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Factor Xl inhibitors are the novel
promising anticoagulants in the
treatment of age related
thrombotic disease
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Department of Geriatrics, Shandong Provincial Hospital Affiliated to Shandong First Medical University,
Jinan, Shandong, China

The incidence and mortality of thrombotic diseases in the aged population are
increasing year by year, which seriously affect the quality of life of the elderly.
At present, antithrombotic drugs used in clinical practice have good efficacy,
but they caused different degrees of age-dependent bleeding risk. Therefore,
there is an urgent need to develop effective antithrombotic drugs with less
risk of bleeding. Recent studies have shown that factor Xl| inhibitors can
effectively reduce the incidence of thromboembolic events without increasing
the risk of bleeding. Therefore, factor Xl inhibitors are expected to be safe and
effective new anticoagulants, providing a new sight for the prevention and
treatment of thrombotic diseases. This paper reviews the biological functions
of factor XI, the types and characteristics of factor Xl inhibitors and the related
research progress of factor Xl inhibitors.
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1 Introduction

Thrombotic diseases are caused by two pathological processes: thrombosis and
thromboembolism, and are mainly manifested as venous thromboembolism (VTE),
myocardial infarction, and ischemic stroke. Deaths caused by thrombotic diseases
account for about 4% of global mortality, posing a great burden of public health (1).
The elderly become the high-risk population of thrombotic diseases due to the changes
of lifestyle and pathophysiological characteristics of the body. The main changes of
physiological factors in the elderly are as follows: (1) the different degrees of endothelial
damage and vascular sclerosis; (2) increased platelet aggregation; (3) increased blood
viscosity; (4) hypercoagulation and increased coagulation factors (2). In addition, the
risk factors of thromboembolism such as atrial fibrillation, malignancy, total knee
arthroplasty, atherosclerosis, ischemic stroke, end-stage renal disease, and long-term
bedridden are more common in the elderly. Therefore, The elderly are the key
population in the prevention and treatment of thrombotic diseases.

Anticoagulant therapy is an important cornerstone for the prevention and treatment
of thrombotic diseases. Traditional oral anticoagulants have commonly used in clinical
practice, such as warfarin, which has good antithrombotic efficacy. But the dose-effect
relationship of warfarin is affected by many factors. Close monitoring of international
normalized ratio (INR) is necessary during warfarin treatment. Even if INR is
maintained within the therapeutic range, there is still a high risk of intracranial
hemorrhage (3-5). In recent years, the direct oral anticoagulants (DOACs) such as
rivaroxaban, apixaban and dabigatran etexilate have better safety and efficacy than
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warfarin (6-9). However, bleeding was still considered an inevitable
side effect of DOACs therapy, with the most common sites being
the gastrointestinal and urinary tract (10-13). Due to the
deterioration of physical functions, the elderly are not only with
high risk of thrombosis, but also with high risk of bleeding
during anticoagulant treatment. The high risk of bleeding limits
the intensity of anticoagulant therapy tolerated by patients,
leading to inadequate anticoagulation therapy, which increases
the incidence of thromboembolic events. Therefore, it is of great
clinical value to find a therapeutic target that effectively reduces
thrombosis without increasing bleeding risk.

Epidemiological and numerous research data have shown
that factor XI plays an important role in thrombosis, but little
role in physiological hemostasis (14, 15). Therefore, factor XI
has the
development of new anticoagulants. The existing phase I and

become an emerging and popular target for
phase II clinical trial data indicated that compared with
DOAGC:s, factor XI inhibitors could be more effective to reduce
the incidence of thromboembolic events without increasing the
risk of bleeding (16). Therefore, factor XI inhibitors have
significant potential value in the prevention and treatment of
In this

biological functions of factor XI, and the types and clinical

thrombotic diseases. review, we summarize the

research progress of factor XI inhibitors.

1.1 The biological functions of factor Xl

The same coagulation factors are involved in physiological
hemostasis and thrombosis, but with two different outcomes
(Figure 1). Hsu et al. suggested that factor XI may play a

10.3389/fcvm.2025.1498826

relatively limited role in hemostasis, and the activation of factor
XTI can reinforce hemostatic plug (16). Consistent with this view,
most patients with hemophilia C (factor XI deficiency) do not
have serious bleeding events, such as spontaneous bleeding,
intracranial bleeding, intra-articular bleeding, and gastrointestinal
bleeding. And bleeding events occurs only in certain individuals
and under specific circumstances, for instance after surgery,
tooth extraction, and urinary tract injury (17).

Different from hemostasis, the growth and propagation of
pathological thrombosis appears to be largely dependent on
the ability of factor XI to expand thrombin production. The
activation of tissue factor (TF) following disruption of the
vessel wall initiates coagulation causing a local burst of
thrombin, which activates factor XI by positive feedback (18,
19). During the growth phase of thrombus, the naturally
(e.g, DNA and
polyphosphates) further activate factor XI via the contact

occurring negatively charged substance
pathway, amplifying thrombin formation (20-22). In addition,
the activation of factor XI can inhibit tissue plasminogen
activator (tPA)-induced blood clot fibrinolysis (23). At present,
there are many epidemiological and preclinical research data
supporting the key role of factor XI in thrombosis. Inhibition
of factor XI can reduce thrombogenesis under pathological
conditions in a variety of animal models (24-26). Patients with
factor XI deficiency have significantly reduced risk of VTE and
cardiovascular events (including myocardial infarction, stroke,
and TIA) (17, 27, 28).

Because factor XI plays a crucial role in thrombosis and a
minimal role in physiological hemostasis, targeted inhibition of
factor XI has the potential to achieve the uncoupling of
thrombosis and hemorrhage in anticoagulation therapy.
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1.2 The types and characteristics of factor
Xl inhibitors

In the light of the pharmacological mechanism, factor XI
inhibitors can be mainly divided into antisense oligonucleotides
(ASOs), monoclonal antibodies, small molecule inhibitors (15,
23, 29). As shown in Table 1, both ASOs and monoclonal
antibodies can only be administered parenterally, whereas small-
molecule inhibitors can be administered orally. ASOs has a slow
onset of action, requiring 3-4 weeks of administration to reduce
factor XI to therapeutic levels. whereas monoclonal antibodies
and small molecule inhibitors can take effect minutes or hours
after administration. Monoclonal antibodies have a long half-life
needing to be administered monthly once. Small molecule
inhibitors have a short half-life, requiring administration once or
twice daily. Moreover, ASOs and monoclonal antibodies are not
metabolized by renal secretion and cytochrome P450 system, and
are not substrates of P-glycoprotein, so they are ideal drugs for
end-stage renal disease with a high risk of bleeding (30).

1.3 Clinical research progress of factor
Xl inhibitors

1.3.1 Factor XI-ASOs

ISIS 416858 (ISIS-factor XIRX) is an antisense nucleotide, which
binds specifically to factor XI mRNA, inhibiting the expression of
factor XI (31). Jeffrey et al. compared the efficacy and safety of
different doses of ISIS-factor XIRX with enoxaparin in patients
undergoing total knee arthroplasty (TKA). The results showed that,
in terms of the prevention of VTE, the ISIS-factor XIRX 200 mg
group was not inferior to enoxaparin group (27% vs. 30%), and the
300 mg group was significantly better than enoxaparin (4% vs. 30%).
The rate of major or clinically relevant nonmajor bleeding was lower
in the 300-mg dose group than that in the enoxaparin group (3% vs.
8%), but with no significant statistically difference. It is shown that
300 mg dose was more effective in reducing the incidence of TKA

TABLE 1 Types and characteristics of factor XI inhibitors.

Small-
molecule
inhibitors

Monoclonal
antibodies

Types/

Characteristics

Pharmacological It binds to factor | It binds to factor XI | It binds to factor
mechanism XI mRNA and | or factor Xla and XIa and inhibits
blocks its inhibits its biological | its biological
protein function activity
expression
Method of Subcutaneous Intravenous or Intravenous or
administration injection subcutaneous oral
injection administration
Frequency of Weekly Monthly Daily
administration -Monthly

Speed of onset Slow (weeks) Fast (hours-days) Fast (minutes—

hours)
Duration of effect Weeks Weeks Minutes-hours
Renal excretion No No No
Drug-drug interaction | No No Yes
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postoperative thromboembolism than enoxaparin, without increasing
the risk of bleeding (32). In addition, an unfinished phase II clinical
trial has been conducted to evaluate the proper dose of ISIS-factor
XIRX and compare the safety and efficacy of the study drug to
apixaban in end-stage renal disease (ESRD) patients requiring long-
term hemodialysis (NCT03358030).

1.3.2 Monoclonal antibodies

1.3.2.1 Abelacimab (MAA868)

Abelacimab is a fully human monoclonal antibody that binds
to the catalytic domain of factor XI, thereby hindering its
activation (33). Verhamme et al. published a study assessing the
safety of different dose abelacimab vs. enoxaparin for the
prevention of VTE in TKA patients. As for preventing VTE,
30 mg abelacimab was non-inferior to enoxaparin (13% vs. 22%),
and the 75 mg and 150 mg abelacimab regimens were superior to
enoxaparin (5%, 4% vs. 22%). The incidence of bleeding was 2%,
2%, 0%, and 0% in the 30 mg, 75 mg, 150 mg abelacimab, and
enoxaparin groups, respectively. The results have shown that a
single postoperative intravenous administration of abelacimab is
more effective than enoxaparin in decreasing the incidence of
VTE in TKA patients without increasing the risk of bleeding
(34). A an ongoing phase II clinical trial of abelacimab
(NCT04755283) that assess the efficacy and safety of abelacimab
vs. rivaroxaban in patients with atrial fibrillation (AF) who have
moderate-to-high risk of stroke.

1.3.2.2 Osocimab (BAY 1213790)

Osocimab binds to a region near the active site of factor Xla
and inhibits its enzymatic activity (35). Weitz et al. evaluated the
safety of various doses of osocimab compared with enoxaparin
and apixaban for the prevention of VIE in TKA patients. The
results showed that postoperative osocimab 0.6 mg/kg (15.7%),
1.2 mg/kg (16.5%) and 1.8 mg/kg (17.9%) were not inferior to
enoxaparin (26.3%) for the incidence of VTE at 10-13 days
postoperatively, whereas preoperative dose of 1.8 mg/kg of
osocimab was superior to enoxaparin (11.3% vs. 26.3%). The
incidence of bleeding for up to 10-13 days postoperatively was
0%, 1% and 3% in patients receiving postoperative 0.6 mg/kg,
1.2 mg/kg, 1.8 mg/kg osocimab, respectively, and 4.7% in patients
receiving preoperative 1.8 mg/kg osocimab, 5.9% in those
receiving enoxaparin. Hence, postoperative osocimab doses
between 0.6 and 1.2 mg/kg appear to make the greatest clinical
benefit (36). In addition, a phase II clinical trial is underway that
evaluate the safety and tolerability of monthly subcutaneous
administration of different doses of osocimab in ESRD patients
undergoing regular hemodialysis (NCT04523220).

1.3.2.3 Ab023 (Xisomab 3G3)

AB023 is a recombinant humanized antibody that binds to the
apple 2 domain of factor XI and prevents its activation (37).
A phase II study to evaluate the safety of a single administration
of AB023 at the start of hemodialysis in patients with ESRD who
need long-term hemodialysis with heparin intolerance. The
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results showed that the incidence of viral gastroenteritis had no
difference between single-dose AB023 and placebo groups (12.5%
vs. 12.5%), and AB023 treatment markedly decreased dialyzer
clotting during heparin-free hemodialysis in ESRD patients (38).

1.3.3 Small molecule inhibitors

1.3.3.1 Milvexian (JNJ70033093, BMS-986177)

Milvexian is a potent small molecule that binds to the active
site of factor Xla with high affinity and selectivity (39). Weitz
et al. evaluated the efficacy and safety of milvexian compared
with enoxaparin in patients with TKA. The results suggested that
the incidence of VTE following twice-daily milvexian was
significantly lower than enoxaparin (12% vs. 21%), and the dose
response relationship with twice-daily milvexian was significant
(21% taking 25 mg, 11% taking 50 mg, 9% taking 100 mg, and
8% taking 200 mg). The occurrence rate of bleeding had no
difference between twice-daily milvexian and enoxaparin (4% vs.
4%). Studies indicated that oral milvexian was more effective
than enoxaparin to prevent postoperative thromboembolism
without increasing the risk of bleeding in TKA patients (40).

An uncompleted phase II trial to evaluate the safety and
tolerability of a single oral dose of BMS-986177 in hemodialysis
patients with ESRD (NCT03000673). And anthor phase II study
(NCT03766581) is also underway to assess the efficacy of BMS-
986177 for preventing new ischemic stroke or silent cerebral
infarction in patients with acute ischemic stroke or transient
ischemic attack (TIA).

1.3.3.2 Asundexian (BAY 2433334)

Asundexian is a chemically synthesized and orally administered
small molecule drug that can bind directly and strongly to the
active site of factor Xla, inhibiting its enzymatic activity. The
phase I clinical trial conducted in healthy men showed that BAY
2433334 had good safety and tolerance, and dose-dependently
inhibited factor XIa activity and activated partial thromboplastin
time (APTT) (41).

A phase II trial to determine the safety and the optimal dose of
asundexian compared with apixaban in AF patients. Compared
with apixaban, 20mg and 50 mg asundexian significantly
reduced resulted in lower rates of bleeding events in AF patients,
with the near-complete inhibition of factor XIa activity. This
study provided a theoretical basis for phase III clinical trial (42).

Shoamanesh et al. conducted a phase IIb trial to explore the
efficacy and safety of asundexian in patients with acute
The showed that the
covert infarction and

noncardiac ischemic stroke. results

composite outcome of cerebral
symptomatic ischaemic stroke occurred in 86 (19%), 99 (22%),
and 90 (20%), 87 (19%) patients receiving asundexian 10 mg,
20 mg, 50 mg, and placebo, and the bleeding event was abserved
in 19 (4%), 14 (3%), 19 (4%), and 11 (2%) patients in the
asundexian 10 mg, 20 mg, 50 mg, and placebo group. Taken
together, asundexian did not reduce the composite outcome of
occult cerebral infarction or ischemic stroke and did not

significantly increase the composite outcome of major or
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clinically relevant nonmajor bleeding. The efficacy outcome was
not attenuated on account of no decrease in the incidence of
covert cerebral infarction (75% of primary outcome events).
Covert brain infarcts may be caused by underlying small-vessel
disease that is no response to anticoagulation and is not affected
by factor XI concentration. However, the results of post hoc
analyses that with
significantly reduced the composite outcome of recurrent

showed treatment asundexian 50 mg
ischemic stroke and transient ischemic attack in patients with co-
existing atherosclerosis, providing theoretical basis for a phase III
clinical trial (43).

A phase III clinical OCEANIC program was launched on
August 28, 2022, namely OCEANIC AF and OCEANIC
STROKE. It is expected to enroll up to 30,000 patients with AF
and patients at high risk of non-cardiac ischemic stroke or
transient ischemic attack in more than 40 countries to evaluate
the efficacy and safety of asundexian for the prevention of stroke
events (44).

2 Discussion

In the last decade, DOACs have been regarded as the optimal
choice therpy for the prevention of thromboembolic events. It
has been shown that DOACs were at least as effective as
heparins and warfarin for preventing stroke and VTE, associated
with lower rates of intracranial bleeding (45, 46). However,
DOAC:s also have some limitations including: causing a high risk
of bleeding, mainly gastrointestinal (46); areas where no clinical
benefit was reported, such as the prevention of stroke in patients
with mechanical heart valves (47), rheumatic heart disease-
associated AF (48), transcatheter aortic valve implantation (49),
the VTE prevention in patients with antiphospholipid antibody
syndrome (50); no available data of DOACs in specific areas
(e.g.
extremes of body weight) (51, 52).

In recent years, factor XI has been an attractive target to

kidney failure, thrombocytopenia, hypohepatia and

explore the advantages of anticoagulation in specific clinical
settings and overcome the limitations of the DOACs. Given the
biological functions, targeting inhibition of factor XI can
uncouple thrombosis from hemostasis and block the activation of
the contact pathway in the process of thrombogenesis. The
repression of factor XI seems to be rational in cases when
thrombosis is triggered by artificial surfaces exposed to blood
(e.g., haemodialysis circuits, mechanical valves, catheters, and
bypass). At
development of factor XI inhibitors has been vigorously carried

cardiopulmonary present, the research and
out, and a variety of factor XI inhibitors have entered the clinical
trial stage (Table 2). A number of phase I and phase II clinical
studies have indicated that factor XI inhibitors were more
effective than DOAC:s for the prevention of VTE in patients with
TKA and the improvement of dialyzer clotting in those with
ESRD requiring long-term hemodialysis, without a significant
increase in bleeding events (32, 34, 36, 38, 40). The safety of
factor XI inhibitors compared with DOACs in AF patients has
been researched (42), however, the differences in efficacy have

frontiersin.org


https://doi.org/10.3389/fcvm.2025.1498826
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

Feng and Wang

TABLE 2 Summary of clinical trials of factor XI inhibitors.

10.3389/fcvm.2025.1498826

Disease type p = Current state Journal of
publication
ASOs ISIS416858 (ISIS-FXI | TKA Enoxaparin Phase II clinical trial | NCT01713361 N Engl ] Med
Ryx) has been completed
ESRD requiring hemodialysis | Placebo Phase II clinical trial | NCT03358030
has been completed
Monoclonal Abelacimab TKA Enoxaparin Phase II clinical trial | ANT-005 TKA, N Engl ] Med
antibodies (MAAS868) has been completed 2019-003756-37
Atrial fibrillation Rivaroxaban Phase II clinical trial | NCT04755283
has been initiated
Osocimab (BAY TKA Enoxaparin and Phase II clinical trial | NCT03276143 JAMA
1213790) apixaban has been completed
ESRD requiring hemodialysis | Placebo Phase II clinical trial | NCT04523220
has been completed
AB023 (Xisomab ESRD requiring hemodialysis | Placebo Phase II clinical trial | NCT03612856 Blood
3G3) has been completed
Malignant tumors (requiring | None Phase II clinical study | NCT04465760
indwelling central venous is ongoing
catheter)
Small-molecule | Milvexian TKA Enoxaparin Phase II clinical trial | NCT03891524 N Engl ] Med
inhibitors (JNJ70033093/BMS- has been completed
986177) ESRD requiring hemodialysis | Enoxaparin and Phase II clinical trial | NCT03000673
unfractionated heparin | has been completed
Acute ischemic stroke or TIA | Placebo Phase II clinical trial | NCT03766581
has been completed
Asundexian (BAY Acute noncardiac ischemic Placebo Phase IIb clinical trial | NCT04304508 Lancet
2433334) stroke has been completed
Atrial fibrillation or Apixaban or placebo | phase III clinical study
noncardiac ischemic stroke has been initiated

not been studied. Among the factor XI inhibitors, abelacimab and
asundexian have entered phase III clinical trails and have the
potential to become novel safe and effective anticoagulants.

Moreover, the fact is that the average age of subjects was greater
than 65 years in multiple studies involved in patients with TKA,
AF, and acute noncardiac ischemic stroke (32, 34, 36, 40, 42, 43).
Those studies have consistently shown that the efficacy of factor
XI inhibitors was better than and without no increase in
bleeding risk. Therefore, we can conclude that the factor XI
inhibitors may be a promising anticoagulants in the treatment of
thrombotic diseases in the elderly patients.

3 Challenges and future directions

Current factor XI inhibitors have varieties of advantages and
limitations. Both ASOs and monoclonal antibodies have long half-
lives, infrequent dosing, and stable efficacy, making them suitable
for the prevention of cancer-associated thrombosis. However, these
drugs may require the development of antidotes and reversal
strategies. At present, there are potential difficulties in antagonising
these drugs: the administration of factor XI concentrates can be
thrombogenic, and prothrombin complex concentrates may not be
sufficiently effective (53). ASOs take approximately 1 month to
reach therapeutic levels and are therefore not suitable for acute
situations. Among monoclonal antibodies, AB023 is an exception
because of its short half-life and thus the potential for use in the
periinterventional period, such as in the setting with indwelling
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catheter or extracorporeal circuit. ASOs and monoclonal antibodies
are not metabolized by the kidney and therefore may be more
suitable for patients with renal insufficiency. In addtion, the
metabolism of small molecules depend on the liver, mainly
interacted with cytochrome P450 3A4, thus, there may be potential
drug-drug interactions (54).

Given the success of DOACs, factor XI inhibitors face a
formidable challenge. there are some areas remaining to explore
the safty and efficacy of factor XI inhibitors where DOACs have
failed or where were not evaluated, such as stroke prevention in
patients with mechanical prosthetic valves, rheumatic valve
and TAVI, VTE with
antiphospholipid antibody syndrome. Moreover, the effect of
factor XI inhibitors in the setting of coronary thrombosis has not

disease treatment in patients

been elucidated (55). Ultimately, as with any new drug, the safety
concerns may arise and have to be addressed. The long-term
safety and effective antidotes of factor XI inhibitors need to be
further investigated. In addition, the optimal dosage and safety
profile in older populations remain to be established through
ongoing and future large-scale phase III trials.

Author contributions

DF: Conceptualization, Resources, Software, Visualization,
draft.

administration,

Writing - original JW: Conceptualization, Funding

acquisition, Project Resources, Supervision,

Writing - review & editing.

frontiersin.org


https://doi.org/10.3389/fcvm.2025.1498826
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

Feng and Wang

Funding

The author(s) declare that financial support was received for
the research and/or publication of this article. This work was
supported by the National Key Research and Development
Program of China [grant number 2020YFC2008900].

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

References

1. Lozano R, Naghavi M, Foreman K, Lim S, Shibuya K, Aboyans V, et al. Global
and regional mortality from 235 causes of death for 20 age groups in 1990 and
2010: a systematic analysis for the global burden of disease study 2010. Lancet.
(2012) 380(9859):2095-128. doi: 10.1016/S0140-6736(12)61728-0

2. Zhi Z, Xufeng L, Xuefang G, Gang L Prevention and treatment of thrombotic
diseases in the elderly: according to the clinical guidance of “Chinese guidelines for
the prevention and treatment of thrombotic diseases (2018)”. Chin ] Clin
Healthcare. (2019) 22(03):311-5.

3. Steiner T, Rosand J, Diringer M. Intracerebral hemorrhage associated with oral
anticoagulant therapy: current practices and unresolved questions. Stroke. (2006)
37(1):256-62. doi: 10.1161/01.STR.0000196989.09900.8

4. Yasaka M, Lip GY. Impact of non-vitamin k antagonist oral anticoagulants on
intracranial bleeding in Asian patients with non-valvular atrial fibrillation. Circ J.
(2014) 78(10):2367-72. doi: 10.1253/circj.CJ-14-0720

5. Zapata-Wainberg G, Ximenez-Carrillo RA, Benavente FL, Ximénez-Carrillo Rico
A, Benavente Ferndndez L, Masjuan Vallejo J, et al. Epidemiology of intracranial
haemorrhages associated with vitamin K antagonist oral anticoagulants in Spain:
TAC registry. Interv Neurol. (2015) 4(1-2):52-8. doi: 10.1159/000437150

6. Carmo J, Moscoso CF, Ferreira ], Mendes M. Dabigatran in real-world atrial
fibrillation. Meta-analysis of observational comparison studies with vitamin
K antagonists. Thromb Haemost. (2016) 116(4):754-63. doi: 10.1160/TH16-03-0203

7. Li XS, Deitelzweig S, Keshishian A, Hamilton M, Horblyuk R, Gupta K, et al.
Effectiveness and safety of apixaban versus warfarin in non-valvular atrial
fibrillation patients in “real-world” clinical practice. A propensity-matched analysis
of 76,940 patients. Thromb Haemost. (2017) 117(6):1072-82. doi: 10.1160/TH17-01-
0068

8. Na L. Efficacy of different anticoagulant drugs in elderly patients with non-
valvular atrial fibrillation. Clin Med Pract. (2021) 31(03):173-5.

9. Yanhong W, Jinsong H, Xiaoying Y, Yujie H, Ziming Z, Jinghui Z, et al. Effect of
three kinds of anticoagulant drugs on atrial fibrillation after radiofrequency catheter
ablation: a network meta-analysis. J Huazhong Univ Sci Technol. (2019)
48(06):719-24.

10. Jiang H, Jiang Y, Ma H, Zeng H, Lv J. Effects of rivaroxaban and warfarin on the
risk of gastrointestinal bleeding and intracranial hemorrhage in patients with atrial
fibrillation: systematic review and meta-analysis. Clin Cardiol. (2021) 44(9):1208-15.
doi: 10.1002/clc.23690

11. Kahale LA, Hakoum MB, Tsolakian IG, Matar CF, Terrenato I, Sperati F, et al.
Anticoagulation for the long-term treatment of venous thromboembolism in people
with cancer. Cochrane Database Syst Rev. (2018) 6(6):CD006650. doi: 10.1002/
14651858.CD006650.pub5

12. Giustozzi M, Agnelli G, Del TJ, del Toro-Cervera ], Klok FA, Rosovsky RP, et al.
Direct oral anticoagulants for the treatment of acute venous thromboembolism
associated with cancer: a systematic review and meta-analysis. Thromb Haemost.
(2020) 120(7):1128-36. doi: 10.1055/s-0040-1712098

13. Ruff CT, Giugliano RP, Braunwald E, Hoffman EB, Deenadayalu N, Ezekowitz
MD, et al. Comparison of the efficacy and safety of new oral anticoagulants with
warfarin in patients with atrial fibrillation: a meta-analysis of randomised trials.
Lancet. (2014) 383(9921):955-62. doi: 10.1016/S0140-6736(13)62343-0

14. Gailani D. Making anticoagulation safer. Lancet. (2022) 399(10333):1360-1.
doi: 10.1016/S0140-6736(22)00563-3

Frontiers in Cardiovascular Medicine

10.3389/fcvm.2025.1498826

Generative Al statement

The author(s) declare that no Generative Al was used in the
creation of this manuscript.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

15. Fredenburgh JC, Weitz JI. Factor XI as a target for new anticoagulants.
Hamostaseologie. (2021) 41(2):104-10. doi: 10.1055/a-1384-3715

16. Hsu C, Hutt E, Bloomfield DM, Gailani D, Weitz JI. Factor XI inhibition to
uncouple thrombosis from hemostasis: JACC review topic of the week. ] Am Coll
Cardiol. (2021) 78(6):625-31. doi: 10.1016/j.jacc.2021.06.010

17. Preis M, Hirsch J, Kotler A, Zoabi A, Stein N, Rennert G. Factor XI deficiency is
associated with lower risk for cardiovascular and venous thromboembolism events.
Blood. (2017) 129(9):1210-5. doi: 10.1182/blood-2016-09-742262

18. Grover SP, Mackman N. Tissue factor: an essential mediator of hemostasis and
trigger of thrombosis. Arterioscler Thromb Vasc Biol. (2018) 38(4):709-25. doi: 10.
1161/ATVBAHA.117.309846

19. Mackman N, Tilley RE, Key NS. Role of the extrinsic pathway of blood
coagulation in hemostasis and thrombosis. Arterioscler Thromb Vasc Biol. (2007)
27(8):1687-93. doi: 10.1161/ATVBAHA.107.141911

20. Tillman BF, Gruber A, McCarty O, Gailani D. Plasma contact factors as
therapeutic targets. Blood Rev. (2018) 32(6):433-48. doi: 10.1016/j.blre.2018.04.001

21. Grover SP, Mackman N. Intrinsic pathway of coagulation and thrombosis.
Arterioscler Thromb Vasc Biol. (2019) 39(3):331-8. doi: 10.1161/ATVBAHA.118.
312130

22. Quan ML, Pinto D, Smallheer JM, Ewing WR, Rossi KA, Luettgen JM, et al.
Factor XIa inhibitors as new anticoagulants. ] Med Chem. (2018) 61(17):7425-47.
doi: 10.1021/acs.jmedchem.8b00173

23. von Dem BP, Cox LM, Bouma BN. Factor XI enhances fibrin generation and
inhibits fibrinolysis in a coagulation model initiated by surface-coated tissue factor.
Blood Coagul Fibrinolysis. (2006) 17(4):251-7. doi: 10.1097/01.mbc.0000224843.
33216.5f

24. Tucker EI, Marzec UM, White TC, Hurst S, Rugonyi S, McCarty OJT, et al.
Prevention of vascular graft occlusion and thrombus-associated thrombin
generation by inhibition of factor XI. Blood. (2009) 113(4):936-44. doi: 10.1182/
blood-2008-06-163675

25. Crosby JR, Marzec U, Revenko AS, Zhao C, Gao D, Matafonov A, et al.
Antithrombotic effect of antisense factor XI oligonucleotide treatment in primates.
Arterioscler Thromb Vasc Biol. (2013) 33(7):1670-8. doi: 10.1161/ATVBAHA.113.
301282

26. Yau JW, Liao P, Fredenburgh JC, Stafford AR, Revenko AS, Monia BP, et al.
Selective depletion of factor XI or factor XII with antisense oligonucleotides
attenuates catheter thrombosis in rabbits. Blood. (2014) 123(13):2102-7. doi: 10.
1182/blood-2013-12-540872

27. Sharman MS, Chodick G, Ni YG, Sharman Moser S, Chalothorn D, Wang M-D,
et al. The association between factor XI deficiency and the risk of bleeding,
cardiovascular, and venous thromboembolic events. Thromb Haemost. (2022)
122(5):808-17. doi: 10.1055/s-0041-1735971

28. Salomon O, Steinberg DM, Zucker M, Varon D, Zivelin A, Seligsohn U. Patients
with severe factor XI deficiency have a reduced incidence of deep-vein thrombosis.
Thromb Haemost. (2011) 105(2):269-73. doi: 10.1160/TH10-05-0307

29. Al-Horani RA, Afosah DK. Recent advances in the discovery and development of
factor XI/XIa inhibitors. Med Res Rev. (2018) 38(6):1974-2023. doi: 10.1002/med.21503

30. Zhang H, Lowenberg EC, Crosby JR, MacLeod AR, Zhao C, Gao D, et al.
Inhibition of the intrinsic coagulation pathway factor XI by antisense

frontiersin.org


https://doi.org/10.1016/S0140-6736(12)61728-0
https://doi.org/10.1161/01.STR.0000196989.09900.f8
https://doi.org/10.1253/circj.CJ-14-0720
https://doi.org/10.1159/000437150
https://doi.org/10.1160/TH16-03-0203
https://doi.org/10.1160/TH17-01-0068
https://doi.org/10.1160/TH17-01-0068
https://doi.org/10.1002/clc.23690
https://doi.org/10.1002/14651858.CD006650.pub5
https://doi.org/10.1002/14651858.CD006650.pub5
https://doi.org/10.1055/s-0040-1712098
https://doi.org/10.1016/S0140-6736(13)62343-0
https://doi.org/10.1016/S0140-6736(22)00563-3
https://doi.org/10.1055/a-1384-3715
https://doi.org/10.1016/j.jacc.2021.06.010
https://doi.org/10.1182/blood-2016-09-742262
https://doi.org/10.1161/ATVBAHA.117.309846
https://doi.org/10.1161/ATVBAHA.117.309846
https://doi.org/10.1161/ATVBAHA.107.141911
https://doi.org/10.1016/j.blre.2018.04.001
https://doi.org/10.1161/ATVBAHA.118.312130
https://doi.org/10.1161/ATVBAHA.118.312130
https://doi.org/10.1021/acs.jmedchem.8b00173
https://doi.org/10.1097/01.mbc.0000224843.33216.5f
https://doi.org/10.1097/01.mbc.0000224843.33216.5f
https://doi.org/10.1182/blood-2008-06-163675
https://doi.org/10.1182/blood-2008-06-163675
https://doi.org/10.1161/ATVBAHA.113.301282
https://doi.org/10.1161/ATVBAHA.113.301282
https://doi.org/10.1182/blood-2013-12-540872
https://doi.org/10.1182/blood-2013-12-540872
https://doi.org/10.1055/s-0041-1735971
https://doi.org/10.1160/TH10-05-0307
https://doi.org/10.1002/med.21503
https://doi.org/10.3389/fcvm.2025.1498826
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

Feng and Wang

oligonucleotides: a novel antithrombotic strategy with lowered bleeding risk. Blood.
(2010) 116(22):4684-92. doi: 10.1182/blood-2010-04-277798

31. Younis HS, Crosby J, Huh JI, Lee HS, Rime S, Monia B, et al. Antisense inhibition
of coagulation factor XI prolongs APTT without increased bleeding risk in cynomolgus
monkeys. Blood. (2012) 119(10):2401-8. doi: 10.1182/blood-2011-10-387134

32. Buller HR, Bethune C, Bhanot S, Gailani D, Monia BP, Raskob GE, et al. Factor
XI antisense oligonucleotide for prevention of venous thrombosis. N Engl ] Med.
(2015) 372(3):232-40. doi: 10.1056/NEJMoal405760

33. Koch AW, Schiering N, Melkko S, Ewert S, Salter ], Zhang Y, et al. MA A868, a novel FXI
antibody with a unique binding mode, shows durable effects on markers of anticoagulation in
humans. Blood. (2019) 133(13):1507-16. doi: 10.1182/blood-2018-10-880849

34. Verhamme P, Yi BA, Segers A, Salter J, Bloomfield D, Biiller HR, et al.
Abelacimab for prevention of venous thromboembolism. N Engl ] Med. (2021)
385(7):609-17. doi: 10.1056/NEJMo0a2105872

35. Schaefer M, Buchmueller A, Dittmer F, Straflburger J, Wilmen A. Allosteric
inhibition as a new mode of action for BAY 1213790, a neutralizing antibody
targeting the activated form of coagulation factor XI. ] Mol Biol. (2019)
431(24):4817-33. doi: 10.1016/j.jmb.2019.09.008

36. Weitz J1, Bauersachs R, Becker B, Berkowitz SD, Freitas MCS, Lassen MR, et al.
Effect of osocimab in preventing venous thromboembolism among patients
undergoing knee arthroplasty: the FOXTROT randomized clinical trial. JAMA.
(2020) 323(2):130-9. doi: 10.1001/jama.2019.20687

37. Chan NC, Weitz JI. AB023, a novel antibody that binds factor XI and blocks its
activation by factor XIIa. Arterioscler Thromb Vasc Biol. (2019) 39(4):533-5. doi: 10.
1161/ATVBAHA.119.312459

38. Lorentz CU, Tucker EI, Verbout NG, Shatzel JJ, Olson SR, Markway BD, et al.
The contact activation inhibitor AB023 in heparin-free hemodialysis: results of a
randomized phase 2 clinical trial. Blood. (2021) 138(22):2173-84. doi: 10.1182/
blood.2021011725

39. Perera V, Wang Z, Luettgen ], Li D, DeSouza M, Cerra M, et al. First-in-human
study of milvexian, an oral, direct, small molecule factor XIa inhibitor. Clin Transl Sci.
(2022) 15(2):330-42. doi: 10.1111/cts.13148

40. Weitz JI, Strony J, Ageno W, Gailani D, Hylek EM, Lassen MR, et al. Milvexian
for the prevention of venous thromboembolism. N Engl ] Med. (2021)
385(23):2161-72. doi: 10.1056/NEJMoa2113194

41. Thomas D, Kanefendt F, Schwers S, Unger S, Yassen A, Boxnick S. First
evaluation of the safety, pharmacokinetics, and pharmacodynamics of BAY
2433334, a small molecule targeting coagulation factor XIa. J Thromb Haemost.
(2021) 19(10):2407-16. doi: 10.1111/jth.15439

42. Piccini JP, Caso V, Connolly SJ, Fox KA, Oldgren J, Schuyler Jones W, et al.
Safety of the oral factor XIa 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):1383-90. doi: 10.1016/S0140-6736(22)00456-1

Frontiers in Cardiovascular Medicine

07

10.3389/fcvm.2025.1498826

43. Shoamanesh A, Mundl H, Smith EE, Masjuan J, Milanov I, Hirano T, et al.
Factor XIa inhibition with asundexian after acute non-cardioembolic ischaemic
stroke (PACIFIC-stroke): an international, randomised, double-blind, placebo-
controlled, phase 2b trial. Lancet. (2022) 400(10357):997-1007. doi: 10.1016/S0140-
6736(22)01588-4

44. Jorgal A. Bayer initiates landmark Phase III study program to investigate oral
FXIa inhibitor Asundexian [EB/OL] (2022). Available online at: https://www.bayer.
com/media/en-us/bayer-initiates-landmark-phase-iii-study-program-to-investigate-
oral-fxia-inhibitor-asundexian/ (Accessed August 28, 2022).

45. Khan F, Tritschler T, Kahn SR, Rodger MA. Venous thromboembolism. Lancet.
(2021) 398:64-77. doi: 10.1016/S0140-6736(20)32658-1

46. Ruff CT, Giugliano RP, Braunwald E, Hoffman EB, Deenadayalu N, Ezekowitz
MD, et al. Comparison of the efficacy and safety of new oral anticoagulants with
warfarin in patients with atrial fibrillation: a meta-analysis of randomised trials.
Lancet. (2014) 383:955-62. doi: 10.1016/S0140-6736(13)62343-0

47. Eikelboom JW, Connolly SJ, Brueckmann M, Granger CB, Kappetein AP, Mack
M], et al. Dabigatran versus warfarin in patients with mechanical heart valves. N Engl |
Med. (2013) 369(13):1206-14. doi: 10.1056/NEJMoal300615

48. Connolly SJ, Karthikeyan G, Ntsekhe M, Haileamlak A, Sayed AE, Ghamrawy
AE, et al. Rivaroxaban in rheumatic heart disease-associated atrial fibrillation.
N Engl ] Med. (2022) 387(11):978-88. doi: 10.1056/NEJM0a2209051

49. Collet JP, Van Belle E, Thiele H, Berti S, Lhermusier T, Manigold T, et al.
Apixaban vs. standard of care after transcatheter aortic valve implantation: the
ATLANTIS trial [published correction appears in Eur Heart J. 2022 Oct 21;43
(40):4194. Eur Heart ]. (2022) 43(29):2783-97. doi: 10.1093/eurheartj/ehac242

50. Pengo V, Denas G, Zoppellaro G, Jose SP, Hoxha A, Ruffatti A, et al.
Rivaroxaban vs warfarin in high-risk patients with antiphospholipid syndrome.
Blood. (2018) 132(13):1365-71. doi: 10.1182/blood-2018-04-848333

51. Vedovati MC, Becattini C, Agnelli G. A new strategy for anticoagulation: the
factor XI inhibitors. Eur J Intern Med. (2023) 116:8-15. doi: 10.1016/j.€jim.2023.08.
001

52. Chan N, Sobieraj-Teague M, Eikelboom JW. Direct oral anticoagulants: evidence
and unresolved issues. Lancet. (2020) 396(10264):1767-76. doi: 10.1016/S0140-6736
(20)32439-9

53. Salomon O, Gailani D. A proposal for managing bleeding in patients on
therapeutic factor XI(a) inhibitors. | Thromb Haemost. (2022) 20(1):32-8. doi: 10.
1111/jth.15579

54. Perera V, Wang Z, Lubin S, Christopher L], Chen W, Xu S, et al. Effects of
itraconazole and diltiazem on the pharmacokinetics and pharmacodynamics of
milvexian, A factor Xla inhibitor. Cardiol Ther. (2022) 11(3):407-19. doi: 10.1007/
540119-022-00266-6

55. Greco A, Laudani C, Spagnolo M, Agnello F, Faro DC, Finocchiaro S, et al.
Pharmacology and clinical development of factor XI inhibitors. Circulation. (2023)
147(11):897-913. doi: 10.1161/CIRCULATIONAHA.122.062353

frontiersin.org


https://doi.org/10.1182/blood-2010-04-277798
https://doi.org/10.1182/blood-2011-10-387134
https://doi.org/10.1056/NEJMoa1405760
https://doi.org/10.1182/blood-2018-10-880849
https://doi.org/10.1056/NEJMoa2105872
https://doi.org/10.1016/j.jmb.2019.09.008
https://doi.org/10.1001/jama.2019.20687
https://doi.org/10.1161/ATVBAHA.119.312459
https://doi.org/10.1161/ATVBAHA.119.312459
https://doi.org/10.1182/blood.2021011725
https://doi.org/10.1182/blood.2021011725
https://doi.org/10.1111/cts.13148
https://doi.org/10.1056/NEJMoa2113194
https://doi.org/10.1111/jth.15439
https://doi.org/10.1016/S0140-6736(22)00456-1
https://doi.org/10.1016/S0140-6736(22)01588-4
https://doi.org/10.1016/S0140-6736(22)01588-4
https://www.bayer.com/media/en-us/bayer-initiates-landmark-phase-iii-study-program-to-investigate-oral-fxia-inhibitor-asundexian/
https://www.bayer.com/media/en-us/bayer-initiates-landmark-phase-iii-study-program-to-investigate-oral-fxia-inhibitor-asundexian/
https://www.bayer.com/media/en-us/bayer-initiates-landmark-phase-iii-study-program-to-investigate-oral-fxia-inhibitor-asundexian/
https://doi.org/10.1016/S0140-6736(20)32658-1
https://doi.org/10.1016/S0140-6736(13)62343-0
https://doi.org/10.1056/NEJMoa1300615
https://doi.org/10.1056/NEJMoa2209051
https://doi.org/10.1093/eurheartj/ehac242
https://doi.org/10.1182/blood-2018-04-848333
https://doi.org/10.1016/j.ejim.2023.08.001
https://doi.org/10.1016/j.ejim.2023.08.001
https://doi.org/10.1016/S0140-6736(20)32439-9
https://doi.org/10.1016/S0140-6736(20)32439-9
https://doi.org/10.1111/jth.15579
https://doi.org/10.1111/jth.15579
https://doi.org/10.1007/s40119-022-00266-6
https://doi.org/10.1007/s40119-022-00266-6
https://doi.org/10.1161/CIRCULATIONAHA.122.062353
https://doi.org/10.3389/fcvm.2025.1498826
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

	Factor XI inhibitors are the novel promising anticoagulants in the treatment of age related thrombotic disease
	Introduction
	The biological functions of factor XI
	The types and characteristics of factor &#x216A; inhibitors
	Clinical research progress of factor &#x216A; inhibitors
	Factor &#x216A;-ASOs

	Monoclonal antibodies
	Abelacimab (MAA868)
	Osocimab (BAY 1213790)
	Ab023 (Xisomab 3G3)

	Small molecule inhibitors
	Milvexian (JNJ70033093, BMS-986177)
	Asundexian (BAY 2433334)


	Discussion
	Challenges and future directions
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher's note
	References


