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Abstract

Individuals with haemophilia A exhibit bleeding tendencies that are not always predicted by their
factor (f)VIII level. It has been suggested that bleeding in haemophilia is due not only to defective
prothrombin activation but also aberrant fibrinolysis. Thrombin activatable fibrinolysis inhibitor
(TAFI) activation was measured in tissue factor (Tf)-initiated blood coagulation in blood samples
of 28 haemophiliacs and 5 controls. Reactions were quenched over time with FPRck and citrate
and assayed for TAFla and thrombin-antithrombin (TAT). The TAFIla potential (TP), TAFI
activation rate and the TAFIla level at 20 minutes (TAFlaxomin) Was extracted from the TAFI
activation progress curve. In general, the time course of TAFI activation follows thrombin
generation regardless of fVII1 activity and as expected the rate of TAFI activation and TP
decreases as fVI1I1 decreases. The magnitude of TP was similar among the control subjects and
subjects with < 11% fVIII. In severe subjects with < 1% fVI11 at the time of blood collection, the
TAFlaomin Was inversely and significantly correlated with hemarthrosis (-0.77, p=0.03) and total
bleeds (-0.75, p=0.03). In all cases, TAFlaygmin Was more strongly correlated with bleeding than
TAT levels at 20 minutes. Overall, this study shows that TAFI activation in whole blood can be
quantified and related to the clinical bleeding phenotype. Measuring TAFla along with thrombin
generation can potentially be useful to evaluate the differential bleeding phenotype in haemophilia
A.
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Introduction

Haemophilia A is an extensively studied bleeding disorder in which mutations of the factor
(VI gene result in impaired fVIII activity and a heterogeneous phenotype (1-3). FVIII:C
does not adequately predict the bleeding phenotype in haemophilia, especially when fVIII:C
is <1% (4). Previous studies have shown that fVIII inhibitors (5), discrepancies in fVII1:C
using the one-stage compared to two-stage assay (6) or the presence of fV Leiden (7) can
help explain some of the discrepancy between fVIII activity and the bleeding phenotype.
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The molecular hallmark of haemophilia A is dampened fX activation (8) which has a
negative downstream effect on thrombin generation, and therefore, clot formation (9). While
most of the literature on haemophilia A focuses on diminished thrombin-dependent
procoagulant activity, relatively little work has been conducted on the anti-fibrinolytic
potential that thrombin affords through the activation of thrombin activatable fibrinolysis
inhibitor (TAFI), also known as procarboxypeptidase U, plasma procarboxypeptidase B or
procarboxypeptidase R (10, 11). It has been suggested that bleeding in haemophilia A is due
in part to enhanced fibrinolysis (12-14) and consequently, enzymes that inhibit or prolong
fibrinolysis, such as TAFIa, might influence bleeding in a positive way in haemophilia A.

TAFla-dependent prolongation of the clot lysis time has been qualitatively demonstrated in
haemophilia plasma by showing that a TAFIa inhibitor produces a small but significant
reduction in the clot lysis time (12, 13, 15-17). The total TAFI antigen (18, 19) and TAFI
zymogen (18) antigen present in haemophilia A and healthy control plasmas has been
measured by ELISA at a single time point. Conflicting results have been reported regarding
the level of TAFI antigen in haemophilia A versus normal plasma. One study showed that
both total TAFI antigen and TAFI zymogen antigen were decreased (18), whereas Guo ef a/.
showed that there was no significant difference in total TAFI antigen in haemophilia versus
normal plasma (19). Only one study exists where TAFla was quantified at intervals over the
course of clotting and fibrinolysis (14). This study, while informative, was conducted in
plasma immuno-depleted of fVIII.

In this current study, phlebotomy blood, maintained in the presence of corn trypsin inhibitor
(CTI) was obtained from haemophiliacs and healthy individuals and induced to clot with
relipidated tissue factor (TF). TAFI activation was quantified in the whole blood of subjects
with haemophilia A over time and compared to thrombin generation. New measures of
fibrinolysis potential, termed TAFla potential (14) and TAFlaggmin, Were extracted from the
time course of TAFI activation to describe the potential cumulative effect of TAFla on the
clot over the course of the experiment.

Subjects, Materials and Methods

Subjects

Individuals with haemophilia A and healthy controls were recruited and advised according
to a protocol approved by the Institutional Review Board at the University of Vermont
Human Studies Committee and the Centre Hospitalier Universitaire Sainte-Justine
(Montreal, Canada). Informed written consent was obtained from 28 subjects with
haemophilia A (6 mild (>5% fVIII at the time of original diagnosis), 1 moderate (1-5%
fVIII) and 21 severe (<1% fVIII)) and 5 healthy controls. All haemophiliacs that required
prophylaxis used fVII1 replacement therapy and did not have any known inhibitors. All
individuals that were included in the study were told not to withhold replacement therapy
and did not need to self infuse with fVI1I from 6 hours to 4 days prior to the blood draw.
Subjects within the severe population were on different prophylaxis programs. Therefore, at
the time of the blood draw, fVIII levels varied within the severe population from 0.07 to
22% (Table 1). Fibrinogen, platelets, and PT were in the normal range for all subjects.

Bleeding phenotype—Various degrees of clinical bleeding phenotypes were present in
our haemophilia population. Briefly, the bleeding score as previously described (20)
includes the number of hemarthrosis, soft tissue hematomas and annual V111 unit/kg usage
(Table 1). Bleeding score points were allocated as follows: hemarthrosis, 1-3/y 3, 4-6/y 6,
7-12ly 9, > 12ly 12; soft tissue hematoma, 1-3/y 2, 4-6/y 4, 7-12/y 6, > 8/y 8; annual fVIII
unit/kg usage, 0/y 0, < 1000/y 3, 1000-3000/y 6, > 3000/y 12. Surgery, dental extractions
and major accidents were excluded for calculation of annual fVII1 unit usage. Scores are
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reported as means of annual scores for a 5-year observation period for all haemophilia A
subjects with available bleeding score phenotype. The possible range of bleeding scores is
from 0-32.

Whole blood assay—HEPES, Tris-HCI, citrate, TFA, 1-palmitoyl-2-oleoyl-phosphatidyl
serine (PS), 1-palmitoyl-2-oleoyl-phosphatidyl choline (PC) were purchased from Sigma
Chemical Co. (St. Louis, MO). Recombinant TF was provided by Drs. Lundblad and Liu
(Hyland division, Baxter Healthcare Corp, Duarte, CA) and was relipidated in PCPS (75%
PC:25% PS) vesicles by a previously described protocol (21). CTI was prepared as
described (22). D-phenylalanyl-L-prolyl-L-arginine chloromethyl ketone (FPRck) was
provided by Dr. Richard Jenny (Haematologic Technologies, Essex Junction, VT) or
purchased from Calbiochem (San Diego, CA, USA).

TAFla assay—Thrombin and fibrinogen were prepared as previously described (23) with
one exception: for the fibrinogen preparation, the solution was made to 1.2% PEG-8000
instead of 2% PEG-8000 by the addition of 40% (w/v) PEG-8000 in water, subsequent to p-
alanine precipitation. Fibrin degradation products labeled with the quencher QSY9 Cs-
maleimide (QSY-FDP), TAFla standards, TAFI-deficient plasma (TDP), recombinant
human Pg (S741C) and the fluorescein derivative (51AF-Pg) were prepared as described
(24-26). QSY9 Cs-maleimide and 5-iodoamidofluorescein were purchased from Invitrogen
Canada Inc. (Burlington, ON, Canada). Plasmin was purchased from Haematologic
Technologies Inc. (Essex Junction, VT, USA). Solulin was a generous gift from Dr. Achim
Schuttler, Paion, GmbH (Aachen, Germany). The plasmin inhibitor D-Val-Phe-Lys
chloromethyl ketone was purchased from Calbiochem (San Diego, CA, USA). All other
reagents were of analytical quality.

Whole blood coagulation assay—Experiments were performed as previously
described (27, 28) at 37°C on a rocking platform. Briefly, venous blood was obtained by
antecubital phlebotomy and added (1mL) to tubes preloaded with CT1 (100pg/mL) and
relipidated TF (5pM, PCPS 1:2000 protein:lipid). A time course was set up from either 0-20
minutes (18 subjects) or 0-30 minutes (15 subjects) depending on the amount of whole
blood obtained from each individual. Samples were quenched with FPRck (50.M) and
citrate (9 parts blood mixed with 1 part sodium citrate, 3.2%; final concentration 10.8mM),
promptly placed on ice to prevent thermal inactivation of TAFIla, and stored at -80°C until
assayed. A second set of samples from contemporaneous experiments were quenched
(EDTA:25mM final, benzamidine-HCI:10mM and FPRck:50uM, pH 7.4) and assayed for
the TAT complex (Behring, Westwood, MA, USA) (29).

TAFla assay—Samples were thawed by moving the samples between 4°C and ambient
temperature to prevent thermal inactivation of TAFla while ensuring solubility of all plasma
proteins. All samples were diluted serially by 5-fold using TAFI deficient plasma and
assayed for TAFla as previously described (24). The small residual rate in TAFI-deficient
plasma, presumably due to CPN is accounted for in the standard curve and is therefore
subtracted from each sample.

Determination of the TAFla potential—The TAFIa concentration was plotted and the

TAFIa potential (TP) was determined by calculating the area under the curve over the
interval of 0-20 minutes.
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Statistics—Between group comparisons were conducted using one way ANOVA. Data
were presented as mean + standard error of the mean. To correlate the TP or TAFlaggmin to
the clinical bleeding score Spearman rank correlation analysis was used. For all statistical
analysis p<0.05 was considered statistically significant.

The relationship between TAFI activation and thrombin generation in whole
blood—TAFI activation was monitored over time in phlebotomy blood of 5 healthy control
subjects and 28 mild, moderate and severe haemophiliacs. Since haemophilia subjects were
not asked to withhold their treatment for this study, many subjects had residual factor V1II
levels at the time of blood collection. To account for the short washout period (sometimes as
short as 6 hours) we reclassified subjects by their fVI11 level at the time of the blood draw.
TAT formation and TAFI activation is presented in Figure 1 for control subjects (panel A)
and the haemophilia population (panels B — D, grouped by their fV111 level at the time of the
blood collection [> 5% fVIII, 1-5% fVIII and < 1% fVI1I1]). Average clot times (CT) are
shown with an arrow below the respective curves.

On average, TAFI activation closely mirrors TAT generation, with TAFI activation lagging
behind TAT formation. In healthy controls (Figure 1, panel A), TF-initiated whole blood
clotted at 3.7 £ 0.35 min directly followed by TAT formation and TAFI activation. In the
haemophilia population, the CT increased slightly as the V111 level decreased. The
haemophilic group with > 5% fVI1I11 had a clot time of 3.84 + 0.22 min while the groups with
1-5% fVIII and <1% fVIII had significantly increased clot times of 4.7 £ 0.73 minand 4.7 =
0.68 min, respectively (p=0.037 and p=0.023, respectively). The rate of TAT formation
decreases as the fVIII concentration decreases; control (36.7 £ 2.3 nM/min), >5% fVIII
(21.9 + 2.6nM/min), 1-5% fVIII (16.4 £ 3.0nM/min) and <1% fVI1I1 (10.7 = 2.6 nM/min).
The rate of TAT formation was significantly reduced in both the group with 1-5% fVI1I
(p=0.012) and the group with <1% fVI1I1 (p=0.003) compared to controls.

Regardless of the fVIII level, there is a temporal relationship between thrombin generation
(TAT) and TAFI activation. When the haemophilia subjects are separated by fVIII level at
the time of blood collection, the total amount of thrombin generated (peak TAT) is similar in
all groups with greater than 1% fVIII (Figure 1, panels B and C), with the maximum level of
TAT generated being 356.7 + 29.2 nM. The group with <1% fVIII (Figure 1D) had maximal
TAT levels of 166.7 £ 27.1 nM at 20 minutes. In these subjects the TAT levels do appear to
be still increasing at the end of the time course, therefore, the discrepancy between subjects
with <1% fVIII and the haemophiliacs with greater fVI11 levels remains unknown at the 30
minute time point.

Data presented in Figure 1 shows that thrombin generation has essentially ceased after 20
minutes in controls and in most haemophiliacs, suggesting that the propagation phase has
ended. Since most TAFI activation occurs during the propagation phase, 20 minutes is a
reasonable interval for measuring the TAFla potential. In the interval after thrombin
generation has ended and, therefore, TAFI activation has ceased, TAFla levels can be
predicted using the rate constant for spontaneous decay of TAFla (30). In subjects who have
not reached a plateau in TAT by 20 minutes, the TAFla potential is not a reliable measure
since it often only incorporates a single measurement above baseline. For these subjects, the
TAFIa level at 20 minutes (TAFlaygmin) can be used to describe each individual's propensity
to activate TAFI.

TAFla potential in haemophilia A—The time courses of TAFI activation (those used to

construct Figure 1, individual profiles not shown) were used to extract the TAFIa potential
as described in Methods. The average TAFIla potential in subjects with >16% fVII1 was
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slightly higher (15.95 + 3.95) than controls (12.25+3.88 nM-min). In haemophilia subjects
with 5 —11% or 1 — 5% fVIII the TAFla potential was reduced to 10.00 = 1.45 and 7.80 £
2.00 nM-min, respectively. Although TAFIa potential is not a reliable measure in subjects
with < 1% fVII1, the TAFla potential was 2.13 + 0.53 nM-min. There is an obvious trend
toward reduced TAFIa potential at lower fVIII levels, however, there was no significant
difference in TAFla potential when comparing controls, and haemopbhilic subjects with 1 —
5%, 5 - 11% or >16% fVIII.

Correlations of TAFI activation or thrombin generation to bleeding phenotype
—Clinically severe subjects with < 1% fVIII at the time of the blood draw were evaluated
for correlations between measures of thrombin generation (TAT2gmin) and TAFI activation
(TAFlaomin) to bleeding phenotype. Of the 28 haemophilia subjects, 9 met these criteria
(S13 - S21). In these 9 subjects, the TAFlazgmin Was significantly correlated with the
hemarthrosis (-0.77, p=0.03) and total bleeds (-0.75, p=0.03). TATgmin did not reach the
level of statistical significance in any bleeding category. Correlations between TAFlasgmin
and bleeding were always stronger than the corresponding values for TAT 2gmin. A Summary
of the correlations of both TATogmin and TAFlaggmin to bleeding phenotype are presented in
Table 2.

Discussion

In this study, we evaluated TF-initiated coagulation in contact pathway suppressed whole
blood in haemophiliacs with varying fVI1I levels and compared them to healthy controls.
Our results show that TAFI activation is temporally related to thrombin generation
regardless of fVIII level. Our data show that haemophilic individuals with higher fVIII had a
TAFIa potential similar to controls. Finally, in this small study, TAFI activation
(TAFlaggmin) was more strongly correlated with the clinical bleeding phenotype in
haemophilia than thrombin generation (TAT2gmin)-

Only a relatively small percentage (<1%) of available TAFI is activated in plasma when
clotting is initiated with low levels of thrombin (31). As recently reported, the percentage of
fVIII in plasma greatly influences TAFI activation over the interval between clot formation
and tPA induced clot lysis (14) especially in the range of 0-10% fV1I1. We expanded upon
this previous study to gain insight into the extent of TAFI activation in the whole blood of
haemophilia A subjects. The correction of TAFIla potential in subjects with > 5% fVIII to
control levels suggests that as little as 5-11% fVII11:C is required to normalize TAFI
activation in whole blood, whereas up to 50% fVI1I1 is required to correct TAFI activation in
plasma (14). In both plasma (14), and whole blood (Figure 1) a very small percentage of
TAFI is activated to TAFIla and regardless of the system (plasma or blood), both the rate and
extent of TAFI activation appears to be influenced by the fVIII level. Previously, Butenas et
al. demonstrated that platelets increase both the rate and amount of thrombin generated in
the presence of physiologically normal levels of fVIII (32). Since platelets provide a
procoagulant surface for many reactions in coagulation (33), a platelet-dependent increase in
thrombin generation would not be entirely dependent on fVII1. Therefore, at lower fVIII
levels, platelets would still enhance thrombin generation thus leading to the correction of
TAFI activation at lower concentrations of fVIII.

The hypothesis that bleeding in haemophilia is partially due to enhanced fibrinolysis was
first suggested by Broze and Higuchi in 1996 (12). The potential mechanisms for aberrant
fibrinolysis in haemophilia include impaired cross-linking (9), lower TAFI levels (22) and
impaired TAFI activation (14). Fibrinolysis is an often overlooked component of
haemostasis and the TAFlaygmin may prove useful in giving a more comprehensive, global
assessment of haemostasis in pathological bleeding since it accurately reflects thrombin
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generation but also is a measure of the clot's resistance to fibrinolysis. TAFlasgmin is more
strongly correlated with the clinical bleeding phenotype than TAT>omin and consequently,
the variable bleeding tendency among individuals with severe haemophilia might be better
explained and predicted by the TAFlaygmin. The data presented here are consistent with the
hypothesis that variable TAFI activation contributes to variable bleeding in haemophilia. In
this small study, we show that the TAFlayomin is more strongly correlated with the clinical
bleeding phenotype than TATygmin. The fact that TAFlaygmin is significantly correlated with
aspects of the clinical bleeding phenotype in such a small population is very promising;
however, larger studies should be conducted to confirm these finding and determine if
impaired TAFI activation directly contributes to the bleeding in haemophilia.

Currently, patients with haemophilia A are treated as required or by prophylaxis with factors
that correct or bypass the defective tenase complex (5). It is unclear if these treatment
strategies also fully correct secondary thrombin-dependent events such as TAFI activation.
In this small study, we have determined that the TAFlasgmin but not TATgmin IS
significantly correlated with bleeding in severe haemophilia and could prove to be a useful
global measure of haemostasis in predicting the bleeding phenotype of individuals with
severe haemophilia.
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Figure 1.

The temporal relationship of thrombin generation and TAFI activation in subjects grouped
by their fVI1I1 level at the time of blood collection. Thrombin-antithrombin (@) and TAFla
(O) were assayed over time in whole blood from controls (panel A), and haemophilic
subjects with > 5% fVI1I1 (B), 1-5% fVIII (C) and < 1% fVIII (D). The maximal
concentration of thrombin-antithrombin and the rate of TAT formation decreased as the
fVI1I1 concentration decreased. Similarly, both the rate and maximal concentration of TAFla
decreased as the fVIII concentration decreased. In all groups, TAFI activation was slightly
delayed compared to thrombin generation. In each panel the clot time is denoted by an
arrow. Data are presented as the mean * standard error.
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Figure 2.
Average TAFIa potential in haemophilia A and control subjects. Subjects were grouped by

their fVI111 level at the time of blood collection (Table 1). Since, in most cases, the TAFla
potential of the group with < 1% fV11I was only a reflection of one point above baseline this
group was not included in the statistical test but is shown for relative comparison. No
statistically significant difference in the TAFIla potential was found among the controls,
>16%, 5-11% or 1-5% fVII1 groups. Between group comparisons were conducted using one
way ANOVA and the data are presented as mean + standard error of the mean.
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Table 2

Spearman correlation of the clinical bleeding phenotype to TAFla and thrombin-antithrombin levels at 20
minutes. Total bleeds represent the sum of hemarthrosis and soft tissue scores.

KK

Hemarthrosis TAT 20min -0.52 | 0.14

TAFlaggmin | -0.77 | 0.03

Soft tissue TAT 20min -0.30 | 0.40
TAFlaygmin | -0.43 | 0.23

Total Bleeds TAT 20min -0.45 | 0.20

TAFlagmin | -0.75 | 0.03

FVI11I Replacement TAT 20min 0 0.95
TAFlaggmin | 0.13 | 0.67

Total Score TAT 20min -0.65 | 0.07

TAFlagmn | -0.63 | 0.07
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