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Abstract

 

We have previously hypothesized that the pro-inflammatory

 

cytokine TNF

 

a

 

 has a pivotal role in the pathogenesis of
rheumatoid arthritis (RA). It mediates its effects by cross-
linking surface p55 or p75 TNF receptors (TNF-R), which
can be proteolytically cleaved to yield soluble fragments.
Upon binding TNF

 

a

 

 soluble TNF-R (sTNF-R) can inhibit
its function. We investigated the enzymatic nature of the
proteases involved in TNF-R cleavage, and found that this
process is blocked by a synthetic inhibitor of matrix metallo-
proteinase activity (MMP), BB-2275. Inhibition of TNF-R
cleavage was observed in a number of different cell types, as
detected by retention of surface bound TNF receptor and by
less sTNF-R released into the cell supernatant. The aug-
mentation of surface TNF-R expression was of biological
relevance as TNF

 

a

 

-mediated necrosis of human KYM.1D4

 

rhabdosarcoma cells was enhanced 

 

z 

 

15-fold in the pres-
ence of BB-2275. The addition of BB-2275 to rheumatoid
synovial membrane cell cultures totally inhibited MMP ac-
tivity and also significantly reduced the levels of soluble

 

TNF

 

a

 

 (

 

P

 

 

 

, 

 

0.006), p55 sTNF-R (

 

P

 

 

 

, 

 

0.006), and p75
sTNF-R (

 

P

 

 

 

, 

 

0.004). Paradoxically, despite the reduction in
soluble TNF

 

a 

 

levels, the production of IL-1

 

b

 

, IL-6, and IL-8,
cytokines whose production was previously demonstrated
to be inhibited by the addition of a neutralizing anti-TNF

 

a

 

antibody were not down-regulated by BB-2275. These re-
sults raise the interesting possibility that a close relationship
exists between the enzyme(s) which process membrane-
bound TNF

 

a

 

, and those involved in surface TNF-R cleavage.
Furthermore our observations suggest that hydroxamate in-
hibitors of MMP activity which block TNF

 

a

 

 secretion and
TNF-R cleavage may not modulate down-stream effects of
TNF

 

a

 

, and as such suggest that the precise specificity of
these compounds will be highly relevant to their clinical ef-
ficacy in inflammatory diseases. (

 

J. Clin. Invest.

 

 1996. 97:

 

2833–2841.) Key words: rheumatoid arthritis 

 

• 

 

tumor necro-
sis factor 

 

• 

 

TNF receptor 

 

• 

 

matrix metalloproteinase

 

Introduction

 

Tumor necrosis factor-

 

a

 

 (TNF

 

a

 

) is a pro-inflammatory cyto-
kine which has a major role in the pathology of septic shock
and chronic inflammatory diseases such as rheumatoid arthri-
tis (RA). In studies of the expression and regulation of cyto-
kines in RA, we have shown that TNF

 

a

 

 has a pivotal role in
the cytokine cascade (reviewed in reference 1). Thus, using an
in vitro culture model of cells isolated from the RA synovium,
we observed that the spontaneous production of a number of
cytokines, including IL-1 (2), GM-CSF (3), and more recently
IL-6 and IL-8 (4), was decreased in the presence of neutraliz-
ing antibodies to TNF

 

a

 

. TNF

 

a

 

 mediates its diverse biological
effects by binding to either of two high affinity receptors, of 55
and 75 kD (5, 6). Both of these receptors are upregulated on
the surface of cells in RA synovial tissue compared with pe-
ripheral blood mononuclear cells (7). Furthermore, using im-
munohistology we have shown that CD68 positive macro-
phages at the cartilage–pannus junction, which is the moving
edge of tissue destruction migrating from the synovium into
the cartilage produce TNF

 

a 

 

(8), and also express TNF recep-
tors (TNF-R) (p55 and p75) (9), indicating that these cells may
respond to TNF

 

a

 

 in an autocrine manner. In conjunction with
upregulation of pro-inflammatory mediators, homeostatic reg-
ulating mechanisms are also in operation, including the pro-
duction of functional inhibitors of TNF such as IL-10 (10) and
soluble TNF receptors (sTNF-R) (11), both of which are up-
regulated in RA synovial joint cells (10, 12). sTNF-R, the trun-
cated circulating forms of the membrane associated receptors,
were first identified in urine, and demonstrated to bind and
neutralize the cytotoxic activity of TNF (13, 14) a function re-
versed by preincubation with neutralizing TNF-R antibodies
(11, 12).

The mechanism of sTNF-R production is not understood,
although it is thought to involve proteolytic cleavage of cell
surface receptor, as there is no evidence for alternatively
spliced mRNA. Site directed mutagenesis of the human p55
TNF-R (15) has indicated an Asn/Val sequence close to the
transmembrane region as a putative cleavage site. Similar site
directed mutagenesis studies have not been reported for the
p75 TNF-R. However sequences Ala-Val 176-177, 191-192 and
Val-Val-Ala 165-167 are potential cleavage sites as they are
recognized by neutrophil elastase, an enzyme which induces
cleavage of the p75, but not p55 TNF-R in neutrophils (16).

Cells such as macrophages, fibroblasts, and chondrocytes in
rheumatoid synovial tissue produce a wide range of enzymes
which contribute to the inflammatory response. High levels of
matrix metalloproteinases such as collagenase and stromelysin
are produced, and these enzymes are involved in the break-
down of extracellular matrix molecules (reviewed in reference
17). In this report we demonstrate that a broad-spectrum ma-
trix metalloproteinase inhibitor, BB-2275, inhibits the release
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of both the p55 and p75 TNF-R. This inhibition is reflected in
the reduction of TNF-R levels in the culture medium with a
corresponding increase in cell surface TNF-R expression. Fur-
thermore inhibition of TNF-R processing is independent of
the inhibitory effect of BB-2275 on processing of the TNF
(26 kD) precursor, and matrix metalloproteinases can cleave
pro-TNF

 

a

 

 in vitro (18). Our observations suggest that a matrix
metalloproteinase-like enzyme(s) is also involved in conver-
sion of the membrane associated TNF-Rs to soluble, circulat-
ing molecules.

 

Methods

 

Isolation of peripheral blood monocytes.

 

Single donor plateletpheresis
residues were purchased from the North London Blood Transfusion
service (Colindale, UK). Mononuclear cells were isolated by Ficoll/
Hypaque centrifugation (specific density 1.077g/ml) before monocyte
separation in a Beckman JE6 elutriator. Elutriation buffer consisted
of RPMI 1640 (Biowit, Paisley, Scotland) supplemented with 1%
FCS (vol/vol)(GIBCO). Monocyte purity was estimated by flow cy-
tometry using directly conjugated anti-CD45 and anti-CD14 antibod-
ies (Leucogate, Becton Dickinson, UK) and was routinely greater
than 90%. All media used in the separation and culture of monocytes
were tested for endotoxin using the Limulus Amoebocyte Lysate test
(BioWhittaker Inc., Walkersville, MD), and were rejected if the en-
dotoxin concentration exceeded 0.1U/ml.

 

Generation of T cell lines.

 

T cell lines were generated from
mononuclear cell populations by stimulation with 1 

 

m

 

g/ml PHA
(Difco, Detroit, IL) and 10ng/ml IL-2 (Hoffman La Roche, Nutley,
NJ) as described previously (19). Cells were propagated with fresh
medium every 4 days until day 12–14, when cells were harvested and
restimulated with PHA for 24 h before use in experiments.

 

Dissociation of synovial tissue.

 

Synovial membrane tissue was
obtained aseptically from the joints of RA patients, dissected from
the surrounding tissues, and digested in vitro with collagenase type
IV (Sigma Chemical Co., St. Louis, MO) and DNAse type I (Sigma
Chemical Co.), as previously described (2). 

 

Cell culture conditions.

 

HeLa (epithelial carcinoma), JiJoye
(Burkitt lymphoma) U937 (monocytic leukaemia) (all obtained from
ATCC), elutriated monocytes, T cell lines, and dissociated RA syno-
vial membrane cells were cultured at 1–2 

 

3 

 

10

 

6

 

/ml in 48 well culture
plates (Falcon, Becton Dickinson, Lincoln Park, NJ, USA) for vary-
ing time periods in RPMI 1640, containing 5% heat inactivated FCS
(Advanced Protein Products, Brierley Hill, England, UK), 2 mM

 

l

 

-glutamine and antibiotics. At the start of the culture period, cells
were left either unstimulated, or stimulated with one or other of the
following:

IL-10 (10–100 U/ml, a gift from Dr. K. Moore DNAX, Palo Alto),
LPS (10 ng/ml 

 

E. Coli

 

 derived, Sigma), or PMA (10 ng/ml, Sigma
Chemical Co.) in the presence or absence of the metalloproteinase in-
hibitor BB-2275 (0–100 

 

m

 

M, British Biotech Pharmaceuticals Ltd,
UK). In some experiments the neutralizing chimeric anti TNF

 

a

 

 anti-
body cA2, a gift from Dr. J. Ghrayeb (Centocor, Malvern, PA) was
included. Cell supernatants were harvested at varying times, and
stored at 

 

2

 

80

 

8

 

C before assessment for cytokine levels. 

 

Monoclonal antibodies and fluorescence analysis.

 

Monoclonal anti-
p55 TNF-R antibody, H398 was kindly provided by Dr. K. Pfizen-
maier (Universitat Stuttgart, Stuttgart, Germany), monoclonal anti-p75
TNF-R antibody, UTR-1, and monoclonal anti-p55 TNF-R antibody
Htr-9 were kindly provided by Dr. M. Brockhaus (Roche, Basel,
Switzerland) and monoclonal anti-p55 TNF-R antibody TBP II was
kindly provided by Dr. G. Adolf (Ernst Boehringer Institut, Vienna,
Austria). OX14 (mouse anti–rat IgG

 

1

 

) and OX12 (mouse anti rat
IgG

 

2a

 

) served as control monoclonal antibodies and were provided by
Dr. D. Mason (Oxford, UK). Cells to be immunostained for surface
TNF-R expression were harvested, pelleted and resuspended in an
ice cold buffer containing 10 mM sodium citrate and, 0.14 M sodium

chloride, pH 4, for 1 min to remove TNF bound to receptor (19) and
then washed again in ice cold “wash buffer” containing 2% FCS and
0.02% sodium azide in PBS. Cells were resuspended at 5

 

 3 

 

10

 

5

 

 cells
per polystyrene round bottomed tube (Falcon) incubated for 30 min
at 4

 

8

 

C with the appropriate anti–TNF-R antibody or control mono-
clonal antibody, washed twice with “wash buffer” and then incubated
with a 1:100 dilution of goat anti–mouse IgG-biotin, washed again
and then incubated with a 1:100 dilution of streptavidin-phycoeryth-
rin (Southern Biotechnology Associates, Birmingham, AL). Cells
were washed three times further, fixed with 1% formaldehyde for 10
min and viable cells analyzed for TNF-R expression by FACS

 

®

 

 analy-
sis by linear FL2 acquisition. Results were calculated as mean FL2
units (H398 or UTR-1) after subtraction of the background staining
(OX14 or OX12). 

 

Ligand binding assay.

 

A competitive ligand binding assay using
cold competitive TNF

 

a 

 

and 

 

125

 

I-labeled TNF

 

a

 

 (19) was used to deter-
mine surface TNF-R expression on the KYM.1D4 rhabdomyosar-
coma cells due to the small number of TNF-R molecules expressed.
Briefly, triplicate samples of the cells in suspension were incubated
with either 40 nM TNF

 

a

 

 or 2% FCS/PBS for 1 h on ice. 

 

125

 

I-labeled
TNF

 

a 

 

(4 nM) was added and the mixture incubated for 3 h at 4ºC.
Samples were layered onto 5–20% sucrose gradients, spun (14,000 

 

g

 

,
8 min), frozen in dry ice and the tip containing the cell pellet removed
and counted. The TNF

 

a

 

 binding to cell receptors was determined by
subtracting nonspecific 

 

125

 

I-labeled TNF

 

a 

 

binding in the presence of
excess cold TNF

 

a

 

 (40 nM).

 

Soluble TNF-R assay.

 

sTNF-R were assayed in the cell superna-
tant by ELISA, as previously described (20). In each case the mono-
clonal anti TNF-R (4C8 or 1H7) was used as the capture antibody
and the polyclonal rabbit anti TNF-R antibody conjugated to biotin
used as the detection antibody (gifts of Dr. W. Buurman, Rijks Uni-
versiteit Limburg, Maastricht, The Netherlands). Streptavidin-horse-
radish peroxidase conjugates were used to detect the biotinylated an-
tibodies followed by a homogenic substrate of tetramethylbenzidine
dihydrochloride (TMB; Sigma Chemical Co.). Results are expressed
as the mean of triplicate samples and the limit of detection of both
ELISAs was 30 pg/ml.

 

Cytokine immunoassays.

 

Reagents for the TNF

 

a

 

 ELISA were
provided by Dr. W. Buurman, Rijks Universiteit Limburg, Maas-
tricht, The Netherlands. The ELISA performed as described previ-
ously (21), using the coat monoclonal anti TNF

 

a 

 

antibody (61E71)
and developed using the polyclonal rabbit anti TNF

 

a

 

 antibody conju-
gated to biotin. Streptavidin-horseradish peroxidase conjugates was
used to detect the biotinylated antibody followed by a substrate of
tetramethylbenzidine dihydrochloride (TMB; Sigma Chemical Co.).
Results are expressed as the mean of duplicate samples. The sensitiv-
ity limit of the assay was 1.4pg/ml. Reagents for the IL-6 ELISA were
a gift from Dr. F. Di Padova (Sandoz, Basel, Switzerland), and the
ELISA performed using the coat anti–IL-6 mAb (LN1 314-14), and
developed using the detection anti–IL-6 mAb (LN1 14-110), as previ-
ously described (4). The range of the assay was from 0.1-25 ng/ml. Re-
agents for the IL-8 ELISA were a gift from Dr. W.L. Wong (Genen-
tech, South San Francisco, CA), and the ELISA performed using the
coat anti–IL-8 mAb (4.1.3) and detected with a biotinylated anti–IL-8
mAb (A5.12.14) as previously described (4). The range of the assay
was from 0.12-10ng/ml. Reagents for the IL-1

 

b

 

 ELISA were a gift
from Drs. J. Kenney and D. Webb (Syntex, Palo Alto, CA) and the
ELISA performed using the coat anti–IL-1

 

b

 

 mAb (ILB1-H6) and de-
tected with anti–IL-1

 

b

 

 mAb (ILB1-H67) as previously described (4).
The range of the assay was from 10 pg–7.4 ng/ml.

 

TNF bioactivity.

 

TNF

 

a

 

 cytotoxicity was measured using KYM-
1D4 cells, a subline of KYM (human rhabdomyosarcoma cells) (22).
These cells were incubated at 2 

 

3 

 

10

 

5

 

 cells/ml in triplicate overnight
or for 15 minutes in RPMI 1640 containing 0.024M sodium bicarbon-
ate, 2 mM glutamine, 100 U/ml penicillin and 100 

 

m

 

g/ml streptomycin,
supplemented with 5% FCS (Advanced Protein Products, Brierley
Hill, UK) in the presence or absence of BB-2275 (0–10 

 

m

 

M). KYM-
1D4 cells were washed three times and then resuspended in culture
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medium, centrifuged (1,000 

 

g

 

, 5 min) and then diluted to 2 

 

3 

 

10

 

5

 

 cells/
ml in RPMI and 10% FCS. 100 

 

m

 

l of the cell suspension was added to
each well of 96 flat-bottom well tissue culture plates (Falcon, Becton
Dickinson, Lincoln Park, NJ) and cultured at 37

 

8

 

C for 24 h in the
presence of huTNF

 

a 

 

(0–1,000 pg/ml) specific activity 2 

 

3 

 

10

 

8

 

 U/mg, a
gift from Prof. W. Stec (Center of Molecular and Macromolecular
Studies, Polish Academy of Science, Lodz, Poland). 10 

 

m

 

l of MTT
(5 mg/ml) was added for 8 h, followed by 50 

 

m

 

l of 10% SDS in 0.02 M
HCl for 12 h of incubation at 37ºC, and optical density of culture as-
sessed at 590nm.

 

Assay for matrix metalloproteinase activity.

 

Matrix metalloprotein-
ase (MMP)

 

1

 

 activity was measured in synovial cell culture superna-
tants using an assay based on the cleavage of a synthetic, fluorogenic
peptide substrate (23). The culture supernatants and a medium-only
control were incubated with the peptide substrate (7-methoxycou-
marin-4-yl)Acetyl-Pro-Leu-Gly-Leu-(3-[2,4-dinitrophenyl]-L-2,3-di-
aminopropionyl)-Ala-Arg-NH

 

2

 

 (Calbiochem-Novaiochem Ltd.) at a
final concentration of 6 

 

m

 

M for 2 h at 37

 

8

 

C. To determine the level of
MMP-specific peptide cleavage, a second series of reactions were set
up containing a broad spectrum MMP inhibitor, BB-2116, at a final
concentration of 10 

 

m

 

M. The reactions were stopped by addition of
an equal volume of 3% aqueous acetic acid. The fluorescence inten-
sity was measured in a Fluostar fluorimeter (SLT instruments) at ex-
citation and emission wavelengths of 320 and 405 nm respectively.
MMP activity was determined by subtraction of the fluorescence in-
tensity of the culture medium blank and BB-2116 control values from
the sample values.

 

Statistics.

 

Statistical analysis was performed using the Minitab 8.2
software for the Macintosh computer, differences between the differ-
ent treatment groups which consisted of matched samples was as-
sessed both by the Student’s 

 

t

 

 test (for normally distributed data) and
by the nonparametric Wilcoxon signed rank (for data not normally
distributed).

 

Results

 

BB-2275 inhibits shedding of TNF-R in a range of different cell
types.

 

To investigate the effect of the metalloproteinase inhib-
itor BB-2275 on TNF-R shedding, a range of different cells
were studied which express one or both surface TNF-R. The
transformed cell lines U937 (expressing p75 

 

. 

 

p55), JiJoye
(p75 

 

1 

 

ve only), HeLa cells (p55 

 

1

 

 ve only), normal elutriated
monocytes (p55 

 

1

 

 ve, p75 

 

1

 

 ve) and T cell lines (p75 

 

. 

 

p55)

were stimulated with PMA to induce sTNF-R production in
the presence or absence of increasing amounts of BB-2275 (0–
100 

 

m

 

M). Supernatants were harvested after 24 h in culture,
and p55 and/or p75 sTNF-R levels measured by ELISA. In
each cell type tested, BB-2275 inhibited PMA-induced TNF
receptor shedding in a dose dependent manner with the 50%
inhibitory concentration (IC

 

50

 

) at 0.8 

 

m

 

M for both p55, and p75
sTNF-R (Table I). The IC

 

50

 

 for p55 sTNF-R release in U937
cells was slightly higher (2 

 

m

 

M) but as only small amounts of
p55 sTNF-R are expressed, or released from U937 cells, this
could not be quantified accurately.

 

BB-2275 modulates surface TNF-R expression.

 

To investi-
gate whether inhibition of TNF-R shedding by BB-2275 was
reflected in retention of surface receptor expression, U937

 

1. 

 

Abbreviation used in this paper:

 

 MMP, matrix metalloproteinase.

 

Table I. Concentration (IC

 

50

 

) of BB-2275 to Inhibit Soluble 
TNF-R Production by 50%

 

Cell line p75 sTNF-R p55 sTNF-R

 

U937 0.8 

 

m

 

M 2.0 

 

m

 

M
Jijoye 0.8 

 

m

 

M Not present
HeLa Not present 0.75 

 

m

 

M
Peripheral blood monocytes 0.8 

 

m

 

M 0.8 

 

m

 

M
T cell line 0.45 

 

m

 

M Not shed significantly

 

Cells were cultured at 1–2 

 

3

 

 10

 

6

 

/ml and stimulated with PMA (10 ng/ml)
as described in Methods, in the presence or absence of increasing con-
centrations (0–100 

 

m

 

M) of the metalloprotease inhibitor (BB-2275). Su-
pernatants were harvested after 24 h and soluble p55 or p75 TNF-R lev-
els measured by ELISA. Results are expressed as the 50% inhibitory
concentration for BB-2275.

Figure 1. The effect of the metalloproteinase inhibitor BB-2275 on 
surface TNF-R expression. U937 cells (Fig. 1 a) Hela and JiJoye cells 
(b) were set up in culture in RPM1 1640 5% FCS 1/2 PMA (10 ng/
ml) 1/2 BB2275 (0–50 mM). Cells were harvested after 2 h in culture 
and analyzed for p55 and/or p75 surface TNF-R expression with im-
munostaining using monoclonal anti p55 (HTR-9) and p75 (UTR-1) 
antibodies and analyzed by flow cytometry. Results are expressed as 
mean FL2 units6SD (triplicate culture) after linear acquisition by 
FACS.
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(p75 > p55), HeLa (p55 1 ve) and JiJoye (p75 1 only) cells
were cultured for 2 hours with PMA in the presence or ab-
sence of BB-2275. Surface TNF-R expression was determined
by immunostaining with monoclonal anti TNF-R antibodies
and flow cytometry analysis. In each case, BB-2275 reversed
the PMA-induced down regulation of surface TNF-R on U937
(Fig. 1 a), HeLa and JiJoye cells (Fig. 1 b). This analysis by
flow cytometry was also verified separately by ligand binding
analysis with 125I- labeled TNFa (data not shown).

The effects of BB-2275 are independent of processing of
TNF. During the course of these studies it was reported by
three different groups (18, 24, 25) that hydroxamic acid MMP
inhibitors such as BB-2275 inhibit processing of membrane-
bound 26-kD TNFa to the secreted 17-kD form. As TNFa it-
self induces down regulation of surface TNF expression and
induction of TNF-R both in vitro and in vivo (26, 27), it was
necessary to exclude the possibility that inhibition of TNF-R
cleavage by BB-2275 was mediated indirectly through inhibi-
tion of TNFa processing. This was not of concern in the exper-
iments performed on HeLa cells, which unlike myeloid cells do
not express TNFa protein spontaneously or after stimulation
with PMA (28). In contrast, in LPS-stimulated monocyte cul-
tures, the inclusion of a F(ab9)2 preparation of the neutralizing
anti-TNFa antibody, cA2, had a small inhibitory effect on the
production of p75 sTNF-R from 5200 pg/ml to 4000 pg/ml

(P , 0.049) (Fig. 2). However, this inhibition was further en-
hanced, in a dose dependent manner by the inclusion of BB-
2275, which maximally reduced p75 sTNF-R production to 480
pg/ml (P , 0.005) at a concentration of 5 mM, indicating that
the effect of BB-2275 on p75 sTNF-R shedding was not simply
due to inhibition of TNFa production. The most convincing
data was derived from studies of the effect of BB-2275 on IL-
10–induced sTNF-R production. Recently we showed (29) that
whilst IL-10 inhibits TNFa production in macrophages, it also
augments the production of both p55 and p75 sTNF-Rs in
monocyte cultures. This provided an alternative system to test
the effects of the MMP inhibitor BB-2275 on sTNF-R produc-
tion in the absence of its effect on TNFa processing. Monocyte
cell cultures in triplicate were incubated with IL-10 (10 ng/ml)
with or without increasing doses of BB-2275 from 0–10 mM.
Small amounts of p75 (400 pg/ml) and p55 (100 pg/ml) sTNF-R
were released spontaneously by the monocyte cultures, and
this was increased 2–3-fold in the presence of IL-10 (Fig. 3).
IL-10–induced shedding was inhibited in a dose dependent
manner by BB-2275. The IC50 for BB-2275 in monocytes was
z 0.9 mM for both p55 and p75 TNF-R and cleavage.

BB-2275 enhances TNFa-mediated cytotoxicity in KYM.1D4
rhabdomyosarcoma cells. To determine whether, inhibition of
TNF-R release was of biological significance, the sensitivity to
human TNFa of the human KYM 1D4 rhabdomyosarcoma
cell line which expresses both p55 and p75 TNF-R (30) was as-
sessed after the cells had been pre-incubated with BB-2275 (0–
10 mM). This pre-incubation with BB-2275 resulted in a dose-
dependent retention of TNF-R surface expression as determined
by ligand binding (Fig. 4 a) and a similar dose-dependent in-
crease in sensitivity to TNFa-mediated cytotoxicity (Fig. 4 b).
Thus in the control culture z 50% cytotoxicity was generated
by 30 pg/ml of TNFa, whereas in the presence of 10 mM BB-
2275, a similar level of cytotoxicity was observed with 15-fold
less (2 pg/ml) TNFa.

Figure 2. The metalloproteinase inhibitor BB-2275 inhibits LPS in-
duced p75 sTNF production in monocytes. Monocyte cultures were 
set up in triplicate at 2 3 106 cells/ml with LPS (10 ng/ml) 1/2 a 
F(ab9)2 anti TNFa antibody (2.5 mg/ml) in the presence of BB2275 
(0–5 mM). Supernatants were harvested after 24 h in culture and p75 
sTNF-R levels determined by ELISA. Results are expressed as 
mean6SD (pg/ml) of triplicate culture *P , 0.05, **P , 0.01, as de-
termined by Student’s t test.

Figure 3. The metalloproteinase inhibitor BB-2275 inhibits IL–10 in-
duced p55 and p75 sTNF-R production in monocytes. Monocyte cul-
tures were set up in triplicate at 2 3 106/ml 1/2 IL-10 (10 ng/ml) with 
BB2275 (0–10 mm). Supernatants were harvested after 24 h in culture 
and p55 and p75 sTNF-R levels determined by ELISA. Results are 
expressed as mean6SD (pg/ml) of triplicate culture. *P , 0.05, **P , 

0.01, ***P , 0.001 as determined by Student’s t test.
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BB-2275 blocks MMP activity in RA synovial joint cell cul-
tures. BB-2275 is a broad spectrum MMP inhibitor with an in
vitro potency (IC50) of 10 nM against MMP-1 and 50 nM
against MMP-3 (31). To confirm that MMP activity in the RA
synovial cell cultures was inhibited by BB-2275, the activity of
these enzymes was determined by the Coumarin assay based
on cleavage of a synthetic peptide in vitro. The results (Fig. 5)
indicate that BB-2275 inhibited MMP activity in a dose-depen-
dent manner, and at 10 mM (the dose used in all (109.7%) sub-
sequent experiments) all MMP activity was blocked.

BB-2275 inhibits TNF and sTNF-R production in RA syno-
vial joint cell cultures. We next examined the effect of BB-2275
in RA synovial membrane cultures, a system in which previ-
ously the spontaneous production of a number of cytokines
had been shown to be inhibited by the blockade of TNF with a

neutralizing antibody (2–4). The addition of BB-2275 (0–25 mM)
to RA synovial membrane cell cultures was found to inhibit
TNFa and sTNF-R (p55 and p75) production in a dose-depen-
dent manner, a representative result from synovial membrane
culture (SM 1568) is illustrated in Fig. 6. Based on this result,
RA synovial membrane cells obtained from ten different pa-
tients were cultured with or without 10 mM BB-2275, cell su-
pernatants harvested after three days, and cytokine (TNFa,
IL-1b, IL-6, and IL-8) and sTNF-R (p55 and p75) levels mea-
sured by ELISA. These results are summarized in Table II and
illustrated in Fig. 7. Thus in the presence of BB-2275, the mean
level of TNFa was significantly reduced (P , 0.006) from
96461208 pg/ml to 24636 pg/ml, as were the levels of p75
sTNF-R (P , 0.004) from 181861563 to 5836689 pg/ml and
p55 sTNF-R (P , 0.006) from 2196139 pg/ml to 746103 pg/ml.
However, despite inhibiting TNFa production, the levels of
IL-1b (120861190 pg/ml to 144661571 pg/ml), IL-6 (2896238
to 2586179 ng/ml) or IL-8 (2586141 ng/ml to 2006124) were
not significantly affected with BB-2275.

In contrast to these results we have previously demon-
strated that the inclusion of a neutralizing anti-TNFa antibody
in these cultures, had the concomitant effect of inhibiting a
number of cytokines including IL-1, GM-CSF, IL-6, and IL-8
(2–4). A representative experiment comparing the chimeric
anti-TNF antibody, cA2 and BB-2275 in triplicate cultures de-
rived from the RA synovial membranes RA SM1596 and RA
SM1597 is summarized in Table III. Thus, after three days in
culture, cA2 and BB-2275 had reduced TNF bioactivity to a
similar level in RA SM 1596 (. 90% inhibition) and RA
SM1597 (. 97% inhibition). However, as indicated in Fig. 6,
the inclusion of BB-2275 also reduced p55 and p75 sTNF-R
production, whereas the levels of these soluble TNF-R levels
were relatively unchanged by cA2 (Table III). Furthermore, as
indicated in Fig. 6 and shown in Table III, the inclusion of
BB-2275 did not reduce IL-1b levels, and actually increased
this cytokine in both RA SM1596 (106% of control value) and
RA SM1597 (151% of control value), whereas the inclusion of
cA2 in these cultures reduced the level of IL-1b to 47% (RA
SM1596) and 77% (RA SM1597) of control values respec-

Figure 4. The metalloproteinase inhibitor BB-2275 increases the sen-
sitivity of human KYM 1D4 rhabdomyosarcoma cells to TNFa in-
duced cytotoxicity. KYM 1D4 cells were incubated for 48 h with BB-
2275 (0, 1, and 10 mM) and analyzed for surface TNF-R expression by 
ligand binding. Results are expressed as mean specific I125 TNFa 
binding (cpm) from triplicate cultures6SD after subtraction of back-
ground binding as described in materials and methods (a). Addition-
ally, TNFa (0–1000 pg/ml) mediated cytotoxicity was determined in 
triplicate cultures of KYM 1D4 cells which had been pre incubated 
with BB-2275, as described in Methods. Results are expressed as OD 
units, measured at 574nM, where increase in OD574nM value repre-
sents cell viability (b).

Figure 5. The metalloproteinase inhibitor BB-2275 blocks MMP ac-
tivity in synovial joint mononuclear cell culture. RA MNC 1613 were 
set up at 1.5 3 106/ml in serum-free media in the presence of BB-2275 
(0–10 mM) and supernatants harvested after 3 d in culture. Total 
MMP activity was determined using the in vitro coumarin assay as de-
scribed in Methods. Results are expressed as percentage inhibition of 
MMP activity derived from assay performed in triplicate6SD.
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tively. Indeed in both RA SM cultures, the level of IL-1b in
the BB-2275 treated culture was approximately twice that in
the cA2 treated cultures. Interestingly this increase in IL-1b
production was still evident in RA SM1597 which was also cul-
tured for five days in which the IL-1b levels in RA SM 1597
were almost two-fold higher (190%) than in the control cul-
ture, whilst the level of TNF bioactivity was reduced to , 2%
of control values in both the cA2 or BB-2275-treated cultures
(Table III). 

Discussion

Over the last few years, several types of cytokine inhibitors
have been detected in plasma or urine. The largest group con-
sists of cytokine binding proteins, which are derived from the
extracellular domain of their respective cell surface receptors,
including interleukin 2 (32), TNF (13, 14), interferon g (33),
IL-6 (33), IL-1 (34), IL-4 (35), IL-7 (36), M-CSF (37), and in-
terferon a/b (38). Unlike soluble IL-4 and IL-7 receptors
which can be generated as alternatively spliced mRNA prod-

ucts, the majority of these soluble cytokine receptors are gen-
erated by proteolytic cleavage of the full length membrane re-
ceptor. 

The process of shedding cell receptors is important, as it
upregulates soluble receptor production and also provides a
mechanism for desensitizing cells to the biological effects of
ligand. This is achieved by reducing the concentration of sur-
face receptors, thus modulating the signaling and also by inhib-
iting the ligand competitively. The mechanism(s) resulting in
shedding of cell surface pro-inflammatory cytokines receptors,
such as TNF-R, is of great interest, as it reduces the pathogenic
effects of these cytokines (11). TNF-R release has been most
extensively studied in activated neutrophils (PMN) (39).
Elastase contained within the azurophil granules of PMNs in-
duces p75 but not p55 TNF-R shedding. However, production
of both p75 (42 kD) and p55 (28 kD) TNF-R fragments in
PMNs in response to the chemotactic peptide f-met-leu-phe
was not affected by inhibitors of elastase. It is probable there-
fore that other enzymes are involved in the cleavage of TNF-R
in PMNs. Hwang et al. (40) reported that the PMA induced
shedding in myeloid THP-1 cells was inhibited by a range of
different serine protease inhibitors. We have made similar ob-
servations in peripheral blood monocyte cultures using the
serine protease inhibitor 3,4 dichloroisocoumarin (DCI), how-
ever in our experiments the IC50 for DCI was high (z 25 mM),
and at this concentration the compound was toxic for the cells.

The results presented in this manuscript describe the novel
finding that a broad spectrum synthetic inhibitor of matrix
metalloproteinase activity (BB-2275) (31) is also a potent in-
hibitor of both p75 and p55 TNF receptor shedding. This was
observed in a wide range of different cell types including HeLa
cells expressing only p55, JiJoye and T cells expressing p75, or
U937 and peripheral blood monocytes, expressing both recep-
tors. Inhibition of receptor shedding was demonstrated by a
reduction of the release of sTNF-R into the culture superna-
tant, and a concomitant increase in TNF-R on the cell surface.
Although tissues at sites of inflammation such as rheumatoid
synovium tissue produce high levels of MMPs, it was unex-
pected that a synthetic inhibitor of MMPs would inhibit cleav-
age of both TNF receptors, as cleavage sites on the MMP sub-
strates such as collagen or elastin are not obviously shared with
the p55 or p75 TNF-R. Indeed, the sequence homology be-

Figure 6. The metalloproteinase inhibitor BB-2275 
inhibits TNFa production, p75 and p55 sTNF-R re-
lease from rheumatoid arthritis synovial joint mono-
nuclear cell cultures. RA MNC (SM1568) were set up 
at 1.5 3 106/ml in the presence of BB-2275 (0–25 mM) 
and supernatants harvested after 3 d in culture. p75 
sTNF-R, p55 sTNF-R and TNFa levels (pg/ml) were 
detected by ELISA. 

Table II. Effect of BB-2275 on Pro-inflammatory Cytokine 
and Soluble TNF-R Production in Rheumatoid Synovial 
Membrane Cell Cultures

Control
BB-2275
(10 mM) P value

TNFa (pg/ml) 90461208 24636 *P , 0.006
p75 sTNF-R (pg/ml) 181861563 5836689 *P , 0.004
p55 sTNF-R (pg/ml) 2196139 746103 *P , 0.006
IL-1b (pg/ml) 120861190 144661571 ns
IL-6 (ng/ml) 2896238 2586179 ns
IL-8 (ng/ml) 2586141 2006124 ns

Synovial membrane cells were isolated from synovial tissue obtained
from RA patients (n 5 10) and placed in culture with or without
BB-2275 (10 mM). Supernatants were harvested after 3 d in culture and
cytokine and sTNF-R levels determined by ELISA. Results are ex-
pressed as mean6SD of 10 cultures and *analyzed using the Willcoxon
nonparametric test.
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tween the p55 and the p75 TNF-R is small (z 25%), and the
putative enzyme cleavage site identified on the p55 TNF-R by
site directed mutagenesis (Asn/Val) is not present on the p75
TNF-R (15). However, the number and variety of published
MMP substrates and cleavage sites is increasing. For example,
it has been reported that hydroxamate based inhibitors of
MMPs could also inhibit processing of 26-kD TNFa (18, 24,
25). Although several of the known MMPs can authentically
process a recombinant TNFa substrate (18), it is not clear at

this stage if the TNF convertase is a classical MMP, or whether
it is an unique enzyme.

As synthetic MMP inhibitors such as BB-2275 block both
TNFa (18) and TNF-R secretion, and TNFa itself can induce
TNF-R shedding, it was necessary to determine if the effect on
TNF-R shedding by BB-2275 was indirect, due to its inhibitory
activity on TNFa processing. This was demonstrated in three
ways. First, BB-2275 inhibited p55 sTNF-R production in a cell
line (HeLa) which does not secrete TNFa. Second, p75 sTNF-R
production in LPS-stimulated monocyte was reduced by 90%
with BB-2275 (P , 0.005) compared with 25% by blocking
TNFa activity with a neutralizing monoclonal anti-TNFa anti-
body (P , 0.049). Third, BB-2275 inhibited p55 and p75 sTNF-R
production in monocyte cultures, in which the production of
TNFa (41) but not sTNF-R (29) had been blocked by the in-
clusion of IL-10.

The association between the TNF convertase and the en-
zymes(s) involved in TNF receptor cleavage as described in this
report has yet to be established, although the IC50 of BB-2275
in LPS-stimulated monocytes for both TNF (0.5 mM) and p75
sTNF-R production (0.8 mM) is similar (data not shown). Fur-
thermore, as TNF-negative cells process precursor TNF to its
mature form if transfected with the full length TNF cDNA
(G.M. McGeehan and J.M. Clements, personal communica-
tions), and the inhibition of TNF-R shedding by BB-2275 oc-
curs in many different cell types, this indicates that the en-
zyme(s) involved are widely distributed. In addition to its wide
cellular distribution, this enzyme appears to be induced and/or
activated by a number of different stimuli including IL-10. This
observation is of particular interest as IL-10 upregulates sTNF-R
production (29), whilst inhibiting TNFa production at the
transcriptional level.

From the studies described in this report it is not possible
to identify the point in the enzyme cascade leading to TNF-R
shedding where BB-2275 exerts its inhibitory effect. MMPs are
produced as inactive zymogens which are activated by en-
zymes such as plasmin or other MMPs, or by autocatalysis
(42). Thus, inhibition of enzymatic activity at any point in this
cascade, and not necessarily at the most distal point would sub-
sequently result in inhibition of shedding. The generation of
enzyme-specific rather than class-specific inhibitors, or the
cloning and expression of a novel TNF convertase will shed
light on the intriguing possibility that the enzyme(s) involved
in TNF-R cleavage and the TNF convertase are related, or

Figure 7. Effect of the metalloproteinase 
inhibitor BB-2275 on pro-inflammatory cy-
tokine production in rheumatoid arthritis 
synovial joint mononuclear cell cultures. 
RA MNC from RA synovial joints (n 5 10) 
were incubated in vitro with 10 mM BB-
2275. After 3 d in culture cell supernatants 
were harvested and TNFa, p75 sTNF-R, 
p55 sTNF-R, IL-1b, IL-6, and IL-8 levels 
determined by ELISA. Results are ex-
pressed as percentage of control (100%) 
values6SD from the raw data summarized 
in Table II and statistical analysis per-
formed by the willcoxon rank test as the 
control data was not normally distributed.

Table III. Comparison of BB-2275 with Chimeric Anti-TNF 
Antibody on Cytokine and Soluble TNF-R Production in RA 
Synovial Cultures

TNF
(pg/ml)

p75 sTNF-R
(pg/ml)

p55 sTNF-R
(pg/ml)

IL-1b
(pg/ml)

SM 1596 day 3
Control 137644 50863 nd 16086136
BB-2275 (10 mM) 1363 102614 nd 17086124
% Control value (9.5%) (20%) (106%)
cA2 (2.5 mg/ml) 8.361.9 50862.8 nd 762668
% Control value (6%) (100%) (47%)

SM 1597 day 3
Control 458673 53262 130611 23416110
BB-2275 (10 mM) 1561.3 13966 nd 35196324
% Control value (3.3%) (26%) (151%)
cA2 (2.5 mg/ml) 1060.3 486615 146656 17936256
% Control value (2.2%) (86%) (112%) (77%)

SM 1597 day 5
Control 215658 507618 112633 206965
BB-2275 (10 mM) 3.962.6 161626 , 30 393461291
% Control value (1.8%) (32%) (190%)
cA2 (2.5 mg/ml) 3.560.05 585621 135636 16756194

(1.6%) (115%) (120%) (80%)

Synovial membrane cells were isolated from synovial tissue obtained
from RA patient SM 1596 and SM 1597 were placed in culture in tripli-
cate with or without BB-2275 (10 mM) or the neutralizing monoclonal
anti-TNF antibody cA2 (2.5 mg/ml). Supernatants were harvested after
3 or 5 d in culture. TNF levels were determined by the TNF bioassay as
cA2 interferes with the ELISA, and soluble TNF-R levels and IL-1b

production measured by ELISA. Results are expressed as mean6SD of
three triplicate cultures. nd, not detected.



2840 Williams et al.

perhaps even identical. Furthermore, as MMPs have also been
implicated recently in cleavage of other surface receptors in-
cluding the low-affinity nerve growth factor and L-selectin
(43), the availability of more specific inhibitors of MMP activ-
ity will enable the extent to which such cleavage events are as-
sociated to be determined.

From the results described in this paper it suggests that hy-
droxamic acid inhibitors of MMP activity inhibit both TNF re-
ceptor shedding, and the conversion of membrane TNFa to its
secreted counterpart. One possible consequence of these ef-
fects is that more surface TNF-R will be expressed on the cells
with an accumulation of membrane TNFa (24). During the
preparation of this manuscript, it was reported by Crowe and
colleagues (44) that a metalloproteinase inhibitor blocked
shedding of the p75 TNF-R and TNF processing in activated T
lymphocytes. They speculated that such MMP inhibitors may
offer protection from TNF at two levels both by preventing
TNF release, and secondly by blocking accumulation of shed
TNF-R, which has been shown to stabilize TNF activity in
vitro (45). In contrast we have demonstrated that sTNF-R in
synovial fluid or in rheumatoid synovial cell supernatant
blocks TNFa bioactivity (11, 12). We speculated therefore,
that the beneficial protective effects of such MMP inhibitors
would depend on the degree to which the membrane (non-
processed) TNFa could still signal to surface TNF-R. We dem-
onstrated first, that the inhibition of TNF-R shedding and the
consequent accumulation of surface TNF-R rendered KYM.1D4
cells more sensitive to the cytotoxic signaling actions of soluble
TNFa. Thus the degree of surface TNF-R retention induced
by BB2275 was biologically meaningful. Secondly, we ad-
dressed the consequences of using an MMP inhibitor in RA
synovial cell cultures, a useful disease model system in vitro
(2). In these cells membrane TNFa is expressed, and the pro-
duction of many pro-inflammatory cytokines including TNFa,
and many soluble cytokine receptors including sTNF-Rs oc-
curs without exogenous stimulation. The addition of BB-2275
to these inflammatory cell cultures totally inhibited MMP ac-
tivity and also inhibited TNFa secretion very efficiently, and
the production of p55 and p75 sTNF-R. We speculated that if
inhibition of TNFa processing and TNF-R shedding in these
cultures resulted in accumulation of membrane (biologically
active) TNFa and surface TNF-R, then ‘down-stream’ effects
of TNFa, in particular induction of other pro-inflammatory cy-
tokines such as IL-1, IL-6 or IL-8 which we have shown to be
TNFa-dependent (2, 4) would not be blocked. This was found
to be the case, as IL-1, IL-6, and IL-8 levels were unchanged
with BB-2275, whereas as previously shown (2–4) neutraliza-
tion of TNFa with an antibody that blocks both membrane and
secreted TNFa, was found to inhibit the production of IL-1,
GM-CSF, IL-6, and IL-8. The TNFa dependence of cytokines
in vivo in RA has also been confirmed in recent anti-TNFa
clinical trials in RA patients (46), in which we observed that
serum IL-6 levels were reduced. One conclusion to be drawn
from these findings is that although hydroxamate compounds
will effectively block TNFa secretion, this “beneficial” effect
may be negated by the upregulation of TNFa signaling due to
the hydroxamate induced accumulation of membrane-anchored
TNFa, and the concomitant retention of cell surface TNF-R,
accompanied by a reduction in sTNF-R production. However,
it should be noted that hydroxamic acid MMP inhibitors are
effective in models of arthritis (47, 48), but this is most likely
due to their inhibitory effects on the degradative MMP en-

zymes for which they were optimized. Indeed in the second
study in adjuvant arthritis in rats (48) the authors were careful
to point out that the compound they used was not a potent
TNF convertase inhibitor and that the steady state plasma lev-
els would not be sufficient to inhibit TNF production. It has
yet to be demonstrated that greater efficacy can be achieved
with a compound which blocks both MMP and TNF conver-
tase activity in these models of arthritis. Alternatively, it might
be predicted that better efficacy would be achieved by using a
neutralizing anti TNFa antibody therapy in conjunction with a
hydroxamate compound. However, in light of the results pre-
sented in this paper, there is a need to identify MMP inhibitors
which specifically inhibit TNFa convertase, without inhibiting
TNF-R shedding. It will be of great interest to compare com-
pounds with selectivities for different MMPs and which can
discriminate between the TNF convertase and the TNF-R pro-
tease for their efficacy in models of arthritis.
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