THROMBOSIS PREVENTION AND TREATMENT

Coming soon to a pharmacy near you?
FXI and FXII inhibitors to prevent
or treat thromboembolism
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Anticoagulants have been in use for nearly a century for the treatment and prevention of venous and arterial thromboem-
bolic disorders. The most dreaded complication of anticoagulant treatment is the occurrence of bleeding, which may be
serious and even life-threatening. All available anticoagulants, which target either multiple coagulation factors or individ-
val components of the tissue factor (TF) factor Vlla or the common pathways, have the potential to affect hemostasis and
thus to increase bleeding risk in treated patients. While direct oral anticoagulants introduced an improvement in care for
eligible patients in terms of safety, efficacy, and convenience of treatment, there remain unmet clinical needs for patients
requiring anticoagulant drugs. Anticoagulant therapy is sometimes avoided for fear of hemorrhagic complications, and
other patients are undertreated due to comorbidities and the perception of increased bleeding risk.

Evidence suggests that the contact pathway of coagulation has a limited role in initiating physiologic in vivo coagu-
lation and that it contributes to thrombosis more than it does to hemostasis. Because inhibition of the contact pathway
is less likely to promote bleeding, it is an attractive target for the development of anticoagulants with improved safety.

Preclinical and early clinical data indicate that novel agents that selectively target factor Xl or factor XIl can reduce
venous and arterial thrombosis without an increase in bleeding complications.

LEARNING OBJECTIVES

« Understand the data in support of targeting the contact pathway for antithrombotic therapy and its potential
advantages over existing anticoagulants

« Become acquainted with the various factor XI and factor XlI targeting agents under development and their pro-
spective indications

The patient requires antithrombotic therapy for venous

CLINICAL CASE thromboembolism (VTE) prophylaxis. However, the risk of

A 75-year-old man is referred for a total knee arthroplasty
(TKA) due to osteoarthrosis of the right knee. His medical
history includes previous symptomatic distal deep vein
thrombosis secondary to TKA in the contralateral knee,
previous gastrointestinal bleeding associated with pep-
tic ulcer disease, arterial hypertension controlled with
an angiotensin |l receptor blocker and hydrochlorothia-
zide, dyslipidemia treated with a statin, diabetes mellitus
controlled with metformin and a sodium-glucose cotrans-
porter 2 inhibitor, and diabetic nephropathy with baseline
creatinine clearance (CrCl) of 32 mL/min.

bleeding in this patient is a concern. Is there a safe and effec-
tive therapeutic option for VTE prophylaxis for this patient?

Introduction

Thromboembolic diseases are associated with significant
morbidity and mortality, and anticoagulation is the main-
stay of treatment."? Currently available anticoagulants that
target multiple coagulation factors or single components
of the common pathway of coagulation can affect hemo-
stasis, and bleeding complications may counterweight the
benefits of antithrombotic treatment.?
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Consequently, there remains a need for effective anticoagu-
lants with a lower risk of bleeding complications. To accomplish
this, focus has been placed on factor (F) XI and FXIl, essential
components of the contact (intrinsic) coagulation pathway,
which have been proposed as new and promising targets for
anticoagulant therapy with minimal or no bleeding risk.**

This review discusses the shortcomings of existing anticoag-
ulants and the advances made in understanding the role of the
contact system in thrombosis and hemostasis as a new target
for anticoagulant treatment with improved safety, and it details
the clinical data currently available and the ongoing studies with
agents targeting FXI and FXII.

In search of the holy grail: effective drugs that minimize
the risk of bleeding

A brief historical perspective of anticoagulant treatment
Anticoagulants have been in use for nearly a century for both
the treatment and prevention of venous and arterial thromboem-
bolic disorders. Unfractionated heparin, a naturally occurring gly-
cosaminoglycan, was discovered in 1916. Low-molecular-weight
heparin was developed in the 1980s, adding the advantages of
less frequent subcutaneous administration, lower risk of bleed-
ing and heparin-induced thrombocytopenia, better bioavailabil-
ity, administration at fixed doses, and longer half-life. Through
binding and activation of antithrombin, heparins inactivate
thrombin, FXa, and other coagulation proteases.® Fondaparinux
is a synthetic heparin pentasaccharide with a sequence almost
identical to the antithrombin binding pentasaccharide found in
heparin. It targets FXa activity, but it does not inhibit thrombin
activity or release tissue factor pathway inhibitor, offering an
improved therapeutic index.” Warfarin, discovered in 1941 and
approved for medical use in humans in 1954, and other vitamin
K antagonists (VKAs) competitively inhibit the vitamin K epoxide
reductase complex 1, an enzyme essential for vitamin K activa-
tion, consequently reducing the synthesis of biologically active
forms of the clotting factors Il, VII, IX, and X, as well as the native
anticoagulants protein C and protein S. VKAs have several disad-
vantages attributable to their unpredictable pharmacokinetics
and pharmacodynamics, a narrow therapeutic index, slow onset
of activity, numerous drug and food interactions, and, therefore,
need for routine monitoring.®*®

Argatroban and bivalirudin are parenteral direct thrombin
inhibitors developed in the 1990s for use in various antithrom-
botic indications. Unlike heparin, direct thrombin inhibitors do
not require antithrombin as a cofactor for activity and can inhibit
both soluble as well as clot-bound thrombin. These agents
have a therapeutic index comparable to that of heparins but
are invaluable in conditions where a contraindication to hepa-
rin exists, including heparin-induced thrombocytopenia or an
allergy to heparin.”®

The direct oral anticoagulants (DOACs) were approved in
the 2010s and act by selectively targeting and inhibiting either
thrombin (dabigatran) or FXa (apixaban, edoxaban, and rivar-
oxaban)." The DOACs were shown to be as effective and safer
than VKAs in patients with atrial fibrillation (AF) and VTE and
offer practical advantages thanks to the oral administration at
fixed doses with no need for laboratory monitoring. However,
the DOACs also bear a nonnegligible bleeding risk, regardless
of the indication for which they were prescribed.?™ A timeline
illustrating key landmarks in the development of anticoagulants
is presented in Figure 1.

Patient categories at increased risk of bleeding with anti-
coagulant therapy

The most important, common, and dreaded complication of
anticoagulant treatment is the occurrence of bleeding, which
may be serious, life-threatening, or have devastating long-term
consequences. Anticoagulant therapy is often avoided for fear of
hemorrhagic complications, and many patients are undertreated
due to comorbidities or a precepted unacceptable bleeding
risk.?

All of the available anticoagulant drugs have the potential to
affect hemostasis and, thus, to increase bleeding risk in treated
patients. This risk is higher in certain patient populations.

The incidence of AF, stroke, and VTE increases with age, and
so does the risk of bleeding complications with anticoagulant
treatment. Although elderly patients have a higher absolute ben-
efit from anticoagulant treatment, bleeding is a major concern,
even at lower doses of DOACs, particularly in frail patients, those
with renal dysfunction, and patients taking multiple medications
with potential drug-drug interactions, who may also be prone to
recurrent falls.™
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Figure 1. Key landmarks in the development of anticoagulants. FDA, Food and Drug Administration; LMWH, low-molecular-weight

heparin; UFH, unfractionated heparin.
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Acute ischemic stroke in patients with AF is associated with
a high risk for both hemorrhagic transformation and ischemic
recurrence in the acute poststroke period. Large ischemic
lesions, cerebral microbleeds, and thrombolytic therapy may
all increase the risk of hemorrhagic transformation, whereas
high CHA2DS2-VASc score [CHADS, Congestive heart failure,
Hypertension, Age 75 or more, Diabetes, Stroke; VASc, Vascular
disease, Age 65-74, Sex category (female sex)], high National
Institutes of Health Stroke Scale score, and large ischemic
lesions are all associated with a higher risk for both ischemic
recurrence and bleeding.” It is suggested that the best time
for initiating anticoagulation for secondary stroke prevention is
4 to 14 days from stroke onset. There is, however, a concern
that while early initiation increases the risk of hemorrhagic
transformation, delayed initiation leaves the patient at risk for
recurrent ischemic stroke.” Moreover, the combined use of anti-
coagulants and antiplatelet agent in patients with AF and car-
diovascular or cerebrovascular disease significantly increases
the risk of major bleeding.”

Patients with cancer are at increased risk of VTE and recur-
rent events, but also at increased risk of major bleeding, regard-
less of the choice of anticoagulant.”® Metastatic disease, primary
gastrointestinal malignancies, chronic kidney disease stage llI
or higher, and thrombocytopenia <100 000x10°/L are all associ-
ated with increased risk of bleeding.”” The challenge of balancing
competing risks of bleeding and recurrent VTE is greater in the
setting of thrombocytopenia, which may require anticoagulant
dose modifications.?0#

Patients with cirrhosis frequently have complex alterations
in their hemostatic system in which standard coagulation lab-
oratory test may not represent the actual hemostatic balance.?
Nevertheless, portal hypertension complicating liver cirrhosis
may increase the risk of bleeding from esophageal varices.?

Finally, patients with chronic kidney disease have an increased
risk of arterial and venous thrombosis, as well as an increased risk
of bleeding, attributable to platelet dysfunction.?*2¢

All these patients may benefit from anticoagulants with an
improved safety profile, preferably with minimal renal clear-
ance, and an enhanced efficacy in patients with a high throm-
botic risk.

The contact pathway of coagulation
The contact pathway of coagulation consists of the proteins FXI,
FXII, prekallikrein, and high-molecular-weight kininogen (HK) and
is involved in procoagulant and proinflammatory reactions, thus
linking inflammatory and coagulopathic responses. Evidence
suggests that it has a limited role in initiating physiologic in vivo
coagulation and that it contributes to pathologic thrombosis
and inflammation more than it does to hemostasis.?*°

The contact pathway can be activated by exposure of blood
to in vivo activators, including extracellular nucleic acids, neutro-
phil extracellular traps, long-chain polyphosphates from various
infectious pathogens, and negatively charged artificial surfaces
of indwelling medical devices. These negatively charged com-
pounds bind FXII, inducing activation of the serine protease
FXlla, which in turn activates HK-bound prekallikrein, forming
plasma kallikrein (PKa). PKa amplifies FXII activation by posi-
tive feedback, inducing subsequent downstream activation of
both coagulation and inflammation. FXlla activates FXI to FXla
and triggers the activation of FIX, FX, and prothrombin, whereas

activation of PKa results in cleavage of HK and the release of the
vasoactive peptide bradykinin.?83

FXI deficiency is a rare autosomal recessive disorder. Since
FXI is required for driving clot formation in the activated par-
tial thromboplastin time assay, patients lacking FXI have mark-
edly prolonged activated partial thromboplastin times. Despite
this, patients with very low FXI levels may be asymptomatic,
and bleeding in FXI-deficient patients is typically traumatic or
surgical, involving tissues rich in fibrinolytic activity such as the
mouth, nose, and urinary tract.® Patients with severe FXI defi-
ciency have a reduced incidence of deep vein thrombosis and
ischemic stroke, but FXI deficiency does not confer protection
against acute myocardial infarction.®

FXIl deficiency is inherited as an autosomal recessive disor-
der. It is not associated with any bleeding risk. The relationship
between FXIl and thrombosis is not well established, yet evidence
suggests FXII deficiency is not protective against thrombosis.?*3°
Nonetheless, due to its proinflammatory and prothrombotic
properties, FXIl may be targeted in disease conditions in which
these downstream cascades are dysregulated, such as hereditary
angioedema, neuroinflammatory and neurodegenerative disor-
ders,*3¢ and indwelling medical device-related thrombosis.”

Differentiating thrombosis from hemostasis
Hemostasis and thrombosis share similar enzymatic reactions
but yield different outcomes.

While hemostasis is the natural process that halts bleeding at
injury sites by formation of a local hemostatic plug, thrombosis
is generally pathologic, in which interruption of blood flow may
lead to organ damage. Differentiating these processes is key to
the development of antithrombotic agents with minimal effect
on hemostasis.*®

With some evidence of its contribution to thrombosis, the
contact pathway is an attractive target for the development of
anticoagulants with an enhanced safety profile, because due to
its nature, inhibition is less likely to promote bleeding compared
with anticoagulants that target multiple coagulation factors or the
tissue factor (TF)-FVlla or the common pathways.*** Both FXI and
FXIl have received attention as potential targets in the develop-
ment of new anticoagulants with improved safety. Nevertheless,
it is uncertain whether FXI or FXIl represents a better therapeutic
target, weighing efficacy vs safety. While severe FXI deficiency was
found to confer protection from thrombotic events, data for FXII
are inconclusive. On the other hand, because congenital deficiency
of FXIl is not associated with a bleeding diathesis, FXIl may be per-
ceived a safer target than FXI, although efficacy may be hindered
since FXI activation by TF-FVIla and thrombin may still occur.*

Development of agents to target FXI and FXII

Preclinical studies indicated that knockout mice deficient in
one of the contact proteins were protected against artificially
induced thrombosis. Moreover, inhibition of the contact path-
way by monoclonal antibodies, antisense oligonucleotides, and
small molecules targeting either FXI or FXIl were found to prevent
both venous and arterial thrombosis in various animal models in
mammals.?**° The main advantage of these new anticoagulants
is their selectivity to targeting single molecules, which reduces
the likelihood of off-target adverse effects.* Subsequent studies
in human participants confirmed the safety of these agents in
phase 1 and phase 2 clinical trials.
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Agents directed against FXI include antisense oligonucleo-
tides (ASO)***" and DNA aptamers,*>*> which inhibit the biosyn-
thesis of FXI, as well as FXI targeting monoclonal antibodies and
small molecules. ASOs bind to their complementary messenger
RNA (mRNA) targets, thereby allowing for selective and catalytic
degradation of the targeted mRNA, which leads to a reduction
in the corresponding protein levels, with a high degree of tar-
get selectivity. FXI is synthesized primarily in the liver, an optimal
target tissue for ASO therapy.*“* ASOs targeting FXI demon-
strated effectiveness in various animal models,*“5*” as well as in
humans.*° Numerous monoclonal antibodies are under develop-
ment. These directly inhibit the activation of FXI (abelacimab)>*3
or the activation of FIX by FXla (osocimab),>* they or block
FXlla-mediated activation of FXI (xisomab, O1A6 and 14E11).58¢
Notably, xisomab does not inhibit FXI activation mediated by
thrombin, and although it binds FXI and not FXII, it has no effect
on FXla activity and thus may be considered a backdoor inhib-
itor of FXlla.**¢° Orally available small-molecule inhibitors of FXI
include milvexian (BMS-986177/JNJ-70033093)¢2% and asundex-
ian (BAY 2433334).%¢¢ Parenteral small molecules directed at the
active site or exosites of FXI (FXI BMS-262084, BMS-654457, and
ONO-8610539) were mostly studied in animal models.*”° Natu-
rally occurring inhibitors of FXla include molecules derived from
snakes (fasxiator), vampire bats (desmolaris), and ticks (boophi-
lin), none of which were studied in human participants.”"”3

Fewer agents in development target FXIl. These include the
monoclonal antibody garadacimab (formerly known as CSL
312)%7%77 and small molecules and ASOs, which so far have been
investigated only in animal models.”

FXI and FXII inhibitors differ in their pharmacologic prop-
erties, which will define their clinical application. ASOs (IONIS
FXI-Rx and fesomersen) and antibodies (abelacimab, osocimab,
xisomab, and garadacimab) require parenteral administration
by subcutaneous or intravenous injection. Small molecules (mil-
vexian and asundexian) can be delivered orally or parenterally.
ASOs that target FXI mRNA, causing its degradation, have a slow
onset of action since reduction levels into the therapeutic range
require 3 to 4 weeks, thus disqualifying them for use in acute
settings. By contrast, rapid inhibition of FXI can be achieved by
antibodies, DNA aptamers, and small molecules, which enables
their use in both acute and chronic settings.** Last, ASOs and
antibodies have long half-lives (mean elimination half-life of 52
hours for FXI-ASO,*° 25-30 days for abelacimab, and 30-44 days
for osocimab),> which may allow for less frequent administration
but may also require reversal strategies.”® On the other hand,
small-molecule inhibitors milvexian and asundexian have much
shorter half-lives and are expected to be administered once or
twice daily, similar to DOACs.*“%¢ The pharmacologic properties
of these FXI and FXIlI inhibitors are presented in Table 1.

In case of bleeding complications, growing evidence sug-
gests that patients with FXI deficiency rarely require FXI replace-
ment during surgery and may be typically managed with
antifibrinolytics and occasionally recombinant FVlla. Therefore,
these strategies are expected to be effective for patients taking
therapeutic FXI inhibitors with bleeding or who require urgent
surgery.’®

Clinical trials with FXI and FXIlI inhibitors
Afew FXI and FXIl inhibitors are at various stages of clinical devel-
opment, with data from phase 2 studies available for some. None
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of these agents has completed evaluations in phase 3 studies. We
hereby provide an overview of selected clinical data currently
available and ongoing studies with agents targeting FXI and FXII.
Clinical data from phase 2 trials are summarized in Table 2, and
ongoing clinical trials are presented in Table 3.

Antisense oligonucleotides
IONIS-FXIRx (alternative names: BAY-2306001; FXI ASO; ISIS
404071; 1SIS-416858; ISIS-FXI,,) was the first FXI-targeting agent
to be developed. In a phase 2 trial comparing the safety and effi-
cacy of IONIS-FXI, with those of enoxaparin for postoperative
thromboprophylaxis in 315 patients undergoing elective total
knee arthroplasty, IONIS-FXI, showed either noninferior (200-
mg regimen) or superior (300-mg regimen) efficacy over enoxa-
parin, with no increase in bleeding rates.*®

Fesomersen (formerly known as ION-957943, IONIS-FXI-LRx,
and BAY2976217) is a newly developed N-acetyl galactosamine
(GN3) ligand-conjugated (LICA) conjugated 2'-MOE chime-
ric ASO targeting FXI, with enhanced affinity to hepatocytes,
allowing less frequent administration and lower ASO doses, thus
reducing the potential for local adverse reactions.” The ongoing
RE-THINc ESRD trial (NCT04534114) investigates the safety, phar-
macokinetics, and pharmacodynamics of fesomersen for the
prevention of cardiovascular events in patients with end-stage
renal disease (ESRD) undergoing hemodialysis, and its results are
expected shortly.

Abelacimab (MAA868)
An open-label, phase 2, prospective trial (ANT-005 TKA) ran-
domized 412 patients who were undergoing total knee arthro-
plasty to receive 1 of 3 regimens of abelacimab (30 mg, 75 mg,
or 150 mg) administered postoperatively as a single intrave-
nous dose or to receive 40 mg enoxaparin administered sub-
cutaneously once daily. The primary efficacy outcome was
confirmed VTE, detected by mandatory venography of the
operated leg involved in the operation or objective confirma-
tion of symptomatic events, whereas the principal safety out-
come was a composite of major or clinically relevant nonmajor
bleeding up to 30 days after surgery. All 3 abelacimab regi-
mens met the criterion for noninferiority to enoxaparin, with
the 75-mg and 150-mg regimens being superior to enoxaparin
(P<.001 for superiority for both regimens). Rates of bleeding
and serious adverse events were comparably low with all 4
treatment regimens.>®

Studies comparing the safety and tolerability of abelacimab
to those of rivaroxaban for the prevention of stroke and systemic
emboli in patients with AF (AZALEA-TIMI 71, NCT04755283),
apixaban for the treatment of cancer-associated VTE (ASTER,
NCT05171049), and dalteparin for the treatment of gastroin-
testinal and genitourinary cancer-associated VTE (MAGNOLIA,
NCT05171075) are currently ongoing.

Osocimab (BAY 1213790)

The phase 2 noninferiority FOXTROT trial (NCT03276143) com-
pared the safety and efficacy of 4 different doses of osocimab
given before or after surgery with those of enoxaparin and
apixaban for the prevention of VTE in 813 adult patients under-
going elective primary total knee arthroplasty. The efficacy of
postoperative osocimab doses of 0.6 to 1.8 mg/kg, assessed by
mandatory bilateral venography performed 10 to 13 days after



Table 1. Characteristics, mechanism of action, and pharmacologic properties of FXI and FXII inhibitors

Potential
. . Route of Onset of . Administration | Renal Metabolism | for food
Mechanism of action .. . . Half-life .
administration | action frequency excretion | by CYP and drug
interactions
DNA Bind over large IV or SC Rapid Short Daily No No No
aptamers: surface areas on a (minutes to (minutes to
11.16, 12.7, target protein and hours) hours)
and FELIAP block specific
macromolecular
interactions
ASOs: IONIS Inhibit the sC Slow (weeks) | Long (weeks) | Once weekly No No No
FXI-Rx (ISIS biosynthesis of FXI to once
£416858) and monthly
fesomersen
Antibodies
Abelacimab Binds to the catalytic | IV or SC Rapid (hours) | Long (weeks) | Once monthly | No No No
(MAA868) domain of FXI and
locks it in the inactive
zymogen confor-
mation, preventing
its activation by
FXIl/thrombin
Osocimab Binds next to the IV or SC Rapid (hours) | Long Once monthly | No No No
(BAY 1213790) | active site of FXla and (30-44 days)
inhibits the activation
of factor IX
Xisomab Inhibits FXlla- v Rapid (hours) | Days to Once monthly | No No No
(AB023) mediated activation weeks,
of FXI but not FXI half-life
activation by increases
thrombin with high
doses
Garadacimab | Binds to the catalytic | IV or SC Rapid (hours) | Long (weeks) | Once monthly | No No No
(CSL312) domain of FXlla and
inhibits its protease
activity
Small molecules
Milvexian Active site-directed Oral Rapid Short Once or twice | Yes, <20% | Yes Yes
(BMS-986177/ | inhibitor of FXI (minutes to (terminal daily
JNJ-70033093) hours) half-life
Saturable 8.3-13.8
absorption hours)
with doses
2300 mg
Asundexian Active site-directed Oral Rapid Short Once daily Yes, <15% | Yes Yes
(BAY 2433334) | inhibitor of FXI (minutes to (terminal
hours) half-life
15.8-17.8
hours)

CYP, cytochrome P450; IV intravenous; SC, subcutaneous.

surgery, was noninferior to that of enoxaparin. Furthermore, the
preoperative dose of 1.8 mg/kg of osocimab met criteria for
superiority compared with enoxaparin, but it was associated
with higher bleeding rates.

The currently ongoing CONVERT trial (NCT04523220) eval-
vates 2 dose regimens of osocimab given as a once-monthly
subcutaneous injection for the prevention of thromboembolic
events in patients with ESRD who have a high cardiovascular risk
and require hemodialysis.

Xisomab (AB023)

A randomized, double-blind, phase 2 study compared xisomab
with placebo in 24 patients with ESRD undergoing heparin-free
hemodialysis (NCT03612856). Preliminary results suggest xis-
omab treatment to be well tolerated, with less frequent occlu-
sive events requiring hemodialysis circuit exchange.®' Another
phase 2 trial is currently evaluating xisomab for the prevention of
catheter-associated thrombosis in patients with cancer receiv-
ing chemotherapy (NCT04465760).
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Garadacimab (CSL312)

Since FXIl is involved in proinflammatory responses and
activation of the kallikrein-kinin system, the role of the FXII-
targeting antibody garadacimab was studied for the pre-
vention of attacks in 32 patients with Cl-esterase inhibitor-
deficient hereditary angioedema, in whom it significantly
reducedthe number of monthly attacks.** Additional studies cur-
rently investigate its role in preventing respiratory deterioration
in patients with coronavirus disease 2019 (NCT04409509) and
in the treatment of patients with idiopathic pulmonary fibrosis
(NCT05130970). A phase 2 clinical study to assess the efficacy
and safety of garadacimab for the prevention of catheter-
associated thrombosis in patients with cancer receiving
chemotherapy through a central catheter was planned but
withdrawn by the sponsor.

Milvexian (BMS-986177/JNJ-70033093)

In a parallel-group, phase 2 trial (the AXIOMATIC-TKR study,
NCT03891524), postoperative administration of oral milvexian
was effective for the prevention of VTE in 1242 patients under-
going knee arthroplasty and was associated with a low risk of
bleeding or serious adverse events.®® The currently ongoing
phase 2 AXIOMATIC-SSP trial (NCT03766581) is aimed to deter-
mine whether the addition of milvexian to dual-antiplatelet ther-
apy with aspirin and clopidogrel is more effective than standard
therapy for secondary stroke prevention.

Asundexian (BAY 2433334)
The multicenter, randomized, double-blind, phase 2 PACIFIC-AF
trial (NCT04218266) compared the efficacy and safety of oral
asundexian with those of apixaban in 753 patients with AF, in
whom daily asundexian doses of either 20 mg or 50 mg resulted
in lower rates of bleeding compared with apixaban, with near-
complete in vivo FXla inhibition.¢®

The PACIFIC-AMI (NCT04304534) and PACIFIC-STROKE
(NCT04304508) trials compared oral asundexian with placebo
on top of dual-antiplatelet therapy for the prevention of cardio-
vascular events in patients with acute myocardial infarction or
following noncardioembolic stroke, respectively. Both trials have
been recently completed, and their results are pending.

Conclusion

While DOACs introduced an improvement in care for eligible
patients in terms of safety, efficacy, and convenience of treat-
ment, there remain unmet clinical needs for patients requiring
anticoagulant drugs.

With evidence of its contribution to thrombosis, the contact
pathway of coagulation is an attractive target for the develop-
ment of anticoagulants with an enhanced safety profile because,
due to its nature, inhibition is less likely to promote bleeding
compared with anticoagulants that target multiple coagulation
factors or the TF-FVlla or the common pathways.

Preclinical and early clinical data indicate that novel agents
that selectively target FXI or FXIl can reduce venous and arte-
rial thrombosis without an increase in bleeding complica-
tions. Proving their superiority or noninferiority compared
with existing anticoagulants is the ultimate challenge. Since
current event rates are gratefully low, this would require the
designing of large-scale clinical trials, which carry significant
costs.

Like with DOACs, development of these agents started with
trials on VTE prevention in high VTE risk orthopedic surgery
and prevention of stroke and systemic emboli in patients with
AF. Next steps could be focusing on clinical scenarios in which
DOACs have not been tested or are contraindicated.

With many agents under development, the prospect of FXI
and FXII inhibition as a novel approach to safer anticoagulation
looks promising.

CLINICAL CASE (Continued)

The patient was considered for recruitment to a clinical trial
evaluating a FXI-targeting monoclonal antibody, but a CrCl
of 32mL/min precluded his participation due to an exclusion
criterion of CrCl <60mL/min. The patient eventually received
VTE prophylaxis with enoxaparin 40 mg once daily, starting
12 hours following surgery, which was switched to a direct
FXa inhibitor upon his discharge from the hospital. The patient
arrived at the emergency department on postoperative day
3 with recurrence of upper gastrointestinal bleeding and a
reduction in hemoglobin level of 2.3 g/dL. Anticoagulant ther-
apy was stopped and the patient received 2 units of packed
red blood cells. A gastroscopy revealed bleeding stigmata
from peptic ulcer disease. He was managed conservatively
with a high-dose proton pump inhibitor and discharged
3 days later.

Conflict-of-interest disclosure

Omri Cohen received research funding from Pfizer and partici-
pated in an advisory board for PlasFree.

Walter Ageno received research funding from Bayer and partic-
ipated in advisory boards for Bayer, Sanofi, Viatris, Leo Pharma,
and Norgine.

Off-label drug use

Omri Cohen: none of the drugs discussed (anti-Factor XI and
anti-Factor XII) are currently approved for clinical use.

Walter Ageno: none of the drugs discussed (anti-Factor XI and
anti-Factor XlI) are currently approved for clinical use.

Correspondence

Walter Ageno, S.C. Pronto Soccorso e Medicina d'Urgenza,
Ospedale di Circolo, Viale Borri 57, 21100 Varese, Italy; e-mail:
walter.ageno@ uninsubria.it.

References

1. Heit JA, Spencer FA, White RH. The epidemiology of venous thromboem-
bolism. J Thromb Thrombolysis. 2016;41(1):3-14.

2. BaiY, Wang Y-L, Shantsila A, Lip G-Y-H. The global burden of atrial fibrilla-
tion and stroke: a systematic review of the clinical epidemiology of atrial
fibrillation in Asia. Chest. 2017;152(4):810-820.

3. Piran S, Schulman S. Treatment of bleeding complications in patients on
anticoagulant therapy. Blood. 2019;133(5):425-435.

4. Fredenburgh JC, Weitz JI. New anticoagulants: moving beyond the direct
oral anticoagulants. J Thromb Haemost. 2021;19(1):20-29.

5. Muller F, Gailani D, Renné T. Factor Xl and Xl as antithrombotic targets. Curr
Opin Hematol. 2011;18(5):349-355.

6. Perzborn E, Roehrig S, Straub A, Kubitza D, Misselwitz F. The discovery and
development of rivaroxaban, an oral, direct factor Xa inhibitor. Nat Rev
Drug Discov. 2011;10(1):61-75.

New anticoagulants: FXI and FXIl inhibitors | 503


http://uninsubria.it

10.

.

12.

13.

4.

15.

16.

7.

18.

19.

20

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

504 |

Babin JL, Traylor KL, Witt DM. Laboratory monitoring of low-molecular-
weight heparin and fondaparinux. Semin Thromb Hemost. 2017;43(3):
261-269.

International Warfarin Pharmacogenetics Consortium, Klein TE, Altman RB,
Eriksson N, et al. Estimation of the warfarin dose with clinical and pharma-
cogenetic data. N Engl J Med. 2009;360(8):753-764.

Ansell J, Hirsh J, Hylek E, Jacobson A, Crowther M, Palareti G. Pharmacol-
ogy and management of the vitamin K antagonists: American College of
Chest Physicians Evidence-Based Clinical Practice Guidelines (8th Edition).
Chest. 2008;133(6, suppl):160S-198S.

Van Cott EM, Roberts AJ, Dager WE. Laboratory monitoring of parenteral
direct thrombin inhibitors. Semin Thromb Hemost. 2017;43(3):270-276.
Chen A, Stecker E, A Warden B. Direct oral anticoagulant use: a practi-
cal guide to common clinical challenges. J Am Heart Assoc. 2020;9(13):
e017559.

Ruff CT, Giugliano RP, Braunwald E, et al. Comparison of the efficacy and
safety of new oral anticoagulants with warfarin in patients with atrial fibril-
lation: a meta-analysis of randomised trials. Lancet. 2014;383(9921):955-
962.

van Es N, Coppens M, Schulman S, Middeldorp S, Biller HR. Direct oral anti-
coagulants compared with vitamin K antagonists for acute venous throm-
boembolism: evidence from phase 3 trials. Blood. 2014;124(12):1968-1975.
Bauersachs RM, Herold J. Oral anticoagulation in the elderly and frail.
Hamostaseologie. 2020;40(1):74-83.

Smythe MA, Parker D, Garwood CL, Cuker A, Messé SR. Timing of initiation
of oral anticoagulation after acute ischemic stroke in patients with atrial
fibrillation. Pharmacotherapy. 2020;40(1):55-71.

Paciaroni M, Agnelli G, Falocci N, et al. Early recurrence and cerebral bleed-
ing in patients with acute ischemic stroke and atrial fibrillation: effect of
anticoagulation and its timing: the RAF study. Stroke. 2015;46(8):2175-2182.
Barnes GD. Combining antiplatelet and anticoagulant therapy in car-
diovascular disease. Hematology Am Soc Hematol Educ Program.
2020;2020(1):642-648.

Timp JF, Braekkan SK, Versteeg HH, Cannegieter SC. Epidemiology of can-
cer-associated venous thrombosis. Blood. 2013;122(10):1712-1723.

Angelini DE, Radivoyevitch T, McCrae KR, Khorana AA. Bleeding incidence
and risk factors among cancer patients treated with anticoagulation. Am J
Hematol. 2019;94(7):780-785.

. Samuelson Bannow BT, Lee A, Khorana AA, et al. Management of cancer-

associated thrombosis in patients with thrombocytopenia: guidance from
the SSC of the ISTH. J Thromb Haemost. 2018;16(6):1246-1249.

Carney BJ, Wang T-F, Ren S, et al; VENUS Network Investigators. Anticoag-
ulation in cancer-associated thromboembolism with thrombocytopenia: a
prospective, multicenter cohort study. Blood Adv. 2021;5(24):5546-5553.
Northup PG, Lisman T, Roberts LN. Treatment of bleeding in patients with
liver disease. J Thromb Haemost. 2021;19(7):1644-1652.

Mauro E, Gadano A. What's new in portal hypertension? Liver Int.
2020;40(suppl 1):122-127.

Ocak G, Rookmaaker MB, Algra A, et al; SMART Study Group. Chronic kid-
ney disease and bleeding risk in patients at high cardiovascular risk: a
cohort study. J Thromb Haemost. 2018;16(1):65-73.

Kuno T, Takagi H, Ando T, et al. Oral anticoagulation for patients with
atrial fibrillation on long-term hemodialysis. J Am Coll Cardiol. 2020;75(3):
273-285.

Cheung CYS, Parikh J, Farrell A, Lefebvre M, Summa-Sorgini C, Battistella
M. Direct oral anticoagulant use in chronic kidney disease and dialysis
patients with venous thromboembolism: a systematic review of thrombo-
sis and bleeding outcomes. Ann Pharmacother. 2021;55(6):711-722.

Long AT, Kenne E, Jung R, Fuchs TA, Renné T. Contact system revisited:
an interface between inflammation, coagulation, and innate immunity.
J Thromb Haemost. 2016;14(3):427-437.

Raghunathan V, Zilberman-Rudenko J, Olson SR, Lupu F, McCarty OJT,
Shatzel JJ. The contact pathway and sepsis. Res Pract Thromb Haemost.
2019;3(3):331-339.

van Montfoort ML, Meijers JC. Recent insights into the role of the contact
pathway in thrombo-inflammatory disorders. Hematology Am Soc Hema-
tol Educ Program. 2014;2014(1):60-65.

Gailani D, Bane CE, Gruber A. Factor Xl and contact activation as targets for
antithrombotic therapy. J Thromb Haemost. 2015;13(8):1383-1395.
Demoulin S, Godfroid E, Hermans C. Dual inhibition of factor Xlla and fac-
tor Xla as a therapeutic approach for safe thromboprotection. J Thromb
Haemost. 2021;19(2):323-329.

Hematology 2022 | ASH Education Program

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49,

50.

52.

53.

54,

Wheeler AP, Gailani D. Why factor XI deficiency is a clinical concern. Expert
Rev Hematol. 2016;9(7):629-637.

Sharman Moser S, Chodick G, Ni YG, et al. The association between factor
X| deficiency and the risk of bleeding, cardiovascular, and venous throm-
boembolic events. Thromb Haemost. 2022;122(5):808-817.

Stavrou E, Schmaier AH. Factor XlI: what does it contribute to our under-
standing of the physiology and pathophysiology of hemostasis & thrombo-
sis. Thromb Res. 2010;125(3):210-215.

Key NS. Epidemiologic and clinical data linking factors XI and XII to throm-
bosis. Hematology Am Soc Hematol Educ Program. 2014;2014(1):66-70.
Craig T, Magerl M, Levy DS, et al. Prophylactic use of an anti-activated fac-
tor XIl monoclonal antibody, garadacimab, for patients with Cl-esterase
inhibitor-deficient hereditary angioedema: a randomised, double-blind,
placebo-controlled, phase 2 trial. Lancet. 2022;399(10328):945-955.

Kohs TCL, Lorentz CU, Johnson J, et al. Development of coagulation factor
Xl antibodies for inhibiting vascular device-related thrombosis. Cell Mol
Bioeng. 2021;14(2):161-175.

Hsu C, Hutt E, Bloomfield DM, Gailani D, Weitz JI. Factor Xl inhibition to
uncouple thrombosis from hemostasis: JACC review topic of the week. J
Am Coll Cardiol. 2021;78(6):625-631.

Mackman N, Bergmeier W, Stouffer GA, Weitz JI. Therapeutic strate-
gies for thrombosis: new targets and approaches. Nat Rev Drug Discov.
2020;19(5):333-352.

Zhang H, Léwenberg EC, Crosby JR, et al. Inhibition of the intrinsic
coagulation pathway factor Xl by antisense oligonucleotides: a novel
antithrombotic strategy with lowered bleeding risk. Blood. 2010 Nov
25;116(22):4684-4692.

Prakash TP, Graham MJ, Yu J, et al. Targeted delivery of antisense oligonucle-
otides to hepatocytes using triantennary N-acetyl galactosamine improves
potency 10-fold in mice. Nucleic Acids Res. 2014;42(13):8796-8807.
Woodruff RS, Ivanov I, Verhamme IM, Sun M-F, Gailani D, Sullenger B-A.
Generation and characterization of aptamers targeting factor Xla. Thromb
Res. 2017;156:134-141.

Donkor DA, Bhakta V, Eltringham-Smith LJ, Stafford AR, Weitz JI, Sheffield
WP. Selection and characterization of a DNA aptamer inhibiting coagula-
tion factor Xla. Sci Rep. 2017;7(1):2102.

Lippi G, Harenberg J, Mattiuzzi C, Favaloro EJ. Next generation antithrom-
botic therapy: focus on antisense therapy against coagulation factor XI.
Semin Thromb Hemost. 2015;41(2):255-262.

Crosby JR, Marzec U, Revenko AS, et al. Antithrombotic effect of antisense
factor Xl oligonucleotide treatment in primates. Arterioscler Thromb Vasc
Biol. 2013;33(7):1670-8.

Ngo ATP, Jordan KR, Mueller PA, et al. Pharmacological targeting of coag-
ulation factor XI mitigates the development of experimental atherosclero-
sis in low-density lipoprotein receptor-deficient mice. J Thromb Haemost.
2021;19(4):1001-1017.

Younis HS, Crosby J, Huh J-1, et al. Antisense inhibition of coagulation factor
Xl prolongs APTT without increased bleeding risk in cynomolgus monkeys.
Blood. 2012;119(10):2401-2408.

Buller HR, Bethune C, Bhanot S, et al; FXI-ASO TKA Investigators. Factor XI
antisense oligonucleotide for prevention of venous thrombosis. N Engl J
Med. 2015;372(3):232-240.

Liu Q_, Bethune C, Dessouki E, et al. ISISFXI-Rx, a novel and specific anti-
sense inhibitor of factor XI, caused a significant reduction in FXI antigen
and activity and increased aPTT without causing bleeding in healthy vol-
unteers. Blood. 2011;118:Abstract 209.

Walsh M, Bethune C, Smyth A, et al; CS4 Investigators. Phase 2 study of the
factor Xl antisense inhibitor IONIS-FXIRx in patients with ESRD. Kidney Int
Rep. 2022;7(2):200-209.

. Koch AW, Schiering N, Melkko S, et al. MAA868, a novel FXI antibody with a

unique binding mode, shows durable effects on markers of anticoagulation
in humans. Blood. 2019;133(13):1507-1516.

Yi BA, Freedholm D, Widener N, et al. Pharmacokinetics and pharmaco-
dynamics of abelacimab (MAA868), a novel dual inhibitor of factor XI and
factor Xla. J Thromb Haemost. 2022:20(2):307-315.

Verhamme P, Yi BA, Segers A, et al; ANT-005 TKA Investigators. Abelacimab
for prevention of venous thromboembolism. N EnglJ Med. 2021;385(7):609-
617.

Schaefer M, Buchmueller A, Dittmer F, Strallburger J, Wilmen A. Allosteric
inhibition as a new mode of action for BAY 1213790, a neutralizing anti-
body targeting the activated form of coagulation factor XI. J Mol Biol.
2019;431(24):4817-4833.



55.

56.

57.

58.

59.

60.

61.

62.

63.

64,

65.

66.

67.

Beavers CJ, Wayne NB. Osocimab: a novel agent in preventing venous
thromboembolism. J Cardiovasc Pharmacol. 2020;76(6):645-649.

Thomas D, Thelen K, Kraff S, et al. BAY 1213790, a fully human IgG1 antibody
targeting coagulation factor Xla: first evaluation of safety, pharmacody-
namics, and pharmacokinetics. Res Pract Thromb Haemost. 2019;3(2):242-
253.

Weitz JI, Bauersachs R, Becker B, et al. Effect of osocimab in preventing
venous thromboembolism among patients undergoing knee arthroplasty:
the FOXTROT randomized clinical trial. JAMA. 2020;323(2):130-139.
Gdémez-Outes A, Garcia-Fuentes M, Sudrez-Gea ML. Discovery methods of
coagulation-inhibiting drugs. Expert Opin Drug Discov. 2017;12(12):1195-
1205.

Chan NC, Weitz JI. AB023, a novel antibody that binds factor XI and blocks
its activation by factor Xlla. Arterioscler Thromb Vasc Biol. 2019;39(4):533-
535.

Lorentz CU, Verbout NG, Wallisch M, et al. Contact activation inhibitor
and factor XI antibody, AB023, produces safe, dose-dependent antico-
agulation in a phase 1 first-in-human trial. Arterioscler Thromb Vasc Biol.
2019;39(4):799-809.

Lorentz CU, Tucker El, Verbout NG, et al. The contact activation inhibitor
AB023 in heparin-free hemodialysis: results of a randomized phase 2 clini-
cal trial. Blood. 2021;138(22):2173-2184.

Dilger AK, Pabbisetty KB, Corte JR, et al. Discovery of milvexian, a high-
affinity, orally bioavailable inhibitor of factor Xla in clinical studies for anti-
thrombotic therapy. J Med Chem. 2022;65(3):1770-1785.

Wong PC, Crain EJ, Bozarth JM, et al. Milvexian, an orally bioavailable,
small-molecule, reversible, direct inhibitor of factor Xla: in vitro studies and
in vivo evaluation in experimental thrombosis in rabbits. J Thromb Hae-
most. 2022;20(2):399-408.

PereraV, Wang Z, Luettgen J, et al. First-in-human study of milvexian, an oral,
direct, small molecule factor Xla inhibitor. Clin Trans/ Sci. 2022;15(2):330-
342.

Perera V, Abelian G, Li D, et al. Single-dose pharmacokinetics of milvexian
in participants with mild or moderate hepatic impairment compared with
healthy participants. Clin Pharmacokinet. 2022;61(6):857-867.

Weitz JI, Strony J, Ageno W, et al; AXIOMATIC-TKR Investigators. Mil-
vexian for the prevention of venous thromboembolism. N Engl J Med.
2021;385(23):2161-2172.

Heitmeier S, Visser M, Tersteegen A, et al. Pharmacological profile of asun-
dexian, a novel, orally bioavailable inhibitor of factor Xla. J Thromb Hae-
most. 2022;20(6):1400-1411.

68.

69.

70.

71.

72.

73.

74,

75.

76.

77.

78.

Piccini JP, Caso V, Connolly SJ, et al; PACIFIC-AF Investigators. Safety
of the oral factor Xla inhibitor asundexian compared with apixaban in
patients with atrial fibrillation (PACIFIC-AF): a multicentre, randomised,
double-blind, double-dummy, dose-finding phase 2 study. Lancet.
2022;399(10333):1383-1390.

Gdmez-Outes A, Sudrez-Gea ML, Lecumberri R, Rocha E, Pozo-Hernandez
C, Vargas-Castrillén E. New parenteral anticoagulants in development.
Ther Adv Cardiovasc Dis. 2011;5(1):33-59.

Wong PC, Quan ML, Watson CA, et al. In vitro, antithrombotic and bleed-
ing time studies of BMS-654457, a small-molecule, reversible and direct
inhibitor of factor Xla. J Thromb Thrombolysis. 2015;40(4):416-423.

Ma D, Mizurini DM, Assumpgao TC, et al. Desmolaris, a novel factor Xla anti-
coagulant from the salivary gland of the vampire bat (Desmodus rotundus)
inhibits inflammation and thrombosis in vivo. Blood. 2013;122(25):4094-
4106.

Chen W, Carvalho LP, Chan MY, Kini RM, Kang TS. Fasxiator, a novel fac-
tor Xla inhibitor from snake venom, and its site-specific mutagenesis to
improve potency and selectivity. J Thromb Haemost. 2015;13(2):248-261.
Lai R, Takeuchi H, Jonczy J, Rees HH, Turner PC. A thrombin inhibitor from
the ixodid tick, Amblyomma hebraeum. Gene. 2004;342(2):243-249.
Davoine C, Bouckaert C, Fillet M, Pochet L. Factor XII/Xlla inhibitors:
their discovery, development, and potential indications. Eur J Med Chem.
2020;208:112753.

Worm M, Kdhler EC, Panda R, et al. The factor Xlla blocking antibody 3F7:
a safe anticoagulant with anti-inflammatory activities. Ann Trans/ Med.
2015;3(17):247.

Pawaskar D, Chen X, Glassman F, et al. Pharmacokinetic/pharmacody-
namic modeling for dose selection for the first-in-human trial of the acti-
vated factor Xl inhibitor garadacimab (CSL312). Clin Transl Sci. 2022;15(3):
709-720.

McKenzie A, Roberts A, Malandkar S, Feuersenger H, Panousis C, Pawas-
kar D. A phase |, first-in-human, randomized dose-escalation study of anti-
activated factor XIl monoclonal antibody garadacimab. Clin Transl/ Sci.
2022;15(3):626-637.

Salomon O, Gailani D. A proposal for managing bleeding in patients on
therapeutic factor Xl(a) inhibitors. J Thromb Haemost. 2022;20(1):32-38.

© 2022 by The American Society of Hematology
DOI 10.1182/hematology.2022000386

New anticoagulants: FXI and FXIl inhibitors | 505



