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SUMMARY

The present study was designed to establish (i) the effects of cytokines on soluble ICAM-1
(sICAM-1) production by human synovial cells (SC) and ICAM-1 expression on these cells, and
(ii) the effects of SICAM-1 on lymphocyte—SC adhesion. SICAM-1 production was enhanced in
parallel with ICAM-1 expression by IL-13, TNF-a and IFN-y. IL-4 showed no effects on ICAM-1
expression. In contrast with the transient elevation of cell-associated ICAM-1 by IL-13, which
peaked 36 h after stimulation and declined thereafter, SsCAM-1 continued to accumulate in culture
supernatants even after 48 h. Purified SICAM-1 was obtained from a 48 h culture synovial cell
supernatant by affinity chromatography using ICAM-1 monoclonal antibody. The purified
sICAM-1 significantly inhibited adhesion of lymphocytes and monocytes to cytokine-stimulated
synovial cells. These results suggest that SSICAM-1 may modulate chronic synovitis by inhibiting

ICAM-1-mediated cell-to-cell adhesion.
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INTRODUCTION

A primary event in the immune response to infectious agents is
the recruitment of circulating inflammatory cells to inflamma-
tory sites. Adhesion of these cells to the endothelium is a
prerequisite step for margination and extravasation to the
perivascular site. Cell surface adhesion molecules are thought
to play an important role in establishing the intercellular
contacts that are essential for various immunological reactions
[1]. Tt has been shown that cytokines stimulate lymphocyte—
endothelial cell (EC) adhesion, through the interaction of
adhesion molecules [2,3]. One of these adhesion molecules
expressed on EC is intercellular adhesion molecule-1 (ICAM-
1) (CD54). ICAM-1 is a cell surface glycoprotein which has a
molecular weight of 90000 and which is composed of five Ig-
like extracellular domains, a hydrophobic transmembrane
domain, and a short cytoplasmic domain [4]. ICAM-1 is
constitutively expressed or can be induced on a wide range of
cells of haematopoietic and non-haematopoietic lineages such
as fibroblasts, keratinocytes and melanoma cells by the pro-
inflammatory cytokines, interferon-gamma (IFN-v), IL-15 and
tumour necrosis factor-a (TNF-a) [5,6]. ICAM-1 plays a role in
lymphocyte migration to inflammatory sites through interac-
tion with its ligand lymphocyte function-associated antigen-1
(LFA-1) (CD11a/CD18) or Mac-1 (CD11b/CD18). Recently it
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has been shown that neutrophils may also interact with EC
through the LFA-1/ICAM-1 adhesion [7].

T lymphocytes accumulate in the rheumatoid synovium as a
prominent feature of the chronic inflammatory lesion which
leads to the degradation of cartilage and bone [8,9]. The
mechanisms by which T lymphocytes are recruited to the
synovium involve the enhanced expression of adhesion mole-
cules on leucocytes [10-12] and non-immune cells [13—-15]. The
involvement of adhesion molecules in the pathogenesis of RA,
moreover, has received much attention as a crucial component
in promoting and exacerbating immune-mediated chronic
inflammation [16—-20]. It has been demonstrated that human
synovial cells stimulated with IL-13, TNF-a, IFN-v, or com-
binations of these cytokines, show increased expression of
adhesion molecules such as ICAM-1 [21]. VCAM-1 is
expressed on synovial cells [19] and its expression is enhanced
by TNF-a [22]. The adhesion event in T lymphocyte—synovial
cell interaction that is of particular interest is the ICAM-1
(synovial cells) and LFA-1 (T lymphocytes) interaction.

Recently, a soluble form of ICAM-1 (sICAM-1) has been
demonstrated in considerable amounts in normal human serum,
and sSICAM-1 isincreased in the serum of patients with leucocyte
adhesion deficiency disease [23]. SICAM-1 has an apparent
molecular weight by size exclusion chromatography of approxi-
mately 80000 [23]. It not only binds LFA-1 but also blocks
rhinovirus infection in which ICAM-1 acts as the cellular
receptor for the virus [24]. Mononuclear cells and EC are
thought to be sources of SICAM-1 [25,26]. Leeuwenberg et al.
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[27) have shown that SICAM-1 and soluble E-selectin (ELAM-1)
are released from EC after activation by IL-1 or TNF-¢, and
that the amount of soluble adhesion molecules released was
directly correlated with cell surface expression. Maximal release
of E-selectin was observed 6—12 h after activation and decreased
to non-detectable levels 24 h after activation, while release of
ICAM-1 gradually increased with ICAM-1 cell surface expres-
sion, and reached a plateau after 24 h, which remained constant
for 3 days [27]. Newman et al. [28], on the other hand, have
shown that E-selectin was first detectable in supernatants of IL-
1-stimulated EC at 24 h and increased slowly up until 72 h [28].
sICAM-1 is increased in concentration in the sera and synovial
fluids of patients with RA [29,30]. SICAM-1 levels in RA sera
correlate with the erythrocyte sedimentation rate (ESR), joint
score [31] and the presence of vasculitis [29]. In another report
correlation with ESR was not observed [30]. Comparison of
SICAM-1 levels in serum and synovial fluid in RA patients has
yielded variable results [30,31].

In the present study, we identified and quantified sSICAM-1
in culture supernatants of synovial cells and investigated the
mechanisms of SICAM-1 production by synovial cells by
analysing the effects of various cytokines on this process. The
effect of SICAM-1 purified by affinity chromatography from
cell-free supernatants obtained from a 48 h culture of synovial
cells in IL-18 on lymphocyte—synovial cell adhesion was also
studied.

MATERIALS AND METHODS

Preparation of synovial cells

Synovial cells were cultured as previously described [32,33]. The
synovial tissue obtained from RA patients at the time of knee
replacement was minced and enzymatically dissociated using
0-2% collagenase (from Clostridium histolyticum, type 1;
Sigma, St Louis, MO) and 0-2% trypsin (from porcine pan-
creas; Chiba, Ichikawa, Japan). The enzyme-dissociated cells
suspended in RPMI 1640 supplemented with antibiotics
(100U/ml penicillin, 100 ug/ml streptomycin, 0-25ng/ml
amphotericin B (Gisco, Grand Island, NY), 2 mm L-glutamine
(GiBco) and 10% fetal bovine serum (FBS; Mitsubishi Oil
Chemicals, Tokyo, Japan) were cultured in 10cm Petri dishes
(Falcon). The synovial cells proliferated rapidly and the dishes
were stripped with trypsin for subculture. Cells taken at the
second and third subcultures were used in this study.

Cytokines

Recombinant human IL-13 (2 x 107 U/mg, 1 x 10® U/ml) and
recombinant human IFN-y (125 x 10° U/ml) were kindly
supplied by Ohtsuka Pharmaceutical Co. Ltd (Tokushima,
Japan). Recombinant human IL-6 (5 x 10° U/mg) was a kind
gift from Dr Toshio Hirano (Osaka University, Osaka, Japan)
[34]. Recombinant human IL-4 (1 x 10° U/ml) and recombi-
nant human TNF-a (3-2 x 10’ U/mg) were purchased from
Genzyme Corporation (Boston, MA). Recombinant human M-
CSF (8 x 10° U/ml) was kindly supplied by Midorijyuji Co.
Ltd. (Osaka, Japan). The biological activity of IL-13 was
estimated by the mouse thymocyte *H-thymidine incorpora-
tion assay. The biological activity in half maximal units of IL-1
is defined by the reciprocal of IL-1 dilution supporting 50% of
maximal 3H-thymidine incorporation. The biological activity
of IL-6 was determined by using IL-6-dependent SKW6-C14

cells. One unit per ml of IL-6 induces 50% of the maximum
IgM production in 1 x 10* SKW6-C14 cells [34]. Bioactivity of
IL-4 was determined using the IL-4-dependent proprietary cell
line and one unit of bioactivity was the amount of IL-4 required
to induce half-maximal *H-TdR incorporation by 4 x 10° cells.
TNF-« activity was assayed on L-929 cells in the presence of
actinomycin D. One unit of TNF-a equals the amount required
to induce half maximal cytotoxic activity. Bioactivity of IFN-y
was determined by the ability to induce resistance of WISH
cells to infections by vesicular stomatitis virus (VSV cells). One
unit was defined as the amount of IFN-vy required to provide
50% inhibition of viral replication. Units are equivalent to
those of NIH human IFN-v reference standard. The colony-
stimulating activity of M-CSF was assayed using C57BI/6N
mouse bone marrow cells. One unit was defined as the amount
of M-CSF which stimulated the production of one colony per
10° plated cells. Endotoxin level, as determined by limulus
lysate assay (Seikagaku Kogyo, Tokyo, Japan), was less than
100 pg/ug of protein in each cytokine solution.

Monoclonal antibody

Mouse anti-human ICAM-1 monoclonal antibody (MoAb)
(100 ug/ml) was purchased from British Bio-technology Ltd
(Abingdon, UK).

ELISA methods for sSICAM-1 and ICAM-1 expression

Synovial cells at confluence were removed from culture flasks
with 0-125% trypsin and 1 mM EDTA, centrifuged and resus-
pended in RPMI 1640 containing 10% heat-inactivated FBS
supplemented with antibiotics at a density of 5 x 10*/ml.
Aliquots of 0-1ml were seeded into 96-well flat-bottomed
microtitre plates (Falcon, CA) previously coated with 1%
gelatin and allowed to reach confluence. The medium was
replaced with 0-1 ml of fresh medium. Then 0-02ml of each
cytokine or medium were added to each appropriate well to
yield a final volume of 0-12ml per well. Unless otherwise
specified, IL-13, IL-4, IL-6, TNF-a and IFN-y were used at
final concentrations of 1, 10 100 U/ml. TNF-a was also used at
1000 U/ml. M-CSF was used at concentrations of 10, 100 and
1000 U/ml. The cultures were incubated for 16 h at 37°C in 5%
CO, in air, and the supernatants obtained by centrifugation
were kept at —80°C until the sSICAM-1 assay. sSICAM-1 was
measured by ELISA as previously described [23,25]. The cells in
each well were washed and fixed with 1% glutaraldehyde for
10 min at room temperature. In a separate experiment, the cells
in 96-well plates in the presence or absence of 10 U/ml IL-153
were cultured for various time intervals, and fixed at each time.
After washing the fixed plates three times with RPMI, 0-1 ml of
RPMI 1640 containing 2% bovine serum albumin (BSA) was
added to each well to block unbound sites and incubated at
37°C for 1 h. After the blocking solution was removed, 0-05 ml
of mouse anti-ICAM-1MoAb (4 ug/ml) (0-2 ug/well) was
added to each well and the plates were incubated at 37°C for
1 h. The culture wells were washed three times with RPMI 1640,
and then 0-1ml of a 1:10000 dilution of the horseradish
peroxidase-conjugated anti-mouse IgG (Cappel) in 1% BSA-
RPMI 1640 was added to each well. The plates were then
incubated for 1h at 37°C, the enzyme conjugate removed and
the culture plates washed four times with RPMI 1640. Then
0-1ml of 1:1 mixed 3,3, 5,5 -tetramethylbenzidine substrate
solution (TMB, from Kirkegaard & Perry Labs, Gaithersburg,
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MD) and 0-02% hydrogen peroxide in a citric acid buffer
(0-1 ™M, pH 5-0, Kirkegaard & Perry Labs) were added to each
well and the plate was incubated at 37°C. Appropriate controls
were included in each assay. These included omitting the first
antibody and/or the second antibody. The wells without
synovial cells were also used as controls. The absorbance at
450 nm was measured using an ELISA reader (Wako, Japan) at
10-min intervals from 20 to 180 min or until maximum absor-
bance was obtained [5,26].

Preparation of neutrophils, monocytes and lymphocytes

Ten ml of heparinized venous blood were collected from
healthy volunteers. Neutrophils were obtained as previously
described [35]. Mononuclear cells obtained by density gradient
centrifugation were resuspended in RPMI 1640 containing
10% FBS and antibiotics and incubated in Petri dishes
(Falcon, 3002) which had been coated with FBS for 1h at
37°C in a CO, incubator. Adherent cells obtained by gentle
agitation and non-adherent cells gently poured from the dishes
were washed with medium, resuspended in fresh medium at
1 x 10°/ml, and used as monocytes and lymphocytes, respec-
tively [36). The percentages of monocytes and lymphocytes as
judged by Giemsa and esterase staining averaged 95% and
93%, respectively.

Lymphocyte adhesion assay

For adhesion assays, synovial cells removed from the culture
flask with trypsin and EDTA were resuspended in medium.
Synovial cell suspension, 0-4ml, was plated into 24-well plates
and cultured until confluence was reached. Synovial cells in each
well were cultured with 100 U/ml IL-13 for 16 h. At the end of
incubation, cell layers were washed with complete medium before
the addition of 0-5ml of lymphocyte or monocyte suspension
(1 x 10%/ml), which had been pretreated with purified sSICAM-1
(2ng/ml), synovial cell conditioned medium (concentration of
SICAM-1, 5-8 ng/ml) or medium alone for 45min and washed
with medium. After a co-culture period of 90 min at 37°C, non-
adherent lymphocytes or monocytes were removed by gentle
washing of the monolayers with medium. Quantification of
adherent cells was obtained by microscopic examination of
random high power fields in each well using phase contrast
microscopy. Adhesion was expressed as the number of adherent
cells per high power field by counting four high power fields and
presented as mean =+ s.d. of four separate experiments. Adhesion
of neutrophils was also measured similarly.

RESULTS

Effects of cytokines on ICAM-1 expression and sICAM-1
production in synovial cells

IL-18, 10 and 100U/ml, induced significant expression of
surface ICAM-1 and release of SICAM-1 into the cell super-
natant. IL-4, 100 U/ml, significantly enhanced sSICAM-1 pro-
duction, but IL-4 at any concentration showed no effects on
ICAM-1 expression. On the contrary, 10 and 100 U/ml IL-6
significantly enhanced ICAM-1 expression, while IL-6 at any
concentration showed no effects on SICAM-1 production (Fig.
1). TNF-a (1-1000 U/ml) and 1-100 U/ml IFN-+ significantly
enhanced ICAM-1 expression and sSICAM-1 production. A
concentration of 1000 U/ml M-CSF significantly enhanced
ICAM-1 expression (Fig. 2).

Kinetics of ICAM-1 expression and sICAM-1 production in
synovial cells '

To investigate the kinetics of ICAM-1 expression and sSICAM-1
production in synovial cells, ICAM-1 expression and
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Fig. 1. Effects of IL-13, IL-4 and IL-6 on ICAM-1 expression and
SICAM-1 production by human synovial cells. Synovial cells, 0 1 ml,
were plated into gelatin-coated 96-well plates and precultured. Cyto-
kines were added to each well at the concentrations indicated and the
plates were subsequently cultured for 16 h. The supernatants obtained
were measured for SICAM-1 by ELISA (@). The plates were fixed
with 1% glutaraldehyde, and then assayed for ICAM-1 expression ()
as in Materials and Methods. Each point is the mean and s.d. of four
separate experiments. * P <0-05; **P <0-02; ***P < 0-01; ****P <0-001
versus control (Student’s ¢-test).
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Fig. 2. Effects of TNF-¢, IFN-y and M-CSF on ICAM-1 expression
and sICAM-1 production in synovial cells. Effects of TNF-a, IFN-y,
and M-CSF on ICAM-1 expression and sICAM-1 production in
synovial cells were tested as in Fig. 1.
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Fig. 3. Kinetics of ICAM-1 expression and sICAM-1 production by
synovial cells cultured with or without IL-18. Synovial cells were cultured
in 96-well plates with or without 10 U/ml IL-10 for varying time intervals
indicated. At each time period, the supernatants were obtained and the
corresponding wells fixed with 1% glutaraldehyde. The supernatants
were measured for SICAM-1 and the cells were quantified for ICAM-1
expression as in Fig. 1 after all wells had been fixed.

SICAM-1 production were assayed at varying time intervals. In
the absence of IL-13, ICAM-1 expression increased gradually
with time, and SICAM-1 production paralleled ICAM-1
expression. On the other hand, ICAM-1 expression showed
an accelerated increase, attaining a maximum at 20h post-
stimulation and declining thereafter, in the presence of IL-3.
SICAM-1 production by IL-13-stimulated synovial cells
increased cumulatively in the supernatants even after 48h
post-stimulation, in contrast to a decline of ICAM-1 expres-
sion (Fig. 3).

Lymphocyte adhesion to IL-1{-stimulated synovial cells and the
effect of sSICAM-1 or synovial-cell-conditioned medium

Synovial cells were stimulated with 100 U/ml IL-13 for 16 h and
then tested for lymphocyte adhesion after the medium was
replaced with fresh medium. To confirm a possible inhibitory
effect of SICAM-1 on adhesion of inflammatory cells to IL-13-
stimulated synovial cells, lymphocytes were tested for the
ability to adhere to cytokine-stimulated synovial cells after
the lymphocytes had been pretreated with SICAM-1 purified
on an ICAM-1-MoAb-coupled Sepharose 4B column. Synovial
cell conditioned medium containing SICAM-1 was also tested
for its inhibitory effect on lymphocyte—synovial cell adhesion.
In the presence of 2ng/ml purified SICAM-1 or synovial cell
conditioned medium (concentration of sSICAM-1, 5-8 ng/ml),
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lymphocyte adhesion was significantly decreased compared
with that in the presence of fresh medium alone (P <0-01)
(Fig. 4). Mean percentage inhibition of lymphocyte adhesion
was 35-6% for purified SICAM-1 and 33-8% for synovial cell
conditioned medium. Similarly, the effects of purified SICAM-1
or synovial cell conditioned medium on neutrophil adhesion to
cytokine-stimulated synovial cells were tested. Neutrophil
adhesion to IL-13-stimulated synovial cells was significantly
suppressed in the presence of synovial cell conditioned medium
but not in the presence of 2 ng/ml purified sSICAM-1 (Fig. 4).
Pretreatment of monocytes with purified sSICAM-1 (2 ng/ml)
significantly inhibited monocyte adhesion to IL-13-stimulated
synovial cells (P <0-001) (Fig. 4).

DISCUSSION

The effects of cytokines on ICAM-1 expression in synovial cells
were investigated. It has already been shown that dose and
time-dependent increases in class I and class I MHC antigens
and ICAM-1 expression by human synovial cells occur in
response to a variety of cytokines such as IL-18, TNF-a and
IFN-y [21]. Our data are in accord with this report. In the
present study, the effects of M-CSF on ICAM-1 expression in
synovial cells were also studied. M-CSF showed an enhancing
effect on ICAM-1 expression in synovial cells, suggesting that
M-CSF which is derived from proliferated synovial microvas-
culature may augment synovial inflammation.

SICAM-1 was detected in supernatants of synovial cells
cultured without cytokine. IL-18, TNF-a and IFN-v signifi-
cantly enhanced sSICAM-1 production but IL-6 did not show a
significant effect. Interestingly, the effects of IL-13, TNF-a and
IFN-y on ICAM-1 expression paralleled the SICAM-1 produc-
tion induced by the corresponding cytokines. We have shown
that ICAM-1 expression in EC was significantly enhanced by
IFN-v, whereas sSICAM-1 production was not influenced by
IFN-vy at all concentrations, suggesting that response of
sICAM-1 production to IFN-v is different in EC and synovial
cells [26). There were discrepancies between ICAM-1 expres-
sion and sSICAM-1 production in synovial cells cultured with
IL-4 or IL-6, sSICAM-1 production increasing with increasing
IL-4, and ICAM-1 expression increasing with increasing IL-6
concentration. The molecular mechanisms of these variable
changes require clarification. In synovial cells, as previously
observed with CE [26], ICAM-1 expression showed accelerated
increase, attaining a maximum at 20h after stimulation and
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Fig. 4. Effects of purified SICAM-1 or synovial cell conditioned medium on inflammatory cell adhesion to IL-14 stimulated synovial
cells. Lymphocytes, monocytes or neutrophils, which had been pretreated with purified SICAM-1, synovial cell conditioned medium or
medium alone for 45 min, were added to each well or synovial cell cultures and incubated for 90 min (lymphocytes and monocytes) or
30 min (neutrophils). After the wells were gently washed three times with medium, the wells were fixed with 1% glutaraldehyde. Each
point is mean and s.d. of the numbers of lymphocytes adherent to the synovial cells in each random high power field (HPF). SC,
Synovial cells; ND, not done; *P <0-05; ***P <0-01; ****P < 0-001 versus medium alone.
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declining thereafter, and ICAM-1 production by IL-18-stimu-
lated synovial cells increased cumulatively in the supernatants
even after 48h after stimulation, in contrast to decline of
ICAM-1 expression. These data imply that the ICAM-1
molecule is shed from the cell surface after its expression
reaches a maximum level. The effects of TNF-a on ICAM-1
expression are stimulatory at lower concentration, but decrease
at high concentration. At 1000 U/ml, TNF-a did not show any
effect. It is possible that at such high concentration, TNF-a
exerts a toxic effect on synovial cells, although no evidence of
cytotoxicity was observed by phase contrast microscopy at the
end of culture.

To further establish the biological function of sSICAM-1,
this purified SICAM-1 was tested for its ability to influence
leucocyte adhesion to the IL-103-stimulated synovial cells.
Purified sSICAM-1 at a final concentration of 2ng/ml signifi-
cantly inhibited adhesion of lymphocytes and monocytes. The
conditioned medium of synovial cells, which contains consider-
able amounts of SICAM-1, significantly inhibited the adhesion
of lymphocytes and neutrophils to IL-18-stimulated synovial
cells. These data strongly suggest that SICAM-1 blocks ICAM-
1 ligands expressed on lymphocytes and thus inhibits lympho-
cyte—synovial cell adhesion through the ICAM-1/LFA-1 adhe-
sion system. On the other hand, neutrophil-synovial cell
adhesion was significantly inhibited by synovial cell condi-
tioned medium but not by purified SICAM-1.

It is possible that the blocking effect of SICAM-1 was
neutralized by ELAM-1, expressed by the stimulated synovial
cells [19], interacting with its ligand sialyl Lewis X (SLX) on
neutrophils [37].

Shedding of ICAM-1 from the cell surface of synovial cells
may be suspected from the kinetics of the expression and
production of this molecule after IL-13 treatment. It has been
suggested that ICAM-1 is shed from melanoma cell lines after
IFN-v and TNF-a treatment [38]. Moreover, it has been shown
that SICAM-1 produced by melanoma cells retains all, or most,
of the structural features necessary for binding to LFA-1, and is
potentially active, as an LFA-1 ligand [23]. Thus sICAM-1
appear to retain most of the structure and function of the
extracellular portion of cell-bound ICAM-1. It seems likely that
SICAM-1 is released from the cell membrane via a proteolytic
cleavage of cell-bound ICAM-1. sSICAM-1 release could also be
the result of an alternatively spliced messenger RNA which
effectively deletes the transmembrane and cytoplasmic
domains. It has been shown that the soluble form of L-selectin
(LECAM-1), believed to be shed from the neutrophil mem-
brane as a result of cleavage at the cell membrane, is present in
neutrophil culture supernatants [39], and that soluble E-selectin
is found in supernatants of IL-1-activated EC [28], suggesting
that proteolytic cleavage of the membrane form of ICAM-1
appears more likely.

In rheumatoid synovitis, enhanced expression of ICAM-1
in synovial cells and EC induced by IL-1 [21,40] and increased
expression of LFA-1 on synovial tissue T lymphocytes [18,41]
may play an important role in the development and exacerba-
tion of chronic synovitis by recruitment and retention of T
lymphocytes. Enhanced production of SICAM-1 may exert a
modulating anti-inflammatory effect by blocking T lympho-
cyte—synovial cell interaction mediated by the LFA-1/ICAM-1
pathway. SICAM-1 could compete with membrane ICAM-1 on
synovial cells for one or more members of the CD18 family of

lymphocyte adhesion molecules, thus preventing attachment or
promoting detachment, and permitting these cells to enter the
recirculating pool [23]. It has been suggested also that SICAM-1
abrogates the non-MHC-restricted cytotoxicity mediated by
NK and lymphokine-activated killer cells [38]. In addition,
SICAM-1 inhibits rhinovirus infection [24]. Finally, it has
also been suggested that SICAM-1 inhibits not only lympho-
cyte—EC adhesion but also T cell receptor mediated antigen
recognition and co-stimulatory signalling of T cell activation
[42]. Thus, SICAM-1 produced by synovial cells may play an
important role in the modulation of the functions of haemato-
poietic cells in the inflammatory response.
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