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Abstract

Direct Oral Anticoagulants (DOACs) are small molecule inhibitors of the coagulation proteases 

thrombin and factor Xa that demonstrate comparable efficacy to warfarin for several common 

indications, while causing less serious bleeding. However, because their targets are required for the 

normal host-response to bleeding (hemostasis), DOACs are associated with therapy-induced 

bleeding that limits their use in certain patient populations and clinical situations. The plasma 

contact factors (factor XII, factor XI, and prekallikrein) initiate blood coagulation in the activated 

partial thromboplastin time assay. While serving limited roles in hemostasis, pre-clinical and 

epidemiologic data indicate that these proteins contribute to pathologic coagulation. It is 

anticipated that drugs targeting the contact factors will reduce risk of thrombosis with minimal 

impact on hemostasis. Here, we discuss the biochemistry of contact activation, the contributions of 

contact factors in thrombosis, and novel antithrombotic agents targeting contact factors that are 

undergoing pre-clinical and early clinical testing.
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1. INTRODUCTION

1.1. Recent Advances in Oral Anticoagulation Therapy.

Direct oral anticoagulants (DOACs) are replacing vitamin K antagonists (VKAs) for 

treatment and prevention of thrombosis [1–5], particularly for acute venous 

thromboembolism (VTE) [6–8] and prevention of stroke in non-valvular atrial fibrillation 

[7,9,10]. VKAs such as warfarin exhibit narrow therapeutic windows and are subject to 

multiple drug-drug and dietary interactions, as well as pharmacogenetic considerations. As a 

result, VKAs require laboratory monitoring to maintain patients within a relatively narrow 

therapeutic window [7,11,12]. DOACs are attractive alternatives to VKAs. Several features 

of the thrombin inhibitor dabigatran etexilate and the factor Xa (FXa) inhibitors rivaroxaban, 

apixaban, edoxaban, and betrixaban are appealing, including their safety profiles (notably 

reduced major bleeding, including intracranial hemorrhage [ICH]) [6], limited drug 

interactions, and predictable anticoagulant response without monitoring or dose adjustment 

[2,5,12]. However, DOACs have limitations. Plasma levels may become elevated in patients 

with renal insufficiency, increasing the bleeding risk. While the anticoagulant effect of 

VKAs can be reversed quickly with factor concentrates, plasma or vitamin K [13], antidote 

options for DOACs are limited [14]. The monoclonal IgG idarucizumab is approved for 

rapid dabigatran neutralization [15,16], but may not be available in all medical centers. 

Reversal agents for DOACs targeting factor Xa (andexanet alfa and ciraparantag) are under 

study [17– 19], but are also likely to have limited availability. However, even after 

considering the complex drug reversal scenarios, use of DOAC is increasing because of the 

advantages over VKAs [20].

1.2. Alternative Targets for Antithrombotic Therapy.

Clinical trials with DOACs consistently show an ~50% reduction in ICH compared with 

VKAs [21–23]. However, there remains a 0.1% to 0.3% annual risk of ICH with DOACs 

[24,25], with a three month ICH-related mortality of ~50% [26,27]. Case-fatality rates for 

VKA related ICH are similar, with little improvement in prognosis even when reversal 

agents are available [28]. Furthermore, there are patients who would benefit from 

antithrombotic therapy who cannot safely receive VKAs or DOACs because they have 

conditions that predispose to bleeding, or are undergoing procedures in which 

anticoagulation is not safe. Like the VKAs, DOACs achieve their antithrombotic effects by 

targeting enzymes required for normal blood clot formation. They will inevitably 

compromise hemostasis to some extent. There is a clear need for antithrombotic strategies 

that have minimal impact on physiologic hemostasis. Therapies targeting the procoagulant 

activities of plasma contact factors have generated interest in this regard [29–32].

The contact protease precursors factor XII (FXII), factor XI (FXI), and prekallikrein (PK), 

and the co-factor high molecular weight kininogen (HK), are plasma proteins produced in 

hepatocytes that do not require vitamin K for synthesis. As a group, they initiate coagulation 

in the activated partial thromboplastin time (aPTT) assay used in clinical practice by a 

process called contact activation (Fig.1A). While required in the aPTT assay, the contact 

factors serve, at most, limited roles in physiologic hemostasis [33–35]. Despite this, there is 

mounting evidence that they make substantive contributions to thrombosis [29–32,36] and 
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consumptive coagulopathies [37]. It is anticipated that inhibition of a contact factor will 

produce an antithrombotic effect with minimal inhibition of hemostasis. Here, we review the 

biochemistry of contact activation, data supporting the hypothesis that contact factors 

contribute to thrombosis, and some novel agents with therapeutic potential that target the 

contact system.

2. CONTACT ACTIVATION AND THROMBIN GENERATION

2.1. Contact Activation (Kallikrein-Kinin System)

Contact activation is triggered when blood comes into contact with a variety of artificial and 

biologic substances or surfaces [33,34]. Purified earths such as silica or kaolin are used to 

trigger contact activation in the aPTT assay [35]. Polymers of orthophosphate 

(polyphosphate) [38–40], nucleic acids (DNA or RNA) [41–44], basement membrane 

components (collagens and laminin) [45,46], ruptured atherosclerotic plaque [47,48], 

misfolded protein aggregates [49], and microorganism cell membranes/walls [50] are some 

substances that may promote contact activation in vivo. Surfaces of medical devices such as 

cardiopulmonary bypass (CPB) circuits [51,52], extracorporeal membrane oxygenators 

(ECMO) [53], hemodialysis membranes [54], intravenous catheters [55,56], mechanical 

heart valves [56] and ventricular assist devices (VAD) [57] also induce contact activation. 

While surfaces/substances that promote contact activation often carry a net negative charge, 

a broad range of materials facilitate the process.

Contact activation is initiated by binding of FXII to a surface followed by autocatalytic 

conversion to the protease factor XIIa (FXIIa, Fig.1A) [33–35]. FXIIa catalyzes conversion 

of PK to the protease α-kallikrein, with HK facilitating PK binding to the surface. α-

Kallikrein activates additional FXII. Reciprocal activation of FXII and PK amplifies contact 

activation (red arrows in Fig.1A). FXII and PK appear to turn over at a basal rate in healthy 

animals, but the surfaces or cofactors that support this (if any) are not established [58]. We 

determined that FXII and PK have low levels of intrinsic activity that may initiate contact 

activation upon surface-binding [59,60]. FXII, PK and HK are collectively referred to as the 

kallikrein-kinin system (KKS) [33]. The KKS generates pro-inflammatory peptides such as 

bradykinin through α-kallikrein cleavage of HK. PK may also be activated independently of 

FXII by the lysosomal protease prolylcarboxy-peptidase (PRCP) [61,62], or by interaction 

with heat shock protein 90 (HSP90) [63,64].

2.2. Contact Activation and Coagulation

FXIIa promotes coagulation by catalyzing conversion of FXI, a homolog of PK, to the 

protease factor XIa (FXIa, Fig.1A, green arrow) [65]. FXIa then converts factor IX to factor 

IXa [65], driving thrombin generation in the aPTT assay (Fig.1B). However, individuals 

completely lacking FXII, PK or HK do not experience abnormal bleeding, while FXI 

deficiency may cause a mild to moderate propensity to bleed excessively after trauma 

[35,66]. These phenotypes indicate that contact activation is not required for hemostasis, and 

that FXI contributes to hemostasis independently of contact activation.
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The KKS appears to contribute to important host-defense and homeostatic processes 

including the innate response to microorganism invasion, inflammation, and blood pressure 

regulation [33,34,61]. Its capacity to activate FXI could reflect the importance of thrombin 

generation and coagulation to one or more functions not directly tied to hemostasis at a site 

of vascular injury. For example, contact activation-induced coagulation may limit 

microorganism spread [67,68], a process that falls under the broad umbrella of 

immunothrombosis [69,70]. Inappropriate triggering of contact-initiated coagulation could 

contribute to pathologic thrombus formation.

2.3. Tissue Factor-Initiated Coagulation.

The aPTT assay is a useful tool for assessing bleeding and monitoring heparin therapy. 

However, the sequence of reactions shown in Fig.1B does not reflect hemostasis in vivo. 

While factor IX deficiency causes severe bleeding (hemophilia B), particularly into soft 

tissues and joints [71], FXI deficiency causes a milder syndrome involving different tissues 

[35,72]. Furthermore, as discussed, deficiency of FXII, PK or HK does not compromise 

hemostasis [35]. These clinical observations are not compatible with the chain of reactions 

shown in Fig.1B, and have led to revisions in coagulation models.

In current schemes, thrombin generation at an injury site is initiated by a complex comprised 

of the plasma protease factor VIIa (FVIIa) and the membrane protein tissue factor (TF, Fig.

1C). TF is expressed by cells underlying blood vessel endothelium, and is exposed to blood 

at sites of endothelial damage [73]. The FVIIa/TF complex converts factor X to factor Xa to 

initiate thrombin generation, and factor IX to factor IXa to sustain thrombin generation. The 

reactions within the pink box in Fig1.C form the core of the vertebrate thrombin generation 

mechanism. Complete absence of any single core protein either causes a severe bleeding 

disorder or is not compatible with life. Note that the model in Fig.1C does not require 

contact activation to produce thrombin for hemostasis. However, to be complete, it does 

need to incorporate FXI.

In current coagulation models, FXIa contributes to clot integrity after the clot is formed, 

primarily by activating factor IX, but perhaps also through activation of factors V, VIII and 

X, and proteolytic inhibition of tissue factor pathway inhibitor (TFPI) [65,74–76]. The 

absence of abnormal bleeding in FXII-deficient individuals indicates FXI is activated by 

FXII-independent processes during the normal response to injury. Thrombin may be the 

main activator of FXI during hemostasis (Fig.1C, blue arrow) [65,77]. In our current 

hypothesis, FXI can function as part of contact activation, or independently of it as a 

component of thrombin generation during hemostasis (Fig.1C). As importantly, FXI forms 

an interface between the KKS and thrombin generation. Thus, FXI may be involved in more 

pathways that contribute to thrombosis than other contact factors, and may be a better 

antithrombotic target for that reason.

2.4. FXI and Hemostasis

As discussed in section 2.3, bleeding in FXI-deficiency is milder and involves different 

tissues than with deficiency of factor VIII or factor IX (hemophilia A or B). Abnormal 

bleeding in FXI-deficient patients is usually trauma-induced. The “spontaneous” bleeds 
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characteristic of severe hemophilia A and B are not a feature of FXI deficiency [71,72]. FXI 

appears to be most important for maintaining clot integrity with injury to tissues with robust 

fibrinolytic activity, such as the nose, mouth, and urinary tract [35,66,78–82]. Bleeding in 

other areas is less frequent, and procedures such as circumcision, appendectomy, and 

orthopedic surgery may be well tolerated without factor replacement [35,66,78,80–82].

While there is disagreement, we feel that there is reasonable support for the conclusion that 

bleeding is more common and severe in patients with FXI plasma levels <20% of normal 

than in those with milder deficiency (FXI 20 to 50% of normal) [66,78]. However, 

symptoms correlate poorly with plasma FXI concentrations [79], and some severely 

deficient individuals do not experience abnormal bleeding. Several factors could contribute 

to this conundrum. The predilection for tissue-specific bleeding means some FXI-deficient 

patients will not experience the type of injury that most often leads to hemorrhage. Also, co-

inheritance of other conditions that might otherwise not cause symptoms (e.g. low-normal 

von Willebrand factor levels), may contribute to bleeding in FXI-deficient patients [83,84]. 

From available data it seems reasonable to conclude that FXI deficiency exacerbates 

bleeding in some individuals after injuries, surgical procedures, or childbirth. It may also 

contribute to menorrhagia [85]. Based on this, we can conclude that a therapeutic strategy 

that produces the equivalent of severe FXI deficiency will produce symptoms of abnormal 

hemostasis in some patients.

3. CONTACT FACTORS AND THROMBOSIS

3.1. Mouse Thrombosis Models.

Genetically altered mice have been invaluable in assessing the importance of the contact 

factors to thrombosis. Fig.2 shows a summary of data from our laboratory testing mice 

lacking contact factors for resistance to FeCl3-induced arterial thrombosis. Not surprisingly, 

a higher FeCl3 concentration (more intense injury) is required to induce carotid artery 

thrombosis in factor IX-deficient mice than in wild type mice [86]. Resistance to thrombosis 

comes at a price, however, as factor IX deficiency causes a severe bleeding disorder. 

Counter-intuitively, mice lacking FXI are as resistant to thrombosis as factor IX-deficient 

mice [86], and factor XII-deficient mice are perhaps more resistant [87], despite the absence 

of obvious hemostatic abnormalities in animals deficient in FXI or FXII. This implies 

mechanistic differences between coagulation during thrombosis and hemostasis, and 

suggests that it is possible to achieve an antithrombotic effect without impairing hemostasis. 

It also raises the possibility that contact activation-initiated coagulation or something similar 

to it can promote thrombosis.

Resistance to thrombosis is less pronounced in mice lacking PK or HK than in mice lacking 

factor IX, XI, or XII (Fig.2), consistent with roles for PK and HK in enhancing FXII 

activation during contact activation, but not being absolutely necessary for it [88]. However, 

the main effect of PK (and probably HK) on thrombosis may not be due to a defect in FXIIa-

mediate thrombin formation (contact activation) [89]. Stavrou et al. showed that 

reconstituting PK-deficient mice with plasma PK does not restore arterial thrombus 

formation induced by laser injury [90]. They showed that PK deficiency, probably through 

reduced BK generation, leads to increased plasma prostacyclin production and reduced 
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tissue factor expression in blood vessels that may inhibit thrombus formation. Thus, PK may 

influence thrombus formation through effects on blood vessel homeostasis as well as 

through effects on contact activation.

3.2. Primate Thrombosis Models.

Work with primates has generated results somewhat different from those in mice. Placing 

collagen-coated vascular grafts into temporary arteriovenous (AV) shunts in baboons results 

in platelet and fibrin deposition within the collagen-coated portion of the graft, with 

subsequent clot extension downstream into the uncoated portion of the graft [87]. Using 

inhibitory antibodies in this model, we noted that inhibition of FXIa produces a greater 

antithrombotic effect than inhibiting FXII activation, or FXI activation by FXIIa [87,91–93]. 

The different results with rodent and primate models could reflect mechanistic differences in 

thrombus formation between species or models. Perhaps thrombin is more important than 

FXIIa for activating FXI in the primate model than in rodents. But it is also possible that the 

antibodies used to block FXIa are more effective at neutralizing their target than those used 

to inhibit FXII/XIIa. In general, the primate studies are in line with human population data 

(described in the following section) that suggest FXI makes a greater contribution to 

common thrombotic conditions than does FXII.

3.3. Epidemiologic Data from Human Populations.

The epidemiologic data presented here point to associations between human disease states 

and laboratory values, but do not establish causation. For the contact factors, data supporting 

a role in thrombosis in humans is strongest for FXI. Rates of VTE are lower in FXI-deficient 

individuals than in the general population [94,95], and higher FXI levels are associated with 

increased VTE risk in the Leiden Thrombophilia Study (LETS) [96] and the Longitudinal 

Investigation of Thromboembolism Etiology (LITE) study [97]. FXI deficiency is associated 

with a reduced incidence of stroke [98], while high FXI levels are linked to increased stroke 

risk in the Atherosclerosis Risk in Communities (ARIC) study [99] and the Risk of Arterial 

Thrombosis In relation to Oral contraceptives (RATIO) study [100]. Data for myocardial 

infarction (MI) are mixed. A study of patients with severe FXI deficiency suggested no 

protective effect [101], however, an analysis from a large health maintenance organization 

indicated a reduced incidence of MI with mild (FXI activity 30-50%) and moderate to severe 

deficiency (FXI activity <30%) [95]. FXI levels correlate with MI incidence in the Study of 

Myocardial Infarction Leiden (SMILE) [102], but not in the ARIC or RATIO studies 

[99,100]. Taken as a whole, the results support the premise that FXI contributes to 

thrombosis in humans, but raise the possibility that the contribution varies depending on the 

vascular bed involved.

Data supporting roles for FXII in VTE, stroke or MI in humans are weaker than for FXI. 

Indeed, based on anecdotal reports, it was thought for many years that severe FXII 

deficiency actually predisposed to VTE [103]; however, larger studies did not find such an 

association [104], and no relationship was identified between VTE and FXII levels in the 

LETS [105] or LITE [106] studies. Data pointing to a role for FXII in arterial disease is 

contradictory (reviewed in [29]). Indeed, the SMILE cohort [102] and a large Austrian study 
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[107] showed an as yet unexplained inverse relationship between FXII levels and 

cardiovascular disease.

Elevated PK levels have been implicated in vascular disease, hypertension and nephropathy 

in diabetic patients in the Diabetes Control and Complications Trial/Epidemiology and 

Diabetes Intervention and Complications Study [108,109]. A PK Asn124Ser polymorphism 

that reduces HK binding was linked to reduced bradykinin and plasma renin concentrations 

[110,111], and with reduced risks for hypertension and coronary artery disease [112].

3.4. Contact Activation and Artificial Surfaces in Humans.

Data from human populations suggest that FXI is a larger contributor to common thrombotic 

disorders such VTE, stroke, and MI in humans than are FXII or PK. Supporting this, 

deficiency of C1-inhibitor, the main plasma regulator of FXIIa and α-kallikrein, leads to 

bouts of soft tissue swelling (angioedema) from increased bradykinin generation, but has not 

been linked to thrombosis [113]. However, FXII may be a major driver of thrombosis in 

certain situations. Plasma markers of contact activation are increased in patients placed on 

devices known to induce thrombosis, including CPB [114] and ECMO circuits [51,115] and 

ventricular assist devices [57,116]. Vascular catheters, renal dialysis membranes [54,117] 

and artificial heart valves [55] induce FXII-dependent plasma coagulation, and their clinical 

use is also associated with thrombus formation in the absence of systemic anticoagulation.

4. THERAPEUTIC TARGETING OF CONTACT FACTORS

4.1. Rationale.

In 2001 Gruber and Hanson proposed that inhibiting plasma coagulation proteases 

“upstream” of factor IX (Fig.1B) could produce an antithrombotic effect, and that such an 

approach would be safer from a bleeding standpoint than conventional anticoagulation 

[91,118]. In essence, they suggested that it could be possible to dissociate an antithrombotic 

effect from undesirable anti-hemostatic effects. A substantial body of pre-clinical evidence 

now supports this premise, particularly for FXI, and therapeutic strategies are being 

developed with this goal in mind. A phase 2 study using antisense oligonucleotide (ASO) 

knockdown of FXI has provided proof of concept for the field [119], and ASOs, antibodies 

and small molecule inhibitors targeting FXI/FXIa have entered phase 1 and 2 evaluation. 

The following sections discuss therapies under development, with some of the performance 

characteristic of general approaches presented in Table 1. Tables 2 and 3 list specific 

inhibitors of FXI(a) and FXII(a), respectively.

4.2. Antisense Approaches.

4.2.1. Antisense Oligonucleotides (ASOs).—ASOs termed gapmers are short (~20 

base pair) DNA sequences that are antisense partners for the mRNA of a protein of interest 

[120,121]. Their plasma stability and cellular uptake is enhanced by 2′-methoxyethyl 

modified DNA wings attached to the ends of the antisense sequence. After subcutaneous 

administration, ASOs are taken up by certain cell types, including hepatocytes. This makes 

them ideal for targeting coagulation proteases, most of which are synthesized in the liver. 

The ASO forms a heterodimer with its target mRNA, and the complex is degraded by an 
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RNAse H-dependent process. The result is specific reduction in synthesis of the target 

protein and a decrease in its plasma concentration. Carefully selected ASOs are highly 

specific for a target protein, and the effect on plasma level can last for weeks to months after 

the last dose [120,121]. The deficiency state created by ASOs can be reversed by infusion of 

plasma or factor concentrate. ASOs take two to four weeks to reduce proteins to a desired 

level, so they are most appropriate for long-term therapy, and not for situations requiring 

rapid anticoagulation.

4.2.2. Pre-clinical studies with ASOs.—ASOs specific for FXI, FXII, and PK have 

been tested in mice, and produce antithrombotic effects in arterial and venous thrombosis 

models that are comparable to those observed in gene-deleted mice [58,122]. Interestingly, 

reducing plasma FXII results in an increase in the plasma level of PK, and reducing PK 

leads to increased FXII, consistent with these proteins reciprocally activating each other at a 

basal level in healthy animals [58]. ASOs that reduced plasma levels of FXI, FXII, or HK 

increased the time to jugular vein occlusion induced by placement of an intravenous catheter 

in rabbits [123].

The ASO ISIS 416858 (now IONIS-FXI Rx or BAY2306001) reduced plasma FXI 

concentration in a dose-dependent manner in cynomolgous monkeys and baboons [124]. An 

antithrombotic effect was observed in the baboon AV shunt model (section 3.2) starting 

when the plasma FXI level was reduced to ~50% of normal and reaching maximum effect at 

~20% of normal. This dose-response is consistent with observations with ASO-treated mice 

[122]. Rodents and primates treated with FXI ASOs did not demonstrate abnormal 

hemostasis in response to tail, gum, or skin laceration, even though some animals had FXI 

levels <5% of normal.

4.2.3. Pre-clinical studies with small interfering RNAs (siRNAs).—siRNAs are 

another antisense-based approach for post-translational gene silencing [125]. A model of 

spontaneous venous thrombosis in mice was developed using siRNA-mediated reductions of 

the coagulation regulatory proteins antithrombin and protein C [126]. When an siRNA that 

reduces FXII was studied in this model, surprisingly, there was an acceleration of 

thrombosis [127]. This suggests that FXII may serve a previously unrecognized regulatory 

(antithrombotic) function. It must be noted that the results of this study run counter to those 

from other studies on FXII and thrombosis in mice. While the reasons for this are not 

established, an unidentified off-target effect of the siRNA is a possibility.

4.2.4. Phase 1 and 2 studies with ASOs.—Results of a phase 1 trial in healthy 

volunteers treated with IONIS-FXI Rx were reported in 2011 [128]. Subjects received 50 to 

300 mg of ASO subcutaneously three times during the first week of treatment, and then once 

weekly for four weeks. A dose response was noted, with 200 or 300 mg doses consistently 

reducing FXI levels to 20% of normal. Some subjects had barely detectable levels (<5% of 

normal). Reduced plasma FXI was accompanied by prolongation of the aPTT, with the 

maximum effect achieved after 2 to 3 weeks of treatment. Excessive bleeding was not noted, 

and most adverse reactions were related to mild irritation at the ASO injection sites.
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IONIS-FXI Rx has been compared to enoxaparin for VTE prophylaxis in patients 

undergoing total knee arthroplasty [119]. A 200 mg ASO regimen reduced plasma FXI to 

38% of normal (average), while the 300 mg regimen reduced it to ~20%. 200 mg ASO 

reduced the incidence of thrombus formation (27%) to a similar degree as standard 

enoxaparin therapy (30%) as determined by venography performed 8 to 12 days post-

surgery. The 300 mg ASO regiment was superior to enoxaparin, with thrombi detected in 

only 4% of patients. In addition to the striking reduction in incidence, clots in patients 

treated with 300 mg ASO were much smaller than in those on enoxaparin or 200 mg ASO. 

The study was not powered to assess differences in bleeding, however, there was a trend 

toward less clinically relevant bleeding with ASOs (3%) than with enoxaparin (8%). An 

important feature of the study was that patients treated with ASOs underwent major 

orthopedic surgery while under the full effect of the drug (nadir FXI levels) with little 

evidence of abnormal hemostasis [119]. FXI levels were still reduced several weeks after the 

last dose, indicating this approach is well suited for long-term prophylaxis.

IONIS-FXI Rx has been tested in a phase 2 multicenter study in patients with end stage 

renal disease (ESRD) on dialysis [129]. All patients received standard heparin therapy 

during dialysis. The ASO did not accumulate over the 12 weeks of the study. Reducing FXI 

activity to <40% of normal reduced the number of severe clotting events in the dialysis 

circuit. No major or clinically relevant non-major bleeding occurred. Minor bleeding at AV 

fistula sites occurred mostly in the group receiving the highest (300 mg) ASO dose, but 

bleeding did not correlate with FXI level. Based on the results of this study safety, a phase 2 

dose evaluation study of IONIS-FXI RX administered over 26 weeks to patients with ESRD 

is planned [130].

4.3. Antibodies.

A properly selected antibody combines high specificity for a target with a long plasma half-

life. IgGs that bind precursors of contact proteases essentially produce a factor-deficient 

state. It can be difficult to titrate the drug effect because of the broad normal plasma ranges 

of the targets and, realistically, such IgGs will be used to saturate a target, producing 

maximum inhibition. IgGs targeting active proteases will not engage the target until it is 

activated. These IgGs typically bind at the protease active site, and must compete with 

physiologic substrates for binding. It may be easier to titer their effects as inhibition will not 

be complete, except at very high IgG concentrations. Because of their long half-lives and 

tendency to equilibrate across the intra- and extravascular spaces, it may be difficult to 

reverse the inhibitory effect of an antibody in a short period of time. Here we discuss IgGs 

that bind FXI, FXII, PK, and their active forms.

4.3.1. Anti-FXI IgG.—Several monoclonal IgGs that bind FXI have been tested in pre-

clinical models. IgG O1A6 (aXIMab) was raised against human FXI in wild type mice, and 

binds to the FXI apple 3 (A3) domain [92], blocking an exosite required for factor IX 

binding [131]. It also inhibits FXI activation by FXIIa [132]. O1A6 is a potent 

antithrombotic in FXI-deficient mice reconstituted with human FXI and in the baboon AV 

shunt model [92]. van Montfoort et al. described two monoclonal anti-human IgGs, 
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αFXI-175 (A2 domain) and αFXI-203 (A4 domain), that reduce venous thrombus size in 

FXI-deficient mice reconstituted with human FXI [133].

IgG 14E11 was raised by immunizing FXI-deficient mice with mouse FXI [87]. It binds to 

the A2 domain of FXI from most mammalian species, and interferes with FXI activation by 

FXIIa [87]. It does not inhibit FXI activation by thrombin, nor FXIa activation of factor IX, 

in vitro. It may, therefore, interfere less with hemostasis than O1A6. The antithrombotic 

effect of 14E11 is comparable to O1A6 in mice. While also inhibiting thrombus formation in 

the baboon model, it is less potent that O1A6 [87]. 14E11 also demonstrated beneficial 

effects in several infection/sepsis models. It improved survival in mice after ligation and 

puncture of the cecum (CLP) [37] and after infection with Listeria monocytogenes [134]. A 

humanized version of 14E11 (ABO22, Xisomab 3G3, Aronora Inc.) protected baboons from 

death after a lethal injection of heat inactivated Staphylococcus aureus [135]. In the CLP 

model, 14E11 blunted the early cytokine response to injury, and reduced activation of 

contact factors [37]. Similar effects were noted in baboons after S. aureus infusion [135]. 

14E11 also reduced tissue injury in cerebral [136] and myocardial ischemia-reperfusion 

models in mice [137]. 3G3 has completed phase 1 safety and tolerability evaluations in 

healthy adults (NCT03097341) [138,139].

In preclinical studies, a single saturating dose of the anti-FXI IgG MAA868 (Novartis 

Pharma) prolonged the aPTT in primates for >30 days. Phase 2 trials are planned to compare 

the efficacy of MAA868 to enoxaparin for VTE prophylaxis in knee replacement surgery 

(NCT03393481) and to measure its effects on D-dimer and other biomarkers of 

thrombogenesis in comparison to apixaban in patients with atrial fibrillation 

(NCT03398434) [140,141].

4.3.2. Anti-FXIa IgG.—David et al. described humanized IgGs from a phage display 

library with high affinity for FXIa but not zymogen FXI [142]. C24 prevented FeCl3-

induced carotid artery occlusion in FXI-deficient mice reconstituted with human FXI. DEF 

is similar to C24, but with a modified Fc region to avoid platelet or complement activation. 

In rabbits, DEF prevented thread-induced inferior vena cava thrombosis without inducing 

bleeding. Its effects can be reversed with the anti-idiotype IgG revC4 [142]. A structure of 

DEF in complex with a recombinant inactivated FXIa protease domain (FXIaiPD), revealed 

that the DEF light chain occludes the S1 substrate binding site of FXIa, while the heavy 

chain interacts with other sites on the protease surface [143]. FXIaiPD binds DEF with 

picomolar affinity, and can be used to saturate free DEF [143], reversing its inhibitory 

effects in vitro in a manner similar to that by which andexanet alfa (an inactive factor Xa 

catalytic domain) reverses the effects of DOACs targeting factor Xa [17].

The human monoclonal IgG1 BAY1213790 (Bayer Pharma) binds to the FXIa active site, 

and produces a dose-dependent reduction in thrombus weight in a rabbit FeCl3 arterial 

thrombosis model without increasing ear or gum bleeding times [144]. Healthy volunteers 

receiving a single infusion of BAY 1213790 in a dose-escalation study experienced 

prolongation of the aPTT in a dose-dependent manner without increased bleeding time 

[145]. A phase 2 trial (FOXTROT) is enrolling patients to compare BAY1213790 with 
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enoxaparin or apixaban in prevention of venous thrombosis in patients undergoing elective 

knee replacement (NCT03276143) [146].

4.3.3. Anti-FXII-IgG.—In the baboon AV shunt model, the anti-FXII-IgG 15H8 produces 

an antithrombotic effect similar in potency to anti-FXI IgG 14E11 [87,93,147], but less 

potent than IgG O1A6 [92,93]. 15H8 binds to the FXII non-catalytic heavy chain, a part of 

the protein required for surface-dependent conversion of FXII to FXIIa. It has little effect on 

FXIIa activity. The weaker effect of 15H8 relative to O1A6 could reflect the importance of 

thrombin-mediated FXI activation to thrombosis in primates, which would be blocked by 

O1A6, but not 15H8. Alternatively, the inability of 15H8 to block FXIIa activity may render 

it a suboptimal FXII inhibitor, and an antibody that binds to the catalytic domain, or that 

neutralizes FXIIa activity may be more effective.

4.3.4. Anti-FXIIa-IgG.—Laarson et al. described CSL 3F7, an IgG isolated from a phage 

display library that binds to the FXIIa active site. It interacts poorly with the precursor FXII 

[148]. In rabbits undergoing extracorporeal membrane oxygenation (ECMO), 3F7 was 

comparable to heparin in its ability to prevent thrombotic occlusion of the oxygenator circuit 

[148]. This study elegantly demonstrates the importance of FXIIa and contact activation to 

thrombus formation when blood comes into contact with an artificial (non-biologic) surface.

4.3.5. Anti-kallikrein IgG.—Inhibitors of kallikrein have been developed primarily for 

treating angioedema, and have not been studied extensively for their effects on thrombosis. 

In an ex vivo flow model with human blood, surface-induced thrombin generation and fibrin 

formation are reduced by an IgG to the kallikrein active site (559A-M202-H03, Dyax), but 

to a lesser extent than an IgG directed against the FXIIa active site (599C-X181-D06, Dyax) 

[88]. A related anti-kallikrein IgG (DX-2930, Dyax) has been evaluated in phase 1b studies 

for angioedema. DX-2930 reduces plasma levels of cleaved HK and the frequency of 

angioedema episodes in patients with C1-INH deficiency [149,150]. It has not been tested 

for antithrombotic effects.

4.4. Small Molecule Active Site Inhibitors.

Several synthetic small molecule inhibitors of FXIa have entered, or will soon enter, phase 1 

and phase 2 trials. Most are administered parenterally, but progress is being made on orally 

available agents. The duration of the effects are generally much shorter than those of ASOs 

or antibodies, making them useful for situations where a brief anti-thrombotic effect is 

needed. Orally available drugs would ideally have sufficiently long plasma half-lives to 

permit once or twice a day dosing. Specificity can be an issue with small molecules. The 

catalytic domain of FXIa belongs to the large family of trypsin-like proteases, and small 

molecule inhibitors to FXIa may show cross-reactivity with other group members. For 

example, several FXIa inhibitors have activity against α-kallikrein, a homolog of FXIa. An 

off-target effect involving α-kallikrein may actually be advantageous when it comes to 

treating thrombosis or reducing inflammation.

4.4.1. Parenteral FXIa inhibitors.—Small molecule inhibitors that bind to the FXIa 

active site have been prepared on a variety of scaffolds (Table 2). Here we discuss agents 
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that are furthest along in development. BMS-654457 (Bristol-Myers Squibb) is a 

competitive, reversible, parenterally administered FXIa inhibitor (Ki 0.2 nM) that prolongs 

the aPTT of human and rabbit plasma, with no effect on the PT or platelet aggregation [151]. 

It has some activity against plasma kallikrein, which may contribute to aPTT prolongation, 

and perhaps to efficacy in vivo. BMS-654457 prolongs the aPTT in rabbits in a dose-

dependent manner, and prevents vessel occlusion in an electrically induced carotid artery 

thrombosis (ECAT) model. Unlike warfarin or dabigatran, BMS-654457 had no significant 

effect on bleeding time in the ECAT model [151].

BMS-962212 is a reversible parenterally administered FXIa inhibitor (Ki 0.7 nM for human 

FXIa). Like BMS-654457, it prolongs the aPTT and reduces thrombus weight in the rabbit 

ECAT model without increasing bleeding [152,153]. Results of phase 1 trials examining 

pharmacodynamics, pharmacokinetics, and safety in humans were recently reported [154]. 

BMS-962212 was administered to healthy volunteers for two hours or five days as a 

continuous infusion, and exhibited mean plasma half-lives ranging from 2 to 8.6 hours 

depending on the dose. There were no dose-limiting toxicities, and the most common 

adverse event was mild pain and/or erythema at the infusion site. Steady state was attained 

after approximately two hours of infusion, coinciding with prolongation of the PTT and 

decreased plasma FXI activity [154].

ONO-8610539 (Ono Pharmaceutical) is a parenterally administered FXIa inhibitor with 

similar effects on the aPTT to BMS-654457. It has been studied in several preclinical 

models. ONO-8610539 prevents FeCl3-induced inferior vena cava thrombosis in rabbits 

without compromising hemostasis [155], protects against wire-induced AV shunt thrombosis 

in cynomolgus monkeys [156], and prevents photothrombotic middle cerebral artery 

occlusion in rabbits [157].

Lin et al. used the structure of known thrombin inhibitors to develop peptidomimetics with 

FXIa inhibitory activity. X-ray crystal structures indicate that the inhibitor Compound 32 

interacts with the S1 region of the FXIa active site [158]. Compound 32 has much greater 

affinity for FXIa than FXa or thrombin. Despite having greater activity for human FXIa than 

rat FXIa (based on PTT assays), Compound 32 was efficacious in a rat model of venous 

thrombosis at high concentrations without increasing bleeding [158].

4.4.2. Oral FXIa inhibitors.—Two orally available FXIa inhibitors have been described 

[138]. ONO-5450598 has shown promising results in preclinical studies in rabbits and 

monkeys. It has a Ki of 2 nM for human FXIa and a 10-fold higher Ki for kallikrein. In 

rabbits treated with clopidogrel, ONO-5450598 was compared to rivaroxaban for prevention 

of FeCl3-induced arterial thrombosis. At higher doses, ONO-5450598 was comparable or 

superior to rivaroxaban in prolonging time to vessel occlusion, with significantly less 

bleeding [159]. It is effective in a monkey AV shunt thrombosis model but has not yet 

entered phase 1 studies [160]. The orally available FXIa inhibitor BMS-986177 has 

completed several phase 1 pharmacokinetic and pharmacodynamics studies, with additional 

studies currently recruiting patients [161,162].
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4.5. Other Compounds that Inhibit Contact Factors.

While ASOs, monoclonal antibodies, and small molecule inhibitors directed at contact 

factors are farthest along in development, several other types of interesting inhibitors have 

been described, some of which have been tested in pre-clinical models.

4.5.1. Sulfated pentagalloyl glucopyranoside.—In general, inhibitors of FXIa 

either bind to or block the protease active site (e.g. BAY1213790 or BMS-654457), or block 

a site remote from the active site (an exosite) required for engaging other macromolecules 

(e.g. aXIMab). SPPG2, a sulfated pentagalloyl B-D-glucopyranoside appears to act by a 

distinct mechanism. SPGG2 is a non-saccharide glycosaminoglycan mimetic that binds to an 

anion binding site on the FXIa catalytic domain (Lys529, Arg530 and Arg532) that is not 

directly involved in interactions with substrates [163,164]. The molecule appears to induce 

conformational changes in the protease domain that interfere with active site function. 

SPGG2 prolongs the APTT of normal plasma, but has not been tested in animals. Because 

its interaction with FXIa is largely charge based, its effect can be partially reversed with the 

polycation protamine.

4.5.2. RNA and DNA aptamers.—Aptamers are short single-stranded oligonucleotides 

(ssDNA or ssRNA) that fold into structures that bind a target of interest. They are usually 

selected from pools of random oligonucleotides. Woodruff et al. prepared two ssRNA 

aptamers (11.16 and 12.7) to FXIa using Systemic Evolution of Ligands by Exponential 

Enrichment (SELEX) [165]. The aptamers are non-competitive inhibitors of FXIa cleavage 

of small chromogenic substrates and of activation of factor IX. Both aptamers interact with 

anion binding sites on FXIa, possibly through the positively charged phosphate backbones of 

the aptamers. Donkor et al. described Factor ELeven Inhibitory APtamer (FELIAP) [166], 

an 80 nucleotides ssDNA aptamer that binds with nanomolar affinity near the FXIa active 

site, competitively inhibiting substrate engagement. Because inhibition is partial, 

micromolar concentrations are required to inhibit nanomolar FXIa, and structural 

optimization is required to improve potency before testing in animals [166].

Woodruff et al. also described an RNA aptamer (R4cXII-1) with high affinity for the non-

catalytic heavy chain of FXII and FXIIa [167]. R4cXII-1 prevents FXII autoactivation and 

FXIIa activation of FXI, effectively blocking contact activation-induced thrombin generation 

in vitro. Interestingly, it does not block FXIIa activation of PK. Steen Burrell et al. reported 

on an RNA aptamer (Kall1-T4) that binds to PK and kallikrein with subnanomolar affinities 

[168]. Kall1-T4 prolongs plasma clotting in aPTT assays and reduces HK cleavage by 

kallikrein.

4.5.3. Kunitz-type protease inhibitors.—Kunitz-type inhibitors are small (50 to 60 

amino acid) protein sequences typically constrained by three disulfide bonds. While often 

part of a larger protein, isolated Kunitz domains such as aprotinin (bovine pancreatic trypsin 

inhibitor or traysylol) have been used as scaffolds for developing more specific inhibitors. 

Protease nexin-2 (PN2), an isoform of the beta-amyloid protein precursor, contains a Kunitz 

domain that is a potent FXIa inhibitor [169]. PN2 was identified as the major FXIa inhibitor 

in platelet α-granules [169]. Over-expressing PN2 in mice reduces thrombus formation 
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[170], and recombinant versions of PN2 are antithrombotic in mice without apparent 

compromise of hemostasis [171]. While there are reports that PN2 inhibits several 

coagulation proteases (factor VIIa, factor IXa, factor Xa) [172], other work indicates high 

specificity for FXIa [173], and doses of PN2 that prevent carotid artery occlusion and 

ischemic stroke in mice do not increase bleeding [171].

FXIa interacts with a number of other Kunitz-type inhibitors. Puy et al. showed that FXIa 

inhibits the anticoagulant activity of TFPI by cleaving within the active sites of TFPI’s 

second and third Kunitz domains [76]. This suggests that TFPI initially engages the FXIa 

active site through its Kunitz domains. The TFPI homolog TFPI-2 inhibits FXIa and 

kallikrein via its first Kunitz domain [174,175]. Desmolaris is a homolog of TFPI lacking 

the Kunitz-1 domain that is expressed in the salivary gland of the vampire bat Desmodus 
rotundus [176]. Its inhibition of FXIa is enhanced by heparin. It also inhibits kallikrein, and 

reduces thrombus formation in mice without increasing injury-induced bleeding. Fasxiator is 

a Kunitz-type FXIa inhibitor isolated from the venom of the banded krait snake (Bungarus 
fasiatus) [177]. Modified versions of fasxiator have subnanomolar affinities for FXIa. The 

modified molecule prolonged time to thrombus formation in a mouse arterial thrombosis 

model.

4.5.4. Kazal-type protease inhibitors.—Kazal domains are small protein sequences 

containing a short alpha-helix, a beta-fold and three disulfide bonds that often appear in 

tandem arrays. Infestin is a Kazal-type protease inhibitor isolated from the midgut of a 

hematophagous insect, the kissing bug Triatoma infestans. Infestin domains inhibit several 

coagulation proteases, with the fourth demonstrating activity against FXIIa, and some effect 

on plasmin and factor Xa [178]. A recombinant protein comprised of the fourth Kazal-type 

domain linked to human albumin reduces thrombus formation in animal venous and arterial 

thrombosis models, and inhibits surface induced thrombosis [179–183]. Subsequent 

modifications have made it more selective for FXIIa than the native protein without loss of 

antithrombotic potency [178].

5. FUTURE DIRECTIONS

Phase 1 and 2 studies are underway to test the safety and efficacy of several compounds that 

target FXI(a). While epidemiologic data for disorders such as VTE and ischemic stroke 

suggest that FXI is a better target than FXII for common thrombotic conditions, they do not 

establish that this will be the case in all situations. The spectrum of thrombo-inflammatory 

disorders amenable to manipulation of the contact system remains to be established. Larger 

trials comparing strategies targeting contact factors to standard therapies will ultimately 

establish effectiveness and safety, however, available information permits informed 

speculation on situations where drugs targeting contact proteins may be useful.

5.1. Which Contact Factor is the Best Therapeutic Target?

FXI appears to be a more important contributor to common thrombotic conditions such as 

VTE and stroke than other contact factors. This may relate to the protein’s dual role as part 

of a thrombin-induced feedback circuit that sustains coagulation independently of FXII, and 

as a link between the KKS and thrombin generation. As TF likely contributes to many 
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thrombotic events in humans [184,185], blocking FXIa generated by the TF-initiated 

thrombin feedback pathway shown in Fig.1C may be an important component of the 

antithrombotic effect of a FXIa inhibitor. In this case, there is likely to be an advantage to 

therapeutic targeting of FXI over FXII as a FXIIa inhibitor would only block one source of 

FXI activation.

The most attractive feature of strategies directed at FXII is safety. A specific FXIIa inhibitor 

should not increase bleeding risk, nor aggravate trauma-induced bleeding. A possible 

downside, as suggested by epidemiologic data, could be poor efficacy for prevention of 

common disorders such as VTE, stroke or MI. Even if this is the case, FXII appears to be a 

major driver of thrombosis when blood is exposed to artificial surfaces that promote contact 

activation. Pre-clinical and in vitro data indicate that FXII/XIIa inhibitors will effectively 

limit thrombus formation triggered by such devices. Another potential advantage of a factor 

XIIa inhibitor over a FXIa inhibitor in this setting is that the former would limit 

prekallikrein activation, reducing bradykinin formation and the associated inflammatory 

response.

Kallikrein inhibitors are being developed for treatment or prevention of angioedema. While 

designed to block kallikrein cleavage of HK, they could be used to interfere with FXII-PK 

reciprocal activation, reducing FXIIa generation. Pre-clinical and ex vivo data suggest that 

kallikrein inhibitors alone would have a relatively weak antithrombotic effect compared to a 

FXIIa inhibitor. However, combining a FXIIa and a kallikrein inhibitor could produce a 

synergistic effect that may have a larger effect on FXII activation than targeting either FXIIa 

or kallikrein alone.

5.2. What Conditions are Most Suitable for Treatment with a Contact Factor Inhibitor?

In humans, plasma FXI levels are most closely linked with VTE risk, and it makes sense to 

test FXI/FXIa inhibitors for primary or secondary prophylaxis to prevent VTE. As 

demonstrated by ASO trials in humans and non-human primates, lowering plasma FXI 

levels to ~20% of normal has a potent antithrombotic effect with little compromise of 

hemostasis, even during orthopedic surgery. As primary prophylaxis, a drug targeting FXI 

could have a better safety profile than heparins or DOACs. This may allow prophylaxis to be 

used in more patients across a broader range of clinical situations, including patients with 

bleeding propensities. Exceptions would likely be those undergoing surgery on the 

nasopharynx, mouth or urinary tract.

FXI may be a particularly attractive target for secondary prevention of VTE. The usefulness 

of extended anticoagulation beyond the typical 3 to 6 months for unprovoked deep vein 

thrombosis or pulmonary embolus has been debated [186,187]. The advantage of preventing 

relatively rare deaths with extended prophylaxis may be offset partly by increased major 

bleeding. However, there is benefit to preventing more common complications such as post-

phlebitic syndrome and pulmonary hypertension. Low doses of FXa-targeting DOACs have 

shown efficacy and safety in this scenario [188]. FXIa inhibitors may be effective here as 

well, while potentially lowering the bleeding risk even further.
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Inhibitors of FXI or FXII may be useful in preventing stroke in patients with atrial 

fibrillation who do not receive treatment with warfarin or a DOAC because of a perceived 

high risk for bleeding. A retrospective study of more than 90,000 patients with acute 

ischemic stroke and prior atrial fibrillation determined that 30% were not on antithrombotic 

therapy, and ~40% received an anti-platelet agent only [189]. Two-thirds had no documented 

reason as to why anticoagulation was withheld, but for those with a documented reason, 

bleeding (16%) and falls (10%) were cited most often. Many of these untreated patients are 

at high risk of stroke [190], and could benefit from treatments that carry a lower risk of 

bleeding than warfarin or DOACs. Patients with atrial fibrillation and severe renal 

impairment may be excellent candidates for therapy targeting the contact system. The 

benefits of warfarin therapy may be offset by adverse side effects in this group, and DOACs 

have not been thoroughly evaluated. Patients with renal failure, regardless of whether or not 

they have atrial fibrillation, have high rates of cardiovascular events that account for about 

half of the group mortality [117,191]. This may be another setting where a FXI or FXII 

inhibit may have a superior risk-benefit ratio to current anticoagulants.

Perhaps the setting where justification for testing FXI or FXII inhibitors is clearest is in 

patients on extracorporeal circuits (cardiopulmonary bypass, ECMO) or with indwelling 

mechanical devices (heart valves, VADs, central venous catheters), where there is a high risk 

for thrombus-induced device failure and thromboembolism in the absence of 

anticoagulation. Many patients on extracorporeal circuits or with indwelling devices are at 

increased risk for bleeding, even as they require antithrombotic therapy. The situation with 

VADs illustrates the dilemma. VAD patients are typically treated with warfarin and an anti-

platelet agent to prevent thrombus formation within the device. At the same time, the 

turbulent flow created by the VAD leads to loss of large von Willebrand factor multimers, 

causing a defect in platelet function (acquired von Willebrand syndrome) that contributes to 

a bleeding rate of >10%. Therapy directed at FXI or FXII may reduce thrombin generation 

on the device surface, while causing less impairment of hemostasis than warfarin, lowering 

the impact of the acquired von Willebrand syndrome

At this point, it is difficult to draw firm conclusions regarding the intensities of the 

anticoagulant effects produced by FXI or FXII inhibitors relative to those produced by 

warfarin or DOACs. Given this, it is difficult to speculate on whether targeting a contact 

factor will be useful for treatment of acute thrombosis. Until we better understand the 

manner in which FXI and FXII contribute to thrombosis, it seems prudent to limit clinical 

trials to prophylactic situations.

5.3. Is a Reversal Agent Needed for FXI and FXIa Inhibitors?

FXI is required for hemostasis in some individuals [72], and some patients receiving FXI 

inhibitors may experience therapy-related bleeding during surgery on certain tissues (nose, 

oropharynx, urinary tract) or after trauma. While most hemorrhage in FXI-deficient patients 

involves injury to vulnerable tissues, “spontaneous” bleeding in the form of menorrhagia can 

be a problem in FXI-deficient women [85]. Furthermore, a substantial number of patients 

who may receive therapy with a FXIa inhibitor will be elderly, with conditions that 

predispose to bleeding even when they are not anticoagulated. This raises the question of 
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whether or not reversal agents are necessary to deal with bleeding in patients on FXIa 

inhibitors.

For FXI ASO-based therapy, factor replacement with plasma or FXI concentrate will rapidly 

(although temporarily) reverse the effect of the ASO. Such an approach may also work with 

anti-FXI IgGs, which could be saturated with exogenous FXI. Some FXI-deficient patients 

develop alloantibody inhibitors to FXI after replacement therapy [192]. Antifibrinolytic 

therapy or recombinant factor VIIa (NovoSeven, Novo Nordisk Inc.) have been used 

successfully to treat bleeding episodes or prevent bleeding with invasive procedures in such 

patients [193–195]. These strategies could be used to treat bleeding in patients receiving 

anti-FXIa antibodies or small molecule FXIa inhibitors, or to prepare patients on such agents 

for invasive procedures. However, they may not be deemed suitable for certain patients, such 

as those at high risk for thromboembolism. A reversal agent that does not directly impact 

other parts of the coagulation mechanism (e.g. anti-idiotype IgG for anti-FXIa antibodies, or 

a decoy such as FXIaiPD [section 4.3.2]) is desirable. However, it is important to recognize 

that many patients who will be receiving FXIa inhibitors may be predisposed to bleeding 

independently of the medication. Given this, while reversal agents may be developed that 

negate the effects of FXI/XIa inhibitors on the aPTT, it may be difficult to demonstrate their 

efficacy in terms of changes in bleeding.

5.4. Monitoring Strategies.

An advantage of DOACs targeting thrombin and factor Xa is that fixed doses are used for 

most patients, and testing to establish that a patient is in a therapeutic range is not usually 

necessary. However, it is now clear that it is useful to have the ability to measure drug 

concentration in some situations (acute changes in kidney or liver function, extreme body 

weight, unexpected bleeding, thrombosis in the face of apparently adequate therapy) [196]. 

Complete FXII deficiency is not associated with an obvious abnormal phenotype. Unlike the 

current DOACs, a therapy targeting this protein could be designed to block all or almost all 

activity. In essence, there would be no therapeutic range for a FXII/FXIIa inhibitor, and the 

goal would be to make sure enough compound was on board to produce a desired clinical 

effect. Drugs targeting FXI or FXIa present a different challenge, as they may contribute to 

bleeding. Pre-clinical and clinical studies suggest that reducing plasma FXI concentration to 

20% of normal with ASOs may achieve a maximum anti-thrombotic effect. Given the 

clinical impression that patients with severe FXI deficiency (<20% of normal) may bleed 

more than those with mild deficiency, there may be advantages to adjusting therapy based on 

a therapeutic range.

Drugs targeting FXI, FXII or their active forms prolong the aPTT and, hypothetically, this 

assay could be used for monitoring in a manner similar to heparin. Such an approach would 

likely be most accurate for ASO-based treatments or antibodies that bind the zymogen of a 

target because they cause either true deficiency (ASOs) or the equivalent of a deficiency 

state (antibodies to zymogens). Indeed, specific measurements of FXI activity based on the 

aPTT could be used in ASO-treated individuals. However, most small molecule inhibitors 

and some antibodies will be inhibitors of FXIa and FXIIa. Their effects on the aPTT are 

likely to vary based on the version of the assay used, and drug features such affinity for the 
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target and on and off rates. Case in point, rivaroxaban has a greater effect on most 

prothrombin time assays than apixaban, even though both target factor Xa and have 

comparable therapeutic effects. Specific chromogenic assays based on the ability of drug in 

patient plasma to inhibit a known amount of added FXIa or FXIIa could be used to 

determine drug concentration, similar to factor Xa-based assays for measuring heparins and 

DOACs. However, such assays have not been developed, and would probably not be widely 

available. From a practical standpoint, if monitoring is deemed necessary for FXIa or FXIIa 

inhibitors, it will probably initially be done with the aPTT or a modification of it.

5.5. Multi-drug Therapy with FXI or FXII Inhibitors.

Several studies using combination drug therapy have demonstrated improved antithrombotic 

efficacy at the cost of significantly increased bleeding. Adding the DOAC rivaroxaban to 

standard antiplatelet therapy in the ATLAS ACS-TIMI 46 trial reduced death from 

cardiovascular disease, MI, and stroke compared with standard therapy, but significantly 

increased major bleeding [197]. Superimposing the PAR-1 inhibitor vorapaxar onto standard 

antiplatelet therapy (aspirin and a P2Y12 inhibitor) in patients with acute coronary 

syndromes in the Thrombin Receptor Antagonist for Clinical Event Reduction in Acute 

Coronary Syndrome (TRACER) trial, was associated with increased intracranial bleeding in 

patients with a prior history of stroke [198]. Because of their limited contributions to 

hemostasis, addition of a drug targeting FXI(a), FXII(a) or PK/kallikrein to pre-existing 

anticoagulation or antiplatelet therapy may avoid the pitfall of increased bleeding. Indeed, 

even if FXI and FXII inhibitors do not provide the same level of antithrombotic activity as 

inhibitors of thrombin or factor Xa, they may produce a synergistic or additive 

antithrombotic effect when superimposed on current agents without further compromise of 

hemostasis.

6. SUMMARY

The demonstration that FXI reduction can protect patients undergoing knee replacement 

surgery from venous thromboembolism provides proof of concept for the notion that a useful 

antithrombotic effect can be produced in humans by targeting a contact factor. Future efforts 

will be directed at establishing the spectrum of clinical scenarios in which FXI and contact 

activation contribute to thrombosis, and determining which components of the contact 

system are the best targets for each clinical situation. If drugs targeting contact proteases 

prove to be effective antithrombotics in humans, their safety profiles could increase the 

number of patients with indications for anticoagulation who actually receive therapy, and 

widen the spectrum of clinical conditions in which antithrombotic therapy can be safely 

administered.
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7.

RESEARCH AGENDA

• Identify the plasma contact factor that is the most appropriate target for 

specific situations.

• Establish whether or not a reversal strategy is required for drugs targeting 

factor XI.

• Establish if monitoring will be necessary for drugs targeting contact factors 

and, if so, determine what the best monitoring assay would be.

• Study the therapeutic effects of drugs targeting contact factors when 

superimposed on current drug therapy.
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Figure 1. Contact Activation and Thrombin Generation.
(A) Contact Activation. Proteolytic reactions involved in contact activation are shown on a 

hypothetical surface represented in gray. Factor (F) XII binding to the surface facilitates 

autocatalytic conversion of FXII to FXIIa. FXIIa converts prekallikrein (PK) to α-kallikrein, 

which activates additional FXII and cleaves high-molecular-weight kininogen (HK, yellow 

arrows), liberating bradykinin (BK). HK also serves as a cofactor in this process by 

facilitation PK binding to the surface. FXIIa also activates FXI to the protease FXIa. (B) The 
Classical Coagulation Cascade. FXIa generated in the process described in Panel A triggers 

plasma coagulation by converting FIX to FIXa. FIXa in turn activates FX to FXa, which 

then converts prothrombin (F11) to thrombin (F11a). (C) A Current Model of Thrombin 
Generation Showing Its Relationship to Contact Activation. Reactions within the pink box 

are the major proteolytic steps involved in thrombin generation at a site of injury. The FVIIa/

tissue factor (TF) complex initiates thrombin generation by activating FX and FIX. FXa 

converts prothrombin (F11) to thrombin (F11a) in the presence of the cofactor FVa, while 

FIXa sustains FX activation in a FVIIa-dependent manner. In this model, FXI can be 

activated by thrombin (blue arrow) to FXIa, which sustains coagulation by activating 

additional FIX. FXI can also be activated by FXIIa, serving as a bridge between contact 

activation and thrombin generation. There is some evidence that FXIa can also convert FXII 

to FXIIa (gray arrow). In panels B and C, cofactors are shown in blue ovals. Calcium (Ca2+) 
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and phospholipid (PL) dependent reactions are indicated. For all panels, red arrows indicate 

the reciprocal activation of FXII and PK, and green arrows the activation of FXI by FXIIa.
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Figure 2. Ferric chloride-induced carotid artery occlusion.
Carotid artery occlusion was induced in wild type C57Bl/6 mice (WT, white bars), and in 

mice lacking factor IX (FIX−/−, black), factor XI (FXI−/−, green), factor XII (XII−/−, blue), 

prekallikrein (PK−/−, yellow), or high molecular weight kininogen (HK−/−, red) by exposing 

the vessel to varying concentrations of FeCl3 (as indicated at the bottom of the graph) for 

three minutes. The percent of animals with patent arteries 30 minutes after FeCl3 exposure 

is shown (n = 10 for each bar).
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Table 1.

Strategies for Therapeutic Inhibition of Contact Factors

Compound Mechanism of Action Onset of Action Duration of Action Possible Reversal Strategies

Antisense oligonucleotide Reduces Protein Synthesis Slow (2-3 weeks)
Effect may last for 

weeks to months after 
last dose

FXI replacement (plasma, FXI 
concentrate)

Antibody to precursor Binds Zymogen and creates 
a deficiency state Rapid Days to Weeks

FXI replacement may saturate the 
antibody. Hypothetically a 
recombinant XI lacking the 

binding site for the IgG inhibitor

Antibody to protease form Binds protease active site, 
does not bind to zymogen Rapid Days to Weeks Anti-idiotype antibody for 

neutralization of IgG Inhibitor

Small molecule inhibitor Binds protease active site Rapid Typically minutes to 
hours Recombinant VIIa.

Blood Rev. Author manuscript; available in PMC 2019 November 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Tillman et al. Page 35

Table 2.

Compounds Targeting Factor XI and Factor XIa

Inhibitor Type Compound Mechanism of Action In Vivo Analyses Reference

Antisense Oligonucletoide FXI ASO (mouse) Reduces hepatic 
synthesis of FXI.

Inhibits arterial 
and venous 
thrombosis.

Zhang et al. Blood 2010;116:4684-4692

FXI ASO (rabbit) Reduces hepatic 
synthesis of FXI.

Reduces catheter-
induced venous 
thrombosis.

Yau et al. Blood 2014;123:2102-2107

FXI ASO (cynomolgus monkeys) Reduces hepatic 
synthesis of FXI.

No change in 
bleeding time 
following partial 
tail amputation or 
gum or skin 
laceration.

Younis et al. Blood 2012;119:2401-2408

FXI ASO (baboon) Reduces hepatic 
synthesis of FXI.

Inhibits thrombus 
formation in 
vascular graft

Crosby et al. ATVB 2013; 33:1670

FXI ASO (human), formerly ISIS-FXI Rx, now 
IONIS FXI Rx, and BAY 2306001

Reduces hepatic 
synthesis of FXI.

Phase I and II 
trials in humans. 
Superior to 
enoxaparin as 
prophylaxis for 
VTE in knee 
replacement 
surgery. Phase I 
trials in ESRD.

Liu et al. Blood 2011; 118: Abs 209 Büller et 
al. N Engl J Med 2015; 372:232-40 Bethune C. 
et al. Blood 2017;130:1116.

 

Monoclonal Antibody O1A6 (aXIMab) Binds to FXI/XIa Apple 
3 domain. Inhibits FXI 
activation and FXIa 
activation of factor IX.

Inhibits thrombus 
formation in 
baboon AV shunt 
model.

Tucker et al. Blood 2009;113:936–944. Zhu et 
al. Blood 2015;126:1494-1592

14E11 (Xisomab, 3G3) Binds to FXI Apple 2 
domain. Inhibits FXI 
activation by FXIIa, but 
does not affect FXI 
activation by thrombin, 
or FXIa activation of 
factor IX.

Prevents arterial 
occlusion in 
mouse FeCl3 
model. Inhibits 
thrombus 
formation in 
baboon vascular 
graft model. 
Reduces 
consumptive 
coagulopathy in 
mouse peritonitis 
model.

Cheng et al. Blood 2010; 116:3981 Luo et al 
Infec. Immun. 2012; 80:91-99. Tucker et al. 
Blood 2012; 119:4762 Leung et al. Trans. 
Stroke Res. 2012; 381-9 Zhu et al. Blood 
2015;126:1494-1592

C24 and DEF Reversible FXIa 
inhibitor. Blocks FXIa 
active site but not 
zymogen. DEF has a 
reversal agent, FXIaiPD.

Inhibits clotting 
in human blood, 
prevents FeCl3-
induced carotid 
artery occlusion 
in mice 
reconstituted 
with human FXI 
and in rabbits.

David et al. Sci Trans Med. 2016;8:353ra112. 
Ely et al. Structure. 2018;26:1-12.

αFXI-175 & αFXI-203 FXI Apple domain 4 and 
domain 2 binding, 
respectively.

Inhibits FeCl3-
induced IVC 
thrombosis 
model in mice. 
alpha FXI-175 
inhibits thrombin 
generation with 
lower levels of 
tissue factor.

van Montfoort et al. JTH 2013; 110:1065-1073
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Inhibitor Type Compound Mechanism of Action In Vivo Analyses Reference

XI-5108 Binds FXIa light chain. 
Inhibits FXIa initiated 
activated FX and FXIa 
generation.

Reduces 
thrombin 
generation, 
platelet 
aggregation and 
fibrin formation 
in endothelial 
denuded rabbit 
jugular vein 
model.

Takahashi et al. Thromb Res 2010;125:464-470

BAY 1213790 FXIa human monoclonal 
IgG1 binds the FXIa 
catalytic domain.

Prolongs a PTT 
in human plasma. 
Reduces 
thrombus weight 
in rabbit FeCl3 

arterial 
thrombosis 
model. No effect 
on bleeding 
times. Phase 1 
studies in healthy 
adult males. 
Phase 2 trials 
ongoing in TKA.

Buchmueller et al. Res. Pract. Thromb. 
Haemost. 2017;1(Suppl. 1). Thomas et al. Res. 
Pract. Thromb. Haemost. 2017;1(Suppl. 1). 
NCT03276143 (FOXTROT)

MAA868 Anti-FXI IgG. Prolongs aPTT 
and lowers free 
FXI in primates 
for >30 days. 
Phase 2 studies 
announced in 
atrial fibrillation 
and TKA.

NOVARTIS.com NCT03393434 NCT03393481

 

Small Molecule Active 
site inhibitors

BMS-262084; 4-carboxy-2-azetidinone compound, Irreversible inhibitor of 
FXIa active site. Beta 
lactam arginine.

Inhibits thrombus 
formation in 
rabbit AV shunt 
model.

Wong et al. J Thromb Hameost 
2011;32:129-137.

BMS-654457. FXIa active site inhibitor, 
reversible.

Inhibits ECAT 
model in rabbits.

Wong et al. J Thromb Thrombolysis. 
2015;40:416-423.

BMX-962212. FXIa parenteral agent, 
selective, short half-life.

Efficacious in 
Rabbit AV-shunt 
thrombosis 
model. Phase I 
trial in humans.

Pinto et al. J Med Chem 2017;60(23):
9703-9723. Luettgen et al. Stroke. 
2017;48:ATMP117. Perera et al. Clin Pharm 
Ther. 2017; PI-086

BMS-986177 Orally bioavailable FXIa 
inhibitor.

Several phase 1 
studies 
completed with 
more ongoing No 
results available.

NCT02608970, NCT02959060, NCT02807909 
NCT03341390, NCT02902679, NCT02982707 
NCT03362437, NCT03224260, NCT03000673 
NCT03196206

ONO-7750512 Orally bioavailable FXIa 
inhibitor.

IC50 of 3.8 nM. 
Prolongs aPTT 
but not PT. 
Inhibits FeCl3 

venous 
thrombosis and 
mokey AV shunt 
thrombosis. No 
change in rabbit 
model of ear 
bleeding.

Koyama et al. ISTH. 2015;13(Suppl. 2):389.

ONO-5450598 Orally available FXIa 
inhibitor. Greater 
bioavailability than 
ONO-7750512.

Inhibits rabbit 
FeCl3 arterial 
thrombosis in 
rabbits. No 
increase in 

Ono et al. ISTH 2017. Kouyama et al. ISTH 
2017.
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Inhibitor Type Compound Mechanism of Action In Vivo Analyses Reference

bleeding 
combined with 
clopidogrel. 
Preclinical 
models planned.

ONO-8610539 (ONO-IG-012) Parenteral FXIa inhibitor. Inhibits venous 
FeCl3 thrombosis 
in rabbits without 
increasing 
bleeding. 
Prevents AV 
thrombosis in 
monkeys. 
Improves 
cerebral 
ischemia-
perfusion injury 
in rabbit MCA.

Gohda et al. Blood. 2014; 124:1542. Sakai et al. 
ISTH. 2015;13(Suppl. 2):OR352. Sakimoto et 
al. Stroke. 2017;48:AWP286.

Aryl boronic acid derivative Irreversible inhibitor of 
FXIa active site.

Not tested in 
animals.

Lazarova et al. Bioorgan Med Chem Lett 2006; 
16:5022–5027.

Chloro- and amino-quinalone derivatives 
Compound 13

Inhibitor of FXIa active 
site. FXIa IC50 of 1.0nM.

Not tested in 
animals.

Fjellstroöm et al. PLoS One 2015;10:e0113705

Compound 1 Small molecule inhibitor 
of FXIa.

Inhibits rabbit 
arterial 
thrombosis 
model and 
cerebral 
microembolic 
signals.

Wang et al. J Pharm Exp Ther 2017; 
360:476-483.

Phenylimidazole. Compound 13. FXIa active site inhibitor. Inhibits carotid 
artery thrombosis 
model in rabbits 
without 
prolonging 
bleeding time.

Hu et al. ACS Med. Chem Lett. 2015; 
6:590-595.

Macrocyclic Compound 16 Active site inhibition. 
Potent anticoagulant 
activity in vitro clotting 
assay.

No in vivo data. Corte et al. J Med Chem 2017;60:1060-1075.

Phenylalanine derived diamides. Compound 21. Irreversible FXIa active 
site inhibitor.

Dose-dependent 
reduction in 
thrombosis in 
rabbit carotid 
arterial 
thrombosis 
model.

Smith II et al. Bioorganic and Medicinal 
Chemistry Letters. 2016; 26:472-478

Peptidomimetic: Compound 36, 32 Selective FXIa inhibitor Prevents rat 
model of venous 
thrombosis

Lin et al. J of Med Chem 2006; 49:7781-7791

Ketoarginine Peptidomimetic Irreversible inhibitor of 
FXIa active site.

Inhibits thrombus 
formation in a rat 
venous 
thrombosis 
model.

Deng et al. Bioorgan Med Chem Lett 2006; 
16:3049

Phenylimidazoles Reversible inhibitor of 
FXIa active site.

Inhibits thrombus 
formation in 
rabbit AV shunt 
model

Hangeland et al. J Med Chem 2014; 57:9915

Pyridine, Pyridinone FXIa active site 
inhibitors. In vitro 
anticoagulant activity. 
Excellent selectivity 
(except PK and trypsin)

Not tested in 
animals

Corte et al. Bioorg. Med. Chem. Lett. 25 
(2015): 925-930
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Inhibitor Type Compound Mechanism of Action In Vivo Analyses Reference

Tetrahydroquinalone derivative Reversible inhibitor of 
FXIa active site.

Inhibits thrombus 
formation in 
rabbit AV shunt 
model.

Quan et al. J Med Chem 2014;57;955

 

Allosteric inhibitors Sulfated Pentagalloylglucoside (SPGG) Non-competitive 
inhibitor of FXIa. Binds 
to charged residues on 
the FXI/XIa catalytic 
domain producing 
allosteric effect on 
activity.

Testing underway 
in rodents

Al-Horani et al. J Med Chem 2013;56:867-878. 
Al-Horani and Desai. J Med Chem 
2014;57:4805-4818. Al-Horani et al. Throm 
Res 2015;136:379-387

Monosulfated benzofurans May bind to the FXIa A3 
domain, producing an 
allosteric effect on 
activity.

Not tested in 
animals.

Argade et al. J Med Chem 2014;57:3559

 

Natural Inhibitors AcaNAP 10 -nematode anticoagulant peptide 10 Inhibitor of FXIa and 
FVIIa/TF from dog 
hookworm Ancylostoma 
caninum.

No in vivo 
studies. Prolongs 
PT/aPTT

Deng et al. Biochem & Biophys Res Comm. 
2010;392:155-159. Gan et al. FEBS Letters. 
2009;583:1976-1980.

Clavatadine A Bromine containing 
compound from marine 
sponge S. clavata. FXIa 
active site inhibitor.

Not tested in 
animals.

Buchanan et al. J Med Chem 
2008;51:3583-3587. Conn et al. J Nat Prod 
2015;78:120-124.

Ir-CPI Serine protease from tick 
Ixodes ricinus. Inhibits 
FXI, FXII & PK.

Inhibits murine 
venous 
thrombosis 
model, interferes 
with arterial 
thrombosis in 
mice.

Decrem. J Exp Med. 2009; 23 81-2395

Boophilin Kunitz-type FXI and 
kallikrein inhibitor from 
midgut of tick, 
Rhipicephalus microplus

Inhibits FeCl3 
carotid artery 
occlusion; 
increases 
bleeding by tail 
transection

Assumpcao et al. PLoS Neg Trop Dis 2016; 
10(1)

Protease nexin-2 Kunitz-domain Inhibits FXIa active site Inhibits FeCl3 
carotid artery 
thrombosis in 
mice and 
decreases 
ischemic tissue in 
middle cerebral 
artery occlusion 
model.

Wu et al. Blood 2012; 120:671-677.

rFasxiator Kunitz-type FXIa 
inhibitor, from venom of 
Bungarus fasciatus, the 
banded krait snake. 
Recombinant mutant 
selected.

Inhibits FeCl3 
induced murine 
carotid artery 
thrombosis

Chen et al. JTH 2015;13:248-261

Desmolaris Kunitz-type FXIa active 
site inhibitor from the 
salivary gland of the 
vampire bat Desmodus 
rotundus.

Inhibits arterial 
thrombosis in 
mice.

Ma et al. Blood 2013; 122:4094-4106.

Bikunin / Urinary trypsin inhibitor; MR1007 Fusion protein with anti-
CD14 antibody and 
bikunin. Inhibits LPS-
induced cytokine 

Improved 
survival in rabbit 
endotoxemia and 
sepsis models.

Nakamura et al. Eur. J. Pharm. 2017;802:60-68. 
Nakamura et al. J Biophys Chem. 
2012;3:132-141.
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Inhibitor Type Compound Mechanism of Action In Vivo Analyses Reference

production and factor 
XIa.

 

Aptamers FELIAP – Factor ELeven Inhibitory APtamer Inhibits FXIa S2366 
cleavage, FIX activation 
and complex formation 
with antithrombin

No animal model Donkor et al. Sci Rep. 2017; 18;7(1):2102.
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Table 3.

Compounds Targeting Factor XII and Factor XIIa.

Inhibitor Type Compound Mechanism of action In vivo Analysis Reference

Antisense Oligonucleotides FXII ASO (mouse) Reduces hepatic 
synthesis of FXII.

Inhibits arterial 
and venous 
thrombosis.

Revenko et al. Blood 2011; 
118:5302

FXII ASO (rabbit) Reduces hepatic 
synthesis of FXII.

Reduces 
catheter-induced 
venous 
thrombosis.

Yau et al. Blood 2014; 123:2102

 

Monoclonal Antibodies 15H8 Binds to the FXII heavy 
chain and inhibits FXII 
conversion to FXIIa

Inhibits 
thrombus 
formation in 
baboon AV 
shunt model. 
Inhibits arterial 
thrombosis in 
mice.

Matafonov et al. Blood 
2014;123:1739

CSL 3F7 Binds to the active site of 
FXIIa.

Inhibit thrombus 
formation in 
rabbit ECMO 
model.

Larsson et al. Sci Transl Med 
2014;6:222ra17 Worm Ann 
Transl Med 2015;3:247

DO6 (599C-X181-DO6) FXIIa IgG from human 
antibody phage display 
library binds active site. 
Reduces reciprocal FXII 
activation by PK.

Reduces fibrin 
formatin in 
human blood 
flowing through 
collagen coated 
tubes.

Kokoye et al. Thromb Res. 2016; 
140:118-24.

 

Small Molecule Inhibitors FXII304 Inhibitor of FXIIa 
cleavage of a 
chromogenic substrate-
mechanisms not certain.

Not tested in 
animals.

Baeriswyl et al. J Med Chem 
2013; 56:3742-3746

FXII618 Inhibitor of FXIIa. Not tested in 
vivo.

Midden dorp et al. J Med Chem. 
2017.

FXII516 FXIIa active site 
inhibitor.

Not tested in 
vivo.

Baeriswyl ACS Chem Bio 
2015;10:1861-70

3-carboxymide coumarins, COU254 Selective FXIIa inhibitor. No change in 
acute stroke in 
mice with 
intraluminal 
filament method.

Bouckaert et al. Eu J Med Chem 
2016; 110:181-194 Kraft Exp 
Transl Stroke Med 2010;5

H-D-Pro-Phe-Arg-chloromethylketone (PCK) Irreversible inhibitor of 
activated FXIIa and PK 
mediated FXII 
activation.

Protects against 
ischemic 
damage in 
transient MCA 
occlusion in WT 
mice (similar to 
FXII −/− mice)

Kleinschnitz et al J Exp Med 
2006; 203: 513-518

 

Natural inhibitors Ayadualin Lutzomyia ayacuchensis 
(sand fly) salivary gland 
cDNA. Inhibits FXII 
activation to FXIIa.

None Kato. Biochimie. 2015;112:49-56

Dimiconin Triatoma dimidiate 
(kissing bug). Inhibits 
FXII activation to FXIIa.

None Ishimaru J Exp Bio 
2012;3597-3602

Blood Rev. Author manuscript; available in PMC 2019 November 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Tillman et al. Page 41

Inhibitor Type Compound Mechanism of action In vivo Analysis Reference

Ir-CPI Serine protease from tick 
Ixodes ricinus. Inhibits 
FXI, FXII & PK.

Inhibits murine 
venous 
thrombosis 
model, interferes 
with arterial 
thrombosis in 
mice.

Decrem. J Exp Med. 2009; 
2381-2395

Infestin-4, rHA-Infestin-4, rHA-Infestin-4 
(mutant)

Inhibitor of FXIIa from 
the hematophagus insect 
Triatoma infestan. 
Recombinant protein 
fused to albumin.

Inhibits arterial 
thrombosis in 
mice. Inhibits 
AV shunt 
thrombosis in 
rats and rabbits. 
Decreased 
occlusion rates 
in mechanically-
induced arterial 
and FeCl3-
induced venous 
thrombosis 
model in mice. 
Protects rabbits 
from FeCl3-
induced arterial 
thrombosis and 
stasis-prompted 
venous 
thrombosis.

Hagedorn et al. Circulation 2010; 
121:1510 Xu et al. Thromb 
Haemost 2014; 111:694 Krupka 
PLoS One 2016; 27:11 Barbieri 
et al. J Pharm Exp Ther. 2017; 
360:466-475. May et al. BJH. 
2016; 173:769-778 Campos et al. 
Acta Cryst. 2012; 68:695-702

 

Aptamers R4cXII-1 Inhibits FXII 
autoactivation and FXIIa 
activation of FXI.

Not tested in 
animals.

Woodruff et al. J Thromb 
Haemost 2013;11:1362
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