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Abstract

Objective—Coagulation factor XI (FXI) has been shown to contribute to thrombus formation on 

collagen or tissue factor (TF)-coated surfaces in vitro and in vivo by enhancing thrombin 

generation. Whether the role of the intrinsic pathway of coagulation is restricted to the local site of 

thrombus formation is unknown. This study was aimed to determine whether FXI could promote 

both proximal and distal platelet activation and aggregate formation in the bloodstream.

Approach and Results—Pharmacological blockade of FXI activation or thrombin activity in 

blood did not affect local platelet adhesion, yet reduced local platelet aggregation, thrombin 

localization and fibrin formation on immobilized collagen and TF under shear flow, ex vivo. 

Downstream of the thrombus formed on immobilized collagen or collagen and 10 pM TF, platelet 

CD62P expression and microaggregate formation and progressive platelet consumption were 

significantly reduced in the presence of FXI-function blocking antibodies or a thrombin inhibitor 

in a shear rate- and time-dependent manner. In a non-human primate model of thrombus 

formation, we found that inhibition of FXI reduced single platelet consumption in the bloodstream 

distal to a site of thrombus formation.

Conclusions—This study demonstrates that the FXI-thrombin axis contributes to distal platelet 

activation and procoagulant microaggregate formation in the blood flow downstream of the site of 

thrombus formation. Our data highlights FXI as a novel therapeutic target for inhibiting distal 

thrombus formation without affecting proximal platelet adhesion.
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INTRODUCTION

Platelets and coagulation factors are two essential components of hemostasis. Upon vessel 

injury, resting platelets are immediately recruited to the exposed extracellular matrix under 

shear flow, followed by platelet adhesion and activation.1 Platelet activation triggers the 

surface expression of CD62P (P-selectin) from α-granules, and the conversion of integrin 

αIIbβ3 to its active conformation, potentiating homotypic aggregate formation via 

fibrinogen binding. In parallel, activation of the coagulation cascade leads to thrombin 

generation, which cleaves fibrinogen to fibrin to stabilize the hemostatic plug. Thrombin is 

also able to activate platelets through protease-activated receptors (PARs) and thus 

accelerate the activation of both hemostatic components.

Coagulation factor XI (FXI) participates in the intrinsic pathway, whereby activated FXI 

(FXIa) triggers the downstream activation of factor IX (FIX), which in turn activates factor 

X (FX). FXa then converts prothrombin to thrombin. Thrombin can directly activate FXIa to 

perpetuate its own generation, thereby creating a procoagulant feedback loop of thrombin 

generation driven by FXI-thrombin axis.2–4 To date, however, it is not clear whether the 

FXI-thrombin axis facilitates platelet activation and consumption in blood flow under 

prothrombotic conditions.

The aim of this study was to define the role of the FXI-thrombin axis in promoting platelet 

activation and aggregation at the site of, and distal to, thrombus formation under shear flow. 

We show that inhibition of FXIIa activation of FXI or thrombin activity abrogated platelet 

CD62P expression and microaggregate formation under both venous and arterial shear flows 

downstream of the site of thrombus formation on collagen and 10 pM TF. In vivo, inhibition 

of FXI also reduced single platelet consumption in the bloodstream distal to a site of 

thrombus formation. These results provide the first evidence of a role for FXI in mediating 

platelet activation and platelet aggregate formation downstream of the site of thrombus 

formation.

RESULTS

Role of FXII and FXI in clotting times

Our initial experiments were designed to evaluate the anticoagulant activity of FXI function-

blocking antibodies, FXII inhibitor (CTI) and thrombin inhibitor (hirudin) in recalcified 

whole blood and platelet-poor plasma (Figure 1). Inhibition of FXI activation by FXIIa and 

FIX activation by FXIa with the function-blocking FXI-antibody (FXI-Ab 1A6) nearly 

tripled the aPTT in whole blood (47.8±5.6 s) to 126.9±15 s. Inhibition of FXI activation by 

FXIIa (FXI-Ab 14E11) or the neutralization of the FXIa active site (FXI-Ab 10C9) or 

inhibition of FXII activity (CTI) prolonged aPTT to 98.3±12.2 s, 87.9±3.3 s, and 94.2±6.9 s, 

respectively (Figure 1A). As expected, none of the inhibitors, except for the direct thrombin 

inhibitor (hirudin), were able to prolong PT in whole blood (Figure 1D). Similar results were 

seen in aPTT and PT assays using platelet-poor pooled human plasma (Figure 1B&E). 

Moreover, aPTTs were prolonged to 162.3±1.9 and 212.6±2.4 s using FXI- and FXII-

immunodepleted plasmas, respectively (Figure 1C), while PTs were slightly prolonged to 

14.1±0.3 s and 15.2±0.1 s, respectively (Figure 1F).
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FXIa activity promotes local fibrin formation under shear

We next studied the role of FXI activation in local platelet deposition and fibrin formation 

under physiologically relevant shear flow conditions. Robust platelet adhesion, aggregation 

and fibrin formation was observed following the perfusion of recalcified whole blood over 

surfaces coated with collagen (Figure 2A&B). Both the rate and the extent of fibrin 

formation were enhanced on surfaces coated with collagen and tissue factor (TF; 0.01–0.1 

nM), as visually recorded using differential interference contrast and fluorescence 

microscopy (Figure 2C&D and Figure IA&B in the online-only Data Supplement). TF alone 

(0.01–0.1 nM) yielded robust fibrin networks largely absent of platelets (Figure IA&B in the 

online-only Data Supplement).

Inhibition of FXI activation by FXIIa and FIX activation by FXIa with FXI-Ab 1A6, or 

inhibition of FXIIa activity with CTI, decreased fibrin formation on collagen or surfaces 

coated with collagen and 0.01 nM TF or TF alone (Figure 2A&B and Figure IA&B in the 

online-only Data Supplement). Hirudin prevented fibrin formation on all surfaces, while CTI 

had no effect on surfaces coated with collagen and 0.1 nM (Figure 2C&D).

These results were confirmed by analyzing the degree of fibrin formation and platelet 

deposition by Western blotting following clot lysis with plasmin for the fibrin degradation 

product, D-dimer, and the CD41a platelet surface marker (Figure 2E&F; Figure IC in the 

online-only Data Supplement). Interestingly, we were able to detect thrombin in local 

thrombus lysates, and found that the increasing levels of clot-bound thrombin correlated 

with D-dimer levels. We found that inhibition of FXI activation by FXIIa with 14E11 

reduced fibrin formation on collagen alone, while neither 14E11 nor the FXIa active site 

domain-neutralizing antibody, 10C9, affected fibrin formation on surfaces coated with 

collagen and 0.1 nM TF (Figure IC in the online-only Data Supplement). Control 

experiments using the thrombin inhibitor, hirudin, were shown to eliminate fibrin formation 

and the presence of clot-bound thrombin on all surfaces.

Propagation of distal platelet activation and single platelet consumption under shear in 
flow

We next designed a platform to determine whether local fibrin formation and thrombin 

generation at sites of thrombus formation promoted distal platelet activation and aggregate 

formation in the bloodstream. As shown in Figure 3A, a set length of tubing was added 

downstream of the chamber to allow platelets to react in flow for a set time (residence time) 

prior to being collected at 1 min intervals into tubes containing PPACK and sodium citrate. 

Distal single platelet consumption (reduction of single platelet population in the 

bloodstream), platelet activation (CD62P expression), and platelet microaggregate formation 

in solution (CD41a/CD31 high positive) was quantified using flow cytometry (Figure 3B). 

In parallel, untreated upstream samples were collected and analyzed to define the baseline 

parameters (time = 0 min), or stimulated with thrombin receptor activator peptide-6 (TRAP 

6) to induce maximal platelet activation or microaggregate formation as a positive control 

(94.3±0.3% P-selectin activation, 47.6±2.4% microaggregate formation, and 77.2±3.6% 

single platelet consumption; mean±SEM).
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Our results show that platelet P-selectin expression, microaggregate formation and single 

platelet consumption increased as a function of residence time in whole blood samples 

downstream of chambers coated with collagen and 0.1 nM TF (Figure 3C). In contrast, an 

increase in platelet activation, microaggregate formation or single platelet consumption was 

not observed downstream of BSA-coated chambers.

At a set residence time of 30 sec, we observed an increase in platelet activation, 

microaggregate formation and single platelet consumption as a function of perfusion times 

downstream of chambers coated with collagen (Figure 4A). The inclusion of 0.01–1.0 nM 

TF with collagen coatings significantly increased both the rate and extent of platelet 

activation and microaggregate formation. It should be noted that the presence of TF 

dramatically increased the rate of single platelet consumption, resulting in over a 95% loss 

of single platelets by 8, 4 and 2 min for 0.01 nM, 0.1 nM and 1 nM TF, respectively, leading 

to grossly visible insoluble clot formation in flow in the distal samples. A drop in the percent 

of activated platelets and microaggregates was observed at these time points, reflective of 

the consumption of single platelets and microaggregates into downstream clots. Inhibition of 

platelet GPIIb-IIIa homodimer formation with eptifibatide increased circulating levels of 

single activated platelets and decreased microaggregate formation and single platelet 

consumption downstream of collagen-coated chambers. Similarly, the prevention of clot 

formation in solution downstream of collagen with 0.1 nM TF-coated chambers with 

eptifibatide resulted in a continued increase in circulating activated platelet levels beyond 4 

min and attenuated both microaggregate formation and single platelet consumption, 

presumably sustained by fibrin agglutination (Figure 4B).

FXIa activity promotes distal platelet activation and consumption in the presence of 
collagen and TF

To examine the role of FXI activation in promoting distal platelet activation, whole blood 

was pretreated with the function-blocking FXI antibodies (1A6, 14E11 or 10C9), FXIIa 

inhibitor (CTI) or the thrombin inhibitor (hirudin) prior to perfusion through flow chambers 

coated with either collagen, TF, a combination of collagen and TF (0.01–0.1 nM), 

fibrinogen, thrombin, or vWF. Distal samples were collected downstream after 30 sec of 

residence time. We found that collagen, whether alone or in combination with TF, promoted 

the greatest degree of distal platelet activation and consumption as compared to TF alone, 

fibrinogen, thrombin or vWF (Figure 5 & Figure III in the online-only Data Supplement). 

Our results show that inhibition of FXIIa activation of FXI, FXIa activation of FIX and 

FXIa activity with 14E11, 1A6 and 10C9, respectively, or FXIIa activity with CTI 

eliminated platelet activation, microaggregate formation and single platelet consumption 

downstream of collagen-coated chambers (Figure 5A). Exposure of blood to collagen in 

combination with increasing concentrations of TF drastically accelerated the rate and the 

extent of distal platelet activation, microaggregate formation and consumption (Figure 

5B&C). In contrast to collagen alone, only the FXI inhibitor 1A6 attenuated the rate of 

platelet consumption in the presence of higher levels TF (0.1 nM), while both 1A6 and CTI 

were able to significantly reduce the rate of platelet consumption in the presence of lower 

levels of TF (0.01 nM). Hirudin dramatically reduced the degree of distal platelet activation, 

microaggregate formation and single platelet consumption regardless of local TF 
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concentration. A similar mechanism was observed when the shear rate was increased to 

1000 s−1 (Figure IIB in the online-only Data Supplement). These results suggest a role for 

the contact activation pathway in the initial amplification of thrombin generation 

downstream of sites of thrombus formation under flow.

Protection of 1A6-treated baboons from collagen-initiated distal single platelet 
consumption

To examine the role of FXI activation in promoting distal platelet consumption in non-

human primate baboon model, blood was collected distally from acutely introduced 

collagen-coated or control BSA-coated grafts in animals with chronic high flow 

arteriovenous shunts (Figure 6A). In line with the results shown in Fig 4A, exposure of 

blood to collagen in vivo accelerated the rate and the extent of distal single platelet 

consumption as compared to BSA controls. Our data demonstrates that inhibition of FXI 

activity with 1A6 treatment reduced distal single platelet consumption at 20 min of 

perfusion by fifty percent (p = 0.0180, n = 6; Figure 6B). Taken together with our previous 

studies demonstrating that inhibition of FXI prevented occlusion of collagen-coated grafts in 

a non-human primate model of thrombosis without increasing bleeding times, our data 

provides rationale for the development of anti-FXI therapeutics for the prevention of 

thrombotic distal complications.

DISCUSSION

Coagulation FXI is an intrinsic pathway enzyme with an elusive role in normal hemostasis 

and mounting evidence for roles in thrombosis. Clinically, FXI deficiency is associated with 

only mild and injury-related bleeding, whilst elevated levels of FXI are associated with an 

increased risk for thrombotic complications.5–7 Patients deficient in the other members of 

the contact pathway, namely FXII and prekallikrein, do not exhibit bleeding complications, 

suggesting that FXI may play a role in hemostasis through feedback activation by 

thrombin.8–11 Moreover, activated FXI is able to activate FIX, FX, FV, and FVIII, bind 

platelets and inhibit tissue factor pathway inhibitor (TFPI).12–15 FXI therefore acts to 

amplify thrombin via multiple pathways, providing rationale for the inhibition of FXI-

mediated thrombin generation as an antithrombotic therapy design. For instance, a phase 2 

clinical trial reducing FXI levels using FXI-antisense oligonucleotide demonstrated 

decreased incidence of deep venous thrombosis (DVT) after knee replacement surgery. 

While the study showed that reduction of FXI levels prevented venous thrombosis, 

translational approaches targeted at FXI may sacrifice the hemostatic function of FXI, 

increasing the risk of bleeding.16,17 Thus, a better understanding of the role of FXI in 

thrombosis and hemostasis is required for the rational development of agents that target 

specific enzymatic functions of FXI, balancing safety with efficacy.

The biophysics of thrombus formation at a site of vascular injury has been well 

described,18–20 in which blood flow dictates the transport kinetics of blood cells and 

coagulation factors to the site of injury, and thrombin generation is rate limited by the 

assembly and sequential activation of coagulation factors on the surface or activated 

platelets. Thus, the Dahmköhler number (Da), which is the ratio of the rate of reaction to the 
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rate of transport,21 is high (Da>1). In contrast, within the bloodstream, the kinetics of 

platelet activation and thrombin generation are diffusion limited, as platelets in the 

bloodstream experience limited relative blood flow, as cells in suspension are transported by 

viscous forces within the bloodstream, resulting in a low Da (<1). Our study demonstrates 

that FXI plays a differential role in promoting thrombin generation, platelet activation and 

aggregate formation in the bloodstream (diffusion-limited regime) relative to the site of 

thrombus formation (transport-limited regime).

Previously, we have demonstrated that inhibition of FXI activation by FXIIa is protective in 

a non-human primate model of local thrombus formation specifically due to a decrease in 

local thrombin generation and fibrin formation.22–24 However, the mechanism by which the 

FXIa-thrombin axis may contribute to formation of platelet aggregates in flowing blood and 

distal microvascular occlusions under proximal procoagulant conditions has not been 

explored. In this study we investigated downstream changes in platelets in whole blood 

following passage through collagen- or collagen and TF-coated flow chambers. Our results 

demonstrate that local thrombus formation on immobilized collagen and TF potentiated 

platelet activation in the bloodstream, resulting in the rapid formation of platelet aggregates 

in the bloodstream, which may hold potential to occlude downstream vessels. This process 

of distal platelet activation was directly dependent on thrombin activity. Inhibition of FIX 

activation by FXIa with the FXI-Ab 1A6 was protective against distal single platelet 

consumption in the bloodstream both in vitro and in vivo, providing an additional role for 

FXI in thrombotic complications.

It has been established that the health of microvessels plays an important role in maintaining 

unobstructed blood flow to organs. Aging vessels are stiffer and more tortuous due to many 

factors including atherosclerosis plaque buildup, hypertension-driven vessel wall 

remodeling, smoking and diabetes, which predispose them to aberrant blood flow, platelet 

activation and thrombosis.25 The physical biology of the microvasculature promotes 

increased platelet-platelet and platelet-endothelial cell interactions.26,27 Additionally, the 

reduced flow rates within venules serves to increase the residence time of circulating 

platelets within these vascular beds. In patients, introduction of a vascular injury, such as a 

surgical incision during a joint replacement followed by stasis due to patient immobility 

post-operation, may result in a local burst of thrombin generation.28,29 Under these 

conditions, our findings would suggest that FXI-dependent thrombin amplification and 

activation of platelets potentiates platelet microaggegate formation which may then occlude 

the microvascular networks.

In summary, this study demonstrates that the FXI axis plays a key role in distal platelet 

activation and microaggregate formation in solution downstream of thrombus formation 

under both venous and arterial shear flow. In addition to its anticoagulant role, 

pharmacological targeting of FXI might be able to regulate platelet function and therefore 

prevent platelet-driven amplification of circulating thrombi formation in prothrombotic 

conditions involving direct contact pathway agonists and widespread vascular injury.
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MATERIALS AND METHODS

Materials and Methods are available in the online-only Data Supplement

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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NONSTANDARD ABBREVIATIONS AND ACRONYMS

FXI Coagulation factor XI

FXIa Activated coagulation factor XI

FXII Coagulation factor XII

FXIIa Activated coagulation factor XII

TF Tissue factor

CD62P P-selectin

CTI Corn trypsin inhibitor

aPTT Activated partial thromboplastin time

PT Prothrombin time

FACS Fluorescence-activated cell sorting
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SIGNIFICANCE

Hemostasis is an active process between plasma and blood cells, resulting in thrombin 

generation, platelet activation and fibrin formation to generate a hemostatic plug that 

staunches blood loss following vessel injury. While the enzymatic reactions that mediate 

hemostasis are orchestrated outside the lumen of the blood vessel, thrombosis results 

from clot formation within the blood vessel. The events that support hemostasis versus 

thrombosis are distinct in part due to the rheology of blood flow that differentially 

distributes blood components inside and outside blood vessels. We developed an ex vivo 

flow model to mimic a local site of vascular injury in combination with the downstream 

collection of blood samples to allow for the analysis of distal platelet activation, 

aggregation and single platelet consumption in the bloodstream. Our results provide 

evidence that FXI plays a role in mediating distal platelet activation and aggregate 

formation downstream of the site of primary thrombus formation.
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Figure 1. Role of FXII and FXI in clotting times
Recalcified whole blood (A, D), pooled human plasma (PPP; B, E) or coagulation-factor 

depleted plasma (C, F) was incubated with indicated FXI function blocking antibody, FXII 

inhibitor (CTI) or direct thrombin inhibitor (hirudin). aPTT (A–C) or PT (D–F) was 

recorded as described in Methods. *indicates significantly different, p < 0.05, clotting time 

vs. vehicle (mean±SEM).
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Figure 2. FXIa activity promotes local fibrin formation under shear
Recalcified whole blood was perfused over collagen (A&B) or collagen and 0.1nM TF 

(C&D) for indicated times at a shear rate of 300 s−1. Images of local thrombi formed at each 

time point in the presence of vehicle control, 50 μg/mL 1A6 or 40 μg/mL CTI were recorded 

using differential interference contrast (A&C) or fluorescent light microscopy (B&D) after 

staining for fibrin (blue) and P-selectin (green). In parallel experiments, thrombi were lysed 

and immunoblotted for the fibrin degradation product, D-dimer, thrombin and the platelet 

surface receptor, CD41a (E&F).
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Figure 3. Propagation of distal platelet activation and single platelet consumption under shear in 
flow
Recalcified whole blood was perfused through a 200 mm chamber (coated with either BSA 

or 150 μg/mL collagen + 0.1 nM TF) before being collected downstream after indicated 

residence time in flow (A). Downstream samples were collected into a reaction quenching 

solution at 1 min intervals, immunostained and evaluated by FACS flow cytometry for 

percent platelet activation (CD41a+/CD62P+ events), platelet microaggregate formation 

(high fluorescence intensity CD41a+/CD31+ evets) and single platelet consumption (loss of 

single platelet population gate on FSC by SSC scatter). Representative raw FACS scatter 

plots (B) and quantification (C) for at least three experiments are reported (mean±SEM).
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Figure 4. Presence of collagen and TF promotes distal platelet consumption
Recalcified whole blood was perfused through a 200 mm chamber (coated with either BSA, 

collagen or collagen + 0.01 – 1.0 nM TF) and allowed to react in flow for 30 sec (residence 

time) before being collected into a reaction quenching solution at 1 min intervals. 

Quantification of platelet activation, microaggregate formation and single platelet 

consumption using FACS (A) for at least five experiments are reported (mean±SEM). In 

parallel experiments, whole blood was pretreated with a GPIIb-IIIa inhibitor, Eptifibatide 

(B).
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Figure 5. FXIa activity promotes distal platelet activation and consumption in the presence of 
collagen and low levels of TF
Recalcified whole blood pretreated with either vehicle, 1A6, 14E11, 10C9, CTI or hirudin 

was perfused over chambers coated with collagen, collagen + 0.01 – 0.1 nM TF, or 0.01 – 

0.1 nM TF alone at shear rate of 300 s−1. Samples were collected downstream of the 

chamber; distal microaggregate formation and single platelet consumption was assessed by 

FACS (A–E). Results (mean±SEM) from at least 4 experiments.
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Figure 6. Protection of 1A6-treated baboons from collagen-initiated distal single platelet 
consumption
4-mm internal diameter expanded-polytetrafluoroethylene (ePTFE) vascular graft coated 

with collagen was deployed into a chronic high flow arteriovenous (AV) shunt in healthy 

baboons. In parallel, control experiments were performed with tubing alone. Samples were 

drawn from the intraluminal coagulation marker concentration boundary layer by a syringe 

pump 1 cm downstream from acutely developing thrombi. 1 mM PPACK anticoagulant was 

infused at 1/5th of the sample extraction rate 3 mm proximal to the sample port to prevent 

the sample port from occluding during the 1-hour study. Blood flow through the graft was 

maintained at a fixed rate of 100 mL/min for the entirety of each study by proximal 

clamping (A). Quantification of the six separate animal experiments for each treatment 

(mean±SEM) are reported (B). Significant rise in percent single platelet consumption 

immediately distal to collagen-coated ePTFE was seen between 10 to 20 min of perfusion in 

control animals (*, p = 0.0283; n = 6). 1A6-treated baboons maintained same single platelet 

levels at 20 min as at 10 min of perfusion (p = 0.9530; n = 6) significantly different from 

control at 20 min of perfusion (**, p = 0.0180; n = 6).
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