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Summary

Background—The conversion of fibrinogen to fibrin and its cross-linking to form a stable clot
are key events in providing effective hemostasis.

Objectives—To evaluate the relationship of fibrinopeptide release and factor XIl1 activation in
hemophilia whole blood.

Patients/Methods—We investigated fibrinopeptide (FP)A and FPB release, factor(F) XIII
activation and fibrin mass in tissue factor-initiated coagulation in whole blood from individuals
with hemophilia and healthy subjects.

Results—In hemophilia, the rates of fibrin formation are delayed compared to healthy
individuals. FPA/FPB release and FXIII activation are decreased in hemophilia versus healthy,
5.4£0.7uM/min to 1.7+0.4uM/min (p=0.003), 2.3+0.6ptM/min to 0.5+0.1M/min (p=0.025) and
12.1+0.7nM/min to 3.1+£0.7nM/min (p<0.0005), respectively. More FPA is released in hemophilia
(6.6=1.2.M) prior to clot time (CT) than in healthy individuals (2.6x0.4.M,p=0.013); whereas
FPB and activated FXIII levels remain comparable.FXIII activation, which normally coincides
with FPA release, is delayed in hemophilia. At CT in normal blood, the FPA concentration is 2.6-
fold higher than FPB release (p=0.003), while in hemophiliacs this ratio is increased to 6.6-fold
(p=0.001).

Conclusions—These data suggest essential dynamic correlations exist between the
presentations of fibrin I, fibrin 11 and FXIlla. The “discordance” of fibrin formation, in
hemophilia, results in clots that are more soluble than normal (43% lower mass, p=0.02). The
resulting poor physical clot strength probably plays a crucial role in the pathology of hemophilia.
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Introduction

Hemophilia A and B are the most common congenital bleeding disorders. They are
characterized by the decrease or absence of functional factor (F) VIII (hemophilia A) and
FIX (hemophilia B)[1-3]. In recent years, the prognosis for individuals with hemophilia has
improved greatly, and nearly normal lifespans can be expected. However, significant
pathologies still attend replacement therapy ranging from hemearthrosis to inhibitor
development to infection.

Corresponding author: Dr. Kathleen E. Brummel-Ziedins, University of Vermont, Department of Biochemistry, 208 South Park Drive,
Suite 2, Colchester VT 05446; Tel: 802-656-9599; Fax: 802-656-2256; Kathleen.brummel@uvm.edu.

Presented in abstract form at the 47t Annual ASH meeting, Blood 106: 97a (abstract #321), 2006.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Brummel-Ziedins et al. Page 2

In the absence of FVIII or FIX, the blood coagulation cascade is defective at the level of
FXa generation which is critical to produce the amplification and propagation of thrombin
generation through the prothrombinase complex[4—7]. Low levels of thrombin are generated
during the initiation phase of tissue factor- activated blood coagulation, in which the
cleavage of fibrinogen to fibrin and the activation of platelets, FV, and FXIII all occur[8-
12]. The interval prior to clot time, also referred to as the lag or initiation phase of tissue
factor-activated thrombin generation is only moderately affected in hemophilia, since <2nM
thrombin is required for clotting to occur[12]. The major defect in this bleeding disorder
appears to be the ability to generate the major burst of thrombin (>95%) that is required to
sustain the clot formation required for sealing the vascular lesion[13]. The intrinsic FXase
(FVIlla-FIXa-Ca**-membrane) and prothrombinase (FVa-FXa-Ca**-membrane) complexes
expressed and preserved within the fibrin-platelet clot provide continued activity as
additional blood is resupplied to the lesion by flow[13]. With the diminished FXase complex
in hemophilia, wound sealing is compromised.

The decreased thrombin generation in hemophilia A depresses the rates of activation of
multiple thrombin substrates including those building the fibrin network needed to stem
blood loss. The proteins that require activation by thrombin for the normal expression of this
fibrin network include: multiple platelet receptors, fibrinogen, FXII1 and thrombin
activatable fibrinolysis inhibitor (TAFI). Reduced TAFIla formation has been shown to play
a role in the premature lysis of clots formed from hemophilic plasma[14]. Although minimal
differences in platelet activation between normal and FVIII deficient blood have been
shown[7], the overall number of platelets accumulated appear to play a part in the fibrin gel
structure in hemophilia[15]. Another study has shown that low FIX delayed the clot
formation onset, reduced the fibrin polymerization rate, and produced fibrin fibers thicker
than those found in normal controls[16]. In a study on hemophilia B mice, it has been
reported that wound healing is abnormal[17]and treatment of back wounds in these mice,
with either systemic FIX or FV1la at levels to produce hemostatic thrombin generation,
restored only some of the parameters of wound healing[18]. Other deficiencies in the
coagulation pathway have linked reduced rates of thrombin production with decreased levels
of TAFla and premature clot lysis[14,19,20]. Decreased FXII1 availability for thrombin and
early loss of clot firmness has been identified in patients with unexplained intraoperative
bleeding[21]. In general, impaired rates of thrombin generation can translate into an array of
defects in the multiple responses to vascular injury.

The conversion of fibrinogen to fibrin and its cross-linking to form a stable clot are key
events in effective hemostasis. Previously, we have shown that in corn trypsin inhibited
whole blood, the pattern of fibrin formation is different than that observed in systems using
citrated plasmas or purified proteins[22]. In tissue factor-activated blood coagulation, partial
cleavage of fibrinopeptide (FP) A and clot formation occur just before the propagation phase
of thrombin generation[12]. At the point of visual clot formation, virtually all fibrinogen
(and some products already cross-linked) disappear from the fluid phase, while only a
fraction of FPA and FPB have been released.[22] Thus, the first clot formed is a mixture of
fibrin 1, some fibrin 11 and fibrinogen partially cross-linked by FXIlla. Well after clot
formation, the FPB antigen is still found associated with the Bf-chain in cross-linked
products.[22] In contrast, in purified systems, FPB removal precedes the cross-linking
reaction. Studies with tissue factor-activated hemophilia blood have shown that FPA and
FPB release and fibrin depletion is delayed versus normal blood.[7,23] The insoluble fibrin
weight is also reduced compared with normal blood.[7,23] Factor XIII activation in tissue
factor-initiated contact pathway suppressed hemophilia whole blood, has not been reported.
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In this study, we evaluated the dynamic relationships between thrombin generation, FXIII
activation, fibrin I and fibrin 11 formation and clot stability in hemophilia following tissue
factor-activated coagulation and compared the data with that from normal blood.

Materials and Methods

Materials

Subjects

HEPES, NaCl, Tris-HCI, EDTA, TFA, 1-palmitoyl-2-oleoyl-phosphatidyl serine (PS), 1-
palmitoyl-2-oleoyl-phosphatidyl choline (PC) were purchased from Sigma Chemical Co (St.
Louis, MO). HPLC grade H,0 and CH3CN, HCIO4 and KOH were purchased from Fischer
Scientific (Pittsburgh, PA). Benzamidine-HCI was purchased from Aldrich, Inc (Milwaukee,
WI). Recombinant tissue factor was a gift from 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[24]. Corn trypsin inhibitor (CTI) was prepared
as previously described.[7,23] D-phenylalanyl-L-prolyl-L-arginine chloromethyl ketone
(FPRck) was a gift from Dr. Jenny (Haematologic Technologies, Essex Junction, VT).
Rabbit polyclonal a-FXIII (D4679) was a gift from Dr. Bishop (ZymoGenetics, Seattle,
WA). Horseradish peroxidase-labeled goat antirabbit 1gG antibodies were purchased from
Southern Biotechnology (Birmingham, AL). Enzyme-linked immunosorbant assay (ELISA)
kits were used to estimate thrombin-antithrombin (TAT) complex formation (Behring,
Westwood, MA).

Individuals with hemophilia A and B and normal controls were recruited and advised
according to a protocol approved by the Institutional Review Board at the University of
Vermont Human Studies Committee. All participants gave informed written consent. Blood
was obtained from three subjects with hemophilia A (one individual was studied on 4
different occasions) and two subjects with hemophilia B. All hemophilia subjects had
normal coagulation profiles for fibrinogen and platelets. One hemophilia A donor (drawn
between the ages of 18-21 years), a young man with functionally severe hemophilia
(FVII:C<1%), tested positive for hepatitis C and had a history of bleeding and joint pain
and rountinely self-administered recombinant FVIII products when symptomatic. We
studied his blood 4 times over the course of 3 years, and individual draws have been
incorporated into other studies[7,23]. Each phlebotomy was performed 1 week after his most
recent FVIII injection, and FVI1I1 levels were less than 2%. Another hemophilia donor was a
20 year old male with severe FVIII deficiency and the brother of the first donor. He tested
positive for hepatitis C, has had recurrent bleeding episodes in his joints, has had bilateral
radiosynovectomy of both ankles, and occasionally uses prophylaxis. His FVII1I levels at the
time of the blood draw were 2%. The third hemophilia A donor was a 35 year old male with
severe FVIII deficiency (FVIII:C <0.5%)[7]. He tested positive for HIV and hepatitis C with
cirrhosis, has had a knee replacement and was on FVI1I1I prophylaxis as needed. He had
received no replacement therapy for 2.5 weeks prior to the whole blood experiments. At the
time of his blood draw, his medications included nelfinavir, 3TC, tenofovir, pegylated
interferon, ribavirin and Bactrim.

One hemophilia B individual was a 41 year old male with severe FIX deficiency. He tested
positive for HIV and hepatitis C and has had a chronic subdural hematoma, seizure disorder
and a right middle cerebral artery stroke. His medications at the time of the blood draw
included Bactrim, Kaletra, tenofovir, abacavir, Topamax and loperamide. His FIX coagulant
level was 2% at the time of the blood draw. A second hemophilia B individual was a 47 year
old male with severe FIX deficiency and is the brother of the first hemophilia B individual.
He tested positive for hepatitis C, has had multiple bleeds into his right elbow and right hip,
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and has had a total hip replacement on his right side. His medications include Hyzaar,
famotidine, Celebrex. At the time of the blood draw he had <1% FIX.

Normal controls (11 male/9 female) with a mean age of 34+12 years, were selected from a
pool of healthy volunteers at the University of Vermont. No individuals had a personal or
familial history of thrombosis/hemorrhage or regular aspirin or drug use. Some individuals
were studied multiple times. Whole blood from normal individuals was used as
contemporaneous controls as well as for the studies of 7 vitro “acquired hemophilia B” in 2
experiments as described below. Coagulation profiles were performed by Fletcher Allen
Hematology Clinic (Burlington, VVT) for each experiment.

Whole blood coagulation

Blood was collected by venipuncture at the General Clinical Research Center at the
University of Vermont, with a 19 3/4G butterfly needle into a 50mL syringe. Blood was
immediately aliquoted (1mL) into polystyrene culture tubes containing CTI (100pg/mL) and
tissue factor (functionally 5pM) relipidated in PCPS (1:2000protein/lipid) as previously
described[7,12,22,25]. When used, an a-FIX-91 monoclonal antibody (mAb) was added to
the tubes prior to the addition of whole blood to produce an “acquired hemophilia B” blood,
as previously described[26]. At this concentration, the a-FIX-91 mAb prolonged the
activated partial thromboplastin time (aPTT) of normal plasma from 38 to 115 seconds. The
aPTT for commercial FIX-deficient plasma (<1% of FIX; George King Biomedical,
Overland Park, KS) was 112 seconds. All samples (control individuals, hemophilia A and B
individuals and acquired hemophilia blood), were quenched at intervals over the course of
20 minutes, every minute from 0-10 followed by 12-, 14-, 16- and 20-minutes, with a
cocktail of inhibitors to a final concentration of: 25mM EDTA and 10mM benzamidine-HCI
in HBS (0.15mol/L NaCl, 0.02mol/L HEPES, pH 7.4) and 50p.M FPRck in 10mM HCI. The
zero time point contained all of the inhibitors prior to the addition of whole blood. A control
tube, containing CTI and no tissue factor was used each time. Clot time was determined
visually (two observers). After the coagulation reaction was quenched with inhibitors,
samples were centrifuged for 15 minutes at 2000 x g and clot material was separated from
the solution phase. Solid and solution phases were stored at -80°C for further analysis.

Thrombin generation

The time course of soluble thrombin generation in whole blood, represented as TAT
complex, was evaluated by ELISA (Behring, Westwood, MA) measured in duplicate with 5
standards as previously described[12]. The operational sensitivity of the TAT ELISA is
~40pM. Results were analyzed on a Vmax microtiter plate reader (Molecular Devices,
Menlo Park, CA) equipped with Softmax version 2.35.

Fibrinopeptide A and B detection

Fibrinopeptide A analyses of each time point was performed by either a commercial ELISA
(Asserachrom FPA; Diagnostica Stago/American Bioproducts Parsippany, NJ) performed in
duplicate following manufacturer instructions or analyzed using HPLC methodology on a
Waters Model 484 Controller and Model 510 Solvent Pumps monitored using a Model 481
detector at 214 nm as previously described[12]. The time course of FPB release was
elucidated using HPLC methodology as previously described[12]. The peptides were
identified by matrix-assisted laser desorption ionization time of flight mass spectrometry
(linear model, PE Applied Biosystems).
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Fibrin mass

The insoluble clotted material contained within the whole blood tubes at each time point was
analyzed as previously described[22]. Briefly, the insoluble clotted samples were washed 2—
3 times with 1mL of 0.15mol/L NaCl and then allowed to incubate in the salt solution (1mL)
for 12-15 hours so that soluble material within the clots could diffuse into solution. The
clots were rinsed with H,O to remove salt, lyophilized and weighed.

Factor XlII activation

Statistics

Results

Factor XII1I activation was followed by Western analyses of the whole blood quenched time
points. SDS-PAGE (4-12%) was performed according to the modified Laemmli
procedure[27]. High molecular weight standard mixtures (14 to 200kD) were loaded along
with FXII1 (50ng/lane) or activated FXIII (FXIl1a) to allow for comparison to the whole
blood samples on the immunoblots. The gels were transferred to nitrocellulose membranes
(BioRad, Hercules, CA) and subjected to semi-dry transfer for 3 hours at 250mAmps. The
primary antibody was a polyclonal a-FXIII used at 5ug/mL, the secondary antibody was
goat a-rabbit HRP at 1:5000 dilutions, and the substrate for emitting light was Luminol
(Dupont NEN). Comparison of FXIII conversion to FXIIla was analyzed on the
immunoblots.

Between group comparisons were done by the Student’s unpaired ¢test for normally
distributed data. A p-value <0.05 was considered statistically significant.

Thrombin generation in hemophilia A and B

Thrombin generation in hemophilia A and B individuals’ and “acquired” hemophilia B
blood is represented as TAT in Figure 1 as the mean and the SEM over the time course of 20
minutes. Hemophilia A (n=6) and hemophilia B (n=4) blood lack the propagation phase seen
in our control population (n=35). Hemophilia A individuals have an extended initiation
phase by ~ 4 min (8.6+1.8min) and in hemophilia B whole blood by ~ 4.5 min (9.2+1.6min).
Using the identical tissue factor preparation, the cumulative historical control clot time is
4.7+0.2min[12]. The propagation phase rate of thrombin generation was decreased in
hemophilia A by 9.8 fold (9.4+2.9nM/min) and in hemophilia B by 6.5 fold (14.2+2.8nM/
min) versus normal controls (92.3+7.0nM/min). The accumulated levels (20 minutes) of
thrombin were 135+44nM for hemophilia A individuals and 143+41nM for hemophilia B
individuals. This level of thrombin generation is significantly lower (p<0.0005) than the
mean for healthy individuals (851+53nM). Although, these final levels of thrombin
generation are decreased in hemophilia, they are still sufficient for the activation of the
procoagulants ordinarily anticipated to be required to stem blood loss. Since the thrombin
generation curves are comparable between hemophilia A and B, we combined all
hemophilia blood studies to evaluate the differences between the hemophilia and the healthy
populations.

Factor Xl activation

Western analyses of FXIII activation in quenched time points from a whole blood series are
depicted in Figure 2 for a representative healthy control (panel A) and a hemophilia
individual (panel B). The Western blot developed using an A chain specific polyclonal a-
FXIII antibody, is illustrated with time points from 0 to 20 minutes labeled above the blot.
The top band seen in the immunoblot is the A-chain of FXIII (FXII1A) and the bottom band
is seen as the activated form of FXIII (FXII1Aa). The clot time (CT, arrow) for the control
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individual was 3.3 minutes and 9.8 minutes for the hemophilia individual. The cumulative
curves of FXII1 activation (panel C) show that FXII1 activation proceeded at approximately
one fourth the rate in individuals with hemophilia (n=6) than in healthy individuals (n=9),
3.1£0.7nM/min versus 12.1+0.7nM/min (p<0.0005), respectively. In healthy individuals,
51% of FXIII was activated at clot time, 4.4+0.5min and by 20 minutes, FXlIlla
concentration reached a maximum value of 58+5nM. In hemophilia blood, with clot time
delayed to 8.8+0.7 min, the FXIlla concentration at 20 minutes was 39£9nM (~43%
activated).

Fibrinopeptide release

Fibrin mass

Fibrinopeptide A release in healthy individuals (n=24) occurred at a rate of 5.4+0.7.M/min
with clotting at 4.3+0.2min (Figure 3A). Maximum level of FPA released was 15 £1.1uM at
20 minutes. With the same tissue factor stimulus, hemophilia blood (hemophilia A and B
combined, n=8) clotted at 9.0+0.7min and the rate of FPA release was slower than in healthy
(1.7%0.4.M/min; p=0.003). Although the clot time was delayed, the maximum levels of
FPA released (13+2.M) in hemophilia approached those seen in healthy individuals.
Paradoxically, more FPA was released prior to clot time in the hemophilia blood when
compared to healthy individuals, 50% (6.6+1.2LM) versus 17% (2.6x0.4uM; p=0.013),
respectively. FPA release in hemophilia blood was also more variable.

The total FPB released in healthy individuals (n=9) as previously shown[22] represents only
1/3 of the stoichiometric value and reached only 6.4+0.7.M by 20min with a maximum rate
of release of 2.3+0.6p.M/min (Figure 3B). In hemophilia blood, FPB is released at a
maximum rate of 0.5+0.1xM/min (p=0.025) and by 20 minutes obtains a concentration of
4.1+0.8u.M. By clot time in healthy individuals (3.8+£0.2 min), 0.95+0.2,.M FPB was
released from fibrinogen and reached maximum levels at 8 minutes. Although, in
hemophilia, the clot time was delayed by approximately 5 min (9.2 £2.1min), the same
concentration of FPB (0.9+0.3.M) as in the healthy population was present at clot time.

Fibrin clots from healthy individuals (n=15) over the 20 minute time course were
consistently heavier than clots from hemophilia individuals (n=6) (Figure 3C). On average,
healthy individuals had, at 20 minutes, clot weights of 1.4+0.2mg/mL blood. In hemophilia,
the ultimate clot weights were 0.8+0.2mg/mL, significantly less than in healthy (p=0.02).
More dense heavier clots represent more extensive fibrin cross-linking and increased
strength of the fibrin clot. In hemophilia, the relationship between clot time and the
accumulation of fibrin mass was altered. At clot time (4.2+0.2min), clots from healthy
individuals were already at 86% (1.2+0.3mg/mL) of their final mass. Whereas in hemophilia
clots, only 62% (0.5+0.1mg/mL; p=0.03) of their final mass was present at clot time
(8.2+0.4min).

Relationship between fibrinopeptide release and FXIIl activation

In healthy individuals FPA release coincides with FXIII activation over the first 6 minutes
(panel A, Figure 4). After 6 minutes, FXIII activation slows compared to FPA release, but
both reach maximum levels at approximately 10 minutes. When FPA release and FXIII
activation are plotted against each other at each time point there is a linear correlation
(R2=0.987) (not shown). In individuals with hemophilia, FXIlla is not generated
simultaneously with FPA and FXIII activation is delayed versus FPA release (panel B),
achieving a final concentration ~30% lower. The maximum level of FXIII activation is
delayed to ~16 minutes. When FPA release and FXIII activation in hemophilia are
compared (0-20 minutes), a poorer correlation exists (R2=0.843) (not shown). At early

J Thromb Haemost. Author manuscript; available in PMC 2012 July 20.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Brummel-Ziedins et al. Page 7

release of FPA, FXIII appears to be activated more slowly, thus is not readily available to
the initial fibrin | that is being formed.

FPB release trails FPA and FXIII activation during the process of blood coagulation from
healthy individuals[22]. In hemophilia, FPB release is delayed relative to FPA and FXIII
activation, and never reaches a point of accelerated release seen in the blood from healthy
individuals, which occurs between 4 and 7 minutes. The final concentration of FPB achieved
in hemophilia blood is only 4.1+0.8,.M by 20 minutes. In healthy individuals, the FPA
concentration (2.6x0.4M) is 2.6 fold higher than the FPB concentration (1.0£0.2u.M) at
clot time (p=0.003). In hemophilic blood at clot time, the FPA (6.6x1.2uM) and FPB
(0.9+0.3.M) concentrations give rise to a ratio of 6.6 FPA/ FPB, significantly higher than in
healthy (p=0.001).

The aberrant association between the formation of these three products is more clearly
observed by replotting the data for each time point as a percentage of the control maximums
for FPA, FPB and FXIII activation for hemophiliacs (open symbols) and controls (closed
symbols) as shown in Figure 4C.

Discussion

In tissue factor activated hemophilia blood, the patterns of thrombin clot product formation
are altered compared to that observed in blood obtained from healthy individuals. FPA and
FPB production, and FXIII activation are all decreased in hemophilia. While the clot time is
delayed in hemophilia, more FPA is released prior to clot time while FPB release and FXIII
activation remain unchanged at clot time compared to whole blood from healthy individuals.
This suggests that the clots from hemophiliacs are less robust due to the changed proportions
of increased available fibrin monomer units without the compensational support of lateral
association and cross-linking.

Fibrin gel structure has been shown to be dependent upon thrombin concentration as well as
the rates of thrombin generation[28—30]. Utilizing electron microscopy, it has been shown
that clots produced under high thrombin generation conditions are composed of a tight
network of thin fibers; whereas under low thrombin generation conditions clots appear
turbid, porous and are composed of thick fibrin fibers [30;31]. Accordingly, FVIII and FIX
deficient plasma form loose fibrin clots with higher permeability[15]. In our studies the clots
from hemophilia blood are less dense (with a 43% decrease in fibrin mass) compared to
clots from healthy individuals, which can explain the porosity and flimsiness seen by
electron microscopy studies.

The quality of a fibrin/platelet blockade to stem blood loss is associated with the
relationships and timing of events in the formation of a cross-linked stable fibrin network.
The release of the fibrinopeptides results in the formation of the fibrin monomer, which is
molecularly indistinguishable from fibrin. The fibrin monomer elongates from both ends as
a two stranded molecule until it reaches approximately 30 monomers when it is identified as
a protofibril[32,33]. The linear fibrin assembly is accomplished by the lateral association of
the protofibrils to form thicker fibrin fibers[33,34]. It is believed that the forces involved in
lateral association are weak and therefore only become “strong” when in the presence of
large numbers. The B-chains are thought to be responsible for this aspect of fiber
growth[35]. This occurs by subsequent cleavage of the initial fibrin/fibrinogen by thrombin
at BB-Arg* which releases FPB. In our study we determined that the overall rate of FPA
release from hemophilia blood is decreased, but more FPA is released, and hence more
fibrin | formed, prior to clot time than in healthy individuals. This suggests that more
protofibrils are available for lateral association at clot time in hemophilia blood. Although,
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the levels of FPB at clot time are ~6.6 fold lower than those of FPA. Even by 20 minutes the
final level of FPB is less than half (4.1+0.8,.M), compared to FPA (132 M); while
ultimate FPA concentrations at 20 minutes are approximately equivalent to those generated
in normal blood. FPA and FPB dynamics are also altered when the composition at clot time
is examined; FPA concentrations are increased in hemophilia while in healthy individuals
FPB concentrations remain the same. Overall, these observations suggest that: (1) the
discordant release of FPA relative to FPB in hemophilia can disorder and potentially mask
the FPB sites on fibrinogen, which may impede the ability of thrombin cleavage at Bf-
Argl4-Gly1® to produce the BB-peptide and fibrin II; (2) although FPA is being released and
fibrin monomers are formed, the insoluble clot doesn’t appear until ~1 M FPB is present;
(3) since the ratio of FPA to FPB is disordered in hemophilia, there is diminished lateral
association, which can account for the fragility of the clots in hemophilia.

In blood from healthy individuals, when FPA is released from fibrinogen and fibrin
monomer units are accruing, FXIlla is simultaneously available to cross-link these
monomers. In hemophilia blood, more FPA is released prior to clot time producing more
protofibrils to cross-link, but less FXIlla is available at clot time and even by 20 minutes
(<40%) when compared to healthy individuals. Thus, the overall fibrin clots that are
produced are less stable in hemophilia blood, which can contribute to the fragile clot. The
diminished levels of FXIlla probably also affects other cross-linking processes[36,37]
including: fibronectin, a,_plasmin inhibitor, collagen vitronectin, vWF, actin, myosin, FV
and thrombospondin[38-42].

Normally, there is a dynamic interdependence between the availability of clotting product
proteins required for the fibrin network. The interrelationships between the players result in
a clot which provides stabilized hemostasis. In hemophilia, the generation of thrombin at a
slower rate results in defective relationships between the formation rates of the fibrin
network proteins, altering the stability of the fibrin clot. A recent study by Hvas et a/.[43]
utilizing thromboelastography showed that simultaneous treatment with tranexamic acid and
recombinant FVIII significantly improves the clot stability in patients with hemophilia A.
Our results also suggest that the availability of FXIlla in hemophilia may play a crucial role
and might have clinical and therapeutic potential.
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Figure 1. Thrombin generation in hemophilia A and hemophilia B

Contact pathway inhibited whole blood coagulation is initiated to clot upon addition of 5 pM
relipidated tissue factor in hemophilia A (n=6, A) and hemophilia B (n=4, <) individuals.
Thrombin generation is determined as thrombin-antithrombin complex formation (TAT) and
compared to a cumulative control of 35 healthy individuals (l)[12]. All data are shown as
the mean£SEM. Clot times (CT) are indicated as an arrow below the x-axis.
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Figure 2. Factor XIII activation

Quenched time points (0-20 minutes) were analyzed for FXIII activation in CTI whole
blood from a healthy individual (panel A) and a hemophilia A individual (panel B). The
polyclonal antibody used is specific for the unactivated FXIII, Mr=75,000 and activated
FXI11 species (FXI11Aa, Mr=71,000). Clot time (CT, arrow) in the healthy individual was
3.2 min and 9.8 minutes in the hemophilia individual. C) Quantitation of the appearance of
the activated form of FXIII is compared between hemophilia (&) and healthy (4) whole
blood. The mean clot time (CT) is shown below the graph with an arrow.
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Figure 3. Comparison of fibrinopeptide release and fibrin massin normal and hemophilia whole
blood
Contact pathway inhibited whole blood was initiated to clot upon addition of 5 pM tissue

factor and analyzed for: A) fibrinopeptide A (FPA) release as a function of time in healthy
(M) and hemophilia whole blood (O); B) fibrinopeptide B (FPB) release as a function of
time in healthy (A) and hemophilia whole blood (A); C) fibrin mass (clot weights) at each
time point in 1 mL of healthy (@) and hemophilia (O) whole blood. All data are shown as
the mean£SEM. Clot time is shown below the x-axis as an arrow.
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Figure4. Correlative patterns of fibrinopeptide release and FXII1 activation

Fibrinopeptide A (FPA, O) and fibrinopeptide B (FPB, A) release is compared with FXIII
activation (4p) for the quenched time points (0-20 minutes) in contact pathway suppressed
healthy (panel A) and hemophilia A and B blood (panel B). Data are shown as the mean
+SEM with the clot time shown as an arrow below the x-axis. Panel C. Maximum values for
the control data for FPA, FPB and FXIII was determined and each time point for controls
(closed symbols) and hemophiliacs (open symbols) and was replotted as a percentage of the
maximum values.
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