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ABSTRACT Blood coagulation is a self-repair process regulated by activated platelet surfaces, clotting factors, and inhibitors.
Tissue factor pathway inhibitor (TFPI) is one such inhibitor, well known for its inhibitory action on the active enzyme complex
comprising tissue factor (TF) and activated clotting factor VII. This complex forms when TF embedded in the blood vessel
wall is exposed by injury and initiates coagulation. A different role for TFPI, independent of TF:Vlla, has recently been discov-
ered whereby TFPI binds a partially cleaved form of clotting factor V (FV-h) and impedes thrombin generation on activated
platelet surfaces. We hypothesized that this TF-independent inhibitory mechanism on platelet surfaces would be a more effec-
tive platform for TFPI than the TF-dependent one. We examined the effects of this mechanism on thrombin generation by
including the relevant biochemical reactions into our previously validated mathematical model. Additionally, we included the abil-
ity of TFPI to bind directly to and inhibit platelet-bound FXa. The new model was sensitive to TFPI levels and, under some con-
ditions, TFPI could completely shut down thrombin generation. This sensitivity was due entirely to the surface-mediated
inhibitory reactions. The addition of the new TFPI reactions increased the threshold level of TF needed to elicit a strong thrombin
response under flow, but the concentration of thrombin achieved, if there was a response, was unchanged. Interestingly, we
found that direct binding of TFPI to platelet-bound FXa had a greater anticoagulant effect than did TFPI binding to FV-h alone,
but that the greatest effects occurred if both reactions were at play. The model includes activated platelets’ release of FV spe-
cies, and we explored the impact of varying the FV/FV-h composition of the releasate. We found that reducing the zymogen FV
fraction of this pool, and thus increasing the fraction that is FV-h, led to acceleration of thrombin generation.

SIGNIFICANCE We developed a novel mathematical model of flow-mediated coagulation that was sensitive to changes
in TFPI levels, especially at low tissue factor densities, which is consistent with experimentally observed effects of TFPI
under flow. The sensitivity of the system was entirely due to inhibition reactions that occurred on activated platelet
surfaces. TFPI is a potential therapeutic target to rescue thrombin generation in bleeding disorders; thus, our model, which
is based on recent discoveries about its inhibitory mechanism, could serve as powerful tool to explore the role of TFPI as a
modifier of thrombin generation.

INTRODUCTION activated, which enhances their ability to aggregate and
plug the injury. They also expose phospholipid binding
sites on their surfaces to which plasma proteins, called clot-
ting factors, can bind. Activated platelets release proteins
from internal stores, including additional clotting factors,
inhibitors, and agonists that further platelet activation
(1,2). Coagulation is a network of enzymatic reactions
that involves clotting factors and inhibitors and culminates
in the production of the enzyme thrombin. Thrombin
cleaves the soluble plasma protein fibrinogen to form insol-

Hemostasis is a self-defense mechanism initiated by a
vascular injury, whereby a blood clot forms to stop
bleeding. It consists of two intertwined processes, platelet
aggregation and coagulation, that begin when the injury ex-
poses subendothelial collagen and tissue factor (TF),
respectively. Platelets adhere to the collagen and become
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uble fibrin, which polymerizes to form a cross-linked
hydrogel that physically stabilizes the growing platelet
aggregates.
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Thrombin generation is necessary to the clotting process
and is accomplished by the sequential formation of three
enzyme-cofactor complexes. One is formed on the injured
vascular wall by TF (cofactor) and activated coagulation
factor VIla (FVIIa), and the other two are formed on the
surfaces of activated platelets by coagulation factors
VIlla (cofactor) and IXa (the FVIIIa:FIXa “tenase” com-
plex) and by coagulation factors Va (cofactor) and Xa
(the FVa:FXa “prothombinase” complex). It is the pro-
thrombinase complex that enzymatically converts the
plasma protein prothrombin into thrombin. Because of
the essential roles of the platelet-bound enzyme complexes,
the availability of binding sites on the surfaces of activated
platelets for the coagulation factors that form these com-
plexes is an important regulator of coagulation; robust
thrombin generation does not occur if these complexes
cannot form. Furthermore, the requirement that important
coagulation reactions occur on activated platelets helps
localize coagulation to the site of injury instead of it being
spread throughout the vasculature by the flowing blood.
The coagulation process involves positive and negative
feedback loops, which enable thrombin generation to
exhibit threshold-like behavior; substantial thrombin gener-
ation occurs only after a sufficient level of TF is exposed.
On the other hand, a lack of sufficient inhibitors, which
take part in the negative feedback loops, may lead to exces-
sive clot growth and thrombosis, while abnormally high
concentrations of inhibitors may impede coagulation and
lead to excessive bleeding. The many regulators of clotting
normally work together to maintain a proper balance be-
tween promoting and inhibiting processes. Bleeding and
clotting disorders that manifest as deficiencies or mutations
in clotting proteins, such as hemophilia, can disrupt this
balance, with serious consequences.

Tissue factor pathway inhibitor (TFPI) has long been re-
garded as a key inhibitory regulator of coagulation. It is best
known for its inhibition of TF:VIla activity owing to forma-
tion of a quaternary complex that includes TF:VIIa, TFPI,
and FXa, but more recently has become known to inhibit
through FV (more details of this are given below). In hu-
mans, there are two TFPI types: TFPla and TFPIS (3,4).
In this study, we focus only on TFPI«. TFPI« is found in hu-
man plasma (4) and is also released from platelets upon the
platelets’ activation (5). TFPI« contains three Kunitz do-
mains and a C-terminus tail. TFPI binds to TF:VIla and
FXa through its Kunitz 1 and 2 domains, respectively
(6,7), and to protein S via Kunitz 3 domain (3). It binds to
some FV variants through the C-terminus tail, which is
important for its inhibitory action.

Coagulation factor V (FV) is another essential protein
for thrombin generation. In its fully cleaved/activated
form (FVa), it serves as the cofactor for FXa within the
prothrombinase complex that converts prothrombin to
thrombin (8,9). In 2001, a novel bleeding disorder was
discovered in a family from East Texas (10) that was
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related to FV (11). A genetic mutation caused increased
expression of an alternative form of FV that was
“partially” cleaved and thus named FV-short. Later, FV-
short was shown to bind tightly to TFPIa, which was in
line with the observed increased levels of TFPIa in the
East Texas family. It is now believed that the increased
TFPIa levels are the cause of their bleeding phenotype
(12). Since the FV-short discovery, it has been recognized
that normal FV is physiologically cleaved into two
different forms through distinct mechanisms: FXa cleaves
what is called the basic region of the B domain, leading
to what we call the partially cleaved/activated form
(13,14), and thrombin cleaves the entire B domain, leading
to the fully cleaved/activated form (15). There is some ev-
idence that FXa can fully cleave FV into FVa, but it does so
rather inefficiently (16,17).

Variants of FV are stored in a platelet’s «-granules and
secreted after the platelet is activated. (8,18,19). Platelet-
secreted FV may be partially or fully cleaved, but there
are little data in the literature on the detailed make-up of
platelet-secreted FV molecules or on their susceptibility to
be bound by TFPIw. In the rest of this paper, we denote
the partially cleaved or platelet stored FV as FV-h, for
half-cleaved/activated, and FVa as the fully activated
form. Of note, FV-short, FV-h, and FVa possess similar
cofactor activity within the prothrombinase complex, but
only FV-short or FV-h can bind to TFPl« (20).

Early biochemical studies showed that TFPI« has vary-
ing effects on thrombin generation depending on the forms
of FV that are present. Mast and Broze (21) performed
prothrombin activation assays with mixtures containing
prothrombin, FXa, lipids, TFPI«, and varying forms of
FV. With FVa and FXa, addition of TFPIa produced
modest inhibition of thrombin generation. With FV and
FXa, however, addition of TFPIx substantially impeded
thrombin generation. Interestingly, when FV was preincu-
bated with FXa, subsequent addition of TFPla had a
decreased inhibitory effect (i.e., more thrombin was
generated) in comparison with the case in which FV,
FXa, and TFPIa were added at the same time. These re-
sults suggest that TFPla inhibits thrombin generation
through a variety of mechanisms that could act before
and/or after the formation of prothrombinase (with either
FV-h or FVa). The presence of lipids may also have
enhanced or mediated the inhibitory mechanisms in that
study. In later biochemical studies, TFPIa was shown to
inhibit prothrombinase early in thrombin generation via
FV-h (13,22). It was suggested that TFPla inhibits
thrombin generation through multiple mechanisms,
including direct binding of TFPI« with FV-h, interactions
with FV-h in ways that either prevent FXa from binding
FV-h or that cause it to bind in a way that does not pro-
mote thrombin generation, and of course the well-known
binding interaction between TFPla and FXa (22). The
relative importance of these various mechanisms and



interactions, along with the effects of lipid or platelet sur-
faces on them, remains unclear.

Mathematical models are powerful tools that can be used
to gain insight into complex biological systems. Our group
has developed mechanistic, experimentally validated math-
ematical models of flow-mediated coagulation that have led
to novel insights related to phenotypic variation observed in
bleeding and thrombotic disorders (23-28). These models
include activated platelet surfaces as the site of many
coagulation reactions, thus allowing the availability of these
surfaces and their properties to regulate coagulation. In sim-
ulations with our previous models, procoagulant platelet-
surface reactions are critical to the production of thrombin.
The availability of binding sites on the procoagulant sur-
faces of platelets deposited onto the injury play an important
regulatory role. Other mathematical models that simulate
thrombin generation in the absence of flow (29) have also
shown that thrombin generation is sensitive to variation in
normal levels of clotting factors in healthy individuals
(30) and in hemophilia (31); these models generally assume
that the reactions occur in the presence of an excess of lipid
surfaces and do not look specifically at events on limited
platelet surfaces as regulators of coagulation.

Collectively, these experimental and mathematical find-
ings raise the question: would blocking the binding of
TFPIa to FXa and/or FV-h on the platelet surface rescue
thrombin generation in hemophilia? Platelet-surface-depen-
dent, TFPIe-mediated inhibition has not yet been included
in any mathematical models of coagulation. We extended
our previous model of flow-mediated coagulation to include
a detailed description of platelet-surface-mediated TFPIa
inhibition, via platelet-bound FXa and FV-h. In our previous
model, TFPIx was assumed to bind FXa in the plasma phase
and the TFPla:Xa complex could subsequently bind to
TF:VIla. However, TFPla had very little impact on
thrombin generation through this mechanism because the
overwhelmingly dominant inhibitor was dilution of fluid-
phase enzymes and active cofactors as flow carried them
downstream away from the injury. This was true for all shear
rates examined with the model (23). An alternative mecha-
nism of TFPI« inhibition of TF:VIIIa, in which TFPI« binds
to TF:VIIa:Xa, was also investigated in this model, and it
was found that for this mechanism to work, FXa would
have to remain bound to TF:VIla for a long time, in which
case its own presence could inhibit TF:VIla without a role
for TFPIwx (24).

A major motivation for the current study is to explore the
effectiveness of platelet-surface anticoagulant reactions in
the regulation of thrombin generation under flow. To our
knowledge, our studies are the first to examine the effect
of TFPI- and antithrombin (AT)-mediated inhibition occur-
ring directly on platelet surfaces with modeling (we studied
AT inhibition with and without heparin in a companion
study (32)). The key new additions to the model in this paper
are that 1) FV can be partially activated to FV-h by FXa, 2)
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FV-h can bind FXa to form active prothrombinase on the
platelet surface, 3) TFPIa can directly bind to FV-h in the
fluid or bound to the platelet surface, and 4) TFPIa can
bind directly to FXa that is bound to the platelet surface.
The aforementioned experiments suggested that early in
the coagulation reactions, before much thrombin has been
generated, active prothrombinase forms on activated platelet
surfaces by binding of FXa and FV-h, and that the activity of
FXa, FV-h, and/or the prothrombinase formed from them is
significantly impacted by TFPIo.

The assumptions regarding TFPI« resulted in many bind-
ing combinations that either interfered with the formation of
prothrombinase or directly inhibited the already formed
complex. We studied how the additional TFPl« inhibition
affected the TF threshold for various shear rates and whether
inhibition via FXa or FV-h had a larger inhibitory effect. Our
results demonstrated new and significant sensitivity of simu-
lated thrombin generation to TFPI« levels that was entirely
due to inhibition reactions occurring on platelet surfaces.
Direct binding of TFPIa to FXa on the platelet surface
had a somewhat stronger inhibitory effect than binding to
FV-h when each was considered in isolation, but the greatest
inhibitory effect occurred when both mechanisms were
at play.

MATERIALS AND METHODS
Previous mathematical model review

Here we give a brief review of our previously developed mathematical
model of flow-mediated coagulation (23-25) More details about this
model and its sensitivity to parameters can be found elsewhere (27).
The model simulates the coagulation reactions occurring in a small reac-
tion zone (RZ) above an injury where TF in the subendothelium (SE) is
exposed (Fig. S1). Clotting factors and platelets are transported into and
out of the RZ by a combination of flow and diffusion, using a mass trans-
fer coefficient whose value is a function of vessel and injury size, the
flow’s shear rate, and the species’ diffusivity. Clotting factor concentra-
tions in the RZ change owing to their involvement in the coagulation re-
actions, their binding with activated platelets, and transport in and out of
the zone. Similarly, platelet concentrations change as platelets adhere to
the injured wall and become activated, and as other platelets are trans-
ported in and out of the zone. As platelets build up in the RZ, the height
and volume of the RZ increase with the volume of plasma and concentra-
tion of platelets in it changing accordingly. Deposition of platelets also
blocks the activity of TF:VIla on the subendothelium in proportion to
the fraction of the subendothelium which the platelets cover. The concen-
tration of each species in the RZ plasma is tracked with an ordinary dif-
ferential equation; this choice relies on the assumption that each species is
uniformly distributed (well-mixed) within the reaction zone. An additional
well-mixed endothelial zone (EZ) is located adjacent to the RZ, in the di-
rection perpendicular to the flow, with height equal to that of the RZ and
width dependent on the flow shear rate and protein diffusion coefficients.
The EZ is where active protein C (APC) is produced by a complex formed
by thrombomodulin in that zone and thrombin that has diffused to the EZ
from the RZ. This APC either diffuses into the RZ or is carried away by
the flow.

There are three forms of platelets in the model: unactivated platelets
that exist in the plasma phase, activated platelets that are directly attached
to SE, and activated platelets in the thrombus that are not directly attached
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to SE. Activation of platelets is achieved by contact with the SE, interac-
tion with thrombin, or by exposure to already activated platelets (this is an
indirect way to model release of agonists from platelet stores). Activated
platelets provide the membrane surface necessary for coagulation factors
to bind and react. Each activated platelet expresses specified types and
numbers of binding sites to which coagulation proteins can selectively
bind.

New model extensions

The key new extensions to the model are described in the next few sections.
They involve partially activated FV (FV-h) and its interaction with FXa and
TFPla. The additional reactions describe the generation of FV-h, TFPlx
binding to FV-h and FXa, direct inhibition of FV-h or FXa within prothrom-
binase by TFPIe, inhibition of FV-h:FXa prothrombinase assembly, and full
activation of FV-h by thrombin. All of these additional reactions involving
FV-h, FXa, and TFPI are sketched in Fig. | and listed in Table 1 with any
available kinetic rate constants from the literature. In Eq. 1, we show the
evolution equation for the concentration of one of the new species as an
example of the nature of the model’s equations. A full listing of the model
equations and parameter values is given in the section S2 of supporting
material. Note that for this paper, the ordinary differential equations labeled
1-104 comprise the model. The remaining equations are added for the com-
panion paper.

The model uses the following notation: Z; and E; to refer to a specific
zymogen or pro-cofactor species and the corresponding enzyme or cofactor
species when they are in the plasma, and Z" and EJ" refer to the surface-
bound versions of these proteins (e.g., E' refers to the TF:VIIa complex
on the subendothelium, and Es and E5' refer to factor Va in the plasma
and bound to a platelet surface, respectively). The new species, partially
cleaved factor V is denoted EQ The concentrations of the proteins are de-
noted similarly, but with lowercase z and e. Therefore, €' is the concentra-
tion of platelet-bound factor Va. The symbols TF,P,,Ps,Pg,Py,P1¢, and Py,
are used to denote TF and the platelet binding sites for prothrombin, FV/
FVa, FVIII/FVIlIa, FIX/FIXa, FX/FXa, and FXI, respectively. For the
platelet binding sites specific to thrombin, factor IXa, and factor XIa, we
use the symbols Pj, Pj, and Pj,. The concentrations of binding sites are
indicated similarly but with lowercase p. We denote the complex of Z;
and E; by Z; : E; and its concentration by [Z; : Ej], so, for example,
TFPla : EY, denotes TFPla bound to platelet-bound factor Xa, and
[TFPIw : Efj)] refers to its concentration.

Generation and activation of FV-h

We assumed there are two major sources of FV-h: activation of FV by FXa
(reaction 25 from Table 1) and secretion by platelets upon their activation.
We assume here that FXa can only partially activate FV to FV-h. We also
assume that a total of 3000 FV and FV-h molecules are released per acti-
vated platelet (33), and denote by /5 the fraction of these which are FV-h
molecules. For most of the simulations in this study we fixed 75 = 0.5,
but we also reported on simulations examining the model result’s sensitivity
to variations in /5. We assumed that FV and FV-h bind to the same platelet
binding sites (Ps) and that platelet-bound FV-h and FXa can bind to one
another to produce an early form of prothrombinase FV-h:FXa. We
assumed that FV-h can be fully activated by thrombin, in the plasma, on
the platelet surface, and within the FV-h:FXa complex (reactions 2, 6,
and 9 in Table 1).

TFPl« binding to FV-h and FXa

In our previous model (23-25), TFPI« could bind only to fluid-phase FXa.
Here, we also allowed TFPI« to bind directly from the plasma to platelet-
bound Xa (reaction 22 in Table 1) and to FV-h in the plasma or bound to
a platelet (reactions 1 and 5 in Table 1). We assumed that TFPI«x cannot
bind to FVa because the FV’s B domain is completely removed upon full
activation. This assumption is supported by the fact that TFPI binds FV in
a form where only part of the B domain is cleaved upon activation by
FXa, leaving the acidic region to bind the C-terminus of TFPI (13). We
assumed that the entire 20% of plasma TFPI is the full-length form, which
can interact with both FV-h and FXa. Differentiation between the truncated
form and full-length forms of TFPI in the plasma is the subject for future
research. Furthermore, we assumed that when FXa or FV-h is bound to
TFPIe, it cannot subsequently form an FV-h:FXa prothrombinase complex.
‘We based this assumption on the proximity of the binding sites on FV-h, FXa,
and TFPI« for each other, the large size and flexibility of a TFPIa molecule,
and the previous suggestion that this reaction is blocked (13,22,34). We do
not consider the secretion of TFPI« from platelets in this model extension.

Direct inhibition of prothrombinase

We assume that prothrombinase is formed by the binding of platelet-bound
FXa to platelet-bound FVa (FVa:FXa), as in our previous model, or to
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FIGURE 1

Newly added reactions involving FV-h, FXa, and TFPl«. (Left) Generation of FV-h through the activation of FV by FXa and secretion from

platelet stores, binding/unbinding of coagulation factors to the platelet surface, and the assembly of prothrombinase. (Right) Binding of TFPI« to platelet-
bound FXa, FV-h, and prothrombinase, and inhibition of prothrombinase assembly by TFPIe. Line styles indicate different interactions: dense dashed lines,
binding and unbinding of protein pairs; longer dashed lines, catalytic reaction steps; solid double arrow, binding and unbinding of proteins with platelet sur-
face; arrow with faded tail, secretion of protein from platelet. Light shade with black font indicates TFPI-bound and inhibited cofactors, and heavier shade
with white font indicates TFPIx-bound and inhibited enzymes. FV is also secreted from platelet stores and can be activated by thrombin, but this is not shown
because they were included in an earlier model. Circled numbers indicate reaction number listed in Table 1. To see this figure in color, go online.
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TABLE 1

Platelet-bound protein inhibition: TFPI

List of reactions added to the model and their kinetic rate constants, with literature references (k* shows forward

reaction rate, k — shows backward reaction rate, and k°* indicates catalytic reaction rate)

Reaction list

Catalytic
Reaction no. Reactants intermediate Products K tsTh k= (s7h ket (s Note
1 EX™ 4 TFPI TFPLE" 5.0(10)’ 45(10)° a
2 Elm 4+ B EimED E? + EE} 1.73(10)’ 1 0.23 b
3 EM™ + B Ejy:EL” 1.0(10)® 0.01 c
4 E! + Ps 5.7(10) 0.17 d
5 E! + TFPI TFPLE! 5.0(10) 4.5(10)" a
6 E! +E, ELE, Es + E, 1.73(10)7 1.0 0.23 b
7 Ej:E" + TFPL TFPLE]):E!" 1.6(10) 330107 e
8 El:EM" + TFPI EJ:E2": TFPI 5.0(10) 4.5(10)"° a
9 E":EM + By Eji:El™:EY E":E? + EY 1.73(10)’ 1.0 0.23 b
10 Ejb:EM 4 72 ZE] El ElEM + E, 7.13(10) 1.0 27.5 f
11 TEPLE!™ + E, E/™.TFPLE, 1.6(10)’ 3.3(10)* e
12 TFPLE}) + EZ E!™.TFPLE, 5.0(10)’ 4.5(10)"° a
13 TFPLE,, + Pjo TFPLE}) 1.010)’ 0.025 d
14 TFPLE! + Ps TFPLEY" 5.7(10) 0.17 d
15 El™ + APC APC:E!™ APC + E¥ 1.2(10)* 1.0 0.5 g
16 TFPLE,, + E! El:TFPLE,, 5.0(10)’ 4.5(10)73 a
17 TFPLE! + Eo EY:TFPLE,, 1.6(10)’ 3.3(10)7* e
18 EY:TFPLE,, + Ps E!.TFPLE,, 5.7(10) 0.17 d
19 E4:TFPLE o + Pio EL:TFPLE, 1.0(10)’ 0.025 d
20 E!™:TFPLE;, + Pyo El™: TFPLE], 1.0(10)’ 0.025 d
21 E!™.TFPLE]) + Ps E%TFPLEY, 5.7(10) 0.17 d
22 TFPI + E TFPLE}, 1.6(10)’ 3301007 e
23 TFPLE}, + E! E!TFPLE}, 5.0(10) 4.5(10)"° a
24 TFPLE! + Eyo EX™.TFPLE,, 1.6(10) 3.3(10)7* e
25 Zv + B El:ZY Elm 4 B 1.0(10)® 1.0 0.046 h

Notes: (a) Binding of TFPIa to FV-h, Kp = 9 pM from Jeremy et al. (15). (b) Activation of FV by thrombin, K, = 7.1(10)~® M from Monkovié¢ and Tracy
(35). (c) Binding between FV-h and FXa, K, = 1(10)"'° M from Mann (36). (d) FV-h binding platelet surface, Kp = 3(10)~° M from Krishnaswamy et al.
(37). (e) TFPIa binding FXa, Kp = 2(10)"'" M from Jesty et al. (38). (f) Prothrombin activation by prothrombinase that has FV-h, K3, = 0.4 uM from Petrillo
etal. (20). (g) Inactivation of FV-h by activated protein C, K, = 12.5(10)"° M from Solymoss et al. (39). (h) Generation of FV-h by FXa, k{ = 0.046 s land

Ky = 10.4(10)~° M from Monkovi¢ and Tracy (35).

platelet-bound FV-h (FV-h:FXa, reaction 3 in Table 1). Since FXa and FV-
h can both be bound to TFPIw, via its Kunitz 2 domain and C-terminus
region, respectively, we assume that FV-h:FXa can be directly inhibited
by TFPla binding either to FXa or to FV-h in the complex (reactions 7
and 8, respectively in Table 1). This is illustrated by the reactions shown
on the top surface of the activated platelet in Fig. 1 (right). The binding
kinetics for TFPIa binding to FXa or FV-h in the FV-h:FXa complex
are considered to be the same as those for TFPIa’s binding to FXa or
FV-h outside of the complex. Both forms of prothrombinase (FVa:FXa
and FV-h:FXa) are assumed to be active and able to cleave prothrombin
(20), but the enzymatic function of FV-h:FXa is assumed to stop when
TFPl« is bound to either the FV-h or FXa part of the complex. TFPIx
does not inhibit the enzymatic function of standard prothrombinase
FVa:FXa.

Inhibition of prothrombinase assembly

As mentioned above, we assume that TFPI« can be bound to both FXa and
FV-h at the same time via its Kunitz 2 domain and C-terminus, respec-
tively, but binding interactions between FXa and FV-h in that case are
blocked. In this situation, TFPIe is inhibiting the assembly of FXa and
FV-h into prothrombinase. The inhibition of assembly can occur through
two different, two-step reactions: TFPla binds to FV-h via its
C-terminus first and then binds to FXa via its K2 domain (reaction 11

in Table 1), or TFPI« binds to FXa via its K2 domain first and then binds
to FV-h via its C-terminus (reaction 12 in Table 1). This is illustrated by
the reactions shown on the bottom surface of the activated platelet in
Fig. 1 (right). Each coagulation factor to which TFPI« is bound can either
be platelet bound or in the fluid. Thus, there are multiple situations to
consider, including ones in which one of the coagulation factors in the
FV-h: TFPIa:FXa complex is bound to the platelet membrane and the
other factor is not bound to the membrane, but is held close to the platelet
through its interaction with TFPIe (reactions 16-21 in Table 1). In such
cases, the free end of the ternary complex can become attached to the
membrane, or the membrane-bound end can detach from the surface
and release the entire ternary complex into the fluid. The fluid-phase
ternary complex can rebind to a platelet surface by either its FV-h or
FXa, or it may be washed away by the flow.

Model equations

The reactions in Table | are translated into mathematical equations using
the law of mass action. Equation 1 is an example of the type of equations
that constitute the model. It describes the rate of change of the concentra-
tion of FV-h in the fluid by the processes of the binding and unbinding of
FV-h from the platelet surface, its delivery or removal due to flow, its secre-
tion from the platelet, its full activation by thrombin, and its binding to and
unbinding from TFPIla:
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In this equation, p2"“ denotes the concentration of platelet binding sites
for FV, FV-h, and FVa that are not already bound to one of these species, 75
denotes the total number of FV and FV-h molecules released by a platelet
when it is activated, eg‘””
(generally set to 0), and 4 ([PL3] +[PL}]) is the rate at which platelets are

activated. The other quantities are defined in Table 1.

is the concentration of FV-h in the bulk plasma

RESULTS
Tissue factor and shear rate dependency

Here we examined how the variation in TF density and shear
rate affected thrombin production with the additional TFPI«
inhibitory mechanisms and compared the outcomes with
those from our previous model. We focused on how TF
and shear rate dependency differ for low (0.5 nM) and
high (2.5 nM) TFPIa plasma concentrations. For various
TF densities in the range 0—20 fmol/cm? and for shear rates
100/s, 500/s, and 1500/s, we performed simulations with the
old and new models. We looked at two output metrics: the
lag time, which we define as the time point at which the
thrombin concentration first reaches 1 nM, and the thrombin
concentration at 10 min. Fig. 2, A and C show the lag times
and Fig. 2, B and D show the thrombin concentrations at
10 min. For both old and new models and for both TFPIx
levels, the lag time decreased as the TF density increased
and/or the shear rate decreased. The reason for these behav-
iors is that a higher TF density provides a larger initial stim-
ulus and decreasing the shear rate slows the loss of essential
enzymes from the RZ. Also, the thrombin concentrations at
10 min increased with the TF density, sharply at low TF den-
sities and more gradually at high ones. In fact, the results
indicated a threshold dependence on TF density in all cases
examined. (We refer to curves of thrombin at 10 min versus
TF density as threshold curves.) The thrombin concentration
at 10 min was also affected by the shear rate; in particular,
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the level of TF necessary to achieve a high thrombin con-
centration depended on the shear rate and, for high TF, the
thrombin concentration at 10 min was somewhat higher
for lower shear rate.

In Fig. 2, results for the old and new models are indicated
by gray and black lines, respectively. In Fig. 2, A and C we
see that, for a given TF density, the newly added TFPI« in-
hibition increases the lag time, and that to achieve a partic-
ular lag time a larger TF density was needed with the new
model. This is because the additional inhibition reactions
made it more difficult for the system to accumulate FXa
on platelet surfaces, and this slowed prothrombinase forma-
tion and thrombin generation. We see for both TFPI« levels
that the change in lag time between the two models was
greater at higher shear rate. For the low TFPla level
(Fig. 2 A), we see that for each shear rate, the curves for
the two models converged as the TF density was increased,
indicating that the effect of the additional inhibition is more
pronounced at low TF densities. Compared with these re-
sults, we see that for the higher TFPl« level (Fig. 2 C),
the differences between the two models were greater for
each TF density and that a substantial effect of the addi-
tional inhibition persisted to much higher TF densities.

Turning to Fig. 2, B and D, we look at how the thrombin
concentration at 10 min differs between the two models for
different TF densities and shear rates. For each shear rate,
the threshold TF density was increased by the additional
TFPI« inhibition reactions, that is, the threshold curves
were shifted to the right. For low TFPIe, the effect was small
for shear rate 100/s and progressively increased as the shear
rate was increased first to 500/s and then to 1500/s. For the
range of TF densities that were above threshold for the old
model and below threshold for the new one, there was a
notable difference in the thrombin concentrations at
10 min. For TF densities that were below threshold for
both models or above threshold for both models, there was
little effect of the additional inhibition reactions. In partic-
ular, at high TF densities the thrombin concentrations at
10 min are very similar. For high TFPI«, the effects of the
model changes are more dramatic. There is a much broader
range of TF densities which for the old model are above
threshold and for the new model are below threshold, and
for TF in this range there was a substantial difference in
the thrombin concentrations achieved with the two models.

In summary, a major effect of the additional platelet-sur-
face-mediated TFPI« inhibition reactions was to increase
the TF threshold for substantial thrombin production to a de-
gree that increased with increasing plasma TFPI« levels. For
TF densities that were above threshold for both models, the
lag time was larger with the additional reactions. The
magnitude of the extra delay in thrombin production engen-
dered by the additional inhibition varied with the TF density
and shear rate and was substantial for a range of TF densities
and shear rate 1500/s for low TFPIa and for a much broader
range of TF densities and all shear rates considered for high
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FIGURE 2 Effects of the TF level and shear rate on the lag time and the thrombin concentration threshold behavior. (A and C) Lag times and (B and D)
thrombin concentration after 10 min for a range of TF densities and three different shear rates. Black curves represent the results from the new model, which
includes the additional TFPIa-mediated inhibition reactions, and gray curves represent the results from the old model, where TFPI« could only bind to fluid-
phase FXa and then to TF:VIIa. All simulations were run with [TFPIa] = 0.5 nM. Vertical dashed lines indicate TF densities of interest. The flat horizontal
lines in (A) and (C) at lag time >30 indicate that the thrombin concentration did not reach 1 nM within 30 min for the corresponding TF density.

TFPIa. The thrombin after 10 min for a sufficiently high TF
density was affected little by the additional reactions for
both TFPI« levels and all shear rates considered.

Impact of TFPla concentration on thrombin
generation

The previous results were based on variations in TF and
shear rate for two fixed plasma concentrations of TFPIa.
Next, we fixed the TF density at 2.5 fmol/cm? or 10 fmol/
cm? and the shear rate at 100/s, and studied how varying
the TFPla levels from 0 to 2.5 nM in increments of
0.5 nM affected thrombin generation. We did this only

with the new model, as the old model’s results varied negli-
gibly with the TFPI« level. The variation of thrombin with
time for these experiments is shown in Fig. 3. In Fig. 3 A,
two qualitatively different outcomes are seen for a TF den-
sity of 2.5 fmol/cm? depending on the TFPI« level. As the
TFPIa concentration was increased from 0 nM to 0.5 nM
and then to 1.0 nM, there was a substantial prolongation
of the lag time from 923 s to about 1400 s to about 1980
s. The thrombin concentrations at 40 min in these simula-
tions were 333, 303, and 261 nM for TFPl« concentrations
of 0, 0.5, and 1.0 nM, so the new inhibition reactions also
affected, albeit modestly, the thrombin concentrations at
this time. For higher TFPIa concentrations (1.5, 2.0, and
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cm?. Note the different timescales. To see this figure in color, go online.

2.5 nM) the thrombin curves peaked at levels below 1 nM
and were in decline during the latter part of the simulations,
indicating that robust thrombin production would never
occur. These results are reflected in and explained by the
concentration time course of FXa, FV-h, and their com-
plexes with TFPIa under different TF, shear rate, and
TFPI levels, as shown in Fig. S7. Similar to what we
observed for thrombin, higher TF levels lead to higher con-
centrations of platelet-bound FXa and FV-h, whereas re-
sponses to increases in shear rate are more sensitive at low
TF levels (see Fig. S7).

The thrombin curves for a TF density of 10 fmol/cm? are
shown in Fig. 3 B. At this TF density, the variations in TFPI«
levels prolonged the lag time modestly and robust thrombin
production occurred for all the TFPIa concentrations exam-
ined. These results reinforced our earlier observation that the
additional TFPIa-mediated inhibition reactions can strongly
influence thrombin dynamics with the greatest impact occur-
ring for low TF densities. These results are in line with exper-
imental ones showing that the major inhibitory effects of
TFPI under flow occur at low TF (40). In that study, Thomas-
sen et al. showed that TFPI antagonism decreases the lag
time of fibrin deposition at low TF and to a lesser extent at
higher TF levels. Our results for thrombin generation with
TFPI = 0 and 0.5 nM, plotted on a linear scale (Fig. S4),
compare well with their time courses of fibrin deposition
and differences they see in lag times with and without
TFPI antagonism and under different TF levels.

Examination of the major inhibitory reaction
step(s)

Our model included two new ways that TFPI could impede
thrombin generation: through direct binding with platelet-
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bound FXa and through interactions with FV-h. To investi-
gate whether one binding reaction more greatly affects the
lag time and to determine for which TF levels that occurred,
we computed the lag times as we varied the TF density and
the TFPla concentration with and without the binding of
TFPIa to FXa and FV-h. The results are shown in the four
heatmaps in Fig. 4. In the heatmaps, the color indicates
the lag time in minutes (white cells indicate that the
thrombin concentration did not achieve 1 nM within
40 min), a minus sign indicates that the binding reaction
is “turned off,” and a plus sign indicates that the binding re-
action is “turned on.” To “turn off” the binding of TFPI« to
FXa, we set all association rates between TFPI« and FXa to
zero (reactions 7, 11, 17,22, and 24 in Table 1). Similarly, to
“turn off” TFPI« binding with FV-h, we set all association
rates between TFPI and FV-h to zero (reactions 1, 5, 8, 12,
16, and 23 in Table 1).

As expected, when we turned off TFPI« binding to both
FXa and FV-h, shown in Fig. 4 A, we observed that the
lag time was dependent only on TF (displaying threshold
dependence) and was independent of the TFPI«a concentra-
tion. For simulations in which we turned on only the binding
between TFPI« and FV-h, the lag time exhibits dependence
on TFPIe, but this effect saturated at a TFPI« concentration
greater than about 3 nM (Fig. 4 B). Also, the influence of the
TFPIa concentration on the lag time was much diminished
for TF densities higher than about 6 fmol/cm?.

If instead we turned on only the binding of TFPI« to
FXa, there was a slightly greater dependence of lag time
on both TFPla and TF, and this effect did not saturate
with TFPIa level, at least up to 5 nM (Fig. 4 C). Turning
on both binding reactions, as seen in Fig. 4 D, the lag
time threshold was shifted to a higher TF level than in
either of the previous cases, consistent with the shift in
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h or/and FXa for (E) TFPla = 0.5 nM and (F) TFPIa = 4.0 nM. These curves correspond to the slices in the heatmap indicated by the horizontal lines in (A)—

(D). Shear rate is fixed to 100/s. To see this figure in color, go online.

the TF threshold in the new model revealed in Fig. 2. Note
also that the red vertical line at TF 2.5 fmol/cm” represents
the same information as that at the intersections of the
thrombin curves and the 1 nM level line (red horizontal
line) in Fig. 3, where the TF density was fixed to 2.5
fmol/cm®. Comparing the heatmaps in Fig. 4, B and C,
we conclude that binding of TFPI to one of either FV-h
or FXa significantly altered the lag time but that the
TFPIa-FXa binding had a stronger influence.

For a more detailed comparison of the lag times for the
four cases at specific TFPI levels, Fig. 4, E and F show plots
of the lag times as a function of TF density for two specific
TFPIa concentrations, 0.5 nM and 4 nM, indicated with hor-

izontal black lines in the heatmaps. These plots allow a
clearer comparison of the effects of each of the binding re-
actions on lag times. In particular, Fig. 4 E shows that at the
lower TFPIq, lag times are increased in the order of adding
TFPIa/FV-h reactions alone, adding TFPIo/FXa reactions
alone, and finally both reactions together (the curves shift
slightly to the right and never cross). However, for the
higher TFPIax shown in Fig. 4 F, the larger lag times are
clearer but, additionally, a larger effect of one of the individ-
ual reactions alone depends on the TF density (gray dashed
line and black solid line cross at TF 4 fmol/cm?). The great-
est increase in lag time occurred when both reactions were
at play (Fig. 4 D).
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Significance of platelet-derived FV

To further investigate the importance of FV-h in the coagu-
lation system, we explored the effect of the FV-h derived
from platelets that is secreted upon activation. We did this
by varying the parameter /s that denotes the fraction of
all of the FV-type molecules released by the platelet that
are half-activated FV-h. This parameter is used in Eq. 1.
Fig. 5 shows the thrombin generation over time for various
hs and TF values for low (0.5 nM) and high (2.5 nM) TFPI«
plasma concentrations. We vary hs among 0, 0.5, and 1,
which correspond, respectively, to only zymogen FV, a
mixture of half FV, and half partially activated FV-h, and
only FV-h being released from platelets upon activation.
At the low TFPI« concentration, we considered TF densities
2.5 and 6.0 fmol/cm? and for the high TFPI« concentration,
we ran simulations at TF densities 4.0 and 10.0 fmol/cm.
These values, indicated by vertical lines in Fig. 3, B and
D, bracket the range of TF values over which the thrombin
concentration at 10 min changed rapidly as the TF density
was varied for shear rate 100/s and the low and high
TFPIa concentrations, respectively.

For both TFPIa concentrations, the resulting behaviors
were qualitatively similar but differed in magnitude. In
Fig. 5 A, we see that for TFPIa = 0.5 nM and for the higher
TF density (6.0 fmol/cm?), there was little difference in the
thrombin curves for the different /45 values. In contrast, for
the lower TF density (2.5 fmol/cm?), the effect of increasing
hs was to shorten the lag time, from 1419 s when only
zymogen is released by the platelets, to 1080 s for the
50:50 mixture, to 914 s when only partially activated FV-h
was released. For both TF densities, the thrombin concentra-
tion at 40 min changed little with changes in As. Fig. 5 B
shows that for TFPIa = 2.5 nM, there was almost negligible
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difference in the thrombin curves for the higher TF density
(10.0 fmol/cmz) and that, while the variation in lag time
with hs was greater for TF density (4.0 fmol/cm?), it was
much less than for the combination of low TFPIa concentra-
tion and low TF density shown by the black curves in Fig. 5
A. To summarize, an increase of FV-h content within the
platelets shortened the lag times. When TFPla was low,
the effect was the greatest for a low TF density.

Local sensitivity analysis

We performed a local, one-at-a-time, sensitivity analysis
(SA) of the new model to the new parameters relating to
TFPI binding with FV-h. All of the details and the results
are shown in the section 4 of the supporting material and
in Figs. S2 and S3, and we will give only a brief summary
of them here. The SA methods were based on those devel-
oped by Saltelli and colleagues (41,42) and those we used
to analyze our previous model (27). We chose three
thrombin metrics: lag time, maximum rate of thrombin gen-
eration, and final thrombin concentration, as the quantities
of interest and then ranked the sensitivities of these quanti-
ties to levels of all clotting factors and inhibitors except for
TFPIe, as in our previous work (27). The lag times in the
new model showed a higher sensitivity to TFPla levels
than in our old model, as expected from the previous results
shown above; the effects of TFPI«a on the maximum rates
and final thrombin concentration were negligible, as they
were with the previous model. However, in comparison
with our previous SA results, FX became increasingly
important for the lag times and maximal rates with the
new model, which makes sense given the direct inhibition
of FXa on platelet surfaces by TFPIa. Next, a local SA
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FIGURE 5 Thrombin generation for s = 0,0.5, 1.0 for shear rate 100/s. (A) The TFPI« concentration is 0.5 nM and the TF density was either 2.5 or 6
fmol/cm?. (B) The TFPI« concentration is 2.5 nM and the TF density was either 4 or 10 fmol/cm?.
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was performed on the kinetic rates. Forward and reverse ki-
netic rates for each of the TFPIa/FV-h reactions were varied
by 10%, and the changes in the three thrombin metrics were
measured. These small perturbations in reaction rates had
minimal effects on all thrombin metrics; none of the pertur-
bations led to more than a 1% change from baseline metric
values.

DISCUSSION

Our previous mathematical model, in which TFPIa acts
only through FXa and TF:VIIa, showed minor inhibitory ef-
fects of TFPI« on thrombin generation. In that model, most
FXa that was produced on the subendothelium and subse-
quently bound to TFPl« in the fluid was quickly washed
away by the flow before it could rebind to the TF:VIla in
the small injury zone. It is possible that for a longer injury,
the fluid-phase FXa: TFPla complexes might bind to
TF:VIla downstream and inhibit its action. Other reaction
schemes for this pathway have been considered (24,38,43—
45), which has led to some disagreement regarding the
effects of TFPI« under flow. Further mathematical investi-
gation of different schemes and injury sizes is warranted
to better understand TFPIe inhibition via TF:VIla un-
der flow.

To the best of our knowledge, the current study is the first
mathematical modeling approach to investigate TFPI« inhi-
bition on the surface of activated platelets. We extended our
previous model to include generation and activation of FV-h
as well as its inhibition by TFPI« on activated platelet sur-
faces. Additionally, we included TFPIx binding to FXa
bound to an activated platelet surface that leads to its inhi-
bition. These extensions relate solely to platelet-surface re-
actions, and essentially all of the inhibitory effects of TFPI«
we observe in the extended model are due to these reactions,
since TFPIa had very little influence in our earlier model.
We studied how the newly added TFPI« inhibition pathways
affected thrombin generation related to the TF threshold
behavior, thrombin lag times, the system’s sensitivity to
shear rate, and how thrombin generation was affected by
varying TFPla levels at low and high TF densities. In gen-
eral, we found that the newly added TFPI« reactions created
a new sensitivity of the model system to TFPl« levels, espe-
cially at low TF levels. At high TF densities, the same
TFPIa concentration increased the lag time but still led to
a robust thrombin response. In fact, when a strong thrombin
response was generated, under variations of TFPIa from O to
5 nM, the system produced approximately the same final
thrombin concentrations.

Our general results about TFPI« inhibition under flow are
in line with previous experimental studies performed with
microfluidics (40). In those studies, it was observed that
TFPla antagonism enhanced fibrin formation (thrombin
generation in our model can be thought of as a surrogate
for fibrin formation) when normal blood or plasma was

Platelet-bound protein inhibition: TFPI

flowed over TF/collagen microspots, but this effect was
seen only at low TF densities. The experiments did not
run long enough to find out whether the final fibrin fluores-
cence achieved was similar with and without TFPI« antag-
onism; however, there was a significant fibrin response that
was delayed with TFPla. Taken together with our results,
this suggests that platelet-surface-dependent TFPI« inhibi-
tion affects the timing but not the magnitude of a thrombin
response and that these effects are most pronounced at low
TF densities. TFPI leads to delayed lag times under static
conditions as well. van’t Veer and Mann performed
thrombin generation assays with and without TFPI and
with varying levels of TF (46). In comparing the lag times
with TFPI with those without, they found that it was always
increased and that the increases were more prominent for
lower TF levels. Although these assays were performed
with lipid vesicles and not platelets, the surface-dependent
mechanism could still be at play.

Our mathematical model gives as output the concentra-
tion of every model species at every point in time, and
also gives us the freedom to turn on and turn off specific
pathways. These capabilities allowed us to investigate
TFPIa binding with FXa and FV-h to characterize their in-
dividual and combined inhibitory behavior. In turning off
these pathways separately and together, we found that
TFPIa binding with both FXa and FV-h has a strong inhib-
itory role. When TFPI« could bind with FV-h but not with
FXa in either plasma or on platelet surfaces, the inhibitory
effect of TFPI« saturated at about a 3 nM TFPIa concentra-
tion. With the FXa inhibition pathway on but without
TFPIa/FV-h binding, the inhibitory effects of TFPlx
increased with increasing TFPIx concentration up to the
maximum that we simulated (5 nM). These results can be
explained by considering what constitutes prothrombinase
in the system. In this new model, there are two forms of pro-
thrombinase, FXa:FV-h and FXa:FVa, both of which can
actively convert prothrombin to thrombin. In our model,
to form either type of prothrombinase complex, FV must
first be converted to FV-h by FXa or to FVa by thrombin.
Only FXa is present in the initial stage of coagulation, so
FV-h is available first. This allows formation of FV-
h:FXa, which generates the first thrombin. Once a sufficient
level of thrombin is reached, thrombin becomes the primary
activator of FV, fully activating it to FVa and leading to
FXa:FVa formation, which is protected from TFPI« inhibi-
tion and further supports propagation of thrombin. This is in
line with the proposed scheme of Schuijt et al. (14) suggest-
ing that FXa-dependent FV activation is pivotal to the initi-
ation phase of coagulation. Essentially, FV-h is needed
early to generate the first thrombin and start the positive
feedback, then FVa is the primary cofactor for FXa. In other
words, the prothrombinase concentration is limited by the
amount of FXa and not by the amount of FV-h, and this ex-
plains the observed differences between the two inhibitory
pathways.
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The composition of platelet-released FV forms was
important in the new model. Increasing the amount of FV-
h relative to FV within the platelets resulted in acceleration
of thrombin generation, with the most significant effects at
low TF and effects that are mostly washed out at higher
TF. At low TF, if all platelet-released FV was FV-h there
would be no need for FXa to activate it first, thus removing
a reaction step and accelerating coagulation. Additionally,
the released FV-h would be able to immediately bind to
FXa on activated platelet surfaces to form active prothrom-
binase (FV-h:FXa) during the early stages of coagulation.
Our simulations in this study were performed under the
assumption of normal healthy blood, and it is possible that
these effects are magnified in the case of hemophilia A. In
our previous study (28), in which the model did not account
for FV-h, we found that lowering the FV levels in plasma
and platelets could enhance thrombin generation in hemo-
philia A, where there is a deficiency in FVIIL In that study,
the model suggested that the reason for this is that FV and
FVIII compete for FXa in the early stage of coagulation
and that lowering FV weakens this competition so that
more of the albeit small quantity of FVIII can be activated;
this leads to more tenase, more prothrombinase, and
ultimately to more thrombin. In our new model we have
introduced a new species that also competes for FXa,
namely FV-h. Thus there is now competition between three
species for FXa: FV, FVIII, and FV-h. It will be interesting
to see how this changes our results for hemophilia A blood,
and this is a topic of immediate future research.

It seems plausible, then, that a reduction or modulation of
inhibitors could offset complications associated with
bleeding disorders. For example, TFPI« levels have been
shown to affect clotting in individuals with hemophilia A
and B, the bleeding disorders characterized by deficiencies
in clotting factors VIII (FVII) and IX (FIX), respectively.
Several biochemical experiments have revealed relation-
ships between TFPIa and the early stages of coagulation
in hemophilia blood (47). One study showed that TFPI«
modulates the generation of FXa by inhibiting TF:VIla in
the presence of FVIII and FIX (48), suggesting that TFPIa
itself could be inhibited to enhance coagulation. This hy-
pothesis was examined in various animal models as well:
a recent mouse study demonstrated that an anti-TFPI« anti-
body used in mice under hemophilic conditions decreased
the hemoglobin lost over 20 min following tail transection.
This indicated that direct inhibition of TFPl« effectively
suppressed tail bleeding in mice with hemophilia (49).
Another study showed that rabbits made temporarily hemo-
philic with anti-FVIII antibodies had reduced mean
bleeding times after injection with anti-TFPIa antibodies
(50). This study demonstrated that partial inhibition of
TFPla mitigates bleeding under hemophilia conditions.
Together with our previous findings regarding FV and hemo-
philia, these studies suggest the potential for TFPI«x and FV
manipulation in the treatment of hemophilia. Further inves-
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tigation of interactions between TFPI« and FV and their ef-
fects on coagulation in hemophilia is thus warranted. As a
first step, we have developed a mathematical model of coag-
ulation under flow that includes the relevant TFPIa and FV
interactions with the goal of making possible future studies
focused on hemophilia.

The reason we studied TFPIa at 0.5 and 2.5 nM is
because it is still not clear how much free TFPI« is in the
blood. Although TFPI is often reported to be 2.5 nM in
plasma, TFPIx has been suggested to account for only
10%-30% of the total TFPI pool in the blood (15), with
platelet TFPI accounting for about 7%-8% of this total
(5). Approximately 80% of plasma TFPI is a C-terminus
truncated form (cannot bind to FV-h) and is thought to be
bound to lipoprotein (51). Although one biochemical study
showed that the lipoprotein-bound form of TFPI can
actively inhibit thrombin generation (52), it is not entirely
clear how inhibitory this form is in vivo. The remaining
20% is free in the plasma and consists of a mixture of a
full-length TFPI« form and the truncated form. Thus, the
0.5 nM levels studied here represent that 20%.

One limitation of our model is the absence of explicit in-
clusion of protein S in the coagulation reactions. Protein S is
known to be a critical regulator of coagulation, playing the
role of cofactor for both activated protein C and TFPI« in
the inactivation of FVa and inhibition of FXa, respectively
(53). Protein S can bind directly to lipid surfaces, and thus
could localize TFPIa bound to the protein S near the lipid
surface. This is likely part of a mechanism that enhances
the rate of encounter between platelet-bound FXa and
TFPIa. FV-short and protein S have recently been shown
to be synergistic cofactors for TFPI«, leading to much stron-
ger inhibition of FXa together than when TFPI« is bound to
only one of FV-h or protein S (54). This synergy seems to
occur via formation of a trimolecular complex of TFPl«,
FV-short, and protein S (55, 56), and it was hypothesized
that these complexes are present in circulating plasma at
subnanomolar concentrations (56). Considering the high
concentrations of protein S in plasma, it was further sug-
gested that nearly all of the TFPI« in plasma may be bound
within such trimolecular complexes and that no or very little
free FV-short or free TFPla exists in plasma (55). However,
data supporting that hypothesis are sparse and, as mentioned
above, it is still unclear how much free TFPlx exists in
circulating plasma. While we do not include protein S
explicitly in our model, some of our simulation results
may still shed light on its potential effects. For example,
our simulations with high levels of plasma TFPI« can be
thought of as corresponding to lower levels of the protein
S-FV short-TFPIa complex which has 10-fold higher power
to inhibit FXa than does TFPIla alone (53). Similarly, if
almost all plasma TFPI« is in complex with protein S and
FV-short, little TFPIa would be available to bind with FV-
h produced by FXa or released from platelets, while FXa-in-
hibiting capability would still be present. Our simulations in



which we “turned off” TFPI« binding to FV-h would corre-
spond, at least approximately, to that situation. Thus, even in
scenarios in which TFPla« circulates in complex with protein
S and FV-short, our model provides strong evidence that
direct inhibition of platelet-bound FXa is an important
mechanism for regulating thrombin generation under flow.
In future research, we plan to explicitly include in the model
protein S and its cofactor activity for TFPIx and activated
protein C.

Finally, it is also known that platelets secrete TFPI« upon
activation with thrombin (5,57). The exact location of these
TFPIa molecules within the platelet is unknown, but it is
known that it is not the a-granules (57) where FV is stored.
It is possible that this stored and released TFPI« pool could
play an important role in regulating thrombin generation,
especially if protein S can quickly localize it to the platelet
surface. This is another topic of immediate future research.

CONCLUSION

In this study, we extended a mathematical model of flow-
mediated coagulation to explore the effects of TFPIx-medi-
ated inhibitory reactions that take place on activated platelet
surfaces. Results from our new model show that the surface-
dependent TFPI inhibition is much stronger than the TFPI
inhibition on the subendothelium and, as such, the TF
threshold density is shifted to higher values in our new
model compared with our old one. Furthermore, these reac-
tions could lead to significant delays in thrombin generation
at low TF density if TFPIa levels were increased. Ulti-
mately, the new model was sensitive to changes in TFPI«
levels, especially at low TF density, and gave TFPI« poten-
tial to be a significant modifier of thrombin generation.
There are still some additional limitations in this model
that we need to address in future work: 1) we do not include
TFPIa secretion from platelets; 2) we do not consider inhi-
bition by TFPIS in the endothelial region; and 3) some reac-
tion kinetics are unknown and we thus made assumptions
about their values, and more experimental data would be
useful for defining more precise values. Nevertheless, we
developed an updated version of an experimentally vali-
dated mathematical model of flow-mediated coagulation
that is sensitive to TFPIx and successfully exhibits the
experimentally observed inhibitory effects of TFPIa under
flow. More importantly, this model revealed the importance
of the platelet surface as a platform for efficient inhibition. It
is known that the platelet-surface dependence of procoagu-
lant enzyme reactions is key to localizing coagulation to the
site of injury. Thus, it makes sense that the inhibition of
these key enzymes should also be most effective where
they are needed most. Finally, TFPIa may be a potential
therapeutic target to rescue thrombin generation in various
bleeding disorders, and the current model can serve as a
foundational tool to assess the effectiveness of TFPI« as a
modifier of thrombin generation in these cases.
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S1 MODEL SCHEMATIC
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Figure S1: Schematic of the model reaction zone (main figure) and endothelial zone (inset).
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S2 MODEL EQUATIONS

Below we have listed the full model equations for all species. The model detailed here includes extensions of our previous work
(1-3). In total, the model consists of 130 species (and their corresponding ordinary differential equations) and 239 parameters
including kinetic rates and initial/upstream concentrations. The solution of the model equations was carried out with our
in-house fortran code that uses DLSODE for the numerical solution of the differential equations; each run of the model that
simulates 40 minutes of clotting activity takes less than 10 seconds on a linux-based laptop. Simulations of this model (in the
absence of heparin) can be performed with our online coagulation simulator: ClotSims. Below, blue text indicates the additional
terms we added for the TFPI-mediated reactions, and purple text indicates the additional terms we added for the AT-mediated
reactions. Strikeouts shows the terms we have removed from our previous version of the model.
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S1 Table. INITIAL PLASMA LEVELS. Descriptions, notation and labels for each parameter associated with initial plasma
levels are listed. The value of each parameter is found in the corresponding table listed above.

Description | Notation | Label | Table
Prothrombin | z; Zy S8
Factor V 25 Zs S8
Factor VII 27 Zq S8
Factor VIII z8 Zg S8
Factor IX 29 Zy S8
Factor X 210 Z1o S8
Factor XI 211 Z11 S8
TFPI [TFPI] TFPI | S8
AT [AT] AT S8
Hep [Hep] Hep S8

S2 Table. PLATELET CHARACTERISTICS. Descriptions, notation and labels for each parameter associated with platelet
characteristics are listed. The value of each parameter is found in the corresponding table listed above.

Description Notation | Label Table
Platelet count PL"P PLup S8
Binding site number for II Ny N2 S8
Binding site number for Ila Nj N2* S8
Binding site number for V/Vh/Va Ns N5 S8
Binding site number for VIII/VIIIa Ng N8 S8
Binding site number for IX Ny N9 S8
Binding site number for IXa Ny NO* S8
Binding site number for X/Xa Nig N10 S8
Binding site number for XI N N11 S8
Binding site number for XIa Ny, NI11* S8
Rate of unactivated platelets adhering to SE k;; dh kadh S14
Rate of activated platelets adhering to SE ku’:} n kadhl S14
Rate of platelet activation by platelet in solution k,‘jlctt kactp, S14
Rate of platelet activation on SE k;;'tt’* kact*pze | S14
Rate of platelet activation by thrombin kgy 4 kacten S14
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S3 Table. KINETIC RATE CONSTANTS. Descriptions, notation and labels for each parameter associated with kinetic rate
constants are listed. The value of each parameter is found in the corresponding table listed above.

Description Notation Label Table
Rates of activation of TF:VII by fX Ky KZ7mE10M S9
fﬁ’_em KZ7mE10CAT S9
2
Ko, KZ7mE10MI S9
e
Rates of activation of fX by TF:VIla Knr KZ10E7mM S9
Z(l,t-e’" KZ10E7mCAT S9
7
K2 om KZ10E7mMI S9
7

Rates of activation of fIX by TF:VIla Km KZ9E7TmM S9

kSt KZ9ETmCAT 9
7
k;gze,,, KZ9ETmMI S9

Rates of binding of fVII/fVIIa to TF kon K70N S9
KTS K7OFF S10

Rates of activation of TF:VII by fXa Ky KZ7E10M S10
keat KZ7E10CAT S10

Z7:elO
et KZ7E10MI S10
“10

Rates of activation of TF:VII by flla Km KZ7E2M S10
kear, KZ7E2CAT S10
ke KZ7E2MI S10

Rates of activation of TF:VII by fIXa Ky KZ7ESM S10
kEce, KZ7E9CAT S10
Kz e KZ7E9MI S10

Rates of activation of fV by flla Ky KZSE2M S10
kggéz KZ5E2CAT S10

e KZ5E2MI S10

Rates of activation of fVIII by fIla M KZ8E2M S10

kg;é ) KZ8E2CAT S10

Zien KZ8E2MI S10

Rates of activation of fIX by fXIa-fXIa el KZ9E11P S10
gg‘fél] KZ9E11CAT S10

el KZ9E11MI S10

Rates of activation of fIX by fXIa-fXI + KZ9E11P S10

Zg:e”

keat KZ9E11CAT S10
z9:e |
B KZ9E11MI S10
Zg:e”

Rates of activation of fXI by flla e KZ11E2P S10
kgat, KZ11E2CAT S10
k;11:e2 KZ11E2MI S11

Rates of binding of fX/fXa to plt. surface kit K100N S11
koIS K100FF st

Rates of binding of fV/fVa to plt. surface kgr K50N S11
k2t KSOFF s

Rates of binding of fVIII/fVIIIa to plt. surface | kg™ K8ON S1
kST K8OFF Sl

Rates of binding of fIX/fIXa to plt. surface k3" K90ON S1
kST K9OFF Stl

Rates of binding of fII/flla to plt. surface kon, k;’ o K20N, K2SON S1
K77 k97T | K2OFF, K2SOFF | S11

Rates of binding of fXI/fXIa to plt. surface o, fl"’* K110N, K11SON S11
K7, k2/7 | K11OFF, K11SOFF | S12
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S4 Table. KINETIC RATE CONSTANTS. Descriptions, notation and labels for each parameter associated with kinetic rate
constants are listed. The value of each parameter is found in the corresponding table listed above.

Description Notation Label Table
Rates of activation of fV by fXa on plt. surface Ky KZ5mE10mM S12
kgﬁ’_ om KZ5mEI0mCAT | S12
5 €10
ko, m KZ5mE10mMI S12
<5 €10
Rates of activation of fV by flla on plt. surface Knm KZ5mE2mM S12
k;“ém KZ5mE2mCAT S12
5-€y
2_5 o KZ5mE2mMI S12
5:€3
Rates of activation of fVIII by fXa on plt. surface Ky KZSME10MM S12
k;s“z m KZ8MEIOMCAT | S12
€10
k;,;-e'" KZ8ME10MMI S12
€10
Rates of activation of fVIII by flla on plt. surface Ky KZSME2MM S12
k;: 2 m KZ8mE2mCAT S12
€
kz_s o KZ8mE2mMI S12
3¢l
Rates of activation of fX by TEN on plt. surface Ky KZ10mTENM S12
k;',‘,?T EN KZ10mTENCAT | S12
T
Rates of activation of fII by PRO on plt. surface Ky KZ2mPROM S12
kg,ﬁf PRO KZ2mPROCAT S12
m:
Rates of activation of fXI by fIla on plt. surfaces "Qm;em KZ11mE2mP S12
kfé’_ ;n KZ11mE2mCAT | S12
214
k;m-e’" KZ11mE2mMI S12
11°¢2
Rates of activation of fIX by fXIa-fXIa on plt. surface | Kps KZ9mE11mP S12
kg,ﬁfem KZ9mEIImCAT | S12
9 €11
kz‘m o KZ9mE1 ImMI S12
4l
Rates of formation of TEN on plt. surface k;’m o KE8mE9mP S12
8 %9
kom. m KE8mE9mMI S12
8 ““9
Rates of formation of PRO on plt. surface k;”‘-e”’ KE5SmE10mP S12
5 10
ko om KESmE10mMI S12
5 10
Rates of inhibition of fXa by TFPI k;’ fpiaters KTFPI_E10_P S13
tfpiaer KTFPI_E10_M S13
Rates of inhibition of TF:VIla by TFPIa ;' P—— KTFPla_E7m_P S13
7
kK> o om KTFPla_E7m_M | S13
tfpiae]
Rates of inhibition of fVa by APC on plt. surface Ky KESmAPCM S13
kegt KESmAPCCAT S13
ey APC
keg,, APC KESmAPCMI S13
Rates of inhibition of fVIIla by APC on plt. surface Ky KESmAPCM S13
kear KE8mAPCCAT S13
eg APC
- keg":APC KESmAPCMI S13
Rates of inhibition of fIla by TM on plt. surface k;;d KTMP S13
KA KTMM S14
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S5 Table. NEW KINETIC RATE CONSTANTS ADDED IN TFPI EXTENSION. Descriptions, notation and labels for each
parameter associated with kinetic rate constants are listed. The value of each parameter is found in the corresponding table
listed above.

Description Notation Label Table
Rates of binding of fV-h by fXa on plt. surface k;’Shmem KESHME10MP S10
kom. m KESHME10MMI S12
5 €10
Rates of activation of II by PROh on plt. surface Km KZ2MPROHM S10
keat . KZ2MPROHCAT S12
2y :PRO"
kz;" PROM KZ2MPROHMI S12
Rates of activation of fV-h by Ila on plt. surface K KESHME2MM S10
kegr - KESHME2MCAT S12
65 162
N KESHME2MMI S12
eg”" :6'2"
Rates of activation of fV-h by Ila in fluid Km KESHE2M S10
kept KESHE2CAT S12
egiey
k™, KESHE2MI S12
egie
Rates of binding of fV-h by TFPI on plt. surface k* h KTFPIESHMP S10
TFPILel™
k= o KTFPIESHMMI S13
TFPI ‘e
Rates of binding of fV-h by TFPI in fluid k* ; KTFPIESHP S10
TFPIel
k- " KTFPIESHMI S13
TFPI:e!
Rates of binding of fXa by TFPI on plt. surface k; FPLem KTFPI_E10M_P S10
€10
ki pp Lem KTFPI_E10M_MI S13
Rates of binding of PROh by TFPI on plt. surface by binding fXa k* n KTFPIPROHV10P S10
TFPI:PROM:v,
k- " KTFPIPROHV1OMI | S13
TFPI:PRO":v
Rates of binding of PROh by TFPI on plt. surface by binding fV-h | k* n KTFPIPROHVS5P S10
TFPI:PROM:vs
- b KTFPIPROHV5MI S13
TFPI:PRO":vs5
Rates of inactivation of fV-h by APC on plt. surface Km KESHMAPCM S10
kegqr KESHMAPCCAT S13
e
5
kK pm KESHMAPCMI S13
eg APC
Rates of inactivation of fV-h by APC in fluid Ky KESHAPCM S10
keg KESHAPCCAT S13
e
5
k7, KESHAPCMI S13
el:APC
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S6 Table. NEW KINETIC RATE CONSTANTS ADDED IN AT EXTENSION. Descriptions, notation and labels for each
parameter associated with kinetic rate constants are listed. The value of each parameter is found in the corresponding table

listed above.

Description Notation | Label Table
Rates of inactivation of fIXa by AT on plt. surface k?,,f KEOMATIII S13
9
Rates of inactivation of fXa by AT on plt. surface ko KEIOMATIIT | S13
|
Rates of inactivation of Ila by AT on plt. surface k:},g KE2MATIII S13
Rates of inactivation of fXIa by AT on plt. surface kem KE11IMATIII S13
|
Rates of inactivation of fIXa by AT in fluid k?j KE9ATIIL S13
Rates of inactivation of fXa by AT in fluid k&L KE10ATIII S13
Rates of inactivation of Ila by AT in fluid k e, AT KE2ATIIL S13
Rates of inactivation of fXIa by AT in fluid k?]T KEI1ATII S13
Rates of binding of AT by Heparin on plt. surface kj;T: Hep KATBHEPMI | S13
k. Hep KATBHEPMI | S13
Rates of inactivation of fIXa by ATH on plt. surface k?nf H KESMATH S13
9
Rates of inactivation of fXa by ATH on plt. surface k?,z H KEIOMATH S13
10
Rates of inactivation of Ila by ATH on plt. surface ?,Z H KE2MATH S13
Rates of inactivation of fXIa by AT on plt. surface kfen{ H KEI1MATH S13
e
1
Rates of inactivation of fIXa by ATH in fluid k?jH KE9ATH S13
Rates of inactivation of fXa by ATH in fluid ko H KEI0ATH S13
Rates of inactivation of ITa by ATH in fluid kATH KE2ATH S13
Rates of inactivation of fXIa by AT in fluid TH KE11ATH S13
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Kinetic and Physical Parameter Values:

S7 Table. DIFFUSION COEFFICIENTS FOR PLATELETS AND FLUID-PHASE CHEMICAL SPECIES  (a) From (4). (b) From
).

Platelets  2.5x1077 cm?/s  a
Proteins 5%1077 cm?/s b

S8 Table. NORMAL CONCENTRATIONS AND SURFACE BINDING SITE NUMBERS (a) From (6). (b) From (7). (c) (8)
suggests that normal plasma concentration of fVIIa is about 1% of the normal fVII concentration. (d) From (9). (e) (f) From
(10). (g) Estimated as described in the text of the Supplementary Information. (h) From (11). (i) From (12). (j) From (13). (k)
From (14). (I) From (15, 16). (m) Number of fV molecules released per activated platelet (17). (n) Maximum concentration of
platelets in a 2 ym high reaction zone assuming that 20 platelets can cover a 10um-by-10um injured surface (18). (o) From
(19). (p) Refer to heparin dosage calculation in later section of supplemental material.

Prothrombin 1.4 M a
Factor V 0.01 uM b
Factor VII 0.01 uM a
Factor VIla 0.1 nM c
Factor VIII 1.0 nM a
Factor IX 0.09 uM a
Factor X 0.17 uM a
Factor XI 30.0 nM a
TFPI 0.5 nM d
Protein C 65 nM e
Platelet count ~ 2.5(10)%/ul  f
N, 1000/plt g
NJ 1000/plt g
Ns 3000/plt h
Ng 450/plt i
Ny 250/plt j
Ny 250/plt ]
Nio 2700/plt k
Nii 1500/plt 1
Ny 250/plt 1
ns 3000/plt m
PPLAS 0.167 nM n
AT 2.4 nM o
LMWH 253 nM p
UFH 759 nM P
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S9 Table. REACTIONS ON SUBENDOTHELIUM  (a) k% = 5.0 sec™' and Kpy = 1.2 107 M (20). (b) k%%, =6.1- 107
7" 7"

sec”land Ky = 2.7 -107° M (20). (d) k®_,, = 1.15 sec™' and K3y = 4.5 -

210:€y

Ky =24-1007 M (21).(e) Kg = 1.0- 10710 M (22).

Activation

(of -, by -)

(TEVILXa)  En.Z"  Z":Ew  Ef ki, =50- 10° ey =10 K,y =5:0 a

(TE:VIL flla)  Ep, ZI" ZM:Ey  EM ki, =392-10° Kk, =10 K% =6.1-10"2 b

. ” e o e g

(fX, TF:VHa) E7 5 Zl() Zl() : E7 El() kzm:ef," =5.0-10 Z]():e;":LO kZ]ote;":LlS C
. m . rm + i . 6 - _ cat —

(fIX, TF:Vlla) EM.Zy  Zo:E! By K m=94-10° ko =10 K em=115 d

Binding

(of -, with -)

(fVIL, TF) 7, TF zm k=50 10’ kf=5.0-1073 e

(fV1Ia, TF) E;, TF EM k=50 107 kf=5.0-1073 e
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29:€5
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S10 Table. REACTIONS IN THE PLASMA  (a) k&

Ky =2.7-107° M (20) (c) kS

27:€10

a, =023sec™ and Kpy =7.17 - 1078 M (23). (d) k&

=5.0sec™! and K3y = 1.2-107° M (20). (b) k&

zg8:€e2

Ky =0.2uM (27, 28). Rate constants apply also for activation of IX by XIa-XIa.

27:€2

=6.1-10"%sec™! and
=09sec™! 24)and Kpy =2- 107" M
(25). (e) k;ﬁ:ez =1.3-107*, Kj; = 50nM (26). Rate constants apply also for thrombin-activation of XIa-XI. (f) k;gte

, =021,

11

Reaction Reactants  Complex  Product M~lsec™! sec™! sec™! Note
Activation

(of -, by -)

. _5 . 106 - t
(fVH, fXa) Z7, E]o Z7 : E]O E7 k%:em—s 10 S k?:elo—l.o k%zt:elo—S.O 5 a
(fVIL, fIla) Z7, E> 77 E> E; ki7:ez=3.92 . ]07 k§7:e2:1.0 kﬁ;{e2:6'l - 10 b
(fV, fIla) Zs, E, Zs:E, Es ki e,=1.73-10 kZ.e,=1.0 kZ.e,=0.23 c
(fVIIL, fIla) Z3, E» Zg:E, Eg k2o, =2.64 - 107 kZye,=1.0 kgg‘:ez =0.9 d
(EXIXL, flla)  Zy1, By Zi:Ey  ER k| ey =2.0- 107 kzjjey =10 kSt =13-107* e
(fIX, fXIa) Zo.El Zo:El Ey kKt =06-(10)7 k=, =10 k% =021 f
z9:e) z9te) z9teq]
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S11 Table. BINDING TO PLATELET SURFACES (a) For fIX binding to platelets, K4 = 2.5 - 10~ M (13), and for fX binding
to platelets, K has approximately the same value (11). For fX binding to PCPS vesicles, the on-rate is about 10’7 M~'sec™! and
the off-rate is about 1.0 sec™! (29) giving a dissociation constant of about 10~/ M. To estimate on- and off-rates for the
higher-affinity binding of X to platelets, we keep the on-rate the same as for vesicles and adjust the off-rate to give the correct
dissociation constant. The rates for fIX binding with platelets are taken to be the same as for fX binding. (b) We assume binding
constants for fIXa binding to the specific fIXa binding sites are the same as for shared sites. (c) fV binds with high-affinity to
phospholipids (PCPS) (29) and we use the same rate constants reported there to describe fV binding to platelets. (d) The K for
fVIII binding with platelets is taken from (12). We set the off-rate kgff for fVIII binding to platelets equal to that for fV binding
to platelets, and calculate the on-rate kg". (¢) For prothrombin interactions with platelets, K is reported to be 5.9 - 1077 M (30).
We choose k‘z’ff and set k3" = kgﬂ /Kg. (f) Estimated as described in the text of the Supplementary Information. (g) K4 = 10 nM
(31).(h) Kz =1.7nM (16).

Reaction Reactants  Products M~!sec™! sec”! Note
Factor IX Zy, Py zimn kg"=1.0 - 107 kf=25-102  a
FactorIXa  Eo, Py En k"=1.0 - 107 kf=25-102  a
FactorIXa  Ey, P} EJY kg"=1.0 - 107 kf=25-.102 b
Factor X Zio, Pio Zj8 k=10 - 107 kf=25.107  a
Factor Xa Ey, Po EN k%=1.0 - 107 k?§=2.5 1072 a
Factor V Zs, Ps zm k=57 - 107 kS=0.17 c
Factor Vh El, Ps Em k$"=5.7 - 107 kef=0.17 c
Factor Va Es, Ps EM kM =57-107  k$T=0.17 c
Factor VIl Zg, Pg zin Kk =50-107  kT=0.17 d
Factor VIlla  Eg, Pg EM k"=50-10"7  kT=0.17 d
Factor IT 2y, P> zn Kr=10-10" k=59 e
Factorlla  Ep, P, EJ ky"=1.0-10" kT =02 f
Factor XI Zy, Py ZM k2 =1.0-107 k;; =0.1 g
FactorXla  Ey, Pj,  EJf k! =1.0-107 kgl =0.017 h
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S12 Table. REACTIONS ON PLATELET SURFACES  (a) k% ,, = 0.046 sec™! and Kpy = 10.4 - 1072 M (32). (b) The rate
5 710

constants for thrombin activation of fV on platelets are assumed to be the same as in plasma. (c) ki?,‘,,em =0.023 sec”! and
8 710

Ky =2.0-1078 M (25). (d) The rate constants for thrombin activation of fVIII on platelets are assumed to be the same as in
plasma. (e) The formation of the tenase and prothrombinase complexes is assumed to be very fast with K; = 1.0 - 10710 M (33).

() kS, = 20 sec™! and Kp; = 1.6-1077 M (34). (g) kS o =30 sec™! and Ky = 3.0-1077 M (35). (h) kS m = 1.3 1074,
10° 2" 11772
Ky = 50 nM (26). Rate constants apply also for thrombin-activation of Plt-XIa-XI. (i) k“'jf wm = 0.21, Kpr = 0.2uM (27, 28).
Zg ey
Rate constants apply also for activation of platelet-bound IX by Plt-XIa-XIa.
Reaction Reactants Complex Product M~ !sec™! sec”! sec™! Note
Activation
(of -, by -)
m m m . pm hm + _ 108 - - cat - . 102
(V, Xa) VA zm: En E! kzg":eﬁ; =1.0-10 kzg":e'((; 1.0 kz,,,:e,],é 4.6 - 10 a
(V, Tla) zm En zm: Ep EM K. m=1.73 - 107 K. m=1.0 kS, m=023 b
59 59 5 2
(Vh, Ila) Ehm Em Elm . gm EM K ym=1.73 107 Ko ym=1.0 kS m=0.23 b
- 5 72 5772 5 72
m m m . pm m + _ ) 7 - — cat _ . —2
(VIIL, Xa) zZin, En zZmn Em E} kzgn:e% =5.1-10 kzgn:e,l,(,)_l.o kzén:e% =23-10 c
(VIIL, Tla) zZn Ey zn . Ey E} Kt m=2.64 - 107 Ko ym=1.0 ke, m=09 d
‘8 8 T2 8 2
(X, VIla:IXa) ~ Z", TEN zZm:TEN El Ky, =131-10° kL, =10 k&, =20.0 f
~10° 10° 10"
. * * . * + — . 8 - - at =
(X, VIllaIXa*) ~ Z", TEN Zm:TEN Em kimnn_l._zl 10 8 k:%:wn—l.o kz’[é:‘e"_mo f
B n m . mnm — . - _ -
(II, Vh:Xa) Z", PROh  ZI": PROh  E} "z;upm— 1.03- 10 kzé,,:pw_l.o kz;":pm‘SO'O g
. . + _ . 8 - _ t _ -
(IL, Va:Xa) Z", PRO Z": PRO Ey kz;1:pru—1~03 10 kzé,,:pm_l.o kgz,,:lm)_mo g
(XI-XI, 1) zm En zm . Ey Em Ky = 2.0 107 Komm =10 kS n=13" 1074 h
11 1172 T2
(IX, XIa) zZr Ehm VAL Eg k;gl:em =0.6- 107 kz_g':e'(; =10 kgg},:eﬂ =0.21 i
Binding
(of -, with -)
(VIIIa, IXa) E], EJ’ TEN kt,=1.0-108 kig,=0.01 e
(VIIIa, IXa*) Eé,", Eg"™ TEN*  kt,=1.0-10% ki,=0.01 e
(Vh, Xa) Ebm Em PROh  ki,=10-10° kpro=0.01 e
(Va, Xa) EM EN PRO kio=1.0 - 108 kpro=0.01 e
S13 Table. INHIBITION REACTIONS (a) From (19). (b) From (36). (c) For inhibition of fVa by APC, kz‘,i,ﬁ,APC =0.5sec”! and
.

Ky = 12.5-1077 (37). We assume the same reaction rates for the inhibition of fVIIIa by APC. (d) From (38). (¢)From (39). (f)
From (40). (g) K4 = 0.5nM and [PC] = 65 nM (41). (h)From (42). (i) kpc:rm:esc =0.167 sec™!, Ky =0.7- 1070 M (43).

S$28 Manuscript submitted to Biophysical Journal



Reaction Reactants Product M lsec! sec! sec! Note
Inactivation
(of -, by -)
(IXa, AT-III) FEo, AT Eg: AT kAT=4.8 - 107 a
(Xa, AT-IIT) Elo, AT Ei: AT kAT=35.10° a
(ITa, AT-III) E,, AT E, : AT k£19=1.4~ 104 a
(XIa, AT-IIT) E\1, AT E\ : AT k?] =2.4-10? a
(XIa:AT, AT-II)  Ej; : AT, AT AT : Ey; : AT k;;‘l*=2.4. 102 a
(IXa, ATH) Eo, ATH Eg : ATH k5+=5 -10° b
(Xa, ATH) E\o, ATH E\: ATH k;?]T=1.3 -10° b
(Ia, ATH) E>, ATH E> : ATH kAT=53.10° b
(XIa, ATH) E\1, ATH E\| : ATH k§H=1 - 10* b
(XIa:AT, ATH) E| : AT, ATH ATH : Ey, : ATH kf;\”T:e“:l - 10* b
+ — . 8 - cat —
(APC, Va) APC, Ei’" none keg":APC =12-10 keg" APC = 1.0 k:g,,:APC =0.5 c
+ _ . 3 - — t —
(APC, VIIIa) APC, Eé" none keéﬂ:APC =12-10 keg‘:APC =1.0 kZZ":APC =05 c
Binding
(of -, with -)
(TFPI, Xa) TFPI.E TFPla k. . =1.6-107 ko, . =33.107* d
tfpiae)q tfpiaeyq
(TFPI, Vh) TFPI E! TFPI:E! Kt piesn = 005 - 10° K oo, = 0.0045 e
5 pi:eSh tfpi:eSh
(TFPIL:Xa, Vh) TFPla, E! El' :TFPI:E) T piesn = 005 10° K, piesn = 0-0045 e
: . ER o : 26107 SO 3 1074 d
(TFPI:Vh, Xa) TFPI:El' Ey El . TFPI: Ey kS piaiery =16 Fpiaiery=33"
. . h . gho. — 9 - —
(Xa:Vh, TFPI) E : ES; ,TFPIa Ey: EP: TFPII Kt pibpronvs = 0:05 - 107 T pibprohvs = 0:0045 e
o . . . + — - — —
(Xa:Vh, TFPI) Ey: El, TFPIa TFPI:Ey: El T rpibpronvio = 1.6+ 10 K s pibpronvio = 33 - 1074 d
(TFPla, TF:VIla) ~ TFPIla,E} TFPla: E Kt piase =1:6 - 107 K o ioer =33 1074 f
friaey tfpiaeqq
(TM, Thrombin) ~ TM, E$€ TM : E5° kgn, =1.0-108 K =50-1072 g
) — - — 7
(AT-III, Heparin)  AT,Hep ATH kKiry =10 kKarg =277-10 h
Activation
(of -, by -)
pec . pec + — . 106 - — cat — H
(PC, TM:ES©) TM : ES° APC kPC:Tngc =1.7-10 "pc:m:e;c =10 kpc;m:egv =0.16 i
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S14 Table. PLATELET TRANSITIONS (a) Estimated from data in (44, 45) as described in (46). (b) Estimated from data in
(47) as described in (46). SE=subendothelium.

Reactants Reactants ~ Products M lsec™! sec™! Note
Unactivated platelet adhering to SE PL,SE  PL§ kry=2 - 1010 k- =0 a
Activated platelet adhering to SE PL},SE  PL} k=2 1010 ko =0 a
Platelet activation by platelet in solution ~ PL, PL}), 2PL} k;cllt =3-10% b
Platelet activation on SE PL,PL5 PL),PLS k:fl‘, =3.108 b
Platelet activation by thrombin PL,E, PL}, k2§‘=0.50 b
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S3 CONVERSION OF HEPARIN POTENCY TO MOLAR CONCENTRATION

Based on the recommended dosage of heparin treatment (0.3-0.7 U/ml) (48), we use the value of 0.5 U/ml. Based on the
information from second international standard for heparin by WHO, the conversion factor will be 130 U/mg (49). By using the
mean molecular weight of heparin as 15kDa (50), we can get:

0.5 U/ml * 1/130 mg/U = 0.0038 mg/ml

0.0038g/L * 1/15000mol/g = 2.53 «+ 1077M = 253nM

For the LMWH, since the molecular weight of LMWH varies based on different product (51), we use SkDa as its molecular
weight. Therefore, the concentration of heparin at 100% is determined by:

0.0038g/L = 1/5000mol/g = 2.53 «* 1077TM = 759nM

Both concentrations were set as 100% baseline dosage concentration. For example, when we use 50% concentration of UFH
and LMWH, we are using 126.5 nM and 379.5 nM respectively.
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S4 LOCAL SENSITIVITY ANALYSIS - METHOD

As in our previous work (52), we again focus on the sensitivity of three special thrombin metrics:

1. Lag time: A measure of how fast the system is turned on, defined as the amount of time required for thrombin to reach 1
nM.

2. Maximum relative rate: A measure of how fast thrombin is produced once the system is turned on, defined as

max (M/ [thrombin]).

t>tinm dt

3. Final concentration: The thrombin concentration after 20 minutes of clotting activity.

We examine the sensitivity of these metrics to two types of parameter variations: (i) the plasma levels of seven zymogens
and two inhibitors, and (ii) the values of 24 new kinetic parameters that are related to TFPI reactions. We used a derivative-based
approach to quantify the sensitivity of each metric with respect to centered difference in the parameters in a range of values
(50%, 75%, 100%, 125% and 150% for the plasma level parameters, and 90%, 95%, 100%, 105% and 110% for kinetic
parameters). The standard values for each plasma level parameters were set to the initial conditions. Similar to our previous SA
results (52), we found that each of the metrics behaved monotonically with respect to varying each plasma level from 50% to
150% of the standard values, as shown in Fig. (S2A-C) and the kinetic parameters from 90% to 110% as shown in Fig. (S3A-C).
The min/max values of these monotonic curves shows the change in the thrombin metric due to the factor change. Clotting
factor variations had a significant effect on all three thrombin metrics but the largest change in the thrombin metrics due to
variations in the kinetic parameters was less than 0.2% and therefore, we did not characterize the sensitivity of these parameters
further. For the clotting factors and inhibitors, we quantified their sensitivity by the absolute difference they produced in each
metric when considering their extremal values (i.e., 50% and 150%). For each metric, we ranked the parameters by considering
their relative absolute difference. We define x = (x1, x2, ..., xp,) to be the standard model parameter values and m; (x; yo.) to be
the values of the i-th metric when parameter j is chosen to be y% of its standard value and all other parameters are chosen to be
at their standard value. The local sensitivity of the i-th metric to the j-th parameter is then:

i _ Imi (x;j.1509% — mi(x;509%))|
I maxg (Jm; (xk,1500 — mi(Xk,509%))])

Each sensitivity score, LS, is then a number between 0 and 1 and we use these values to rank the input sensitivities. In our
results, we denote LS scores higher than 0.75 with solid black triangles, LS scores from 0.25 to 0.75 as gray triangles, and
for LS scores lower than 0.25 we use open triangles. In addition, because the response of the system outputs was monotonic
throughout the entire range, we show separately the change in each metric for the 50% increase with the triangle upward and a
50% decrease with a triangle facing downward. Then the y-value of the triangle corresponds to its result on the output.

The local SA results in Fig. (S2D-I) reveal the most influential clotting factors and inhibitors, when perturbed one at a time
for each of the three thrombin metrics. Fig. (S2D) shows that FVIII and FX have the greatest effect on the lag time, where an
increase in either FVIII or FX levels by 50% leads to an approximately 10% decrease in the lag time from baseline. This is
seen with the solid black (LS scores above 0.75), upward-facing (increase in factor level) triangles, with y-value near -10%
showing the decrease in lag time. Comparing with sesitivity results from our old model((52)), we see an increased sensitivity to
TFPI, where a decrease/increase by 50% leads to about a 8% decrease/5% increase in the lag time from baseline, respectively,
although the TFPI LS score still does not reach 0.75. Fig. (S2E) shows that variations in FVIII, FIX, and FX have the largest
effect on the maximum relative rate of thrombin generation, and this metric still has low sensitivity to TFPI. These findings are
the same as in our previous results and make sense since these factors influence the rate of formation of the tenase complex on
platelets, which affects the amplification stage of coagulation, and the inhibitory effect by TFPI does not alter such amplification
process. It also indicates that new TFPI inhibitory reactions does not have significant influence towards the rate at which
thrombin is being made. Fig. (S2F) shows that the final concentration metric is sensitive only to prothrombin (FII) as was found
previously((52)). The corresponding LS scores are shown in Fig. (S2H-I).

Fig.(S3) demonstrates the local SA results for each of kinetic parameters that are related to TFPI reactions. Forward and
reverse rate for each of the reaction are varied by 10% and change in lag time, maximum relative rate and final concentrations
were observed. The results indicate that slight perturbation in reaction kinetics has minimal effect towards these three thrombin
metrics, where none of the kinetic parameter caused more than 1% change from baseline in each cases. Such insensitiveness
of the kinetic parameters, however, indicates the tolerance of the model towards the possible error in the kinetic parameters
retrieved from experimental design.
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Figure S2: Local sensitivity analysis of clotting factor levels on thrombin metrics. The initial conditions of clotting factor and
inhibitor levels were varied between 50% and 150% of their baseline values. Shown are (A,B,C) the amplitude change in lag
time, maximum relative rate, and final thrombin concentration, (D,E,F) the percentage change in each of the metrics, and
(G,H,I) the LS scores for each metric and for each species. Solid black triangles represent the species with LS score higher than
0.75, gray triangles for LS scores from 0.25 to 0.75, and open triangles for LS lower than 0.25. The arrow direction indicates if
the variable was increased or decreased.
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Figure S3: Local sensitivity analysis of TFPI-related kinetic rates on thrombin metrics. The new kinetic parameters were
varied between 90% and 110% of their baseline values. Shown are (A,B,C) the amplitude of the changes in the lag time,
maximum relative rate and final thrombin concentration due to the kinetic parameter variations. The plus/minus sign indicates
the association/dissociation rate, respectively. Lower case m represents the components that are bound to platelet surface. The
forward slash shows which two components are interacting each other, while the "ter" and "term" indicates interactions that
involve a ternary complex and whether the species is in plasma or bound to the platelet surface, respectively. For example:
term/FXa (+) indicates the rate of association between the platelet-bound TFPI:FV-h complex and the fluid phase FXa to form

the ternary complex FXa:TFPI:FV-h.
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Figure S5: FXa concentration in the presence of LMWH (A) or UFH (B), FIXa concentration in the presence of LMWH (C) or
UFH (D), FX:TF:VlIla concentration in the presence of LMWH (E) or UFH (F), and FX:tenase concentration in the presence of
LMWH (G) or UFH (H). The time course is obtained from simulations in which we turn off all the AT-mediated inactivation
reactions and then allow inhibition of FXa, FIXa, FXIa and thrombin, individually and one by one. Each curve thus shows
thrombin/tenase generation when there is either no or only one inactivation reaction that exists in the system. TF density was set
to 15 fmol/cm? and shear rate was set to 100/s. Heparin concentration is fixed to 100% of the standard therapeutic concentration.
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Figure S6: Subendothelium-attacehed platelet count (PLAS) and paltelet-attached-activated platelet count (PLAV) time course
with varied LMWH treatmemnt (A-C) or UFH treatment (D-F). TF level is fixed to 6 fmol/cm?. We examined how heparin
in the system might affect platelet deposition. We specifically looked at two types of platelets: those that are activated and
bound to subendothelium (PLAS), and those that are activated and bound to deposited platelets (PLAV), and their sum. The
platelets accumulate on the subendothelium (SE) and PLAV eventually plateaus due to the limited space at the SE, whereas
platelets above the injury site will continue to grow. Increasing the heparin concentrations led to decreases in both platelet
species through time.This is because by increasing amount of heparin, it can greatly reduce the thrombin in the reaction zone,
which leads to reduced amount of platelet to be activated by thrombin. Such a reduction can cause a shift from platelet-bound
platelet to subendothelium-bound platelet. The increase in subendothelium-bound platelet will physically cover up the surface,
which can negatively influence the initiation phase of coagulation.
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Figure S7: Concentration time course of platelet surface bound FXa, FV-h, and their complexes with TFPI. TF level is varied by
2.5 fmolem% (A,C,E,G) and 10 fmol/cm? (B,D,F,H). Under each TF level, TFPI level is varied by 0.5 nM and 2.5 nM, and
shear rate is varied by 100/s, 500/s and 1500/s.
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