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Abstract

Interleukin-1 (IL-1) is a major proinflammatory cytokine
produced by monocytes/macrophages. At the inflammatory
site, IL-1 is a potent inducer of the production of prostaglan-
din E2 (PGE2) and metalloproteinases on fibroblast-like
cells, thus triggering tissue damage. The biological activity
of IL-1 is counterbalanced by two types of inhibitors: the
IL-1 receptor antagonist (IL-lRa) which competitively
binds IL-1 receptor without inducing signal transduction;
and IL-1 soluble receptors (IL-lsR) which bind IL-1 and
diminish the free concentration of soluble cytokine, thus
hampering its binding to the cell surface receptor. Since IL-
lsR can also bind IL-lRa, we studied the simultaneous ef-
fects of both inhibitors on the production of interstitial colla-
genase (C'ase) and PGE2by human dermal fibroblasts and
synovial cells stimulated by either IL-la or IL-1,8. IL-lRa
inhibited fibroblast and synovial cell stimulation by s 90%,
with the exception of C'ase production by synovial cells
which was inhibited by - 55%. Type I IL-lsR (IL-lsRI)
preferentially inhibited IL-la, whereas type II IL-lsR (IL-
lsRII) mainly inhibited IL-1,8. When IL-lRa was used si-
multaneously with IL-lsRI, the final inhibition was lower
than that of either of the inhibitors. The simultaneous pres-
ence of IL-lRa and IL-lsRIl abolished the IL-1-induced
production of PGE2 and C'ase on both dermal fibroblasts
and synovial cells, demonstrating that concurrently these
two inhibitors are able to abolish most of the inflammatory
response. To our knowledge, this is the first example of two
types of inhibitors that abolish each other's effects, one of
which acts at the receptor level and the other at the ligand
level, thus leaving ligand activity unimpaired. (J. Clin. In-
vest. 1995. 96:38-41.) Key words: interleukin-1 * interleu-
kin-i receptor antagonist * interleukin-1 soluble receptors
synovial cells - metalloproteinases

Introduction

The multifunctional cytokine IL-1 plays a pivotal role in in-
flammatory processes and induction of the immune response
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(1, 2). Two types of IL-I have been described, which display
similar activities (3) in spite of their low amino acid sequence
homology (26%). Both IL-la and IL-1,/ act on target cells by
binding to the same specific plasma membrane receptor pro-
teins, distributed on many cell types (4). Two types of human
receptors have been cloned which belong to the immunoglobu-
lin gene superfamily, both exhibiting three extracellular immu-
noglobulin-like domains (5). The main structural difference
between the two receptors resides in the length of their cyto-
plasmic domains, i.e., 213 amino acids in type I receptor and
only 29 in type 11 (5). These two receptors do not function as
an heterodimer complex, and the signal seems to be transmitted
by type I receptor alone (6). Therefore, the role of type II
receptor at the cell surface remains unclear. IL-1 proinflamma-
tory effects are balanced by IL-I receptor antagonist (IL-IRa).'
IL-lRa, which is structurally related to IL-1, binds IL-1 recep-
tors competitively without inducing any biological response (for
review see reference 7). In addition to IL-lRa, IL-1 activity is
balanced by soluble forms of its receptors, in analogy to other
cytokines such as PDGFand TNF (8, 9). The soluble type II
IL-1 receptor (IL-IsRII) has been detected in normal human
plasma (10), synovial fluids (11), and supernatants of several
human cell lines (12-14). Although soluble type I receptor
(IL-IsRI) has not been clearly identified to occur naturally, a
circulating factor which crossreacts weakly with anti-IL-isRI
antibodies has been detected in human normal serum (15). The
IL-1 binding characteristics of this factor are different from
those of IL-IsRI, since it binds IL-lRa selectively and with
high affinity ( 15 ). Therefore, since both types of IL-I inhibitor,
i.e., IL-lsR and IL-lRa, may simultaneously be present at the
inflammatory site, they may interfere with each other's activity.
The aim of this study is to elucidate the simultaneous effects
of IL-lRa and IL-lsRs on the activation by IL-la and IL-
1/6 of normal human fibroblasts and fibroblast-like cells from
inflamed synovium (synovial cells).

Methods

Materials. Dulbecco's modified Eagle's minimal essential medium
(DMEM), phosphate-buffered saline, penicillin, streptomycin, L-gluta-
mine (Gibco, Paisley, United Kingdom), and fetal calf serum (FCS)
(Seromed, Biochrom KG, Berlin, Germany) were purchased from the
designated suppliers. All other reagents were of analytical grade or
better.

Recombinant proteins and monoclonal antibodies. Humanrecombi-
nant IL-la, IL-1I/P, IL-IsRI, and IL-IsRII were obtained from S. Dower

1. Abbreviations used in this paper: C'ase, interstitial collagenase; IL-
1R, IL-1 receptor; IL-IRa, IL- 1 receptor antagonist; IL-i sR, IL-I solu-
ble receptor; IL-IsRl, type I IL-I soluble receptor; IL-IsRII, type II
IL-1 soluble receptor.
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(Immunex Corp., Seattle, WA) (5, 16). IL-IRa was a generous gift from
Dr. R. Thompson (Synergen, Boulder, CO). Antibodies to interstitial
collagenase (C'ase) and C'ase standard for ELISA were generously
provided by Dr. H. G. Welgus (Division of Dermatology, Jewish Hospi-
tal at Washington University Medical Center, St. Louis, MO).

Cells. Humandernal fibroblasts and synovial fibroblast-like cells
(synovial cells) were isolated by protease treatment of foreskin and
surgical synovectomy specimens from rheumatoid arthritis or osteoar-
thritis patients, respectively (17, 18). Dermal fibroblasts and synovial
cells were cultured in DMEMsupplemented with 10% FCS, 50 IU/ml
penicillin, 50 ,g/ml streptomycin, and 2m M L-glutamine at 370C in
5%CO2. The cells were seeded into 96-well flat-bottom plates (2
104 cells/well) and maintained for 48 h in complete DMEMbefore
testing (see below).

To ensure thatIL-la andIL-Ifl biological activity was induced on
cells due to the binding to type I receptor, the production of PGE2 was
measured in fibroblast supernatants cultured in the presence or absence
of monoclonal antibodies directed againstIL-IRI orIL-IRH. The mono-
clonal antibody, which specifically blocks the binding ofIL-I toIL-

1RI, inhibited PGE2 and C'ase production by dermal fibroblasts in a
dose-dependent manner, i.e., 50-60% inhibition at 10 jig/ml and > 95%
at 100 %sg/ml. In contrast, the monoclonal antibody directed againstiL-
1RIH did not affect PGE2production in accordance with previous binding
studies (6). Although a lower inhibition by anti-IL-IRI was observed,
comparable results were obtained with synovial cells, indicating that
signal transduction in bothtypes of cells was induced via the binding
of IL-I toIL-IRI.

Inhibition of IL-la and IL-1,6 biological activities by IL-I inhibitors.
To study the simultaneous effect of the two types of IL-I inhibitors
(i.e., IL-lsR and IL-lRa), the cells were stimulated by either IL-la or
IL-1I3 in the presence or absence of inhibitors. To optimize the inhibi-
tion, IL-la or IL-1/3 (125 pg/ml, i.e., t 7x 10-12 M) was preincubated
in the presence or absence of eitherI L-sR (625 ng/ml, i.e., s1
x 10-8 M IL-IsRI and ; 1.5 X1 0-' MIL-IsRII ) orIL-IRa ( 125 ng/
ml, i.e., t 7x 10' M) or both for 1 h at 37° C in complete DMEM
before addition to the cells. After 72 h, C'ase and PGE2were measured
in the culture supernatants. These experiments were repeated at least
four times. The results were unchanged whenIL-IRa was preincubated
with the cells for 1 h at 37°C while IL-1 andIL-sR were preincubated
together before being added to the cells. In another set of experiments,
the effects of both IL-IsRI andIL-IsRII on the inhibitory activity of
IL-IRa were examined under two different preincubation conditions:
(a) the inhibitors were preincubated for 1 h at 37°C and then for another
1 h with the cells before the addition of IL-; and (b) the inhibitors
were preincubated together for 1 h at 37°C and then for another hour
with IL-I before being added to the cells. After 72 h of incubation, the
supernatants were analyzed as described above.

Interstitial collagenase (C'ase) and PGE2. C'ase was measured by
ELISA, using specific rabbit polyclonal antisera (19) with a detection
limit of 10 ng/ml. PGE2was measured by a double antibody radioimmu-
noassay as described previously (17), using an antiserum to PE2 pro-
vided by Dr. M. Seitz (Department of Rheumatology, University Hospi-
tal, Bern, Switzerland). The detection limit for PGE2 was 0.5 ng/ml.
All measurements were carried out in triplicates.

Results

Since normal fibroblasts and fibroblast-like cells from inflam-
matory tissue display different characteristics, dermal fibro-
blasts and fibroblast-like cells from synovial tissue (synovial
cells) were used to study the simultaneous biological effects of
the two types of IL-1 inhibitors, i.e., IL-1 soluble receptors and
IL-IRa. Although the production of PGE2 and C'ase varied
considerably from one experiment to the other, both dermal
fibroblasts and synovial cells displayed basal production of
PGE2 and C'ase. Dermal fibroblasts produced 15.2±6.9 ng/
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Figure 1. Inhibition of POE2and Case production on human fibroblasts
stimulated by either iL-lsRsor IL-iRa or both types of inhibitor. The
inhibition of fibroblast stimulation was estimated by measuring the pro-
duction of POE2 (A and B) and Case (C and D) and expressed as
percentage of total production (100% was the production obtained in
the absence of inhibitor). Dermal fibroblasts (A and C) and synovial
cells (B and D) were stimulated by IiL-bla (dark bars) oriLbe (striped
bars) in the presence of the designated inhibitors, as described in Meth-
ods. Results represent the average value of four separate experiments
(mean±SEM).

ml PGE2 and 0.5±0.2pHg/ml C'ase. Synovial cells produced
13.4±20.0 ng/ml PGE2 and 0.6±0.5,ug/ml C'ase. On dermal
fibroblasts, PGE2 production was increased t 14- and 10-fold
by IL-la and IL-1,6, respectively, and C'ase production, 3.8-
and 3.6-fold, whereas on synovial cells, IL-la and IL-1,l en-
hanced 4.6- and 4. 1-fold the basal production of PGE2, and 3.6-
and 3.5-fold that of C'ase, respectively. In both cell types,
IL-a was slightly more efficient than IL-1p3 in inducing the
production of PGE2 and C'ase.

Before assessing the simultaneous effect ofIL- IRa and solu-
ble receptors on fibroblasts stimulated with IL-, the effects of
each inhibitor were established. To ensure optimal inhibition
by IL-IRa and LL-sRs, concentrations ; 1,000 times those of
IL-la and IL-l (7.4 pM) were used, i.e., IL-Ra at 6.9 nM,
IL-IsRI at 10.4 nM, andIL-IsRIl at 14.5 nM. As shown in Fig.
1, IL-1sRi exhibited a higher inhibitory effect when the cells
were stimulated with IL-la than with IL-/p. In contrast, IL-
lsRIl hardly interfered with IL-la stimulation (inhibition
; 25%) but inhibited IL-1p3 activity to a marked extent. Of
interest, the inhibition observed with IL-IsRI was higher on
dermal fibroblasts than on synovial cells, suggesting that a
higher concentration of free IL-I was required to activate dermal
fibroblasts than synovial cells. Similarly, IL-IsRII was less ef-
ficient at inhibiting synovial cells than dermal fibroblasts stimu-
lated by IL-1I3, confirming that synovial cells required lower
cytokine concentration for activation. IL-IRa displayed high
inhibitory activity on dermal fibroblasts, inhibiting > 95% of
the induced PGE2 and C'ase production (Fig. 1, A and B). IL-
IRa also abolished the induced production of PGE2on synovial
cells (Fig. 1 C), whereas it inhibited the production of C'ase
by only 43 and 50% when using IL-la and IL-1,/3 as a stimulus,
respectively (Fig. 1 D). This latter result suggests that the occu-

Opposite Effects of IL-] Soluble Receptors on IL-iRa Inhibition 39



pancy of a very low number of membrane receptors by IL-la
or IL-1,8 was required to induce C'ase production by synovial
cells.

To optimize interactions between inhibitors and IL- I before
incubation with the cells, IL-IRa was preincubated with IL-lsR
and IL-1 for 60 min at 37TC. As shown in Fig. 1, IL-lRa
inhibition was significantly reduced in the presence of IL-IsRI,
whether IL-la or IL-1,8 was used as a stimulus. The ability of
IL-isRI to revert -the IL-IRa inhibitory activity was particularly
pronounced in the production of C'ase induced by IL-1p3 on
synovial cells, amounting to > 90% in the presence of both IL-
IsRI and IL-IRa (Fig. 1 D). Identical results were obtained
when the cells were preincubated with IL-IRa before the addi-
tion of IL-I together with IL-IsRI (data not shown). In contrast,
the simultaneous presence of IL- IRa and IL-i sRII resulted in
a high inhibitory effect on C'ase and PGE2production by both
cell types. Noticeably, C'ase production by synovial cells,
hardly inhibited by IL-IRa, was virtually abolished in the simul-
taneous presence of IL-IRa and IL-IsRII (Fig. 1 D).

To assess the simultaneous effects of both soluble receptors,
experiments were carried out by incubating synovial cells in the
presence of both IL-IsRI and IL-isRII by using two different
preincubation procedures: (a) the inhibitors were preincubated
for 1 h at 370C and then for another hour with the cells before
the addition of IL-1 (Fig. 2 A); and (b) the inhibitors were
preincubated together for 1 h at 370C and then for another hour
with IL-I before being added to the cells (Fig. 2 B). After 72
h of incubation, the supernatants were analyzed as described
above. The representative experiment of Fig. 2 A shows that,
when IL-IsRI and IL-IsRII were present simultaneously, addi-
tive inhibition was obtained, i.e., PGE2production induced by
IL-la was inhibited to levels obtained with IL-IsRI alone and
PGE2production induced by IL-1p3 was inhibited to levels ob-
tained with IL-1sRII alone. This confirms the results of Fig. 1
which demonstrated that IL-IsRI mainly inhibited IL-la, and
IL-IsRII mainly inhibited IL-1,f. When IL-1sRI and IL-1sRII
were added together with IL-lRa, the inhibition of PGE2 pro-
duction observed in the presence of IL-lRa or IL-lRa and IL-
1sRII was reverted, particularly when IL-la was the stimulus
(Fig. 2 A). Similar results were obtained by using the second
preincubation procedure (Fig. 2 B), demonstrating that the in-
teractions between IL-1, IL-lsRs, and the cellular receptors are
reversible and that they depend on the respective affinities of
IL-la, IL-1,3, and IL-IRa for their ligands. Together, the experi-
ments of Figs. 1 and 2 suggest that IL-IsRI and IL-IRa dulled
their respective inhibitory activity.

Discussion

The enhancement of the production of PGE2 (i.e., a potent local
proinflammatory factor) and C'ase (i.e., a metalloproteinase
which plays a major role in extracellular matrix destruction) by
IL-1 stimulation of fibroblasts, is an important process in the
inflammatory response and the persistence of inflammation in
chronic inflammatory diseases. In this study, two types of
stroma cells have been used to examine the balance of IL-I
stimulation by IL-iRa or IL-IsR. The comparison of these two
types of cells shows that synovial cells are slightly modulated
by IL-1 stimulation. The production of PGE2 and C'ase was
enhanced > 4-fold on synovial cells, whereas on dermal fibro-
blasts it was enhanced s 10- and 4-fold, respectively. Further-
more, the inhibition obtained with either IL-lsR or IL-iRa was
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Figure 2. Inhibition of PGE2on human synovial cells stimulated by IL-
IsRI, IL-IsRIH, and IL-lRa. Synovial cells were stimulated by IL-la
(dark bars) or IL-1,8 (striped bars) in the absence (-) or presence of
the indicated inhibitors. (A) The inhibitors were preincubated for 1 h
at 370C and then for another hour with the cells before the addition of
IL-1; and (B) the inhibitors were preincubated together for 1 h at 370C
and then for another hour with IL-1 before being added to the cells.
After 72 h of incubation, the supernatants were analyzed for the presence
of PGE2.

generally less pronounced on synovial cells than on dermal
fibroblasts (Fig. 1); noticeably, the inhibition of C'ase produc-
tion by IL-iRa on synovial cells was only m 45%. This suggests
that inflammatory stromal cells display a higher sensitivity to
IL-I than do normal fibroblasts. Similarly, human osteoarthritic
chondrocytes also display a higher sensitivity to IL-1 than nor-
mal chondrocytes (20), due to a higher density of IL-lRI on
the inflammatory cells. Whether the higher sensitivity of syno-
vial cells to IL-1 is due to a change in IL-IRI affinity or to
a greater receptor density on the cell surface remains to be
determined.

The salient result described in this paper is the decrease of
the inhibitory activity of IL-IRa prompted by the simultaneous
presence of IL- IsRI, whereas the simultaneous presence of both
IL-iRa and IL-IsRIl does not affect (Fig. 1, A-C) or even
enhance the inhibition (Fig. 1 D). This is the first observation
of the dulling effect of IL-IsRI on the biological inhibitory
activity of IL-iRa in the presence or absence of IL-lsRil. To
our knowledge, this is the first example of two types of inhibi-
tors that abolish each other's effects, one of which acts at the
receptor level and the other at the ligand level, thus leaving
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ligand activity unimpaired. These results suggest that IL-IsRI
displays a higher affinity for IL-IRa than IL-IsRIH, consistent
with the binding data obtained with COScells transfected with
either human IL-1RI or IL-1RJI (5). Since identical results are
obtained when the cells are preincubated with IL-lRa before
the addition of IL-1sRI and IL-1, our results strongly suggest
that human IL-1sRI displays higher affinity for IL-iRa than
membrane-bound IL- 1RI. In agreement with this finding, recent
results by Svenson et al. (15) have shown that human IL-IsRI
binds IL-lRa with a Kd of 14 pM, i.e., an affinity which is 200
times that of membrane-bound IL- IRI (5). Besides, our results
demonstrate that IL-1sRI inhibits preferentially IL-la, whereas
IL-IsRII inhibits preferentially LL-1f3. Together with the data
of McMahan et al. (5), this suggests that IL-lRa is, by virtue
of its specificity toward IL-1RI, i.e., the receptor which trans-
duces the signal, optimized to interfere with IL-I agonist signal
transduction, and not as strongly directed toward IL-1RII. Fur-
thermore, IL-IRil preferentially binds IL-1p (5), potentially
limiting the effect of IL-1,3 on IL-1RI for which it does not
display as high an affinity as does iL-ia. Such a mechanism
might explain both how cells can respond to IL-i and how IL-
IRa can function as a competitive inhibitor of signal transduc-
tion even when subjected to a large number of IL-IRII or IL-
lsRII, which might otherwise be expected to severely interfere
with IL-lRa inhibition.

Endogenous IL-lRa production plays an important part in
disease outcome since neutralizing antibodies to IL-IRa worsen
disease (21, 22). Therefore, because of their ability to interfere
with inflammatory mechanisms, IL-iRa as well as IL-IsRI have
been used individually as therapeutic agents in various animal
models with some efficiency (for review see references 7 and
23). In humans, however, considering the results described in
this paper and the binding studies of Svenson et al. (15), the
use of IL-1sRI does not seem to be advisable, since it counters
the inhibitory effect of IL-lRa. In contrast, we hypothesize that
the simultaneous use of both IL-IRa and IL-1sRII might be
mostly beneficial.
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