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Abstract

Factor Xla (FXIla) is a serine protease homodimer that belongs to the intrinsic coagulation
pathway. FXla primarily catalyzes factor 1X activation to factor 1Xa which subsequently activates
factor X to factor Xa in the common coagulation pathway. Growing evidence suggests that FXla
plays an important role in thrombosis with a relatively limited contribution to hemostasis.
Therefore, inhibitors targeting factor XI/Xla system have emerged as a paradigm-shifting strategy
so as to develop a new generation of anticoagulants to effectively prevent and/or treat
thromboembolic diseases without the life-threatening risk of internal bleeding. Several inhibitors
of factor XI/Xla proteins have been discovered or designed over the last decade including
polypeptides, active site peptidomimetic inhibitors, allosteric inhibitors, antibodies, and aptamers.
Antisense oligonucleotides which ultimately reduce the hepatic biosynthesis of factor X1 have also
been introduced. A phase Il study, which included patients undergoing elective primary unilateral
total knee arthroplasty, revealed that a specific factor XI antisense oligonucleotide effectively
protects patients against venous thrombosis with a relatively limited risk of bleeding. Initial
findings have also demonstrated the potential of factor X1/Xla inhibitors in sepsis, listeriosis, and
arterial hypertension. This review highlights various chemical, biochemical, and pharmacological
aspects of factor XI/Xla inhibitors with the goal of advancing their development towards clinical
use.
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INTRODUCTION

Hemostasis is a physiological clotting process that prevents excessive blood loss following a
vascular injury. It sustains the blood fluidity and helps avoid insufficient perfusion of vital
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organs. Dysregulation of this process may lead to excessive bleeding or thrombosis. Several
factors may trigger such dysregulation including cancer, inflammation, and infections, yet
acquired or inherited defects in components/mechanisms of physiological coagulation are
the primary causes of dysregulated hemostasis [1, 2].

On the thrombosis front, thrombotic diseases are either venous or arterial diseases. Venous
thrombosis (VT) comprises deep vein thrombosis (DVT) and pulmonary embolism (PE).
Acrterial thrombosis (ArT) mainly includes ischemic heart disease (IHD) and ischemic stroke
(1S). Other examples of thrombotic diseases include atrial fibrillation, disseminated
intravascular coagulation, and unstable angina. Wendelboe and Raskob (2016) reported that
there have been about 1518.7 cases of IHD, 115-269 cases of VT, 139.3 cases of myocardial
infarction, 114.3 cases of 1S, and 137 cases of atrial fibrillation per hundred thousand people
on the global stage. More seriously, global mortality rates of 105.5 for IHD, 42.3 for IS, 9.4—
32.3 for VT, and 1.7 for atrial fibrillation per hundred thousand have been reported [3, 4].
Collectively, VT annually affects 7-14 million people worldwide. In the United States alone,
VT is collectively responsible for more than 100,000 deaths annually. Furthermore, ArT
causes more than 10 million deaths per year worldwide and this rate has increased by ~30%
during the past two decades. Therefore, thrombotic diseases continue to be major causes of
morbidity and mortality in developing and developed countries alike, and are indeed
significant contributors to the global burden of diseases [3, 4].

Pathophysiologically, arterial and venous thrombi are fundamentally composed of three
elements: red blood cells, platelets, and fibrin. Arterial thrombi (white thrombi) are platelet-
rich whereas venous thrombi (red thrombi) are fibrin-rich, trapping more of red blood cells.
Antithrombotic drugs are used to prevent and/or treat thrombosis and include anticoagulants,
antiplatelet drugs, and fibrinolytic agents. Antiplatelet agents such as aspirin and clopidogrel
are more widely used in ArT in which platelets play the major role through adhesion,
activation, and aggregation. Fibrinolytic drugs such as streptokinase and alteplase
(recombinant tPA) are therapeutically used to degrade thrombi. Fibrinolytics may be
administered systemically in the treatment of acute myocardial infarction, acute IS, and
cases of PE or can be applied directly into the thrombus via catheters to help degrade
thrombi in the deep veins of the leg as well as peripheral arterial thrombi [1, 2, 5].
Anticoagulants represent the mainstay of the treatment and/or prevention strategies for
venous thromboembolic diseases. Current anticoagulants directly or indirectly interfere with
the physiological functions of the natural procoagulants of the coagulation process.
Emerging anticoagulants are the subject of this review which will extensively describe
recent efforts from the peer-reviewed literature domain that deal with the design and
development of factor Xla (FXIa) inhibitors as a new line of effective anticoagulants with
potentially no-to-limited risk of bleeding [6].

THE COAGULATION PROCESS AND CURRENT ANTICOAGULANTS

The platelets, blood vessel endothelium, coagulation process, and fibrinolytic apparatus
work in harmony to control the blood flowing status. Particularly, the coagulation process,
which represents a series of chemical bio-transformations, comprises the intrinsic pathway,
the extrinsic pathway, and the common pathway (Figure 1). This process is primarily
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initiated through the extrinsic pathway. Vascular injury allows tissue factor (TF) to get into
systemic circulation which activates the zymogen factor VII (FVII) to factor Vlla (FVIIa) at
the site of vessel damage. The binding of FVII/VIla to TF subsequently activates factor X
(FX) to factor Xa (FXa). The FVIla—TF complex can also activate factor 1X (FIX) to factor
IXa (FIXa) which forms the tenase complex with factor VIlla (FVIIla) in the presence of
phospholipids and Ca?* ions. The tenase complex subsequently activates FX to FXa which
starts the common coagulation pathway. Under similar conditions of phospholipids and Ca%*
ions, FXa forms the prothrombinase complex with FVIIla. This complex facilitates the
formation of thrombin (or factor lla (Flla)) by activating the corresponding zymogen i.e.
prothrombin. Thrombin is a central serine protease in the whole process of coagulation.
Among many physiological roles, thrombin converts soluble plasma fibrinogen to insoluble
fibrin eventually leading to clot formation. Thrombin also activates the zymogen factor X111
(FXII1) to the transglutaminase factor Xllla (FXIlla) that covalently cross-links -y—chains
and a-chains of fibrin molecules by forming new peptidic bonds between the e-amino
groups of lysine and the amide groups of glutamine residues. This crosslinking yields a more
stable fibrin-rich clot which is resistant to proteolysis [1, 2, 5-7].

Likewise, FXa formation is also triggered by the intrinsic coagulation pathway, also known
as the contact activation system. The intrinsic pathway involves factors VII, 1X, XI, XIl,
prekallikrein, and high-molecular-weight kininogen (HK) as well as phospholipids and Ca2*
ions. The intrinsic pathway is generally initiated under “contact environment” in which
factor XI (FXI), factor XII (FXII), prekallikrein, and HK are in contact with an anionic
surface such as kaolin (in vitro activation) and extracellular DNA, RNA, and inorganic
polyphosphates (in vivo activation). In this contact environment, FXII is activated to factor
Xlla (FXIla) upon proteolysis by kallikrein. FXIla subsequently activates FXI to FXla and
also releases vasodilatory bradykinin from HK. In the presence of Ca2* ions, FXla activates
FIX to FIXa which subsequently activates factor X to produce FXa by the intrinsic tenase
complex [1, 2, 5-7]. To achieve the ultimate goal of hemostasis, the activity of procoagulant
enzymes in the coagulation process is regulated and in many cases inhibited by internal
proteins (endogenous anticoagulants) including tissue factor pathway inhibitor (TFPI) [8],
activated protein C (APC) [9], and antithrombin (AT) [10]. Specifically, TFPI inhibits FXa
whereas APC degrades FVa and FVIlla. AT is the major regulator of factors Ila, Xa and 1Xa
under physiological conditions [11] and can also inhibit FVIla [12] and FXla [13].

In recent history, our understanding of the contribution of the intrinsic coagulation pathway
to thrombosis has significantly advanced [14-18]. Studies indicate that patients with a
hereditary deficiency of FXII [19], prekallikrein [20], or HK [21, 22] do not exhibit bleeding
problems. Likewise, hemophilia C patients who suffer from FXI deficiency generally have
no bleeding problems [23]. Therefore, the intrinsic coagulation is largely seen as a pathway
to primarily amplify FXa generation and ultimately thrombin formation through feedback
mechanisms.

Anticoagulants are drugs that inhibit one or more of the coagulation proteins. Currently,
factors lla and Xa of the common coagulation pathway are the only coagulation proteases
that have been successfully targeted by anticoagulant drugs. Clinically used anticoagulants
exhibit pharmacological activity by either an indirect or a direct mechanism of inhibition.
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The indirect inhibition mechanism involves the recruitment of an endogenous mechanism or
protein, such as AT, to diminish the proteolytic activity of Flla and/or FXa. In contrast, the
direct inhibition mechanism targets Flla or FXa directly by binding to their active sites or
allosteric sites [1, 5]. Indirect anticoagulants include heparin (also known as unfractionated
heparin (UFH)) and its variants of low molecular weight heparins (LMWHSs) and the
pentasaccharide fondaparinux as well as vitamin K antagonists i.e. coumarins such as
warfarin [24-26]. Direct anticoagulants include Flla inhibitors such as the bivalent peptidic
inhibitors i.e. hirudins and bivalirudin and the active site peptidomimetic inhibitors i.e.
dabigatran etexilate and argatroban. This class of anticoagulants also includes active site
FXa inhibitors such as apixaban, edoxaban, and rivaroxaban. Heparins, hirudins, and
argatroban are parenteral anticoagulants whereas warfarin, dabigatran etexilate, rivaroxaban,
apixaban, and edoxaban are oral anticoagulants [24-26]. All current anticoagulants are
reversible, and therefore, antidotes are available to reverse the action of many of them.
Protamine sulfate, for example, is used as an antidote for UFH and LMWHSs but not for
fondaparinux whereas vitamin K is used to reverse the action of warfarin. Idarucizumab is
approved for dabigatran reversal and andexanet alfa is under FDA review for reversal of
rivaroxaban, apixaban, and edoxaban [27]. Ciraparantag (PER977) is also under
development as a universal reversal agent for all direct-acting oral anticoagulants and
heparin products [28].

Despite the clinical efficacy of the currently used anticoagulants, all are associated with
several side effects and serious drawbacks [24-26]. UFH suffers from significant intra- and
inter-patient response variation, which requires frequent laboratory monitoring. Heparin-
induced thrombocytopenia, which occurs in 1-2% of patients who receive heparin, is a
potentially lethal consequence of heparin therapy that may be associated with thrombosis.
Additional limitations of UFH include the development of osteoporosis in patients receiving
high dose therapy for relatively extended periods of time as well as the high risk of
contamination with other glycosaminoglycans that may result in serious life-threatening
hypersensitivity reactions. Many of these drawbacks are mitigated by the introduction of
LMWHs and fondaparinux [24]. Warfarin suffers from a narrow therapeutic index and
several drug—drug and drug—food interactions [25]. Hirudins also have narrow therapeutic
windows and have variable levels of immunogenicity [24]. Although the safety profiles of
newer oral active site inhibitors of thrombin and FXa are better than heparins, coumarins,
and hirudins, the limited availability of standardized assays for measuring these drugs in
biological fluids, their short half-lives, their relatively high cost, and potential
contraindications in patients with severe renal dysfunction represent serious challenges for
their therapeutic use [29, 30]. All three FXa inhibitors are CYP3A4 and P-glycoprotein
substrates which carry potential drug-drug interaction issues [31]. Moreover, more studies
are required to determine their use in specific patient populations including pregnant women
[32, 33] and cancer patients [34, 35].

Importantly, all clinically used anticoagulants are associated with the life-threatening side
effect of internal bleeding, particularly intracranial, gastrointestinal, and retroperitoneal
bleeding [36-39]. For example, Agnelli et a/. (2013) reported that the composite outcome of
major or non-major clinically relevant bleeding episodes was encountered in 4.3% of the
patients in the apixaban group, as compared with 9.7% of those in the enoxaparin/warfarin-
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therapy group [36]. Buller et al. (2013) reported that the composite outcome of major or
non-major clinically relevant bleeding episodes was encountered in 8.5% of the patients in
the edoxaban group, as compared with 10.3% of those in the warfarin-therapy group [37].
van Es et al. (2014) reported that absolute risks of major bleeding, fatal bleeding, and
intracranial bleeding were 1.1%, 0.1%, and 0.1%, respectively, in new oral anticoagulant
therapy groups, as compared with 1.8%, 0.3%, and 0.2%, respectively, in warfarin therapy
groups [38]. Furthermore, the annual rate of intracranial hemorrhage was found to be 0.3—
0.6% for patients taking warfarin compared to 0.1-0.2% for patients on the new oral
anticoagulants (4 drugs) [39]. Therefore, although many advances have been realized in
recent years, there remains a serious need for developing new anticoagulants to prevent
and/or treat thromboembolic diseases without being associated with a high risk of bleeding.
As stated by Schmaier in a recent editorial of Thrombosis Research (2015) “/f one is an
uninformed outsider looking into the pharmacological management of thrombosis, it seems
bizarre that we prevent thrombosis by creating another potential bleeding state” [40].

FACTOR Xla (FXla): AN EMERGING PROTEIN TARGET FOR
ANTICOAGULANTS

Structure an

d Function

Human FXla is a 160-kDa serine protease disulfide homodimer belonging to the intrinsic
coagulation pathway. It is a plasma protease that is primarily biosynthesized in hepatocytes
and circulates systemically as a zymogen i.e. FXI, with an approximate concentration of 30
nM [41-43]. The two units of the zymogen dimer are connected by an interchain disulfide
linkage between the Cys321 residues positioned in a structural loop in the A4 domain of
each subunit. Furthermore, hydrophobic interactions between the Tyr329, 11€290, and
Leu284 residues of the A4 domain interface, and the salt bridges between Lys331 from one
monomer and Glu287 from the other monomer, also facilitate this dimerization. Each
subunit of the FXla homodimer is composed of 607 amino acid residues and contains an A-
terminal heavy chain and a C-terminal light chain. The light chain is a trypsin-like catalytic
domain whereas the heavy chain is made up of four repeats which are also known as the
apple domains named Al through A4 (Figure 2A/B). The catalytic domain sets on the apple
domains, forming what has been described in literature as the cup and saucer configuration,
and this appears to facilitate the proteolytic function of FXla [41-43]. The apple domains
present several binding sites for major macromolecules including thrombin in the Al
domain [44], HK in the A1/A2 domains [42, 45], platelet glycoprotein GPIb [46], the
physiological substrate FIX [47], sulfated saccharides in the A3 domain [13, 48], and FXlla
in the A4 domain [49]. It is important to mention here that the amino acid sequence of FXI
shows 58% identity with human plasma prekallikrein [50].

As with other serine proteases such as thrombin and FXa, the catalytic domain has the active
site involving the trypsin-like catalytic triad of Ser557, Asp462, and His413. These residues
correspond to Ser195, Asp102, and His57, respectively, in the chymotrypsin residue
numbering system [50]. The Schechter and Berger nomenclature is conventionally used to
label the subsites in the active site of proteolytic enzymes, including FXla, and the amino
acids in peptidic substrates. The numbering of subsites is S1”; S2”; S3”... etc from the
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cleavage bond growing to the C-terminus of the enzyme and S1; S2; S3...efc growing in the
direction of the A-terminus (Figure 2C). Likewise, the system is exploited to describe the
binding of small molecules to the active site of FXla, as S1 is the subsite that accommodates
P1 part of the substrate/inhibitor molecule, S2 is the subsite for P2, S3 subsite for P3 part,
and so forth [51]. The cleavage bond is between the amino acids P1 and P1” of the peptidic
substrate which bind to the corresponding subsites S1 and S1”, respectively. Considering this
nomenclature, the active site of FXla contains several subsites with characteristic features
for substrate selectivity (54-S3-S2-S1-S1'-S2’-S3°-S4"). The S1 specificity pocket has
an aspartate residue (Asp189) at the base of the cleft, and therefore, it binds to an arginine
residue in the high binding substrates/inhibitors including the physiological substrate FIX.
The subsites S4, S3, S2, S1, S17, S27, S3’, and S4” of FXla predominantly bind to Lys/Asp,
Leu/Phe, Thr/Pro, Arg, Val/Ala, Val/Glu, Gly/Thr, and Gly/Val, respectively [52].

Physiologically, FXI is activated through the cleavage of the Arg369-11e370 bond by
thrombin [53, 54] or FXIla [55]. Auto-activation in the presence of polyanions, e.g.
inorganic polyphosphate polymers is also possible [53]. Plasma serpins such as AT, a.1-
antitrypsin, C1-inhibitor, and protein Z—dependent protease inhibitor may physiologically
inhibit FXla [56, 57]. The physiological function of FXla can also be inhibited by sulfated
glycosaminoglycans such as heparin. Heparin can inhibit the proteolytic function of FXla
either directly by charge neutralization or allosteric modulation through binding to a select
group of basic amino acids in FXIa’s catalytic domain (Lys529, Arg530, Arg532, Lys535,
and Lys539) [58, 59] or indirectly by enhancing the serpin-mediated template inhibition
mechanism in which the A3 domain of FXla (Lys252, Lys253, and Lys255) and the serpin
bind to the same sequence of heparin forming an inhibitory ternary complex [56]. FXla’s
primary physiological role is to activate FIX to FIXa which eventually results in thrombin
generation. FXla-mediated thrombin generation can also be brought about by activating
factors V, VIII, and X [60, 61] as well as facilitating the proteolysis of TFPI [62].

Interestingly, hemophilia C i.e. genetic deficiency of FXI in humans, is generally associated
with a relatively mild-to-moderate bleeding risk compared with the other two types of
hemophilia i.e. FVI1II deficiency (hemophilia A) or FIX deficiency (hemophilia B).
Although excessive bleeding in severe FXI deficiency may occur in surgery or trauma,
hemophilia C patients rarely suffer from spontaneous bleeding or significant bleeding
complications [63-65]. These patients typically have a relatively long activated partial
thromboplastin time (APTT) and normal prothrombin time (PT), suggesting a specific defect
in the amplification phase of the coagulation process. In fact, studies strongly indicate that
patients with severe FXI deficiency enjoy a relatively reduced risk of ischemic stroke [66]
and deep vein thrombosis [67]. Likewise, epidemiological studies demonstrated that
increased levels of FXI increase the risk for deep vein thrombosis [68], stroke [69-71],
myocardial infarction [72], and cardiovascular diseases in women [73]. Furthermore, FXI-
knockout mice were shown not to suffer from excessive bleeding while experiencing
extended APTT and normal PT [23]. The FXI-knockout mice displayed significant
antithrombotic activity in several arterial and venous thrombosis animal models [74-76].
Similar observations were recorded in rats [77] and higher animals including rabbits [78]
and baboons [79, 80].
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Overall, FXla amplifies thrombin generation in thrombosis and appears to exhibit limited
contribution to thrombin generation in hemostasis. FXla may thus serve as a promising
avenue to antithrombotics that are safer i.e. associated with significantly fewer bleeding
complications than FXa and thrombin inhibitors. Recently, Weitz and Fredenburgh (2017)
described specific potential indications for FXla/FXI inhibitors for which existing therapies
appear to be unsatisfactory [17]. These indications which focus on the prevention of arterial
or venous thrombosis include: (1) prevention of cardiovascular events in patients with
chronic kidney disease; (2) stroke prevention in atrial fibrillation patients at high bleeding
risk; (3) prevention of thrombosis in patients with venous thromboembolism who are at an
elevated risk of recurrent thrombosis upon discontinuation of anticoagulant therapy; (4)
prevention of cardiovascular events in hemodialysis patients; (5) prevention of clotting in
extracorporeal membrane oxygenation circuits; (6) prevention of thromboembolic events in
patients with cardiac devices; and (7) prevention of stent thrombosis in acute coronary
syndrome patients who need anticoagulant therapy in addition to antiplatelet therapy.

Inhibition Strategies Targeting Factor XlI/Xla System

Inhibition strategies targeting FXI/FXla proteins can generally be classified into seven
categories: (1) polypeptides; (2) peptidomimetic active site inhibitors; (3) polymeric
glycosaminoglycans (GAGs) and their saccharide mimetics; (4) nonpolymeric,
nonsaccharide GAG mimetics; (5) antibodies; (6) antisense oligonucleotides (ASOs); and
(7) aptamers. In subsequent sections, we extensively describe the chemical, biochemical, and
pharmacological aspects of reported inhibitors of the FXI/FXIla system. Considering the
historical aspects of the drug discovery process for FXI/FXla-based potential therapeutics,
we have chosen to start with the polypeptides category.

(1) Polypeptides—Several polypeptides have been reported to inhibit human FXla. These
include aprotinin (FXla K~=288 nM) [81, 82], corn Hageman factor inhibitor (FXla K=5.4
uM) [83], Desmolaris (K=0.63 nM) [84], ecotin and mutants [85, 86], Fasxiator (FXla
Kp=20.2 nM) [87], human placental bikunin (FXla K=6 nM) [88], /xodes ricinus contact
phase inhibitor (Ir-CPI) [89], nematode proteins of AcaNAP10 (FXla K=25.8 nM) and
AduNAP4 (FXla K=42.5 nM) [90, 91], protease nexin-2 (PN-2) [92-96], simukunin (FXIla
1C55=56.7 nM) [97], and tissue factor pathway inhibitor-2 (also reported as KD1-WT) (FXla
K~15 nM) [98-101]. Considering the specificity of these polypeptides, Desmolaris,
Fasxiator, and PN-2 are relatively the most interesting, and thus, are described in detail in
the following sections.

Desmolaris: Desmolaris is a 21.5-kDa Kunitz 1-domainless variant of tissue factor pathway
inhibitor-1 (TFPI-1) which was first extracted from the salivary gland of Desmoadus
rotundus, a vampire bat [84]. Desmolaris was found to be a tight, slow, and noncompetitive
inhibitor of FXla with a Kp value of 0.63 nM. Desmolaris also inhibited FXa with a Kp
value of 16 nM. Moreover, Desmolaris inhibited kallikrein with a Kp value of 115 nM and
reduced bradykinin generation in kaolin-activated plasma. Inhibition of FXla and FXa by
Desmolaris was enhanced in the presence of heparin. Interestingly, Desmolaris did not
inhibit FXlla, FVIIa/TF, thrombin, plasmin, tissue plasminogen activator, urokinase,
matriptase, chymase, or proteinase-3 at the highest concentrations tested. However,
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Desmolaris was found to substantially inhibit trypsin, a-chymotrypsin, neutrophil elastase,
and neutrophil cathepsin G. At a concentration of 300 nM, Desmolaris dose-dependently
extended the clotting times in APTT and PT assays by 9-fold and 2-fold, respectively.

Structure-activity relationship studies using mutated and truncated variants of Desmolaris
indicated that the Arg32 residue in the Kunitz-1 domain is very important for protease
inhibition. The studies also revealed that the Kunitz-2 and C-terminus domains facilitate
interaction of Desmolaris with heparin and appear to be optimally required for FXa and
FXIla inhibition. In FeCls-induced carotid artery thrombosis model, all mice treated with 100
ug/kg Desmolaris were resistant to arterial occlusion. At doses of 100 or 250 ug/kg,
Desmolaris did not produce significant bleeding. In mouse models, Desmolaris also lessened
epinephrine- and collagen-mediated thromboembolism and the polyphosphate-induced
increase in vascular permeability [84].

Fasxiator: Fasxiator is a 7-kDa Kunitz-type protease inhibitor that was extracted from the
venom of the snake Bungarus fasciatus. Fasxiator doubled clotting time in the APTT assay
at a concentration of 3 UM without a significant effect on clotting time in the PT assay at a
concentration as high as 100 uM. Pure recombinant Fasxiator was found to be a slow and
potent inhibitor of FXla with a Kpvalue of 20.2 nM (/Csp=1.5 uM). Fasxiator was also
found to inhibit FXla-mediated FIX activation with an /Cspvalue of 3 uM. Conversely,
Fasxiator did not inhibit FXlla, FXa, FIXa, FVIla, thrombin, plasmin, urokinase, APC, and
kallikrein at the highest concentration tested which was 120 uM suggesting a significant
margin of selectivity of about 6000-fold. Nevertheless, Fasxiator inhibited chymotrypsin
with an /Cspvalue of 1 uM [87].

To improve the potency and selectivity of Fasxiator, which has the scissile bond of Asn17-
Alal8, a series of mutants were generated. Particularly, Fasxiatoryy7 r | 19g Was found to be
a slow competitive inhibitor of FXla with a Kjvalue of 0.86 nM (/C55~1 nM) and a
selectivity index of >100-fold over FVlla, FXa, kallikrein, trypsin, chymotrypsin, APC, and
plasmin. In human plasma, this mutant prolonged APTT in a dose-dependent manner with
an effective concentration of 300 nM to double the clotting time. As expected, it had no
significant effect on PT using a concentration as high as 40 uM. In FeCls-induced
thrombosis murine model, Fasxiatorys7r 19 effectively delayed the occlusion of the
carotid artery at a dose of 0.3 mg/animal. It is important to mention here that
Fasxiatorn17Rr 19 IS 10-fold more potent anticoagulant in human plasma than in murine
plasma [87].

Protease nexin—2 (PN-2): PN-2 is a soluble form of amyloid beta-protein precursor (APP).
It contains a Kunitz-type protease inhibitor (KPI) domain, and is released from activated
platelets. PN-2 was found to be a potent, reversible, and competitive inhibitor of FXla with a
Ki;value of 0.4 nM [92]. The mechanistic studies revealed that the inhibition proceeds by a
slow equilibration process between the free enzyme and the inhibitor, and not via a loosely-
associated complex. HK and Zn2* ions were found to have opposite effects on the inhibition
of FXla by PN-2. Zn?* augmented the PN-2-mediated inhibition of FXla whereas HK dose-
dependently protected FXla from inhibition by PN-2 with an £C5pvalue of 61 nM [92].
Heparin was also found to enhance PN-2-mediated FXla inhibition by 15-fold [93]. PN-2
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KPI was also found to potently inhibit chymotrypsin and trypsin with K;values of 6.0 and
0.02 nM, respectively, and to moderately inhibit plasmin as well as glandular and plasma
kallikreins (Kj=42-82 nM) [94]. Mutagenesis in the reactive sequence of PN-2 (Gly2—Pro-
Cys-Arg-Ala—Met-Ile-Ser1®) has been reported to variably affect inhibition of FXla,
plasmin, and plasma kallikrein [95]. For example, P1 Arg—Lys and P2’ Met—Lys/Arg
enhanced the inhibitory activity against plasmin (K=8 nM) at the expense of the activity
against FXla and kallikrein [95]. KALI-DY, which differs from APP at 6 amino acid
residues (Thr11Asp, Prol3His, Met17Ala, llel8His, Ser19Pro, and Phe34Tyr), inhibited
plasma kallikrein with a Kjvalue of 0.015 nM. KALI-DY also inhibited FXla with a Kj
value of 8.2 nM. KALI-DY did not inhibit FXIla, FXa, FVIIa/TF, Flla, plasmin, or APC.
Consistent with the protease specificity, KALI-DY prolonged the clotting time only in the
APTT assay by more than 3.5- fold at a concentration of 1 uM [95]. Likewise, the Kunitz
domain of Alzheimer amyloid precursor protein homolog (KD APPH) was reported to
inhibit FXla with a Kjvalue of 14 nM. KD APPH also inhibited other serine proteases
including trypsin (K;=0.02 nM), glandular kallikrein (K;=8.8 nM), plasma kallikrein (K
=86 nM), plasmin (K;=81 nM), and chymotrypsin (K;=78 nM) [82, 94].

A co-crystal structure of recombinant KPI domain of PN-2 with a mutant form of the FXla
catalytic domain was reported (PDB ID: 1ZJD). In this complex, the disulfide-stabilized
double loop structure of PN-2 KPI was found to fit into the FXla active site with the P1
Argl5 residue occupying the S1 pocket. Single-point mutations in PN-2 KPI loop 1
1TGPCRAMISR? and loop 2 3*FYGGC38 indicated that the most important residues in
PN-2 KPI for FXla inhibition were Arg15> Phe34> Pro13>Arg20 [96].

(2) Peptidomimetics: Active Site Inhibitors—Despite the reports of co-crystal
structures of recombinant human FXla catalytic domain (rhFXla(370-607)) and ecotin
mutants, none of these structures was suitable for iterative structure-based drug design
because ecotins interacted with rhFX1a(370-607) in a matrix-like fashion which was
difficult to be displaced by small molecules [85]. In fact, it was not until 2005 that a co-
crystal of a quadruple mutant of rhFXIa(370-607) (rhFXl1a(370-607)-Ser434Ala,
Thrd75Ala, Cys482Ser, Lys437Ala) with a small molecule was obtained. Jin et a/. (2005)
reported that this FXla mutant is readily co-crystallized with benzamidine which can easily
be exchanged with other FXla small-molecule inhibitors [102]. This method has
subsequently facilitated the drug design of small-molecule active site inhibitors of human
FXla.

a-Ketothiazole arginine-containing peptidomimetics: Deng et al. (2006) reported the
design and synthesis of tri-peptidomimetic FXla inhibitors containing a-ketothiazole
arginine moiety, represented by the generic structures | (8 derivatives), 11 (9 derivatives), and
I11 (8 derivatives) (Figure 3) [103]. Usinga fluorogenic substrate hydrolysis assay under near
physiological conditions, the molecules that exhibited the most potent inhibition toward
FXla were inhibitor 1 of generic structure | with an /Cspvalue of 2.25 uM, inhibitor 2 of
generic structure 11 with an /Cspvalue of 0.48 uM, and inhibitor 3 of generic structure 111
with an /Cspvalue of 0.12 uM (Figure 3). The co-crystal structure of 3 (PDB ID: 2FDA)
with the FXla catalytic domain shows a salt bridge interaction between the P1 arginine
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moiety of the inhibitor and Asp189 in the S1 pocket of the enzyme. Ketothiazole 3 (and
others in this class) is a covalent inhibitor of FXla because the keto group is covalently
attached to Ser195 in the enzyme active site. The P2 Val side chain of the inhibitor appears
to occupy the S2 pocket in FXla’s active site. The A-terminal carbonyl group forms an H-
bond interaction with the backbone amino group of Gly216. The inhibitor also forms
additional hydrophobic and H-bond interactions with residues in the S4 pocket and the
backbone carbonyl group of Gly216, respectively (Figure 3) [103].

A set of 31 tetra-peptidomimetic FXla inhibitors containing a-ketothiazole arginine moiety
was synthesized and evaluated for FXla inhibition by Lin ef a/. (2006) [104]. The tetra-
peptidomimetic inhibitors were designed based on the chemical structures of two thrombin
inhibitors, leupeptin (Leu-Leu-Arg-H) and PPACK (D-Phe-Pro-Arg-CH,Cl). All resulting
inhibitors exhibited FXla /Cspvalues in the range of 6-26000 nM with variable selectivity
over thrombin and FXa. Particularly, inhibitor 4 had an /Cspvalue of 6 nM (Figure 4) and
demonstrated significant selectivity over thrombin (/C5p=2040 nM) and FXa (/Cs5p=1600
nM). Inhibitor 4 was also found to inhibit FVV1la, plasma kallikrein, APC, and trypsin with
/Cspvalues of 38000, 10, 20700, and 12 nM, respectively [104]. The pharmacokinetic
profile of inhibitor 4 was established via IV administration to rats and was shown to display
a short T 5 (-45 min), a relatively high clearance rate (32 mL/kg/min), and a low Vdss
(~236 mL/kg). It also doubled the clotting times in the APTT assay at a concentration of 2.4
UM and in the PT assay at a concentration of 25 pM. Continuous IV administration (0.25
mg/kg) of this molecule to rats inhibited the hypnotic saline/partial stenosis-induced
thrombus formation in the inferior vena cava. The magnitude of the reduction was similar to
that obtained using heparin at a dosing level of 50 units/kg (IV bolus) + 25 units/kg/hr (IV
infusion). The effect of this inhibitor on rat mesenteric arteriole bleeding time was not
evaluated. Instead, the authors examined the effect of another inhibitor 5 (which they
reported to have similar /n vivo efficacy). Inhibitor 5 had a FXla /Cspvalue of 12 nM
(Figure 4). It also inhibited thrombin and FXa with /C5pvalues of 1400 nM. It also doubled
the clotting times in the APTT and the PT assays at concentrations of 2.4 uM and 31 uM,
respectively. When administered at up to 1 mg/kg (4-fold more than the efficacious dose),
this inhibitor led to 1.5-fold increase in the bleeding time relative to the control whereas 38
U/kg dose of heparin significantly resulted in more than 2.5-fold increase in the bleeding
time relative to the control.

Furthermore, inhibitor 6 was used in X-ray crystallography experiments so as to develop
better understanding of potential interactions between this class of tetrapeptidomimetic
inhibitors and the FXla active site. Inhibitor 6 had an /Cspvalue of 30 nM (Figure 4). The
molecule also inhibited thrombin (/C5p=1100 nM) and FXa (/C5p=1900 nM). Inhibitor 6
doubled the clotting times in the APTT assay at a concentration of 1.35 uM and in the PT
assay at a concentration of 48.6 UM. A detailed scheme of its key binding interactions with
FXla active site is described in figure 4B (PDB ID: 1ZOM). It appears that the lysine residue
at position-192 is an important element in obtaining selective FXla inhibition by this class of
inhibitors [104]. No further development for this class of covalent and orthosteric FXla
inhibitors was reported.
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Aryl boronic acid esters: Lazarova et al. (2006) reported the chemical synthesis and the
biochemical evaluation of a group of aryl boronic acids as potential active site inhibitors of
FXla [105]. Generally, the molecules in this category had micromolar potency with very
narrow selectivity over thrombin, FXa, and trypsin. Specifically, boronic acid esters 7 and 8
inhibited FXla with /Cspvalues of 7.3 and 1.4 uM, respectively (Figure 5). Nevertheless,
inhibitor 7 also inhibited thrombin, FXa, and trypsin with potencies of 30.8, 175.4, and 20.3
UM, respectively. Likewise, inhibitor 8 also inhibited thrombin and FXa with /Csyvalues of
12.3 and 43.6 UM, respectively. The crystal structure of inhibitor 8 with the catalytic domain
of FXla (PDB ID: 1ZLR) revealed that only the (S)-enantiomer binds into the active site.
The inhibitor was co-crystallized as a glycerol boronate ester and its boron atom was found
to form a covalent bond with the oxygen atom of Ser195 (Figure 5B). The inhibitor’s
guanidine group formed a salt bridge with the side-chain carboxylate of Asp189. The ester
carbonyl in this inhibitor was also found to be within an H-bonding distance from the
backbone nitrogen of Lys192. The pyridyl group was reported to have hydrophobic contacts
with the Leu146 side chain [105]. Despite this initial discovery, no data was presented on
aryl boronate esters’ potential effect on human plasma clotting times. No further
development for this class of covalent and orthosteric FXIla inhibitors was reported in the
published literature.

Clavatadines: In the search for novel natural antithrombotics, an extract of the marine
sponge Suberea clavata (Aplysinellidae) was screened against FXla and showed significant
inhibition, with an /Cspvalue of ~0.4 g/yl. Bioassay-guided extract fractionation resulted
in the isolation of two bromophenolic alkaloids, clavatadines A (9) and B (10) (Figure 6)
[106]. Clavatadines A and B inhibited FXla with /Cspvalues of 1.3 and 27 1M, respectively,
and did not significantly inhibit FI1Xa at the highest concentration tested of 222 ¢M. A co-
crystal structure of clavatadine A with FXla was obtained (PDB ID: 3BG8) and revealed that
the carbamate side chain is covalently attached to the active site residue Ser195 (Figure 6B)
with the carbamate oxygen H-bonded to the backbone amide nitrogen of Gly193. The
crystal structure also showed that the basic guanidine group binds to the carboxylate group
of Asp189 by bidentate H-bonds and to the backbone amide oxygen of Gly218 by another
H-bond. Furthermore, molecular docking studies suggested that the dibromophenol ring may
occupy a pocket defined by Arg37D, Lys192, and Gly193 on one side and Leu39, Cys42—
Cys58, and His57 on the other side. Clavatadine B is more than 20-fold less potent than
clavatadine A, potentially due to the weak interactions between its amide (relative to
carboxylate) and either Arg37D or Lys192.

Further purification of the active extracts of the marine sponge led to the isolation of six
other marine alkaloids, named as clavatadines C-E, aerophobin 1, purealdin L, and
aplysinamisine 11 [107]. Using 222 pM of each of these alkaloids in the S-2366 chromogenic
substrate hydrolysis assay, FXla was inhibited by clavatadine C 11 by ~17%, clavatadine D
12 by ~30%, clavatadine E 13 by ~37%, aerophobin 1 14 by ~59%, purealdin L15 by ~12%,
and aplysinamisine 11 16 by ~30% (Figure 6C). Interestingly, none of these alkaloids
exhibited significant inhibition of FIXa at this concentration. No further studies have been
reported in the published literature considering FXla inhibition potential of these alkaloids.
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B-Lactam derivatives: Schumacher et a/. (2007) reported the hemostatic and antithrombotic

effects of a small molecule FXIla inhibitor 17, a 4-carboxy-2-azetidinone (B-lactam), (Figure
7A) in rats [77]. Inhibitor 17 is an irreversible inhibitor of human FXla with an /Cs5yvalue of
2.8 nM. It is at least 170-fold more selective for FXla considering other proteases in the
coagulation process (thrombin, FXa, FIXa, FXIla, and TF/FVIla) and the fibrinolysis
process (plasmin, urokinase, and tissue plasminogen activator) (Figure 7B). However, this
molecule also inhibited human tryptase (/C55=5 nM) as well as trypsin (/C5;~50 nM). B-
Lactam 17 doubled the clotting time in the APTT assay in human and rat plasmas at
concentrations of 0.14 and 2.2 pM, respectively. The inhibitor did not impact the PT at a
concentration as high as 100 uM. Furthermore, a regimen of 12 mg/kg (IV bolus) +12
mg/kg/hr (1V infusion) of inhibitor 17 significantly resulted in maximum thrombus weight
reductions of 97% and 73% in FeCl,-induced thrombosis in rats in the carotid artery and the
vena cava, respectively. In an ex vivo APTT assay, the dosing protocol of 12 mg/kg (IV
bolus) +12 mg/kg/hr (1V infusion) of inhibitor 17 increased the clotting time about 3-fold.
This dose level also inhibited the growth of arterial and venous thrombi upon administration
after partial thrombus formation. The inhibitor was most potent against FeCl,-induced
venous thrombosis as it significantly decreased the thrombus weight by about 38% using a
regimen of 0.2 mg/kg (IV bolus) + 0.2 mg/kg/hr (IV infusion). Nevertheless, regimens of up
to 24 mg/kg (1V bolus) +24 mg/kg/hr (1V infusion) exhibited no effect on the ex vivo PT or
the TF-induced venous thrombosis. Interestingly, inhibitor 17 administered at dose levels of
6+6, 12+12, and 24+24 (mg/kg + mg/kg/hr) did not extend cuticle, renal, or mesenteric
bleeding times relative to vehicle treatment suggesting the lack of negative impact on
hemostasis. In contrast, a heparin dose that produces similar antithrombotic effect to that of
inhibitor 17 at a dose level of 24 mg/kg (IV bolus) +24 mg/kg/hr (IV infusion) was found to
produce significant bleeding effects in all three bleeding models.

The antithrombotic and hemostatic effects of inhibitor 17 were also evaluated in rabbits
[108]. In an in vitro setting, inhibitor 17 doubled the clotting time of rabbit plasma in the
APTT assay at a concentration of 10.6 uM but had no effect on the PT, thrombin time (TT),
or HeTest at 100 UM concentration. In an /n vivo setting, inhibitor 17 dose-dependently
promoted antithrombotic effects in rabbits with antithrombotic £D5yvalues of 0.4 mg/kg/hr
IV in arteriovenous-shunt thrombosis model, 0.7 mg/kg/hr IV in venous thrombosis model,
and 1.5 mg/kg/hr 1V in electrolytic-mediated carotid arterial thrombosis model.
Furthermore, platelet aggregation responses to collagen and adenosine diphosphate (ADP)
were not substantially affected by inhibitor 17 at 10 mg/kg/hr 1V infusion (vehicle: 74 = 7%
and 57 + 4%, respectively, vs. inhibitor: 70 + 5% and 63 + 3%, respectively). Lastly, in the
cuticle bleeding time model, inhibitor 17 did not significantly alter the bleeding time at 1
and 3 mg/kg/hr 1V infusion, however, it significantly increased the bleeding time by 1.52

+ 0.07-fold at 10 mg/kg/hr 1V infusion.

Another p-lactam-based FXla inhibitor is molecule 17a (EP-7041; Figure 7D). A phase |
clinical trial for this inhibitor finished in 2017 [109]. The study revealed that EP-7041 was
safe and well tolerated at all doses tested. Parenteral EP-7041 has rapid onset and offset as
well as predictable dose-dependent increase in the APTT but not the PT [110].
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Macrocyclic peptidomimetics: Cyclization of peptides and peptidomimetics is thought of
as an effective chemical strategy to reduce the entropic penalty of a molecular recognition
event, and therefore, to enhance dug candidate potency and to increase its metabolic stability
and membrane permeability. Using this concept, the serine protease inhibitor 18 (Figure 8)
was computationally exploited by Hanessian et a/. (2010) to design a new class of
macrocyclic peptidomimetic inhibitors of FXla [111]. Inhibitor 18 was computationally
modeled into the active site of human FXla. The model revealed extensive H-bond
interactions between the inhibitor’s three amide bonds and the backbone of the protein
(Gly218, Gly216, and Ser214), with the side chains of the Leu and cyclohexyl-Gly residues
fitting into S2 pocket (proximal binding pocket) and S3 pocket (distal binding pocket),
respectively. Based on the generated model, it was suggested that introducing a 4-carbon
bridge between the methylene unit adjacent to the sulfonamide moiety and the benzamidine
group would lead to a potent inhibitor. To further enhance the selectivity and the drug-like
properties, the benzamidine moiety was replaced with a 5-chloroindole so to facilitate
binding into the S1 subsite. A small library was also designed to investigate the significance
of the sulfonamide and the aryl moieties extending towards a binding pocket formed by
Thr143, Leul46, Argl47, and Lys192. Three linear and five macrocyclic molecules were
eventually evaluated for their inhibitory activity on FXIla, thrombin, APC, and trypsin. The
presence of a 5-chloroindole moiety as a P; motif was generally tolerated by FXla, yet all
tested molecules lacked significant selectivity as they all inhibited trypsin with
submicromolar Kjvalues in the range of 0.02-1.22 pM and had moderate to strong
inhibitory profiles against APC and thrombin. Molecule 19 (Figure 8) was the most potent
macrocyclic FXla inhibitor identified in this study with an /Cspvalue of 135.8 uM. This
molecule did not inhibit thrombin at concentrations up to 300 pM but inhibited APC and
trypsin with /Cspvalues of 144.5 uM and 0.26 uM, respectively. No crystallography data,
studies in human plasma, studies in whole blood, or /n vivo studies for the macrocyclic
derivatives in this class have been reported thus far.

Along these lines, Gademann et a/. (2010) reported the isolation and structural
characterization of a natural cyclic peptide known as cyanopeptolin 1020 20 (Figure 8) from
a Microcystis strain as a potent inhibitor of FXla with an /Cspvalue of 3.9 nM [112].
Cyanopeptolin 1020 belongs to the class of cyclic depsipeptides known as cyanopeptolins.
These peptides are widely distributed secondary metabolites in cyanobacteria and contain
the structural element of 3-amino-6-hydroxy-2-piperidone. Cyanopeptolin 1020 was also
found to be a very potent inhibitor of trypsin with an /C5pvalue of 0.67 nM and human
kallikrein with an /C5pvalue of 4.5 nM. Cyanopeptolin 1020 also inhibited plasmin (0.49
uM) and chymotrypsin (1.8 M), but not the human enzymes of thrombin, plasminogen
activator, or low molecular weight urokinase at concentrations below than 2.5 uM [112].

On a different front, two synthetic cyclic peptidomimetics 21 and 22 (Figure 8) were earlier
developed as human plasmin inhibitors (K7= 0.68 and 0.2 nM, respectively), yet they were
also found to inhibit human FXla with K7values of 4.7 and 3.37 puM, respectively [113].
Furthermore, the peptidomimetic 21 inhibited the human enzymes of plasma kallikrein (0.32
uM), thrombin (13.87 pM), trypsin (0.062 uM), and urokinase (8.9 uM), whereas the
peptidomimetic 22 inhibited human plasma kallikrein (1.0 pM), thrombin (26.42 uM), FXa
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(25 uM), trypsin (0.038 uM), urokinase (6.5 M), and urinary kallikrein (10 pM). Both
inhibitors were selective over related human proteases including APC, FXlla, FVIla/TF,
F1Xa, tissue plasminogen activator, C1s, and C1r.

Advanced macrocyclic peptidomimetics will subsequently be discussed along with other
FXla inhibitors belonging to advanced subclasses of peptidomimetics.

Phenylalanines: Early derivatives with 1-(4-Chlorophenyl)-1H-tetrazole as the P1
group: In 2012, Fradera et al. reported the first crystal structures of FXla catalytic domain
in complex with two non-basic inhibitors 23 and 24 (Figure 9) possessing a chlorophenyl-
tetrazole group as the P1 group [114]. The two crystal structures were also the first for FXla
catalytic domain in complex with peptidomimetic inhibitors binding to both the non-prime
and prime sides of the active site. The two molecules 23 and 24 inhibited FXla with £Csp
values of 7.6 and 19.1 nM, respectively.. The two inhibitors were relatively selective against
thrombin and FXa with less than 33% inhibition at 10 uM. As revealed by their co-crystal
structures with the catalytic domain of FXla (PDB IDs: 3SOS and 3SOR), the binding
modes of the two inhibitors appear to be very similar, with the chlorophenyl-tetrazole moiety
binding deep into the S1 pocket and the chlorine atom binding in a perpendicular fashion to
the phenol ring of Tyr228. The tetrazole ring appears to be in close contact with the disulfide
bond formed by Cys191 and Cys219. Both inhibitors have an ethylamide moiety at
position-2 of the phenyl ring. The amide functionality forms H-bonding interactions with
Ser195 and Gly193. The rest of each inhibitor binds in the prime side of the active site with
the benzyl group interacting with His57, Tyr59A, and Leu39 in the S1”subsite. For inhibitor
23, the benzyl ring has a face-to-face interaction with His57 whereas that of inhibitor 24 is
arranged in an edge-to-face arrangement. Inhibitor 23 has an amide functionality in the S1”
subsite that is water-bridged to the backbone of Leu39. The S2” site is occupied by the
benzothiazinone ring which interacts with His38 and Tyr143. The Lys37D residue at the top
of the phenyl and thiazinone rings further stabilizes the inhibitor binding through a cation-r
interaction. Inhibitor 24 also has an amide functionality at the interface between S1” and
S2” with the carbonyl group making an H-bond to a water molecule. The phenyl ring
directly attached to the amide binds into the S2” subsite and the acetate group makes polar
interactions with the side chains of Lys37D and Tyr143. Looking closely at the co-crystal
structures, selectivity over thrombin and FXa is mainly attributed to the benzyl moiety fitting
into the relatively large S1” subsite. Both thrombin and FXa have relatively small S1’
subsites and this feature prevents the benzyl moiety from binding. Furthermore, key
differences in the S2” subsite also exist. Tyr143 in FXla is replaced by Arg (FXa) or Trp
(thrombin) whereas Lys37D in FXla is replaced by Glu residue in both FXa and thrombin.
These residues directly bind to the benzothiazinone ring of inhibitor 23 and the acetate
group of inhibitor 24. Therefore, these inhibitors will not be able to form similar contacts in
the active site of FXa or that of thrombin, and thus, they lose their inhibitory activity towards
these two proteins. No further studies have been reported thus far for either inhibitor.

Likewise, Smith Il et al. (2016) reported the development of phenylalanine diamides as a
new chemotype of FXla inhibitors, starting from the phenylalanine derivative 25 (Figure 10)
[115]. Inhibitor 25 has a FXla Kjvalue of 40.5 nM and a plasma kallikrein Kjvalue of 120
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nM. Replacing the methylcarbamate moiety with a carboxylic acid group led to inhibitor 26
which has a FXla Kjvalue of 2 nM, a plasma kallikrein K;value of 140 nM, and APTT
EC; 5 value of 4.2 uM. The X-ray crystal structure of inhibitor 26 bound in the active site of
FXlaat 2.5 A resolution was obtained (PDB ID:5E20). The chlorophenyl tetrazole moiety
was found to occupy the S1 pocket with the chlorine substituent in close contact with Tyr228
while the tetrazole AV atom was found to be close to the backbone amino group of Lys192
and the disulfide bridge (Cys191-Cys219). The tetrazole A atom and the acidic tetrazole
CH proton appear to interact with the amino group of Lys192 and the carbonyl of Gly216,
respectively. The cinnamide carbonyl group forms several H-bonds with Gly193, Asp194,
and Ser195 residues within the oxyanion hole. The benzyl side chain forms a hydrophobic
edge-on interaction with the disulfide bridge (Cys42-Cys58) in the S1” binding pocket.
Lastly, the P2” amide functionality makes direct and water-mediated H-bonds with His40,
Leu41, and Tyr143 residues.

Several carboxylic acid bioisosteres were used including A-substituted tetrazole, C-
substituted tetrazole (inhibitor 27), imidazole, 1,2,4-triazole, 1,2,4-oxadiazol-5-one
(inhibitor 28), and 1,3,4-oxadiazol-2-one (Figure 10). Particularly, inhibitors 27 and 28 had
FXla Kjvalues of 1.4 and 2.0 nM, respectively, plasma kallikrein K;values of 23 and 36
nM, respectively, and APTT EC; 5x values of 4.6 and 9.6 uM, respectively. Introduction of a
fluorine substituent at postion-2 of the P1 phenyl of inhibitor 26 led to inhibitor 29 which
had a significantly improved APTT potency (FXla K;=1.7 nM, plasma kallikrein K746 nM,
and APTT ECj 5x=1.2 uM). Furthermore, the evaluation of the effect of substituents on the
P1” phenyl group revealed that groups such as propyl, phenyl, methylpiperazine-amide, and
cyclopropyl-amide were all tolerated. Inhibitor 30 which has a methylpiperazine-amide
substituent has a FXla K7value of 2.0 nM and APTT EC; 5x=0.5 UM (plasma kallikrein
K=59 nM). Likewise, inhibitor 31 which has a cyclopropyl-amide substituent has
subnanomolar potency toward FXla with a K7value of 0.36 nM and APTT EC; 5x=1.5 uM
(plasma kallikrein K=7.5 nM). The reversed diamide 32 was also identified to have FXla K;
=1.6 nM and APTT EC; 5x=1.0 uM (plasma kallikrein K=110 nM) [115].

The pharmacokinetics of inhibitors 26, 30, and 32 were evaluated following IV
administration in dogs. Generally, all inhibitors exhibited short half-lives (<1 hr). Inhibitors
26 and 30 exhibited moderate clearance (~15 mL/min/kg) and low volume of distribution
(0.6 L/kg) whereas inhibitor 32 had a relatively higher clearance (32 mL/min/kg) and a
larger volume of distribution (1.3 L/kg). Lastly, all three inhibitors demonstrated excellent
selectivity (>1000-fold) over serine proteases including FVIla, FIXa, thrombin, APC,
plasmin, trypsin, urokinase, and tissue plasminogen activator. Inhibitors 26 and 32 were also
selective against FXa (K>9000 nM), yet inhibitor 26 inhibited FXa with K;of 5200 nM.
However, molecules 26, 30, and 32 inhibited chymotrypsin with Kjvalues of 7649, 280, and
1650 nM, respectively, and inhibited plasma kallikrein with K;values of 122, 59, and 111
nM, respectively. In addition, it was found that regular diamides such as inhibitors 26 and 30
have good human liver stability (Tgs= >120 min) whereas reversed diamides such as
inhibitor 32 have poor human liver stability (T 5= 2—32 min). Inhibitor 30 relatively
demonstrated better balance of selectivity, potency, and pharmacokinetic profile and was
subsequently evaluated in the rabbit electrically-induced carotid arterial thrombosis (ECAT)
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model. This inhibitor dose-dependently reduced thrombosis with an £Cs5pvalue of 2.8 uM.
Using a dosing protocol of 0.75 mg/kg (1V bolus) + 3.6 mg/kg/hr (1V infusion), inhibitor 30
prolonged ex vivo APTT by 1.8-fold and had no effect on the PT which was consistent with
the selective inhibition of the intrinsic coagulation pathway [115].

Advanced FXIla inhibitors with 1-(4-chlorophenyl)-1H-tetrazole moiety as the P1 group will
subsequently be discussed along with other FXla inhibitors belonging to advanced
subclasses of peptidomimetics.

Tetrahydroquinoline (THQ), quinolin-2-one, and tetrahydroisoquinoline (THIQ)
derivatives: Molecule 33, a 1,2-phenylene THQ derivative (Figure 11), was identified as a
potent inhibitor of human FXla in a chromogenic substrate hydrolysis assay [116]. It was
found to have a FXla Kjvalue of 25 nM and approximately 40-fold and 4-fold selectivity
over FXa and FVlla, respectively. Replacement of the isobutyl amide moiety with a
carboxylic group led to inhibitor 34 which had a FXla Kjvalue of 8.5 nM and 100-fold and
30-fold selectivity over FXa and FVIla, respectively. Subsequent efforts to convert 1,2-
phenylene THQ to 1,3-phenylene-4-methyl-THQ led to inhibitors with improved affinity
toward FXla, enhanced chemical stability, and no atropisomerism issue as given by inhibitor
35 which exhibited a FXla K;value of 3.9 nM (FVIla K;=89 nM and FXa K;=130 nM). A
problem with the 1,3-phenylene molecules, however, was the high likelihood of the THQ
ring aromatization which decreased FXla inhibition potency by ~65-fold. Therefore, a
methyl group was introduced at position-4 of the THQ ring (inhibitor 36) to block the
aromatization; yet, the newly introduced methyl group reduced FXla binding affinity by
about 15-fold (Figure 11) [116].

To enhance the potency and selectivity profile of this class of inhibitors, extensive structure-
activity relationship study was conducted. Several structural modifications were tested at the
para-position of the biaryl moiety of the C,methyl substituted THQ leading to a racemic
inhibitor 37 with a FXla Kjvalue of 1.5 nM and about 187-fold and 2000-fold selectivity
over FVIla and FXa, respectively. The tfrans-isomer of inhibitor 37 was found to be 17-fold
less potent FXIa inhibitor than its racemic mixture. Following the chiral HPLC-facilitated
separation of the two cis-enantiomers, the dextrorotary cis-enantiomer 38 was found to be at
least 800-fold more potent than the levorotary cis-enantiomer with a FXla Kjof 0.39 nM and
about 6000-fold and 220-fold selectivity over FXa and FVIla, respectively.

To further improve the selectivity profile of inhibitor 38 over FVIla, a series of amides
substituted at position-3 of the inner phenyl moiety were prepared and evaluated. The
rationale behind such structural exploration was that FXla has a relatively larger S2 subsite
than FVlla, and therefore, this structural difference can be probed in the pursuit of better
selectivity. Selectivity relative to FVV11a generally increased as the size of the alkyl moiety
increased whereas the selectivity over FXa diminished. Inhibitor 39 exhibited the most
potent and selective profile in this series. Following separation using chiral HPLC, the
dextrorotatory enantiomer 39 was found to have a FXla Kjvalue of 0.20 nM, whereas the
levorotary enantiomer was significantly less potent with a FXla Kjvalue of 230 nM.
Inhibitor 39 has >1700-fold selectivity for FXla over many human serine proteases except
for plasma kallikrein (23-fold) and APC (365-fold). An X-ray co-crystal structure of the
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inhibitor 39 —FXla catalytic domain complex was obtained (PDB ID: 4NA7) (Figure 11B).
In the reported complex, the benzamidine group was found to tightly bind to the backbone
carbonyl of Gly218 residue via an H-bond and Asp189 residue in the S1 pocket by an ionic
bridge. Furthermore, the side chain hydroxyl group of Ser195 formed an H-bond with the
M-H of the THQ ring. A potential stacking contact was noticed between the inner phenyl
ring of inhibitor 39 and the His57 residue. The carboxylic group at the ortho-position of the
outer phenyl ring forms H-bonds with His57 as well as the Gly193 and Ser195 residues of
the oxyanion hole. The amide nitrogen at the para-position of the outer phenyl ring formed
two H-bonds with the carbonyls of the His40 and Leu41 residues. The amide carbonyl was
also found to interact with the Arg39 residue either directly or indirectly by a water
molecule. The carbonyl of the isobutylamide in inhibitor 39 formed an H-bond with the
hydroxyl group of Tyr58b in the S2 pocket, a unique characteristic to this inhibitor that is
responsible for its enhanced selectivity profile [116].

Inhibitor 39 exhibited excellent /n vitro anticoagulant activity in the APTT assay with the
concentration required to double the clotting time reported to be 2.2 uM. Nevertheless,
inhibitor 39 did not change the clotting time in the PT assay at the highest concentration
tested of 20 uM. Inhibitor 39 was found to be a reversible competitive inhibitor of human
FXla using the small chromogenic tripeptide substrate and a mixed-type inhibitor using its
physiological substrate FIX. Since similar selectivity and potency were observed for
inhibitor 39 with rabbit and human enzymes, the inhibitor was studied in the rabbit AV shunt
thrombosis model using the 1V route of administration (loading dose [IV bolus] followed by
maintenance dose [IV infusion]). A dose-dependent antithrombotic effect was observed for
inhibitor 39 with an /D5y value of 0.95 mg/kg + 0.6 mg/kg/hr. Bleeding time was not
increased compared to vehicle-treated animals and the clotting time in ex vivo settings was
only prolonged under the APTT assay conditions but not under the PT assay conditions
[116].

In a follow-up study, the /in vivo activities of inhibitor 39 were evaluated in an ECAT model
in rabbits and a cuticle bleeding assay [117]. In these models, inhibitor 39 or vehicle was
intravenously administered before the induction of thrombosis or the cuticle transection.
Preservation of 90 min-integrated carotid blood flow (iCBF) was utilized as an indication of
antithrombotic efficacy. Inhibitor 39 produced 87 * 10 % preservation of iCBF compared to
16 + 3 % for the vehicle using the dose regimen of 0.37 mg/kg (IV bolus) + 0.27 mg/kg/hr
(IV infusion). At the same dosing level, inhibitor 39 increased the cuticle bleeding time by
about 1.2-fold. At a higher dose (1.1 mg/kg + 0.8 mg/kg/hr), the inhibitor increased the
bleeding time by about 1.33-fold. The authors claimed that these results compared well with
results previously obtained using equivalent anticoagulant doses of dabigatran and warfarin,
two reference anticoagulants that are currently used in clinics. Lastly, results of in vitro
platelet aggregation experiments suggest that inhibitor 39 has no direct antiplatelet activity
with respect to collagen-, arachidonic acid-, or ADP-mediated platelet aggregation [117].

Fjellstrom et al. (2015) exploited a structure assisted, fragment-based exercise to obtain
novel FXla inhibitor leads [118]. In this exercise, fragments binding in the S1 pocket of the
FXIla active site including the neutral 6-chloro-3,4-dihydro-1H-quinolin-2-one 40 (/Csp=
140 pM) and the weakly basic quinolin-2-amine 41 (/Csp= 240 uM) (Figure 12) were
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identified by a dual-filter strategy of virtual screening followed by NMR screening. Aided
by X-ray crystallography, these fragments were subsequently chemically extended to
populate the binding pockets in the prime side of the FXla active site resulting in several
potent and moderately selective inhibitors of FXla. Particularly, inhibitor 42 (Figure 12)
inhibited FXla with an /Cspvalue of 1.0 nM, yet it also inhibited plasma kallikrein with an
1Cspvalue of 27 nM. This molecule did not significantly inhibit thrombin, FXa, FIXa,
plasmin, tissue plasminogen activator, or trypsin at the highest concentration tested of 99
M. Inhibitor 42 has a high polar surface area (153A2), low permeability (<0.28 x1076
cm/s), high efflux (Efflux ratio >4.6), low/moderate /n vitro intrinsic clearance (22 pL/min/
1x10°% cells) in rat hepatocytes, and high rat in vivo clearance (130 mL/min/kg). Further
structural optimizations led to inhibitor 43 (Figure 12) with enhanced physicochemical
properties. This molecule inhibited FXla with an /C5pvalue of 0.82 pM and plasma
kallikrein with an /Csp value of 8.4 uM. Nevertheless, the physicochemical properties of
inhibitor 43 [moderate polar surface area (79,&2), high permeability (19x107 cm/s), low
efflux (Efflux ratio 1.6), moderate rat /n7 vivo clearance (18 mL/min/kg), and a measured rat
oral bioavailability of 27%] have provided a promising avenue towards the goal of
developing an oral FXla inhibitor [118].

Very recently, Pinto et al. (2017) reported a new series of active site inhibitors of human
FXla in which the central phenylalanine domain of inhibitor 26 was replaced with either
substituted pyrrolidine (inhibitor 44), tetrahydroisoquinoline (THIQ)-3-carboxylate
(inhibitor 45), or THIQ-1-carboxylate (inhibitor 46) (Figure 13) [119]. Inhibitor 44 showed a
modest potency with a FXla Kjvalue of 23 nM and APTT EC; 5y value of 36 uM. The two
homochiral THIQ derivatives exhibited weaker potency (inhibitor 45) or better potency
(inhibitor 46) with FXla K;values of 1.7 uM and 11 nM, respectively [119]. Attempts aimed
at enhancing the potency of inhibitor 46 by replacing the THIQ-1-carboxylate moiety, which
points to S1” subsite in the active site of FXIa, with a host of bicyclic heteroaromatic
systems failed. Likewise, attempts to enhance the potency of inhibitor 46 by replacing the o
aminobenzoic acid domain, which binds into the S2” subsite, with a host of mono- and bi-
cyclic hetroaromatic amines also failed. However, introducing a fluorine substituent to the p-
chlorophenyl-tetrazole moiety, which binds into the S1 subsite, resulted in inhibitor 47 with
a FXla Kjvalue of 3.7 nM. Moreover, introducing a dimethylamino group at position-5 of
the THIQ-1-carboxylate domain (inhibitor 48) deemed rewarding for the inhibition potency
(K=6 nM) but not for the effect on the clotting time in the APTT assay (APTT EC; 5,>40
uM). Considering the solubility at pH 6.5, the dimethylamino group in inhibitor 48 was
replaced with several basic and nonbasic saturated cyclic polar systems which eventually
resulted in the discovery of inhibitor 49 with an A¥methyl-piperazine-2-one at position-5 of
the THIQ-1-carboxylate moiety. This inhibitor exhibited a potent FXla inhibition potency
with a Kjvalue of 0.7 nM, a potent effect on the clotting time with an APTT ECj 5 value of
0.3 uM, and a good aqueous solubility of 0.88 mg/mL for parenteral administration [120]. A
model of inhibitor 49 in the active site of FXla showed that the A¥-methyl-piperazine-2-one
P2 moiety establishes a significant contact with Tyr58B and Tyr94 residues in the S2 subsite
whereas the p-aminobenzoic acid P2” group and the chloro-fluoro-phenyl-tetrazole P1
group make significant interactions in the S2” and S1 subsites, respectively, as previously
described for similar inhibitors.
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The pharmacokinetic studies of inhibitor 49 in rats indicated that it has a volume of
distribution of 0.75 L/kg, a relatively rapid clearance rate of 16 ml/min/kg, and a short half-
life of 0.88 hr. This half-life was almost consistent in other animal species including rabbit,
dog, and cynomolgus monkeys. Given that the goal of this development program at Bristol-
Myers Squibb Company was to discover an effective and safe anticoagulant for acute use in
hospital settings, inhibitor 49 appeared to meet the initial selection critera, and therefore, it
was subject to further studies. Inhibitor 49 demonstrated a significant selectivity profile over
related human enzymes including FVIla (>13 uM), FIXa (>27 uM), FXa (>9 uM), FXlla
(>3 uM), tissue kallikrein-1 (>10 pM), thrombin (>13 pM), trypsin (>6.2 uM), plasmin (>25
uM), APC (>21 uM), tissue plasminogen activator (>6.2 uM), and urokinase (>15 uM). This
molecule inhibited human plasma kallikrein and chymotrypsin with K;values of 0.31 and 11
UM, respectively. Furthermore, inhibitor 49 demonstrated no cytochrome inhibition activity
(/Cspvalues > 40 uM), was stable in dog, rat, and human liver microsomes (Tg 5 =120, 59,
and 108 min, respectively), and was Ames test negative, which suggested acceptable
pharmaceutical properties considering the primary goal of the program [119].

To determine the antithrombotic efficacy of this molecule in animal models, the rabbit AV-
shunt thrombosis model was used [120, 121]. Using a dose protocol of 0.23 mg/kg (IV
bolus) + 1.55 mg/kg/hr (1V infusion), inhibitor 49 exhibited about 83 % inhibition of
thrombus formation and increased the APTT up to 1.8-fold with no effect on the PT.
Furthermore, a dose protocol of 0.46 mg/kg (IV bolus) + 3.1 mg/kg/hr (IV infusion) did not
increase the bleeding time as compared to vehicle in the rabbit cuticle bleeding assay.
Interestingly, the combination of inhibitor 49 (0.46 mg/kg + 3.1 mg/kg/hr) and aspirin (4
mg/kg/hr) resulted in bleeding times that were not higher than those noted for aspirin
treatment alone [120, 121]. Overall, inhibitor 49 has been put forward as a potent, selective,
reversible, direct, and active site inhibitor of FXla and a clinical candidate for use as an
acute antithrombotic agent in a hospital setting.

Imidazole-containing derivatives: Another chemotype that was recently introduced as
FXla orthosteric peptidomimetic inhibitors was the phenylimidazole class [122]. About 27
potential inhibitors were synthesized and tested for their inhibitory effect on a series of
serine proteases including human FXla. The first example in this series was inhibitor 50
(Figure 14) which was discovered by focused-deck screening. This unmodified
phenylimidazole inhibited human FXla and plasma kallikrein with Kjvalues of 120 and 330
nM, respectively. Furthermore, the inhibitor was selective against FVIla (K;> 10900 nM)
and FXa (K> 8180 nM). This inhibitor also modestly increased clotting time in the APTT
assay by 1.4-fold at a plasma concentration of 40 pM. Interestingly, inverting the
stereochemistry of inhibitor 50 resulted in a 30-fold decrease in the inhibitory activity
towards FXla suggesting a stereospecific preferential recognition. Introducing various ester,
amide, or sulfonamide substituents at the meta- or para-positions of the terminal phenyl
moiety of inhibitor 50 always reduced its FXla inhibition potency with one exception being
inhibitor 51 (Figure 14) which has an unsubstituted amide functionality at the para-position.
Inhibitor 51 was 4-fold more potent against FXla with a Kjvalue of 30 nM and retained
good selectivity against FVIla (K>10900 nM) and FXa (K>9000 nM). However, it
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inhibited human plasma kallikrein with a Kjvalue of 60 nM. The inhibitor also increased the
APTT by 1.8-fold at a plasma concentration of 40 uM.

The X-ray crystal structure of inhibitor 51 bound to FXla was obtained at 1.85 A resolution
and revealed several direct hydrophobic contacts as well as direct and indirect (water-
mediated) H-bonds between the inhibitor and FXla (PDB ID: 4TY6) (Figure 14B). The
nitrogen of the unsubstituted amide at the para-position of the phenylimidazole moiety
formed direct and water-mediated H-bonds to the backbone carbonyl and nitrogen of His40
of the S2” pocket. The carbonyl of the unsubstituted amide also formed several water-
mediated H-bonds with the backbone nitrogen of 1le151 and to the hydroxyl group of
Tyr143. The phenyl ring formed a hydrophobic interaction with the side chain of Gly193 and
lle151 within the S2” pocket. The AZ atom of the imidazole ring formed several water-
mediated H-bonds with the backbone nitrogens of the Gly218 and Gly216 residues. The A®
atom of the imidazole ring also participated in a water-mediated H-bond with the backbone
carbonyl of Leu41. The C-5 methine of the imidazole had a hydrophobic contact with the
side chain of Lys192. The phenyl ring of the benzyl moiety had an edge-on hydrophobic
interaction with Cys42 — Cys58 disulfide bridge in the S1” pocket. The nitrogen of the
amide linker (P1 group) formed water-mediated H-interactions with the Ser214 and Gly216
residues. The oxygen of the amide linker was over the oxyanion hole (Gly193, Asp194, and
Ser195). The tranexamic acid group was found to fit into the S1 pocket forming a salt bridge
between its primary amine group and the backbone carbonyl of Gly218 as well as the
carboxylate of Asp189 residue [122].

Motivated by insights from the crystal structure, the terminal 3-aminoindazole moiety was
introduced as in molecule 52 (Figure 14) which inhibited FXla with a Kjvalue of 3 nM. It
also inhibited plasma kallikrein with a K;value of 50 nM and doubled the clotting time in
the APTT assay at a plasma concentration of 2 uM. The inhibitor remained selective over
FVlla (K>10900 nM) and FXa (K>8180 nM). Introducing a chlorine atom at the C-5
methine position of the imidazole led to inhibitor 53 with further enhanced profile.
Specifically, the inhibitor demonstrated sub-nanomolar potency against FXla (K;= 0.3 nM),
potent /n vitro APTT activity (ECox = 1 uM), 17-fold selectivity over plasma Kkallikrein, and
>1000-fold selectivity over related serine proteases including thrombin, FXa, and FVIla.
The X-ray crystal data (2.09 A resolution; PDB ID: 4TY7) demonstrated that the binding
modes of inhibitors 51 and 53 are practically identical. The exocyclic nitrogen of the
aminoindazole moiety was found to form several direct and indirect (water-mediated) H-
bonds with the backbone carbonyl and nitrogen of the His40 residue. The AZ and A atoms
of the indazole ring formed a direct H-bond with the hydroxyl group of Tyr143 and an
indirect one with the backbone nitrogen of Ile151. The C-5 chlorine substituent formed a
hydrophobic contact with the aliphatic side chain of Lys192. Other heterocycle replacements
of the 4-phenylimidazole including 5-phenyl-oxazole, 3-phenyltriazole, 3-phenylpyrazole, 5-
oxo-1-phenyltriazole, and 2-phenylimidazole were all tested and found to be less potent
inhibitors of human FXla [122].

Inhibitor 53 was found to be a reversible FXla inhibitor with similar enzyme inhibition
profiles for rabbit coagulation factors. The inhibitor is not orally bioavailable, and therefore,
its pharmacokinetic parameters were measured in rabbits following the IV administration of
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its bis-HCl salt at a dose level of 0.5 mg/kg. The inhibitor was found to have an 85% protein
binding in rabbit serum, a small volume of distribution (0.7 L/kg), and a relatively rapid
clearance rate (1.2 L/kg/hr). In the rabbit AV-shunt model, the inhibitor exhibited potent
dose-dependent /7 vivo antithrombotic effect compared to vehicle controls with a calculated
IDspvalue of 0.6 mg/kg (loading 1V bolus) + 1 mg/kg/hr (maintenance IV infusion) [122].

In subsequent studies, Pinto et a/. (2015) reported on a series of structure-based efforts to
enhance the antithrombotic profile of 53 [123]. All efforts were focused on improving the
selectivity as well as oral bioavailability by using different less basic functionalities that bind
to the S1 pocket. Accordingly, it was found that inhibitor 54 (Figure 14) had a K;value of
1.2 nM toward human FXIla. This inhibitor doubled the clotting time in the APTT assay at a
plasma concentration of 3 uM. In dogs, it had a volume of distribution of 0.8 L/kg, a
clearance value of 16 mL/min/kg, and a T 5 of 2.2 hrs. However, it had no oral
bioavailability in dogs. Replacing the aminoindazole moiety with a para-methylcarbamoyl-
phenyl moiety led to inhibitor 56 (Figure 14) which had a FXla Kjvalue of 2.7 nM, a
volume of distribution of 1.6 L/kg, a clearance value of 9 mL/min/kg, a Tg 5 of 3.1 hrs, and
an oral bioavailability of ~3% in dogs. This inhibitor increased the clotting time in the APTT
assay by 1.5-fold at a plasma concentration of 5.3 pM. Interestingly, removing the chlorine
atom from the imidazole moiety led to inhibitor 55 which had a FXla Kjvalue of 6.7 nM, a
volume of distribution of 3.4 L/kg, a clearance value of 20 mL/min/kg, a Tq 5 of 2.4 hrs, and
an oral bioavailability of ~10.4% in dogs. This inhibitor increased the clotting time in the
APTT assay by 1.5-fold at a plasma concentration of 8.6 uM. This inhibitor also
demonstrated good selectivity over FVIla (K>13000 nM), FIXa (K>60000 nM), FXa (K;
=1500 nM), thrombin (K;>15000 nM), trypsin (K;>6200 nM), plasma kallikrein (K;=240
nM), tissue kallikrein (K;>30000 nM), chymotrypsin (K;=1300 nM), plasmin (K;>41000
nM), and tissue plasminogen activator (K;=17000 nM) [123].

Along those lines, Hu et al. (2015) reported the continued structural optimization efforts at
the P1” and P2" regions of inhibitors 55 and 56 to further improve the potency, stability, and
solubility of this chemotype [124]. These efforts eventually resulted in the discovery of a
potent and efficacious parenteral FXla inhibitor 57 (Figure 14) which inhibited FXla with a
K;value of 0.04 nM, prolonged the clotting time with an APTT ECyy of 1.0 uM, and had an
aqueous solubility of 17 pg/mL in pH 6.5 buffer. In human liver microsome, this inhibitor
had a half-life measured at >200 min. An X-ray crystal structure of inhibitor 57 bound in the
active site of FXIa was obtained at 2.2 A resolution. The X-ray structure (PDB ID: 4Y8Z)
showed that the chlorophenyltetrazole moiety occupied the S1 pocket. The carbonyl group
of the acrylamide moiety formed H-bond interactions with the oxyanion hole, and the A®
atom of the imidazole ring formed water-mediated H-bonds with Ser195 hydroxyl group and
Leu41 carbonyl group. The A-methyl piperazine bound near His57 and Tyr58B residues in
the S2 pocket. In the S2” region, the NH, carbonyl, and OH groups of quinolinone formed
several H-bonds with His40 and Tyr143 residues.

Inhibitor 57 was highly selective for FXla over other related serine proteases including
FVlla (>13.3 uM), FIXa (>60 pM), FXa (>9 pM), FXlla (>20 pM), tissue kallikrein (>30
UM), urokinase (>1.6 uM), and APC (>5.4 uM) but not plasma kallikrein, trypsin,
chymotrypsin, thrombin, and tissue plasminogen activator which were inhibited by this
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molecule with Kjvalues of 0.007, 6.2, 0.4, 7.4, 29 pM, respectively. Inhibitor 57
demonstrated similar profiles in humans and rabbits (the species used for animal modeling)
with respect to FXIla affinity (K;values of 0.1 vs 0.58 nM, respectively) and effect on APTT
(ECy 5 values of 0.28 vs 1 uM, respectively). In the pharmacokinetic studies, the inhibitor
demonstrated high free fractions (2.6-18%) in the plasma protein binding studies across the
different species used. The half-life was about 1-2 hrs across all tested species following 1V
administration. Inhibitor 57 was evaluated in the ECAT model in rabbits. The inhibitor
produced a dose-dependent increase in integrated blood flow of the injured artery i.e.
decrease in thrombus reduction at the injury site with an £C5po0f 0.53 uM. In the rabbit
cuticle bleeding time model, minimal bleeding time prolongation was observed for the
inhibitor even at the highest dose studied (10 uM). At this largest dose, the inhibitor
prolonged the APTT by 3.2-fold, but did not affect the PT or TT [124].

To improve the FXla binding affinity and the APTT potency of inhibitor 56, Corte et a/.
(2017) preorganized the inhibitor’s conformation via the formation of a macrocyclic ring
[125]. Macrocyclization has been recognized in drug discovery and development as an
important chemical strategy to improve the chemical stability, binding affinity, selectivity,
and pharmacokinetic properties of acyclic peptides or peptidomimetics [126-129]. The X-
ray crystal structure of inhibitor 56 bound to FXla showed the inhibitor occupying the S1
pocket (P1: para-chlorophenyl tetrazole moiety), S1” pocket (P1”: benzyl moiety), and the
S2” pocket (P2”: methyl A-phenyl carbamate). Therefore, a macrocyclization strategy was
devised to link the P1” benzyl and the P2” phenyl groups due to their close proximity.
Molecular modeling was employed to help guide the initial choice of ring size i.e. linker
length by running a conformational analysis of 11-14-membered macrocyclic rings.
Interestingly, the 12- and 13-membered macrocyclic rings appeared to present
conformations that were similar to the acyclic conformations, with no ring strain or
redundant methylene units, and therefore, they were considered for synthesis.

Initially, eleven macrocyclic analogues of 12 and 13-membered rings were synthesized with
saturated or £-unsaturated linkers. Some of those analogs had an ether bond. In the FXla
inhibition/binding assay, all analogs inhibited the enzyme with Kjvalues within the range of
42-3920 nM. Among them, only two inhibitors had potent impact on clotting time in the
APTT assay, namely inhibitors 58 and 59 (Figure 15), which increased the APTT by 1.5-
fold at plasma concentrations of 27 uM (FXla K=42 nM) and 34 uM (FXla K=68 nM),
respectively [125].

Inspired by the crystal structure of inhibitor 59 with FXla (PDB ID: 5TKS), it was predicted
that an amide linker may afford additional H-bond interaction with the carbonyl of Leu41.
Subsequently, ten more macrocyclic molecules having an amide linker and ring size of 12 or
13 were synthesized and evaluated for their FXla inhibition potency, APTT effect, and
human liver microsomal stability. The two most potent FXla inhibitors were 60 and 61
(Figure 15). In one hand, inhibitor 60 had a K;value of 0.16 nM, increased the APTT by
1.5-fold at a plasma concentration of 0.27 uM, and had human liver microsomal Ty 5 of 41
min. The inhibitor also had very good selectivity over a wide range of serine proteases
including trypsin and chymotrypsin (K~1500 nM), plasmin (K>14200 nM), tissue
plasminogen activator (K>6150 nM), urokinase (K=5050 nM), APC (K>21500 nM),
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thrombin (K>11500 nM), FVIla (KF=1650 nM), FIXa (K>27100 nM), FXa (K>13300
nM), and FXIla (K>3050 nM). In the other hand, inhibitor 61 had a K;value of 1.0 nM,
increased the APTT by 1.5-fold at a plasma concentration of 0.30 uM, and had human liver
microsomal Ty 5 of 90 min. The inhibitor also had very good selectivity over a wide range of
serine proteases including trypsin and chymotrypsin (K~3940-8390), plasmin (K>15200
nM), tissue plasminogen activator (K>6150 nM), urokinase (K>15100 nM), APC
(K#21500 nM), thrombin (K>11500 nM), FVlla (K=3190 nM), FIXa (K>27100 nM),
FXa (K>13300 nM), and FXlla (K>3050 nM). However, both inhibitors inhibited plasma
kallikrein with K;values of 16 and 70 nM, respectively. It is important to mention here that
the crystal structure of inhibitor 60 with FXla (PDB ID: 5TKU) confirmed the H-bond
interaction between the installed amide linker and the carbonyl of Leu41 [125].

The pharmacokinetic profiles for inhibitors 60 and 61 were evaluated in dogs. The two
inhibitors had high clearance values of 23 and 15 mL/hr/kg, respectively, short half-lives of
~1 hr, small volumes of distribution of 1.8 and 0.8 L/kg, respectively, low AUC values of 2.5
and 21 nM.hr, respectively, high dog liver microsomal stability (T1/2>120 min), and high
dog protein binding of ~90%. They both had very poor oral bioavailability of 1% and 6%,
respectively, at tested doses [125]. Therefore, these two inhibitors were subject to further
structural modifications which focused on the imidazole ring, the macrocyclic amide linker,
and the P1 tetrazole-containing group [130]. Corte et a/ (2017) reported that 1) introducing a
chlorine substituent to the imidazole ring enhanced the FXIla inhibition potency; 2)
introducing small alkyl groups to the linker improved the inhibition potency considering the
ring size, position of the introduced alkyl group, and its absolute stereochemistry; and 3)
replacing the chlorophenyltetrazole cinnamide P1 group with o,o0-difluoro-p-methylbenzoyl
group decreased the polar surface area and increased the oral bioavailability of these
inhibitors, yet at the expense of the inhibition potency. An example from this study is
molecule 62 (Figure 15) which inhibited FXla with an /Cspvalue of 0.07 nM and effectively
prolonged the clotting time in APTT assay with an £C; 5y 0f 1.2 uM [130].

Recently, Wang et al. (2017) reported a macrocyclic molecule 63 (Figure 15) as a human
FXIla inhibitor with a K;value of 0.3 nM [131]. Molecule 63 also inhibited rabbit FXla and
rabbit plasma kallikrein with Kjvalues of 0.9 nM and 6 nM, respectively. The molecule
showed >16000-fold selectivity over rabbit enzymes of Flla, FIXa, FXa, and FXlla. In
rabbits, inhibitor 63 dose-dependently inhibited thrombus formation in the carotid artery and
cerebral microembolic signals incidence in the middle cerebral artery induced by 30%
FeCls. The integrated blood flow also increased from ~57% in the vehicle group to ~91% for
the 3 mg/kg/hr inhibitor group, with an £D5pvalue of 0.003 mg/kg/hr. Clot weight also
decreased from ~8.9 mg to ~0.0 with an £Dspvalue of 0.004 mg/kg/hr. Furthermore,
inhibitor 63 significantly elevated the APTT, with an increase of 86.6% (at an IV infusion
rate of 0.3 mg/kg/hr) and 220.3% (at an 1V infusion rate of 3 mg/kg/hr) at 1 hour after
treatment. The APTT increased by about 78.7% (at an IV infusion rate of 0.3 mg/kg/hr) and
290.4% (at an IV infusion rate of 3 mg/kg/hr) at 2 hours after treatment. Consistent with
targeting FXla in the intrinsic coagulation pathway, the inhibitor had no effect on the PT.
Lastly, using 5 mg/kg/hr dosing level (>1250-fold of antithrombotic £D5g; IV infusion),
inhibitor 63 led to statistically insignificant increase in bleeding time (~102% compared with
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vehicle group) in a rabbit cuticle bleeding model. For comparison, at 3 mg/kg/hr dosing
level (>75-fold of antithrombotic £D5p;, IV infusion), apixaban (approved FXa inhibitor) led
to a statistically significant increase in bleeding time (~291% compared with the vehicle
group) in the same bleeding test in rabbits [131].

Pyridine, pyridinone, and pyrimidine-containing derivatives: In 2015, Corte et al.
reported on the medicinal chemistry efforts to optimize the profile of inhibitor 53 (Figures
14 and 16) [130]. Initially, the imidazole ring was replaced by a series of six-membered
heteroaromatic rings including pyridine, pyridine-A-oxide, pyrimidine, and benzene
resulting in ten different FXla inhibitors with Kjvalues in the range of 330-30207 nM. From
this series of inhibitors, inhibitor 64 with the pyridine moiety was chosen for subsequent
studies. Previously, it was shown that introducing a chlorine atom at position-5 of the
imidazole ring increased the FXIla inhibition potency by 10-fold (as in inhibitors 52 and 53
(Figure 14)). Likewise, introducing a chlorine atom at position-6 in the pyridine ring
improved the FXIla inhibition potency of inhibitor 64 from K;value of 377 nM to 206 nM
for inhibitor 65 (Figure 16). Hydroxyl group at the same position afforded much better
results with a Kjvalue of 113 nM, amino group presented no effect (K;= 227 nM), whereas
methylamino, methoxy, and A-methyl pyridinone all decreased the FXla inhibition potency
of inhibitor 64 to 860, 949, and 479 nM, respectively.

Along those lines, the imidazole ring in inhibitor 52 (Figure 14) (K;=3.2 nM and APTT
EC,x=1-3 UM) was replaced by different stereoisomers and regioisomers of benzene and
pyridine resulting in six different FXla inhibitors with K;values in the range of 8.4-6160
nM (APTT ECq 5x 24.5 UM). The most potent inhibitor in this series was 66 (Figure 16)
which possessed a FXla Kjvalue of 8.4 nM and APTT ECq 5x=4.5 UM. In addition, the
racemic mixture of inhibitor 67 (Figure 16), which has a pyridinone moiety, possessed a
FXla Kjvalue of 3.7 nM and APTT EC; 5x=2.5 uM. Although inhibitor 66 was selective
over FVIla (K>10890 nM), FIXa (K>34860 nM), FXa (K>9000 nM), thrombin (K>12610
nM), APC (K>21400 nM), plasmin (K>22100 nM), tissue plasminogen activator
(K>21900 nM), urokinase (K>14060 nM), and chymotrypsin (K>20780 nM), the molecule
inhibited both trypsin (K=64 nM) and plasma kallikrein (K=24 nM) [132]. An X-ray
crystal structure of the (S)-enantiomer of inhibitor 66 bound to the human FXla active site
(PDB ID: 4WXI, 2.6 A resolution) was obtained. The overall binding mode is similar to
what was described previously for the imidazole 53 (Figure 16).

The same research group reported further optimization of inhibitor 53 [133]. The
aminoindazole group of S2” pocket was replaced with an unsubstituted indazole, 3-
hydroxyindazole, 3-aminobenzisoxazole, 4-amino-quinazoline, and 1-aminoisoquinoline.
The racemic mixtures of these analogues as well as their enantiomerically pure (S)-
stereoisomers were evaluated for their inhibitory effects on the activity of human FXla as
well as on the clotting time in the APTT assay. The most potent analog in this series was
(S)-inhibitor 68 (Figure 16), 3-amino-benzoisoxazole analogue with a K;value of 3.8 nM
and APTT EC, 5x of 0.6 uM. This suggested that an H-bond acceptor is better for the
interaction with Tyr143 residue in S2” pocket. Other regioisomers of 3-aminoindazol-6-y!
were also studied. For example, 3-aminoindazol-5-yl, indazol-5-yl, 3-hydroxyindazol-5-yl,
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and 3-methoxyindazol-5-yl were synthesized and tested for their inhibitory effects toward
human FXla as well as their effects on the APTT. The most potent analogue in this series
was (S)-inhibitor 69 (Figure 16) which has a Kjvalue of 3.7 nM and APTT EC4 5x 0of 0.4
UM. Furthermore, several monocyclic groups that bind to S2” were also studied. These
groups included 1-aminobenzoic acid-4-yl, benzoic acid-3-yl, aniline-4-yl, 2-
aminopyridine-5-yl, and methylcarbamate-4-yl. The most potent analogue in this series was
(S)-inhibitor 70 (Figure 16) which has a K;value of 6.3 nM and APTT EC 5x of 2.6 pM.
Replacement of the pyridine group in this inhibitor with pyridinone led to inhibitor 71
(Figure 16) which has a Kjvalue of 2.4 nM and APTT EC; 5x of 0.4 uM [133].

Another set of molecules studied in the same report was that in which the basic cyclohexyl
methyl amine P1 was replaced with a neutral para-chlorophenyltetrazole P1 in the
regioisomeric pyridine, pyrimidine, and pyridinone analogs. The regioisomeric pyridine 73,
pyrimidine 74, and pyridinone 75 (Figure 17) possessed improved FXla binding activity and
potency in the clotting assay compared to pyridine 72 (Figure 17). Nevertheless, these
inhibitors were relatively less potent in the clotting assay than the corresponding derivatives
with the basic cyclohexyl methyl amine as the P1 moiety. The loss of potency can be
because of the increase in nonspecific binding to various plasma proteins. An X-ray
structure of (S)-inhibitor 72 bound to FXla (PDB ID: 5EXN; 1.49 A resolution) was
obtained and the overall binding mode was found to be similar to that described above, with
the exception of the P1 domain. The chlorophenyl portion fits into the S1 pocket with the
chlorine substituent forming a n—Cl interaction with Tyr228 residue. The tetrazole moiety
interacts with the Cys191-Cys219 disulfide bridge. Moreover, the tetrazole A nitrogen
forms a water-mediated H-bond with the Gly218 residue [133].

Several compounds were evaluated in dogs in order to determine their pharmacokinetic
profiles. Particularly, inhibitor 66 was found to have a volume of distribution of 3.4 L/kg, a
clearance value of 50 mL/hr/kg, a half-life of 1.2 hrs, and no oral bioavailability. Inhibitor 70
demonstrated a volume of distribution of 10 L/kg, a clearance value of 54 mL/hr/kg, a half-
life of 2.7 hrs, and 63% oral bioavailability. Inhibitor 71 was found to have a volume of
distribution of 0.8 L/kg, a clearance value of 17 mL/hr/kg, a half-life of 1.1 hrs, and <1%
oral bioavailability. Inhibitor 75 was found to have a volume of distribution of 1.6 L/kg, a
clearance value of 30 mL/hr/kg, a half-life of 1.5 hrs, and no oral bioavailability.
Interestingly, four other inhibitors demonstrated good oral bioavailability of 28—-66%, even
though they demonstrated relatively weaker FXla Kjof 6.7 — 23 nM and APTT EC; 5x of
1.2 - >40 uM. Lastly, as with the previously published FXla inhibitors, select inhibitors
from this series were tested against other serine proteases including FV1la, FIXa, FXa,
thrombin, APC, plasmin, chymotrypsin, urokinase, and tissue plasminogen activator and
were found to be significantly selective. Yet, they were found to moderately inhibit trypsin
(selectivity index of 9 — 270-fold) and plasma kallikrein (selectivity index of 3 — 150-fold)
[133].

Miscellaneous scaffolds: Few other peptidomimetic molecules were identified to inhibit
human FXla during the course of developing orthosteric inhibitors for other serine proteases
in the coagulation process. Nar et al. (2001) reported three promiscuous benzimidazole
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benzamidine derivatives 76 — 78 (Figure 18) that inhibited FXla with K;values of 9.0, 4.1,
and 6.2 uM, respectively [134]. However, these molecules also inhibited thrombin (K;= 20 -
780 nM), FXa (K;= 15 - 57 nM), trypsin (K;= 67 — 110 nM), two-chain urokinase (K;= 6.5
— 44 uM), plasmin (K;= 6.8 — 13 uM), FVIIa/TF (K;>40 uM), and tissue type plasminogen
activator (K;= 6.8 — 13 uM).

Another chemotype that was originally developed to inhibit thrombin but was also found to
inhibit FXla is indolizidinones [135]. Particularly, indolizidinone 79 (Figure 18) was found
to inhibit FXla with a Kjvalue of 35 UM, yet it also inhibited thrombin, FV1la, and plasmin
with Kjvalues of 0.11, 0.52, and 71 uM, respectively. Furthermore, three enantiopure
cyclicdiamines 80 — 82 (Figure 18) were found to inhibit FXla with Kjvalues in the range of
6.7 — 10.2 uM [136]. These inhibitors were found to be slightly selective over FVlla (>11
UM), chymotrypsin (>20 uM), plasma kallikrein (>6 uM), trypsin (>5 uM), APC (>21 pM),
plasmin (>22 uM), tissue type plasminogen activator (>21 uM), and urokinase (>14 uM), yet
they potently inhibited FXa (0.58, 0.5, and 0.64 nM, respectively) as well as thrombin (5.4,
4.0, and 4.0 pM, respectively). Some arylsulfonamidopiperidone derivatives with FXa
inhibitory activity were also reported to inhibit FXla [137]. For example, molecule 83
(Figure 18) inhibited FXla with a Kjvalue of 13.3 uM. However, this inhibitor was found to
be a potent promiscuous inhibitor for a wide range of serine proteases. In addition, a wide
range of benzamidines 84 — 92 (Figure 19) was reported to have high nanomolar to
micromolar inhibition potency toward FXla. [138, 139]. Nevertheless, they were also potent
inhibitors of FVIla 84 — 89 and APC 90- 92. A series of biaryl acid derivatives 93 — 97
(Figure 20) was also reported to inhibit FXla, in addition to other coagulation proteases,
particularly FVIla [140]. A substituted chromen-7-yl furan-2-carboxylate derivative was
recently reported as an active site inhibitor of human FXla [141]. This small molecule
inhibited human FXla with an /Cspof 0.77 uM and exhibited a substantial selectivity for
FXla inhibition over related serine proteases of digestive, coagulation, and fibrinolysis
systems. The molecule also selectively doubled the APTT at a concentration of 72 uM in
human plasma.

CU-2010 (renamed MDC02010; 98) (Figure 21) is a peptidomimetic inhibitor with a
benzamidino moiety at the C-terminus mimicking the P1 domain [142]. CU-2010 inhibited
several serine proteases including FXla (K=18-26 nM), plasma kallikrein (K=0.019-0.04
nM), plasmin (K7=2.2 nM), FXa (K=45-51 nM), FXlla (K=892-5200 nM), and Flla
(KF=1553-1700 nM). CU-2010 had a substantial effect on APTT (APTT ECox=1.4 uM) and
a weaker effect on PT (PT EC,x=9.1 uM). Clot lysis in human whole blood was inhibited by
molecule 98 at 150 nM. CU-2010 half-life was 20 min in rats and dogs upon IV
administration, which was increased to 45 min by pegylation (CU-2020). However,
pegylation exerted variable effect on the inhibition potencies of FXla (31-fold loss), plasma
and plasma kallikrein (4-fold loss), FXIla (4.5-fold gain), while retaining factors Xa and lla
inhibition potencies. CU-2020 had a significant effect on APTT (APTT ECyx=32.8 uM) and
as well as on PT (PT ECyx=36.7 uM) [142-144]. In fact, CU-2010 and CU-2020 were
evaluated for antifibrinolytic and anticancer activities, and not anticoagulant activity because
of their prominent effect on the proteolytic activity of human plasmin [82].
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Patented scaffolds: Motivated by the potential effective and safe anticoagulation properties

of FXla inhibitors, several inhibitor chemotypes have been introduced by various drug
discovery programs in both academia and industry. In fact, a significant surge in the number
of patents and patent applications for FXIa inhibitors has recently been witnessed,
particularly over the past 3 years [6]. Importantly, about half of these applications have been
filed and/or granted only since 2013 with about 80% of these applications being for small
molecule active site or allosteric site inhibitors. The number of patents and patent
applications for FXla inhibitors was similar or exceeded those filed for thrombin or FXa
inhibitors only starting 2010. Figure 22 shows different chemotypes of the recently patented
active site FXla inhibitors. Particularly, pyrrolidine-2-carboxamide 99, piperidine-2-
carboxamide 100, dihydrobenzoxazine 101, cyclopentapyridine- A-oxide 102, and pyridine-
N-oxide 103 inhibited human FXla with nanomolar potency of 6, 0.4, 0.11, 0.38, and 1.34
nM, respectively. More details of patented FXla inhibitors were reviewed recently [6].

(3) Polymeric GAGs and their Mimetics: Heparins, Dextran Sulfate, and
Sulfated Lignins as Allosteric Inhibitors—GAGs are large linear polysaccharides
constructed of repeating disaccharide units of an aminosugar, which could be galactosamine
or glucosamine, and an uronic acid, which could be glucuronic acid and/or iduronic acid.
With the exception of hyaluronic acid, all other GAGs including heparin/heparan,
chondroitin, dermatan, and keratan are sulfated polysaccharides. Specifically, heparin is a
highly sulfated, heterogeneous, and polydisperse mixture of linear polysaccharides with a
wide range of biological, pathological, and pharmacological roles in thrombosis, infectious
diseases, inflammation, and cancer among others [145-147]. Clinically, heparin and its
variants, including LMWHSs and fondaparinux, are used as anticoagulants to prevent and/or
treat thromboembolic diseases. Mechanistically, heparin activates an endogenous
anticoagulant serpin i.e. AT which subsequently and rapidly inhibits two coagulation
proteases, thrombin and FXa, of the common coagulation pathway resulting in the
anticoagulant activity [145-147].

In addition to its effect on thrombin and FXa, heparin plays a significant role in FXla/FXI
biology. The enzyme FXla and its zymogen FXI have two anion-binding sites; one is in the
catalytic domain (Lys529, Arg530, Arg532, Lys535, and Lys539) and the other is in the A3
apple domain (Lys252, Lys253, and Lys255) [13, 48, 56]. In one hand, the zymogen FXI is
physiologically activated by thrombin and/or FXIla and it may also undergo auto-activation
in the presence of polyanions including heparin 104, dextran sulfate 105 (Figure 23), and
polyphosphates [53-53]. In the other hand, the active enzyme FXla is physiologically
inhibited by plasma serpins including AT, C1-inhibitor, al-antitrypsin, protein Z-dependent
protease inhibitor, and protease nexin-1 [56, 57]. Basic amino acids in the autolysis loop of
FXIla’s catalytic domain (Arg504, Lys505, Arg507, and Lys509) are the determinants of
serpin specificity [148]. Heparin increases serpin-mediated FXla inhibition by a template
mechanism in which both the serpin and FXla A3 domain bind to the same sequence of
heparin. Nevertheless, heparin can also directly inhibit FXla by allosteric modulation or
charge neutralization through binding to anion-binding site in the catalytic domain [58, 59,
149, 150].
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Al-Horani et al. (2014) reported on the binding affinities of UFH and heparin octasaccharide
to two forms of human FXla [58]. Using fluorescence spectroscopy at physiological
conditions of pH 7.4, 37 °C, and 150 mM NacCl, UFH was found to bind to human FXla
with a Kpvalue of 1.1 + 0.3 UM (AFax = —=75%) and human FXla-DEGR (a variant of
FXla which contains the fluorophore dansyl at the end of the EGR tripeptide (P1-P3
residues) that is covalently attached to the catalytic Ser) with a Kpvalue of 1.6 £ 0.5 pM
(AFpmax = —29%). Likewise, heparin octasaccharide was found to bind to human FXla and
human FXla-DEGR with Kpvalues of 0.9 + 0.2 UM (AFa = —68%) and 0.9 £ 0.2 uM
(AFpax = —29%), respectively [58]. Furthermore, Sinha et al. (2004) reported on allosteric
modification of FXIla functional activity upon binding to polyanions including two forms of
dextran sulfate (Mr ~500000; DX500 and Mr ~10000; DX10) and two forms of heparin (64
disaccharide units, Mr ~14000; Hep64 and hypersulfated heparin, Mr ~12000; S-Hep)
(Figure 23). Rates of hydrolysis of the chromogenic substrate S-2366 by FXla in the absence
and presence of different concentrations of DX500, DX10, Hep 64, and S-Hep were studied.
All the polyanions inhibited the hydrolysis reaction in a concentration-dependent manner,
with saturable inhibition observed at polyanion concentrations greater than 5 pg/mL (~0.1
nM DX500, ~0.5 uM Hep 64, S-Hep, and DX10) and variable maximal percent of inhibition
(DX500 (83%), DX10 (56%), Hep 64 (58%), and S-Hep (48%)). Furthermore, all of the
polyanions showed a concentration-dependent inhibition of FXla-mediated activation of FIX
with saturable maximal inhibition of 86%, 70%, 54%, and 51% by DX500, Hep 64, S-Hep,
and DX 10, respectively [59]. Michaelis-Menten kinetics (wild type FXla) and a series of
fluorescence spectroscopy scanning and quenching experiments (fluorophore active site
labeled FXla; FXla-DEGR) indicated that the inhibitory effect of the above polyanions was
noncompetitive in nature [59]. Overall, the above results provided an evidence that FXla
binding to polyanions such as dextran sulfate and heparin, results in inhibition of the enzyme
by an allosteric mechanism, and therefore, formed the foundation for the use of the GAG
platform to design potent and selective sulfated nonsaccharide allosteric inhibitors of FXla.

Along these lines, the Desai group developed sulfated low molecular weight lignins
(LMWLs) as polymeric, nonsaccharide mimetics of heparin that exploit nonionic and ionic
interactions in binding to heparin-binding proteins [151]. Three sulfated LMWLs 106
(CDS03, FDS03, and SDS03) (Figure 23) were synthesized and found to be potent
inhibitors of human FXla in addition to other serine proteases [151]. Specifically, their FXla
1Cspvalues were 22, 105, and 176 nM, respectively, pointing to the significance of the
aromatic scaffold, in addition to the sulfate groups, for FXIla inhibition by LMWLs. The
LMWL polymers were chemo-enzymatically synthesized in two steps involving a
horseradish peroxidase-catalyzed oxidative coupling of 4-hydroxycinnamic acid monomers
followed by SO3-NEths -mediated sulfation. This chemo-enzymatic synthesis relies on a
radical-mediated coupling reaction that results in polymers with multiple types of inter-
residue bonds, heterogeneity, and polydispersity resembling LMWHSs. The three sulfated
LMWLs are reported to have an average molecular weight of 3500 Da, chain lengths of 5—
15 units, and an average of 0.35 sulfate groups per unit [152].

(4) Nonpolymeric GAG Mimetics: Nonpolymeric Allosteric Site Inhibitors—
Several small, sulfated, nonsaccharide, GAG mimetics were designed and/or discovered to
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inhibit human FXIla, and therefore, to promote anticoagulant activity [58, 149, 150, 153—
156]. Al-Horani et al. (2013) reported the discovery of sulfated pentagalloy!l
glucopyranoside (SPGG) as a potent, selective, and allosteric inhibitor of human FXla [149].
Using a chromogenic substrate hydrolysis assay, a specific variant of SPGG, named as
SPGG2 107 (Figure 24), inhibited human FXla with an /Cspvalue of 551 nM (1.2 pg/mL;
K=0.4 uM) under physiological conditions of pH7.4, 37 °C, and NaCl concentration of 150
mM. SPGG2 was found to be at least 200-fold selective for FXla over a host of human
serine proteases including FXa (/C55~266 pg/mL), FIXa (/Cs5~1141 pg/mL), FXIla
(/C5g~256 pg/mL), thrombin (/Cs5,~1219 pug/mL), FVIla (/C55>3700 pg/mL), trypsin
(/C5>1800 pg/mL), and chymotrypsin (/C55>1800 pg/mL). SPGG2 (3 uM) also inhibited
FXla-mediated activation of FIX, the physiological substrate of FXla. Michaelis—Menten
kinetics as well as competitive studies with UFH, short and long polyphosphate polymers,
and GPIba using the wild type full length FXla or a species of FXla only containing the
catalytic domain were exploited to study the mechanism of inhibition of SPGG2. Results
indicated that SPGG2 binds to or in the vicinity of the heparin-binding site in the catalytic
domain suggesting an allosteric inhibition phenomenon. In fact, subsequent mutagenesis
studies using single-point and multiple-point mutants precisely determined that the most
active species of SPGG2 may interact with the Arg532, Arg530 and Lys529 residues of the
catalytic domain of FXla [58, 149, 150]. The allosteric phenomenon was thought to be
responsible for the significant selectivity of SPGG2 over other serine proteases as allosteric
sites on these proteases are typically less conserved in relative to their orthosteric sites. In
another study, SPGG2 was also found to be at least 200-300-fold selective over APC,
plasma kallikrein, and FXIlla using UV-based as well as fluorescence-based /n vitro assays
[150]. In contrast to many covalent active site inhibitors of FXla, SPGG2 inhibited FXla
reversibly with protamine and polybrene dose-dependently restoring 30-42% and 76-92%,
respectively, of FXla activity after incubation with 5 and 250 ug/mL SPGG2. Interestingly,
SPGG2-mediated FXIla inhibition was also dose-dependently compromised by bovine
albumin and the zymogen FXI, suggesting other reversal avenues [150].

In normal human plasma PT and APTT assays, SPGG2 was found to double the clotting
time in the APTT assay at a concentration of 45+3 uM whereas the concentration required to
double clotting time in the PT assay was found to be 373+26 uM. In FXI-deficient human
plasma, the APTT EC,,was 114+8 uM and in AT/heparin cofactor Il deficient human
plasma, the APTT EC,was 4046 uM. These results suggested that SPGG2 anticoagulant
activity primarily stems from inhibiting the intrinsic coagulation pathway [150].
Furthermore, SPGG2 demonstrated very good anticoagulant activity in human whole blood
as established by thrombo-elastography [149], with results in this exercise being consistent
with the previous findings.

Structurally, SPGG2 was characterized by UPLCMS and was found to be a mixture of
variably sulfated pentagalloyl glucopyranoside with the decasulfated species being the most
predominant species. Considering the steric factor, the 3,5-disulfated benzoyl moiety
appears to represent the predominant sulfation pattern [149, 157]. Various thermodynamic
studies conducted to understand the structural basis for SPGG2 interaction with human FXla
revealed that the negatively charged sulfate groups are crucial for potent inhibition of FXla.
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However, about 89% of the binding energy of SPGG2 came from non-ionic forces [58]. A
library of GAG analogs including UFH, chondroitin sulfates A-C, enoxaparin, fondaparinux,
and sucrose octasulfate was also tested against human FXla under physiologically relevant
conditions (pH 7.4, 150 mM NacCl, and 37 °C). In addition, SPGG2-OH 108 (Figure 24), an
SPGG2 analog in which the p-phenolic group was substituted with a hydrogen atom, was
also studied. Interestingly, none of the GAGs inhibited FXIla at concentrations as high as 50
UM. In contrary, SPGG2 and SPGG2-OH inhibited FXla with /C5pvalues of 0.50 + 0.02 and
1.4 £ 0.1 uM, respectively. This suggested that the aromatic units in SPGG2 and SPGG2-OH
are essential for FXla inhibition, in addition to the sulfate moieties [149, 150].

SPGG2 was initially prepared by a 2-hr microwave-mediated sulfation protocol. Different
variants of SPGG2 were also prepared using the same protocol but at different reaction times
of 0.5 hrs, 1 hr, 4 hrs, 6 hrs, and 8 hrs so as to evaluate the effect of degree of sulfation on
FXla inhibition potency and selectivity [58]. Furthermore, three variants of SPGG8
(prepared by 8-hr microwave-assisted sulfation) were prepared with different stereochemical
orientations for the substituent at the anomeric carbon including a-stereochemistry, p-
stereochemistry, and a.,-stereochemistry. Overall, eight variants were studied and results
indicated that a high level of sulfation, as with SPGG8, appears to increase inhibition toward
thrombin and FXa in addition to FXla (/C55~76 nM) suggesting a 2-3-fold loss of
selectivity whereas a low level of sulfation, as with SPGGO0.5, significantly reduces the
potency of FXIa inhibition (/C55=920 nM). A moderate level of sulfation that corresponds to
a decasulfated SPGG scaffold, as with SPGG1 (/C5;~521 nM) or SPGG2 (/C5;~408 nM),
appears to exhibit an optimal combination of potency and specificity. Furthermore, the three
stereochemical SPGG8 variants exhibited similar FXIa inhibition potencies suggesting the
insignificance of stereochemistry of the anomeric carbon. Yet, a-SPGG8 and a,p-SPGG8
inhibited thrombin as well as FXa moderately suggesting that the B-stereochemistry of the
anomeric carbon is important to achieve a significant level of selectivity. Given the above
results, an approximate optimal SPGG structure that can be expected to show the desired
inhibition function without a loss of specificity is that with a B-anomeric carbon and 10
equally distributed sulfate groups at the meta-positions i.e. positions-3 and -5 of the five
aromatic rings at carbons-1, -2, -3, -4, and -6 of the glucopyranose moiety [58]. To further
advance this line of FXla inhibitors as effective and safe anticoagulants, sulfated,
hexasubstituted inositol-based GAG mimetics were recently introduced. One particular
mimetic demonstrated similar potency, selectivity, and allosteric mechanism of FXla
inhibition to those of SPGG2, yet it is structurally dodecasulfated chemical species that is
homogeneous [158]. This line of sulfated, nonpolymeric, and nonsaccharide GAG mimetics
is currently under investigation in multiple animal models of thrombosis and bleeding.

Another strategy that was used to develop allosteric inhibitors of FXla is the dual-element
recognition strategy. In this strategy, a Coulombic attraction of an anionic scaffold to the
cationic heparin-binding site of FXla is thought to initially take place, followed by a
hydrophobic interaction with a neighboring hydrophaobic patch [153]. Using this strategy,
sulfated quinazolinone homodimers were identified with micromolar inhibition potencies
toward human FXla. The most potent inhibitors identified in this study were molecules 109
and 110 (Figure 24) with /Cspvalues of 59 uM (K=37 uM) and 52 UM (K=38 uM),
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respectively. Despite significant selectivity over thrombin, FXa, trypsin, and chymotrypsin,
these two molecules showed poor effect on clotting times in the APTT and PT assays with
concentrations to double clotting times of >950 pM [153].

Other allosteric inhibitors of human FXla that were identified while developing allosteric
inhibitors for thrombin and/or FXa are the benzofuran trimer 111 [154] and the sulfated
coumarin dimer 112 [155] (Figure 24) among others [156]. Specifically, screening a
chemically diverse library of 65 sulfated molecules with different scaffolds and sulfation
levels resulted in the identification of monosulfated benzofuran trimer 111 as a potent FXla
inhibitor with an /Cspvalue of 0.82 pM [154]. Michaelis-Menten kinetics studies indicated a
noncompetitive mechanism of inhibition for benzofuran 111. In addition to competitive
studies with UFH and fluorescence quenching studies, molecular modeling studies proposed
a site near Lys255 on the A3 domain of FXIla as a putative binding site for this inhibitor.
This result was further supported by the significantly compromised inhibition potency of this
benzofuran toward a variant of FXla lacking the A3 domain. However, this trimer also
inhibited thrombin with an /Cspvalue of 5.8 uM [159]. The sulfated coumarin 112 inhibited
human FXla with an /Cspvalue of 31 pM, yet it also inhibited thrombin (/Cs5= 0.2 uM) and
FXa (/C57163 uM) [155].

(5) Antibodies

Polyclonal antihuman FXI antibody (aFXI): In 2003, Gruber and Hanson investigated the
role of FXI-dependent thrombus propagation under arterial flow conditions in baboons [79].
In this study, porcine heparin (50 U/kg IV bolus and 1V infusion of 50 U/kg/hr for 70
minutes) or affinity-purified monospecific antihuman FXI polyclonal goat antibody (aFXI;
GAFXI-AP) (16 to 50 mg/kg IV bolus) were used. Coagulation tests indicated that aFXI
pretreatment prolonged the clotting time in the APTT assay 3-foldfor at least 25 hrs post
treatment, suggesting an impairment of the intrinsic coagulation pathway. There was no
significant effect on the PT or template bleeding time. Furthermore, the /n vivo
anticoagulation profile of aFXI was evaluated in a thrombosis model in baboons in which
thrombosis was triggered by knitted dacron or TF-presenting Teflon grafts positioned into
AV shunts. Interestingly, the antithrombotic effects of heparin and aFXI were comparable as
bothreduced fibrin deposition to 31-38% and 29-38%, respectively. As with heparin, aFXI
significantly reduced the net platelet accumulation rate in thrombi. In fact, heparin reduced
the platelet count in thrombi to 9-27% whereas aFXI reduced the thrombi platelet count to
7-35%. Overall, this study suggested that anticoagulation mediated by aFXI through FXla
inhibition did not stop the initiation of thrombogenesis, but substantially reduced thrombus
propagation over time independent of the initiating factor. Thus, it was concluded that this
antibody may not decrease the frequency at which initial thrombotic events take place, yet it
may diminish thrombus mass, thrombus growth rate, and thrombo-occlusion [79].

Monaclonal antihuman FXI/FXla antibody (X1-5108): Yamashita e/ a/. (2006) reported a
mouse monoclonal antibody named X1-5108 that acts against FXI and FXla [160]. The
X1-5108 antibody interacts with the catalytic domains of rabbit and human FXI/FXIa with
Kpvalues of 0.11 and 0.46 nM, respectively. X1-5108 inhibited FXla-initiated generation of
FXa and FXIla, however, X1-5108 did not inhibit thrombin- and FXIla-mediated generation
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of FXla. Further studies indicated that XI-5108 does not inhibit the amidolytic activity of
FXIla as determined by S-2366, a chromogenic substrate. Instead, it appeared that XI-5108
structurally inhibits the binding of the large molecular weight substrates to FXla. In rabbits,
IV administration of 3.0 mg/kg of X1-5108 significantly prolonged the APTT for 4 hrs from
16.2 seconds to 38 seconds, whereas the PT and collagen-induced platelet aggregation were
not substantially affected. Furthermore, the bleeding time did not significantly change. In
fact, the bleeding times before and after the 1V administration of XI-5108 were 128+26
seconds vs 101+26 seconds, respectively. These results further confirmed that XI1-5108
effectively blocked the intrinsic coagulation pathway at an IV dose of 3.0 mg/kg. Similar
effects were observed at an IV dose of 10 mg/kg. In a model of balloon-induced injured
neointima of the rabbit iliac artery, an IV dose of 3.0 mg/kg of X1-5108 significantly
reduced thrombus growth [160]. Subsequent studies by Takahashi et a/. (2010) demonstrated
that X1-5108 significantly diminished ex vivoellagic acid but not TF-mediated plasma
thrombin generation, as well as /n vivo thrombus formation in rabbit jugular vein promoted
by vessel ligation or endothelial denudation. X1-5108 significantly reduced thrombus surface
areas covered by platelets and fibrin. The antibody was also found to limit thrombin
generation at low shear rate in flow chambers [161].

Monoclonal antihuman FXI antibody (aXIMab or O1A6): Tucker et al. (2009)
investigated the effect of an antihuman FXI monoclonal antibody (aX1Mab; also known as
O1AG6; 2 mg/kg) on thrombus formation in a primate thrombosis model [80]. aX1Mab has
been reported to bind to an epitope on the apple domains of human FXI, particularly the A3
domain. aXIMab inhibited FXla activity with an /n vitro ICspvalue of 2.5 nM. Reduced
platelet activation and thrombin generation were also observed in aX1Mab-treated baboons.
Relative to controls, platelet activation at the thrombus surface was 86% lower at 30 mins in
samples distal to thrombi in aX1Mab-treated animals. Furthermore, local level of thrombin-
AT complex, systemic level of thrombin-AT complex, and systemic level of B-
thromboglobulin were all lower in aX1Mab-treated animals than in controls by up to 98% at
40 mins, 81% at 60 mins, and 42% at 60 mins, respectively. No increase in D-dimer release
from thrombi was observed. Indeed, pretreatment of baboons with axXIMab diminished
plasma level of FXI by more than 99% for 10 days post treatment and inhibited thrombin-
AT complex and B-thromboglobulin formation when their levels were measured downstream
from thrombi occurring within collagen-coated vascular grafts [80].

Moreover, FXI inhibition with aXIMab was found to significantly diminish the 60-min
platelet deposition and the end-point fibrin deposition in 4-mm diameter grafts by 63% and
81%, respectively. In addition, treatment with aX1Mab prevented graft occlusion over 60
minutes in all grafts, whereas vehicle treatment in controls did not stop graft occlusion,
which occurred in 8 of 9 grafts within about 27 minutes. Lastly, FXI inhibition by aX1Mab
did not prolong the standard template bleeding in baboons, which was similar in aXIMab-
(3.5 mins) and vehicle-treated animals (3.4 mins). In contrast, pretreatment with aspirin at
dose level of 32 mg/kg did not prevent graft occlusion and did prolong bleeding times [80].

Monoclonal antimouse FXI antibody (14E11): The immunoglobulin G 14E11 is a
monoclonal antibody that was raised against mouse FXI in mice deficient of FXI and was
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identified for its ability to prolong the APTT of mouse plasma by targeting FXI [162].
14E11 was found to bind to the apple domain A2 of mouse and human FXI/FXla with
apparent Kp values of 0.002-0.003 nM. The antibody was also found to prolong the APTT
of human and mouse plasma with maximum inhibition being achieved at 25-50 nM. As
expected, 14E11 did not prolong the PT of human plasma. Subsequently, various studies
indicated that 14E11 affects FXI activation by FXIlla or in HK-dependent system, but not
FXla activity or thrombin-mediated FXI activation. Similar to adding the antibody directly
to mouse plasma, IV infusion or intraperitoneal injection of 14E11 into wild-type mice at a
dose level of 1.0 mg/kg effectively prolonged the APTT. In the 7.5% FeCl3z-induced
thrombosis model in mice, 1.0 mg/kg dose of 14E11 protected the mice from carotid artery
occlusion with the antithrombotic effect lasting about 48 hours. Infusion of 1.0 mg/kg 14E11
before TF infusion also significantly prolonged mice survival in TF-mediated lethal
pulmonary embolism mouse model compared with the untreated wild-type mice. In the
baboon thrombosis model of collagen-coated Gore-Tex grafts, 1 mg/kg 14E11 was found to
increase the APTT 2.3-fold with the effect lasting 4 days. The antibody 14E11 did not affect
the platelet deposition on the graft surface. The antibody also prevented or significantly
diminished the downstream thrombus growth and fibrin deposition within the grafts which
were inserted into arteriovenous shunts [162].

14E11 was also tested in a murine model of acute ischemic stroke which was initiated by
middle cerebral artery occlusion (MCAO). In this model, the APTT of mouse plasma was
prolonged by more than 2.5-fold at 24 hrs following 14E11 administration compared with
the APTT in the vehicle-treated animals and it remained prolonged for at least 2 days. The
antibody did not affect the PT test. The tail bleeding times in 14E11-treated mice were
similar to those in vehicle-treated animals indicating the absence of significant impairment
for the primary hemostasis by 14E11. Furthermore, it was determined that 14E11
pretreatment improves cortical reperfusion after MCAO and that the neurological
performance of 14E11-treated mice was substantially better than that of vehicle-treated
controls with sustained benefits for at least 7 days following the acute stroke. Although the
administration of 14E11 did not reduce mortality following acute ischemic stroke, yet 2
mg/kg 14E11 substantially deceased the fibrin deposition and the infarct size without
intracranial bleeding. Overall, this study indicated that inhibition of FXIla-mediated
activation of FXI by 14E11 protects the mice from an experimentally-induced acute
ischemic stroke [163].

In another mouse model of bowel perforation-induced peritoneal sepsis, about 30%
improvement in overall survival was demonstrated in the 14E11-treated group over vehicle-
treated animals. Early 14E11-mediated anticoagulation significantly decreased the systemic
level of thrombin-AT complex as well as the levels of IL-6 and TNF-a.. It also significantly
diminished the platelet consumption in the circulation and the subsequent deposition in the
blood vessels. These results indicated that inhibiting FXIla-mediated FXI activation by
14E11 substantially reduces coagulopathy and inflammation, and improves the survival of
mice in polymicrobial sepsis [164]. Therefore, this strategy appears to be effective in
limiting the development of disseminated intravascular coagulation without increasing the
risk of bleeding. Lastly, inhibition of FXIla-mediated FXI activation by 14E11 significantly
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reduced inflammation, coagulopathy, and bacterial growth in a mouse model of listeriosis by
a lethal dose of Listeria monocytogenes [165].

Monoclonal antihuman FX1/EXIla antibodies (aFXI1-203 and aFXI1-175): These two
antibodies dose-dependently prevented the normal plasma clotting with a maximum
inhibition of ~85% [166]. The antibodies reacted with both FXla and FXI with K values of
3-5 nM. In one hand, aFXI1-203 primarily recognizes the A2 apple domain, and therefore, it
prevents the binding of FXI(a) to HK. In the other hand, aFXI-175 predominantly
recognizes the A4 apple domain, and thus, it appears that a FXI-175 interferes with FXla-
mediated activation of FIX. In the FeCls-induced thrombosis mouse model, the inferior vena
cava was patent (stayed open) for 12.5 min in aFXI-203- treated animals and for 25 min in
mice treated with aFXI-175. These times were significantly longer compared to placebo in
which the inferior vena cava remained patent for only 5 mins. Furthermore, the two
antibodies inhibited the intrinsic pathway-initiated thrombin generation with none-to-very
limited effect on tissue factor-initiated thrombin generation. Lastly, tail bleeding times in
antibody-treated animals appeared to be similar to those in placebo-treated animals
indicating lack of severe bleeding risk [166].

Monoclonal antihuman FXI/FXla antibodies (076D-M007-H04 and 076D-M028-
H17): Two human monoclonal antibodies, namely 076 D-M007-H04 and 076D-M028-H17,
were also recently reported [167]. 076D-M007-HO04 is a competitive inhibitor of human and
rabbit FXla whereas 076D-M028-H17 is an inhibitor of thrombin- and/or FXIla-mediated
activation of human and rabbit FXI. Both antibodies dose-dependently decreased the weight
of thrombus in FeClz-induced arterial thrombosis model in rabbits without affecting the ear
bleeding times. Similar results were also obtained in baboons using collagen-initiated
arteriovenous shunt thrombosis model and template skin bleeding test [167]. These
antibodies appear to be similar to those reported by David et a/ (2016) [168].

Fusion protein of an anti-CD14 antibody and a modified domain of bikunin

(MR1007): Very recently, Nakamura et a/. (2017) reported that simultaneous targeting of
CD14 and FXla by a fusion protein (MR1007) consisting of an anti-CD14 antibody and the
modified second domain of bikunin enhances the survival of rabbits in sepsis models [169].
MR1007 binds to CD14 with a Kp value of 1 nM and inhibits human FXIa in a chromogenic
substrate hydrolysis assay with an /Cspvalue of 48.2 nM. MR1007 dose-dependently
inhibited lipopolysaccharide (LPS)-induced TNF-a production in human and rabbit
peripheral blood mononuclear cells with /C5pvalues of 0.752 and 1.96 ug/ml, respectively.
Likewise, MR1007 dose-dependently inhibited LPS-induced IL-6 production in human
endothelial cells and suppressed the elevation of E-selectin expression in the same cells with
an /Cspvalue of 0.640 pg/mL. MR1007 prolonged APTT in a concentration-dependent
manner in human and rabbit platelet-poor plasma with EC; 5, values of 45.8 ug/mL and 131
pg/mL, respectively. Furthermore, MR1007 inhibited thromboplastin-induced thrombin
generation in a concentration-dependent fashion in human and rabbit platelet-rich plasma
with 50% inhibition achieved at 30 ug/mL and 300 pg/mL, respectively. Consistent with
FXla inhibition, MR1007 did not increase the ear bleeding time in rabbits at a dose as high
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as 30 mg/kg indicating that the anticoagulant effects of MR1007 may be suitable to prevent
excessive coagulation without impairing hemostasis.

In ex vivo settings of healthy rabbits, IV administration of 3 and 10 mg/kg MR1007
prolonged the APTT in a dose-dependent manner. MR1007 suppressed LPS-induced TNF-a
production with the effect maintained 24 hrs (at 3 mg/kg) and 48 hrs (10 mg/kg) after
MR1007 administration. In a rabbit sublethal endotoxemia model, 1V administration of
MR1007 at 0.3-3 mg/kg doses significantly decreased the reduction of white blood cell
counts in a dose-dependent fashion. Likewise, MR1007 at 1-3 mg/kg doses also prevented
the increase in plasma levels of TNF-a, IL-6, D-Dimer, and AT activity in a dose-dependent
manner. The reduction of platelet counts was dose-independent and only slightly prevented
at =1 mg/kg. These results suggested that MR1007 effectively suppressed LPS-induced pro-
inflammatory and pro-coagulation responses in rabbits. In the same model, IV
administration of 3 mg/kg MR1007 significantly increased survival in treated animals
relative to the control group even at 8 and 24 hrs. The survival rates at 48 hrs were 67% and
0% in MR1007-treated animals and control animals, respectively. Furthermore, IV
administration of 10 mg/kg MR1007 also significantly improved survival 2 hrs post cecal
ligation and puncture. The survival rates at 72 hrs were 44%, and 0% in the MR1007-treated
group and control group, respectively. Lastly, 30 mg/kg MR1007 did not increase bacterial
counts in blood, lung, liver, or spleen relative to the control group. This indicates that the
fusion protein does not compromise the host’s ability to clear bacterial infection in the sepsis
model [169]. Overall, targeting FXIla, as demonstrated partially by MR1007, appears to be a
clinically relevant approach for the treatment of severe sepsis and septic shock.

(6) Antisense Oligonucleotides (ASOs)—ASOs are relatively short, chemically
modified single-stranded nucleic acid sequences that selectively pair to specific regions of
mRNA, and therefore, regulate its translation into functional proteins [170-174]. By binding
to a complementary RNA following Watson-Crick base pairing, ASOs can suppress gene
expression by different mechanisms including RNase H activation, RNA splicing
modulation, and endogenous microRNAs sequestration. Several advantages have been
reported for ASOs including their high target specificity, predictable clinical
pharmacokinetics, long half-life, and lack of common drug—drug interactions [170-174].
However, the physiological phosphodiester backbone of RNA and DNA is susceptible to
degradation by nuclease which limits their therapeutic uses. Thus, chemical modifications of
the backbone may improve the metabolic stability of oligonucleotides, and therefore, may
enhance their therapeutic uses. One of the most commonly used modifications in
oligonucleotide therapeutics is the phosphorothioate modification in which a non-bridging
oxygen atom in the phosphodiester linkage is substituted with a sulfur atom (Figure 25). The
resulting chemically modified nucleotide sequences not only have enhanced chemical
stability but also improved protein binding and cellular uptake properties [170-174].

EXI ASO: IS1S404071: Considering FXI, several oligonucleotides composed of 20
nucleotides in length and chemically modified with phosphorothioate in the backbone and
2’-0O-methoxyethyl on the wings with a central deoxy gap (“5-10-5” design) were
synthesized and reported by Zhang et a/. (2010) [175]. In mice, treatment with one particular

Med Res Rev. Author manuscript; available in PMC 2019 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Al-Horani and Afosah

Page 36

FXI ASO (IS1S404071) resulted in a dose-dependent reduction of FXI mRNA levels in liver
with an approximate maximal reduction of ~98%. This reduction in FXI mRNA levels
correlated well with the reduction in circulating FXI plasma protein level and FXla activity.
Furthermore, FXI ASO was highly specific for FXI1 and did not affect other coagulation
factor mRNAs. FXI antisense therapy resulted in a dose-dependent prolongation of APTT
and no effect on PT. Subcutaneous injection of 50 mg/kg FXI ASO resulted in a time-
dependent reduction in FXI mRNA levels with an onset of action of ~1 day. This activity
was maintained at maximal inhibition from 2 to 7 days, followed by a gradual return to basal
levels between days 14 and 28. Likewise, FXI ASO-mediated APTT prolongation increased
and then returned to baseline over the same time course. The data also indicated that ~60%
reduction in FXI mRNA levels is required to promote anticoagulant activity in mice.

In 10% FeCls-induced inferior vena cava thrombosis model, FXI ASO produced a dose-
dependent reduction in thrombus formation with maximal effects observed at doses between
5 and 10 mg/kg. In contrast to warfarin, enoxaparin, and FIl ASO, FXI ASO treatment had
no effect on bleeding at the highest doses tested in the tail vein bleeding test or the partial
hepatectomy surgical bleeding model compared with the control treatment. In 10% FeCls-
induced mesenteric vein thrombosis mouse model, FXI ASO treatment (50 mg/kg)
completely prevented occlusion of the mesenteric vein up to 40 minutes after 10% FeCls
exposure. Although small thrombi initially formed, their formation was significantly delayed
in time, their density, stability, and size were significantly decreased, and they were
ultimately cleared. FXI ASO treatment also dose-dependently reduced thrombus formation
in the stenosis-induced inferior vena cava thrombosis model. Importantly, treatment with
FXI protein concentrate rapidly normalized the FXI ASO-mediated APTT prolongation
suggesting an avenue to a reversal strategy. Lastly, FXI ASO improved the antithrombotic
effect of enoxaparin and clopidogrel in the inferior vena cava mouse model of venous
thrombosis and the FeCls-induced descending aorta model of arterial thrombosis,
respectively, and significantly decreased their associated risk of bleeding in tail bleeding
assays. In another study, similar FXI ASO (50 mg/kg) reduced thrombus formation and
fibrin deposition on atherosclerotic plaque rupture in the carotid arteries of ApoE("-) mice
without inducing a bleeding tendency [176]. Clots were not only smaller but also more
unstable in FX1 ASO-treated animals. Moreover, collagen deposition as well as macrophage
infiltration was relatively limited in the carotid arteries of FXI ASO-treated animals with no
neutrophil infiltration in thrombi. This study in mice indicated that FXI ASO can safely
prevent thrombus formation on acutely ruptured atherosclerotic plaques with much less
severe inflammatory response and with no bleeding complications.

EXI ASO: 1S15416858 (ISIS-FXIRX): ISIS 416858 is a single-stranded antisense
oligodeoxynucleotide of 20 nucleotides (ACGGCATTGGTGCACAGTTT) [177]. It contains
a phosphorothioate linkage in the place of a phosphodiester linkage in the DNA backbone
and 2”-O-methoxyethyl modifications on the sugar moieties of the 5 outermost nucleotides
atthe 3" and 5" ends (Figure 25). ISIS 416858 was administered (4, 8, 12, or 40 mg/kg; SC)
to healthy cynomolgus monkeys via a 2-week loading dose regimen followed by once
weekly dosing for up to 13 weeks. Dose- and duration-dependent reductions in liver FXI
MRNA and FXI plasma activity were detected along with a parallel increase in APTT. For
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example, using a dose of 12 mg/kg, liver FXI mRNA expression was significantly reduced
by ~50% and ~75% after 6 and 13 weeks of treatment, respectively. This level almost
returned to normal after 26 weeks. Elevations in APTT were also produced at the 12 mg/kg
dose level at 2 weeks, and after 13 weeks of treatment APTT was elevated by ~20%. ISIS
416858-mediated elevations in APTT progressively decreased following cessation of
treatment and returned to the baseline level by the end of the 13-week treatment-free period.
No change in PT was detected. Likewise, 20 mg/kg SC administration of ISIS 416858
produced reduced plasma FXI activity by 50% or 70% after 2 or 6 weeks of treatment,
respectively, with a corresponding 30% elevation in APTT. At this dose, ISIS 416858 did not
affect the bleeding time or blood volume loss following partial tail amputation or gum or
skin laceration. However, monkeys that received a single dose of enoxaparin (2 mg/kg)
experienced 2- and 3-fold increases in bleeding time and blood volume loss, respectively,
after a partial tail amputation. Bleeding time following gum laceration was also increased by
60% following enoxaparin treatment. Generally, ISIS 416858 was clinically well tolerated
up to the highest dose tested which was 40 mg/kg with dose-dependent formation of
basophilic granules in multiple tissues [177].

This oligonucleotide was also administered to four baboons at a dose level of 25 mg/kg,
given three times per week. Both FXI level and FXIla plasma activity were significantly
diminished in all animals, with similar kinetic profiles. A 50% inhibition of FXla plasma
activity was achieved by day 25 in all animals with the maximum inhibition of ~70% being
reached by the end of the infusion time. FXI protein levels were similarly reduced during the
infusions. After treatment discontinuation, the levels of both FXI protein and activity slowly
increased over multiple months. The APTT readings increased over the treatment time, and
aligned well with the decrease in FXI protein level and FXla activity levels after
discontinuation. FX1 ASO-treated baboons were also protected from collagen-initiated
thrombus propagation. Furthermore, the antithrombotic effect of FXI ASO in baboons was
found to be facilitated by inhibiting/reducing platelet activation, thrombin generation, and
fibrin mesh formation. In the standard template skin bleeding test, FXI ASO treatment did
not impair hemostasis in baboons [178].

A double blind, single-dose study in healthy subjects indicated that 200 mg or 300 mg SC
administration of ISIS-FXIRXx significantly reduced FXI antigen level and activity 1 week
after dosing. Likewise, in a multiple ascending-dose study, treatment with ISIS- FXIRx (50—
300 mg; SC) exhibited a significant, sustained, and dose-dependent decrease in the FXI
antigen and activity with the maximum reduction observed within 1-2 weeks post-dosing. In
both cases, there was significant APTT prolongation and no bleeding events were noted.
ISIS-FXIRx also did not cause clinically significant changes in vital signs,
electrocardiogram, renal function, hepatic function, or hematology. Preliminary
pharmacokinetic analysis indicated that hepatic Tg 5 of ISIS-FXIRx was ~20 days [179].

This FXI ASO was also tried in an open-label, parallel-group Phase 11 study in patients
undergoing elective primary unilateral total knee arthroplasty [180]. Patients received 200
mg FXI ASO, 300 mg FXI ASO, or 40 mg enoxaparin once daily. In one hand, venous
thromboembolism occurred only in 27% of patients receiving 200 mg FXI ASO, 4% of
those receiving 300 mg FXI ASO, and 30% of those receiving 40 mg enoxaparin. Thus, 300
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mg FXI ASO regimen was superior to enoxaparin whereas 200 mg FXI ASO regimen was
noninferior to enoxaparin. In the other hand, nonmajor bleeding occurred in 3% of the
patients on FXI-ASO treatment and in 8% of the patients receiving enoxaparin. Overall, this
study indicated that this specific FXI ASO effectively protects patients undergoing total knee
arthroplasty against venous thrombosis with a relatively limited risk of bleeding.

EX1 ASO: I1S1S564673: Yau et al. (2014) reported that the administration of 15 mg/kg,
twice weekly for 5 weeks, of FXI ASO (1S1S564673; GTAACATGTGCCCTTTCCTT) to
rabbits decreased FXI activity by 99%, prolonged APTT by 4.7-fold, and delayed catheter
thrombosis by 2.3-fold with no effect on the PT [181]. An interesting prospect for FX1 ASO
was recently put forward by Kossmann et a/. (2017) who demonstrated a potential use of
FXI/FXla-based anticoagulants in treating hypertension [182]. A similar FX1 ASO inhibited
thrombin propagation on platelets, angiotensin Il-induced endothelial dysfunction, and
vascular leukocyte infiltration in mice and rats. In rats with arterial hypertension, FXI ASO
also reduced high blood pressure as well as vascular and kidney dysfunctions.

(7) Aptamers—\Very recently, Donkor et al. (2017) reported the selection and
characterization of a DNA aptamer that inhibits FXla [183]. Aptamers are small sequences
of nucleic acids that are capable of binding to a target protein with high affinity. Such
aptamers are useful as research, diagnostic, or therapeutic tools. Using *Systematic
Evolution of Ligands by Exponential Enrichment’ (SELEX), the first nucleic acid-based
FXla inhibitory aptamer was obtained and named as Factor ELeven Inhibitory Aptamer
(FELIAP). FELIAP is an 80 base, single-stranded DNA that has a hypervariable central
sequence 5 -AACCTATCGGACTATTGTTAGTGATTTTTATAGTGT-3'. FELIAP
competitively bind to FXla with a Kp value of 1.8 nM as determined by surface plasmon
resonance. Furthermore, FELIAP inhibited FXla-catalyzed S2366 cleavage, FIX activation,
and complex formation with AT, with no effect on FXI activation. FELIAP also significantly
inhibited thrombin generation and plasma clotting relative to control aptamers.

CONCLUSION AND FUTURE DIRECTIONS

The global burden of thromboembolic diseases is enormous, and therefore, the pursuit of
“ideal” effective and safe strategies to treat and/or prevent these diseases continues.
Clinically used anticoagulant drugs are very effective and directly or indirectly target
proteins in the common coagulation pathway i.e. factors lla and Xa. Indeed, studies have
demonstrated that these two proteases contribute to the physiology and pathology of blood
flowing status i.e. hemostasis and thrombosis, respectively. Therefore, anticoagulants that
target these two proteins are likely to cause bleeding complications which in many cases can
become life-threatening. In addition to the animal models, the pathophysiology and
epidemiology of thromboembolic diseases indicate that inhibiting enzymes in the intrinsic
coagulation phase, also known as the contact phase system, may satisfy the goal of effective
anticoagulation without bleeding consequences. Among the different proteins in the intrinsic
coagulation pathway, FXla appears to be a very attractive drug target and the development of
molecules that interfere with its physiological functions, or even inhibit its hepatic
biosynthesis, appears to have gained momentum in both industry and academia.

Med Res Rev. Author manuscript; available in PMC 2019 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Al-Horani and Afosah

Page 39

Strategies to inhibit FXI/FXla system involve polypeptides, active site peptidomimetic
inhibitors, allosteric inhibitors, monoclonal antibodies, ASOs, and aptamers. The different
strategies available to target FXI/FXIla system present multiple therapeutic opportunities so
as to address the different medical needs of thrombotic patients. For example, active site and
allosteric FXla inhibitors have the potential to be used orally and/or parenterally whereas
ASOs, antibodies, and aptamers are suitable for parenteral administration. Moreover, ASOs
are expected to have a relatively delayed onset of action with long duration of action which
makes them appropriate for chronic indications. However, all the other options are relatively
associated with immediate action and could be suitable for acute or chronic indications
depending on their half-lives. While consideration of hepatic metabolism and renal clearance
is variable depending on the chemical structure of active site or allosteric site inhibitors, the
two pharmacokinetic aspects become less important in anticoagulant therapies that use
ASOs, antibodies, or aptamers. As indicated earlier, potential indications for FXI/FXla-
based therapeutics include the prevention of cardiovascular events in patients associated with
chronic kidney disease, hemodialysis, elevated risk of recurrent thrombosis, or cardiac
devices. Therapeutics that target FXI/FXla system may also benefit atrial fibrillation patients
at high bleeding risk as well as acute coronary syndrome patients who need anticoagulant
therapy in addition to antiplatelet therapy [17].

Early results of FXI ASO [1S1S416858 (I1SIS-FXIRX)] (parenteral) in healthy volunteers are
very encouraging in terms of the absence of the bleeding events and the absence of clinically
significant changes in vital signs, cardiac function, renal function, hepatic function, or
hematology. Phase Il studies of this FXI ASO (NCT01713361) have also established its
efficacy in patients undergoing elective primary unilateral total knee arthroplasty. Likewise,
the results of the safety, pharmacokinetics, and pharmacodynamics of 1SIS416858 in
patients with end-stage renal disease receiving chronic hemodialysis (NCT02553889) were
positive [184] with more trials are planned. Furthermore, two active site peptidomimetic
inhibitors of FXla BMS986177 (oral; chemical structure appears to be not disclosed;
multiple clinical trials) [185] and EP-7014 17a (parenteral; Figure 7D) (NCT02914353)
[109, 110] have just completed Phase I trials. Moreover, active site peptidomimetic FXla
inhibitor 49 (parenteral) (Figure 13) has been put forward as a clinical candidate for use as
an acute antithrombotic agent in a hospital setting.

Interestingly, FXI/FXla-targeting therapeutics have shown significant potential in animal
models of severe sepsis (monoclonal antibody 14E11 and anti-CD14 antibody MR1007)
[169] as well as those of arterial hypertension (FXI ASO: 1SIS564673) [182]. Although
more studies are required, these findings open new avenues to mechanistically novel and
therapeutically effective treatment strategies. In addition, nonpolymeric GAG mimetics
which target allosteric sites on FXla present a new concept in modulating coagulation that is
rapidly developing. Although, the efficacy of these mimetics has yet to be established in
animal models, nevertheless the molecules offer many advantages that may be suitable for
use in acute thrombotic episodes in hospital settings, particularly during surgery.
Nonpolymeric GAG mimetics possess high water solubility, low cellular and central nervous
system toxicity, and the advantage of synthetic feasibility [149, 150].
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Despite the promising results at many fronts in developing FXI/FXla-targeting therapeutics,
substantial efforts are still required to advance these therapeutics to enter the clinic. Finding
appropriate routes of administration and delivery systems as well as developing molecules
with optimal pharmacokinetic profiles appear to be the focus of most of the programs
targeting FXI/FXIla. Importantly, the non-selectivity of the active site peptidomimetic
inhibitors, particularly toward plasma kallikrein [186], trypsin, and/or chymotrypsin appears
to be an issue, although diverse drug design strategies have been considered (Figure 26).
Furthermore, an effective antidote to treat cases of excessive anticoagulation may be needed
and perhaps should be considered. Overall, given the significant attention that this protein
target has been receiving over the last decade, a clinical approval of FXI/FXIa inhibitors will
represent a major paradigm-shift in the way we treat thromboembolic diseases.
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APC Activated protein C
APP Amyloid beta-protein precursor
APTT Activated partial thromboplastin time
ArT Arterial thrombosis
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AT Antithrombin
DVT Deep vein thrombosis
ECAT Electrically-induced carotid arterial thrombosis
Flla Factor Ila
FVlla Factor Vlla
FVilla Factor Vllla
FXa Factor Xa
FXla Factor Xla
FXlla Factor Xlla
FXIlla Factor Xllla
FELIAP Factor eleven inhibitory aptamer
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Figure 1. An overview of the coagulation process
The coagulation process is a major player in maintaining hemostasis. The coagulation

cascade is a series of chemical bio-transformations that comprises the intrinsic (FXI1/Xlla,
FXI/Xla, FIX/IXa, and FX/Xa), extrinsic (TF, FVII/FVIla, and FX/Xa), and common
pathways (FX/Xa, Fll/lla, and FXI1I/XIlla). The coagulation process is primarily initiated
through the extrinsic pathway. FXa formation is also triggered by the intrinsic coagulation
pathway, also known as the contact activation system. Both pathways lead into the common
pathway that results in thrombin generation and the formation of insoluble, fibrin-rich,
cross-linked clot. Natural anticoagulant proteins (not shown) are also available to regulate
the activity of those procoagulant proteins. FXla is a serine protease in the intrinsic pathway
which gets activated by FXIla and thrombin (in addition to auto-activation) and in turn
activates FIX to FIXa. The intrinsic pathway is largely seen to amplify FXa and ultimately
thrombin formation through feedback mechanisms, and therefore, to significantly contribute
to thrombus formation.
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Figure 2. Cartoon depiction of a monomeric human FXI structure (PDB ID: 2F83) showing the

“cup and saucer” arrangement

A) A side view showing the catalytic domain involving the active site (green), activation
loop cleavage site (tint), and heparin binding site (orange) as well as the apple domains A2
involving some residues important for HK binding, A3 involving FIX binding site (pink),
platelet GPIb binding site (black), and heparin binding site (orange), and A4 involving FXlla
binding site (blue) and Cys321 (yellow) for dimerization. B) Another side view showing the
catalytic domain, apple domains A2 and A4 as well as apple domain Al involving thrombin
binding site (red and brown) and HK binding site (cyan and brown). C) A representation of

the active site subsites of proteases, in this case FXla. The Schechter and Berger

nomenclature is used to number the subsites in the active site of FXla and the amino acids
on the substrate peptide. The system has also been exploited to describe the binding of small

molecules to the active site of FXla. See text for details.

Med Res Rev. Author manuscript; available in PMC 2019 September 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Al-Horani and Afosah

1;ICsp =23 uM

HN<_NH,
HN

o s
Y
i H

o = o
HaC” CHj
Type |l

HN

HN

Ty
o G
HaC” CH,

2; IC5y = 0.48 uM

Page 56

(o] S
H \
A, TN>
H
Hsc/\
Type lll

S; pocket
h Asp189

S, pocket

N
/\
C Ser1

\/Sr pocket

3; ICs = 0.12 uM

Gly216

Figure 3. Chemical structures of the early a-ketothiazole guanidine-containing peptidomimetics

that act as active site inhibitors of FXla

Chemical structures of types I-111 are provided along with representative inhibitors (1-3).
The FXla /C5pvalues are also provided in pM. Interactions between inhibitor 3 and residues
in the active site of FXla are also delineated (PDB ID: 2FDA).
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Figure 4. Chemical structures of the advanced a-ketothiazole guanidine-containing
tetrapeptidomimetics that act as active site inhibitors of FXla

A) Chemical structures of inhibitors 4-6 are provided along with their FXla /Cspvalues in
nM. B) Interactions between inhibitor 6 and residues in the active site of FXla are also

delineated (PDB ID: 1ZOM).
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Figure 5. Chemical structures of aryl boronic acid derivatives that act as active site inhibitors of
FXla

A) Chemical structures of inhibitors 7 and 8 are provided along with their FXla /Cspvalues
in uM. B) Interactions between inhibitor 8 and residues in the active site of FXla are also
delineated (PDB ID: 1ZLR).
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Figure 6. Chemical structures of clavatadines from marine sponge acting as active site inhibitors
of FXla

A) Chemical structures of clavatadine A, 9, and B, 10, are provided along with their FXla
ICspvalues in uM. B) The carbamylation reaction between the carbamate group of
clavatadine A and Ser195 of the catalytic triad of FXla. C) Chemical structures for other
clavatadines 11-16.
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Figure 7.
A) Chemical structure of p-lactam, active site inhibitor 17 of FXla. B) The inhibition

potencies (/Cspvalues in pM) of B-lactam 17 against a series of serine proteases. C) The
acylation reaction between the p-lactam moiety of 17 and Ser195 residue of FXIa’s active
site. D) The chemical structure of inhibitor 17a (Ep-7041) which just finished Phase |
clinical trial.
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Figure 8.
Chemical structures of macrocyclic peptidomimetic, active site inhibitors 19-22 of FXla

along with their inhibitory parameters. Molecule 18 was exploited by Hanessian et a/. to
design the macrocyclic inhibitor 19. For inhibitors 21 and 22, the stereochemistry is
indicated by (L-) and (R-).
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Cl
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(displays similar interactions)

Chemical structures of early 1-(4-chlorophenyl)-1H-tetrazole-based inhibitors 23 and 24 of
FXla which were exploited to obtain the first x-ray crystal structures of FXla catalytic
domain with nonbasic inhibitors (PDB IDs: 3SOS and 3SOR). Effective concentrations to

inhibit FXla are also provided in nM.
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Chemical structures of advanced 1-(4-chlorophenyl)-1H-tetrazole-based inhibitors 25-320f
FXla. They are active site peptidomimetic inhibitors with K;values in low nanomolar range.
They follow the “P1-P1"-P2”” design concept.
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Figure 11.
A) Chemical structures of tetrahydroquinoline (THQ) derivatives 33-39 acting as active site,

peptidomimetic inhibitors of FXIla. Inhibitors’ K7values are provided in nM. B) Interactions
between inhibitor 39 and residues in the active site of FXla are also delineated (PDB ID:
4ANAT).
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Figure 12.
Chemical structures of quinolin-2-one derivatives 40-43 acting as active site, peptide-

mimetic inhibitors of FXla. Inhibitiors’ Kj;and /Csq values are provided in nM and pM.
Inhibitors were initially developed using fragment-based drug design concept.
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Chemical structures of pyrrolidine 44 and tetrahydroisoquinoline (THIQ) derivatives 45-49
acting as active site, peptidomimetic inhibitors of FXla. Inhibitors’ K7 values are provided in

nM (or uM).
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Figure 14. Chemical structures of imidazole-containing derivatives that act as active site

tripeptidomimetic inhibitors of FXla

A) Chemical structures of inhibitors 50-57 are provided along with their FXla K;values in
nM. They follow the “P1-P1’-P2"” design concept. B) Interactions between inhibitor 51 and
residues in the active site of FXla are also delineated (PDB ID: 4TY®6).
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Figure 15.

Chemical structures of macrocyclic peptidomimetic 58—63 acting as active site inhibitors of
FXIla. Inhibitors’ K;values are provided in nM. Corresponding acyclic inhibitors are
imidazole-containing derivatives with P1 domain of 1-(4-chlorophenyl)-1AH-tetrazole 58-61
or tranexamic acid 63.
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Figure 16.
Chemical structures of pyridine 64-66 and 68—70 and pyridinone 67 and 71-containing

derivatives which inhibit FXla by binding to its active site. P1 domain is tranexamic acid.
Inhibitors’ Kjvalues are provided in nM.
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Chemical structures of pyridine 72 and 73, pyridinone 75, and pyrimidine 74-containing
derivatives which inhibit FXla by binding to its active site. P1 domain is 1-(4-chloro-
phenyl)- 1H-tetrazole. Inhibitors’ Kjvalues are provided in nM.
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Figure 18.
Chemical structures of miscellaneous molecules that inhibit FXla by binding to its active

site. Chemical classes included are benzimidazole benzamidines 7678, indolizidinone 79,
cyclicdiamines 80-82, and arylsulfonamidopiperidone 83. These molecules mainly inhibit
other serine proteases. Inhibitors’ Kjvalues are provided in uM.
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Chemical structures of benzamidine-based inhibitors of FXla 84-92. A) Inhibitors 84-89 are
also potent inhibitors of FVIla. B) Inhibitors 90-92 are also potent inhibitors of APC.
Provided are inhibitors’ Kjand /Cspvalues in nM and pM.
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Chemical structures of biaryl acid derivatives 93—-97 which inhibit FXla by binding to its
active site. These molecules are more potent inhibitors of FVIla. FXla Ki values are
provided in uM. Provided also are the interactions between inhibitors 93 and 94 and residues

in the active site of FXla.

Med Res Rev. Author manuscript; available in PMC 2019 September 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Al-Horani and Afosah Page 74

A) B)
CU-2020
Enzyme ?(i‘;’};’ (Pegylated CU-2010)
o o : K; (nM)
HoOC o H FXI ~26 ~819
//S\N/\H/N%N a o
(o] H ] H Plasma kallikrein ~0.04 ~0.16
% NHz  plasmin ~2.2 ~8.4
NH FXlla ~4040 ~892
FXa ~51 ~81
NH, Thrombin ~1423 ~1553
98; CU-2010
Ki=18 nM
Figure 21.

A) Chemical structure of CU-2010 98 which inhibits FXla with a K;value of 18 nM. B) The
inhibition profile of CU-2010 and its pegylated form against a series of related serine
proteases. CU-2010 and CU-2020 were originally reported as antifibrinolytic agents.
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Chemical structures of patented molecules 99-103 which demonstrated very potent
inhibitory activity toward FXIla in the low nanomolar range. Chemical classes are
pyrrolidine-2-carboxamide 99, piperidine-2-carboxamide 100, dihydrobenzoxazine 101,
cyclopentapyridine-A-oxide 102, and pyridine- A-oxide 103.
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Figure 23.
Chemical structures of GAGs and their mimetics 104-106 as polymeric allosteric inhibitors

of FXla.
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Figure 24.

Chemical structures of sulfated, nonsaccharide GAG mimetics 107-112 as small molecule,

allosteric inhibitors of FXla. They include decasulfated galloids 107 and 108, disulfated
quinazolinone dimers 109 and 110, monsulfated benzofuran trimer 111, and monosulfated
coumarin dimer 112. Inhibitors’ /Cspvalues are also provided in pM.
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A) Unmodified DNA and RNA

R =H; DNA
R = OH; RNA

Ribose or deoxy ribose
phosphodiester

Figure 25.
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B) Modified Backbone & Sugar Moiety

CHs
2'-Methoxyethyl ribose
phosphorothioate

Chemical structures of A) unmodified DNA or RNA sequence having ribose or deoxyribose
sugar and phosphodiester linkage and B) modified oligonucleotide sequence used in the
design of FXI ASO with 2’-methoxyethylribose sugar and phosphorothioate linkage. NB

means nitrogenous base.
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Substrates

A) Tetrapeptide design “P4-P2-P1-P1"
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Figure 26.
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Inhibitors

=30nM

53;,=0.3nM

57;k,=0.04nM

The substrate-based concepts that were exploited to design active site peptidomimetic
inhibitors of FXla. A) Tetrapeptide design “P4-P2-P1-P1’” as with inhibitor 6 (K;=30 nM;
PDB ID: 1ZOM); B) Tripeptide design “P1-P1’-P2"” as with inhibitor 53 (K;= 0.3 nM;
PDB ID: 4TY7); and C) Tripeptide design “P2-P1-P2"” as with inhibitor 57 (K= 0.04 nM;

PDB ID: 4Y8Z).
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