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Summary

We have developed an integrated approach that combines empirical and computational
methodologies to define an individual’s thrombin phenotype. We have evaluated the process of
thrombin generation in healthy individuals and individuals with defined pathologies (hemophilia
A and acute coronary syndrome) in order to develop general criteria relevant to assess an
individual’s propensity for hemorrhage or thrombosis. Three complementary hypotheses have
emerged from our work: 1) compensation by the ensemble of other coagulation proteins in
individuals with specific factor deficiencies can “normalize” an individual’s thrombin generation
process and represents a rationale for their unexpected phenotype; 2) individuals with clinically
unremarkable factor levels may present thrombin generation profiles typical of individuals with
hemostatic complications; and 3) in some hemostatic disorders a specific pattern of expression of
a small ensemble of coagulation factors may be sufficient to explain the overall phenotype.

Introduction

Virchow’s triad[1] describes the factors influencing thrombosis: the vessel wall, blood and
its flow. Of these, blood has been shown to be a clinical predictor of human health and
disease. The coagulation and fibrinolytic systems are composed of a complex array of pro-
and anti-coagulant and fibrinolytic components that maintain the balance of blood fluidity
and vessel integrity. Numerous investigators over the past century have provided
descriptions of the components associated with hemostasis (review see[2]). Extensive
biochemical analyses, especially over the past forty years, have provided detailed molecular
descriptions of the individual processes leading to thrombin generation, clot formation and
vessel wall repair. Hemorrhage control begins with the exposure of blood to extravascular
tissue factor (Tf) initiating a series of proteolytic reactions, formations of complex catalysts
and cellular activations leading to the local formation of thrombin and the deposition of a
fibrin platelet clot.

Qualitative or quantitative alterations in this hemostatic balance can result in
hemorrhagic[3,4] or thrombotic diseases [5,6]. Even with current clinical screening
techniques and available methodologies, high risk individuals are not easily recognized and
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events not accurately predicted [7]. One of the main reasons that this continues to be the
case is that the vast majority of patients who suffer from hemostatic defects, but without
obvious genetic defects have blood coagulation systems that are not clinically identified as
abnormal by routine screening tools and factor assays. Identification of individuals who are
at risk for hemorrhage or thrombosis is an area of research that could benefit from
innovative technical methods.

Thrombin as a phenotypic discriminator

Background

Methods

Empirical

Thrombin has long been recognized for its multiple functions in blood coagulation and
platelet aggregation as well as its roles in tissue repair, development and pathogenic
processes[8,9]. Thrombin has direct effects on coagulation through activation of platelets,
formation and crosslinking of fibrin, and activation of various zymogens and cofactors in the
coagulation cascade. Thrombin activity extends from the coagulation process, to
anticoagulation and stimulation of fibrinolytic reactions and to effects on cell recruitment
and proliferation essential for repair.

Our goal is to investigate how the process of thrombin formation relates to hemorrhagic and
thrombotic disorders utilizing new approaches. Whether the balance of these thrombin
functions in any individual can be related to their propensity for disease has not been clearly
established. The need for methods that yield a more comprehensive description of thrombin
generation has been generally recognized and a number of approaches have come into wider
use in recent years. Some of these have shown promise in discriminating among major
defects[10-15]. However, results have been mixed regarding the ability of these more robust
thrombin assays to evaluate phenotype[16,17]. Interpretation of some studies has been
difficult because of controversy regarding the impact of parameters such as contact pathway
activation, calcium chelation and dilution on the assessment of the biological material used
in different assays[18-21].

To address this point we have been developing an intergrated approach that combines
empirical and computational methodologies to define an individual’s thrombin phenotype.
We have focused on a systematic analysis of variations in the process of thrombin
generation among individuals with specific pathologies inorder to develop general criteria
relevant to assessing any individual’s propensity for hemorrhage or thrombosis.

The foundation of our computational modeling efforts has been its ability to adequately
describe biochemical events in two closed empirical systems: a well-defined synthetic
coagulation proteome and minimally altered phlebotomy whole blood. The symbiosis
between these methods is essential.

Two empirical methods are utilized to evaluate Tf-initiated coagulation: 1) a para vivo
whole blood model in which the primary Tf pathway of coagulation is visualized without the
interference of the contact pathway through the use of corn trypsin inhibitor (CTI), a
suppressor of fXIla. Whole blood is obtained by phlebotomy, maintained in CTI at 37°C and
induced to clot by the addition of a fixed amount of membrane relipidated Tf [22,23]; and 2)
a synthetic coagulation proteome model in which all of the procoagulant vitamin K
dependent proteins (fVI1/V1la, fIX, fX, fll), their cofactors (fV and fV1I1), the stoichiometric
inhibitors (antithrombin (AT) and Tf pathway inhibitor (TFPI)) and a membrane source of
either natural (/.e. platelets) or synthetic membranes (i.e. phosphatidylcholine/
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phosphatidylserine)[24] is initiated with a Tf source, most commonly a relipidated Tf
reagent.

Computational

Results

The reactions of Tf-initiated coagulation in a closed system are described using classical
mechanistic based second order equations [25]. These time-based ordinary differential
equations in the deterministic form are coupled via their shared species yielding a reaction
network. The eight protein concentration inputs required to run the model (fll, fV, fVIlI,
VI, fIX, £X, AT and TFPI) reflect either: 1) mean physiologic concentrations; or 2) an
individual’s actual protein concentrations (which are routinely measured in clinical
laboratories). FVIla is estimated as 0.1% of the f\VVII concentration. Simulations are initiated
with 5pM Tf, which is chosen based on empirical experiments that give a clot time or
thrombin generation propagation phase onset of ~4 minutes. Overall, time courses are
produced for 34 species representing reactants, intermediates or products. Simulation
outputs for any given species are evaluated by summary measures that describe each curve,
for example: the maximum level obtained, the time to the maximum level obtained,
maximum rate generated and the area under the curve [26]. Specifically for thrombin
profiles, we also determine the time to 2nM thrombin, which corresponds to the clot time in
our empirical studies.

Thrombin generation and pathology

Many pathologies of hemostasis appear to be multicausal in origin. In individuals with
obviously compromised hemostatic systems, specific blood coagulation factor levels have
been identified either signally or in combination as risk factors [27-31]. An integrative
approach that applies insights gained from observing extremes of hemostatic function to
individuals with less exaggerated alterations in a specific factor or ensemble of factors has
been lacking. Mathematical modeling based on an individual’s blood composition and on
biochemical mechanisms of blood coagulation potentially represents such an approach.

Utilizing our empirical and computational approaches, we evaluated healthy individuals and
individuals with defined pathologies (hemophilia A and acute coronary syndrome).

“Apparently Healthy Populations”—When we looked at empirical thrombin
generation in 13 healthy individuals over a 6-month time frame we determined that Tf-
initiated whole blood thrombin generation was phenotypically individualized [32]. Results
showed that thrombin levels, measured as thrombin-antithrombin complex (TAT), varied
between individuals (Coefficient of variation (mean/standard deviation), CVg=25.2%) but
were fairly consistent within individuals (CVi=11.6%)[32]. The results show that intrinsic to
an individual’s blood, there is a defined propensity to respond with a characteristic level of
thrombin for a constant Tf stimulus. Levels ranged from 270.6nM (SD19.6) TAT at 20 min
(Subject 10) to 629.6nM (SD80.8) TAT at 20 min (Subject 6).

When empirical thrombin generation is compared with simulated thrombin generation by
protein factor composition from three of these individuals, a general correspondence was
observed between the magnitude of the empirical marker (whole blood TAT) for each
individual and their respective numerical parameter (maximum level of thrombin)[32].
These data indicate that changes within the protein composition of these individuals,
although all within the normal range, shift the thrombin generation curves to give an
individualized effect. Overall, our empirical and computational assessments similarly
discriminate among healthy individuals.
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We then modeled thrombin generation in 473 healthy individuals using their individual
factor levels[33]. When all of the individualized thrombin generation curves were grouped,
the standard deviation of the curve was approximately 50% of the mean (Figure 2). The
origins of this variability could not be reduced to one factor exerting a disproportionate
effect on thrombin generation, implying that all of the pro- and anti-coagulant proteins act
together. A further evaluation of defined thrombin generation subpopulations (n=13/group)
based upon the time to reach maximum levels of thrombin, identified two groups that
deviated by ~2 SD from the mean (Figure 2)[33].

These analyses suggest that: 1) individuals can be distinguished by their thrombin
generation parameters; 2) many coagulation factors contribute to the individualized
thrombin generation profiles; and 3) embedded in the healthy population are individuals
whose thrombin parameters are suggestive of altered states of hemostasis.

Thrombin generation in acute coronary syndrome—Coronary artery disease (CAD)
is a leading cause of death for both men and women in the industrialized world. Thrombus
formation following plaque rupture is the trigger for abrupt coronary artery occlusion and
subsequent acute coronary syndrome (ACS)[34]. Therapies directed at reducing thrombin
generation, using antiplatelet and anticoagulant regimens have become the mainstays of
treatment for both acute and stable coronary disease[35].

We investigated whether computational thrombin generation profiles, dependent upon the
composition of the major coagulation proteome proteins, can discriminate between
individuals with acute and stable CAD[36]. Plasma coagulation factor compositions from 28
patients with acute disease were obtained after onset of chest pain. Similar data were
obtained from 25 age- and sex-matched patients with stable coronary disease (>50% stenosis
in at least one major coronary artery). All coagulation factors were in the clinically accepted
normal range. When simulated thrombin generation profiles from individuals in each group
were compared, maximum thrombin levels (p<0.01) and rates (p<0.01) were 50% higher in
patients with acute syndromes than in those with stable disease while the initiation phases of
thrombin generation were shorter.

To verify these results in an empirical system, the mean factor concentration of the patients
were used in a synthetic coagulation proteome experiment [36]. These results show that the
numerically derived thrombin generation profiles mimic the empirical results.

We also evaluated the contribution of each individual factor to the overall thrombin
generation profile of the ACS population[36]. The goal was to identify those protein(s)
which account for the difference in thrombin generation profiles between the two groups
with coronary disease versus a physiologic control. These analyses indicated that fVIII, AT
and prothrombin individually caused the largest change to the thrombin generation profile,
however none by itself was sufficient to restore thrombin to a control level or even that of
patients with stable coronary disease (Figure 2, panels A-C). Continuing this procedure by
normalizing groups of factors simultaneously, we determined that the combination of fVIII,
AT and prothrombin produced a thrombin profile that was congruent to our control (Figure
2, panel D).

Overall, this study suggests that the integration of blood composition data into an
assessment of thrombin generation potential can discriminate between acute and stable
coronary disease. Since it is well established that after an acute event all kinds of
inflammatory and acute phase reactions occur, one can not extrapolate these findings to the
situation just before the acute event. If it can be shown that changes in blood composition
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precede the onset of acute events, this approach could be useful as a diagnostic marker of
prothrombotic risk.

Hemophilia A—Hemophilia A, an X-linked disease, is characterized by the decrease or
absence of functional fVII1 with an estimated prevalence of 1 in 10,000 males[4]. It is one of
the most extensively studied hemorrhagic disorders, from clinical observations and
treatment regimens[37], ranging from biochemical and molecular analyses[38] to
investigative gene therapy[39-42]. Hemophilia A individuals have a wide spectrum of
“normal” factor levels. From a literature review on the treatment of hemophilia individuals
with fVIII concentrates versus clinical manifestations, one finds that in general, 30-50% of
normal fVIII levels are required for treatment of most bleeding episodes of less severity,
with one and occasionally two doses to control bleeding and prevent secondary
hemorrhage[43]. Between 50-100% of fVI1I activity levels are necessary to treat and prevent
life-threatening hemorrhage or surgical bleeding. In fact, it is estimated that 10% of severe
hemophilia A patients (<1% fVII1I) have only mild bleeding diathesis despite the
biochemically undetectable levels of fV111[44,45]. Thus, hemophilia A displays phenotypic
heterogeneity with respect to clinical severity.

Thrombin generation and bleeding in hemophilia A—Using our CTI-inhibited
whole blood model, we studied 11 mild (6-40%fVI111:C), 4 moderate (2-5% fVIII:C) and 12
severe (<1%fVI111:C) fVIII deficient individuals with a well-characterized five-year bleeding
history that included hemarthrosis, soft tissue hematoma and annual fVI1I concentrate
usage[46]. This clinical information was used to generate a bleeding score separated into
three groups and compared to thrombin generation outputs. Our results showed that MaxL
was significantly different (p<0.001) between the groups: 504nM (SD114), 315nM (SD117)
and 194nM (SD91); with higher thrombin concentrations in the groups with lower bleeding
scores. This empirical study in CTI-inhibited whole blood showed that thrombin generation
appears to be associated with the bleeding phenotype of hemophilia A.

Since levels of thrombin generation in the empirical model have been shown to be related to
overall factor levels, it would suggest that the bleeding phenotype of hemophilia A is also
influenced by each individual’s ensemble of clotting factors. Therefore, we carried out a
hypothetical analysis of the influence of factor levels by varying fVI11 on thrombin
generation. We modeled a fVIII titration of 0,1,2,5,10,25,40 and 100% fV/I11, with all other
factor values reflecting either clinically accepted high or low normal values for each
procoagulant and anticoagulant. In Figure 3, panel A factor levels represent the high extreme
of the normal range and panel B represents the low extreme of the normal range for each
factor. For example when a fVI1I deficient individual has 5% fVIII, if their other factor
levels are at the high extreme of the normal range, they will be able to generate thrombin
faster and reach maximum levels quicker than a 5% fVII1 individual with their other factor
levels at the low extreme of the normal range. This result suggests a rationale for why
hemopbhiliacs with the same fVII1I level, whether of therapeutic or natural origin, can differ
hemostatically.

Conclusion—There is a growing consensus that global assessments of blood coagulation
performance are essential to understanding individual variability. The limitation of empirical
approaches in general is that while one can get a significant insight into an individual’s
coagulant response via blood or plasma sample, the mechanism behind that individual
response is not elucidated by these methods. Using a combination of empirical methods and
a computational approach based upon a mechanistic description of Tf-initiated coagulation
allows one to explore potential explanations for the observed variability among individuals.
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The central idea is that in any individual, procoagulant and anticoagulant factor levels act
together to generate a unique coagulation phenotype represented by their thrombin
generation profile. Three complementary hypotheses have emerged from our work: 1)
compensation by the ensemble of other coagulation proteins in individuals with specific
factor deficiencies can “normalize” an individual’s thrombin generation process and that this
effect represents a rationale for their unexpected phenotype; 2) individuals with clinically
unremarkable factor levels may present thrombin generation profiles typical of individuals
with hemostatic complications; and 3) in some hemostatic disorders a specific pattern of
expression of a small ensemble of coagulation factors may be sufficient to explain the
overall phenotype.
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Figure 1.
Computational models of thrombin profiles from a healthy population shown as the mean
+SD in grey (n=473)[33].
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Figure 2. Thrombin generation in acute and stable coronary disease: normalization of the acute

population

Within the acute population, fVI1I1, prothrombin and AT were normalized by setting their
factor levels to mean physiologic concentration (fV111: 0.7nM (panel A), prothrombin:
1.4uM (panel B), AT: 3.4uM (panel C)). The normalized thrombin generation profile from
the acute group is compared to the control (all factor levels at mean physiologic
concentration). Panel D shows the thrombin generation output when all three factors (fV1Il,
prothrombin and AT) are normalized together and compared to the control and the stable

group[36].
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Figure 3. Factor VIII titration using numerical simulationsat a 5pM Tf stimulus

A fVIII titration of 0, 1, 2, 5, 10, 25, 40 and 100% fVI1I are illustrated for individuals having
their other factor levels (flI, TV, fVII, fIX, X, AT and TFPI) set to the high range of normal
(Panel A) or to the low range of normal (Panel B).
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