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Future prospects for contact factors as therapeutic targets

'Department of Pathology, Microbiology and Immunology, Vanderbilt University, Nashville, TN

Anticoagulants currently used in clinical practice to treat or prevent thromboembolic disease are effective, but place
patients at increased risk for serious bleeding because they interfere with plasma enzymes (thrombin and factor Xa)
that are essential for hemostasis. In the past 10 years, work with genetically altered mice and studies in baboons and
rabbits have demonstrated that the plasma contact proteases factor XI, factor XIl, and prekallikrein contribute to the
formation of occlusive thrombi despite having limited roles in hemostasis. In the case of factor Xl, epidemiologic data
from human populations indicate that elevated levels of this protein increase risk for stroke and venous thromboembo-
lism and may also influence risk for myocardial infarction. These findings suggest that inhibiting contact activation may
produce an antithrombotic effect without significantly compromising hemostasis. This chapter reviews strategies that
are being developed for therapeutic targeting of factor Xl and factor Xll and their performances in preclinical and early

human trials.

Learning Objective

o To understand that the proteases of the plasma contact system
play a limited role in hemostasis, but appear to make
significant contributions to thrombosis; therefore, targeting of
contact activation may produce an antithrombotic effect that
is not accompanied by a drug-induced defect in hemostasis

Introduction

In the traditional coagulation cascade (Figure 1A), thrombin
formation isinitiated by aprocess called contact activation, whichis
triggered when plasma is exposed to certain types of surfaces
(usualy those with a negative charge).? Contact activation in-
volves reciproca conversion of the protease precursors factor XII
(fXI1) and prekalikrein (PK) to their active forms (fXlla and
a-kallikrein) in the presence of the cofactor high-molecular-weight
kininogen (HK). FXlla then converts factor XI (fXI) to its active
form (fXla), setting off a series of enzymatic reactions that
culminate in thrombin generation. Contact activation initiates
clotting in the activated partial thromboplastin time (aPTT) assay
used widely in clinical practice to assess the integrity of the blood
coagulation mechanism. Therefore, plasmas lacking fXII, fXI, PK,
or HK have very long aPTTs.2 Despite this, individuals deficient in
fXI1, PK, or HK do not have a demonstrable bleeding disorder even
when challenged with surgery.1? Patients with fX1 deficiency can
bleed excessively when surgery or trauma involves certain tissues,
but spontaneous bleeding is rare and symptoms are considerably
less severe than with deficiency of factor IX (the substrate for fXla
in the coagulation cascade).2* A conclusion that can be drawn from
the clinical observationsis that clot formation at a wound site does
not behave like the chain of reactions depicted in Figure 1A, in
which the absence of any link would be expected to disable the
entire mechanism. Work over the past 40 years has clarified the
processes responsible for initiation and propagation of aclot at asite
of injury. Our current understanding of the main reactions involved
in thrombin generation at a wound site are summarized in Figure
1B.5 Inthis scheme, fX| serves arelatively small rolein hemostasis,
whereas the process of contact activation is no longer considered an
integral component of the hemostasic mechanism. However, as
discussed by Key and by van Montfoort and Meijers in separate
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chapters in this publication, data from human population studies,
supported by numerous studies with anima models (summarized in
Table 1), make a strong case for arole for fXI in thromboembolic
disorders. Work with the animal models also suggeststhat fX11, PK,
and HK contribute to thrombosis (Table 1). These exciting observa-
tions are the driving force behind efforts to develop strategies that
target components of contact activation for therapeutic purposes.

Rationale for therapeutic targeting of contact
proteases

Theimportance of the protease thrombin in thromboembolic disease
has been established and it follows that inhibition of thrombin
production or thrombin activity will limit or prevent thrombus
formation and growth. For more than 60 years, 2 approaches have
been used to manipulate thrombin to treat or to prevent thromboem-
bolic disease. One approach is based on inhibiting the enzymatic
activity of thrombin or factor Xa (the protease directly responsible
for converting prothrombin to thrombin; Figure 1B). This can be
achieved indirectly using unfractionated heparin, low-molecular-
weight heparin, or heparin-related compounds to enhance protease
inhibition by the plasma serine protease inhibitor antithrombin.®
More recently, small-molecule inhibitors that target the active sites
of thrombin or factor Xa directly have been used toward the same
end.” An dternative approach involves reducing synthesis of
functional prothrombin and factor X, the zymogen precursors of
thrombin and factor Xa, respectively, by administration of vitamin
K antagonists such as warfarin.? The strategy of targeting thrombin
and fXaactivity or production to achieve an antithrombotic effect is
based on the reasonabl e premise that thrombosis represents dysregu-
lation of processes normally involved in hemostasis. Certainly, from
the standpoint of efficacy, this strategy has an impressive track
record. However, because of the importance of thrombin and factor
Xa to hemostasis, patients on anticoagulation therapy are at
increased risk for severe bleeding. In clinical trials, the newer oral
direct thrombin and factor Xa inhibitors were associated with
similar numbers of bleeding episodes compared with warfarin or
low-molecular-weight heparin, with the exception of the factor Xa
inhibitor apixaban, which appeared safer than warfarin in phase 3
trials. Therefore, life-threatening bleeding complications continue
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Figure 1. Models of thrombin generation. (A) Contact activation-initiated thrombin generation. In the cascade/waterfall hypothesis of
coagulation, thrombin generation is initiated by the process contact activation (gray oval). Contact activation involves reciprocal activation of the

protease precursors fXIl and PK on a surface (typically a negatively charged surface). HK serves as a cofactor for the reaction by facilitating PK

binding to the surface. FXlla then activates fXI, in a reaction that also requires HK, setting off the series of calcium-dependent proteolytic

reactions that culminates in thrombin generation. (B) TF-initiated thrombin generation. In this more current scheme, thrombin generation is

initiated by factor Vlla in plasma binding to TF, a membrane protein expressed on the surface of cells beneath the blood vessel endothelium. The

factor Vlla/TF complex activates factor X to factor Xa and factor IX to factor IXa. Factor Xa converts prothrombin to thrombin in the presence of

factor Va and factor IXa sustains the process by activating additional factor X in the presence of factor Vllla. The reactions indicated by the black

arrows form the core of the thrombin-generation mechanism in vertebrate animals. Mammals have fXla, which provides another mechanism for

fIX activation (red arrow). Although Xl is activated by fXlIla during contact activation, this reaction is not shown in this scheme because it does not

appear to be required for hemostasis. FXI can be activated by thrombin generated early in the coagulation process (gray arrows), explaining the

lack of a bleeding disorder in people lacking fXII. In (A) and (B), the precursors (zymogens) of trypsin-like enzymes are indicated in black

lettering, with active forms indicated by a lowercase “a.” Protein cofactors are indicated by Roman numerals in yellow ovals.

to be a problem, even with newer therapies, because they interfere
with key components of avital host-defense mechanism.

The normal hemostatic response to injury observed in humans
lacking fXI1, PK, or HK and the relatively mild bleeding associated
with fXI deficiency led to the conclusion that the contact system
plays, at most, a minor role in coagulation in mammals. However,
this notion is being reconsidered because a growing body of
evidence supports a substantive role for the contact factors in
thrombus formation in a variety of pathologic conditions. As
discussed by Key in this publication, higher plasma fXI levels in
humansincrease therisk for stroke® and venous thromboembolism?®
and may also affect risk for myocardial infarction.* Consistent with
this, as reviewed by van Montfoort and Meijers in this publication,
mice lacking fXI, fXII, or PK have an impressive resistance to
injury-induced arterial and venous thrombosis despite lacking an
obvious hemostatic abnormality (Table 1).1214 Intravascular thrombi
are unstable in these mice, preventing clots from achieving a size
sufficient to occlude a vessel. Data from ex vivo studies of human
blood under flow support the impression that growth of an
intralumina thrombus requires fXla and fXIla activity>1 either
within the clot or on its surface. In thisregard, intraluminal thrombi
appear to differ from hemostatic clots that form within the walls of
injured blood vessels. Therefore, contact activation appears to
contribute to clot formation in vivo, but is only required for the
growth of pathologic occlusive clots. If this hypothesisis correct, it
raises the prospect that inhibiting contact activation or components
of contact activation could produce an antithrombotic effect that
would be associated with little or no antihemostatic (anticoagul ant)
effect. Based on the intriguing epidemiologic and preclinical data, a
variety of strategies are under development for specifically targeting
zymogen fXI and fXII and their active protease forms, fXla and
fXllg, for therapeutic purposes. These approaches are reviewed in
the following sections and are summarized in Table 2.
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Inhibiting fXI and fXIl with monoclonal antibodies in a
primate thrombosis model

Although data from both human population studies and animal
models support the premise that fX1 contributes to thrombosis, the
data for fXII present a more confusing picture. Specificaly,
athough XII clearly serves an important role in thrombus forma-
tion in a variety of rodent modelst?4 and in rabbit models of
artificial surface-induced thrombosis,'”18 epidemiologic data sug-
gest that there is actually an inverse relationship between plasma
fXI1 levels and risk of myocardial infarction and death from cardiac
disease in humans.t1® Although the reasons for this apparent
discrepancy are not clear, the data raise concerns that fXI1 may not
contribute to thrombus formation in the same manner, or to the same
extent, in rodents and primates. This issue has been addressed
recently by a series of studies examining the consequences of fXI
and fXII inhibition in a baboon thrombosis model.

In 2003, Gruber and Hanson reported that olive baboons (Papio
anubis) treated with a polyclonal antibody to human fXI were
resistant to occlusive thrombus formation induced by insertion of
Dacron- or tissue factor (TF)-coated Teflon grafts into the circula-
tion.2° Several monoclonal antibodies that block different steps in
the contact activation process have subsequently been tested in a
version of this model that involves placing collagen-coated grafts
into temporary femoral arteriovenous shunts.’21516 Accumulation
of Mn-labeled platelets and 1%1-labeled fibrin within and down-
stream of the graft can be followed to determine the effects of
antibodies on the rate and extent of thrombus formation. The most
impressive results to date were obtained with the antihuman X1 1gG
O1A6 (also caled aXIMAb).1> O1A6 binds to the third “apple’
(A3) domain of fXI/fXla (Figure 2). The A3 domain contains a
binding site for the fXla substrate factor IX (indicated in red in
Figure 2),%* and O1A6 prevents factor 1X from binding to this site.
In baboons, a single 2 mg/kg subcutaneous dose of O1A6 reduced
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Table 1. Preclinical data supporting a role for the plasma contact system in thrombosis

Species Contact factor Thrombosis type Reference Study finding
Mouse Factor XI Arterial Rosen et al®® fXI-deficient mice are resistant to FeClI3-induced thrombosis of the carotid artery
Wang et al*® Xl deficiency protects mice from arterial thrombosis similar to fIX deficiency
Kleinschnitz et al*! XI deficiency is protective in a model of cerebral ischemia-reperfusion injury
Cheng et al'? Deficiency of fXI and fXII produce similar antithrombotic phenotypes in mice
Zhang et al?? Decreasing fXI with ASOs reduces arterial thrombus formation
Leung et al*? Inhibiting fXI with an antibody reduces cerebral ischemia-reperfusion injury
Wu et al*® fXla inhibitor protease nexin 2 inhibits arterial thrombosis
Van Montfoort et al*4 XI deficiency regulates thrombus formation on ruptured atherosclerotic plaques
Venous Wang et al*® fXI-deficient mice are resistant to FeClI3-induced inferior vena cava thrombosis
Cheng et al'? XI-deficient mice are resistant to formation of TF-induced pulmonary emboli
Zhang et al?? Decreasing fXI with ASOs reduces size of venous thrombi
Wong et al?® Small-molecule inhibitor to fXla prevents venous thrombosis
van Montfoort et al*® Anti-factor Xl antibodies reduce venous thrombus formation
Factor XII Arterial Renné et al*” XlI-deficient mice are resistant to FeCl3-induced mesenteric artery thrombosis
Kleinschnitz et al*! XII deficiency is protective in a model of cerebral ischemia-reperfusion injury
Midiller et al'® Polyphosphate induces thrombosis in a fXIl dependent manner
Cheng et al'? XIl-deficient mice are resistant to FeClI3-induced carotid artery thrombosis
Hagedorn et al®? fXllainhibitor infestin-4 blocks arterial thrombus formation
Revenko et al'* Reducing fXIl with ASOs inhibits arterial thrombus formation
Venous Renné et al*” XIl-deficient mice are resistant to collagen-epinephrine-induced pulmonary emboli
Revenko et al'* Reducing fXIl with ASOs inhibits stasis-induced vena cava thrombus formation
Prekallikrein Arterial Revenko et al'* Decreasing PK with ASOs inhibited arterial thrombus formation
Bird et al*® PK deficiency inhibits FeClI3-induced arterial thrombus formation
Venous Revenko et al'* Decreasing PK with ASOs inhibits stasis-induced venous thrombus formation
Bird et al*® PK deficiency inhibits venous thrombus formation induced by oxidative damage
HK Arterial Merkulov et al*® HK deficiency inhibits laser-induced arterial thrombus formation
Langhauser et al®° Arterial thrombosis was reduced in HK knockout mice
Rat Factor XII A-V Shunt Xuetal®® fXlla inhibitor infestin-4 reduces thrombus formation
Rabbit Factor XI Arterial Yamashita®' Inhibiting fXla reduces thrombus propagation in an iliac artery injury model
Wong et al?® Small-molecule inhibitor to fXla reduces arterial thrombus growth
Venous Minnema et al%? Inhibiting fXI with IgG enhances fibrinolysis of injury-induced venous thrombi
Takahashi et al%® Inhibiting fXla reduces thrombus growth in jugular vein injury and stasis models
Wong et al?® Small-molecule inhibitor to fXla reduces venous thrombus growth
Yauetal'” Decreasing fXI with ASOs inhibits catheter-induced venous thrombus formation
Factor XII Venous Yauetal'? Decreasing fXIl with ASOs inhibits catheter-induced venous thrombus formation
Larsson et al'® Anti-fXlla IgG prevents thrombus formation in an extracorporeal circuit
A-V Shunt Xuetal®® fXlla inhibitor infestin-4 reduces thrombus formation
Baboon Factor XI A-V Shunt Gruber & Hanson?® Inhibiting fXI with polyclonal IgG inhibits collagen or TF-induced thrombosis
Tucker et al'® Inhibiting fXI with monoclonal IgG inhibits collagen-induced thrombosis
Cheng et al'? Blocking fXI activation by fXlla inhibits collagen-induced thrombosis
Crosby et al?* Decreasing fXI with ASOs inhibits collagen-induced thrombosis
Factor XII A-V Shunt Matafonov et al'® Blocking fXII activation with monoclonal IgG inhibits collagen-induced thrombosis

A-V indicates arterial-venous.

plasmafXI activity to nearly undetectablelevelsfor 10 days. During
this time, the concentration of plasma fXI antigen increased,
indicating that O1A6 produced its effect by blocking fXI activity,
not by inducing rapid fXI clearance from plasma. Platel et accumula-
tion within collagen-coated grafts was markedly reduced in O1A6-
treated animals compared with controls. Platelet adhesion to the
collagen-coated surface was actually unaffected by the antibody, but
subsequent platelet aggregation was blunted, preventing graft
occlusion. Similar to what was observed in mice lacking fXI or fXII,
platelet-rich aggregates were unstable in the presence of O1A6 and
fragmented in the flowing blood. Thrombus instability may well
have been due, at least partly, to a significant reduction in local
thrombin generation because plasma levels of thrombin-antithrom-
bin complex (TAT, amarker of thrombin generation) were reduced
by >90% immediately downstream from the graft. Consistent with
this, fibrin deposition in the graft was reduced by >80% compared
with controls. O1A6 was considerably more effective at inhibiting
thrombus growth than high-dose aspirin in thismodel and at |east as
effective as unfractionated and low-molecular-weight heparin.
O1A6-treated baboons did not have any manifestations of abnormal
hemostasis.

The monoclona 1gG 14E11 was raised in fXI-deficient mice and

binds to the A2 domain (Figure 2) of fXI and fXla from multiple
species, including humans and baboons.?? In plasma, 14E11 effec-
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tively interferes with fXI activation by fXlla, but not fXI activation
by thrombin. It also has little effect on fXla activation of factor IX.
Therefore, 14E11 appears to specificaly inhibit contact activation-
mediated fX| activation. In baboons, 14E11 reduced fibrin deposi-
tion within grafts by ~40%, but platelet accumulation was largely
unchanged and the effect on TAT generation was more modest than
with O1A6. However, the antibody significantly reduced platelet
accumulation and thrombus growth downstream of the graft,
consistent with a significant antithrombotic effect. Similar resultsto
those obtained with 14E11 were reported earlier this year in the
baboon model for the antihuman fXI1 antibody 15H8.16 15H8 is a
strong inhibitor of activation of fXII to fXlla, but has little
inhibitory effect on fXllaitself.

Taken as a whole, the data support arole for both fXI and fXII in
thrombus formation in primates, but suggest that inhibiting fXla
may be a more effective antithrombotic strategy than inhibiting fXI
activation by fXllaor fXII activation. O1A6, 14E11, and 15H8 had
comparable effects on the aPTTs of treated baboons. This demon-
strates that it is not the degree of prolongation of the aPTT that is
indicative of the antithrombotic effect as much as the step in the
process that is being inhibited. The findings are consistent with the
data for human populations, which make a stronger case for arole
for fXI inthrombosisthan for fX11. Perhapsthereisacontribution to
fXI activation through a fXIla-independent mechanism during

American Society of Hematology

20z dunr g0 uo 3sanb Aq ypd'z50000% 1 L00ded/¥9S0SZ L/2S/ LI | 0Z/spd-ajonie/ABojojewsyjeursuonedlgndyse//:diy woy papeojumoq



Table 2. Compounds that target fXI/fXla and fXIl/fXlla

Target Inhibitor type Compound Mechanism of action Reference
XI/fXla Monoclonal IgG O1A6 (aXIMADb) Binds to Apple 3 domain of Xl inhibiting activation. Binds to A3 Tucker et al'®
domain of fXla inhibiting activation of fIX
14E11 Binds to Apple 2 domain of fXI inhibiting its activation by fXlla Cheng et al'?
(contact activation)
ASO Anti-fXI ASO ASOs are available for inhibiting production of fXI in mice, rabbits, Zhang et al??
cynamolgus monkeys and olive baboons Yau et al'?
Younis et al?®
Crosby et al?*
ISIS-FXIRx ASO to human fXI mRNA has been tested in normal healthy Liu et al?®

Active site inhibitors Aryl boronic acid derivative

Ketoarginine Peptidomimetics

4-carboxy-2-azetidinone
compound (BMS-262084)

Tetrahydroquinalone derivative
Allosteric inhibitors Sulfated Pentagalloylglucoside

Natural inhibitors Protease Nexin 2 Kunitz-domain

Clavatadine A
Desmolaris
XIl/iXIla Monoclonal antibody 3F7
15H8
ASO Anti-fXIl ASO

Small-molecule
RNA aptamer
Natural Inhibitors

Bicyclic Peptide 3
R4cfXIl-1
Infestin-4

volunteers, and is undergoing evaluation as prophylaxis in total
knee replacement

Irreversible inhibitor of fXla active site Lazarova et al%

Irreversible inhibitor of fXla active site. Reduced thrombus size in a Deng et al?”
rat venous thrombosis model

Irreversible inhibitor of fXla active site produced a dose-dependent Wong et al?®
effect on arterial and venous thrombus formation in rabbits

Reversible inhibitor of fXla produced an antithrombotic effectin a Quan et al?®

rabbit A-V shunt model without affecting hemostasis

Binds to charged residues on the fXI/fXla catalytic domain leading
to changes in active site conformation

The Kunitz-type inhibitory domain from protease nexin 2 inhibits
fXla by binding to the protease active site

Al-Horani et al*®
Karuturi et al®!

Wou et al*®

Bromine containing compound from marine sponge Suberea Buchanan et al®

clavata s probably an active site inhibitor of fXla
Kunitz-type inhibitor of fXla active site from vampire bat saliva

1gG targets the active site of fXlla and prevents thrombus formation
in an extracorporeal circuit in rabbits

IgG binds to the heavy chain of X, inhibiting its activation
probably by preventing fXII from binding to charged surfaces

ASOs are available for inhibiting fXII production in mice and rabbits

Ma et al®
Larsson et al'®

Matafonov et al'®

Revenko et al'4
Yau et al'”
Baeriswyl et al®”
Woodruff et al®®
Hagedorn et al®?
Xu et al®®

Binds to fXIl and prevents activation
Binds fXIl inhibiting activation, and fXlla inhibiting fXI activation

Active site inhibitor of fXlla from Triatoma infestan attached to
albumin. Inhibits thrombosis in rodents

thrombosis in baboons, such as the thrombin-mediated feedback
reaction represented by the gray arrowsin Figure 1B. It isimportant
to recognize, however, that the results of the baboon studies could
be explained by differences in how effectively each antibody
inhibits its specific target reaction and the results should not be
interpreted as definitively demonstrating that fXI is a better
antithrombotic target than isfXII.

Reducing plasma fXI levels with antisense
oligonucleotides

Theplasmalevelsof fXI, fXII, or PK can be significantly reduced in
mice by subcutaneous administration of antisense-oligonucleotides
(ASOs) specific for the mRNA of the protein of interest.1#22 Like
their congenitally deficient counterparts, ASO-treated mice demon-
strate a marked resistance to injury-induced arterial and venous
thrombosis.*?? Deoxyribonucleotide-based ASOs bind to a target
mMRNA through complementary base pairing,?? leading to selective
MRNA degradation by cellular nucleases and, consequently, re-
duced synthesis of the protein encoded by the mRNA. ASOs
administered by subcutaneous injection are taken up avidly by
hepatocytes, facilitating targeting of proteins such as coagulation
factors that are synthesized in the liver. ASOs complementary to
mouse fXI mMRNA have been prepared that are ~20 nucleotides in
length, with phosphorothionate incorporated into the backbone and
2'-O-methoxyethyl modificationsin the 5 nucleotides at each end.??
Such “second-generation” ASOs haverelatively long tissue elimina-
tion half-lives and can be administered at intervals of several daysto
aweek. Administration of 50 mg/kg of an anti-fX1 ASO subcutane-
ously twice a week for 3 weeks to adult mice resulted in >90%
reduction of plasmafXI| protein and activity. Thetreated mice are as
resistant to arterial and venous thrombosis as mice treated with
warfarin or heparin. A dose escalation study revealed that an
antithrombotic effect becomes evident when the plasma Xl level is
reduced to =20% of the normal level.

Hematology 2014

More recently, ASO technology has been studied in primates. A
dose escaation trial (4-40 mg/kg/wk) of the anti-fX1 ASO ISIS
416858 in cynomolgus monkeys produced a dose-dependent reduc-
tion in plasma fXI, with higher doses producing an 80% reduction
after 4 weeks of treatment.?® As expected, the aPTT was moderately
increased by this therapy, but the PT and platelet count remained
normal and there was no evidence of ahemostatic deficit in response
to tail amputation or gum or skin laceration. In the baboon
arteriovenous shunt thrombosis model described in the previous
section, reducing fXI1 by as little as 50% had some antithrombotic
effect, with a greater effect occurring when the plasma level was
reduced to =20% of normal,?* consistent with results from the
studies with mice.

Results of a phase 1 study examining the effects of the antihuman
fXI ASO ISIS-FXIRx on headlthy volunteers were reported at the
annual meeting of the American Society of Hematology in 2011.25
Reductions of plasma fXI antigen and activity of ~80% were
consistently achieved with repeated 200 or 300 mg doses of ASO,
with some individuals experiencing >95% reduction. The most
common adverse effects were mild irritation and inflammation at
ASO injection sites. There were no cases of excessive bleeding,
significant hematologic or electrolyte abnormalities, or liver or
kidney dysfunction. Salomon et al reported that patients with severe
fXI deficiency requiring orthopedic procedures often experience
little excessive bleeding, even in the absence of factor replacement.
A multicenter phase 2 triadl comparing ISIS-FXIRx with low-
molecular-weight heparin for deep vein thrombosis prophylaxis in
patients undergoing total knee arthroplasty is currently under way.
This study will provide us with information on the effects of
reduced fXI in aclinica situation associated with a high incidence
of procedure-associated deep vein thrombosis and, as importantly,
on the effects of fX1 reduction on perioperative bleeding.
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Figure 2. Human fXI. This schematic diagram shows the primary amino acid sequence, general domain structure, and the disulfide bonds (cysteine
residues shown as the letter C in black circles) for a human fXI subunit. Each subunit is comprised of 4 apple domains (A1 through A4) and a C-terminal
trypsin-like catalytic domain. The mature molecule in plasma is a dimer of 2 of these subunits connected through a hydrophobic interface on the A4
domains, with the cysteines at position 321 in each subunit forming an interchain-disulfide bond. Conversion of fX| to fXla involves proteolytic cleavage
of the bond after arginine 369 (R369, indicated by the black arrow). This cleavage can be produced by fXlla or thrombin. Amino acids thought to be
required for fIX binding to the fXla A3 domain are indicated in red and residues that comprise the heparin binding site on the catalytic domain are shown
in blue. The position of the active site serine residue (S557) is indicated in yellow. (Used with permission from McMullen et al.59)

Targeting fXIl to prevent thrombus formation on
artificial surfaces

Although contact factors, fXI in particular, may contribute to
venous and arterial thrombosis in humans, the factor VIIaTF
complex (Figure 1B) may be a more important trigger of thrombus
formation in these disorders.>?® However, there are clinical situa-
tions in which it seems reasonable to postulate that contact
activation may be the predominant initiator of abnormal coagula-
tion. The propensity for the contact system to become activated
when blood interacts with artificial surfaces may trigger blood
coagulation and inflammation during cardiopulmonary bypass or
extracorporeal membrane oxygenation (ECMO) or in patients with
ventricular assist devices used as bridges to heart transplantation or
chronic indwelling catheters for venous access. Two studies pub-
lished earlier this year make a strong case for a fXlI-initiated
process contributing to thrombosis induced by artificial surfaces.
Y au et a7 studied the effects of ASO-induced factor V11, X1, XII,
or HK reduction on thrombus formation induced by placement of
polyurethane catheters into the jugular veins of rabbits. Reductions
of ~90% of the targeted protein were achieved with all ASOs.
ASOs targeting fXII and fXI prolonged the time to thrombus
formation more than 2-fold, whereas those reducing fVII and HK
had little effect. The negative results with HK knockdown may
suggest that the process is somewhat different from the contact
activation that triggers clotting in the aPTT assay (which is highly
dependent on HK). However, the small amount of residual HK in
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the animalsin this study may have been sufficient to support classic
contact activation.

Larsson et al'® recently demonstrated that a recombinant human
antibody, designated 3F7, that targets the active site of fXIlawas as
effective as heparin in preventing thrombus formation in rabbits
connected to a pediatric ECMO circuit. Unlike heparin, 3F7 did not
compromise hemostasis. Many ECMO patients are infants who
have more unpredictable responses to heparin than do adults or
older children. Preventing thrombosis while avoiding bleeding can
be difficult to achieve using heparin in this patient population. The
study by Larrson et a suggests that interrupting contact activation
may be a suitable substitute for heparinin ECMO and perhaps other
clinical situations requiring extracorporeal circuitsthat would not be
associated with the hemostatic defect that accompanies heparin
therapy. During contact activation, fXlla converts PK to the
kininogenase «-kallikrein, which cleaves HK to liberate the potent
vasoactive peptide bradykinin. This process likely contributes to
inflammation during procedures involving extracorporeal circuits.
Inhibition of fXIla, may have an advantage over inhibition of fXla
in this setting because it would more effectively blunt the contact
activation-driven inflammatory responses.

Small-molecule inhibitors targeting fXla
Several programs are under way to develop small-molecule inhibi-
tors of fXla that can be administered by parenteral or oral routes.
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The strategy used in developing the thrombin inhibitors argatroban
and dabigatran etexilate and the fXa inhibitors rivaroxaban, apixa-
ban, and edoxaban involves targeting the enzyme active site with a
drug.” The active sites of coagulation factors are located on catalytic
domains that are homologs of the digestive enzyme trypsin (Figure
2).5 Conversion of the inactive (zymogen) precursor of a clotting
factor to the active protease involves structural changesthat resultin
the enzyme active site adopting an active conformation. Because of
the high degree of homology between members of the trypsin
family, achieving potent and specific active site inhibition can be
difficult. The results of studies with a series of ketoarginine-based
peptidomimetics that irreversibly inhibit the fXla active site illus-
trate this challenge.?” One compound with an I1Cs, for fX1aof 6 nM
demonstrated an impressive several-hundred-fold better specificity
for fXlathan for thrombin or factor Xa. However, the specificity for
fXla was only 2-fold better than for a-kallikrein (a homolog of
fX1a) or for trypsin.

BMS-262084 is a 4-carboxy-2-azetidinone-based compound that
irreversibly inhibitsfXlaby forming acovalent bond with the active
site serine residue (Ser557, indicated in yellow in Figure 2).28 This
compound produces a dose-dependent antithrombotic effect in
rabbit arterial and venous thrombosis models. At a relatively high
dose (10 mg/kg/h), the compound increased the cuticle bleeding
time by ~1.5-fold. It is not known if the increased bleeding was
specifically due to the loss of fXla activity or to an off-target effect.
Recently, tetrahydroquinalone derivatives that are reversible small-
molecule fXIainhibitors were reported.?® A compound with aKi of
0.2 nM for fXla demonstrated >1000-fold selectivity over other
plasma proteases, except a-kalikrein (23-fold) and activated pro-
tein C (365-fold) and produced a dose-dependent antithrombotic
effect in a rabbit arteriovenous shunt thrombosis model without
compromising hemostasis.

Hypothetically, for some coagulation proteases, it may be easier to
achieve ahigher specificity by targeting an area of the enzyme other
than the active site. Inhibitors that work through allosteric mecha
nisms would typicaly bind to a target enzyme at a site (often
referred to as exosites) remote from the active site. Inhibition is
produced by induction of conformational changes that compromise
protease activity. Investigators at Virginia Commonwealth Univer-
sity reported the characterization of asulfated pentagalloylglucoside
(SPGG) that targets fXla and alosterically inhibits its activation of
factor 1X.3% SPGG and other negatively charged sulfated allosteric
modulators devel oped by this group®! are designed to dock initially
through the positively charged residues of a polyanion (heparin)-
binding site on thefXlacatalytic domain (indicated in bluein Figure
2). Subsequent interactions with other components of the catalytic
domain near this binding site are then thought to produce the
alosteric inhibitory effect. SPGG appears to be at least 200-fold
more selective for fXla than other clotting factors and effectively
prevents factor | X activation by fXla at submicromolar concentra-
tions. The mechanism of action of this molecule may serve as a
model for the development of more potent and specific fXla
inhibitors.

Inhibition of fXlla with a chimeric protein based on
infestin-4

Infestin-4 is a reversible fXlla active site inhibitor found in the
midgut of the blood-sucking insect Triatoma infestan.®? A fusion
protein of infestin-4 attached to recombinant human abumin
(rHA-Infestin-4) effectively prolonged the aPTT of plasma from
mice, rats, rabbits, and humans and is at least 100-fold more
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selective for fXIla than for thrombin, kallikrein, and factors Vlla,
IXa, Xa, and Xla® rHA-Infestin-4 effectively prevented arterial
thrombus formation in mice and rats while having no effect on
bleeding in a tal bleeding assay. The compound also had an
impressive protective effect in mice during cerebral ischemia-
reperfusion injury and reduced thrombus size in rat and rabbit
arteriovenous shunt thrombosis models. At higher doses of rHA-
Infestin-4, the cuticle bleeding time in rats and rabbits was
prolonged <2-fold, possibly because of a modest off-target effect
on factor Xa.3® Despite this, infestin-4 can serve as amodel for the
development of even more specific fXIlainhibitors.

Conclusions and future directions

Observations in the clinic and work with laboratory animals have
established acentral rolefor fVIla/TF-initiated thrombin generation
(Figure 1B) inlimiting bleeding at asite of blood vessel injury.>26 In
comparison, fXI serves a relatively minor role in this process,>*
whereas fXI1, PK, and HK are not required at all.>2 The counterin-
tuitive discoveries that mice deficient in a contact protease and
baboons treated with anti-fX| antibodies are as resistant (or more
resistant) to experimentally induced thrombosis as normal animals
treated with full-dose heparin hasled usto reeval uate our understand-
ing of the pathogenesis of thrombotic disease. Specificaly, the
findings present a challenge to the notion that thrombosis simply
represents hemostasis in the wrong place and suggest that it may be
possible to dissociate antithrombotic and anticoagulant effects to
produce drugs that can treat or prevent thromboembolism without
placing a patient at risk of severe bleeding. Although the efficacies
of fXI and fXII inhibitors have yet to be compared with current
therapies, available data suggest scenarios in which such inhibitors
may be useful. Data from human populations suggest that targeting
fXI or fXlacould have arolein primary or secondary prevention of
stroke® or venous thrombosis.’© Inhibiting fX1a may be particularly
useful in patients with high-risk conditions such atria fibrillation,
who are not good candidates for warfarin therapy due to comorbidi-
ties such asrecent intracrania bleeding. Inhibition of fXlamay also
be useful for short-term prophylaxis after neurosurgery and other
procedures in which anticoagulant-induced bleeding carries an
unacceptable risk. Data from a currently running phase 2 trial
testing anti-fX1 ASOs as prophylaxisto prevent venous thromboem-
bolism with knee replacement surgery will give us our first
indications of the efficacy and safety of targeting fXI as an
antithrombotic strategy in humans.

Given the propensity for the contact system to activate on foreign
surfaces, treatments targeting fXla or fXlla may be particularly
useful in situationsin which blood comesinto contact with artificial
components of extracorporeal circuits or indwelling devices. There
is a need for alternatives to warfarin for patients with mechanical
heart valves. The new oral thrombin and factor Xainhibitors are not
approved for use in these patients, and a phase 2 study (RE-
ALIGN)3* comparing dabigatran with warfarin after mechanical
heart valve placement was terminated early because of significantly
greater incidences of thrombotic and bleeding episodes in the
dabigatran arm. The reasons behind the suboptimal performance of
dabigatran in this trial have not been established, but variations in
plasma drug levels (and particularly subtherapeutic trough levels)
and inflammation in the postoperative period have been implicated
in contributing to a prothrombotic state.3> An advantage of atherapy
targeting fXlaor fXIlaisthat it would have a small (or no) impact
on bleeding risk. Therefore, the problem of a supratherapeutic
plasma level of drug would not be a consideration if the drug is
suitably specific for its target. Compounds with long half-lives
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could be used to safely maintain near complete inhibition of the
target protease with little variation across time. Furthermore, in
clinical settings such as cardiac surgery, contact activation induced
by the extracorporeal oxygenator could be blunted with a fXlla
inhibitor (and perhaps a fXlainhibitor), reducing the perioperative
inflammatory response and its contribution to postoperative throm-
botic risk.

It seems clear that increased bleeding places limits on the strategy of
combining currently available anticoagulants and/or antiplatelet
agents to enhance an antithrombotic effect. In the ATLAS ACS-
TIMI 46 trial % rivaroxaban was compared with placebo in patients
on standard therapy (usually aspirin and a thienopyridine) with
recent acute coronary syndrome. Superimposing rivaroxaban on
standard therapy significantly reduced death from cardiovascular
disease, myocardial infarction, and stroke compared with standard
therapy alone, but significantly increased the rate of major bleeding.
A therapeutic benefit coupled with increased bleeding was also
observed in the TRACER3” and TRA 2P-TIMI 50 trials,38 in which
the protease-activated receptor 1 (PAR-1) inhibitor vorapaxar was
added to standard therapy (aspirin and a thienopyridine) in patients
with acute coronary syndrome or as secondary prevention in
patients with atherosclerotic disease, respectively. It is tempting to
speculate that adding an inhibitor of fXla or fXlla to standard
antiplatelet therapy might enhance antithrombotic efficacy in a
manner similar to rivaroxaban or vorapaxar, but without the
increased incidence of bleeding. It isalso possible that the beneficial
effects of such inhibitors could be used to reduce the doses of
conventional anticoagulants or antiplatelet agents, lowering the
baseline bleeding risk associated with the use of these drugs.

Much work remainsto be done to establish the types of thromboem-
bolic disorders in humans that involve the contact factors and to
establish the effectiveness of strategies targeting these proteases
relative to conventional anticoagulation therapy. If effective, how-
ever, such drugs could increase the number of patients who are
eligible for antithrombotic therapy and widen the spectrum of
clinical conditions in which antithrombotic therapy can be safely
administered.
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