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Abstract—The process of tissue factor initiated blood coagulation is discussed. Reactions of the blood coagulation cascade are
propagated by complex enzymes containing a vitamin K-dependent serine protease and an accessory cofactor protein that are
assembled on a membrane surface in a calcium-dependent manner. These complexes are 10°-10°-fold more efficient in pro-
teolyses of their natural substrates than enzymes alone. Based upon data acquired using several in vitro models of blood coag-
ulation, tissue factor initiated thrombin generation can be divided into two phases: an initiation phase and a propagation
phase. The initiation phase is characterized by the generation of nanomolar amounts of thrombin, femto- to picomolar
amounts of factors Vlla, IXa, Xa, and Xla, partial activation of platelets, and almost quantitative activation of procofactors,
factors V and VIII. The duration of this phase is primarily influenced by concentrations of tissue factor and TFPI. The char-
acteristic features of the propagation phase are: almost quantitative prothrombin activation at a high rate, completion of
platelet activation, and solid clot formation. This phase is primarily regulated by antithrombin I1I and the protein C system.
Thrombin generation during the propagation phase is remarkably suppressed in the absence of factor VIII and IX (hemophilia
A and B, respectively) and at platelet counts <5% of mean plasma concentration. The majority of data accumulated in in vitro
models and discussed in this review are in good agreement with the results of in vivo observations.

Key words: blood coagulation, tissue factor, complex enzymes, thrombin generation, platelets, hemophilia, in vitro models

The blood coagulation cascade is initiated when
subendothelial tissue factor is exposed/expressed to the
blood flow following either the damage or activation of
the endothelium. This may occur as a consequence of the
perforation of the vessel wall or activation of endothelium
by chemicals, cytokines, or inflammatory processes [1-6].
Tissue factor binds to a serine protease, factor Vlla,
already present in blood [7, 8] and forms the factor
VIla—tissue factor complex (extrinsic factor Xase), which
activates the zymogens—factor IX and factor X [9-12].
The limited amounts of the serine protease factor Xa pro-
duced generate picomolar concentrations of thrombin,
which partially activates platelets and cleaves the proco-
factors factor V and factor VIII generating the active
cofactors—factor Va and factor VIIla, respectively [13-
15]. Factor VIIla forms the intrinsic factor Xase complex
with the serine protease, factor IXa, on a membrane sur-
face provided by platelets, microparticles, and endothe-
lial and other cells [16-19] and activates factor X at a 50-
100-fold higher rate than the factor VIla—tissue factor

Abbreviations: TF) tissue factor; TFPI) tissue factor pathway
inhibitor; CTI) corn trypsin inhibitor.
* To whom correspondence should be addressed.

complex [12, 20, 21]. Factor Xa forms the prothrombinase
complex with the cofactor, factor Va, on the membrane
surface, which is the primary activator of prothrombin
[22-24]. The thrombin produced further amplifies its own
generation by activating factor XI [25] and completing
activation of platelets and factors V and VIII [15, 26].
Thrombin also cleaves fibrinogen [27, 28] and factor XIII
[29, 30] to form the insoluble cross-linked fibrin clot [31,
32].

The procoagulant processes are attenuated by a vari-
ety of inhibitors, which inactivate either serine proteases
or cofactors. One of the stoichiometric inhibitors,
antithrombin III, appears to be the most quantitatively
important. Antithrombin III is able to effectively neutral-
ize all serine proteases produced during the blood coagu-
lation process [33]. TFPI, another stoichiometric
inhibitor of blood coagulation, which is present at rela-
tively low concentrations in blood [34], is also an impor-
tant regulator of the serine proteases. The principle tar-
gets of TFPI are factor Xa and the factor VIla—TF—fac-
tor Xa complex [35-37]. The dynamic inhibitory system is
generated when thrombin binds to its cofactor thrombo-
modulin, which is constitutively present on the vascula-
ture, and activates protein C to a serine protease activat-
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ed protein C [38, 39]. Activated protein C attenuates the
coagulation reaction by the proteolytic cleavages and
consequential inactivation of factor V/Va and factor
VIII/VIlIa [40-43]. These inactivating cleavages are
somewhat accelerated by protein S [44], although the
major function of this protein in the regulation of throm-
bin generation has not yet been clarified [45-47]. The
inactivation of factor VIIIa also occurs rapidly by an acti-
vated protein C-independent mechanism through disso-
ciation of the A2 domain [48-51].

Thus, at a minimum, ten plasma proteins (pro-
thrombin, factor V, factor VIII, factor VII, factor Vlla,
factor IX, factor X, factor XI, factor XIII, and fibrinogen)
and one tissue protein contribute to the solid clot forma-
tion. The anticoagulant process is controlled by a mini-
mum of four plasma proteins (antithrombin III, protein
C, protein S, and TFPI) and by one membrane-bound
protein (thrombomodulin). Thrombin plays essential
roles in both pro- and anticoagulant processes. The in
vivo concentrations of these proteins vary over a wide
range: from subnanomolar (factor VIla, factor VIII) to
micromolar (prothrombin, antithrombin III, fibrinogen)
(Table 1) [52]. Moreover, the components of the enzy-
matic complexes are represented at quite different con-
centrations. For example, the procofactor of the intrinsic
factor Xase, factor VIII, circulates in vivo at 0.7 nM con-
centration, whereas the precursor of factor IXa, zymogen

factor IX, is present at approximately 90 nM concentra-
tion.

Current literature supports the conclusion that blood
coagulation reactions are propagated by the formation of
the complex enzymes consisting of the vitamin K-
dependent serine protease and a non-enzymatic cofactor
protein that are assembled on a membrane surface in a
calcium-dependent manner [53, 54]. The significance of
the components of such complexes is best illustrated by
the alterations in catalytic efficiency that they display in
proteolysis of their natural substrates. In case of the
extrinsic factor Xase, the proteolytic activity of factor Vlla
in the absence of any component of the enzymatic com-
plex is negligible [10, 11]. The additions of calcium and
phospholipids, which represent the membrane surface,
slightly increase the activity of factor VIIa (Table 2) [10].
However, only the presence of the cofactor, tissue factor,
leads to the assembly of a potent enzymatic complex,
which hydrolyses factor X at an approximately 2-107-fold
higher rate than factor VIIa alone. Similar differences
(10°-10°-fold) in the efficiencies of enzymatic complexes
versus those of enzymes alone are observed for the intrin-
sic factor Xase, prothrombinase, and the o-thrombin—
thrombomodulin complex, the protein Case (Table 3) [10,
20]. Thus, the absence of a cofactor or membrane binding
site is as significant as absence of the serine protease. The
significance of the membrane surface in the assembly of

Table 1. Mean plasma concentrations and properties of coagulation proteins and inhibitors

Mean plasma
Protein concentration M, ANE Source Function
nM pg/ml

Prothrombin 1400 100 72,000 13.8 plasma zymogen
Factor X 170 10 58,500 13.9 plasma zZymogen
Factor IX 90 5.1 57,000 13.2 plasma zymogen
Factor XI 30 4.8 160,000 13.4 plasma zymogen
Factor XIII 90 30 320,000 13.8 plasma zymogen
Factor VII 10 0.5 50,000 13.9 plasma zymogen
Protein C 60 3.7 62,000 14.5 plasma zymogen
Factor V 20 6.6 330,000 9.6 plasma procofactor
Factor VIII 0.7 0.2 285,000 8.8 plasma procofactor
Factor VIla 0.1 0.005 50,000 13.9 plasma enzyme
Tissue factor NA NA 44,000 14.0 endothelium cofactor
Thrombomodulin NA NA 100,000 8.8 endothelium cofactor
Antithrombin II1 3400 200 58,000 6.2 plasma inhibitor
Protein S 300 21 69,000 9.5 plasma inhibitor/cofactor
TFPI 2.5 0.1 40,000 6.7 plasma inhibitor
Fibrinogen 7600 2600 340,000 15.1 plasma precursor

Note: NA, not applicable (membrane protein).
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Table 2. Activation of factor X by factor VIIa in the presence of various cofactors of the extrinsic factor Xase

Cofactor Concentration K, uM kg, min™! ke/ K., PM ™ min"!
None NA >20 >1.5-107* ND
CaCl, 2.5mM 2.10 1.0- 10 48-107°
Phospholipid (PCPS)?* 21 uM 0.25 0.016 0.062
Tissue factor™® 9.4pM 0.23 186 885

Note: NA, not applicable; ND, not determined; ® in the presence of 5 mM CaCl,; © in the presence of PCPS.

these complexes should not be overlooked, since in the
absence of membrane the formation of the complex is
either abolished or impaired [20, 23, 55, 56]. Similarly,
calcium is also an essential component for efficient com-
plex formation [57].

Although each of the enzymatic complexes involved
in blood coagulation and its regulation display unique
specificity towards their natural substrates, they share
many similarities.

1. The complexes each contain a vitamin K-depend-
ent serine protease and an accessory cofactor protein.

2. In each case, these complexes are composed from
structurally similar constituents and exhibit similar
requirements for assembly and activity.

3. The complexes are functionally analogous.

4. The assembly of vitamin K-dependent enzymatic
complexes leads to substantial increases (10°-10°-fold) in
the proteolytic efficiency of activation of the natural sub-
strates (Table 3).

As a consequence of the formation of vitamin K-
dependent enzymatic complexes, the following key
events occur.

1. Vitamin K-dependent zymogens are converted to
corresponding serine proteases.

2. Either proteolytic activation of plasma procofac-
tors (in case of factor V and factor VIII) or the expo-
sure/expression of the membrane cofactors (tissue factor
and thrombomodulin).

3. Activation of the cellular membrane binding sites
and, as a consequence, presentation of an appropriate
surface for the assembly of the enzymatic complexes.

Our laboratory and others have been studying in vitro
the dynamics of the tissue factor-initiated blood coagula-
tion processes under conditions resembling those occur-
ring in vivo. Several models representing coagulation
process have been developed for this purpose. The first of
these models is the “synthetic plasma” model prepared
with highly purified natural and recombinant proteins

Table 3. Kinetic properties of the vitamin K-dependent enzymes and enzymatic complexes

Enzyme Substrate K., uM Koy, min~! Keat/ Ko Efficiency ratio
pM"sec”!
Factor VIla factor IX ND ND ND —
Factor VIIa/TF/PCPS/CaCl, factor IX 0.016 91.9 5560 —
Factor VIla factor X 2.1 1.0-107* 481073 —
Factor VIla/TF/PCPS/CaCl, factor X 0.23 186 885 1.8-107
Factor IXa factor X 300 0.002 6.6-10°¢ —
Factor IXa/VIlla/PCPS/CaCl, factor X 0.063 500 7937 1.2-10°
Factor Xa factor I1 131 0.6 46-107° —
Factor Xa/Va/PCPS/CaCl, factor 11 1.0 5016 5016 1.1-10°
Factor Ila protein C 60 1.2 0.02 —
Factor I1a/TM/PCPS/CaCl, protein C 0.1 214 2140 1.1-10°

Note: ND, not determined; TM, thrombomodulin.
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involved in the coagulation and its regulation and syn-
thetic phospholipid membranes or platelets [13, 19, 58-
60]. Proteins and platelets can be mixed at their physio-
logical concentrations (Table 1) and induced to generate
thrombin upon the addition of tissue factor or cells bear-
ing tissue factor. When the goal of the experiment is to
imitate the deficiencies in blood coagulation protein(s) or
other coagulation disorders, concentrations of selected
protein(s) can be varied within the desired range. The
reaction products and their rates of generation during the
tissue factor initiated thrombin formation are evaluated
using enzymatic, chromatographic, and immunochemi-
cal assays. The second approach involves mathematical
models [61, 62] based on the reaction kinetics, binding
rates/constants, and stoichiometries of individual coagu-
lation complex and inhibitor reactions. These computer-
solved theoretical models are more efficient than empiri-
cal models and allow the prediction of the outcome of the
reaction at selected parameters. The third model involves
the in vitro study of the coagulation of the tissue factor
initiated whole blood [14, 63, 64] obtained from healthy
individuals and from patients with coagulation abnormal-
ities. The “intrinsic pathway” (contact pathway) in this
model is suppressed by a specific inhibitor of factor XlIa,
CTI. The CTI enables the exclusive study of tissue factor
initiated pathway of blood coagulation with no other anti-
coagulants added. The convergence of data collected
using all three models allows the evaluation and prediction
of in vivo responses to alterations in the concentration and
functional activity of proteins involved in blood coagula-
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Fig. 1. Thrombin generation over time in the “synthetic plas-
ma” mixture. Thrombin generation is initiated with 1.25 pM
tissue factor added to the reaction mixture containing mean
plasma concentrations of factors V, VII, Vlla, VIII, IX, and X
and prothrombin in the presence of 200 pM phospholipids
(PCPS) composed of 75% phosphatidylcholine (PC) and 25%
phosphatidylserine (PS). Adopted with permission from [15].

tion and its regulation, occurring either naturally or as a
consequence of pharmacological treatment [65-74].

Tissue factor initiated thrombin generation in all
three models of blood coagulation can be divided into two
phases (Fig. 1) [15]. An initiation phase follows the addi-
tion of tissue factor and is characterized by the appear-
ance of nanomolar amounts of thrombin generated at a
relatively low rate, partial activation of platelets, and
almost quantitative proteolysis of procofactors, factor V,
and factor VIII [13-15]. During this phase, femto- to
picomolar amounts of factor VIla, factor IXa, factor Xa,
and factor Xla are also generated [13, 15]. Subsequently,
in the presence of all procoagulant proteins at their mean
plasma concentrations, the propagation phase of throm-
bin generation occurs. In the whole blood, the clot occurs
at the inception of this phase [14, 75]. The characteristic
features of the propagation phase are an almost quantita-
tive prothrombin conversion at a high rate, completion of
platelet activation, and solid clot formation [13-15, 32,
75]. Finally, during the termination phase, thrombin gen-
eration is shut down by the protein C pathway (protein C,
thrombomodulin, and protein S) and TFPI, and residual
serine proteases are inhibited by antithrombin 111 [33, 35-
37, 40-44].

The initiation phase duration (which roughly corre-
sponds to the clotting time) is primarily influenced by the
concentration of the initiator, the factor VIIla—tissue fac-
tor complex (Fig. 2) [13, 61, 75, 76], which at limited tis-
sue factor is primarily dependent upon the concentration
of this protein [75]. The major negative regulator of the
initiation phase is TFPI (Fig. 3) [76]. When thrombin
generation enters the propagation phase, neither factor
VIla—tissue factor nor TFPI have pronounced effects on
the process [13, 61, 75, 76]. Alternatively, the protein C
system and antithrombin III have little or no effect on the
duration of the initiation phase. However, both of these
regulatory systems have prominent effects on the propa-
gation phase of thrombin generation (Fig. 4) [76, 77]. In
the “synthetic plasma” model, the limiting reactant con-
trolling this phase in the absence of protein C system is
factor Xa [13-15]. However, when the protein C pathway
proteins are added to the system, thrombin generation
can become dependent upon the presence of active factor
Va regulated primarily by the concentration of thrombo-
modulin [77]. In experiments conducted in the presence
of multiple inhibitors of coagulation, synergy is observed
with a combination of TFPI and either antithrombin III
or protein C system; the two inhibitors taken together
produce a more pronounced inhibitory effect (Fig. 4,
curve 4) than can be predicted from their individual
effects [76, 77] (curves 2 and 3). In the presence of both,
TFPI and antithrombin III, the concentration of factor
Xa (the limiting reactant of thrombin generation) is
decreased by TFPI, which inhibits factor Xa directly and
impairs generation of this enzyme by inhibiting factor
VIla—tissue factor complex in a factor Xa-dependent
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Fig. 2. The initiation phase duration dependence on the factor
VlIla—tissue factor concentration in the mathematical model.
Thrombin generation is initiated by 5 nM (7), 500 pM (2),
50 pM (3), 10 pM (4), and 5 pM (5) of factor VIla—tissue fac-
tor in the reaction mixture containing mean plasma concentra-
tions of factors V, VIII, IX, and X and prothrombin. Adopted
with permission from [61].

manner [37]. Additionally, antithrombin III also inhibits
factor Xa as well as other serine proteases produced in situ
during the reaction [33]. In a similar manner, TFPI and
the protein C system achieve synergy by the combination
of TFPI activity described above and by activation of pro-
tein C by thrombin—thrombomodulin followed by the
inactivating cleavage of factor Va, an essential component
of the prothrombinase complex [40-42, 78, 79]. As a con-
sequence of synergistic effects, thrombin generation
becomes a threshold-limited process, influenced by rela-
tively small changes in the concentrations of procoagu-
lants and their inhibitors.

We have conducted experiments in the tissue factor
induced “synthetic plasma” in which concentrations of
blood coagulation proteins and their inhibitors are varied
from 50 to 150% of their mean plasma values [80], i.c., in
the range that is generally considered as being “normal”.
In the most extreme situation, when procoagulants are
present at 150% of their mean physiological values and
all anticoagulants are at 50% (Fig. 5, curve 2), the
amount of total thrombin generated in the reaction is 7-
fold higher than that observed when all reactants are at
100% (curve I). At the another extreme of the “normal”
situation, when all anticoagulants are present at 150%
and procoagulants at 50% (curve 3), the total amount of
thrombin produced is decreased to 25% of the value
observed in the presence of all proteins at mean plasma
concentrations. Thus, the difference in thrombin gener-
ation for these two extremes reaches almost 30-fold. The
dominant contributors to these extremes are prothrom-
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Fig. 3. The influence of TFPI concentration on thrombin gener-
ation over time in the “synthetic plasma”. Thrombin generation
is initiated by 1.25 pM factor VIla—tissue factor in the reaction
mixture containing mean plasma concentrations of factors V,
VIII, IX, and X and prothrombin in the presence of 200 uM
PCPS. TFPI concentrations are as follows: 0 (1), 0.5 (2), 1 (3),
2.5 (4), and 5 (5) nM. Adopted with permission from [76].

bin and antithrombin III. The addition of purified pro-
thrombin to the whole blood of a normal individual to
create a condition in which the prothrombin concentra-
tion is 150% of normal (a condition, which can occur in
vivo for individuals carrying prothrombin gene mutation
G20210A [81]) shortens the clotting time and increases

2000 -
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Fig. 4. Synergistic effect of physiological TFPI and antithrom-
bin I1I concentrations on thrombin generation in the “synthet-
ic plasma”. Thrombin generation is initiated by 1.25 pM factor
VIla—tissue factor in the reaction mixture containing mean
plasma concentrations of factors V, VIII, IX, and X and pro-
thrombin in the presence of 200 uM PCPS (/) and in the pres-
ence of either TFPI (2) or antithrombin III (3), or both (4).
Adopted with permission from [76].
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Fig. 5. Thrombin generation in the “synthetic plasma” at
extremes of the normal range of procoagulants and coagulation
inhibitors. Thrombin generation is initiated by 5 pM factor
VlIla—tissue factor in the presence of PCPS at 200 uM and all
proteins at mean plasma concentrations (/), in the presence of
procoagulants (factors V, VIII, IX, and X and prothrombin) at
150% and coagulation inhibitors (TFPI and antithrombin I11)
at 50% of their mean plasma concentrations (2), and in the
presence of procoagulants at 50% and coagulation inhibitors at
150% of their mean plasma concentrations (3). Adopted with
permission from [80].
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Fig. 6. The effect of factor V%" on thrombin generation in the
“synthetic plasma”. Thrombin generation is initiated by
1.25 pM factor VIla—tissue factor in the reaction mixture con-
taining mean plasma concentrations of factors V, VIII, IX, and
X, TFPI, and prothrombin in the presence of 200 uM PCPS.
Closed symbols represent reactions for normal factor V (/) and
factor Vi1 (2) in the absence of the protein C pathway pro-
teins. Open symbols represent reactions in the presence of the
protein C pathway (65 nM protein C and 10 nM thrombomod-
ulin) with or without protein S (300 nM). Normal factor V with
(3) and without protein S (4), factor V" with (5) and with-
out protein S (6). Adopted with permission from [82].

the rate of thrombin generation and the levels achieved.
Conversely, the addition of antithrombin III to 150%
prolongs the clotting time of whole blood. Individual
variation of other coagulation proteins and inhibitors
within 50-150% range has little (if any) effect on throm-
bin generation in the “synthetic plasma” mixtures. Only
when factor V, factor VIII, factor IX, and factor X are
simultaneously reduced to 50% of their mean plasma
concentrations is a substantial decrease in the total
thrombin observed.

Several disorders of blood coagulation occurring in
vivo and caused either by deficiencies of blood coagula-
tion proteins or by their mutations were evaluated in our
models. Figure 6 [82] illustrates the influence of factor
yieiden (Arg506—Gln) on thrombin generation in the
“synthetic plasma” model. This mutation abolishes an
inactivating cleavage site of factor V(a) at position 506 by
the activated protein C [74]. As a consequence of the
Arg506—GIn mutation, factor Va is able to maintain its
cofactor activity for a prolonged period of time when
compared with the wild-type factor Va [83]. In the
absence of the protein C pathway, the thrombin genera-
tion profile is almost not altered by the presence of factor
Vieiden (Fig. 6, curves 7 and 2). In the presence of protein
C at a physiological concentration and thrombomodulin
at a relatively high concentration (10 nM), a significant
attenuation of thrombin generation (especially during the
propagation phase) is observed when the wild-type factor
Vs present in the reaction mixture (curve 4). In contrast,
with homozygous factor V4" only a marginal effect on
thrombin generation is observed in the presence of the
protein C pathway components (curve 6). These data
indicate, that the cause of an increased thrombotic risk
for the carriers of factor V" js an accelerated and ele-
vated thrombin production during the blood coagulation
process.

Based upon calculations of prothrombinase activity
and the time-course of platelet, factor V and factor X
activation (in whole blood and in “synthetic plasma”), it
was established that at moderate thrombomodulin con-
centrations (<1 nM) factor Xa and not factor Va or the
membrane prothrombinase binding site concentration is
the limiting component of prothrombinase during tissue
factor-induced thrombin generation (Table 4) [14, 78].
During the initiation phase, factor Xa and factor [Xa are
solely generated by the factor VIla—tissue factor complex
[15]. Factor VIII activation by thrombin and the extrinsic
factor Xase formation accelerates factor X activation dur-
ing the propagation phase dramatically [20, 21] (Fig. 7,
compare curve / and other curves; also see Table 3). Asa
consequence of this pattern, prothrombin activation dur-
ing the initiation phase (and the clotting time) is not
greatly affected by the absence of precursors of the
extrinsic factor Xase (factor VIII and factor IX). However,
in the absence of factor VIII or factor IX, thrombin gen-
eration during the propagation phase is suppressed [13,
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Table 4. Concentrations of prothrombinase components
during whole blood clotting [14]

Concentration
Component
clot time maximum
Factor Va 2 nM 16 nM
Platelet prothrombinase
sites 700 pM 1400 pM
Prothrombinase 7 pM 155 pM

61, 75, 84] (Fig. 8, compare curves / and 2). In an
extreme situation, when the initiator (factor VIIa—tissue
factor complex) is present at relatively low concentra-
tions (<5 pM, below threshold), thrombin generation
does not occur [84]. As a consequence of an impaired
prothrombin activation in the hemophilia A and B blood,
the onsets of platelet activation and clot formation are
slightly delayed although they proceed to completion.
The addition of factor VIII at physiological concentra-
tion (0.7 nM) to hemophilia A blood corrects thrombin
generation, platelet activation, and clot formation [75]
(Fig. 8, curve 3).

Replacement with factor VIII or factor IX for hemo-
philia A or B patients who have developed antibodies
against these proteins is usually less effective (if at all) and

150 o
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Fig. 7. Factor Xa generation over time in the “synthetic plas-
ma”. Thrombin generation is initiated by 1.25 pM factor
VIla—tissue factor in the reaction mixture containing mean
plasma concentrations of factors V, VIII, IX, and X and pro-
thrombin in the presence of 200 uM PCPS (1), in the absence
of factor VIII (2), in the absence of prothrombin (3), and in the
presence of 3 uM specific thrombin inhibitor hirudin (4).
Adopted with permission from [15].
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a more aggressive treatment has to be applied [70, 85, 86].
One of possible options, which has been gaining an
increasing popularity worldwide, is a replacement with
the recombinant factor VIla [87-90]. Therapeutic con-
centrations of this enzyme injected/infused during the
treatment (~30 nM) are many fold higher than those
found in vivo in a normal blood (~0.1 nM) [7, 87, 89, 90].
However, our data obtained in “synthetic plasma” and in
hemophilia A and B blood indicate, that factor VIla at
therapeutic concentrations is not able to restore normal
thrombin generation. As a consequence, clot formation is
little affected by the addition of factor VIIa. Moreover, an
increase in factor VIIa concentration above 10 nM (up to
50 nM) has almost no effect on thrombin generation in
hemophilia A and B blood [91].

It is established that a deficiency in factor XI (hemo-
philia C) causes bleeding disorders (most often mild)
infrequently, indicating an accessory role of this protein
in normal hemostasis [92, 93]. Similarly, in “synthetic
plasma” (Fig. 9, compare curves / and 2) [15] and in
whole blood the absence of, or deficiency in, factor XI
has almost no effect on thrombin generation, platelet
activation, and clot formation at a relatively high tissue
factor concentration [15, 75]. This is due to slow factor
XI activation by thrombin and, as a consequence, a rela-
tively late accumulation of factor Xla, i.e., only low sub-
picomolar amounts of this enzyme are generated when
prothrombin activation enters the propagation phase
(Fig. 9, curve 3) [15]. However, when the initiation phase
of thrombin generation is prolonged either due to low tis-
sue factor concentration or caused by inhibitory effects of
elevated concentrations of some proteins involved in

TAT, nM

0 5 4 10 15 20

Time, min

Fig. 8. The influence of factor VIII on thrombin generation in
whole blood. Thrombin generation (TAT) is initiated by 25 pM
tissue factor in normal (/) and hemophilia A blood without
replacement (2) and with recombinant factor VIII (3). Arrows
indicate clotting time in normal (a) and hemophilia A blood
with (b) and without (c¢) replacement. CTI concentration is
100 pg/ml. Adopted with permission from [75].
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Fig. 9. The influence of factor XI on thrombin generation in the
“synthetic plasma”. Thrombin generation is initiated by 1.25 pM
factor VIla—tissue factor in the reaction mixture containing
mean plasma concentrations of factors V, VIII, IX, and X and
prothrombin in the presence of 200 uM PCPS and in the pres-
ence of 100% (1) or absence (2) of plasma factor XI; 3) factor Xla
generation over time. Adopted with permission from [15].

blood coagulation, factor XI plays an important role [75,
94]. Thus, when coagulation of normal blood is initiated
by 5 pM tissue factor, an approximately 10 min clotting
time is observed (Fig. 10, arrow a). The clotting of a
hemophilia C patient’s blood is prolonged to almost
16 min at 5 pM tissue factor (arrow c). The addition of
25 nM factor XI (physiological concentration) corrects
clotting time of the hemophilia C blood (arrow b).

Platelets are an essential component of the blood
coagulation process in vivo. Aggregated, activated
platelets provide procoagulant phospholipid-equivalent
surfaces upon which the complex-dependent reactions of
the blood coagulation cascade are localized [16, 95].
Additionally, platelets are also a storage compartment of
proteins involved in blood coagulation and its regulation
[96]. A deficiency in functional platelets, i.e., thrombocy-
topenia, is associated with bleeding complications [97,
98]. In “synthetic plasma” and in whole blood, thrombin
generation profiles observed at platelet concentrations
below 0.1:108/ml (<5% of mean plasma value), the
thrombin generation profile is similar to that observed in
the severe hemophilia blood [75, 99]. These data are con-
sistent with in vivo subjective observations [100, 101]. A
strong platelet antagonist, such as prostaglandin E, used
at a pharmacological concentration, can also produce a
comparable situation and substantially prolong the clot-
ting time and suppress thrombin generation [102].

The tissue factor-initiated process of blood coagula-
tion based primarily on the knowledge obtained using
three in vitro models of blood coagulation is discussed in
this review. The majority of data accumulated in these
models are in good agreement with the results of the in
vivo observations.
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Fig. 10. Thrombin generation (TAT) in the hemophilia C (fac-
tor XI-deficient) blood. Thrombin generation is initiated by
5 pM tissue factor in a normal (/), hemophilia C (2), and
hemophilia C with 100% factor XI replacement (3) blood.
Arrows indicate clotting time in normal (a) and hemophilia C
blood with (b) and without (c) replacement. CTI concentra-
tion is 100 pg/ml. Adopted with permission from [75].
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