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Abstract
At the nexus of cellular and plasma procoagulant activities lies fibrin, which is necessary to provide
a clot's structural support. Abnormalities in fibrin network formation or function can result in either
bleeding or thrombotic complications. Understanding relationships between procoagulant activity
and normal fibrin formation, as well as pathophysiologic mechanisms leading to abnormal fibrin
deposition, is essential for the continued development of hemostatic and antithrombotic therapies.
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Introduction
Blood coagulation involves contributions from the cells, plasma, and blood flow (shear rates)
present within the vasculature. At the nexus of these components lies fibrin, which is essential
to support the primary platelet plug and prevent premature disruption of the clot (Figure 1).
Deficiencies in fibrin production result in bleeding diatheses, while the formation of overly-
stable fibrin networks is associated with prothrombotic pathologies. Identifying the
biochemical and biophysical contributions of vascular cells, plasma proteins, and shear to fibrin
production is essential for understanding mechanisms operant in hemostasis and thrombosis.

Brief Review of Fibrin(ogen) Biochemistry
Fibrinogen is a 340 kDa glycoprotein circulating at 6–12 μM (2–4 mg/ml). It is synthesized in
the liver and consists of two pairs each of three polypeptide chains: Aα, Bβ, and γ, physically
arranged with their N-termini in the center of the elongated molecule. Proteolytic release of
N-terminal peptides, exposure of new N-termini in the Aα and Bβ chains, and insertion of the
N-termini into structural pockets in the γ and Bβ chains, respectively, of fibrin monomers
enable the end-to-end polymerization into protofibrils, lateral association into fibers, and
formation of the fibrin network.[1] The conditions under which the network forms, including
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the local pH and concentrations of thrombin, calcium, and polyphosphate determine its physical
and biochemical properties.[2,3] In particular, low thrombin concentrations produce thick
fibrin fibers assembled into coarse networks that are relatively susceptible to fibrinolysis,
whereas higher thrombin concentrations promote the formation of thin fibrin fibers assembled
into dense networks that are relatively resistant to fibrinolysis.[4]

Regulation of Thrombin Generation during Hemostasis and Thrombosis
During hemostasis, exposure of subendothelial tissue factor (TF) to blood triggers coagulation.
The current conceptual model of coagulation describes three phases of procoagulant activity:
initiation, amplification, and propagation.[5] In the initiation phase, the factor VIIa/TF complex
converts factors IX to IXa and X to Xa. Amplification involves extrinsic and prothrombinase
activities on TF-bearing cells that promote small-scale thrombin generation to activate
cofactors V and VIII, factor XI, and platelets. The activated platelet subsequently provides a
highly procoagulant surface for the propagation phase of coagulation. On the platelet surface,
factor IXa (with its cofactor VIIIa) activates factor X, which becomes incorporated into platelet
prothrombinase for large-scale thrombin generation necessary for efficient conversion of
fibrinogen to fibrin. Thrombin generation during this process exhibits complex kinetics, with
a lag phase (initiation and amplification), maximum burst and peak phase (propagation) and
subsequent decline to baseline values (thrombin inhibition by antithrombin and α2-
macroglobulin).

These same procoagulant processes are initiated in arterial thrombosis following plaque rupture
that exposes TF from the plaque's necrotic core (reviewed in [6]). Similarly, venous thrombosis
is thought to arise from inappropriate expression of intravascular TF on an intact endothelium,
or from circulating TF-bearing procoagulant microvesicles released from activated vascular
cells.[7] The ability of thrombolytic therapy to dissolve fibrin in both arterial and venous
thrombi and restore blood flow demonstrates the crucial role of fibrin in both of these
pathologies.

Contributions of Cells, Plasma, and Blood Flow on Thrombin Generation and
Fibrin Formation

Previous studies have shown complex effects of cells, plasma, and blood flow on thrombin
generation and fibrin formation. Each of these components can both promote clotting by
increasing procoagulant activity or inhibit clotting by limiting procoagulant activity at the site
of clotting. The remainder of this review will focus on cellular and soluble (plasma)
contributions to thrombin generation and their effects on fibrin properties.

Contributions of Cells to Thrombin Generation and Fibrin Formation, Structure and Stability
During both hemostatic and thrombotic clot formation, cells provide the initiating trigger of
coagulation (TF), procoagulant and anticoagulant proteins that regulate thrombin generation,
and a procoagulant surface upon which these reactions occur. In general, extravascular cells
tend to support high procoagulant activity in their basal state, whereas intravascular cells
remain quiescent in a predominantly anticoagulant state until stimulated during infection or
inflammation. We and others have shown cellular procoagulant activity dictates fibrin network
formation, structure, and resistance to fibrinolysis).[8–10] Procoagulant extravascular cells
(e.g., cultured fibroblasts and smooth muscle cells) support the rapid formation of dense fibrin
networks that resist fibrinolysis. In contrast, unstimulated intravascular cells (cultured
endothelial cells) only slowly produce open networks that are susceptible to fibrinolysis, likely
an artefact of low levels of TF expression on cultured cells.[10] These findings are consistent
with the current view of hemostasis, whereby intravascular cells in contact with blood suppress
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thrombin generation and fibrin formation, but vascular breach and exposure of procoagulant
extravascular cells to blood rapidly initiates formation of a stable fibrin network to reinforce
the primary platelet plug and support hemostasis.

Inappropriate expression of cellular procoagulant activity is thought to promote intravascular
clotting and development of venous thromboembolism. Pro-inflammatory mediators,
including bacterial lipopolysaccharide and certain proinflammatory cytokines, including
interleukin-1β and tumor necrosis factor-alpha (TNFα), induce procoagulant activity in
cultured endothelial cells by increasing TF and decreasing thrombomodulin expression in a
time- and dose-dependent manner.[11] We have found that TNFα-stimulated endothelial cells
promote formation of a fibrin network that has increased density and stability compared to that
produced by unstimulated endothelial cells.[10]

The ability of each of these cells to promote thrombin generation is positively correlated with
their expression of TF.[8,10] Fibroblasts express high levels of TF, smooth muscle cells and
TNFα-stimulated endothelial cells express moderate TF activity, and unstimulated endothelial
cells express low to no TF activity. The density and stability of fibrin networks produced by
these cells are also positively correlated with the level of cellular TF activity.[10] Accordingly,
inhibiting TF activity on TNFα-stimulated endothelial cells reduces the density and stability
of fibrin networks to that produced by unstimulated cells.[10] These in vitro findings are
supported by experiments with genetically-manipulated mice. Mice with decreased ability to
regulate TF activity and thrombin generation through combined deficiencies in tissue factor
pathway inhibitor (TFPI+/) and reduced thrombomodulin function (TMpro/pro) exhibit fibrin
deposition in the liver and cerebral microvasculature.[12] Together, these findings suggest
cellular regulation of procoagulant activity is a central mechanism dictating fibrin formation
and have important implications for the potential value of TF inhibition in preventing
thrombosis.

Contributions of Plasma to Thrombin Generation, and Fibrin Formation, Structure, and
Stability

Subsequent to TF exposure, plasma proteins fuel the generation of thrombin and production
of fibrin. The profound role of plasma protein concentration and composition is inherently
implied by studies demonstrating abnormal clot structure and stability in plasma from patients
with hemostatic and prothrombotic disorders. For example, both hemophilia A and B plasmas
exhibit reduced thrombin generation, a prolonged onset and reduced rate of fibrin formation,
and produce clots consisting of a coarse, permeable network of abnormally thick fibrin fibers.
[13,14] In hemophilia, the fibrin network deficiency results from abnormal (reduced) thrombin
generation and not from abnormalities within the fibrinogen molecule itself. In contrast,
patients with certain fibrinogen mutations (dysfibrinogenemia) often present with bleeding
and/or thrombotic complications resulting not from abnormal thrombin generation, but rather
directly from aberrant conversion of fibrinogen to fibrin or abnormal fibrin network properties.
The fibrinogen mutation Aα R554C (Dusart) is a well-characterized example of thrombosis-
associated dysfibrinogenemia that produces thin fibers in overly-dense networks that are
resistant to fibrinolysis and mechanical deformation.[15] Dysfibrinogenemias may also
contribute to morbidity following pulmonary embolism. In an elegant pair of studies, Morris
et al. showed plasma clots from patients with chronic thromboembolic pulmonary hypertension
(CTEPH) exhibit increased fibrin stability and that these patients have a high incidence of
fibrinogen mutations.[16,17] The authors concluded the fibrinogen mutations directly caused
increased fibrin network stability in these patients and contributed to the development of
CTEPH. These findings suggest abnormal network stability may be a broad mechanism
contributing to post-thrombotic complications in other situations as well.
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Recent studies have demonstrated abnormal fibrin structure and/or fibrin network function in
plasma clots from patients with diabetes[18–20], idiopathic venous thromboembolism[21], in-
stent thrombosis[22], and myocardial infarction[23,24], and individuals exposed to cigarette
smoke[25,26]. Because most of these studies utilized clotting assays initiated with exogenous
addition of low thrombin concentrations (~5 nM) that may have activated cofactors and
triggered endogenous thrombin generation during the assay, it is not yet known whether the
irregular fibrin networks produced by these plasmas resulted from abnormal thrombin
generation and/or directly from altered fibrinogen function. For example, two recent
independent studies have demonstrated abnormal fibrin properties in clots formed from plasma
isolated from smokers. Undas et al.[26] initiated clotting with low thrombin and observed
reduced clot permeation and reduced fibrinolysis of plasma clots from smokers compared to
healthy never-smokers. While these changes were associated with the level of fibrinogen and
markers of oxidative stress[26] abnormal thrombin generation may have also contributed to
the abnormal clots. In the second study, Barua et al.[25] initiated clotting by adding a high
concentration of exogenous thrombin to plasma. Under these conditions, it is unlikely
endogenous thrombin generation occurred during the rapid reaction time course. Thus, the
overly dense networks observed in clots from smokers in their study likely resulted directly
from abnormal fibrin(ogen). Further studies are warranted to distinguish abnormal thrombin
generation from abnormal fibrinogen in smokers, as well as in plasmas from other patients
with prothrombotic history.

Conclusions and Future Directions
The current wealth of evidence suggests abnormal fibrin formation, structure, and stability are
biomarkers for, and potentially pathogenic mechanisms contributing to, hemostatic and
thrombotic disorders. Therefore, agents that directly or indirectly modify fibrin structure or
stability may be viable targets for hemostatic and antithrombotic therapies. Although this
review has been limited to the role of procoagulant activity in fibrin formation, it is important
to note additional cellular and soluble influences on fibrin formation and stability, including
expression of integrins, pro- and anti-fibrinolytic activities, and factor XIII that crosslinks the
fibrin network. The relative roles of these and other properties of cells, plasma, and blood flow
in fibrin deposition and stability remain important areas for future investigations.
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Figure 1. Contributions from cells, plasma, and blood flow (Virchow's Triad) regulate fibrin
formation and therefore, fibrin network structure and stability
Laser scanning confocal micrographs show recalcified, platelet-poor plasma (hemophilia A,
normal, and 200% fibrinogen from left to right, respectively) spiked with AlexaFluor-488-
labeled fibrinogen (10 μg/120 μL sample) and clotted by TF-bearing monocytes. Abnormally-
coarse networks of thick fibers are associated with an increased risk of bleeding, whereas
overly-dense networks of thin fibers are associated with an increased risk of thrombosis.
Characterizing the specific mechanisms by which cells, plasma and blood flow regulate fibrin
structure and stability is critical for understanding hemostasis and identifying effective targets
for hemostatic and antithrombotic therapies.
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