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Abstract

Kinins and substance P have been implicated in the pathogene-
sis of inflammatory arthritis by virtue of their abilities to induce
vasodilation, edema, and pain. The relative biological potencies
of these peptides in vivo would depend at least in part upon
their rates of catabolism in the joint. Wehypothesized that
human synovial lining cells may regulate intraarticular levels of
kinins and neuropeptides via degradation by cell surface-asso-
ciated peptidases. Weexposed intact human synovial fibro-
blasts to kinins and substance P, in the presence or absence of
specific peptidase inhibitors, and measured the amount of in-
tact substrate remaining and degradation product(s) generated
over time. Aminopeptidase M(AmM; EC 3.4.11.2), neutral
endopeptidase-24.11 (NEP-24.11; EC3.4.24.11), and dipepti-
dyl(amino)peptidase IV (DAP IV; EC3.4.14.5) were identi-
fied on the cell surface of synovial cells. Bradykinin degrada-
tion was due entirely to NEP-24.11 (1.39±0.29 nmol/min per
well). Lysylbradykinin was also degraded by NEP-24.11
(0.80±0.19 nmol/min per well); however, in the presence of
phosphoramidon, AmM-mediated conversion to bradykinin
(3.74±0.46 nmol/min per well) could be demonstrated. The
combined actions of NEP-24.11 (0.93±0.15 nmol/min per
well) and DAPIV (0.84±0.18 nmol/ min per well) were respon-
sible for the degradation of substance P. AmM(2.44±0.33
nmol /min per well) and NEP-24.11 (1.30±0.45 nmol / min per
well) were responsible for the degradation of the opioid pep-
tide, ILeu5lenkephalin. The identity of each of the three pepti-
dases was confirmed via synthetic substrate hydrolysis, inhibi-
tion profile, and immunological identification. The profiles of
peptidase enzymes identified in cells derived from rheumatoid
and osteoarthritic joints were identical. These data demon-
strate the human synovial fibroblast to be a rich source of three
specific peptidases and suggest that it may play a prominent
role in regulating peptide levels in the joint. (J. Clin. Invest.
1992. 90:981-991.) Key words: arthritis * kinins * peptidases.
substance P- synovium

Introduction

Rheumatoid arthritis is a chronic inflammatory disease that is
characterized by the erosion and degradation of cartilage and
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bone, resulting in joint instability and chronic pain. Several
small peptides, most notably kinins and substance P, have at-
tracted recent interest as possible contributors to the pathogene-
sis and/or propagation of RAby virtue of their potent abilities
to induce vasodilation, edema, and pain (1, 2).

Bradykinin and lysylbradykinin are small peptides liber-
ated from alpha2-globulins, called kininogens, by the action of
proteolytic enzymes, referred to as kallikreins. The presence of
kinins in rheumatoid synovial fluid has been confirmed by
several investigators (3-5) and these levels appear to exceed
those found in synovial fluids of noninflammatory arthropa-
thies such as osteoarthritis (OA)' and trauma (5). The concept
that these peptides contribute to the destructive process in the
rheumatoid joint is supported by the observations that kinins
induce an acute inflammatory response when injected into ca-
nine knees (5) and induce bone resorption in, and prostanoid
release from, articular tissues in vitro (6, 7).

Substance P, an 1 l-amino acid peptide neurotransmitter, is
released from the peripheral terminals of nociceptive afferent
neurons upon antidromic stimulation. Its presence has been
confirmed in human rheumatoid synovial fluid (8) and immu-
nohistochemical studies have demonstrated the presence of
substance P-containing nerves in synovia from human sub-
jects with RA(9, 10) and in synovia from normal and arthritic
animals (11, 12). Furthermore, intraarticular infusion of sub-
stance P exacerbated joint injury in adjuvant-induced arthritis
in rats, as evidenced by an increase in bony erosions and joint
space narrowing and a decrease in bone density (13). Finally,
substance P is capable of stimulating the release of other inflam-
matory mediators, including prostanoids, IL- 1, and histamine,
from a variety of cells (14-17) and can itself function as an
immune-modulating agent (2, 18).

Despite the convincing evidence demonstrating the pres-
ence and proinflammatory functions of kinins and substance P
in the joint, little is known regarding the mechanisms by which
the actions of these peptides are regulated in this organ. In
general, enzymatic catabolism represents a major mechanism
by which biological activity of small peptides is regulated (19).
Since the amount of peptidase activity in a target tissue will
influence its capacity to respond to a peptide (20), and since
the development of potent peptide antagonists that are based
upon modifications of the parent molecule must take into con-
sideration stability from enzymatic degradation (20, 21), iden-

1. Abbreviations used in this paper: ACE, angiotensin-converting en-
zyme; AmA, AmM,and AmN, aminopeptidases A, M, and N; CPN,
carboxypeptidase N; DAPIV, dipeptidyl(amino)peptidase IV; MER-
GETPA, DL-2-mercaptomethyl-3-guanidinoethylthio-propanoic acid;
NEP-24. 11, neutral endopeptidase-24. 11; OA, osteoarthritis; ZIN-
COV, [ 2, (N-hydroxy-carboxamido) -4-methylpentanoyl-L-alanyl-gly-
cine amide].
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tification and characterization of peptidase activities in the
joint seem warranted.

Previous reports of peptidase activities in articular tissues
are scarce, are based predominantly on immunoreactivity
rather than on specific functional activity, and/or fail to iden-
tify the cellular source of the observed activity (22-25). We
have observed previously that bradykinin is rapidly degraded
upon exposure to human synovial fibroblasts (7). Wehypothe-
size, therefore, that this human synovial lining cell may serve as
an important regulator of peptide levels in the joint via degrada-
tion by cell surface-associated peptidases. The synovial lining
is in a strategic position to perform this function since it lines
the joint cavity, thus giving it access to synovial fluid peptides.
Furthermore, the punctuation of synovium by small blood ves-
sels would provide a route of delivery of kinins to the tissue and
joint space (26), and substance P-containing nerves are found
in close association with the synovial lining layer (9-1 1). In
RAthis lining layer is greatly hypertrophied (26) and its poten-
tial peptide-degrading capabilities, relative to a noninflamed
joint, may thereby be greatly magnified.

In these studies, we have examined the ability of the human
synovial fibroblast to metabolize kinins and substance P.
Through the use of specific enzyme inhibitors and the analysis
of specific metabolites generated, we sought to identify the sy-
novial cell peptidase(s) responsible for, and the relative contri-
bution of each to, the metabolism of kinins and substance P. In
addition, we have compared the peptidase profile identified in
synovial cells derived from patients with the inflammatory ar-
thropathy RA to that of cells derived from patients with the
relatively noninflammatory arthropathy OA.

Methods

Reagents. The following materials were purchased: bradykinin, lysyl-
bradykinin, o-phenanthroline, EDTA, amastatin, bestatin, puromycin,
phosphoramidon, alanyl-, leucyl-, arginyl-, a-glutamyl- and glycyl-
prolyl-naphthylamides, (piperazine-N,N'bis[2-ethanesulfonic acid])
(PIPES), and Tris buffers (Sigma Chemical Co., St. Louis, MO); sub-
stance P and diprotin A (Peninsula Laboratories, Belmont, CA);
DME, FCS, penicillin/streptomycin, trypsin, PBS, and amphotericin
B (Gibco Laboratories, Grand Island, NY); six-well polystyrene
culture dishes (VWR Scientific, Bridgeport, NJ); captopril (Squibb-
Novo, Inc., Princeton, NJ); MERGETPA(DL-2-mercaptomethyl-3-
guanidinoethylthiopropanoic acid), ZINCOV ([2-(N-hydroxy-car-
boxamido)-4-methylpentanoyl-L-alanyl-glycine amide]); dansyl-D-
Ala-Gly-pNO2-Phe-Gly (Calbiochem-Behring, San Diego, CA); mAbs
recognizing CD10/neutral endopeptidase-24. 11 (NEP-24.1 11) (J5;
IgG2,.), CD13/aminopeptidase M(AmM) (MY7; IgG1) and CD26/
dipeptidyl(amino)peptidase IV (DAP IV) (Ta 1; IgG1) (Coulter Elec-
tronics Inc., Hialeah, FL). The following were kind gifts: recombinant
IL- l a (Immunex, Seattle, WA); bradykinin [ 1-7 ] and Phe-Arg (Drs.
Regoli and Drapeau, Sherbrooke University, Sherbrooke, Quebec).
Purified AmM(AmM) and AmMantisera were prepared by one of us
(Dr. Mizutani) as previously described (27).

Patient population. Humansynovial tissue was obtained from the
knees and hips of patients who were undergoing surgical synovectomy
or total joint replacement. The patient population consisted of 6 pa-
tients with RA and 12 patients with OA. Diagnoses were confirmed
either by examination of the patient by one of the investigators (Dr.
Bathon) or by chart review and contact with the primary rheumatolo-
gist. All patients with RA had either definite or classical disease as
defined by criteria of the American College of Rheumatology (28).
Similarly, patients with OAfulfilled published criteria for this disease
( 29). Of the six RApatients, five were maintained on low-dose predni-
sone (<10 mg daily), four on a nonsteroidal antiinflammatory drug,

and one each on methotrexate, hydroxychloroquine, and sulfasalazine.
Of the 12 patients with OA, 6 were taking a nonsteroidal antiinflamma-
tory drug before surgery.

Synovial cell culture. Synovial cell cultures were established from
the adherent cells of collagenase-dispersed synovial fragments or by
outgrowth from synovial explants, as previously described (7, 30).
Synovium was dissected free from surrounding tissues, minced into
2-3-mm2 fragments, and enzymatically dissociated with 3 mg/ml of
type 2 collagenase (Worthington Biochemical Corp., Freehold, NJ) in
DMEfor 30-60 min. The resulting cell suspension was centrifuged,
washed twice with PBS, and the pellet resuspended in DMEsupple-
mented with 20% FCS (DME/20% FCS), penicillin (100 U/ml),
streptomycin ( 100 ,ug/ml), and amphotericin B (2.5 ,g/ml). Nonad-
herent cells were removed at 24 h by washing; adherent cells were
allowed to grow to confluence and were passaged with 0.25% trypsin.
Where specimens were too small for enzymatic dispersion, adherent
synovial cells were grown directly from minced explants. Both culture
techniques result (after the first or second passage in enzymatically
dispersed samples) in a relatively homogeneous fibroblast-like popula-
tion of cells (31 ). Third- to sixth-passage cells were seeded in six-well
polystyrene culture dishes at a density of 0.375-0.5 x 106 cells/well for
enzyme assays or in 100-mm polystyrene culture dishes at a density of
2 x 106 cells for flow cytometry studies and were allowed to grow to
confluence.

Enzyme assays in intact cells. Studies of peptide hydrolysis by in-
tact synovial cells were conducted on confluent monolayers of cells in
six-well culture dishes. Spent medium was removed and the cells were
washed twice with 2 ml of isosmolar PGCMbuffer (PIPES with glu-
cose, calcium, and magnesium), pH 7.4, containing the following (g/
liter): 7.7 PIPES, 6.4 NaCl, 0.37 KCl, 1.0 glucose, 0.29 CaCl2, and 0.20
MgCl2. Peptide (50 ,uM) was added in a final volume of 1 ml of this
buffer, in the presence or absence of peptidase inhibitors. In experi-
ments conducted to detect carboxypeptidase N (CPN; EC 3.4.17.3)
activity, 100 ,uM CoC12 was also added to the buffer. Aliquots of super-
natant were removed at varying times, boiled for 5 min to terminate the
reaction, chilled in an ice bath for 5 min, and centrifuged for 30 s in a
tabletop centrifuge. Supernatants were frozen at -70°C for subsequent
HPLCanalysis. Peptide hydrolysis was determined by the decrease in
substrate (e.g., bradykinin) and the increase in products (e.g., brady-
kinin [ 1-7 ] and Phe-Arg). Since the average number of cells per well in
these experiments was relatively constant (512,000±40,000, mean±
SEM, n = 27), the rates of peptide hydrolysis were expressed as nano-
moles of substrate hydrolyzed (or product produced) per minute per
well of confluent cells.

HPLCanalysis. A high performance liquid chromatograph system
(two model 6000A pumps, a model 730 Data Module, a model 721
System Controller, a model 7 1OBWISPAutosampler, and a Lambda-
Max Model 481 LC Spectrophotometer [set at 210 nm]; Waters Asso-
ciates, Milford, MA) was employed for HPLCanalysis. Kinin and en-
kephalin substrates and metabolites were separated and quantified as
previously described (32, 33) on a reverse phase column (10-,gm, C,8-
,uBondapak, 1.9 x 30 cm; VYDAC, Hesperia, CA) at a constant flow
rate of 2 ml/min using a linear gradient from 100% solvent A to 35%
solvent A/65% solvent B (21 min), followed by column reequilibra-
tion in solvent A (3 min). Solvent A was 0.05% trifluoroacetic acid
(vol/vol) in triple distilled water and solvent B was 0.04% trifluoroace-
tic acid (vol/vol) in acetonitrile. Substance P and substance P metabo-
lites were separated and quantified (34) (System II) with the above-
noted column at a constant flow rate of 2 ml/min and a linear gradient
from 80% solvent A/20% solvent B to 40% solvent A/60% solvent B
(25 min) followed by column reequilibration (5 min). Solvent A was
0.5 M phosphoric acid, buffered to pH 2.5 with triethylamine and
solvent B was acetonitrile. For both systems, integration of sample peak
areas and quantification of peptide substrates and metabolites against
the last-run standards (run every sixth injection) were automatically
calculated by the data module.

Synthetic substrate hydrolysis by homogenates of synovial cells. For
preparation of synovial cell homogenates, cells were grown to con-
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fluence in 75-cm2 flasks. Cells were washed twice and then scraped in
10 ml of PGCMbuffer. The cell suspension was centrifuged at 1,200
rpm for 8 min and the supernatant discarded. Cells were resuspended
in 2 ml of 0.1 MTris buffer, pH 7.4; broken by sonication and freeze
thawing; and assayed for synthetic substrate hydrolysis. Aminopepti-
dase A (AmA) (EC 3.4.11.7), AmM(EC 3.4.11.2), DAP IV (EC
3.4.14.5), and NEP-24. 11 (EC 3.4.24.1 1) activities were determined
fluorometrically by hydrolysis of the synthetic substrates, a-glutamyl-
naphthylamide (AmA), alanyl-, leucyl- and arginyl-naphthylamide
(AmM), glycyl-prolyl-naphthylamide (DAP IV), and dansyl-D-Ala-
Gly-pNO2-Phe-Gly (NEP), as previously described (35-38). Reaction
specificity was established by inhibition with appropriate inhibitors,
including amastatin (AmM), diprotin A (DAP IV) (39), phosphora-
midon, and ZINCOV (NEP-24. 11) (40).

Immunoelectrophoresis. Immunoelectrophoresis (electroimmuno-
assay) of solubilized (2% Triton X-100) synovial cell homogenate and
purified AmMagainst antisera to human AmMwas carried out in
1.0-mm thick 1%(wt/vol) agarose gel containing 1%(vol/vol) Triton
X- 100 as previously described ( 35, 41 ). Samples were vertically elec-
trophoresed ( 1.5 V/cm for 15 h) directly into antisera-containing gel.
After repeated dehydration/hydration of the gel to remove soluble pro-

tein, the AmMimmunoprecipitin line was stained using alanyl-4-
methoxy-2-naphthylamide. Peak area measurements were determined
using Sigma Scan (Jandel Scientific, Corte Madera, CA).

Flow cytometry analysis. Cells were grown to confluence in 100-
mmculture dishes and lifted by vigorous pipeting in PBS containing
1-6 mMEGTA for 5 min. 3 x 105 cells were suspended in 40-ul
aliquots of PBS/0.2% BSA(pH 7.4) containing the desired mAband 4
mg/ml of human IgG (to block Fc receptors) for 30 min at 4°C as

previously described (42). The cells were washed, resuspended in satu-
rating amounts of phycoerythrin-conjugated goat F(ab')2 anti-mouse
IgG antibody (Tago, Inc., Burlingame, CA) for an additional 30 min,
and then washed again. Fluorescence was measured using a flow cytom-
eter (EPICS Profile; Coulter Electronics Inc., Hialeah, FL) and was

expressed as mean fluorescence intensity. The percentage of cells stain-
ing positively with each mAbwas calculated by comparison to back-
ground staining observed using an irrelevant mouse IgG, mAb.

Results

Weadopted two approaches to identify and characterize puta-
tive peptide degrading enzymes in the membranes of human
synovial cells from RAand OApatients. In the first, we sought
to define the potential spectrum of synovial cell peptidases in-

volved in the metabolism of kinins and substance P by measur-

ing in intact cells the effect of specific enzyme inhibitors on the
rate of degradation of parent peptide as well as on the rate and
identity of metabolite(s) generated. Secondly, we confirmed
the identity of each of the peptidases by measuring the hydroly-
sis of selective synthetic substrates by synovial cell homoge-
nates and by immunological identification of protein on intact
cells and in homogenates.

Peptide metabolism by intact human synovial cells
Kinin metabolism. Exposure of bradykinin to intact synovial
cells resulted in rapid and progressive degradation, as evi-
denced by the loss in the supernatant of 50% of intact peptide
within 30 min and concomitant production of bradykinin [ 1-7 ]
(Fig. 1 A) and Phe-Arg (not shown). No des(Arg9)bradykinin
production was observed, even in the presence of CoCl2, which
enhances CPNactivity, and inhibition of CPN(MERGEPTA;
10 MiM) had no effect on degradation of bradykinin (not
shown). Similarly, inhibition of angiotensin-converting en-

zyme (ACE) with captopril ( 10 iMM) was without effect. Hydro-
lysis was nearly completely inhibited, however, by the NEP-
24.1 1 inhibitor, phosphoramidon (Fig. 1 B). Thus, in all of the
seven synovial cell lines examined, NEP-24. 11 accounted for
essentially all observed degradation of bradykinin ( 1.39±0.29
nmol/min per well; Table I), and when analyzed separately
rates in RA- (1.44±0.52 nmol/min per well; n = 3) and OA
( 1.35±0.41 nmol/min per well; n = 4)-derived cells were simi-
lar (P value NS, Student's t test).

Exposure of lysylbradykinin to synovial cells resulted in the
rapid but transient appearance of bradykinin, followed by the
appearance of the metabolites -bradykinin [1-7] and Phe-Arg
(not shown). As expected, phosphoramidon inhibited the for-
mation of the latter two metabolites, confirming the role of
NEP-24. 11 (0.80±0.19 nmol/min per well; Table I) in the
metabolism of lysylbradykinin. Interestingly, in the presence of
phosphoramidon, rapid conversion of lysylbradykinin to bra-
dykinin was observed (3.74±0.46 nmol/min per well; Table
I), demonstrating the presence of an aminopeptidase on syno-
vial cells. That this conversion was due to AmMwas suggested
by the ability of the AmMinhibitor amastatin to completely
inhibit production of bradykinin (Fig. 2). Further confirma-
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de Hydrolysis by Intact Synovial Cells* synovial cells to degrade [Leu5] enkephalin. As shown in Fig. 3
A, [Leu5]enkephalin was rapidly hydrolyzed (50% hydrolysis

AmM NEP-24.11 DAPIV Unknown within 10 min) to the AmMmetabolite, des-Tyr'-enkephalin

nmollmin per well and the NEP-24. 1 1 metabolite, Tyr-Gly-Gly. Inhibition of
NEP-24. 11 with phosphoramidon prevented the generation of

0 1.39±0.29 0 <0.2 Tyr-Gly-Gly, but did not stop the hydrolysis of [Leu5]-
(n = 7) enkephalin by AmM(2.44±0.33 nmol/min per well), as evi-

in 3.74±0.46 0.80±0.19 0 <0.2 denced by the production of des-Tyr'-enkephalin (Fig. 3 B). In
(n = 7) (n = 5) turn, inhibition of AmMwith amastatin stopped the formation

lin 2.44±0.33 1.30±0.45 0 <0.2 of des-Tyr'-enkephalin but did not stop degradation of[Leu5]-
(n = 5) (n = 5) enkephalin by NEP-24. 11 (1.30±0.45 nmol/min per well), as

0 0.93±0.15 0.84±0.18 <0.2 evidenced by the continued generation of the Tyr-Gly-Gly me-
(n = 6) (n = 9) tabolite (Fig. 3 C). Nearly complete inhibition of enkephalin

degradation was achieved only by simultaneous inhibition of
luent cells from RA and OApatients were exposed to both AmMand NEP-24. 11 (Fig. 3 D). Thus, synovial cell-as-
4l) in the presence or absence of specific peptidase sociated AmMand NEP-24. 11 both metabolize enkephalin,
varying times and the amount of intact peptide re- although the predominant activity is due to AmM(Table I).
)r metabolite generated was quantified by HPLC (as This pattern is maintained when RA- (NEP-24. 11, 1.40±0.75;
lethods). Enzyme activities represent mean±SEMof AmM, 2.74±0.47 nmol/min per well; n = 3) and OA(NEP-
luplicate measurements from experiments in n = 5-9 24.11, 1.13±0.55; AmM, 2.00±0.30 nmol/min per well; n
nes. = 2)-derived cells are considered separately (P values NS).

Substance P metabolism. Like the other peptides, sub-
Lzyme as AmM, rather than one of several related stance P was rapidly degraded upon exposure to synovial cells,
ises, was indicated by the absence of significant with 50% hydrolysis occurring within 30 min (Fig. 4). How-
bradykinin product, a feature consistent with the ever, in contrast to the results obtained for bradykinin, the
mMto hydrolyze NH2-terminal Arg-Pro bonds NEP-24. 1 1 inhibitor phosphoramidon only partially inhibited
same pattern of metabolism of lysylbradykinin metabolism of the peptide. The DAPIV inhibitor diprotin A

1 and AmMwas observed in the five cell lines (39) also partially inhibited hydrolysis, while the combination
'he relative rates of each enzyme were similar in of phosphoramidon and diprotin A nearly completely inhib-
.11, 0.56±0.17; AmM3.09±0.42 nmol/min per ited degradation of substance P (Fig. 4). These data are consis-
and OA (NEP-24. 11, 1.16±0.26, n = 2; AmM tent with the known ability of DAPIV to hydrolyze substance
mol/min per well, n = 4) derived cell lines (P P (34) and demonstrate that degradation of substance P by
ident's t test) . synovial cells is due to the combined actions of NEP-24. 1 1 and
fin metabolism. The opioid peptides, enkephalins, DAPIV (Table I). This pattern of substance P degradation, as
tial substrates for NEP-24. 1 1 (also known as "en- well as the relative enzyme rates, were similar in RA- (NEP-
)and AmM(35, 43). In view of the potent appar- 24.11, 0.96±0.32; DAPIV, 0.50±0.34 nmol/min per well; n
1 1 and AmMactivities on synovial cells and re- = 3) and OA (NEP-24. 11, 0.90+0.1 1; DAP IV, 1.01±0.20
ons that endogenous opiods may play a role in nmol/min per well; n = 3-6)-derived cells (P values NS, Stu-
he inflamed joint, we also examined the ability of dent's t test).
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phoramidon and amastatin together.
Aliquots were removed at varying

times and analyzed for the amount of
intact peptide (Enk) or the metabo-

o lites des-Tyr'-enkephalin (dTEnk)

o 1. 4oU *0 and Tyr-Gly-Gly (TGG). Each point
represents a single measurement from

TI ME (mIn) a representative experiment.

Metabolism of synthetic substrates by homogenates of
human synovial cells
Homogenates of human synovial cells exhibited no significant
AmA-like a-glutamyl-naphthylamidase activity (not shown).
However, as shown in Table II, significant alanyl-naphthylam-
idase activity was present (442±84 nmol/min * ml), and the
ratio of the rates of hydrolysis of alanyl-, leucyl-, and arginyl-
naphthylamides ( 100:50:22) was comparable to that obtained
with purified human AmM(not shown). Consistent with the

biochemical characteristics of purified AmM(35), the alanyl-
naphthylamidase activity of the synovial cell lysate was more

sensitive to inhibition by amastatin (IC50 = 100 nM) than be-
statin (IC50 = 5 ,uM) or puromycin (IC50 = 30 ,uM), was com-

pletely inhibited by o-phenanthroline (1 mM), and was unaf-
fected by inhibitors of ACE(captopril), CPN(MERGEPTA),
NEP-24.11 (phosphoramidon), and DAP IV (diprotin A)
(<12% inhibition at a final concentration of 100 ,M).

Quantitative rocket immunoelectrophoresis (electroim-
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Figure 4. Metabolism of substance P by intact synovial cells. Con-
fluent wells of cells were exposed to substance P (50 nmol) in the
absence of peptidase inhibitors, in the presence of phosphoramidon
( 10 AM) or diprotin A ( 10 MM) alone, or in the presence of phos-
phoramidon and diprotin A (10 MuMeach). Aliquots were removed
at varying times and analyzed for the amount of intact peptide. Each
point represents a single measurement from a representative experi-
ment.

munoassay) of pure human AmMand detergent-solubilized
synovial cell homogenate produced rocket-shaped precipitates
with peak areas proportionate to the amount of sample used
(Fig. 5). When peak areas of immunoreactive AmM
([ iAmM] ) were plotted against the units of alanyl-naphthylam-
idase activity inoculated onto the gels, the relationships of
[iAmM] to alanyl-naphthylamidase activity were similar for
both purified AmMand synovial cell homogenates.

NEP-24. 11 and DAPIV activities were also confirmed in
synovial cell homogenates (Table II). NEP-24. 11 activity
(14.3±1.4 nmol/min ml; dansyl-D-Ala-Gly-pNO2-Phe-Gly
hydrolysis) was specifically inhibited by phosphoramidon
(IC50 = 1.5 ,M) and ZINCOV (IC50 = 7 ,uM). Similarly, DAP
IV activity ( 1 28± 1 1 nmol / min - ml; glycyl-prolyl-naphthylam-

Table II. Hydrolysis of Synthetic Substrates
by Synovial Cell Homogenates*

Enzyme Substrate Activity

nmol/min- ml

Aminopeptidase M Ala-naphthylamide 442±84
(n = 7)

Leu-naphthylamide 221±65
(n = 3)

Arg-naphthylamide 101
(n = 2)

Neutral dansyl-D-Ala-Gly-pNO2- 14.3±1.4
endopeptidase-24. 11 Phe-Gly (n = 10)

Dipeptidyl Gly-Pro-naphthylamide 128±11
(amino)-peptidase IV (n = 7)

* Synovial cell homogenates were prepared from flasks of confluent
cells as described in Methods. Enzyme activities represent the
mean±SEMof replicate measurements (n) from two separate OA-de-
rived cell lines.

1.50 1

1.00 t

AmM Syn0.50 F

0.00

- _ _̂_ ^
2 4 6 8 2 4 6 8

0 100 200 300 400 500

Alanyl-Naphthylamidase
(pmol/min)

Figure 5. Correlation of amount of immunoreactive AmMwith
alanyl-naphthylamidase activity by purified AmM(.) and synovial
cell homogenate (mn). The units of alanyl-naphthylamidase activity
(pmol/min) are plotted against the peak area of immunoreactive
AmM, as measured by quantitative rocket immunoelectrophoresis.
Inset demonstrates AmMimmunoprecipitin peaks from varying
amounts (2-8 ,l) of purified AmMand synovial cell homogenate.

ide hydrolysis) was specifically inhibited by diprotin A (IC50
= 9MM).

Flow cytometric identification ofpeptidases
The membrane antigens, CD10/CALLA, CD13, and CD26,
previously described on select populations of hematopoietic
cells, have only recently been identified as NEP-24. 11, AmM,
and DAPIV, respectively (44). This recognition enabled us to
use mAbs and flow cytometric analysis to further confirm the
expression of these enzymes on synovial cells. As shown in Fig.
6, all three antigens, CD10, CD13, and CD26, were consis-
tently expressed in both RA- and OA-derived cells. Further-
more, both the percentage of positive cells and the fluorescence
intensities for each antigen were similar in RA- and OA-de-
rived cell lines (Table III). In addition, in one RA cell line
studied, expression of all three antigens, CD10, CD13, and
CD26, persisted during repeated passaging (Table IV).

Discussion

These studies provide the first direct evidence of the presence of
three membrane-associated peptidases on human synovial
cells. Although plasma-derived CPNactivity has been demon-
strated in synovial fluid (4, 45), few investigations have fo-
cused on the potential capability of the synovium itself to de-
grade peptides. Several early studies demonstrated kinin de-
grading and aminopeptidase activities in homogenates of
human synovial tissue; however, definitive identification of the
enzyme activities was not made (4, 22, 23). More recently,
NEP-24. 11 (24) and DAPIV (25) activities have been identi-
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Figure 6. Expression of CDI 0, CD13, and CD26 on human synovial
cells. Representative histograms from synovial cells obtained from
one RAand one OApatient stained with mAbs recognizing (a) con-
trol (IgG,), (b) CDIO (JS), (c) CD13 (MY7), and (d) CD26 (Tal).

fied in sonicates of human synovial tissue, but the cellular
source of the activities was not identified. Werb and Clark (46)
demonstrated NEP-24. 11 expression on rabbit synovial fibro-
blasts, but its contribution, relative to that of other potentially
colocalizing peptidases, to the metabolism of physiologically
relevant peptides was not characterized.

The synovium of normal joints is a thin, delicate structure,
the lining (intimal) layer of which is only one to three cells
thick and is composed primarily of fibroblast-like and macro-

Table III. Expression of CDI O, CD13, and CD26on Synovial Cells

RA (n = 3) OA(n = 3)
Antigen

CD specificity mAb Percent* MFI Percent* MFI

CDIO NEP-24.11 J5 93.3±2.6 33.1±4.8 94.3±3.4 34.2±9.7
CD13 AmM MY7 97.5±1.3 48.0±1.6 98.8±0.2 53.0±8.2
CD26 DAPIV Tal 95.3±1.8 34.4±4.3 93.9±4.8 35.8±8.9

* Values represent the percent of synovial cells staining positively for
each antigen (mean±SEM). The mean fluorescence intensity (MFI)
values are expressed in a logarithmic scale (mean±SEM). MFI values
in the presence of control IgG1 were 2.4 and 3.2 for RA and OA
cells, respectively. Neither the percentage of cells expressing each of
the three antigens nor their MFI values was statistically significantly
different when RAand OAcells were compared (P = NS, Student's t
test).

Table I V. Effect of Passaging on Expression of CDIO, CD13,
and CD26

CDIO/NEP-24. 11 CD13/AmM CD26/DAP IV
Passage
number Percent* MCF Percent* MFI Percent* MFI

1 88.6 41.6 95.2 48.9 92.0 41.6
3 97.6 28.0 99.5 36.2 98.3 27.7
5 91.3 57.1 96.3 76.1 94.2 64.6

* Values represent the percent of synovial cells from one RA cell line
that stained positively for each antigen at successive passages. The
mean fluorescence intensity (MFI) values are expressed in a logarith-
mic scale.

phage-like cells. In contrast, the rheumatoid synovial lining is
greatly hypertrophied and a marked increase in the number of
both cell populations is observed (26). That the fibroblastic
population of cells plays an important role in the maintenance
of normal joint function is suggested by its elaboration ofjoint
lubricants such as hyaluronic acid (26). In addition, the fibro-
blast appears to play a key role in the destruction of the rheu-
matoid joint, as evidenced by its potent capacity in vitro to
secrete prostaglandins and matrix-degrading proteases, includ-
ing collagenase, stromelysin, and gelatinases, in response to
soluble products of mononuclear cells such as IL-1 (31, 47,
48). Wehypothesized that the fibroblastic synovial cell may
also be a potent source of peptide-degrading activity in the
joint, and this concept was supported by previous observations
in which bradykinin was rapidly degraded by these cells in vitro
(7). Through the use of specific peptidase inhibitors, the identi-
fication of specific peptide metabolites, and the use of selective
synthetic substrates and/or antisera, we have demonstrated the
presence of three specific peptidases (NEP-24. 1 1, AmM, and
DAPIV) colocalizing on human synovial fibroblasts. Further-
more, the use of intact rather than broken cells for these studies
permitted the localization of these peptidases to the cell sur-
face, suggesting that neither internalization of peptide nor se-
cretion of enzyme is necessary for peptide metabolism by syno-
vial cells. Finally, we have shown a selective pattern of metabo-
lism for each of the peptides examined and have found that
RA- and OA-derived fibroblasts are indistinguishable with re-
gard to relative expression and rates of their peptidase activi-
ties.

The metabolism of bradykinin in plasma and vasculature is
mediated primarily by ACE, CPN, and CPN-like enzymes
(20). In contrast, no ACE, CPN, or CPN-like activities were
found in synovial cells. This observation was confirmed by the
inability of MERGEPTAand captopril to decrease, or CoCl2 to
enhance, the rate of bradykinin degradation by synovial cells. It
indicates further that adequate removal of serum-containing
culture medium was achieved in these studies and that none of
the peptidase activities identified in synovial cells could, there-
fore, be attributed to contamination from calf serum. In fact,
the cell surface peptidase NEP-24. 11 was responsible for metab-
olism of bradykinin via hydrolysis of the Pro7-Phe8 bond to
produce the inactive metabolites, BK[1-71 and Phe-Arg
(which were subject to further hydrolysis with continued incu-
bation). That degradation of bradykinin was completely due to
NEP-24. 1 1 was confirmed by the ability of phosphoramidon to
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completely inhibit metabolism. The recent identification of the
CD10/CALLA (common acute lymphoblastic leukemia-asso-
ciated antigen) as NEP-24. 11 (49) enabled us, through the use
of immunofluorescence flow cytometry, to further confirm the
presence of this peptidase on the synovial cell surface.

No contribution to the degradation of bradykinin from the
two other identified peptidases on synovial cells, AmMand
DAP IV, would be expected (20). AmMhydrolyzes neutral
and basic amino acids, except those involving X-Pro bonds,
from the NH2terminus of low molecular weight peptides and is
thus incapable of hydrolyzing the Arg'-Pro2 NH2 terminus of
bradykinin (32, 35). DAPIV hydrolyzes NH2 terminal X-Pro
dipeptides, except those involving Pro in the third position,
and likewise is incapable of hydrolyzing the Arg'-Pro2-Pro3
NH2 terminus of bradykinin (50-52).

Lysylbradykinin was also metabolized by the synovial cell
to biologically inactive metabolites, primarily through the ac-
tion of NEP-24. 11. However, when this enzyme was inhibited
with phosphoramidon, conversion of lysylbradykinin to brady-
kinin was observed and was due to the action of AmM. Identi-
fication of the enzyme as AmMwas suggested in intact cells by
the ability of amastatin to completely inhibit the conversion of
lysylbradykinin to bradykinin. Further confirmation was pro-
vided in studies of cell lysates in which the enzyme hydrolyzed
alanyl-naphthylamide more rapidly than leucyl- and arginyl-
naphthylamides, was 50-fold more sensitive to inhibition by
amastatin than bestatin, was relatively resistant to puromycin,
and was unaffected by captopril, MERGEPTA,phosphorami-
don, and diprotin A. In addition, the ratio of alanyl-naphthyl-
amidase activity to amount of immunoreactive AmMfound in
synovial cell lysates was comparable to that for purified AmM.
Collectively, these characteristics differentiate AmMfrom
ACE, CPN, NEP-24. 11, DAPIV, and from other neutral/ba-
sic amino acid selective aminopeptidases, including leucine
aminopeptidase (EC 3.4.11.1) and aminopeptidase B (EC
3.4.11.6) (35, 37). Final confirmation of the presence of this
exopeptidase on synovial cells was provided by immunofluores-
cent staining with an mAbto the leukocyte antigen CD13 that
has recently been identified as AmM/AmN(53).

The impressive ability of relatively small numbers of syno-
vial fibroblasts in vitro to degrade nanomole amounts of kinins
within minutes, coupled with their high level of CDIO antigen
expression, are indicative of a large amount of NEP-24. 11 on
the membranes of these cells. This observation has several po-
tential clinical implications. The presence and amount of NEP-
24.1 1 may explain in part the relative insensitivity of untreated
human synovial fibroblasts to bradykinin (7) despite B2 kinin
receptors that number - 36,000 sites per cell (54). In addi-
tion, the recent demonstration of measurable NEP-24. 1 1 activ-
ity in synovial fluids (55) suggests that the synovial fibroblast,
in addition to expressing NEP-24. 11 on its cell surface, may
also have the capacity to secrete this enzyme into the joint
cavity. The similar intensity of NEP-24. 11 expression on cells
from OAand RAjoints suggests that the potent ability of syno-
vial fibroblasts to degrade kinins is not disease specific but
rather may constitute a normal physiological function for these
synovial lining cells. The synovial lining is in a strategic posi-
tion to perform this function since it not only is in direct conti-
guity to the joint cavity, where bradykinin may be generated
spontaneously (56), but in addition would be expected to en-

counter kinins diffusing in from synovial vasculature. Since
our data show that, cell per cell in vitro, RA- and OA-derived
fibroblasts exhibit equivalent expression of NEP-24. 11, it is
likely in vivo that the intensely cellular RA synovium would
exhibit increased expression of NEP-24. 11 activity compared
with the relatively hypocellular normal and OA synovia. In
support of this concept, Sreedharan et al. (24) have demon-
strated increased NEP-24. 11 activity in sonicates of RAsyno-
vium compared with those of OAor traumatic origin, although
the cell source was not identified. Furthermore, precedent for
enhanced peptidase activity (NEP-24. 11 ) in conjunction with
cell growth exists in transformed human tracheal epithelial
cells (57).

The ability of synovial cells to convert lysylbradykinin to
bradykinin through the action of AmM, although also quite
substantial, is of uncertain physiological significance. Although
kallikrein-like activity in human synovial fluid and tissues has
been demonstrated, controversy persists as to whether the pre-
dominant activity is of plasma (which would generate brady-
kinin) or of tissue (which would generate lysylbradykinin) ori-
gin (58, 59). Furthermore, changes in the relative ratio of lysyl-
bradykinin to bradykinin over time would be unlikely to
influence tissue responses since the two peptides exhibit equiva-
lent affinities for the B2 kinin receptor and, consequently,
equivalent potencies in inducing physiological effects in most
systems studied (20). Thus, although AmMcatalyzes the con-
version of lysylbradykinin to bradykinin, NEP-24. 11 is the en-
zyme responsible for the biological inactivation of both kinins.

AmMclearly participates in the metabolism of a variety of
other small peptides, however, including the low molecular
weight opioid peptides known as "enkephalins" ( 19, 60, 61).
Although the role of opioids in endogenous pain control of
arthritic animals has been examined primarily in brain and
spinal cord tissues, recent data suggest that peripheral opioid
receptors exist (62, 63) and mediate local analgesic responses
(64) in articular and periarticular structures, and immunohisto-
chemical studies have documented the presence of enkephalins
in synovial tissues (9, 63). Furthermore, opioids may alter in-
flammatory processes by inhibiting the release of vasodilatory
neurotransmitters from sensory nerve terminals (65) and by
modulating immune cell responses such as chemotaxis, prolif-
eration, and cytotoxicity (66-68).

Weevaluated, therefore, the ability of the synovial fibro-
blast to metabolize [Leu5]-enkephalin and the potential role
that AmMmight play in this process. NEP-24. 11 has often
been referred to as enkephalinase due to its ability to hydrolyze
the Gly3-Phe4 bond of [Leu5]- and [Met5]enkephalin (43).
Therefore, having already demonstrated NEP-24.11 activity
on synovial cells, it was not surprising that phosphoramidon
completely inhibited hydrolysis of [Leu5]enkephalin to Tyr-
Gly-Gly. Of interest, however, was the observation that degra-
dation of [Leu5]enkephalin persisted at a quite rapid rate, in
the presence of phosphoramidon, because of AmM-mediated
hydrolysis of the Tyr'-Gly2 bond (des-Tyr'-enkephalin forma-
tion). In fact, the rate of AmM-mediated hydrolysis of [Leu5]-
enkephalin was faster (2.44±0.33 nmol/min per well) than
that due to NEP-24. 11 (1.30±0.45 nmol/min per well). Thus,
in contrast to the ability of phosphoramidon to completely
inhibit bradykinin degradation, a combination of phosphoram-
idon and the AmMinhibitor amastatin was necessary to com-
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pletely inhibit synovial cell-mediated degradation of [Leu5]-
enkephalin. This dual processing of enkephalins by human sy-
novial cells is in contrast to enkephalin metabolism in some
central nervous system (CNS) sites where NEP-24. 1 1 can pre-
dominate (69) and in plasma and vasculature where AmM
predominates (35, 61, 70). Collectively, these data illustrate
that the potential physiological relevance of a peptide-degrad-
ing enzyme is determined not only by its biochemical specific-
ity in vitro, but also by its anatomical location, local availabil-
ity of substrate, and colocalization of enzymes competitively
hydrolyzing the same peptides. Thus, two different peptides
may be metabolized by the same enzyme in one location (e.g.,
bradykinin and enkephalin in synovium), whereas the same
peptide may be metabolized by different enzymes in varying
locations (e.g., enkephalin in the CNS, plasma, and syno-
vium).

Although data supporting a role for opioid peptides in the
modulation of articular pain and inflammation remain some-
what circumstantial, there is strong evidence as already dis-
cussed to support a role for another neuropeptide, substance P,
in the inflammatory process in the joint. Weevaluated, there-
fore, the ability of synovial fibroblasts to metabolize substance
P and found its degradation, like that of kinins and enkephalin,
to be very rapid and due in part to NEP-24.11 (0.93±0.15
nmol/min per well). The latter finding was not surprising
since substance P is a recognized substrate for NEP-24. 1 1 and
we had already demonstrated expression of this enzyme on
synovial cells. Of surprise, however, was the observation that
degradation of substance P proceeded at an equivalent rate
even in the presence of the NEP-24. 1 1 inhibitor phosphorami-
don. This degradation was due to DAPIV (0.84±0.18 nmol/
min per well), as evidenced by the ability of diprotin A to
inhibit degradation. Thus, in contrast to kinin degradation by
synovial fibroblasts, which is dependent exclusively upon
NEP-24. 11 activity, metabolism of the neuropeptides exam-
ined was mediated by two colocalizing but independent en-
zyme activities. The ability of NEP-24. 1 1 to metabolize either
exclusively or in conjunction with another peptidase all four
substrates examined is consistent with its rather broad enzy-
matic specificity. The narrow specificity, on the other hand, of
DAPIV for NH2-terminal X-Pro (except Pro-Pro) dipeptides
is consistent with its ability to metabolize substance P but not
kinins or [ Leu5 ] enkephalin. Thus, the presence of this enzyme
on synovial cells may not have been recognized had substance
P metabolism not been examined. Further confirmation of the
presence of DAPIV on synovial cell membranes was provided
by immunofluorescent staining with an mAbto the leukocyte
antigen CD26, which has recently been identified as DAP
IV (71).

As with bradykinin, the potent capacity for synovial fibro-
blasts to degrade neuropeptides was not disease specific, as in-
dicated by the similar rates of enzyme activities and corre-
sponding antigen expression in RA- and OA-derived cells.
These data suggest that regulation of intraarticular neuropep-
tide levels may also be a normal physiological function of the
synovial lining and this function might also be expected to be
enhanced in vivo in hypercellular, inflamed synovia. Indeed,
several investigators have shown by immunohistochemical
techniques a relative decrease in substance P and/or enkepha-
lin immunoreactivity in the synovia of patients with RA (9,

10) and rats with adjuvant arthritis ( 11) compared with nor-
mal and OA patients or normal rats. Although this decrease
may be due in part to an unexplained decrease in number of
nerve fibers themselves ( 10, 11 ), it is tempting to speculate that
more vigorous metabolism of these peptides within the in-
flamed, hypercellular synovia may also have contributed to the
decreased immunoreactivity.

Hypertrophy of the synovial lining has long been regarded
as an unfavorable occurrence in the development of RA be-
cause of the presumed concomittant increase in the release of
proinflammatory mediators such as proteolytic enzymes and
prostanoids (72). Our data, however, in illustrating the ability
of synovial fibroblasts to metabolize the proinflammatory pep-
tides, kinins, and substance P, suggest a unique antiinflamma-
tory function for the synovial lining that is likely to be en-
hanced with progressive hypertrophy of this lining. Paradoxi-
cally, enhanced degradation of opioids by synovial cell
peptidases could promote intraarticular algesia but, as yet, data
supporting a role for opioids in the modulation of pain and
inflammation in the joint remain circumstantial.

The total amount of peptidase activity in synovia of in-
flamed versus noninflamed joints in vivo is unlikely to depend
entirely on the relative numbers of fibroblastic cells, however.
Macrophages, the other prominent cell type in synovial lining,
may themselves express peptidase activity in a profile similar to
or different from that of fibroblastic cells. Although we did not
examine peptidase activity in purified populations of synovial
macrophages, to our knowledge, only AmM,not NEP-24. 1 1 or
DAPIV, activity has been demonstrated on macrophages from
other organs (44). Alternatively, soluble products of macro-
phages might influence the in vivo expression of peptidases on
fibroblastic cells. Wefailed to observe a change in the immuno-
fluorescent expression of NEP-24. 11, AmM, or DAP IV on
fibroblastic cells with progressive passaging and time in culture.
Since the macrophage subpopulation of primary synovial cell
cultures routinely disappears by the first or second passage
(31 ), this observation suggests in fact that fibroblastic pepti-
dase expression is not dependent upon the physical presence of
macrophages or their soluble products. The failure of IL- 1
treatment of synovial fibroblasts to alter the rates of NEP-
24.1 1-, AmM-and DAP IV-mediated kinin and neuropep-
tide degradation (unpublished observations) further supports
this concept, although other macrophage-associated cytokines
have not been examined.

The persistence over time in culture of, and lack of effect of
IL- 1 on, peptidase expression on synovial cells is in direct con-
trast to the expression of proteases, such as collagenase and
stromelysin, by synovial cells, in that secreted levels are high in
primary culture, become unmeasurable by the first or second
passage, but can be subsequently reinduced by IL-1 (31, 47,
48). That peptidase and protease expression are regulated dif-
ferently is further illustrated by the ability of phorbol esters, in
rabbit synovial cells, to downregulate NEP-24. 11 mRNAex-
pression while upregulating that of collagenase and stromelysin
(46). This differential regulation could have important impli-
cations in therapeutic attempts to target inhibition of one, but
not the other, class of enzymes. Identification of physiologi-
cally relevant factors or pharmacological agents that regulate
peptidase activity within the joint may provide important in-
sights into the pathogenesis and treatment of inflammatory
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arthritis. Glucocorticoids, for example, upregulate mRNAex-

pression and functional activity of NEP-24. 11 in transformed
human tracheal epithelial cells (57) and this action may consti-
tute an additional mechanism, in the joint, by which steroids
exert antiinflammatory effects. Finally, an even broader role
for these peptidases beyond the degradation of small peptides
has been suggested by the ability of NEP-24. 1 1, or an NEP-
24.1 1-like enzyme, to inactivate IL-1 (73) and to activate pro-
collagenase (74), as well as by the ability of DAPIV to promote
cell attachment (75, 76).
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