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REVIEW

Drugs in phase I and II clinical development for the prevention of stroke in patients 
with atrial fibrillation
Robert Bentleya,b, Lewis J. Hardyc, Laura J Scottb, Parveen Sharmaa,b, Helen Philippouc and Gregory Y. H. Lipa,d

aLiverpool Centre for Cardiovascular Sciences, University of Liverpool and Liverpool Heart & Chest Hospital, Liverpool, UK; bDepartment of 
Cardiovascular & Metabolic Medicine, Institute of Life Course and Medical Sciences, University of Liverpool, Liverpool, UK; cDiscovery and 
Translational Science Department, Faculty of Medicine and Health, Leeds Institute of Cardiovascular and Metabolic Medicine, University of Leeds, 
Leeds, UK; dAalborg Thrombosis Research Unit, Department of Clinical Medicine, Aalborg University, Aalborg, Denmark

ABSTRACT
Introduction: Atrial fibrillation is the most frequently diagnosed cardiac arrhythmia globally and is 
associated with ischemic stroke and heart failure. Patients with atrial fibrillation are typically prescribed 
long-term anticoagulants in the form of either vitamin K antagonists or non-vitamin K antagonist oral 
anticoagulants; however, both carry a potential risk of adverse bleeding.
Areas Covered: This paper sheds light on emerging anticoagulant agents which target clotting factors 
XI and XII, or their activated forms – XIa and XIIa, respectively, within the intrinsic coagulation pathway. 
The authors examined data available on PubMed, Scopus, and the clinical trials registry of the United 
States National Library of Medicine (www.clinicaltrials.gov).
Expert Opinion: Therapies targeting factors XI or XII can yield anticoagulant efficacy with the potential 
to reduce adverse bleeding. Advantages for targeting factor XI or XII include a wider therapeutic 
window and reduced bleeding. Long-term follow-up studies and a greater understanding of the safety 
and efficacy are required. Atrial fibrillation is a chronic disease and therefore the development of oral 
formulations is key.
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1. Introduction

Atrial fibrillation (AF) without significant valve disease (com
monly referred to as non-valvular AF) is the most common 
cardiac arrhythmia worldwide and is a major burden to health
care services [1,2]. Advancing age is a direct risk factor for AF, 
and with global population aging increasing at an accelerated 
rate, the prevalence of AF is also expected to rise as a result 
[3]. Current estimates indicate that the prevalence of AF in 
people over 40 years of age is 2.3%, rising to 5.9% in those 
over 65 years old [4]. Further concerns arise when we also 
consider that the incidence of ischemic stroke in patients with 
AF increases nearly five-fold compared to those patients with
out AF [5]. The most important contributory mechanism to 
this is thought to be thromboembolism.

Originally proposed in the nineteenth century by Rudolph 
Virchow, it is now widely accepted that 3 factors contribute 
toward thrombosis. These 3 factors, known as the Virchow 
triad, are: (1) abnormal blood flow and stasis, (2) vessel wall 
abnormalities (e.g. structural heart disease and endothelial 
damage/dysfunction), and (3) abnormal blood constituents 
(e.g. clotting factors and platelet abnormalities) [6–8]. There 
is extensive evidence that these abnormal changes are also 
evident in AF, suggesting that AF confers a prothrombotic 
state, thus promoting thrombosis [9–11].

Anticoagulant drugs such as heparin, low-molecular- 
weight heparins, and vitamin K antagonists (VKAs) have 

been used for decades by clinicians to treat or prevent 
thromboembolic disorders [2,12]. VKAs (e.g. warfarin) have 
also been the standard therapy for AF patients at high-risk 
of stroke and thromboembolism [13]; however, in routine 
clinical settings, VKAs are prescribed with caution and may 
potentially be inappropriate in some patients due to slow 
onset and offset of action, food and drug contraindications, 
an increased risk of bleeding, and the need for regular 
monitoring and maintenance for anticoagulation optimiza
tion [14,15]. Given the various limitations of VKAs, clinical 
development has identified new classes of anticoagulant 
therapies such as non-vitamin K antagonist oral anticoagu
lants (NOACs). Examples of NOACs include dabigatran, rivar
oxaban, apixaban, edoxaban, and betrixaban. NOACs work 
to directly inhibit a single clotting enzyme; dabigatran inhi
bits thrombin, whereas rivaroxaban, apixaban, edoxaban, 
and betrixaban inhibit activated clotting factor X (FXa) 
[16]. A key advantage of NOACs compared to VKAs is that 
NOACs have a rapid onset of action and peak plasma levels 
are achieved between 1 and 4 hours after oral administra
tion, whereas VKAs have an extended half-life of 
60–72 hours and can take approximately 6 days to exert 
their full efficacy [16,17]. NOACs are believed to overcome 
the limitations of VKAs and this therefore makes them more 
manageable and safer for patient use [18]; however, 
patients prescribed NOACs still experience bleeding events 
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and therefore the risk has not been completely removed by 
their introduction [19].

The intrinsic pathway of coagulation has recently gained 
interest as a target candidate for potential therapeutics with 
comparably less risk of bleeding than agents currently on the 
market [20]. Research using FXII-deficient mice demonstrated 
that FXII is essential for thrombus formation and identified FXII 
as a novel target for antithrombotic therapy [21].

Considering the above information, the objectives of this 
review are to:

a. Discuss the limitations of current anticoagulants and the 
unmet clinical need that drives the search for the ‘ideal’ 
anticoagulants.

b. Discuss targeting of the intrinsic pathway for 
anticoagulation.

c. Discuss novel anticoagulants targeting activated FXI(a) 
and activated FXII(a).

d. Summarize the limitations and developmental issues of 
novel anticoagulants.

2. Current treatments for thrombosis

Approved in 1954, warfarin has remained as one of the main 
therapies to treat or prevent thromboembolic disorders [22]. 

In AF, warfarin-therapy patients result in a 64% reduction in 
total stroke rate and a 22% reduction in mortality compared to 
placebo or control [23] and, due to its success, more than 
30 million prescriptions for warfarin are written in the United 
States alone per year [24].

Warfarin is a VKA and, as described in Figure 1, its mode of 
action is to interfere with the hepatic synthesis of the pro- 
coagulant vitamin K-dependant clotting factors II, VII, IX and X, 
as well as the synthesis of the anticoagulant proteins C, S and 
Z [14]. These clotting factors undergo gamma-carboxylation of 
glutamic acid residues at the NH2-terminal molecular region 
[25] which requires the presence of the reduced and active 
form of vitamin K, which makes these coagulation factors fully 
functional (enabling them to be active following proteolytic 
cleavage). Under normal conditions, vitamin K epoxide reduc
tase complex 1 (VKORC1) converts vitamin KO, the oxidized 
and inactive form of vitamin K, into the active vitamin KH2 
form [25,26]. This provides a continuous supply of vitamin KH2 
causing clotting factor synthesis. Warfarin specifically inhibits 
VKORC1 causing an accumulation of inactive vitamin KO, and 
effectively reduces the fully functional hepatic synthesis of 
vitamin K dependent clotting factors as well as proteins C, 
S and Z [25].

Warfarin is often associated, however, with serious adverse 
effects, including bleeding and significant hemorrhage, thus 
limiting its therapeutic use. Furthermore, warfarin treatment 
requires frequent blood tests and monitoring to ensure 
patients are kept within the therapeutic range [27]. Patients 
are also required to adhere to certain dietary restrictions [28]. 
Analysis has shown that the annual rate of major bleeding was 
1.3% in warfarin-treated patients, with a 0.3% risk of intracra
nial hemorrhage. Furthermore, the risk of death from a major 
bleed ranges from 13% to 33% [29]. Therefore, adherence and 
persistence with warfarin can be problematic, and cessation of 
therapy is associated with poor outcomes [30]. VKAs are chal
lenging to use in clinical practise for the following reasons as 
they have a narrow therapeutic window, exhibit considerable 
variability in dose response among patients due to genetic 
factors, are subject to interactions with drugs and diet, the 
laboratory control is difficult to standardize and the mainte
nance of a therapeutic level of anticoagulation requires 
a good understanding of the pharmacokinetics (PK) and phar
macodynamics (PD) of warfarin and good patient communica
tion [25].

Previous studies have highlighted the risk of hemorrhagic 
complications in patients taking warfarin anticoagulation ther
apy. One population-based cohort study reported a 3.8% 
major bleeding rate per person-year over a 5-year follow-up 
period [31].

An important consideration to take into account is the 
observation that many patients diagnosed with AF have at 
least one existing comorbidity [32]. One study showed that 
98% of 1297 participants, all of which were diagnosed with AF, 
had at least one additional condition [33]. A history of con
gestive heart failure, cerebrovascular disease, hepatic disease, 
renal disease, and diabetes mellitus are all comorbid medical 
conditions that have been associated with increased risks from 
bleeding on anticoagulant treatment [34]. Furthermore, at 
least 30 genes have been associated with warfarin metabolism 

Article highlights

• There is a significant increase in ischemic stroke risk in patients 
with atrial fibrillation.

• The vitamin K antagonist warfarin is a key antithrombotic agent 
which is prescribed to patients with atrial fibrillation to decrease 
the risk of stroke. Warfarin has a narrow therapeutic index and 
requires constant monitoring. The risk of bleeding is a common 
adverse effect, making warfarin a problematic therapy.

• Non-vitamin K antagonist oral anticoagulants have increased 
safety; however, bleeding is still an adverse effect.

• The inhibition of clotting factors XIa and XIIa of the intrinsic 
coagulation pathway is believed to be a safer alternative target 
to prevent thrombus formation. Such therapies are being investi
gated for safety and efficacy in phase I, and phase II clinical trials.

• Monoclonal antibodies (MAA868, osocimab, xisomab 3G3, gara
dicimab, and AB054) bind specifically to factor XI, XII, or the 
activated states (XIa and XIIa, respectively), preventing down
stream activation in the coagulation cascade.

• Antisense oligonucleotides (IONIS-FXIRx and IONIS-FXI-LRX) inhibit 
factor XI to decrease protein expression levels.

• Small molecule drugs (BMS-986,177, EP-7041, and LUNAC 
Therapeutics) are active-site inhibitors of factor XIa or XIIa.

• Novel precision oral anticoagulants (PROAC; VE-1902 and VE- 
2851) are selective and potent direct thrombin inhibitors.

• Many factor XIa and XIIa-inhibiting therapeutics are progressing 
through clinical trials and may become future options for patients 
with atrial fibrillation. It is possible that they will be included in 
treatment predictor scores for anticoagulation therapies.

This box summarizes key points contained in the article.
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and action. Polymorphisms in genes encoding VKORC1 and 
cytochrome p-450-2C9 enzyme (CYP2C9) are responsible for 
approximately 40% of inter-individual variations in warfarin 
dose requirements [35]. Genetic polymorphisms could further 
predispose patients to a higher risk of bleeding when pre
scribed warfarin.

Given the various limitations of VKAs, research has 
focused on identifying new classes of anticoagulant thera
pies that overcome these adverse reactions and provide safer 
alternatives for patients. This era of anticoagulant develop
ment initially resulted in the discovery of NOACs, targeting 
thrombin (dabigatran) or activated FX (FXa; rivaroxaban, 
apixaban, edoxaban and betrixaban). These developments 
are now well supported by large randomized trials and ‘real 
world’ observational data [18,36–39]; however, a study aimed 
to evaluate bleeding risks in clinical practice in patients with 
AF being prescribed dabigatran, rivaroxaban, or apixaban 
compared with warfarin showed that the risk of gastrointest
inal bleeding was higher with rivaroxaban and dabigatran 
compared with warfarin [40]. This data shows that bleeding 
events still occur in patients prescribed with NOACs [41]. The 
reason that bleeding is observed in current anticoagulant 
agents is that the targets for these agents are located in 
the common pathway of coagulation and are involved in 

both the formation of thrombosis and the stemming of 
bleeding. Therefore, a balancing act is required to achieve 
the optimal level of anticoagulation without a potential 
bleed. Considering the variability of the PK properties of 
these drugs between patients, achieving the single optimal 
dose for all patients remains a challenge. As a result, patients 
on NOACs still suffer thrombotic episodes (2.2–3.8%) and 
bleeding events (3.6–20.7%) with some resulting in death 
[42]. Many of the advantages and disadvantages of NOACs 
over VKAs are discussed in Table 1.

The mechanisms for bleeding events with NOACs have 
attracted much interest. For example, inhibition of FXa by 
rivaroxaban has anti-platelet effects through the inhibition of 
FXa-driven platelet activation via protease-activated receptor- 
1 (PAR-1), which reduces arterial thrombosis; conversely, this 
inhibition mechanism may also contribute to bleeding dia
thesis [51].

3. Stroke risk and thromboprophylaxis for patients 
with atrial fibrillation

There is a large degree of variability in stroke risk in patients 
with AF which is dependent on comorbidities and the use of 
antithrombotic therapies. Subpopulations of AF patients have 

Figure 1. The Mechanism of Action of Warfarin. During the vitamin K cycle, the reduced form of vitamin K (vitamin KH2) is oxidized to vitamin KO by the action of 
gamma-glutamyl carboxylase. Inactive coagulation factors, such as prothrombin, FVII, FIX, and FX, and the physiological anticoagulant proteins C and S, undergo 
post-translational carboxylation in the liver before secretion into the plasma. Vitamin KO is then reduced to vitamin KH2 by the action of vitamin K oxide reductase, 
whilst NADH gets converted into NAD. Warfarin – clinically available as an equal mixture of R and S enantiomers – inhibits vitamin K oxide reductase and therefore 
prevents vitamin KO reduction to vitamin KH2. S-warfarin is metabolized exclusively by CYP2C9 to 7-hydroxywarfarin, whereas CYP1A1, 1A2, and 3A4 are responsible 
for metabolizing R-warfarin to 6-hydroxywarfarin, 8-hydroxywarfarin and 10-hydroxywarfarin.
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annual stroke risk rates that range from less than 2% to more 
than 10% [52]. There are many stroke risk factors that have 
been proposed. The more common and validated ones have 
been used to formulate stroke risk scores, such as the CHA2 

DS2-VASc score [53–55], and take into consideration several 
parameters that contribute to the degree of disease severity 
and stroke risk (Table 2). The CHA2DS2-VASc score is used to 
determine the required course of either anticoagulation or 
antiplatelet therapy. Male patients with a CHA2DS2-VASc 
score of 0 and female patients with a CHA2DS2-VASc score of 
1 are considered to be at low risk of stroke and therefore do 
not require anticoagulation [53,55]. Given that the default 
treatment for AF patients is stroke prevention unless categor
ized as ‘low risk’, all other AF patients with one or more stroke 
risk factors should be considered for stroke prevention, with 
a preference toward using a NOAC over VKAs. Despite 
a reduction in stroke risk with current anticoagulants there 

remains a residual risk of cardiovascular and cerebrovascular 
events, even in anticoagulated patients, as well as a risk of 
serious bleeding. This necessitates the quest for new options 
in delivering thromboprophylaxis with new drugs that offer 
better efficacy and safety compared to current agents. Even 
with new anticoagulant drugs, the default would remain that 
stroke prevention is needed unless low risk.

4. Current research targets

The intrinsic pathway, extrinsic pathway, common pathway, 
and the plasma kallikrein-kinin (KKS) system are important in 
producing prothrombotic activity which is critical for coagula
tion, as described in Figure 2 [57].

FXI is a serine protease that belongs to the intrinsic path
way. The zymogen, or precursor, is cleaved by FXIIa to form 
activated FXIa. FXI is an important factor in the generation of 
thrombin; however, overproduction of FXIa can result in an 
overproduction of thrombin which results in clot formation 
and thrombosis. It is therefore believed that an inhibition of 
FXIa, or a reduction in the level of FXI, offers a potential novel 
anticoagulant therapeutic target by preventing the progres
sion of the intrinsic coagulation pathway without interfering 
with the extrinsic pathway. This would result in suppression of 
the propagation phase of fibrin formation via the intrinsic 
pathway to prevent thrombosis, whilst maintaining the hemo
static response [58].

An intact extrinsic pathway with deficiencies of FVIII or FIX 
results in a severe bleeding diathesis (hemophilia A for FVIII 
deficiency and hemophilia B for FIX deficiency) in a subset of 
patients. This renders FVIII or FIX as illogical drug targets but 
demonstrates the importance of the intrinsic pathway in coa
gulation. Deficiencies of FVIII, FIX, FXI and FXII cause 
a significant prolongation to a patient’s clotting time when 
activated via the intrinsic pathway (activated partial thrombo
plastin time; aPTT). However, individuals with FXII deficiency 
do not suffer any bleeding abnormalities [59]. This observation 
begs the question – is FXII relevant for physiological hemos
tasis? It has been found that FXII deficient mice were pro
tected from collagen and epinephrine-induced 
thromboembolism [21], suggesting that FXII is important for 
thrombus formation in-vivo, and this has made FXII stands out 
as a therapeutic target for thrombosis.

Figure 2 illustrates both the intrinsic and extrinsic path
ways, with the extrinsic pathway being the shorter mode of 
secondary hemostasis. The extrinsic pathway is activated by 
external trauma which causes damage to the blood vessels, 
whereas the intrinsic pathway is activated by trauma within 
the vascular system [60]. Following external trauma, endothe
lial cells release tissue factor (TF) which activates FVII into FVIIa 
[60]. FVIIa then activates FX into FXa, at the point where both 
the extrinsic and intrinsic pathways meet, resulting in activa
tion of the common pathway [60].

5. Phase I and Phase II clinical trials

There is much interest in the development of novel antic
oagulants targeting FXIa and FXIIa [61,62], with the aim of 
identifying novel therapeutics capable of preventing 

Table 1. Advantages and disadvantages of NOACs compared to VKAs. 
NOAC – Non-vitamin K antagonist oral anticoagulants, VKA – Vitamin 
K Antagonist, PK – Pharmacokinetics PD – Pharmacodynamics.

Advantages of NOACs over VKAs Disadvantages of NOACs over VKAs

Few drug-drug interactions between 
NOACs and other drugs enabling 
concurrent use of other drugs in 
patients who are being treated 
with NOACs [43].

Caution should be considered when 
prescribing NOACs in patients with 
chronic kidney disease [44]. For 
example, approximately 80% of 
dabigatran is eliminated through 
the kidneys as an active drug, 
therefore those with chronic 
kidney disease may experience 
a minimum of a twofold increase 
in plasma elimination half-life [45].

NOACs are not associated with food 
interactions, especially those that 
contain vitamin K [46].

Apixaban and rivaroxaban are 
contraindicated by hepatic disease 
[45].

NOACs are characterized by 
predictable PK and PD [47].

There is an absence of a specific test 
which would be required in certain 
situations – such as the need for 
urgent surgical intervention, 
intravenous thrombolysis in acute 
ischemic stroke patients, 
intracerebral bleeding, and 
overdose. Anticoagulation 
assessment is necessary [48].

NOACs have a rapid onset and offset 
of action [49].

Some patients cannot afford NOACs 
[43].

Routine laboratory monitoring is not 
required [49].

They have a short half-live – If 
a patient forgets to take the NOAC 
their could potentially put their life 
at risk [43].

They have a short half-life – NOACs 
are advantageous emergency 
surgery and in cases of bleeding 
due to accumulation of the drug in 
the blood [50].

The absence of an affordable antidote 
is a problem in the case of 
spontaneous bleeding from 
overdose or in the case of 
traumatic injury which requires 
urgent surgical intervention [50].

Table 2. The CHA2DS2-VASc score system [56].

Condition Point

C Congestive Heart Failure 1
H Hypertension – Blood pressure consistently above 140/90 mmHg 1
A2 Age 75 years and over 2
D Diabetes Mellitus 1
S2 Prior stroke 2
V Vascular disease 1
A Age between 65 and 75 years 1
Sc Sex category (female) 1
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thrombus formation with minimal increased risk of hemor
rhage. Pharmaceutical companies are now utilizing many dif
ferent innovations to produce safer and more effective 
anticoagulants. This is evident from the variety of products 
currently in the clinical trial pipeline as well as those which are 
currently in pre-clinical, phase I, and phase II clinical trials. 
These categories include monoclonal antibodies, antisense 
oligonucleotides (ASO), and small molecules.

A list of novel antibodies, ASOs, and small molecules tar
geting FXI and FXII – including the compound name, devel
oper, inhibitor class, target/action, stage of development, 
study identification, the number of patients in the study, and 
the study reference – is included in Table 3 and each will be 
discussed in turn below.

5.1. Novel antibody-based therapeutics preventing 
thrombosis

In 1975 Kohler and Milstein introduced the hybridoma techni
que which made it possible to obtain large amounts of pure 
monoclonal antibodies (mAbs) [63]. Due to their high specifi
city and affinity, there is widespread acceptance that huma
nized mAbs can be used as innovative therapeutic agents.

The use of mAbs as therapeutics requires the optimization 
of key attributes such as affinity, specificity, stability, solubility, 
and PK. To address these problems, the necessary safety mea
sures, drug design techniques, and in-vitro screening methods 
have taken place.

5.2. Novel antibody therapeutics targeting FXI

5.2.1. MAA868
MAA868 is an antibody which binds to both FXI and FXIa [64]. 
The first-in-human phase I clinical trial comprised a 28-day 
screening period, 3-day baseline period, 7-day inpatient obser
vation period, and an outpatient observation period of 
9–106 days. Subjects either received MAA868 or a placebo 
subcutaneously at an 8:2 ratio for each dose cohort. Patients 
in the MAA868 group were administered single ascending 
doses of MAA868 from 5 mg up to 240 mg subcutaneously 
to determine safety and tolerability, as well as the PK and PD 
parameters. Results showed that administrations of up to 
240 mg of MAA868 were safe and well-tolerated and resulted 
in sustained FXI inhibition for 4 weeks.

A phase II clinical trial (https://clinicaltrials.gov/ct2/show/ 
NCT04213807), commenced in 2020, aims to evaluate the 
safety, tolerability, PK effects, and PD effects of MAA868 in 

Figure 2. Schematic diagram of the human plasma kallikrein-kinin system, the intrinsic and extrinsic coagulation pathways, and the common pathway. 
Damage to endothelial cells, collagen, and vascular smooth muscle due to injury results in the production of the glycoprotein Von Willebrand Factor (VWF). Platelets 
bind to VWF via glycoprotein 1b (Gp1b), which causes them to secrete ADP and TXA2. This stimulates the platelets to translocate to the site of injury. Platelets 
therefore aggregate at the site of injury and are bound together by fibrinogen via GpIIa/IIIa, which forms a platelet plug. Phosphotidylserine (PS), a negatively 
charged aminophsospholipid, creates a negative charge on the membrane surface of activated platelets. During the intrinsic pathway, FXII interacts with these 
negative charges from the platelets and collagen and is activated to FXIIa. FXIIa then activates FXI to FXIa, which in turn activates FIX to FIXa. FVIII, along with PF3 
Ca2+, interacts with FIXa to form a complex and activate FX to FXa. Tissue factor (TF) is also released from injured endothelial cells and damaged tissue cells. TF 
activates the extrinsic pathway, supporting the conversion of FVII to FVIIa. TF-FVIIa activates FX to FXa. The intrinsic and extrinsic pathways meet at the common 
pathway when FX is activated to FXa. FXa, FV, PF3, and Ca2+ activate prothrombin activator (FII) into thrombin (FIIa). Thrombin converts the soluble plasma protein 
fibrinogen into fibrin which polymerizes into soluble fibrin. Furthermore, thrombin converts FXIII, in the presence of Ca2+ to its activated form, FXIIIa. FXIIIa crosslinks 
fibrin to form an insoluble fibrin mesh network and prevents the platelet plug from becoming dislodged.
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patients with AF flutter, who are at low risk of thromboem
bolic stroke, or peripheral embolism. The trial is to be split into 
4 cohorts of either a placebo, low dose MAA868, high dose 
MAA868, and a dose of MAA868 that was yet to be deter
mined at the time of publication. The concentrations of 
MAA868 in this study had not been disclosed prior to the 
submission of this review for publication.

5.2.2. Osocimab (aka BAY1213790) and BAY1831865
Osocimab is an antibody which entered phase I clinical trials 
[65,66] in 2020. During the trial, healthy male volunteers were 
administered 1 of 9 escalating doses of intravenous osocimab at 
0.015 mg/kg, 0.06 mg/kg, 0.15 mg/kg, 0.3 mg/kg, 0.6 mg/kg, 
1.25 mg/kg, 2.5 mg/kg, 5 mg/kg, or 10 mg/kg, or a placebo. 
Subjects were followed up on days 14, 21, 28, 56, 84, and 150 in 
which safety PK and PD were determined [66]. The results 
showed that all doses of osocimab had favorable safety profiles 
as there were no observed cases of bleeding. Furthermore, 
osocimab administration was associated with increased aPTT 
and thromboelastometry (previously rotational thromboelasto
metry; ROTEM), suggesting that clotting took longer to occur in 
test subjects versus those receiving the placebo.

The phase II clinical trial for osocimab, entitled FOXTROT, 
compared osocimab against enoxaparin and apixaban in 
patients at risk of postoperative venous thromboembolism 
(VTE) undergoing knee arthroplasty https://clinicaltrials.gov/ 
ct2/show/NCT03276143. Results showed that postoperative 
osocimab doses at 0.6 mg/kg, 1.2 mg/kg, and 1.8 mg/kg had 
lower efficacy than enoxaparin however, primary outcome of 
incidence of VTE at 10 to 13 days postoperatively showed that 
a preoperative dose at 1.8 mg/kg was superior to enoxaparin.

Importantly, the study showed that no clinically relevant 
bleeding events were observed at doses 0.6 mg/kg and 
1.2 mg/kg of osocimab; however, post-operative and pre- 
operative doses of osocimab at 0.3 mg/kg did not meet the 
pre-specified criteria for non-inferiority with risk differences of 
2.6% and −3.6%, respectively. Major or clinically relevant non- 
major bleeding was also observed in up to 4.7% of the 
patients receiving osocimab, 5.9% receiving enoxaparin, and 
2% receiving apixaban [62].

BAY1831865, like osocimab, is a FXIa/FXI inhibitor for use in 
the treatment of thrombosis [65]; however, it has not had 
clinical trial details endorsed.

5.2.3. Xisomab 3G3 (aka AB023)
During phase I clinical trials to test the safety and efficacy of 
xisomab [67], subjects received doses of the drug at either 
0.1 mg/kg, 0.5 mg/kg, 2 mg/kg, 5 mg/kg xisomab 3G3, or 
a placebo to analyze the PK effects, PD effects, and safety. 
Plasma xisomab 3G3 was detectable in all subjects 0.08 hours 
post infusion and remained detectable in the majority of 
subjects up to 120 hours after treatment. At the higher 
doses of 2 mg/kg and 5 mg/kg, xisomab 3G3 remained detect
able in all subjects throughout 672 hours of sampling. There 
were no major adverse events experienced by participants 
which suggests that xisomab 3G3 was safe and well tolerated. 
A prolonged aPTT in a dose-dependent manner was observed, 
but prothrombin time and bleeding times were not altered, 
suggesting no off-target effects on the extrinsic pathway [67].

Xisomab 3G3 completed phase II clinical trials in 2020, 
during which the safety and efficacy of the drug was evalu
ated in patients with end stage renal disease on chronic 
hemodialysis https://clinicaltrials.gov/ct2/show/NCT03612856. 
During the trial, patients were treated with xisomab 3G3 at 
0.25 mg/kg, 0.5 mg/kg, or a placebo. Results from this trial had 
not been released prior to the submission of this review for 
publication.

5.3. Novel antibody therapeutics targeting FXII

5.3.1. Garadacimab (aka CSL312)
The antibody inhibitor garadacimab entered phase II clinical 
trials in October 2018 as a preventative treatment in heredi
tary angioedema (HAE) https://www.clinicaltrials.gov/ct2/ 
show/NCT03712228 [68]. In this study, subjects were treated 
with either garadacimab at 75 mg, 200 mg, 600 mg, or 
a placebo to determine the efficacy, PK effects, and safety. 
Results from the study showed that garadicimab was well 
tolerated in patients and also showed significant mean per
centage reductions in HAE attacks compared to the pla
cebo [69].

5.3.2. AB054
AB054 is a FXII antibody inhibitor [70] which, as of 2020, is 
being analyzed in preclinical studies. Details about its struc
ture and how it inhibits FXII had not been released prior to the 
submission of this review for publication.

5.4. Novel Antisense Oligonucleotides (ASOs) 
therapeutics preventing thrombosis

ASOs are stretches of RNA complementary to the gene of 
interest. The ASO binds to cellular mRNA and prevents the 
translation of the gene of interest, inhibiting its expression 
and thereby reducing the level of protein expressed [71]. ASOs 
therefore, by definition, are designed to decrease the expres
sion of the clotting protein of interest. There have been suc
cessful studies in animal models which show the presence of 
anticoagulation and a decreased bleeding risk compared to 
warfarin [72]. As a result, there is much interest in investigat
ing the effects of ASOs in a clinical environment. The following 
ASOs detailed below have been entered into clinical trials, 
although the full details of the outcome had not been made 
available prior to the submission of this review for publication.

5.5. Novel antisense oligonucleotides therapeutics 
targeting FXI

5.5.1. IONIS-FXIRX (aka IONIS-416,858/ISIS-416,858/BAY- 
2,306,001)
IONIS-FXIRX is an ASO which entered phase IIb clinical trials in 
November 2017 [20]. The trial will determine the PK of IONIS- 
FXIRX in patients with end-stage renal disease on hemodialysis 
to prevent thrombosis https://clinicaltrials.gov/ct2/show/ 
NCT03358030. Although trial results were not available prior 
to the submission of this review for publication, it has been 
suggested that IONIS-FXIRX ‘demonstrated robust reductions 
in FXI activity and no treatment-related major bleeding’ [73].
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5.5.2. IONIS-FXI-LRX

IONIS-FXI-LRX is a second generation ligand-conjugated anti
sense ASO drug designed to reduce the production of FXI in 
the liver [74]. IONIS-FXI-LRX is a modified version of IONIS- 
FXIRX. The safety, tolerability, PK effects, and PD effects of 
IONIS-FXI-LRX were deduced in a phase I clinical trial in 
which IONIS-FXI-LRX was administered to healthy volunteers. 
Results for this trial had not been published prior to the 
submission of this review for publication; however, it is of 
note that IONIS’s partner, Bayer, has decided to advance 
IONIS-FXI-LRX into a phase II clinical trials [74].

5.6. Novel small molecule therapeutics targeting FXI and 
FXII preventing thrombosis

Small molecules have an upper molecular weight limit of 
approximately 900 Daltons, allowing them to rapidly diffuse 
across cell membranes so that they can reach intracellular sites 
of action [75]. Small molecules are able to inhibit the specific 
actions of multifunctional proteins or disrupt protein–protein 
interactions [76]. A key advantage of small molecule drugs is 
that many of them can be taken orally, whereas biologic drugs 
generally require injection or other parenteral administration 
[77]. Oral small molecule drugs administered to patients typi
cally have rapid onset and offset of action. In the interest of 
FXI and FXII, small molecule drugs block the active site or alter 
the shape of the active site [78].

FXI is a polypeptide with a dimeric structure. It contains 
a trypsin-like domain with 4 apple domains (A1 to A4). FXI is 
the product of a gene duplication for prekallikrein, and there
fore has similar structural features to prekallikrein. Due to the 
structural similarities of the trypsin-like catalytic domain 
between FXIa and kallikrein, it is essential that any small 
molecule targeting only FXIa is highly selective and does not 
have promiscuous qualities [79].

5.7. Novel small molecule therapeutics targeting FXI

5.7.1. BMS-986,177 (aka JNJ-70,033,093)
BMS-986,177 is a small molecule in phase II clinical trials 
https://clinicaltrials.gov/ct2/show/NCT03891524. The purpose 
of the study is to determine the efficacy of BMS-986,177 in 
preventing total VTE in patients undergoing elective total 
knee replacement surgery. The clinical trial was still ongoing 
at the time that this review was submitted for publication and 
therefore the results had not yet been released.

5.7.2. EP-7041
EP-7041 is a small molecule FXI inhibitor which completed 
phase Ia/Ib clinical trial as of June 2018 [80]. During EP- 
7041’s first-in-human study, healthy volunteers received either 
a single intravenous ascending dose of EP-7041 from 0.01 mg/ 
kg up to 1.0 mg/kg, or a continuous intravenous infusion of 
EP-7041 for 5 days from 0.01 mg/kg/hr up to 0.6 mg/kg/hr. Per 
cohort, 6 subjects received EP-7041 and 2 received 
a matched – dose placebo. PK effects, PD effects, aPTT, and 
safety were determined. The results of the study showed no 
serious side effects; however, mild headaches were reported in 

23% of the patients. Parenteral EP-7041 showed favorable, 
dose-proportional PK with rapid onset, rapid offset, and pre
dictable dose-related increases of aPTT. Ultimately, EP-0741 
showed selective inhibition of FXI with antithrombotic effect 
with minimal risk of bleeding [80].

5.8. Novel small molecule therapeutics targeting FXII

As of 2020, a small molecule FXIIa inhibitor by LUNAC 
Therapeutics [81] is in preclinical development; however, the 
structure of the therapeutic and how it inhibits the active site 
of FXIIa had not been released prior to the submission of this 
review for publication.

5.9. Novel small molecule therapeutics targeting 
thrombin

Verseon has announced two novel precision oral anticoagu
lants (PROAC) – VE-1902 and VE-2851 – which are selective, 
potent direct thrombin inhibitors [82]. VE-1902 is believed to 
have a particularly unique pharmacological profile due to its 
covalent mechanism of action [83]. It acts to selectively inhibit 
thrombus formation whilst leaving thrombin-mediated plate
let function largely unaffected. It also inhibits thrombin for
mation without significantly delaying the initiation phase of 
the clotting cascade. This novel mechanism is believed to be 
the reason as to why inhibited thrombus formation is respon
sible for the reduced bleeding in the models tested [83]. These 
novel PROACs are believed to be particularly advantageous as 
they are suitable for long-term co-administration. VE-1902 was 
in phase I clinical trials at the time that this review was sub
mitted for publication and was being trialed in healthy volun
teers, whereas VE-2851 was due to begin clinical trials in 2021.

6. Conclusion

AF is the most common sustained arrhythmia. It is associated 
with significant patient morbidity and mortality chiefly 
because of the increased risk of associated thromboembolic 
complications. Patients with AF have a 5-fold increased risk of 
stroke; in fact, 20–30% of all strokes are attributed to this 
arrhythmia. Therapeutic anticoagulation offers clinical benefits 
to patients; however, these benefits are associated with sig
nificant adverse effects. Initiation and continuation of antic
oagulation therapy thus requires routine screening, but this 
can significantly impact healthcare systems and service provi
ders and the patient quality of life. Consequently, research is 
directed toward safer pharmacological approaches than those 
offered currently. A lower risk of adverse effects and a similar 
efficacy to current agents is desired, as is observed with VKAs 
and NOACs.

Many of the therapeutics discussed in this paper are, or 
have been, validated for clinical proof-of-concept as agents 
which can prevent thrombosis in patients undergoing total 
knee replacement surgery. Therefore, it would be beneficial to 
understand the potential of the novel anticoagulants in those 
patients who have AF and who are at serious risk of throm
bosis. This would enable researchers to deduce the effective
ness and safety of these drugs in this setting. Other aspects to 
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consider include the potential for drug–drug interactions and, 
given that many patients with AF have renal impairment, 
there is the necessity to assess renal clearance and the key 
challenges if used in patients with end stage renal failure. For 
this reason, the outcome of the mAb MAA868 clinical trials as 
the only novel FXI/FXII inhibitor being trialed in patients with 
AF [at the time of this publication] is eagerly awaited.

mAbs are innovative therapies because of their specificity, 
efficacy, and safety; however, there are concerns regarding 
immunogenicity and they will hence require assessment dur
ing the development process. The rapid onset of action and 
increased associated half-life of mAbs confers clinical advan
tages such as potential reductions in dose frequency and the 
number of missed appointments by patients. The slow offset 
action of mAbs could have significant implications if a reversal 
of the administered therapeutic was required. The safety of 
mAbs must therefore be considered as a high priority before 
their general administration.

From a practical perspective, it would be more advanta
geous for patients and service providers if novel FXI/FXII inhi
bitors intended for long-term use were developed as an oral 
formulation. Initial intravenous formulation may allow for acute 
administration, especially if the patient is unable to take oral 
medications post-operatively. This approach could later be con
verted to oral therapy for the long-term management of a more 
chronic state. With emerging intrinsic pathway targeting, the 
treatment of patients with a lower risk of adverse bleeding 
would be a paradigm shift in anticoagulation therapy.

7. Expert opinion

With life expectancy increasing, there is an urgent need to 
develop safer anticoagulation agents to meet the needs of 
patients. The global prevalence of AF is 37,574 million cases 
(0.51% of the world population) [84] which is coupled with 
a 5-fold increase in the prevalence of ischemic stroke. Despite 
current therapeutics being effective, anticoagulants come with 
the potential of serious adverse reactions including extensive 
bleeding.

The alarming rise in the number of patients with AF has 
propelled research into safer alternative pharmacological 
agents. Research has shown that FXI and FXII are promising 
drug targets for the prevention of thrombosis with a marked 
reduction in risk of bleeding.

The development of targeted monoclonal antibodies, anti- 
sense oligonucleotides, and small molecule inhibitors is in 
progress; several are in phase I or phase II trials.

Preclinical and early clinical studies suggest that therapies 
targeting the intrinsic pathway can yield anticoagulant effi
cacy with potential to reduce the incidence of bleeding. 
Further studies are required to determine whether co- 
morbidities and common genetic, lifestyle, or environmental 
factors in this subset of patients can result in an increase in the 
risk of bleeding.

As first-in-class agents, it will be interesting to monitor the 
clinical effects of targeting either FXI or FXII, especially with 
respect to any effects on inflammatory pathways. It is possible 
that reduced conversion of prekallikrein to kallikrein by FXIIa 
may occur with FXIIa inhibitors, thereby modulating 

inflammation by inhibiting bradykinin generation which may 
lead to further beneficial clinical effects. Kallkrein has recently 
been shown to directly activate FIX [85–88]. This second 
mechanism implies that a further reduction of thrombin gen
eration via direct kallikrein activation of FIX, independent of 
FXI, may be possible with FXIIa inhibitors.

It will be important to assess the long-term effects of the 
novel FXI and FXII – targeting therapeutics. Therefore, long- 
term follow-up should be considered by all those conducting 
clinical studies. A key safety precaution with antibody and 
small molecule approaches will be to identify agents which 
are capable of reversing their mechanism of action if an 
adverse bleeding event occurs. Although, if FXIIa and FXIa 
inhibitors follow the phenotype of FXII or FXI deficient indivi
duals, it would be anticipated that there will be fewer bleed
ing events observed with FXIIa inhibitors compared with FXIa 
inhibitors.

Another challenge that may be observed with FXIa inhibi
tors is the therapeutic window for efficacy versus bleeding. As 
observed with the ASO clinical trial for FXI, there seems to be 
a narrow window of FXI reduction to achieving efficacy [20]. In 
contrast, potential complete inhibition of FXIIa could in prin
ciple be possible without compromising on bleeding and 
therefore a wide therapeutic window could be achieved.

Practical considerations to improve a patient’s quality of life 
must also be considered when developing new therapeutics. 
AF is a global, chronic condition with some portions of the 
population having more favorable advantages over others – 
for example, there may be economical and geographical 
impracticalities with requiring patients to attend monthly 
clinics in some parts of the world with less advanced health
care systems and socioeconomic development. Such 
a requirement has the potential to reduce patient compliance 
with adhering to the necessary treatment schedule in order to 
manage their condition effectively and safely.

In order to gain more confidence in the efficacy and safety 
of the novel therapeutics discussed here, it is essential that 
when phase II trials proceed to phase III, the selected patient 
cohorts accurately represent the observed patient population 
in terms of age, gender, race, existing comorbidities, and long- 
term therapeutic use. This will provide more realistic safety 
and efficacy data and result in greater understanding of the 
novel anticoagulants, ASOs, mAbs, and small molecule antic
oagulants. There appears to be great potential for these new 
therapeutic avenues; however, due caution must be used and 
safety and efficacy profiles diligently obtained to ensure 
patient safety. Should there be superior safety and efficacy 
within the novel FXI and FXII inhibiting therapeutics compared 
to the NOACs, it is very likely that the new generation of 
anticoagulants could replace standard existing therapies.
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