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Figure 7. TF inhibition prolongs the onset and reduces the rate of thrombin generation and clot formation, resulting in a less dense fibrin network. Recalcified
(10mM, final) normal pooled PFP was added to confluent HUVECs and TNFa-treated HUVEC monolayers in the presence of anti-TF antibody (10 p.g/mL anti-human TF
antibody) or IgG control. (A) Thrombin generation was measured by calibrated automated thrombography. Data (+ SD) show the average of 5 separate experiments. (B) Fibrin
polymerization was monitored by turbidity at 405 nm. Data (= SD) shown are from 1 experiment, representative of 4 separate experiments. Symbols for panels A and B are
HUVECs plus: IgG, (f); anti-TF, ((J); TNFa+1gG, (-); TNFa+anti-TF, (‘). (C) Three-dimensional projections (146~ um X 146 pm, xy) show clot architecture in 10-pum stacks
0 to 10 um from the surface of unstimulated or TNFa-stimulated HUVECS in the presence or absence of anti-TF, as indicated. Each image is from 1 experiment, representative
of 4 independent experiments. (D) Fibrin density (= SD) was measured as described in “Methods.” (E-F) Clotting was initiated in the presence of tPA (250 ng/mL) and the time
to peak and peak turbidity were calculated from resulting turbidity curves. Data (= SD) show the average of 9 independent experiments. *P < .05 versus unstimulated

HUVECs.

thrombin generation and fibrin formation and structure. On unstimu-
lated HUVECs, addition of anti-TF antibody slightly and nonsignifi-
cantly prolonged the lag time of thrombin generation (Figure 7A)
and onset of clot formation (Figure 7B), suggesting these unstimu-

lated, cultured cells express a low level of TF activity, likely due to
their extraction from their native environment under shear. As in
Figure 1B, the final turbidities of clots produced by these cells did
not differ (Figure 7B) despite the substantial differences in cellular
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procoagulant activity (Figure 7A). Addition of anti-TF to unstimu-
lated HUVECs did not affect fibrin network structure (Figure
7C-D). However, addition of anti-TF antibody to TNFa-stimulated
HUVEC:s significantly (P < .05) delayed the onset and decreased
the peak height and time to peak thrombin generation (Figure 7A),
prolonged the onset of clot formation (Figure 7B), and reduced the
fibrin network density to levels found in clots produced by
unstimulated HUVECs (Figure 7C-D). In the presence of tPA,
anti-TF antibody prolonged the time to peak turbidity in clots
produced by TNFa-stimulated HUVECs (Figure 7E). Importantly,
the peak turbidity (fibrin incorporation) produced by TNFa-
stimulated HUVECsS in the presence of anti-TF was statistically
indistinguishable from that produced by unstimulated HUVECs
(Figure 7F). These findings suggest inhibiting thrombin generation,
either through TF, Xa, or direct thrombin blockade, would signifi-
cantly reduce fibrin formation and stability.

Discussion

A growing body of work has implicated fibrin structure and
stability as important determinants of hemostasis and thrombosis.
Most studies have focused on plasma contributions to clotting,
showing that plasma clots from patients with bleeding disorders are
composed of an abnormally coarse, unstable fibrin network,
whereas plasma clots from patients with a personal or family
history of thrombosis have an abnormally dense network that
resists fibrinolysis.!>*3 Few studies have examined cellular contri-
butions to clot structure and stability. In the current study, we
showed that extravascular and intravascular cells support fibrin
formation, structure, and stability. Our findings show extravascular
cells supported the formation of a dense fibrin network that resisted
fibrinolysis. Cytokine-stimulated intravascular cells similarly
produced an abnormally dense, stable fibrin network that was
inhibited by TF blockade. These findings suggest specific mecha-
nisms by which different vascular cells contribute to hemostatic
and thrombotic clot formation.

All of the examined cell types produced a denser fibrin network
proximal to the cell surface compared with distal regions of the
clot, consistent with our previous findings that thrombin generation
on a fibroblast surface dictates the 3-dimensional network struc-
ture.? The current study extends the generality of this observation to
3 additional cell types (SMCs, HUVECs, and platelets) as well as
cells lining freshly excised human saphenous veins. Experiments
with excised saphenous veins in particular (Figure 2N) confirm the
observation is not restricted to cultured cells, but is likely to arise
from procoagulant activity of intravascular cells in vivo. Although
a previous study showed the av and (3 integrins significantly
increase fibrin organization in clots produced on HUVECs,* we
were unable to confirm this finding. Rather, we found in situ
thrombin generation was both necessary and sufficient to increase
fibrin density in clots produced by HUVECs, without further effect
of cellular receptors. Differences between our findings and the
previous work3? may reflect differences in the source of HUVECs
used in the study; the previous study used HUVECS from individual
donors, whereas we used HUVECSs pooled from 3 donors. We note,
however, that although integrins did not significantly modulate
fibrin structure of clots formed by TF-bearing cells, these findings
do not preclude a role for cellular integrins in anchoring the fibrin
network to the vessel wall. Further investigations of how clots
anchor to surrounding cells are necessary to elucidate mechanisms
that predispose some thrombi to embolism.
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It is interesting that differences in fibrin structure seen by
microscopy were not reflected in the final turbidity measurements
of these clots (Figures 1B, 7B). In prior studies, turbidity and fibrin
structure were studied using homogeneous fibrin networks. Our
data suggest the fibrin structural gradient produced during in situ
thrombin generation uncouples these measurements. These find-
ings suggest studies performed in the presence of cells should
include a microscopic method to directly visualize the fibrin
network and validate turbidity measurements.

Fibroblasts and SMCs, present in the outmost and medial layers
of the vessel wall, respectively, supported robust thrombin genera-
tion and clot formation, and produced dense, stable fibrin networks.
After vascular breach, exposure of these cells to blood would
initiate a rapid procoagulant response. In contrast, intravascular
(endothelial) cells are specifically designed to prevent thrombin
generation and fibrin production. The unstimulated HUVECs used
in our study supported low thrombin generation and only coarse
network formation. This basal activity of cultured endothelial cells
probably reflects phenotypic changes upon removal of these cells
from their native environment under flow.** Regardless, the
observed differences between fibrin networks formed by endothe-
lial cells and extravascular cells are profound, and suggest expo-
sure of extravascular cells to blood would promote a stable fibrin
network after vascular injury.

In atherosclerotic disease, exposure of blood to collagen and
subendothelial cells (eg, SMCs) upon plaque rupture would be
expected to produce a thrombus composed primarily of platelets
and reinforced by a dense, overly stable fibrin network. Fibrin-rich
venous clots, conversely, are thought to arise on intact endothe-
lium.*346 In this case, exposure of intravascular cells to inflamma-
tory mediators, including bacterial lipopolysaccharide, ' hypoxia,'?
or cytokines,'® may induce inappropriate intravascular TF expres-
sion. In our study, stimulating endothelial cells with TNFa
increased TF expression and thrombin generation and caused the
formation of dense fibrin networks, similar to those produced by
extravascular cells (SMCs). We observed similar effects after
treatment with IL-1f (data not shown), indicative of a generalized
mechanism by which inflammatory mediators trigger a procoagu-
lant/prothrombotic phenotype and subsequent intravascular fibrin
formation.

It is interesting to note the difference in mechanisms dictating
fibrin structure in clots produced by TF-bearing cells (procoagulant
activity) and platelets (B3 integrin—fibrin interactions). Smyth et
al*’ previously showed variable protection of B3-deficient mice
from thrombosis initiated by different mechanisms. Whereas
33-deficient mice showed reduced thrombus formation in a model
of arterial (platelet-rich) thrombosis, the [33-deficient mice were
only minimally protected from TF-initiated microvascular thrombo-
sis.#” Our findings, consistent with these in vivo thrombosis
models, provide a mechanistic basis for the effectiveness of
B3-blocking strategies in preventing platelet-rich arterial thrombi“®
versus anticoagulants to prevent fibrin-rich venous thrombi.*-3

Our findings show a crucial role for TF activity in fibrin network
formation, structure, and stability. Compared with unstimulated
HUVECs, TNFa-stimulated HUVECs expressed significantly
higher TF activity, but similar lipid and thrombomodulin expres-
sion. Thus, increased TF activity alone was sufficient to increase
thrombin generation and fibrin density to levels seen in clots
produced by extravascular SMCs. Blocking TF activity on TNFa-
stimulated endothelial cells reduced procoagulant activity and
fibrin density and stability to that of unstimulated cells, lending
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support to a mechanism by which VIIa/TF inhibition reduces
venous thrombosis.*

Our current experimental design omits the effects of shear on
fibrin formation, structure, and stability. Previous studies have
demonstrated that endothelial cells are less susceptible to TNFa-
induced TF expression in the presence of shear.>! However, once
stimulated, endothelial cells support robust thrombin and fibrin
formation under low shear, whereas high shear suppresses fibrin
deposition.>? Interestingly, higher TF concentrations increase the
shear threshold that attenuates fibrin production.>® Together, these
studies suggest that reduced shear (stasis) promotes endothelial cell
susceptibility to cytokine stimulation, and that the combination of
activated endothelial cells and low shear promotes local thrombus
formation. Although the previous studies examined the role of
shear and TF concentration on fibrin deposition,>>-* the resulting
fibrin structures were not evaluated. Based on our current study,
evaluating fibrin structure under different shear forces may offer
insight into the role of stasis in thrombus formation.

Our results provide an important foundation for future studies
of cell types from different vascular beds. Our system allows for
the examination of how cellular properties such as TF>® and
thrombin'® expression on endothelial cells from the arterial,
venous, and microvascular circulation, or binding of TF micropar-
ticles,”® contribute to clot structure and stability. Such studies are
critical for understanding the role of the endothelium in vascular
bed—specific thrombosis. Furthermore, our system enables the
examination of how interactions between soluble clotting factors
and vascular cells promote clot formation. Effects of hypercoagula-
bility and endothelial dysfunction may be additive or even synergis-
tic with regard to thrombin generation and fibrin production.
Studies on the combined effects of these cellular and plasma
activities remain interesting next steps in these investigations.
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