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Abstract

Objective—We previously demonstrated that carboxypeptidase B (CPB) protects against joint

erosion in rheumatoid arthritis by inactivating complement component C5a. We also found that

levels of CPB are abnormally high in the synovial fluid of individuals with another joint disease,
osteoarthritis (OA). In this study, we investigated whether CPB has a role in the pathogenesis of
OA.

Methods—We compared the development of OA in CPB-deficient (Cob2~~) mice and wild-type
mice by subjecting them to medial meniscectomy and four months later histologically assessing
cartilage damage, osteophyte formation, and synovitis in the mouse stifle joints. We measured
levels of proCPB, proinflammatory cytokines, and complement components in synovial fluid
samples from patients with symptomatic and radiographic knee OA. Finally, we used ELISA, flow
cytometry, and hemolytic assays to assess the effect of CPB on formation of membrane attack
complex (MAC)—a complement effector critical to OA pathogenesis.

Results—Cpb2™~ mice developed dramatically greater cartilage damage than wild-type mice
(P<0.01) and had a greater number of osteophytes (£<0.05) and degree of synovitis (/£<0.05). In
synovial fluids from OA patients, high levels of proCPB were associated with high levels of
proinflammatory cytokines and complement components, and levels of proCPB correlated
positively with those of MAC. In in vitro complement activation assays, activated CPB suppressed
the formation of MAC as well as MAC-induced hemolysis.
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Conclusions—Our data suggest that CPB protects against inflammatory destruction of the joints
in OA, at least in part by inhibiting complement activation.

INTRODUCTION

Carboxypeptidase B (CPB; also known as thrombin-activatable fibrinolysis inhibitor) is a
basic carboxypeptidase that cleaves C-terminal basic residues (arginine or lysine) from
protein and peptide substrates. It is encoded by the Cpb2 gene and produced primarily by the
liver as a circulating plasma zymogen (proCPB) and becomes activated by the thrombin-
thrombomodulin complex during thrombotic events. CPB was initially described as a
fibrinolysis inhibitor because it can remove C-terminal lysines from partially digested fibrin
and thereby reduce the binding of plasminogen and tissue plasminogen activator to the fibrin
clot. CPB has since been shown to also cleave and inactivate several inflammatory proteins,
namely C5a, C3a, bradykinin, and thrombin-cleaved osteopontin?. Its ability to modulate
inflammatory substrates suggests that CPB may also function to suppress inflammation.
Consistent with this notion, we previously found that CPB protects against rheumatoid
arthritis by dampening C5a-mediated inflammation in synovial joints2.

Although historically viewed as a non-inflammatory degenerative disease, OA is also
accompanied by low-grade inflammation in the joints2. Indeed, we recently discovered that
the inflammatory complement system is critical to the pathogenesis of OA, with deficiency
in the central complement component C5 or in a component of the downstream MAC
(membrane attack complex) effector attenuating arthritis in mouse models of OA%. Here we
investigate the role of CPB in OA by using mouse models of OA, /n vitro analyses of human
OA synovial fluid, and /n vitro complement activation assays.

Materials and Methods

Surgical induction of mouse OA

We performed mouse studies under protocols approved by the Stanford Committee of
Animal Research and in accordance with National Institutes of Health guidelines. Medial
meniscectomy was performed as described® on 16-week-old, male CPB-deficient mice
(Cpb2™~) or age-matched C57BL/6J control mice.

Histologic assessment of OA development in mice

Stifle joints from Cpb2~~ and control mice were stained with toluidine blue. Cartilage
degeneration, osteophyte formation, and synovitis were evaluated as described?.

Measurement of proCPB, complement, and cytokines in OA synovial fluid

Synovial fluid samples were obtained from knee OA patients over age 45 and with
radiographic KL score =3 under protocols approved by the Stanford Institutional Review
Board (IRB) and with informed consent. ProCPB levels were measured by the Zymutest
TAFI-Ag ELISA kit (Aniara). For measurement of soluble MAC (sC5b-9) and C3a, we used
the BD OptEIA Human C5b-9 and Microvue C3a Plus EIA kits (Quidel). Analysis of
cytokines was performed as described®.
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Quantitation of SMAC by ELISA

10% normal human serum (NHS) was incubated with 20nM of activated CPB (American
Diagnostica) in Hank’s balanced salt solution with or without 25uM of potato
carboxypeptidase inhibitor (Sigma), and SMAC measured by ELISA.

Immunofluorescence visualization of SMAC adsorption

Glass coverslips were allowed to react with either 10% untreated NHS or NHS pre-treated
with 35nM of activated CPB. Coverslips were washed, then stained with anti-human C5b-9
(Dako) or isotype control followed by Alexa Fluor 488-conjugated anti-mouse 1gG
(Invitrogen). Thirty-six high-powered fields per sample were imaged, and C5b-9 complexes
with an area >0.1pm?2 counted with ImageJ.

Flow cytometric analysis of C5b-9 deposition

Huh7 hepatoma cells were incubated in either 25% NHS or NHS pretreated with 35nM of
activated CPB, and cells stained with anti-human C5b-9 followed by Alexa Fluor 488-
conjugated anti-mouse 1gG.

Hemolysis assay

Unsensitized rabbit erythrocytes were resuspended in gelatin veronal buffer (GVB) and
incubated at 37°C for 60 minutes in 10% serum from 1-year-old Cpb27~ or age-matched
mice (/7=5 per group) with or without bovine cartilage extract (Sigma) in GVB/MgEGTA
buffer. Positive (100% lysis; water) and negative (0% lysis; GVB/MgEGTA buffer) controls
were included. Absorbance of the supernatants was measured at 412nm, and hemolysis
calculated relative to the positive control.

RESULTS

CPB protects mice against surgically induced OA

We used the medial meniscectomy mouse model of OAS to investigate the role of CPB in
the pathogenesis of OA. We performed medial meniscectomy on CPB-deficient (Cob2™")
mice and their wild-type counterparts and, sixteen weeks later, evaluated OA-like pathology
in sections of their stifle joints. Compared to the operated joints of age-matched control
mice, those of Cpb2~~ mice had a much greater degree of cartilage loss, osteophyte
formation, and synovitis (Figure 1). These findings suggest that CPB protects against the
development and progression of OA in mice.

ProCPB levels correlate with levels of proinflammatory mediators in human osteoarthritic
synovial fluid

Levels of proinflammatory mediators are abnormally high in the synovial fluid of
individuals with OA2. Because CPB negatively regulates local inflammatory responses by
enzymatically cleaving and inactivating its proinflammatory substrates?, we investigated the
association between levels of proCPB and levels of proinflammatory mediators in OA
synovial fluid. To this end, we performed ELISA and multiplexed bead-based
immunoassays to quantitate proCPB, proinflammatory cytokines, chemokines, and
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complement components in OA synovial fluid. Using the mean level of proCPB across all
OA synovial fluid samples, we stratified the samples into low- and high-proCPB groups.
Heatmap display of the levels of proinflammatory mediators identified by SAM as
differentially expressed between the high- and low-proCPB groups showed that levels of
several proinflammatory mediators, including IL-1p, IFNy, IL-8, and macrophage
inflammatory protein-1 beta, are higher in the high-proCPB group (Figure 2A). Levels of
IL-10 and IL-13, cytokines with anti-inflammatory properties, were also higher in the high-
proCPB group (2A). In the setting of chronic inflammation, such as in the OA joint, CPB
may act in concert with these regulatory cytokines to prevent the destructive effects incurred
by sustained proinflammatory activity.

Two effector components of the complement cascade, namely the anaphylatoxin C3a and
the MAC (C5b-9), were significantly upregulated in OA synovial fluids with high levels of
proCPB. Indeed, by analyzing paired values of proCPB and MAC for each synovial fluid
sample, we found that levels of proCPB correlate positively with levels of MAC (Figure 2B,
Pearson r=0.64, £<0.0001). This strong correlation suggests that CPB may control
inflammation by regulating complement activation.

CPB inhibits MAC formation and MAC-mediated cell lysis

We previously reported a critical role for complement, in particular the MAC-mediated
effector arm of the complement cascade, in the pathogenesis of OA%. Mice genetically
deficient in complement effectors C5 or C6 (two components of MAC) are protected against
surgically induced OA, whereas mice deficient in the MAC inhibitor CD59 suffer greater
cartilage loss and accelerated OA development. Given the importance of MAC in OA
pathogenesis* and the strong correlation between levels of proCPB and MAC in OA
synovial fluid (Figure 2B), we investigated whether inhibition of MAC assembly might be
one mechanism by which CPB exerts its protective effects in OA. To evaluate the role of
CPB in complement activation, we preincubated NHS with activated CPB and assessed its
ability to activate complement relative to that of NHS that had not been preincubated with
CPB (Figure 3A). CPB treatment suppressed soluble MAC (SMAC) formation in NHS
(Figure 3A), an effect that was abolished by inactivation of CPB with potato
carboxypeptidase inhibitor (PCI) (3A). We validated the /inn vitro formation of SMAC by
immunostaining for C5b-9 complexes bound to glass coverslips that were allowed to react
with either CPB-treated or untreated NHS. As predicted, markedly fewer C5b-9 complexes
formed on glass coverslips incubated with CPB-treated NHS than on those incubated with
untreated NHS (Figure 3B).

Upon activation of the complement cascade, MAC readily forms channels in the membranes
of target cells, resulting in either cell signaling or cell lysis, depending on the concentration
of MAC. We therefore evaluated the ability of CPB to regulate MAC assembly at the
surface of Huh7 hepatocarcinoma cells. Consistent with our previous findings with SMAC
(Figures 3A and B), MAC deposition was markedly lower on Huh7 cells incubated with
CPB-treated NHS than on Huh7 cells incubated with untreated NHS (Figure 3C). Moreover,
Huh7 cells incubated with CPB-treated NHS contained intact nuclei, in stark contrast to the
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disrupted appearance of nuclei from cells incubated with untreated NHS (Figure 3D),
suggesting that CPB inhibits MAC-mediated cell lysis.

To further confirm our findings, we compared the ability of serum from Cpb2~~ mice and
serum from wild-type C57BL/6J mice to activate complement in a modified AH50 assay. In
this assay, complement activity was determined by measuring the hemolysis of rabbit red
blood cells (RBCs) after addition of CPB-deficient or wild-type mouse sera. There was no
significant difference in hemolytic activity when RBCs reacted with CPB-deficient or wild-
type sera alone (Figure 3E). However, when we added cartilage ECM components to the
serum to increase complement activation above that attained spontaneously, sera from CPB-
deficient mice lysed RBCs more efficiently than did sera from wild-type mice. A hallmark
of cartilage degeneration in OA is the breakdown and progressive loss of extracellular
matrix (ECM) components into the synovial space, and some of these ECM components can
induce formation of MAC from serum complement components®. These data suggest that
circulating CPB exerts its anti-inflammatory or cytotoxic effects at least in part by
suppressing or limiting complement activation triggered by cartilage ECM components.

DISCUSSION

In this study, we show that CPB is important in protecting against the development of OA
and that it may do so, at least in part, by inhibiting complement activation in the synovial
joints. We found that (i) genetic deficiency in CPB exacerbated OA in a mouse model; (ii)
high levels of CPB are associated with high levels of proinflammatory cytokines in the
synovial fluid of individuals with OA, and levels of CPB correlate positively with levels of
MAC in these samples; and (iii) CPB inhibits the formation and activity of MAC /n vitro.

While traditionally considered a plasma protein, proCPB is also produced and secreted by
fibroblast-like synoviocytes (FLS)8. Moreover, thrombomodulin, a critical cofactor for
thrombin-mediated activation of proCPB, is expressed on FLS8. These findings suggest that
locally produced and activated CPB may act in concert with CPB from plasma exudates into
the joint space to control inflammation in OA.

Several of the proinflammatory mediators that were associated with high levels of CPB are
known to be secreted by multiple cell types in response to signaling by CPB substrates (e.g.,
Cb5a signaling through C5aR induces the production of IL-1 and IL-8). Because CPB
cleavage of its substrates reduces their proinflammatory activity, the observed association
suggests that levels of CPB may increase in OA synovial fluid as part of a homeostatic
counter-regulatory mechanism to suppress inflammation in OA joints.

Our finding that levels of proCPB correlated positively with levels of MAC is particularly
interesting in light of our previous finding that MAC has a critical role in OA pathogenesis®.
We now show that treating human serum with activated CPB reduces the formation of
soluble and cell-surface MAC, resulting in a reduction in RBC death. We propose that CPB-
mediated inhibition of MAC in synovial joints likewise attenuates MAC-induced killing of
synovial lining and cartilage cells. In addition, sublytic levels of the MAC can stimulate
production of cytokines and other proinflammatory mediators’—including many of those
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associated with high levels of proCPB in OA synovial fluid—and thus suppression of MAC-
induced inflammation could be another way in which CPB protects against joint destruction
in OA.

CPB could conceivably inhibit MAC formation in several different ways. It could do so by
suppressing activation of the alternative complement pathway, which is activated
spontaneously when the highly reactive thioester bond of complement component C3b
reacts with a hydroxyl or amine group on a protein’s surface. By cleaving C-terminal
lysines!, CPB removes reactive primary amines from proteins and could in this way
eliminate potential C3b-binding sites and thereby suppress activation of the alternative
pathway. One candidate for such a target protein is fibrin, which contains many C-terminal
lysines, is a known CPB substratel, and can activate complement®. Indeed, fibrin deposition
is a prominent finding in OA joint tissues1?, and complement, including MAC, co-localizes
with fibrin deposits at sites of tissue injuryl. Another way in which CPB-mediated removal
of C-terminal lysines could suppress activation of the alternative complement pathway is by
generating a net negative charge at the protein surface: polyanions are known to strongly
inhibit the alternative complement pathway2. Additionally, C-terminal lysines of fibrin act
as docking sites for plasminogen, a fibrinolytic protein recently identified as an inhibitor of
both the alternative and the classical complement pathways!3. Cleavage of fibrin by CPB
would preclude the binding of plasminogen to fibrin, leaving plasminogen free to interact
with and inhibit complement components.

The mouse medial meniscectomy model is relevant to human OA because humans who have
undergone medial meniscectomy have a significantly increased risk of developing OA4.
Further, arthroscopic partial meniscectomy in humans is associated with chemokine-driven
inflammation15.

Our findings suggest that CPB serves as an important anti-inflammatory mediator that
protects against inflammatory joint destruction following injury or iatrogenic removal of the
meniscus. Thus, we propose that CPB downregulates inflammation and cytotoxicity in
synovial joints, and that it does so in part by suppressing the formation of MAC.
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Figure 1. ProCPB deficiency exacerbates OA in mice
(A) Representative toluidine-blue-stained sections of the stifle joints of CPB-deficient

(CpbZ™~; backcrossed >9 generations to the C57BL/6J background) and wild-type
C57BL/6J control mice (Cob2*/*) surgically induced to develop OA by medial
meniscectomy. Arrowheads indicate areas of total cartilage loss. Scale bar for the low (top)
magnification images, 500 pm; scale bar for the high (bottom) magnification images, 200
pum. (B) Histologic quantification of cartilage degeneration, osteophyte formation, and
synovitis in (A). Data represent the mean + s.e.m; Cpb27~, n=4; Cpb2*/*, n=5). *£<0.05 by
Mann-Whitney test.
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Figure 2. Levels of proCPB correlate positively with levels of inflammatory mediatorsin OA
synovial fluid

(A) Heatmap display of inflammatory mediators whose levels differ significantly between
OA synovial fluids from individuals with high levels of proCPB and those with low levels of
proCPB (FDR<4.1%; Significance analysis of microarrays was used for identifying
statistically significant differences). High- and low-proCPB groups were formed based on
the mean proCPB level of all analyzed OA synovial fluids (64.8%). In the heatmap, blue
represents a decrease relative to the mean value obtained in samples from OA patients,
yellow no change, and red an increase. Cytokine and chemokine levels were measured with
a multiplex bead-based immunoassay. ProCPB, C3a, and MAC were measured by ELISA.
Heatmap columns represent individual OA patients, and rows represent individual
inflammatory mediators. (B) Pearson’s correlation analysis of paired proCPB and MAC
measurements in synovial fluid from each individual OA patient, with proCPB
concentrations expressed as a percentage of that observed in normal pooled plasma. C3a,
complement component 3a; MAC, membrane attack complex (C5b-9); IFNvy, interferon
gamma; IL, interleukin; MIP-13, macrophage inflammatory protein-1 beta.
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Figure 3. CPB inhibits complement activation in serum
(A) ELISA analysis of soluble MAC (sMAC) formation in untreated normal human serum

(NHS) or NHS treated with CPB or with CPB inactivated with potato carboxypeptidase

inhibitor (PCI). Data are the mean % s.d. of triplicates. (B) Immunostaining analysis of
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C5b-9 complexes (MAC) adsorbed to hydrophilic glass incubated with samples of untreated
NHS or CPB-treated NHS (CPB-NHS). Number of complexes per 36 non-overlapping high-
power fields are shown. (C) Flow cytometric analysis of MAC deposition on the surface of
Huh7 cells incubated with 25% untreated NHS or CPB-NHS. Cells were stained with anti-
C5b-9 or mouse 1gG2a isotype control, followed by a goat anti-mouse 1gG-488 secondary.

Representative dot plots and percentages of MAC+ cells are shown. (D) DAPI (4/,6-

diamidino-2-phenylindole) staining of nuclei in Huh7 cells incubated with untreated NHS or
CPB-NHS. Cells incubated with CPB-NHS contain intact nuclei, whereas cells incubated
with untreated NHS contain elongated nuclei with dispersed chromatin fibers. Scale bar, 100
m. (E) Hemolysis of rabbit red blood cells by 10% (v/v) sera from CPB-deficient mice or
C57BL/6J wild-type mice in the presence or absence of cartilage extract. *£<0.05, ***
F<0.001 by one-way ANOVA with Bonferroni post-hoc correction. Data are the mean + s.d.
of triplicates and representative of three or more independent experiments.
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