-I -induced collagenase and stromelysin
mRNAexpression. To examine the effect of IFN-y on collagen-
ase and stromelysin mRNAabundance, IFN-y and IL-lI3 were
added to confluent dermal fibroblasts. Following a 24-h incuba-
tion, cultures were harvested, and mRNAlevels were examined
by Northern analysis. As shown in Fig. 1, untreated fibroblasts
displayed very low levels of collagenase and stromelysin
mRNAs. As reported previously (6), exposure of the cultures
to IL- l, for 24 h caused a marked increase in metalloproteinase
mRNAs. Pretreatment with IFN-y reproducibly prevented the
stimulatory effect of IL-I# in fibroblasts from three additional
individuals. In contrast, IFN-y added to the cultures 24 h after
IL-1/3 had only a slight inhibitory effect. After a 24-h exposure
to IFN-y, some cultures were washed and incubated with fresh
media containing IL-1f3 but no IFN-y for an additional 24 h.
As shown in Fig. 1, stimulation of collagenase and stromelysin
mRNAexpression in response to IL-1,6 remained incomplete
(2 60% lower than in cells not pretreated with IFN-y) even
after removal of IFN--y from the cultures.

Effect of IFN-y on tryptophan metabolism infibroblast cul-
tures. To determine whether abrogation of the IL-l~3-stimu-
lated increase in collagenase and stromelysin mRNAexpression
by IFN-y was related to IDO induction, mRNAlevels in IFN-
y-treated fibroblast cultures were examined by Northern hy-
bridization with human IDO cDNA (40). As shown in Fig. 2
A, IDO mRNAwas essentially undetectable in untreated or in
IL-Ifi-treated cultures. Exposure of fibroblasts to IFN--y for
48 h, in the presence or absence of IL-If3, caused a marked
increase in IDO mRNAlevels. As expected, a single transcript
with an apparent molecular size of 2.2 kb was observed. The
stimulation of IDO mRNAby IFN-y was time and dose depen-
dent, with a maximal effect after a 2 8-h incubation with 2 50
U/ml IFN-y (data not shown).

To examine the effects of IFN-y and IL-16 on IDO-medi-
ated tryptophan metabolism in dermal fibroblasts, tryptophan
and kynurenine were measured in the culture supernatants at
the end of the incubation period. As shown in Fig. 2 B, the
tryptophan concentration in conditioned media from untreated
cultures was slightly reduced compared with unconditioned
MEM(10 HIg/ml; as indicated by the manufacturer), probably
reflecting a low level of basal tryptophan degradation by fibro-
blasts. Addition of IL- I P to the cultures had no detectable effect
on tryptophan or kynurenine concentrations in the media,
whereas incubation with IFN-y caused a > 90% decrease in
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Figure 1. Modulation of IL-l,-induced collagenase and stromelysin
mRNAlevels by IFN-'y. Confluent cultures of normal human dermal
fibroblasts were incubated in medium supplemented with 5%FCS(com-
plete medium). IFN-y (300 U/ml) was added to the cultures 24 h before
(lane 3) or 24 h after (lane 4) IL-1,6 (1 ng/ml). Controls included
untreated cultures (lane 1) and cultures incubated with IL-1l3 alone
(lane 2). In lane 5, cultures were washed after a 24-h exposure to IFN-
-y and then incubated with fresh medium containing IL-1p6 but no IFN-
y for an additional 24 h. The steady-state mRNAlevels were determined
at the end of the incubation period by Northern hybridization (10 mg
per lane) to 32P-labeled collagenase (c'gse), stromelysin (strom), and
GAPDHcDNAs as described in Methods (upper panels). The abun-
dance of mRNAwas quantitated by scanning densitometry of the autora-
diograms, and the values are shown after correction for variations in
GAPDHmRNAlevels (lower panel).

tryptophan and a > 30-fold increase in kynurenine concentra-
tions. Tryptophan concentrations were reduced in the culture
media even when IFN-,y was present in the cultures only for
the first 24 h of a 48-h incubation period. These findings indicate
that IFN-y caused a sustained increase in cellular IDO gene
expression, resulting in markedly enhanced catabolism of tryp-
tophan and consequent depletion of this essential amino acid
from the culture media.

Effectof tryptophan depletion on IL-1/3-induced collagen-
ase and stromelysin gene expression. The finding that abroga-
tion of IL-l3-induced collagenase and stromelysin gene ex-
pression by IFN-y was accompanied by elevation of IDO
mRNAand consequent tryptophan depletion in the culture me-
dia suggested that the concentration of tryptophan may modu-
late some of the effects of IL-1p6 on dermal fibroblasts. To
examine directly the influence of tryptophan on metalloprotein-
ase gene expression, fibroblasts were switched from complete
media to tryptophan-free media and 5% dialyzed FCS at con-
fluence. After 18 h, the cultures received IL-1p6 (2 ng/ml) and
tryptophan (1 or 25 I.M) for an additional 24 h of incubation.
There were no differences in cellular morphology under the

phase contrast microscope or in viability, as determined by
release of lactate dehydrogenase into the media by fibroblasts
maintained in tryptophan-free and tryptophan-containing cul-
tures. By trypan blue dye exclusion, the cultures consistently
yielded > 90% viability, and the incorporation of radiolabeled
precursors into newly synthesized macromolecules was unaf-
fected by the absence of tryptophan in the cultures for up to 96
h, demonstrating that tryptophan deprivation did not result in
significant toxicity to the fibroblasts. Northern analysis of total
RNA from untreated and IL-113-treated fibroblasts indicated
that stimulation of collagenase and stromelysin mRNAby IL-
113 was markedly reduced in the cultures under tryptophan-free
conditions (Fig. 3 A). In contrast, GAPDHmRNAlevels were
similar in the presence or absence of tryptophan in the media.
Identical results were obtained from two separate experiments.

Secreted collagenase was measured by ELISA in cultures
of untreated or IL-lp-treated fibroblasts that had been placed
at confluence in tryptophan-free media, or in media with trypto-
phan. As shown in Fig. 3 B, in media with 25 OMtryptophan,
unstimulated fibroblasts released small amounts (29 ng/ml) of
collagenase, and addition of IL-1,f to the cultures induced a 65-
fold increase in collagenase production. Under tryptophan-free
conditions, fibroblasts released 15 ng/ml collagenase during the
incubation period and stimulation with IL-I13 resulted in a 23-
fold increase. These results demonstrate that lowering the con-
centration of tryptophan progressively interfered with the ability
of confluent fibroblasts to respond to IL-13 by increasing colla-
genase production and mRNA,without adversely affecting cel-
lular viability.

Effect of tryptophan repletion of IFN--y -treated cultures on
the response to IL-1/3. Since IFN-y induced the degradation of
tryptophan in the cultures and fibroblasts under tryptophan-
free conditions displayed reduced responsiveness to IL-1p, we
speculated that abrogation of IL-1,j-induced metalloproteinase
synthesis and mRNAexpression by IFN-y was in part due
to tryptophan depletion. To test this hypothesis, we examined
whether addition of exogenous tryptophan to IFN--y-treated
tryptophan-depleted cultures would restore full fibroblast re-
sponsiveness to IL-13-induced collagenase and stromelysin
gene expression. For this purpose, IFN-y was added to confluent
fibroblasts that were maintained in complete media, followed
48 h later by the addition of various concentrations of trypto-
phan. 24 h later, IL-1/3 was added and the incubation was con-
tinued for an additional 32 h. As shown in Fig. 4 (top), IL-
116 caused an increase in collagenase and stromelysin mRNA,
whereas pretreatment of cultures with IFN-y reduced this stimu-
lation by > 80%. Treatment with IFN-y for 48 h also caused
a > 90% decrease in the concentration of tryptophan in the
culture media (data not shown). In the presence of increasing
concentrations of tryptophan, addition of IL-1/3 to the IFN-y-
treated cultures caused a progressive increase in collagenase and
stromelysin mRNA, such that 50 j.g/ml tryptophan completely
overcame the IFN-y-induced inhibition (Fig. 4, top). In the
absence of IL-1,6, addition of tryptophan to untreated or IFN-
y-treated cultures appeared to have no effect on collagenase
or stromelysin mRNAlevels. To control for nonspecific effects
of tryptophan, mRNAwas hybridized to DRI, a cDNA for the
human HLA-DR a chain (37). The marked increase in HLA-
DRa chain mRNAexpression induced by IFN-y in the pres-
ence or absence of IL-1,6 was unaltered by addition of trypto-
phan to the cultures (data not shown). Therefore, exogenous
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Figure 2. Effect of IFN-y on IDO mRNAexpression and IDO enzyme activity in skin fibroblasts. (A) Representative autoradiogram. Confluent
dermal fibroblasts were incubated in complete medium. IFN-y (300 U/ml) was added to the cultures alone (lane 3), 24 h after (lane 4), 24 h
before (lane 5), or simultaneously (lane 6) with 1 ng/ml IL-1I8. Controls consisted of untreated cultures (lane 1) and cultures treated with IL-1,8
alone (lane 2). At the end of the incubation period, the levels of mRNAwere examined by Northern hybridization to human IDO and GAPDH
cDNAs as described in Methods. The size of the IDO mRNAis - 2.2 kb. (B) Quantitation of tryptophan and kynurenine levels in the culture
media. Concentrations of tryptophan and kynurenine were measured in the conditioned media at the end of the incubation period, as described in
Methods. Results represent the mean±SEMfrom three separate experiments. C, control cultures.

tryptophan did not interfere with the fibroblast response to IFN-
y in a nonspecific manner.

Quantitation of collagenase in the conditioned media by
ELISA indicated that pretreatment of the cultures with IFN-y
caused a > 70% reduction in the IL-1/3-induced stimulation
of collagenase production (Fig. 5). Addition of tryptophan to
cultures treated with IFN-y plus IL-1/ restored the ability of
fibroblasts to produce large quantities of collagenase. Exoge-
nous tryptophan overcame the inhibitory effects of IFN-'y on
upregulated collagenase and stromelysin mRNAexpression in-
duced not only by IL-1/3, but also by the tumor promoter PMA
at 160 nM (data not shown).

Discussion

In pathologic conditions, quiescent mesenchymal cells attain a
matrix-degrading phenotype upon their interaction with in-
flammatory cells. Inflammatory cell-derived cytokines, alone
or in combination, regulate the production and activity of ma-
trix-degrading enzymes and are therefore considered to play a
central role in the initiation of connective tissue degradation
(9). The present results demonstrate that in human dermal fi-
broblasts, IFN-y prevented the increase in collagenase and stro-
melysin mRNAand collagenase production induced by IL-1,6.

The inhibitory effect was maximal when cultures were exposed
to IFN-y before IL-1,6, suggesting that fibroblasts needed to be
primed for IL-1,6 resistance. These results, which are consistent
with a previous report (30), indicate that IFN-y exerts sustained
negative effects on the production and activity of matrix-degrad-
ing enzymes and suggest that IFN--y may play an important
role in preventing excessive connective tissue degradation in
physiologic conditions.

Activation of transcription by IFN-,y has been extensively
studied ( 14), but the inhibitory effects of this cytokine on gene
expression are less well understood. To investigate the mecha-
nisms by which IFN-,y prevented IL-1I3- induced expression of
metalloproteinase genes in fibroblasts, we examined the regula-
tion of IDO by these cytokines. IDO (EC 1.13.11.17), an en-
zyme widely distributed in mammalian extrahepatic tissues, cat-
alyzes the first step in the degradation of tryptophan (42). This
step, involving the incorporation of molecular oxygen or super-
oxide anion, results in decylization of the tryptophan pyrrole
ring and formation of N-formylkynurenine (16, 43). Wefound
that whereas treatment of the fibroblasts with IL-1,f had no
effect on IDO mRNAlevels, IFN--y by itself or in combination
with IL-1I3 caused a marked increase. IFN-'y was previously
shown to activate the transcription of IDO in human fibroblasts
( 13, 44). Although the biologic significance of IDO induction is
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Figure 3. Effect of tryptophan concentration on fibroblast response to
IL-1/3. Dermal fibroblasts were maintained in complete medium and
then switched to tryptophan-free medium and 5% FCS at confluence.
After 18 h, IL-1,/ (2 ng/ml) and tryptophan (1 or 25 pM) were added.
At the end of an additional 24-h incubation, cultures were harvested.
(A) Total RNAwas analyzed by Northern hybridization with collagen-
ase (c 'gse), stromelysin (strom), and GAPDHcDNA (upper panel).
Collagenase and stromelysin mRNAabundance was quantitated, and
the values are shown after correction for variations in GAPDHmRNA
levels (lower panel). (B) Secreted collagenase at the end of the incuba-
tion period was measured in the conditioned culture media by ELISA,
as described in Methods.

unknown, it has been suggested that it represents an antioxidant
defense mechanism during the inflammatory response (45).
After exposure to IFN-y, the uptake and IDO-mediated intracel-
lular oxidation of tryptophan are dramatically increased in cul-
tured mammalian cells (20). The effect is specific for trypto-

1 2 3 4 5 6 7 8 9
Figure 4. Effect of repletion of tryptophan on the ability of IFN-y-
treated fibroblasts to respond to IL-1,8. Fresh medium with or without
IFN--y (300 U/ml) was added to confluent dermal fibroblasts. 48 h later,
the indicated amounts of tryptophan were added (lanes 4-7), followed
24 h later by the addition of IL-1,6 (2 ng/ml) (lanes 2-5). Control
cultures were left untreated (lane 1) or exposed to tryptophan only
(lanes 8 and 9). At the end of an additional 32-h incubation, the cultures
were harvested. Total RNAwas analyzed by Northern hybridization
with collagenase (c'gse), stromelysin (strom), and GAPDHcDNA.
The abundance of collagenase and stromelysin mRNAwas quantitated,
and the values are shown after correction for variations in GAPDH
mRNAlevels (lower panel). Similar results were obtained from three
separate experiments. Solid bars, collagenase; open bars, stromelysin.

phan, as neither the intracellular transport nor the degradation
of other amino acids is significantly effected by IFN--y (46).
Induction of selective tryptophan degradation by IFN-,y has also
been demonstrated in vivo (47). In the present studies, IFN-y
caused a > 90% decrease in tryptophan and a parallel 30-fold
increase in kynurenine concentrations in the culture media, indi-
cating a marked enhancement of IDO-catalyzed tryptophan me-
tabolism. Since changes in the intracellular pool of tryptophan
follow closely the changes in the extracellular pool in IFN--y-
treated fibroblasts (46), our findings suggest that treatment with
IFN--y resulted in tryptophan deprivation in these cells.

Because the inhibitory effects of IFN--y on metalloprotein-
ase production were accompanied by induction of IDO and
increased tryptophan catabolism, we speculated that depletion
of tryptophan interfered with the ability of fibroblasts to activate
metalloproteinase gene transcription in response to IL-1p. To
test this hypothesis, we first examined whether the concentration
of tryptophan in the culture media influenced 11- 1/3l-stimulated
collagenase and stromelysin expression. The results indicated
that the magnitude of stimulation by IL-1,63 was markedly re-
duced, both at the mRNAand protein levels, in tryptophan-free
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Figure 5. Effect of tryptophan repletion on IL-l,3-stimulated collagen-
ase production by IFN-y-treated fibroblasts. At confluence, IFN-y (200
U/ml) was added to dermal fibroblasts maintained in complete medium,
followed 24 h later by IL-1,8 and tryptophan. Control cultures received
IL-1,6 or IFN-y alone or in combination, or were left untreated. Condi-
tioned media were collected at the end of a 48-h incubation, and secreted
collagenase was quantitated by ELISA, as described in Methods. The
results shown represent the mean±SEMfrom three separate experi-
ments.

cellular proliferation or the intracellular growth of Chlamydia
or Toxoplasma (53, 54). Our findings extend these observations
by demonstrating that activation of IDO gene expression and
the consequent tryptophan depletion may also be responsible
for the IFN-y-induced downregulation of metalloproteinase
production in human dermal fibroblasts.

The mechanism by which deprivation of tryptophan in fi-
broblast cultures interferes with IL-1,6I- or PMA-induced colla-
genase and stromelysin gene expression is unknown. Trypto-
phan may be required for the synthesis or the DNA-binding
activity of nuclear transcription factors, such as the jun and
fos members of the AP-1 complex involved in induction of
collagenase and stromelysin transcription (5, 7). In this regard,
it is of great interest that conserved tryptophan residues (trypto-
phan clusters) have been shown to be necessary for the se-
quence-specific DNAbinding activity of the c-myb protoonco-
gene product (55). Regardless of the molecular mechanisms
involved, the present findings shed new light on the modulation
of connective tissue turnover by IFN-y. Furthermore, these ob-
servations raise the possibility that pharmacologic modulation
of the tryptophan concentration in tissues undergoing cytokine-
mediated connective tissue breakdown may reduce the local
expression of matrix-degrading enzymes.
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phan appears to be important in the regulation of several bio-
logic processes, IDO-mediated cellular tryptophan catabolism
and the ensuing tryptophan starvation may have pleiotropic ef-
fects. Indeed, the antiproliferative activity of IFN-y on some

tumor cells can be attributed to the intracellular depletion of
tryptophan (16-19). Similarly, the inhibitory effects of IFN-y
on the intracellular growth of certain parasites, such as Tox-
oplasma gondii in human fibroblasts and glioblastoma cells (20,
22) and Chlamydia psittaci in human macrophages and bladder
carcinoma cell lines (21, 23), appear to be due, at least in part,
to enhanced IDO-mediated tryptophan catabolism in the host
cells. Overexpression of IDO in a transformed human fibroblast
line markedly inhibited the proliferation of transfected cells,
and this effect was correlated with depletion of tryptophan from
the media (52). Furthermore, in mutant ME180human cervical
carcinoma lines, which are deficient in IDO activity and there-
fore unable to catabolize tryptophan, IFN-y failed to inhibit
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