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Abstract

Background: The compositions of venous (red blood cell-rich) and arterial (platelet-
rich) thrombi are mediated by distinct pathophysiologic processes; however, fibrin is
a major structural component of both. The transglutaminase factor XlII (FXIII) stabi-
lizes fibrin against mechanical and biochemical disruption and promotes red blood
cell retention in contracted venous thrombi. Previous studies have shown factor Xl
(FXI111) inhibition decreases whole blood clot mass and therefore, may be a therapeu-
tic target for reducing venous thrombosis. The role of FXIII in arterial thrombogene-
sisis less studied, and the particular contribution of platelet FXIIl remains unresolved.
Objective: To determine whether FXIIl reduction prevents experimental arterial
thrombogenesis.

Methods: Using wild-type mice and mice with genetically imposed deficiency in FXIII,
we measured thrombus formation and stability following ferric chloride-induced ar-
terial thrombosis. We also determined the impact of FXIIl on the mass of contracted
platelet-rich plasma clots.

Results: Following vessel injury, F13a"*, F13a™", and F13a™~ mice developed occlu-
sive arterial thrombi. FXIII deficiency did not significantly reduce the incidence or
prolong the time to occlusion. FXIII deficiency also did not alter the timing of reflow
events or decrease platelet-rich clot mass.

Conclusions: FXIII does not significantly alter the underlying pathophysiology of ex-

perimental arterial thrombus formation.
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Factor XIII (FXIII) stabilizes fibrin and promotes red cell retention in venous thrombi.
The role of FXIII in arterial thrombosis is less understood.
FXIII deficiency does not prevent ferric chloride-induced carotid artery thrombus formation in mice.

o FXIIl has nonoverlapping roles in venous and arterial thrombosis.
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1 | INTRODUCTION

Venous and arterial thrombosis are diseases with distinct patho-
physiologic processes. Venous thrombosis/thromboembolism is pro-
moted by inappropriate expression of cell adhesion molecules and
procoagulant activity on intact, dysfunctional endothelium in static
blood, often in concert with plasma hypercoagulability (Virchow's
triad), producing red blood cell-rich “red thrombi."! In contrast, ar-
terial thrombosis, commonly manifested in association with athero-
sclerosis, develops after rupture of an atherosclerotic plaque that
exposes subendothelium and procoagulant material (eg, collagen,
tissue factor) to blood, which stimulates platelet activation and ag-
gregation under high shear flow and produces platelet-rich “white
thrombi.”%2 Although the compositions of red blood cell-rich venous
thrombi and platelet-rich arterial thrombi are strikingly different,
thrombolytic therapy to dissolve fibrin is effective in treating both
arterial and venous thrombosis,®* indicating that fibrin is a shared
central component of both thrombus compositions.

During coagulation, thrombin cleaves fibrinogen to produce fi-
brin monomers that polymerize into an insoluble network.® The
fibrin network is subsequently stabilized by factor XlII (FXIII), a
protransglutaminase present in plasma and cells such as platelets.®
Activated FXIII (FXIlla) protects clots against mechanical disruption
by introducing covalent e-N-(y-glutamyl)-lysyl crosslinks between
fibrin y- and a-chains”® and increases resistance to fibrinolysis by

9-11

crosslinking fibrinolysis inhibitors such as a,-antiplasmin, throm-

bin activatable fibrinolysis inhibitor,?

and plasminogen activator
inhibitor-21%* to fibrin. Complete FXIII deficiency is rare but is as-
sociated with bleeding, delayed wound healing, and miscarriage.'
Recent studies have shown that FXIllla-mediated fibrin crosslinking
also promotes red blood cell retention in contracted venous thrombi,
and therefore determines thrombus size.'*"'® Consequently, FXllla
inhibition is a potential therapeutic approach for reducing venous
thrombosis.

The role of FXIII in arterial thrombosis is less established. In
experimental models of thrombosis in rabbit femoral*’ and dog
coronary?® arteries, administration of the nonpeptidyl active site-
directed FXllla inhibitor L-722-1512% prior to thrombus induction
increases thrombus susceptibility to tissue plasminogen activator-
driven thrombolysis. Surprisingly, however, in spite of observations
that FXIII facilitates platelet recruitment and adhesion under flow,??
FXllla inhibition with L-722-151 failed to independently prolong the
time to vessel occlusion or reduce thrombus mass.*” These observa-
tions suggested that FXIII inhibition may be useful for accelerating
pharmacologic thrombolysis but would not independently alter the
course of arterial thrombus formation.

FXIlIl is highly concentrated within the platelet cytoplasm and is
externalized during platelet activation.?®?* Thus, given the ability of
FXIIl to promote platelet adhesion and stabilize fibrin,”**?2 the find-
ing that FXIIl inhibition did not significantly reduce arterial thrombus

formation ¥’

was unexpected. Interestingly, studies testing ecto-
pic expression of factors IX or VIII in platelets for treating hemo-

philic patients with inhibitors indicate that proteins residing within

platelets are relatively protected from inhibitory antibodies.?>%¢

Accordingly, platelet FXIll(a) may be similarly protected from small-
molecule inhibitors and therefore able to contribute to platelet-rich
arterial thrombus formation even in the presence of FXllla antag-
onists in plasma. It was not determined in the earlier studies'”?°
whether the FXllla inhibitor was able to fully block platelet FXllla
during thrombus formation. Thus, the potential impact of FXllla re-
duction on arterial thrombogenesis remains unknown. Herein, we
used a murine model of genetically imposed FXIII deficiency to fully
eliminate platelet FXIIl activity and investigate the contribution of

this FXIIl compartment to arterial thrombus formation and stability.

2 | METHODS

2.1 | Mice

Procedures were approved by the University of North Carolina
Institutional Animal Care and Use Committee. F13a**, F13a™",
and F13a™" mice were backcrossed 6 generations on a C57BL/6)

background.?’

2.2 | Murine arterial thrombosis model

Mice (8-19-week old [14.6 + 2.6 weeks, mean + standard devia-
tion] male and female littermates) were anesthetized with 1.5%
isoflurane in oxygen (2 L/min flow rate). The right common carotid
artery was exposed after midline cervical incision. A Doppler flow
probe connected to a flowmeter (Model TS420; Transonic Systems,
Ithaca, NY, USA) was used to monitor flow in the carotid artery
and data were acquired via a PowerLab 4/35 (ADInstruments,
Dunedin, New Zealand). After the carotid artery was prepared,
10% or 7.5% ferric chloride (FeCl;) on 1 x 1-mm filter paper was
placed on the artery for 2 minutes, then removed, and the ves-
sel was washed 3 times with warm saline. We previously showed
that these conditions yield a mixture of stable and unstable ves-
sel occlusions, providing sensitivity to mechanisms that increase
or decrease thrombus formation.?® After injury, blood flow was
monitored continuously for 45 minutes. The time to occlusion was
defined as the time between the onset of FeCl; administration and
the onset of 60 consecutive seconds of loss of flow. Time to reflow
was defined as time between the time to occlusion and time at
which blood flow transiently or permanently increased to 10% of
the baseline flow.

2.3 | Platelet-rich plasma clot contraction

Mice were anesthetized with 3% isoflurane in oxygen (2 L/min
flow rate), and blood was drawn from the inferior vena cava into
3.2% citrate (10% vol/vol, final). Platelet-rich plasma (PRP) was
prepared by sequential centrifugation, diluted with autologous
platelet-poor plasma to obtain the concentrations of platelets
indicated, and clotted in siliconized aggregometry tubes at 37°C
by adding tissue factor and calcium chloride (CaCl,; 1 PM and
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10 mmol/L, final, respectively), as described.'® Contracted clots

were weighed at 2 hours.

2.4 | Statistical methods

Sample size calculations were based on simulations that used the
observed occlusion rate as the true value to simulate 5000 data
sets and the statistical power was calculated with a chi-squared
test. For incidence of vessel occlusion, differences between geno-
type and type of occlusion (stable, unstable, or no occlusion) were
analyzed with 2-way analysis of variance. For time to occlusion
and time to reflow, differences between groups were analyzed
by the Kruskal-Wallis test. For PRP clot weight, differences be-
tween groups were analyzed by 1-way analysis of variance with
Dunnett's multiple comparisons post hoc test. Statistical analyses
were performed using R 3.5.1%° and Prism version 7 (GraphPad
Software, La Jolla, CA, USA).

3 | RESULTS AND DISCUSSION

To investigate the contribution of FXIIl to arterial thrombosis,
we used a murine model of genetically imposed FXIII deficiency
(F13a™*, F13a™", and F13a™") that enabled us to eliminate both
plasma and platelet FXIIl. Complete blood counts do not differ
between these genotypes,18 and P-selectin positivity and annexin
V binding of FXIlI-positive and -negative platelets in response to
convulxin or thrombin, alone or in combination, are indistinguish-
able.®® Compared to F13a"™* mice, F13a*~ and F13a™~ mice ex-
press reduced plasma and platelet FXIIIl in a gene dose-dependent
manner.'®% platelets from F13a**, F13a*", and F13a™ mice un-
dergo contraction.®*® Importantly, F13a™~ mice have no FXIII ex-
pression in plasma or platelets and no evidence of compensatory
upregulation of transglutaminase activity in FXIlI-deficient heart
tissue or platelets.*®5!

We applied FeCl, to the carotid artery of F13a™* F13a™", and
F13a™ mice; this model triggers robust formation of platelet-rich
thrombi and is a commonly used model of arterial thrombosis.®?32
Representative flow tracings for mice that did not experience
vessel occlusion, mice with stable occlusions at the end of ob-
servation period, and mice with unstable occlusions are shown in
Figure 1A-C. Following vessel injury, F13a**, F13a*", and F13a™~
mice developed occlusive arterial thrombi. FXIII deficiency did not
significantly increase the frequency of nonoccluded vessels or
alter the incidence of mice that had stable or unstable occlusions
at the end of the observation period (Figure 1D). Although 3 more
F13a™~ mice failed to develop occlusive thrombi compared to
F13a** mice, a sample size calculation comparing the observed oc-
clusion rate to 5000 simulations suggested more than 60 mice per
genotype would be required to achieve statistically significant dif-
ferences between these groups. A previous report detected sex-
specific pathology in F13a™~ mice (males show increased cardiac

fibrosis and reduced survival).>! However, there was no difference
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in the incidence of vessel occlusion in males and females, and a
subgroup analysis of male mice projected more than 20 mice per
genotype would be required to reveal a significant difference in
occlusion incidence. Of mice that exhibited an occlusive event, the
time to occlusion was not different for F13a"™", F13a™", or F13a™"~
mice (P = 0.9, Figure 1E).

We also examined the impact of FXIIl on thrombus stability
by recording the first instance of spontaneous reflow (permanent
or transient) in mice that initially exhibited vessel occlusion for at
least 60 seconds. These included reflow in the 8 F13a**, 7 F13a™",
and 6 F13a™~ mice with unstable occlusions, as well as transient
events in 1 F13a"*, 2 F13a"", and 2 F13a”~ mice that ultimately
formed stable occlusions. Of these mice, the time to reflow was
not different between genotypes (P = .6, Figure 1F). Extent of
reflow (transient vs. permanent) were also similar between gen-
otypes. An additional series of experiments using 7.5% FeCl; also
did not show differences in the time to occlusion between F13a"*
and F13a™~ mice (data not shown). Thus, consistent with the prior
studies using a pharmacologic FXllla inhibitor in rabbits,*? our find-
ings show that FXIII(a) reduction does not prevent arterial throm-
bus formation in mice.

Following activation and aggregation, platelets contract, which
consolidates the thrombus over time; this process likely occurs after
vessel occlusion.?* During venous thrombosis, FXIII deficiency re-
duces red blood cell retention in thrombi during contraction, and
therefore reduces venous thrombus mass.'®*® Because arterial
thrombi have low red blood cell content,? we also specifically as-
sessed the impact of FXIII deficiency on contracted clot mass in the
absence of red blood cells. Although increasing the platelet count in
PRP reduced clot mass (by increasing serum extrusion), there was no
effect of FXIII on final PRP clot mass (Figure 1G). Together with the
observation that PRP from F13a™*, F13a*", and F13a™~ mice shows
similar clot contraction kinetics,'® these data suggest that FXIII does
not decrease the formation or mass of contracted platelet-rich arte-
rial thrombi.

1920 showed that pharma-

Previous studies in rabbits and dogs
cologic FXIII inhibition accelerates thrombolysis in response to ad-
ministration of therapeutic lytic agents, suggesting that prophylactic
FXIII inhibition may facilitate thrombus dissolution. Notably, how-

ever, in both the pharmacologic"*20

and now genetically engineered
animal models, FXIII reduction failed to alter the events leading to
the formation of occlusive thrombi. Collectively, these data from
multiple, independent experimental models of arterial thrombosis
suggest FXllla does not contribute prominently to the molecular
events that promote artery occlusion, and that inhibiting FXllla,
alone, would not prevent the initial formation of arterial thrombi or
associated tissue ischemia.

Although FXIII is abundant in platelets?® and therefore present
at high concentrations within the platelet-rich arterial thrombi, its
potential functional role remains unclear. During platelet activation,
cytoplasmic FXIIl is released slowly and has a relatively short half-
life on the platelet surface.?* Thus, any functional effects of platelet
FXIII activity on arterial thrombi may arise later in the pathologic
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FIGURE 1 FXIll deficiency does not significantly reduce arterial thrombus incidence, formation, or mass. Thrombosis was induced

in F13a"*, F13a*", and F13a™~ mice by 10% FeCl, application to the carotid artery. Representative flow tracings that resulted in (A) no
occlusion, (B) stable occlusion, or (C) unstable occlusion. Gray shaded areas represent time of vessel preparation, FeCl, administration, and
vessel washing, during which flow could not be monitored (interpolated line added). The time to occlusion (TTO) and time to reflow (TTR) are
indicated. (D) Incidence of mice with stable occlusions at the end of the observation period, unstable occlusions, and mice with no occlusion
for each genotype. Numbers indicate the number of mice for each outcome. (E) Time to occlusion. Each point represents a separate mouse:
F13a™* (filled shapes), F13a*" (half-filled shapes), F13a™" (open shapes), males as circles, females as triangles; lines show medians. (F) Time

to first reflow event (transient or permanent). Each point represents a separate mouse as in panel E; lines show medians. (G) Weight of
contracted PRP clots from F13a™", F13a*", and F13a™~ mice. PRP contained 10, 50, 200, or 400 x 10’ platelets/L, as indicated. Data show
means + standard error of the mean (N = 3-6 per condition); *P < 0.005 compared to 400 x 107 platelets/L

process. Further studies are necessary to understand the function
of the evolutionarily preserved abundance of FXIII in platelets.

The FeCl; model used here triggers thrombosis via oxidative
stress and red blood cell adhesion to the vessel waII,35 which could
alter early events in thrombus initiation. In addition, the use of vessel
occlusion as an end point may not detect subtle effects on thrombus
formation. However, platelet accumulation and thrombus growth in
the FeCl; model still recapitulate key aspects of arterial thrombo-
sis,%> and this model remains a gold standard in studies of arterial
thrombosis.3233 Moreover, our findings are consistent with those of
a prior model that used a copper coil to induce arterial thrombosis
in rabbits.*?

We previously showed FXIIl promotes fibrin-mediated red blood
cell retention in whole blood clots and, consequently, determines ve-
nous thrombus size in mice.*™*8 Therefore, FXIIl is a potential thera-
peutic target for reducing venous thrombosis. Although fibrin is a major
component of both arterial and venous thrombi, our data suggest that
the potential of FXIII inhibition to reduce venous thrombus formation
does not translate to the setting of arterial thrombosis. These negative
findings are important for understanding the molecular mechanisms
leading to thrombosis and honing the development of antithrombotic
drugs to reduce thrombus formation. FXIIlI's nonoverlapping roles
in these 2 presentations highlights the contrasting pathophysiologic
mechanisms, with implications for prophylaxis and treatment strategies.



TANG ET AL.

RELATIONSHIP DISCLOSURES

The authors report nothing to disclose.

ACKNOWLEDGMENTS

The authors thank the University of North Carolina Animal Surgery

Core Laboratory.

AUTHOR CONTRIBUTIONS

ZMT and SK performed experiments, analyzed data, and wrote the

manuscript; LAH and BCC performed experiments; FCL performed

statistical analysis; and ASW designed the research, analyzed and

interpreted the data, and wrote the manuscript.

ORCID

Alisa S. Wolberg

https://orcid.org/0000-0002-2845-2303

REFERENCES

1.

10.

11.

12.

13.

Wolberg AS, Aleman MM, Leiderman K, Machlus KR. Procoagulant
activity in hemostasis and thrombosis: Virchow's Triad revisited.
Anesth Analg. 2012;114:275-85.

Walton BL, Lehmann M, Skorczewski T, Holle LA, Beckman JD,
Cribb JA, et al. Elevated hematocrit enhances platelet accumulation
following vascular injury. Blood. 2017;129:2537-46.

Shortell CK, Francis CW. Thrombolytic therapy for arterial throm-
bosis. Curr Opin Hematol. 1999;6:309-13.

Popuri RK, Vedantham S. The role of thrombolysis in the clinical
management of deep vein thrombosis. Arterioscler Thromb Vasc
Biol. 2011;31:479-84.

Pieters M, Wolberg AS. Fibrinogen and fibrin: an illustrated review.
Res Pract Thromb Haemost. 2019;3:161-72.

Muszbek L, Bereczky Z, Bagoly Z, Komaromi |, Katona E. Factor XIII:
a coagulation factor with multiple plasmatic and cellular functions.
Physiol Rev. 2011;91:931-72.

Francis CW, Marder VJ. Rapid formation of large molecular weight
alpha-polymers in cross-linked fibrin induced by high factor XllII con-
centrations. Role of platelet factor XllI. J Clin Invest. 1987;80:1459-65.
Glover CJ, Mclntire LV, Brown CH. EA. Rheological properties of
fibrin clots. Effects of fibrinogen concentration, factor XIII defi-
ciency, and factor Xlll inhibition. J Lab Clin Med. 1975;86:644-56.

Fraser SR, Booth NA, Mutch NJ. The antifibrinolytic function of
factor XllI is exclusively expressed through alpha(2)-antiplasmin
cross-linking. Blood. 2011;117:6371-4.

Reed GL, Matsueda GR, Haber E. Fibrin-fibrin and alpha 2-antiplasmin-
fibrin cross-linking by platelet factor Xlll increases the resistance of
platelet clots to fibrinolysis. Trans Assoc Am Physicians. 1991;104:21-8.
van Giezen JJ, Minkema J, Bouma BN, Jansen JW. Cross-linking of
alpha 2-antiplasmin to fibrin is a key factor in regulating blood clot
lysis: species differences. Blood Coagul Fibrinolysis. 1993;4:869-75.
Valnickova Z, Enghild JJ. Human procarboxypeptidase U, or throm-
bin-activable fibrinolysis inhibitor, is a substrate for transglutam-
inases. Evidence for transglutaminase-catalyzed cross-linking to
fibrin. J Biol Chem. 1998;273:27220-4.

Jensen PH, Lorand L, Ebbesen P, Gliemann J. Type-2 plasminogen-
activator inhibitor is a substrate for trophoblast transglutaminase
and factor Xllla. Transglutaminase-catalyzed cross-linking to cellu-
lar and extracellular structures. Eur J Biochem. 1993;214:141-6.

14.

15.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

|} t}]
research & practice X
in thrombosis & haemostasis

Ritchie H, Robbie LA, Kinghorn S, Exley R, Booth NA. Monocyte
plasminogen activator inhibitor 2 (PAI-2) inhibits u-PA-mediated
fibrin clot lysis and is cross-linked to fibrin. Thromb Haemost.
1999;81:96-103.

Muszbek L, Katona E. Diagnosis and management of congen-
ital and acquired FXIIl deficiencies. Semin Thromb Hemost.
2016;42:429-39.

. Aleman MM, Byrnes JR, Wang JG, Tran R, Lam WA, Di Paola J, et

al. Factor XIII activity mediates red blood cell retention in venous
thrombi. J Clin Invest. 2014;124:3590-600.

Byrnes JR, Duval C, Wang Y, Hansen CE, Ahn B, Mooberry MJ, et al.
Factor Xllla-dependent retention of red blood cells in clots is medi-
ated by fibrin alpha-chain crosslinking. Blood. 2015;126:1940-8.
Kattula S, Byrnes JR, Martin SM, Holle LA, Cooley BC, Flick MJ,
et al. Factor XIII in plasma, but not in platelets, mediates red blood
cell retention in clots and venous thrombus size in mice. Blood Adv.
2018;2:25-35.

Leidy EM, Stern AM, Friedman PA, Bush LR. Enhanced thrombolysis
by a factor Xllla inhibitor in a rabbit model of femoral artery throm-
bosis. Thromb Res. 1990;59:15-26.

Shebuski RJ, Sitko GR, Claremon DA, Baldwin JJ, Remy DC, Stern
AM. Inhibition of factor Xllla in a canine model of coronary throm-
bosis: effect on reperfusion and acute reocclusion after recombi-
nant tissue-type plasminogen activator. Blood. 1990;75:1455-9.
Freund KF, Doshi KP, Gaul SL, Claremon DA, Remy DC, Baldwin
JJ, et al. Transglutaminase inhibition by 2-[(2-oxopropyl)thio]im-
idazolium derivatives: mechanism of factor Xllla inactivation.
Biochemistry. 1994;33:10109-19.

Magwenzi SG, Ajjan RA, Standeven KF, Parapia LA, Naseem KM.
Factor Xlll supports platelet activation and enhances thrombus
formation by matrix proteins under flow conditions. J Thromb
Haemost. 2011;9:820-33.

Katona EE, Ajzner E, Toth K, Karpati L, Muszbek L. Enzyme-linked
immunosorbent assay for the determination of blood coagula-
tion factor Xlll A-subunit in plasma and in cell lysates. J Immunol
Methods. 2001;258:127-35.

Mitchell JL, Lionikiene AS, Fraser SR, Whyte CS, Booth NA, Mutch
NJ. Functional factor XIlI-A is exposed on the stimulated platelet
surface. Blood. 2014;124:3982-90.

Gewirtz J, Thornton MA, Rauova L, Poncz M. Platelet-delivered fac-
tor VIII provides limited resistance to anti-factor VIII inhibitors. J
Thromb Haemost. 2008;6:1160-6.

Shi Q, Wilcox DA, Fahs SA, Weiler H, Wells CW, Cooley BC, et
al. Factor VIII ectopically targeted to platelets is therapeutic in
hemophilia A with high-titer inhibitory antibodies. J Clin Invest.
2006;116:1974-82.

Souri M, Koseki-Kuno S, Takeda N, Degen JL, Ichinose A.
Administration of factor XIII B subunit increased plasma factor
XIII' A subunit levels in factor XIll B subunit knock-out mice. Int J
Hematol. 2008;87:60-8.

Machlus KR, Lin FC, Wolberg AS. Procoagulant activity induced by
vascular injury determines contribution of elevated factor VIII to
thrombosis and thrombus stability in mice. Blood. 2011;118:3960-8.
R Development Core Team. A Language and Environment for
Statistical Computing. R Foundation for Statistical Computing
(version 3.5.1). Vienna, Austria, 2008. Available from https://ww-
w.r-project.org

Jobe SM, Leo L, Eastvold JS, Dickneite G, Ratliff TL, Lentz SR, et
al. Role of FcRgamma and factor XIIIA in coated platelet formation.
Blood. 2005;106:4146-51.

Souri M, Koseki-Kuno S, Takeda N, Yamakawa M, Takeishi Y, Degen
JL, et al. Male-specific cardiac pathologies in mice lacking either the
A or B subunit of factor Xlll. Thromb Haemost. 2008;99:401-8.
Owens AP 3rd, Lu Y, Whinna HC, Gachet C, Fay WP, Mackman N.
Towards a standardization of the murine ferric chloride-induced


https://orcid.org/0000-0002-2845-2303
https://orcid.org/0000-0002-2845-2303
https://www.r-project.org
https://www.r-project.org

116

33.

34.

35.

TANG ET AL.

I ;esean:h & practice X
in thrombosis & haemostasis

carotid arterial
2011;9:1862-3.

Westrick RJ, Winn ME, Eitzman DT. Murine models of vascu-
lar thrombosis (Eitzman series). Arterioscler Thromb Vasc Biol.
2007;27:2079-93.

Samson AL, Alwis |, Maclean JAA, Priyananda P, Hawkett B,
Schoenwaelder SM, et al. Endogenous fibrinolysis facilitates clot
retraction in vivo. Blood. 2017;130:2453-62.

Ciciliano JC, Sakurai Y, Myers DR, Fay ME, Hechler B, Meeks S, et
al. Resolving the multifaceted mechanisms of the ferric chloride
thrombosis model using an interdisciplinary microfluidic approach.
Blood. 2015;126:817-24.

thrombosis model. J Thromb Haemost.

How to cite this article: TangZ, KattulaS, HolleLA, et al. Factor
Xl deficiency does not prevent FeCl,-induced carotid artery
thrombus formation in mice. Res Pract Thromb Haemost.
2020;4:111-116. https://doi.org/10.1002/rth2.12278



https://doi.org/10.1002/rth2.12278

