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a b s t r a c t

Thrombin-activatable procarboxypeptidase B (proCPB or thrombin-activatable fibrinolysis inhibitor or
TAFI) is a plasma procarboxypeptidase that is activated by the thrombin–thrombomodulin complex on
the vascular endothelial surface. The activated CPB removes the newly exposed carboxyl terminal lysines
in the partially digested fibrin clot, diminishes tissue plasminogen activator and plasminogen binding,
and protects the clot from premature lysis. We have recently shown that CPB is catalytically more effi-
cient than plasma CPN, the major plasma anaphylatoxin inhibitor, in inhibiting bradykinin, activated
complement C3a, C5a, and thrombin-cleaved osteopontin in vitro. Using a thrombin mutant (E229K) that
has minimal procoagulant properties but retains the ability to activate protein C and proCPB in vivo, we
showed that infusion of E229K thrombin into wild-type mice reduced bradykinin-induced hypotension
but it had no effect in proCPB-deficient mice, indicating that the beneficial effect of E229K thrombin is
mediated through its activation of proCPB and not protein C. Similarly proCPB-deficient mice displayed
enhanced pulmonary inflammation in a C5a-induced alveolitis model and E229K thrombin ameliorated
the magnitude of alveolitis in wild-type but not proCPB-deficient mice. ProCPB-deficient mice also dis-
played enhanced arthritis in an inflammatory arthritis model. Thus, our in vitro and in vivo data support
the thesis that thrombin-activatable CPB has broad anti-inflammatory properties. By specific cleavage of

the carboxyl terminal arginines from C3a, C5a, bradykinin and thrombin-cleaved osteopontin, it inacti-
vates these active inflammatory mediators. Along with the activation of protein C, the activation of proCPB
by the endothelial thrombin–thrombomodulin complex represents a homeostatic feedback mechanism
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in regulating thrombin’s p

. Introduction

Thrombin-activatable procarboxypeptidase B (proCPB or
hrombin-activatable fibrinolysis inhibitor or TAFI) is a recently
escribed plasma procarboxypeptidase that plays a role in modu-

ating fibrin clot lysis. In this chapter, we reviewed recent studies
nd suggest that its physiological function is not limited to control-
ing fibrinolysis but may serve a much broader anti-inflammatory

ole in the regulation of thrombin and tissue inflammation.
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. Procoagulant and anticoagulant properties of thrombin

The procoagulant activities of thrombin are well established: it
s the final enzyme of the clotting cascade and responsible for form-
ng the fibrin clot; in a positive feedback fashion, it also activates
ther clotting factors and accelerates the efficiency of the cascade;
nd it activates platelets via the cleavage of the protease acti-
ated receptors (PARs) to form platelet aggregates. Thus thrombin
s the major physiological mediator for the formation of platelet-
brin thrombus at the site of vascular injury (Coughlin, 2005).

t is noteworthy that the expression of the PAR receptors is not

estricted to platelets and they also exist on endothelial cells, mono-
ytes, fibroblasts, and smooth muscle cells; activation of PARs in
hese cells generally leads to a proliferative and pro-inflammatory
henotype and contributes to thrombin’s proinflammatory
roperties.

http://www.sciencedirect.com/science/journal/01615890
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While the procoagulant properties of thrombin are well rec-
gnized, it is less well appreciated that thrombin also has
nticoagulant properties (Esmon, 2003). This is mediated by its
inding to thrombomodulin (TM), an integral membrane protein
ound on the vascular endothelial cell surface. Binding of throm-
in to TM acts like a molecular switch—thrombin is not inhibited
s an enzyme, but its substrate specificity is completely altered.
hen bound to TM, thrombin no longer clots fibrinogen or acti-

ates platelets, but instead acquires the ability to activate protein
, a pro-enzyme (zymogen) in plasma, efficiently (by >1000-fold).
ctivated protein C cleaves and inactivates activated clotting factors
a and VIIIa, two key cofactors in the clotting cascade, and dampens

hrombin generation. It also has intrinsic anti-inflammatory prop-
rties and is efficacious in the treatment of severe sepsis (Esmon,
005; Bernard et al., 2001).

. Dissociation of thrombin’s procoagulant and
nticoagulant properties

It is remarkable that the procoagulant and anticoagulant proper-
ies of thrombin can be completely dissociated by a single mutation,
ith the discovery of E229K thrombin (Leung and Gibbs, 1997). To
efine the structure–function relationships of thrombin, a library
f 53 thrombin mutants was created; based on the crystal structure
f thrombin and using the alanine scanning mutagenesis approach,
e systematically replaced all the surface exposed hydrophilic

mino acid residues on thrombin with alanine. The thrombin
utants were then screened empirically for those that retained

rotein C activation but had diminished clotting function. Throm-
in mutant E229A was identified (Gibbs et al., 1995); glutamic acid
29 is located quite a distance from the active site of thrombin,
nd from a priori considerations, one would not have guessed that
eplacement of glutamic acid at this location would have such a
rofound effect. Saturation mutagenesis at position E229 was per-
ormed and replacement of glutamic acid with lysine (E229K) gave
he most desirable property of minimal clotting function (<1%)
hile retaining significant protein C activation in the presence of

hrombomodulin (∼50% WT activity) (Tsiang et al., 1996). (Sub-
equent crystal structure analysis revealed that E229K thrombin
as an occluded active site—E229 is located at a significant Na+-
inding site and disruption of Na+-binding leads to collapse of the
ctive site (Carter et al., 2004). Presumably when E229K binds to
hrombomodulin, the conformation of the active site is partially
egained.) When infused into a monkey, E229K thrombin prolonged
he PTT clotting time, and the anticoagulant activity correlated with
he activation of protein C. It did not cause any consumption of
latelets or fibrinogen. E229K thrombin also functions similarly in
ice. Thus E229K is an engineered anticoagulant thrombin.

. Thrombin-activatable procarboxypeptidase B as a
hysiological substrate for the thrombin/thrombomodulin
omplex

Given the biological importance of the
hrombin–thrombomodulin protein C activation pathway does
he thrombin–thrombomodulin complex activate any other phys-
ological substrates? Thrombin-activatable procarboxypeptidase
proCPB, also termed thrombin-activatable fibrinolysis inhibitor or
AFI), is a plasma procarboxypeptidase and is now recognized as a

econd physiological substrate for the thrombin–thrombomodulin
omplex (its activation is enhanced by ∼1200-fold as compared
o thrombin alone) (Redlitz et al., 1995; Bajzar et al., 1996; Broze
nd Higuchi, 1996). When activated, CPB is specific for cleavage of
arboxyl terminal arginine and lysine, and functions as a fibrinol-
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sis inhibitor. During clot lysis, tissue type plasminogen activator
tPA) and plasminogen bind to the fibrin clot, plasmin is generated
ocally and digests the clot. In the process, new carboxyl terminal
ysines are exposed in the partially digested clot, which serve as
dditional binding sites for plasminogen and tPA, and leads to
nhanced clot lysis. The activated CPB removes the newly exposed
arboxyl terminal lysines in the clot, diminishes additional tPA and
lasminogen binding, thus protecting the clot and functioning as a
brinolysis inhibitor.

From the hemostasis standpoint, activated protein C and CPB can
e perceived as playing complementary roles (Fig. 1). At the site of
ascular injury, thrombin is generated and forms the fibrin clot to
top bleeding. Thrombin binding to thrombomodulin on the neigh-
oring intact endothelium will activate protein C and the activated
rotein C dampens the clotting cascade, preventing excessive fibrin
lot formation. At the same time, the activation of CPB will stabilize
nd protect the clot already formed from premature lysis.

. Thrombin-activatable carboxypeptidase B as an
nti-inflammatory molecule

Given the fact that thrombin has well documented pro-
nflammatory properties (via its activation of cellular PAR
eceptors), and activated protein C also has well established anti-
nflammatory properties (via its protective effect on endothelial
ells), the activity of CPB may not be limited to fibrin protec-
ion, and it may have intrinsic anti-inflammatory functions. In
ontrast to carboxypeptidase N (CPN), the major plasma ana-
hylatoxin inhibitor that is constitutively active and stable, CPB

s thermolabile (plasma t1/2 ∼ 15 min) and requires activation by
hrombin–thrombomodulin. It may thus function as a stimulus-
esponsive anti-inflammatory molecule that becomes activated
ocally at sites of tissue injury. In support of this, we and others have
hown that CPB can efficiently inhibit bradykinin (BK), activated
omplement C3a, C5a, and thrombin-cleaved osteopontin (OPN) in
itro (Shinohara et al., 1994; Campbell et al., 2002; Myles et al.,
003).

OPN is a pro-inflammatory cytokine and immunoregulatory
rotein found in plasma and the extracellular matrix. It is involved

n bone remodeling and wound healing. OPN interacts with many
ifferent cell types, including T cells, macrophages and neutrophils,
nd is upregulated at sites of injury and inflammation. Its cellular
nteractions are largely mediated by a RGD site that allows it to
ind to many different integrins including �v�3 (vitronectin recep-
or). However there is also a thrombin-cleavage site within OPN, in
lose proximity to the RGD sequence, and thrombin cleavage leads
o the exposure of a new integrin-binding site (SVVYGLR) at the
arboxyl terminus, which is specific for �4�1 and �9�1, a subset
f �1 integrins that has a much more restricted cellular expression.
e recently showed that thrombin cleavage of OPN requires the

ngagement of both anion-binding exosites in thrombin and estab-
ishes OPN as a bona fide substrate for thrombin (Myles and Leung,
008). The thrombin-cleaved OPN (OPN-R or OPN-Arg) becomes
uch more chemotactic for neutrophils and certain T cell subsets.

ecombinant OPN-R is ∼5-fold more potent than full length OPN
n supporting Jurkat cell binding in vitro. Removal of the carboxyl
erminus arginine from OPN-R, converting it to OPN-L (or OPN-Lys),
enders it unable to bind to �4�1 and reduces its cell adhesion. It
upports the notion that sequential thrombin and CPB cleavages of
PN will in turn up-regulate and down-modulate its cell binding

ctivity (Myles et al., 2003).

CPB also inactivates C5a. Using an in vitro neutrophil myeloper-
xidase release assay, CPB, at a molar ratio of 1:100 to C5a,
ffectively inhibited C5a, with complete inhibition of its neutrophil
ctivation activity within 5 min of incubation (Fig. 2).
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Fig. 1. Complementary roles for aPC an
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Fig. 2. Inhibition of C5a by CPB (TAFIa) in vitro.

A formal comparison of the catalytic efficiencies (as measured
y Kcat/km) of CPN and CPB, using a series of synthetic peptides to
epresent the various substrates, showed that CPB is about 10–25-
old more efficient than CPN in cleaving BK, thrombin-cleaved OPN,
nd C5a, while they are about the same in cleaving fibrin-based
eptides. Thus the in vitro data show that CPB has broad substrate
eactivity and may function as an anti-inflammatory molecule, in
ddition to its role as a fibrinolysis inhibitor.

. Carboxypeptidase B reduces bradykinin-induced
ypotension in vivo
To study the in vivo role of CPB, we used E229K thrombin to acti-
ate proCPB in vivo. E229K activates protein C and proCPB when
nfused intravenously in mice, without concomitant fibrinogen or
latelet consumption. Pre-infusion of E229K thrombin into wild-
ype (WT) mice reduced BK-induced hypotension but it had no

r
m
s
m
C

d CPB at sites of vascular injury.

ffect in proCPB-deficient mice, indicating that the beneficial effect
f E229K thrombin is mediated through its activation of proCPB
nd not protein C. It suggests that CPB can supplement CPN in
nactivating BK.

. Carboxypeptidase B ameliorates C5a-induced alveolitis in
ivo

To test its role in C5a inhibition in vivo, we utilized a C5a-
nduced alveolitis mouse model (Nishimura et al., 2007). C5a was
nstilled intra-tracheally into the mouse; after 6 h, bronchoalveolar
avage was performed and the magnitude of pulmonary inflam-

ation measured by cell counts and protein levels in the lavage
uid. In WT mice, C5a induced pulmonary alveolitis in a dose-
ependent manner. Inflammation was significantly increased (by
-fold) in the proCPB-deficient mice. E229K thrombin pre-infusion
ignificantly reduced the pulmonary inflammation in WT but not
roCPB-deficient mice (Fig. 3). Histological examination of the pul-
onary tissues confirmed the finding of increased inflammation in

he proCPB mice as compared to WT mice and its amelioration by
229K thrombin infusion in WT but not proCPB-deficient mice.

Delayed administration of E229K by 2 h negated its beneficial
ffect, suggesting that it was mediated by CPB inhibition of C5a,
ather than CPB’s effect(s) on some other downstream inflamma-
ory mediators.

. ProCPB-deficient mice are predisposed to inflammatory
rthritis in vivo

We have tested the proCPB-deficient mice in an anti-collagen
ntibody-induced inflammatory arthritis model. Both OPN and
pecifically thrombin-cleaved OPN, as well as C5a have been

eported to play an important role in this process. ProCPB-deficient
ice developed enhanced arthritis in this model, with significant

welling in the paws and histology confirmed significant inflam-
atory cell infiltration in the synovial tissues (Song et al., 2007).

5a plays a key role in this model since C5-deficient mice were



L.L.K. Leung et al. / Molecular Immunology 45 (2008) 4080–4083 4083

Fig. 3. E229K thrombin attenuated C5a-induced alveolitis i
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Fig. 4. CPB (TAFIa) as an anti-inflammatory molecule.

rotected from arthritis development. The data suggest that in the
roCPB-deficient mice, enhanced C5a generation led to more severe
rthritis. Whether thrombin-cleaved OPN also plays a role remains
o be determined.

. Regulation of thrombin’s inflammatory properties by
hrombin-activatable procarboxypeptidase B

In summary, we have obtained in vitro and in vivo data
upporting the thesis that thrombin-activatable CPB has broad
nti-inflammatory properties. By specific cleavage of the carboxyl
erminal lysines or arginines from C3a, C5a, BK and thrombin-
leaved OPN, it inactivates these active inflammatory mediators.
long with the activation of protein C, the activation of proCPB by

he endothelial thrombin–thrombomodulin complex represents a
omeostatic feedback mechanism in regulating thrombin’s proin-
ammatory functions in vivo (Fig. 4). With the recent reports of
on-conventional direct thrombin activation of C3 and C5 (Huber-
ang et al., 2006; Clark et al., 2008), the potential interactions
etween the coagulation and complement pathways offer an excit-
ng new avenue in research in inflammatory diseases.
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