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ABSTRACT

Maintenance

life. Blood flow may be lost because of pump failure, leakage of blood, or blood vessel
obstruction. The coagulation system has evolved to deal with the last two events by providing
qualities that maintain blood in a fluid state within the vasculature. This challenge is met by a
three-component system that promotes vascular blood fluidity while anticipating the requirement for
blockade of extravascular blood flow. The system involves vascular endothelial cells, blood, and
extravascular tissue. These three compartments maintain fluidity or produce an integrated response
to attenuate blood leakage by localized clotting at the site of vascular injury, with the

dimensions of the response in proportion to the injury.

The processes of blood coagulation and fibrinolysis are the primary defense systems of the
vasculature. The opposing forces of fibrin clot formation and dissolution maintain hemo- stasis and
preserve vascular function and integrity. Procoagu-

lant events that culminate in generation of ?-thrombin and

formation of a fibrin clot protect the vasculature from perfo- rating injury and excessive blood
loss. Fibrinolysis removes the clot and initiates mechanisms involved in tissue repair and
regeneration. Hemostasis therefore refers to multiple dis-

crete processes that center on ?-thrombin generation, fibrin

clot formation, and fibrin clot dissolution.

Circulating and adherent cells and circulating and cell membrane—associated proteins carry out key
roles in the coagulation and fibrinolytic pathways. Hemostasis is not a passive state but instead

is actively maintained by the vascu- lar system. Specific cellular and protein interactions are
required to maintain a state of equilibrium. When the system is perturbed, an integrated series of
processes are required to initiate procoagulant events and to promote fibrinolysis and tissue

repair. Each individual process that contributes to hemostasis must operate properly or the entire
system is com- promised. A balance among procoagulant, anticoagulant, and fibrinolytic factors is
required to prevent uncontrolled bleed- ing or, conversely, excessive clot formation.1

Many of the processes involved in hemostasis are not well understood. Epidemiologic studies have
expanded our knowl- edge about key factors that determine the risk of cardiovas- cular disease.
However, cardiovascular disease is still the primary cause of death in the United States and
western

Europe. To more effectively treat and ultimately prevent car-

diovascular events, we continue to examine the processes that contribute to blood coagulation and
fibrinolysis. In the following sections, we summarize the current concepts governing the roles of
protein components: their structures, functions, and regulation. This is followed by descriptions

of their dynamic relationships and techniques for monitoring

of these processes.
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CHAPTER 34

MAaintenance of blood flow s essential to life. Blood flow
may be lost because of pump failure, leakage of blood, or
blood vessel obstruction. The coagulation system has evolved
to deal with the last two events by providing qualities that
maintain blood in a fluid state within the vasculature. This
challenge is met by a three-component system that promotes
vascular blood fluidity while anticipating the requirement for
blockade of extravascular blood flow. The system involves
vascular endothelial cells, blood, and extravascular tissue.
These three compartments maintain fluidity or produce an
integrated response to attenuate blood leakage by localized
clotting at the site of vascular injury, with the dimensions of
the response in proportion to the injury.

The processes of blood coagulation and fibrinolysis are the
primary defense systems of the vasculature. The opposing
forces of fibrin clot formation and dissolution maintain hemo-
stasis and preserve vascular function and integrity. Procoagu-
lant events that culminate in generation of o-thrombin and
formation of a fibrin clot protect the vasculature from perfo-
rating injury and excessive blood loss. Fibrinolysis removes
the clot and initiates mechanisms involved in tissue repair
and regeneration. Hemostasis therefore refers to multiple dis-
crete processes that center on o-thrombin generation, fibrin
clot formation, and fibrin clot dissolution.

Circulating and adherent cells and circulating and cell
membrane—associated proteins carry out key roles in the
coagulation and fibrinolytic pathways. Hemostasis is not a
passive state but instead is actively maintained by the vascu-
lar system. Specific cellular and protein interactions are
required to maintain a state of equilibrium. When the system
is perturbed, an integrated series of processes are required to
initiate procoagulant events and to promote fibrinolysis and
tissue repair. Each individual process that contributes to
hemostasis must operate properly or the entire system is com-
promised. A balance among procoagulant, anticoagulant, and
fibrinolytic factors is required to prevent uncontrolled bleed-
ing or, conversely, excessive clot formation.!

Many of the processes involved in hemostasis are not well
understood. Epidemiologic studies have expanded our knowl-
edge about key factors that determine the risk of cardiovas-
cular disease. However, cardiovascular disease is still the
primary cause of death in the United States and western
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Europe. To more effectively treat and ultimately prevent car-
diovascular events, we continue to examine the processes
that contribute to blood coagulation and fibrinolysis. In the
following sections, we summarize the current concepts
governing the roles of protein components: their structures,
functions, and regulation. This is followed by descriptions
of their dynamic relationships and techniques for monitoring
of these processes.

PROCOAGULANT, ANTICOAGULANT, AND
FIBRINOLYTIC PROTEINS, INHIBITORS,
AND RECEPTORS

History and Nomenclature

Current knowledge of the components involved in the
complex process of blood coagulation (Fig. 34-1) is the result
of observations that date to the second century, when it was
noted that if two brothers died of bleeding after circumcision,
the third must not be circumcised.> During the centuries,
many hypotheses were envisioned about the transformation
of fluid blood to a gel-like mass as it escaped the body.* These
included speculations that blood clotted because it cooled on
exposure to air or that it dried as it left the body.* The realiza-
tion that clots stem blood loss did not occur until the begin-
ning of the 18th century,™ and it was not until the 19th
century that the existence of thrombin, the key enzyme in
blood coagulation, was recognized.’

In 1905, Paul Morawitz hypothesized that in the presence
of Ca*" and “thromboplastin,” prothrombin was converted to
thrombin, which in turn converted fibrinogen to the fibrin
clot.® Four clotting factors were identified: factor I, fibrino-
gen; factor 1, prothrombin; factor III, thromboplastin; and
factor IV, calcium ion. As more coagulation factors were
identified, initially by bleeding pathology and subsequently
by laboratory clotting tests,”® they were assigned consecutive
Roman numerals, with activated forms distinguished by an a
after the Roman numeral designation.

To describe the multiple simultaneous processes involved
in generation of a hemostatic response, we identify an inven-
tory of the procoagulant, anticoagulant, and fibrinolytic par-
ticipants in blood coagulation. Subsequently we describe the
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INTRINSIC PATHWAY

Factor XII
Prekallikrein
HMW kininogen
“surface”

Figure 34-1 Overview of hemo-
stasis. Two pathways can be used
to initiate coagulation: the primary
extrinsic pathway (shown on the
right) and the accessory pathway
(historically called the contact or
intrinsic pathway, shown on the
left). AT, Antithrombin; HWM, high-
molecular-weight; TAFI, thrombin-
activatable fibrinolysis inhibitor;
TFPI, tissue factor pathway inhi-
bitor. (Modified from Brummel-
Ziedins K, et al: Chapter 21 In Lee GR,
etal, editors:  Wintrobe's clinical
hematology, ed 11, Philadelphia,
2003, Lippincott Williams & Wilkins.)

Activated platelets
Factor XI

0010

connections between these components and the dynamics of
the process.

50020 Vitamin K-Dependent Proteins

p0045 The vitamin K—dependent proteins, synthesized in the liver,
play central roles through either procoagulant or anticoagu-
lant functions. The family includes the procoagulant factors
VII, IX, X and prothrombin and the anticoagulants protein
C, protein S, and protein Z (Fig. 34-2 and Tables 34-1 and
34-2). Except for protein S and protein Z, these proteins in
their active forms are serine proteases related to trypsin.
Cleavage of specific peptide bonds converts the vitamin K-
dependent zymogens to their active serine protease forms. All
share noncatalytic domains, each of which is characterized
by highly conserved regions that provide specific binding
characteristics essential for their function. The domain orga-
nizations of the vitamin K—dependent proteins are illustrated
in Figure 34-2. (For reviews on vitamin K-dependent pro-
teins, see references 9 to 13).

Vitamin K is essential for the biosynthesis of these clotting
factors by participating in a cyclic oxidation and reduction
process that converts 9 to 13 amino-terminal glutamate resi-
dues into y-carboxyglutamate residues (Gla) (for review, see
references 12, 14, and 15). This posttranslational modifica-
tion enables the vitamin K—dependent proteins to interact
with Ca’* and membranes.'*'? Inhibition of the Gla residue
modification is the basis for “blood-thinning” anticoagulant
therapy with coumarin derivatives (e.g., warfarin), which are
chemically similar in structure to vitamin K and interfere
with the redox cycle. The level of anticoagulation achieved

p0050
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with vitamin K antagonist therapy in individuals taking the
same dose regimen is variable.!®" Altered sensitivity to war-
farin has been identified in patients when it is prescribed after
surgery.” Factors affecting the efficacy of treatment include
liver function in the synthesis of clotting factors, influence of
other medications, and dietary intake and absorption of
vitamin K.*! Therefore, monitoring of oral anticoagulant
therapy with the prothrombin time is essential.'®!” New spe-
cific, active site—directed synthetic oral anticoagulants that
do not require monitoring have recently been approved (i.e.,
rivaroxaban, dabigatran).”

NH;-terminal Gla domains are followed by either a Kringle
domain in factor II or an epidermal growth factor like—domain
in factor VII, factor IX, factor X, protein C, protein S, and
protein Z (see Fig. 34-2). Protein S is not a serine protease
precursor but instead contains a thrombin-sensitive region
before the epidermal growth factor domain and a sex
hormone-binding globulin—like domain in the COOH ter-
minus.” Protein Z contains a “pseudo—catalytic domain” in
the COOH terminus and is not a zymogen.**

p0Q

NILLOTO ANV SNId3319 BANG) R K-

Cofactor Proteins s0025
Cofactor proteins (Fig. 34-3) either circulate in plasma p0060
(factor V and factor VIII) or are the cell-bound tissue factor

(TF) and thrombomodulin (TM).

Soluble Plasma Procofactors s0030

Factor V. Factor V is a large single-chain glycoprotein®?*® s0035
that circulates in plasma (see Fig. 34-3A and Table 34-1) and p0065
in the alpha granules of platelets; the 18% to 25% of the total
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Figure 34-2 Schematic representation of the vitamin K-dependent proteins. The building blocks for these proteins include an NH,-terminal Gla
domain with 9 to 13 y-carboxyglutamate residues followed by either an epidermal growth factor (EGF)-like domain in factor VII, factor IX, factor
X, protein C, protein S, and protein Z or kringle (K) domains in prothrombin. Activation cleavage sites, disulfide bonds (-S-S-), and activation
peptides (AP) are illustrated. The sex hormone-binding globulin (SHBG) and thrombin-sensitive regions (TSR) are also represented in proteins.

factor V present in platelets® is secreted on platelet activa-
tion. Factor V is cleaved at several sites by o-thrombin to the
cofactor factor Va.*® The cleavage sites shown in Figure
34-3A excise the B region and provide a two-chain factor Va
molecule that functions as a factor Xa receptor and a positive
modulator of factor Xa catalytic potential in the prothrom-
binase complex.’! Factor Va is proteolytically inactivated by
activated protein C (APC)*** with cleavage sites shown in
Figure 34-3A. Cleavage at R506 reduces activity, whereas the
slower cleavage at R306 eliminates activity. The importance
of this regulatory mechanism is illustrated by the “APC resis-
tance” syndrome associated with factor V Leiden.** Individu-
als with factor V Leiden have a G-to-A substitution at
nucleotide 1691 in the factor V gene that results in an
Arg506—GIn mutation.”® Factor Va Leiden has normal
cofactor activity in the prothrombinase complex. However,

factor Va Leiden is more slowly inactivated because the
Arg506—GIn mutation eliminates the faster cleavage site.
A review is available of factor V in hemostasis.’

Factor VIIl. The procofactor factor VIII, or antihemophilic
factor, circulates in plasma in complex with the large multi-
meric protein von Willebrand factor (vWF; see Fig. 34-3A).%°
The molecule is synthesized as a single chain but proteolyzed
at a variety of sites in the B chain and secreted as a two-chain
molecule.”” Factor VIII is activated by o-thrombin cleavage
at three sites (Arg372, Arg740, and Argl689) to generate the
heterotrimeric cofactor factor VIIIa.”® The vWF binding site
at the NH, terminus of the light chain is removed from the
factor VIII protein through cleavage by o-thrombin at
Argl689. Factor VIlla forms a complex with the serine pro-
tease factor IXa, Ca®*, and a membrane, which results in the
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Clinical
Plasma Concentration Phenotype*
Plasmat,,
Protein M, (kD) (nmol/L) (ug/mL) (Days) H T Functional Classification
Factor XII 80 500 40 2-3 - Protease zymogen
HMW kininogen 120 670 80 - Cofactor
LMW kininogen 66 1300 90 Cofactor
Prekallikrein 85/88 486 42 Protease zymogen
Factor XI 160 30 4.8 2.5-33 + Protease zymogen
Tissue factor 44 N/A Cell-associated cofactor
Factor VII 50 10 0.5 0.25 + + VKD protease zymogen
Factor X 59 170 10 1.5 + VKD protease zymogen
Factor IX 55 90 5 1 + VKD protease zymogen
Factor V 330 20 6.6 0.5 + + Soluble procofactor
Factor VI 285 1.1-1.5° 0.3-0.4 0.3-0.5 + - Soluble procofactor
VWF 255 Varies 10 + Carrier for factor VIII
Factor Il 72 1400 100 25 + - VKD protease zymogen
Fibrinogen 340 7400 2500 3-5 + £l Structural clot protein
Factor XIlI 320 94 30 9-10 + + Transglutaminase zymogen

HMW, High-molecular-weight; LMW, low-molecular-weight; VKD, vitamin K-dependent; vWF, von Willebrand factor.

*Clinical phenotype, the expression of either hemorrhagic or thrombotic phenotype in deficient individuals: H, hemorrhagic disease/hemophilia; T, thrombotic
disease/thrombophilia; +, presence of phenotype; —, absence of phenotype; £, some individuals present with the phenotype and others do not.

"Butenas S, et al: The influence of von Willebrand factor on factor VIl activity measurements. J Thromb Haemost 7:132-137, 2009; Butenas S, et al: The “normal”

factor VIl concentration in plasma. Thromb Res 126:119-123, 2010.

“intrinsic” factor tenase. Factor VIlla function is downregu-
lated by the spontaneous dissociation of the noncovalently
associated A, subunit produced by inactivation and by APC.
Factor VIII is homologous (40% identity) with factor V.*°

p0075  Deficiency of factor VIII, or hemophilia A, is a well-
characterized bleeding disorder linked to the X chromosome.
Severe hemophilia A therefore occurs almost exclusively in
males with a frequency of 1 in 5000 to 10,000.%

BN Table 34-2 Anticoagulant Proteins, Inhibitors, and Receptors

Cell-Bound Cofactors

s0045

Tissue Factor. TF is a transmembrane protein that functions s0050
as a nonenzymatic cofactor with factor VIla in the extrinsic p0080
tenase complex (Fig. 34-4)." TF is not expressed in blood in
the absence of injury or inflammatory stimulus. Presentation
of TF to blood triggers the primary “extrinsic” pathway for
hemorrhage control (see Fig. 34-1).#* There are no known

Clinical
Plasma Concentration Phenotype*
Plasma t,,
Protein M, (kD) (nmol/L) (ug/mL) (Days) H T
Protein C 62 65 4 0.33 +
Protein S 69 300 20 1.75 +
Protein Z 62 47 29 2.5 +
Thrombomodulin 100 N/A N/A N/A
Tissue factor pathway inhibitor 40 1-4 0.1 6.4x 10" to
1.4 %107

Antithrombin 58 2400 140 2.5-3
Heparin cofactor Il 66 500-1400 33-90 2.5 + +
Protein C inhibitor 57 920 5 1
o,-Macroglobulin 735 2700-4000 2-3000 0.002
o,,-Proteinase inhibitor 53 28,000-65,000 1,500-3,500 6

Endothelial protein C receptor

Functional Classification

Proteinase zymogen
Inhibitory cofactor
Inhibitory cofactor
Cofactor/modulator
Proteinase inhibitor

ONILLOTO ANV SNIA3319 IANE)AFe S

Proteinase inhibitor
Proteinase inhibitor
Proteinase inhibitor
Proteinase inhibitor
Proteinase inhibitor
Receptor

*Clinical phenotype, the expression of either hemorrhagic or thrombotic phenotype in deficient individuals: H, hemorrhagic disease/hemophilia; T, thrombotic
disease/thrombophilia; +, presence of phenotype; —, absence of phenotype; £, some individuals present with the phenotype and others do not.
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Figure 34-3 Cofactors. A, Plasma procofactors factor VIII and factor V. The linear domain structures (A;-A,-A;-C;-C,) are represented. APC,
Activated protein C; vWF, von Willebrand factor. B, Cell-bound cofactors tissue factor and thrombomodulin. Epidermal growth factor (EGF),

transmembrane, and cytoplasmic domains are illustrated.

deficiencies of human TFE and absence of TF in mice is lethal
during embryonic development. The most commonly
accepted sources of functional TF are the subendothelium
exposed after vascular damage and monocytes stimulated by
cytokines; however, there is also controversy about functional
TF circulating in blood.**°

TF is composed of an extracellular domain, a transmem-
brane domain, and a cytoplasmic domain. Two disulfide
bonds (S-S) are identified in the extracellular domain, and
the cytoplasmic cysteine (C245) is found in a thiol ester
linkage to a fatty acid (see Fig. 34-3B). The extracellular

p0085

cysteines have been suggested to provide regulatory
functions.

Thrombomodulin. TM is a type 1 transmembrane protein s0055
constitutively expressed on the surface of vascular endothe- p0090
lial cells (see Fig. 34-3B). Five distinct domains can be identi-

fied in TM: a lectin-like domain, a domain containing six
epidermal growth factor-like regions, a small extracellular
domain rich in threonine and serine residue (two, S472 and

S474, as sites of chondroitin sulfate adducts), a membrane-
spanning region, and a cytoplasmic tail.

ISBN: 978-1-4557-5304-8; PII: B978-1-4557-5304-8.00034-0; Author: Cronenwett & Johnston; 00034

Cronenwett_3048_Chapter 34_main.indd 532

1/10/2014 12:27:01 PM




To protect the rights of the author(s) and publisher we inform you that this PDF is an uncorrected proof for internal business use only by the author(s), editor(s), reviewer(s), Elsevier and
typesetter Toppan Best-set. It is not allowed to publish this proof online or in print. This progf copy is the copyright property of the publisher and is confidential until formal publication.

0025

p0095

p0100

533

CHAPTER 34 Normal Coagulation

Extrinsic tenase

Figure 34-4 Vitamin K-dependent com-
plexes. Three procoagulant complexes
(extrinsic tenase, intrinsic tenase, and pro-
thrombinase) and one anticoagulant com-
plex (protein Case) are illustrated. Each serine
protease is shown in association with the
appropriate cofactor protein and zymogen
substrate or substrates on the membrane
surface. Calcium ion is not shown. TF, Tissue
factor; TM, thrombomodulin. (Redrawn from
Mann KG: Coagulation explosion, Vermont
Business Graphics, 1997.)

TM is a high-affinity receptor for o-thrombin and mei-
zothrombin and acts as a cofactor for the activation of protein
CJ! The endothelial cell protein C receptor provides cell-
specific binding sites for both protein C and APC.**> Once
o-thrombin is bound to TM, its procoagulant activities (e.g.,
generate fibrin; activate factor V, factor VIII, factor XI, and
platelets) are neutralized and the rate of inactivation of
o-thrombin by antithrombin is increased.**® Conversely,
meizothrombin, an intermediate in o-thrombin formation by
cleavage at R320 (see Fig. 34-2), is an efficient protein C
activator. APC activation by the thrombin-TM complex
leads to inactivation of the cofactors factor Va and factor
VIlla, suppressing thrombin formation (see Fig. 34-2).>” The
thrombin-TM (protein Case) complexes also have an antifi-
brinolytic role through activation of thrombin-activatable
fibrinolysis inhibitor (TAFI).>*%

TM activity on the surface of endothelial cells is increased
by inflammatory cytokines,®' and this decrease may contrib-
ute to hypercoagulation in inflammatory states.

s0060 Complexes

p0105

Vitamin K-dependent protein complexes are essential for
establishing hemostatic balance (see Fig. 34-4). Each
complex is composed of a serine protease (factor VlIla, factor
IXa, factor Xa, or thrombin [factor Ila]), a cofactor that

Prothrombinase

Intrinsic tenase

Protein Case

functions as a receptor/enhancer for the enzyme (factor VIlla,
factor Va, TE, TM), Ca*', and a negatively charged mem-
brane presented by cells (e.g., endothelial cells, monocytes,
platelets). There are four vitamin K-dependent enzyme
complexes (see Fig. 34-4): the extrinsic tenase complex
(factor VIIa-TF), the intrinsic tenase complex (factor
[Xa—factor VIlla), the prothrombinase complex (factor Xa—
factor Va), and the anticoagulant protein Case complex
(thrombin-TM).

These membrane-bound complexes serve to localize enzy-
matic activity to the appropriate regional site required for
their enzymatic functions. The formation of the protease-
cofactor-membrane enzymatic complexes results in the only
biologically relevant enzymatic activity for factor VIla, factor
[Xa, and factor Xa. The thrombin-TM complex effectively
converts thrombin from being a procoagulant to an antico-
agulant enzyme.

When the serine protease enzyme is associated with its
respective cofactor on an appropriate membrane with Ca’",
the specific reactions occur at enhanced rates, 10*- to 10°-
fold greater than the enzyme-substrate combination in solu-
tion.” The importance of these complexes in the formation
of a hemostatic plug is to note that if it takes 4 minutes
for blood to clot in a healthy person, in the absence of
membrane and cofactor, blood clot formation would take
approximately 3.8 years.
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Intrinsic (Accessory) Pathway Proteins

p0120 The designation intrinsic (accessory) pathway emerged as

p0125

p0130

0030

the relationships between genetic deficiencies and bleeding
pathologic processes have been established. Deficiencies of
proteins associated with the intrinsic or accessory pathway
(factor XII, prekallikrein, and high-molecular-weight kinino-
gen [HMWK]) are not associated with abnormal bleeding,
even after surgical challenge.*® These proteins were initially
found through laboratory clotting tests. In contrast, deficien-
cies of the protein components of the extrinsic or primary
pathway (prothrombin and factors V, VII, VIII, IX, and X)
can lead to severe bleeding diatheses.® ™ The physiologic role
of the accessory pathway is therefore not understood.”

Factor XI represents an intersection point for the two
pathways. Individuals with factor XI deficiency (hemophilia
C) express variable bleeding with surgical challenge,”™ thus
establishing a role for factor XI in hemostasis. During the
hemostatic process, formation of factor Xla appears to be
catalyzed by o-thrombin as part of a positive feedback loop
stemming from o-thrombin generation.” Factor Xla then
functions in the propagation phase of o-thrombin generation
in association with the primary pathway by activation of
factor IX."

Three proteins, factor XII, prekallikrein, and HMWK, are
required for activity of the intrinsic or accessory pathway,
which does not require biologic activation. Factor XII and
prekallikrein are zymogens that are activated to generate
serine proteases, and HMWXK is a nonenzymatic procofactor

(Fig. 34-5). Activation of this pathway in vitro is accom-
plished when factor XII autoactivates to factor Xlla with
exposure to foreign surfaces, including glass, kaolin, dextran
sulfate, and sulfatides.””” The substrates for factor Xlla,
prekallikrein and factor XI, exist in a noncovalent complex
with HMWK and become activated to kallikrein and factor
Xla, respectively.®® Positive feedback loops exist in which
kallikrein cleaves HMWK, thereby freeing bradykinin and
allowing more prekallikrein and factor XI to associate and
activate.?! This pathway is also negatively regulated through
cleavage of HMWK by factor XIa.%

Although these proteins have no defined role in hemor-
rhage control, the accessory pathway factors may play roles
in disseminated intravascular coagulation associated with sys-
temic inflammatory response syndromes¥®%; they may also
be involved in the promotion of thrombus stability®** and
thus may provide targets to control pathologic coagulation.”
Recent evidence suggests that biologic activation of the
contact pathway system may be accomplished through assem-
bly of these proteins on endothelial cell membranes and that
prekallikrein is activated by an endothelial cell membrane
cysteine protease rather than by factor XIL.%% The accessory
pathway is important in cardiopulmonary bypass because of
contact between blood components and synthetic surfaces.®

Stoichiometric Inhibitors

An array of inhibitors is present in blood with both specific
and broad-spectrum actions. Inhibitors of clot formation

Factor XlI R353-V354
Fibronectin Il Fibronectin | Catalytic domain COOH
Prekallikrein R371-I1372
NH, A A A A Catalytic domain COOH
S S
HMW kininogen
LMW kininogen
L362-R363 R371-8372
NH, COOH
| “Bradykinin” “Surface-binding domain” “PK and FXI binding” | |
! S HMW S _ 626
LMW & HMW __ ! LMW light chain 254
1 heavy chain 362 1 37
Factor XI R369-1370

E—IZ A A A A * Catalytic domain COOE|
S S

Figure 34-5 Schematic representation of the intrinsic (accessory) pathway proteins. Factor XII, prekallikrein (PK), high-molecular-weight (HMW)
kininogen, low-molecular-weight (LMW) kininogen, and factor XI (FXI) are shown with their various domains depicted. A, Apple domain; EGF,
epidermal growth factor domain; K, kringle domain. Cleavage sites and key interchain disulfide bonds (S-S) are shown. For the kininogens, hori-
zontal arrows indicate the amino acid residues defining heavy- and light-chain regions of the activated forms of the cofactors. The factor XI
molecule is a dimer of the illustrated monomer. Factor Xl is a disulfide-linked homodimer with each subunit containing four apple domains,
which provide binding sites for high-molecular-weight kininogen, thrombin, factor Xlla, platelets, and heparin. Activation of factor Xl (by thrombin
or factor Xlla) results in a conformational change that permits factor IX binding to the apple 3 domain.

ISBN: 978-1-4557-5304-8; PII: B978-1-4557-5304-8.00034-0; Author: Cronenwett & Johnston; 00034

Cronenwett_3048_Chapter 34_main.indd 534

1/10/2014 12:27:06 PM

p0135

50070
p0140




To protect the rights of the author(s) and publisher we inform you that this PDF is an uncorrected proof for internal business use only by the author(s), editor(s), reviewer(s), Elsevier and
typesetter Toppan Best-set. It is not allowed to publish this proof online or in print. This prgo{ copy is the copyright property of the publisher and is confidential until formal publication.

0035

s0075
p0145

p0150

FVila
binding

TFPI

NH,

Heparin

AT binding

NH, CHO domain

S S
S S

HCll
PCI

FXa
binding

NH,

CHAPTER 34  Normal Coagulation 535

Heparin

binding

COOH

Cell-binding domain
Serine protease
target site
Arg393

Y

S

COOH

Serine protease
target site

Heparin Leuddd

Hirudin-like acidic region binding
e COOH
Serine protease
target site

Arg354

COOH

Figure 34-6 Stoichiometric inhibitors. Tissue factor pathway inhibitor (TFPI) has three Kunitz domains (the residues are illustrated below each
domain). The Kunitz 1 domain binds factor Vlla, the Kunitz 2 domain binds factor Xa, and the Kunitz 3 domain has been reported to bind protein.
The COOH terminus of TFPI contains a basic region, the cell-binding domain that also binds to heparin. Antithrombin (AT) has two intrachain
disulfide bonds (-S-S-) at its NH, terminus and one in its COOH terminus with a carbohydrate-rich domain (CHO) in between. The region of inter-
action between the active sites of target proteases and AT is called the reactive center loop, R393-5394. Heparin binding occurs in the NH, ter-
minus. Heparin cofactor Il (HCII) contains an NH,-terminal hirudin-like region, a heparin- or dermatan sulfate-binding region, and a reactive center
loop. The reactive site is Leu444. Protein C inhibitor (PCl) is a serine protease inhibitor that inhibits several proteases, including activated protein
C, thrombin, and factor Xa. It is also a potent inhibitor of the thrombin-thrombomodulin complex. The reactive bond (Arg354) in the reactive

center loop is shown.

are antithrombin, tissue factor pathway inhibitor (TFPI),
heparin cofactor II, and protein C inhibitor (Fig. 34-6).
These function to localize, limit, and control coagulation.

Antithrombin

Antithrombin is a member of the serpin proteinase family
and circulates in blood as a single-chain glycoprotein (see
Fig. 34-6).”° Congenital antithrombin deficiency exhibits an
autosomal dominant pattern of inheritance, with an inci-
dence of 1 in 2000 to 5000.”! Individuals with this deficiency
have partial expression of antithrombin and are prone to
thromboembolic disease.”” Complete absence of antithrom-
bin is lethal.

Antithrombin is a broad-spectrum anticoagulant, inter-
acting with most proteases participating in the coagulation
cascade (see Fig. 34-1), including o-thrombin, factor Xa,
factor IXa, factor VIIa-TF, factor Xla, factor Xlla, plasma
kallikrein, and HMWK.”* Heparins and heparan sulfates
potentiate these reactions and are used in the treatment of
thrombosis. When antithrombin is complexed with heparin,
its rate of inhibition of several coagulation proteases is accel-
erated by up to 10,000-fold. The general mechanism of inhi-
bition involves reaction of the active site of the enzyme
with a peptide loop structure (the reactive center loop) of
antithrombin to form a tight, equimolar (1:1) complex.

Inactivation proceeds through the formation of a covalent
bond between antithrombin and the protease, followed by
structural rearrangements of both antithrombin and the pro-
tease. Antithrombin inhibits at a slower rate when it is not
bound to heparin because the reactive center loop is not
completely exposed in the absence of heparin.

Antithrombin also displays antiproliferative and anti-
inflammatory properties that primarily derive from its ability
to inhibit thrombin. In addition, latent or cleaved forms of
antithrombin have antiangiogenic activity.”®

Tissue Factor Pathway Inhibitor

TFEPI (also called extrinsic pathway inhibitor or lipoprotein-
associated coagulation inhibitor) is a multivalent, Kunitz-
type inhibitor that circulates in plasma as a heterogeneous
collection of partially proteolyzed forms (see Fig. 34-6).771%
Ninety percent of circulating TFPI is found associated with
lipoproteins, primarily low-density lipoprotein.”**1% Paren-
teral TFPI is cleared from the circulation principally by the
liver and has an unusually short half-life (minutes) compared
with other proteinase inhibitors.

Several reviews of TFPI have been published.!”®'® The
importance of TFPI in blood coagulation is illustrated with
transgenic mice that exhibit complete deficiency (—/—) of
TFPI, which is incompatible with birth and survival.!'®
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However, this lethality can be rescued by heterozygous or
homozygous factor VII deficiency,'! which implies that
diminishing the level of factor VII lessens the need for TFPI-
mediated inhibition of the factor VIIa-TF coagulation
pathway during embryogenesis.'"! Mice bred to have a com-
bined heterozygous TFPI deficiency and homozygous apolipo-
protein E deficiency exhibit an increased atherosclerotic
burden.! These observations suggest a role for TFPI in pro-
tection from atherosclerosis and as a potential regulator of
thrombosis.

TEPI is the principal stoichiometric inhibitor of the
extrinsic factor tenase complex (factor VIIa—TF).!”® Effective
TFEPI inhibition of the factor VIIa-TF complex depends on
the presence of factor Xa. Thus, inhibition of the extrinsic
factor tenase by TFPI occurs only after significant generation
of factor Xa. Inhibition by TFPI is achieved by formation of
the stable quaternary complex TF—factor VIla-TFPIl-factor
Xa and by formation of the factor Xa—TFPI complex.

Heparin Cofactor Il

Heparin cofactor Il is a member of the serpin family (see Fig.
34-6). Like antithrombin, heparin cofactor II inhibits throm-
bin in a reaction that is accelerated more than 1000-fold by
heparin.!* However, unlike antithrombin, the only coagula-
tion enzyme inhibited by heparin cofactor II appears to be
thrombin.!”® Heparin cofactor II may play a role in protection
from thrombosis during pregnancy. Increased levels of derma-
tan sulfate in the maternal and fetal circulation''® along with
increased levels of heparin cofactor II in pregnant women
have been reported.!!!!

s0090 Protein C Inhibitor

p0180 Protein C inhibitor is a serpin also known as plasminogen

50095
p0185

p0190

activator inhibitor-3 (PAI-3). Protein C inhibitor is consid-
ered nonspecific in that its targets range from procoagulant
(serine proteinases), anticoagulant, and fibrinolytic enzymes
to plasma and tissue kallikreins, the sperm protease acrosin,
and prostate-specific antigen.!”'?° The major target of protein
C inhibitor, as its name suggests, is APC.!?"'!¥ Because no
patients have been documented with a deficiency, the actual
function of protein C inhibitor in vivo is yet to be
elucidated.

Endothelium and Platelets

Blood cells and the vasculature are crucial to normal hemo-
stasis. Multiple processes involving components of the vessel
wall, circulating platelets, and plasma protein moieties inter-
act to maintain blood fluidity. These processes must be pre-
cisely choreographed to allow the vasculature to perform
myriad complex physiologic activities (Fig. 34-7).

The early work of Seegers identified the phospholipid
requirements for coagulation.'” The biologic elements con-
tributing to the phospholipid requirements include damaged
vascular tissue, activated platelets, and inflammatory cells.
These contributions of the membrane to the formation and
expression of procoagulant complexes are essential. However,

the nature of the membranes that support procoagulant reac-
tions is poorly understood. Mechanically damaged cells can
provide the anionic membrane bilayer inner leaflet phospho-
lipids, which can support general procoagulant complex
formation, but more subtle cellular activation events also
generate selective complex-forming sites on intact cells.
Activated platelet membranes express individual binding
sites for the factor [Xa—factor VIlla and factor Xa—factor Va
complexes. Pathologic hemorrhage is therefore associated
with thrombocytopenia and is also seen in a rare disease,
Scott’s syndrome, which appears to result from the improper
presentation of these platelet binding sites.'?

Endothelium

The endothelium plays key roles because of its strategic inter-
face with organs, tissues, and circulating blood. The endothe-
lium varies considerably in morphology and physiologic
function in different parts of the vasculature. This complex
cellular network not only provides a structural barrier to
contain flowing blood but also actively regulates blood pres-
sure, vascular tone, permeability, and processes involving
other cells, such as smooth muscle cells, leukocytes, and
platelets, and deposits an intricate basement membrane
and extracellular matrix.'”® In addition, the endothelium is
involved in inflammatory and immune responses and angio-
genesis.'*” Defects in vascular endothelial function therefore
have profound physiologic implications. Excessive bleeding
can result from structural abnormalities of the endothelial
cell layer or supporting matrix. Impaired plasminogen
activator inhibitor-1 (PAI-1) expression or secretion (or
both) by the endothelium likewise promotes bleeding through
increased fibrinolytic activity.!*® Conversely, endothelial cells
are also involved in mediating processes that lead to the
formation of atherosclerotic plaque and thrombotic disease.

It is well established that activated platelets, white blood
cells, and microparticles in blood can serve the receptor
function for the assembly of the procoagulant complexes.'?
Recently, it has been observed that red blood cells, in
addition to participating in the blood clotting process
through their biophysical effect of causing the margination
of platelets at the vessel wall during blood flow, also par-
ticipate biochemically by expressing phosphatidylserine-like
membrane sites that support the assembly of procoagulant
complexes.'*

Platelets

Platelets are vital to procoagulant events and contribute to
the fibrinolytic process as well. Like the endothelium, the
undisturbed platelet presents a nonthrombogenic surface.
Important components of platelet physiology are surface
adhesion protein complexes and platelet secretory granules:
alpha granules, lysosomes, and dense granules. The contents
of alpha granules include procoagulant and adhesive proteins
such as fibrinogen, fibronectin, thrombospondin, vWE
P-selectin, HMWK, platelet factor 4, osteonectin, factor V,”
and factor XI.”! Other alpha granule contents, o, -antitrypsin,
protein S, TFPI, and platelet inhibitor of factor XI, are
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Figure 34-7 The endothelium in hemostasis. A, Under normal conditions and in the absence of injury or chemical stimulus, the undisturbed
endothelium actively downregulates thrombin generation through production of tissue factor pathway inhibitor (TFPI), antithrombin (AT),
protein S, heparin cofactor Il (HCII), heparan sulfate, thrombomodulin (TM), and dermatan sulfate. The undisturbed endothelium is also antifibri-
nolytic and secretes plasminogen activator inhibitor-1 (PAI-1). In the absence of stimulus, the endothelium is likewise antiplatelet and prevents
platelet adhesion activation, secretion, and aggregation through production of nitric oxide (NO), prostacyclin, and the membrane-associated
protein ectoADPase. B, When the endothelium is disturbed, the endothelium becomes procoagulant and accelerates thrombin formation by
exposing or expressing anionic phospholipid (“PS”), limited tissue factor (TF), and factor V. The fibrinolytic response is modulated by the release
of both antifibrinolytic and profibrinolytic molecules. Urokinase (urinary plasminogen activator, u-PA) and tissue plasminogen activator (t-PA)
are profibrinolytic and serve to activate plasminogen, whereas PAI-1 inhibits both enzymes and is antifibrinolytic. Platelet activation, secretion,
and aggregation are also promoted under conditions in which the endothelium is disrupted. Exposure of von Willebrand factor (vWF) in the

subendothelial matrix allows platelets to attach to the surface of the vessel. P-selectin likewise promotes platelet attachment.

involved in anticoagulant activities.”*** The alpha granule
also contains proteins that meditate both profibrinolytic and
antifibrinolytic processes. These proteins include plasmino-
gen, Op-antiplasmin, factor XIII, and PAI-1.%% In the
unstimulated platelet, the granule contents remain internal-
ized, and anionic phospholipid is sequestered in the inner
leaflet of the plasma membrane. The release of prostaglandin
I, and nitric oxide from endothelial cells, the presence of
CD39, and the inability of normal plasma vWF to bind spon-
taneously to the platelet surface are the inhibitory mecha-
nisms that keep platelets unactivated.

When the vascular system is perturbed, platelet plug for-
mation occurs in stages. Initially, platelets adhere and are
activated by exposure to collagen, vWF and other matrix
components (Fig. 34-8). The cytoskeleton spreads, platelet-
fibrinogen aggregates are formed, and the contents of the
granules are secreted.*1* The activated platelets adhere to
each other, endothelial cells, leukocytes, and components of
the subendothelial matrix.!*® The phosphatidylserine-rich
internal face of cell membranes is exposed and presents a
highly procoagulant surface to the circulation. In addition,
activated platelets express specific receptors or binding sites,

or both, for assembly of the procoagulant multiprotein com-
plexes. There are approximately 6000 factor Va binding sites
on the activated platelet membrane.'** Factor Va forms part
of the receptor for factor Xa. Factor Xa is also reported to
bind to effector cell protease receptor-1 molecules expressed
on activated platelets.!*47

o-Thrombin is the most potent activator of platelets,
able to overcome most pharmacologic and cytokine inhibi-
tors that depress platelet function. The mechanism by which
thrombin activation of platelets occurs is novel and involves
two proactivator membrane proteins on the platelet surface,
platelet-activated receptors 1 and 4, which when cleaved
by thrombin present new NH, termini that insert themselves
into adjacent receptors to trigger platelet activation. Platelet-
activated receptor 1 appears to be the more prominent
receptor activated by thrombin. Synthetic peptides repre-
senting a newly presented membrane-bound NH,-terminus
sequence can activate platelets independent of thrombin
proteolytic cleavage.

During the extension phase of platelet plug formation,
activated platelets accumulate on top of the initial monolayer
of platelets bound to collagen. The presence of receptors on
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Figure 34-8 Activation, secretion, and aggregation of platelets. Platelets have multiple functions in hemostasis. They serve as reservoirs of factor
V, fibrinogen, von Willebrand factor (vWF), platelet factor 4 (PF4), and factor XI. Platelets also contribute a significant portion of the anionic
phospholipid (“PS”) necessary for membrane-dependent complex formation and function. In the unstimulated state, proteins and other mole-
cules are sequestered in the platelet granules. Anionic phospholipid is found only in the inner leaflet of the platelet membrane and is not exposed
to flowing blood. The glycoprotein Ib/IX/V (GP-b/IX/V) complex that recognizes VWF is an active receptor, whereas the GP-llb/Illa receptor that
recognizes a variety of molecules, including fibrinogen and vVWF, is not active. The GP-lb/IX/V receptor probably allows unstimulated platelets to
attach to exposed subendothelial vVWF and promotes procoagulant events before platelet activation. On activation by a variety of agonists,
platelets secrete granule contents, activate and bind factor V/Va and factor X|/Xla, and expose anionic phospholipid. The GP-lIb/Illa receptor
serves to link platelets to each other and the vessel wall. Collagen receptors such as GP-la/lla promote both platelet activation and

aggregation.

the platelet surface allows agonists such as thrombin, adenos-
ine diphosphate, and thromboxane A, to further recruit
circulating platelets into the growing hemostatic plug.
Subsequently, during the platelet plug formation perpetua-
tion phase, close contact between platelets promotes growth
and stabilization of the hemostatic plug, in part through
contact-dependent signaling mechanisms.'*®

s0110 Clot Proteins

p0225

The primary proteins of the clot are fibrin and the transglu-
taminase factor XIIla. A central event in blood coagulation
is the conversion of soluble fibrinogen (factor I) to insoluble
fibrin (see Fig. 34-1; for review, see references 149 and 150).
Fibrinogen serves as a molecular bridge to support interplate-
let aggregation, and it is the precursor of fibrin, which is the
main component of the protein scaffolding of the forming
hemostatic plug (Fig. 34-9). Platelet aggregation critically
depends on fibrinogen binding to activated platelets through

the platelet fibrinogen receptor glycoprotein IIb/Illa (integrin
of}) as well as on fibrin adhesion. Fibrinogen/fibrin also regu-
lates thrombin activity®"? and thrombin exosite binding to
fibrin, which limits the diffusion of thrombin and thereby
regulates clot extension.

Although it is primarily recognized for its role in hemo-
stasis, fibrinogen is also associated with inflammation. Fibrin-
ogen is an acute-phase reactant, with levels increasing during
inflammation. In inflammatory states, fibrinogen functions
as a bridging molecule in cell-cell interactions. Fibrin and
fibrinogen can modulate a variety of different cell types,
including endothelial cells, epithelial cells, leukocytes, plate-
lets, and fibroblasts. Cellular receptors that can bind fibrino-
gen and fibrin include the integrins oyPs, owPs, and osP;
and the cellular adhesion molecules intercellular adhesion
molecule-1 and vascular endothelial cadherin. The fibrin clot
is stabilized by the transglutaminase factor XIlla,**!% whose
function is to cross-link fibrin and other adhesive proteins,
including integrin receptors, to provide a stable network
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Figure 34-9 A schematic representation of human fibrinogen. Fibrinogen is composed of six polypeptide chains (two Ac, two B3, and two 7).
These are organized into two identical half-molecules. All six NH, termini are linked by disulfide bonds in the central or E domain. The three chains
extend out from this domain through coiled coils in either direction, terminating in the globular D domains. Thrombin (lla) cleavage sites at the
N termini of the Ac. and B3 (arrows) are indicated, with the new N termini (box) that associate with “holes” in the D domains to form fibrin.

(Fig. 34-10). The protransglutaminase factor XIII circulates
in plasma as a tetramer and is also present as a dimer in
platelets. Activation of the protein by thrombin cleavage and
Ca®" binding yields factor XIIla, which cross-links fibrin by
forming exopeptide bonds between the e-amino lysyl residues
and the y-carboxamide groups of glutamine residues. The clot
resulting from thrombin cleavage of fibrinogen to form the
clot fibrin and factor XIII cross-linking create an insoluble
network that, with platelets, seals the perforation in the
blood vessel with a temporary scaffold, stopping further blood
loss. This scaffold is ultimately removed in the fibrinolytic
process and replaced by cellular reconstruction of the perfo-
rated vessel.

Fibrinolysis Proteins

Clot formation is integrated with clot dissolution. The mech-
anisms of clot dissolution center on fibrin-specific reactions.
The key proteins involved are plasminogen; the plasminogen
activators tissue plasminogen activator (t-PA) and urokinase

Thrombin

—_—

° .
o

Factor XIll A subunit

R37-G38

\JPR AP & B Sandwich

Catalytic Core

or urinary plasminogen activator (u-PA); thrombin; and the
inhibitors PAI-1, o,-antiplasmin, and TAFIa (Fig. 34-11 and
Table 34-3).

Fibrinolysis Activators

Plasminogen/Plasmin. Plasminogen is the inactive precur-
sor of the enzyme plasmin, the primary catalyst of fibrin
degradation."® Hereditary plasminogen deficiency is described
either as a deficiency of plasminogen antigen and activity
(type I) or as a normal antigen level but reduced activity
(type II, dysplasminogenemia).”®” Plasminogen is also an
acute phase reactant protein.””®"”” Homozygous plasminogen-
deficient mice are viable but exhibit severe thrombosis with
systemic fibrin deposition and die prematurely.!®® Plasmino-
gen is synthesized in the liver and is present in a wide variety
of tissues and body fluids, including saliva, lacrimal gland
secretions, seminal vesicle fluid, and prostate secretions. The
zymogen is converted to the serine protease plasmin by cleav-
age of the Arg561-Val562 peptide bond by the activators.
Activation of plasminogen occurs through three pathways:

Barrel 1 Barrel 2 gelelelg]

2

Figure 34-10 Plasma factor XIIl. Thrombin-catalyzed activation of plasma factor XIII (A,B,; 320,000 Da) occurs in two steps. First, thrombin cleaves
the R37-G38 bond. This releases the activation peptides (residues 1 to 37) from the A chains, producing the inactive intermediate a’,B,. In the
second Ca*-dependent step, the B chains dissociate from the a’,B, intermediate, exposing the active site cysteine, Cys314, of the a’ subunits.
The enzyme a’, catalyzes the formation of isopeptide bonds between glutamine residues and lysine residues of adjoining polypeptide chains.
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Plasminogen

K77-K78
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COOH

Tissue-plasminogen activator (t-PA)

Fibronectin Type | Domain

R275-1276
COCH

Catalytic Domain

Single chain-urokinase plasminogen activator (sc-uPA)
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Catalytic Domain

COOH

Thrombin activatable fibrinolysis inhibitor (TAFI)

R92-A93

NH, AP Carboxypeptidase Domain

f0060
Figure 34-11

COOH

A schematic representation of proteins of the fibrinolytic system. Plasminogen, tissue-type plasminogen activator, urokinase

plasminogen activator, and thrombin-activatable fibrinolysis inhibitor are shown with their various domains depicted. Cleavage sites with the
specific amino acid residues are shown. AP, Activation peptide; K, kringle domain; EGF, epidermal growth factor domain.

(1) the intrinsic activator system (analogous to the contact
system of blood coagulation), (2) the extrinsic activators
(t-PA and u-PA), and (3) the exogenous activation system
involving pharmacologic agents (thrombolytic drugs). The
ordinary path in vivo appears to be the extrinsic pathway,
catalyzed by t-PA and u-PA. The extent to which the intrin-
sic pathway functions is the subject of debate.

(VOy0R Table 34-3

Plasma Concentration

Protein M, (kD) (nmol/L) (uwg/mL)
Plasminogen 88 2000 200
t-PA 70 0.07 0.005
u-PA 54 0.04 0.002
TAFI 58 75 45
FSAP 64 190 12
PAI-1 52 0.2 0.01
PAI-2 47/60 <0.070 <0.005
a-Antiplasmin 70 500 70
u-PAR 55

Fibrinolytic Proteins, Inhibitors, and Receptors

Plasminogen activation is primarily inhibited by PAI-1, p0245
which targets u-PA and t-PA. PAI-1 also has a role in
tissue remodeling by interfering with the vitronectin-
dependent processes of cell adhesion and migration.!®1%!
Congenital deficiency of PAI-1 is rare, with homozygous
individuals displaying abnormal bleeding in response to
trauma.'®!

Clinical
*
Plasma t,, Phenotype
(Days) H T Functional Classification
2.2 Proteinase zymogen
0.00167 Proteinase zymogen
0.00347 Proteinase zymogen
0.00694 + Carboxypeptidase
Fibrinolytic zymogen
<0.00694 + Proteinase inhibitor
= Proteinase inhibitor
2.6 + Proteinase inhibitor

Cell membrane receptor

FSAP, Factor Vll-activating protease; PAI, plasminogen activator inhibitor; TAFI, thrombin-activatable fibrinolysis inhibitor; t-PA, tissue plasminogen activator;
u-PA, urinary plasminogen activator (urokinase); u-PAR, urokinase-type plasminogen activator receptor.

*Clinical phenotype, the expression of either hemorrhagic or thrombotic phenotype in deficient individuals: H, hemorrhagic disease/hemophilia; T, thrombotic
disease/thrombophilia; +, presence of phenotype; —, absence of phenotype; £, some individuals present with the phenotype and others do not.
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p0255

In plasma or bound to fibrin in a blood clot, activation of
plasminogen by either t-PA or u-PA converts Glu-plasminogen
to Glu-plasmin. The two-chain enzyme can degrade fibrin,
fibrinogen, and many other molecules. Glu-plasmin autodi-
gests by cleaving itself at Lys77 to generate Lys-plasmin.'¢%!¢}
Both Glu and Lys plasmin cleave after basic amino acid
residues. The lysine analogues €-aminocaproic acid and
tranexamic acid can compete with lysyl residues in proteins
for binding to plasminogen and hence are inhibitors of
fibrinolysis.'**1

Inhibition of plasmin by o,-antiplasmin is the primary
route for regulation of plasmin’s hemostatic function; suppres-
sion of plasmin activity beyond the locale of fibrin deposition
is imperative if systemic fibrinogenolysis is to be prevented.
Plasmin bound through its lysine binding sites to fibrin reacts
more slowly with o,-antiplasmin than when it is free in solu-
tion. This differential reactivity effectively localizes plasmin
activity to the fibrin clot.

s0130 Tissue Plasminogen Activator. t-PA is predominantly a

p0260 product of endothelial cells,

p0265

p0270

16170 byt it is also produced by

vascular smooth muscle cells,'”! neuronal cells,'”* megakaryo-
cytes, 1™ mast cells,'™! monocytes,!”" and fibroblasts.!™
Factors that regulate its secretion and release from the endo-
thelium are important mediators of blood clotting or inflam-
mation. These include thrombin, histamine, acetylcholine,
bradykinin, epinephrine, interleukins, shear stress, and vaso-
occlusion.'™'™ Functional t-PA concentrations have been
reported to be less than 20 pmol/L, with most t-PA found
in complex with PAI-1.18"18 (The half-life in plasma is
short; pharmacokinetic modeling indicates a half-life of 2.4
minutes for active t-PA and 5 minutes for the t-PA/PAI-1
complex.'¥1%) No cases of congenital deficiency of t-PA
have been reported. Transgenic mice lacking a functional
t-PA gene develop normally and display a normal basal
hemostatic phenotype.'® Mice in which both the t-PA and
u-PA genes are disabled have shortened life spans and expe-
rience severe spontaneous thrombotic episodes.!%157
Regulation of t-PA activity in blood is accomplished by
three primary mechanisms: (1) control of its catalytic poten-
tial by the fibrin dependence of plasminogen activation;
(2) control of systemic levels of functional t-PA by the con-
certed processes of rapid t-PA removal by hepatic clearance
and inhibition by the circulating serpin PAI-1; and (3) control
of t-PA activity levels at the site of injury by the competing
processes of increased t-PA secretion by traumatized and
recruited cells versus PAI-1 release by activated platelets.
t-PA manifests its full fibrinolytic potential only when it
is bound to fibrin.'®3° This binding interaction aligns t-PA
and plasminogen on the fibrin surface so that the catalytic
efficiency of t-PA is enhanced several hundredfold. This is
vital to the localization of plasmin generation at the site of
fibrin deposition. Release of t-PA from the vessel wall is
another important regulator of fibrinolysis.””"'”* The rate at
which clots lyse depends on how rapidly t-PA is secreted by
the relevant cells in the vicinity of an injury.!”'* For
example, activated platelets secrete serotonin, which can

CHAPTER 34  Normal Coagulation 541
induce endothelial cells to release t-PA; they also release
PAI-1 from their alpha granules. Although only a fraction of
this PAI-1 is in the active form, it functions to downregulate
plasminogen activation.'?>!%

Urokinase Plasminogen Activator. u-PA was first identified
in urine,” in which it is present at relatively high con-
centrations (40 to 80 pg/L [800 to 1600 nmol/L]),""** and
in the media of cultured human kidney cells, endothelial
cells, malignant cell lines, tumors, and plasma.?®'*** u-PA is
a serine protease that is synthesized as a single-chain mole-
cule, prourokinase, or single-chain u-PA (scu-PA). u-PA has
a short half-life (approximately 5 minutes), and metabolism
occurs in both the liver and the kidney. scu-PA has a very
low level of proteolytic activity.””

Conversion of scu-PA to the more active two-chain form,
tcu-PA, occurs principally through cleavage of the Lys158-
Ile159 bond. The mechanism by which scu-PA is converted
to tcu-PA remains poorly defined. It has been postulated
that within a thrombus, t-PA initially activates plasminogen
bound to fibrin to form plasmin and that it is this fibrin-
localized plasmin that converts scu-PA to tcu-PA,***® which
results in amplification of the rate of plasmin formation. In
addition, both kallikrein and factor XIIa?® hydrolyze this
bond. Other proteases that cleave the Lys158-Ile159 bond are
cathepsin,®'®*" mast cell tryptase,’'* nerve growth factor-y,*"”
human T-cell serine proteinase-1,'® and factor VIl-activating
protease.”!” A second, catalytically active form of two-chain
urokinase, known as low-molecular-weight tcu-PA, is found
in plasma when fibrinolysis is stimulated. It is formed by an
additional plasmin cleavage at Lys135-Lys136. This cleavage
produces a more efficient enzyme, and this low-molecular-
weight form is used clinically for thrombolytic therapy.
Another low-molecular-weight form of scu-PA arises from
cleavage of the Glul43-Leul44 bond by the matrix metal-
loproteinases Pump 1 and metalloproteinase-3.2'#2%° This
form appears to be a better clot-lysing agent than low-
molecular-weight tcu-PA.*!

The main site of urokinase-driven plasminogen activation
appears to be extravascular, where it has an important role in
promoting degradation of the extracellular matrix by trigger-
ing the activation of plasminogen and, possibly, matrix metal-
loproteinases.”” Regulation of urokinase is important for
normal and pathologic processes, including embryogenesis,
wound healing, tumor cell invasion, and metastasis.’?**?
Inhibitors of urokinase have been shown to suppress the
growth of primary tumors and to interfere with metastasis of
tumor cells.?¢*?

t-PA appears to be the primary plasminogen activator in
the vasculature, with conversion of fibrin-localized scu-PA to
tcu-PA, the latter acting as an amplifying rather than an
initiating mechanism for plasmin formation.*®** Direct
scu-PA activation of the Glu-plasminogen bound to COOH-
terminal lysine residues found in partially proteolyzed fibrin
has been proposed as contributing to clot lysis.”>*7 This
catalytic role of scu-PA, although direct, still depends tem-
porally on t-PA—derived plasmin to create the circumstance
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(plasmin-proteolyzed fibrin) under which it can contribute to
overall fibrinolysis.

s0140 Fibrinolysis Inhibitors

s0145 Plasminogen Activator Inhibitor-1. PAI-1, the primary
p0295 physiologic inhibitor of plasminogen activation in blood,
targets u-PA and t-PA (Fig. 34-12). It also appears to have a
role, independent of its antiproteolytic function, in tissue
remodeling by interfering with the vitronectin-dependent
processes of cell adhesion and migration. Congenital
deficiency of PAI-1 is rare, with homozygous individuals
displaying abnormal bleeding in response to trauma.’3*#
In the normal population, plasma PAI-1 concentrations
vary over a 15-fold range (6 to 80 ng/mL; mean, 10 ng/mL
[0.2 nmol/L])**** and exhibit circadian variations.?* Some
of this variability stems from polymorphisms in the PAI-1
gene; however, a larger fraction of the variability appears to
derive from the responsiveness of PAI-1 gene expression to a

Intravascular
Fibrinolysis

Cross-linked fibrin

Yo~

t-PA
Plasminogen
ax-AP
Cross-linked fibrin
TAFla

Plasmin
ay-AP
Cross-linked fibrin

Fibrin clot dissolution

Fibrin degradation
products

Endothelial cell layer

wide variety of physiologic effectors and conditions as well as
pharmacologic agents.**® Higher levels of plasma PAI-1 delay
fibrin removal by shortening the functional lifetime of plas-
minogen activators, delaying fibrinolysis.**’ The half-life of
PAI-1 in blood is less than 10 minutes. Potential sites of
constitutive PAI-1 synthesis in humans include the liver,
spleen, adipose tissue, and cells of the vasculature, including
endothelial cells, smooth muscle cells, macrophages, and
megakaryocytes. A major fraction of PAI-1 in blood is present
in platelets, apparently synthesized and stored in alpha gran-
ules during the maturation of megakaryocytes.**® Although
75% to 80% of platelet PAI-1 is present in the latent form,
there appears to be enough active PAI-1 released from plate-
lets at sites of thrombus formation to contribute to the sup-
pression of fibrinolysis.!*>!?6:#
PAI-1 also appears to be involved in regulating cell adhe- p0300

sion and migration by a mechanism independent of its func-
tion as a protease inhibitor. Its high-affinity association
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Figure 34-12 Schematic of the dynamic interaction between the proteins and inhibitors of intravascular fibrinolysis and extracellular matrix
degradation. Cross-linked fibrin formation (left) is integrated with fibrin clot dissolution and degradation of its products. Two pathways are shown:
intravascular fibrinolysis and extracellular matrix degradation, separated by an endothelial cell layer. The enzymes, inhibitors, zymogens, and
complexes are illustrated in simplified form to show this multicomponent process. Degradation of fibrin occurs by cleavage of plasmin at the
D-E-D domains of fibrin polymers to yield a variety of polymers, as illustrated. Plasminogen can cross the endothelial cell layer and become
converted to plasmin by urokinase (urinary plasminogen activator; u-PA) (right). Plasmin can convert latent matrix metalloproteinases (pro-MMP)
to their active form (MMP). MMPs themselves can act in a positive feedback mechanism to convert pro-MMP to more MMP and ultimately degrade
the extracellular matrix. Plasmin-mediated effects are inhibited by plasminogen activator inhibitor (PAl) and a,-antiplasmin. MMP-mediated
effects are inhibited by tissue inhibitors (TMP). 0,-AP, 0,-Antitrypsin; ECM, extracellular matrix; t-PA, tissue plasminogen activator; TAFI, thrombin-
activatable fibrinolysis inhibitor; u-PAR, u-PA receptor.

ISBN: 978-1-4557-5304-8; PII: B978-1-4557-5304-8.00034-0; Author: Cronenwett & Johnston; 00034

1/10/2014 12:27:08 PM



To protect the rights of the author(s) and publisher we inform you that this PDF is an uncorrected proof for internal business use only by the author(s), editor(s), reviewer(s), Elsevier and
typesetter Toppan Best-set. It is not allowed to publish this proof online or in print. This preodcopy is the copyright property of the publisher and is confidential until formal publication.

50150
p0305

s0155
p0310

p0315

s0160

p0320

with the somatomedin B domain of vitronectin makes it an
effective competitor with other ligands that also bind to
vitronectin at this site, such as urokinase-type plasminogen
activator receptor’”®®? and integrins, including ow/B;.2°* The
ability to interfere with the binding of such cell-associated
ligands to matrix-associated vitronectin suggests a role for
PAI-1 as a regulator of the interaction of cells with the extra-
cellular matrix.

o,-Antiplasmin. o,-Antiplasmin (or o,-plasmin inhibitor) is
the primary plasmin inhibitor”>?*® and thus is an important
regulator of fibrinolysis (see Fig. 34-12). Congenital defi-
ciency of o-antiplasmin is rare, with homozygous individuals
displaying a moderate to severe bleeding disorder.””” The
primary site of synthesis is the liver, although the kidney

may be another contributing source’®; its in vivo half-life is
2 6 days 261,262

Thrombin-Activatable Fibrinolysis Inhibitor. TAFl is a
plasma procarboxypeptidase B synthesized in the liver and is
thought to circulate in blood in complex with plasmino-
gen.’® Activation of TAFI yields an exopeptidase (TAFIa)
with carboxypeptidase B substrate specificity. It catalyzes the
removal of basic amino acids (arginines, lysines) from the
COOH termini of polypeptides. Its primary physiologic acti-
vator appears to be the thrombin-TM complex, thus defining
TAFla as a coagulation-dependent activity.?** The COOH-
terminal lysyl residues of peptides produced during fibrin deg-
radation are the primary substrates for TAFIa. The initial
phase of plasmin proteolysis of fibrin produces products that
amplify activation of plasminogen by t-PA. These fibrin deg-
radation products contribute a positive feedback process that
accelerates clot lysis. Removal of these terminal lysine resi-
dues by TAFIa reduces the number of plasminogen binding
sites, thus downregulating the rate of plasmin generation and
thereby the rate of clot lysis. As a result, TAFI/TAFIa func-
tions as an antifibrinolytic factor by suppressing the positive
feedback pathway of fibrinolysis.

Activation of TAFI in vitro is catalyzed by trypsin,*®’
plasmin,?®**® the plasmin—anionic glycosaminoglycan com-
plex,’® a-thrombin,****® the a-thrombin-TM complex,**
and the meizothrombin-TM complex.’*” The relative con-
tributions of thrombin and plasmin to TAFI generation in
vivo may be regulated by the availability of their respective
cofactors at the site of vascular injury: cell-associated TM
versus the extent of exposure of subendothelial extracellular
matrix.

CONNECTIVITY AND DYNAMICS OF
BLoOD COAGULATION

In the healthy state, the three-compartment system con-
sisting of vascular endothelium, blood, and extravascular
tissue functions to maintain fluidity or to produce an
integrated response to attenuate leakage of blood by local-
ized activation at the site of vascular injury, with the

CHAPTER 34  Normal Coagulation 543
dimensions of the response relevant to the injury. The
endothelial cell lining of the blood vessel is an active
anticoagulant that secretes small molecules and enzymes
to maintain blood platelets in a quiescent state. The endo-
thelium also provides constituent anticoagulant proteins
that inhibit the blood coagulation system. These vascular
anticoagulant/fibrinolytic systems are both passive and
dynamic and function in cooperation with plasma com-
ponents. Blood supplies procoagulant and anticoagulant
proteins through plasma, and platelets contribute to the
coagulation reaction. When the endothelial lining is dis-
rupted, the extravascular compartment and blood interact
to rapidly produce a vigorous local coagulation response
that attenuates blood loss and initiates the vascular repair
process in four phases: initiation; propagation; termination;
and elimination/fibrinolysis, which overlap.

Initiation

Exposure of the subendothelial TF activates blood coagula-
tion through binding to preexistent plasma factor Vlla,
which is already present in its active form at 1% to 2%
of the factor VII zymogen concentration.*?%® Before binding
to TE the plasma serine protease factor VIla is essentially
inert from the catalytic perspective and therefore impervious
to the abundant protease inhibitors in plasma.’®® Factor VII
competes with factor VIla for TF binding, thus serving as
a negative regulator, buffering the overall reaction. Together,
TE factor Vlla, anionic membrane, and Ca®* form the
extrinsic tenase complex that activates the zymogens factor
IX and factor X.*®*"" Factor X is the more efficient and
abundant substrate. The TF—factor VIla-factor Xa product
complex is under tight supervision by TFPL***” TFPI is
present in low abundance in blood (see Table 34-2) and
can be released from the vasculature by the action of
heparin.?™ If the initiating procoagulant stimulus is sufficient
to overcome the level of this anticoagulant response, a
threshold is exceeded and the downstream complexes
can form and lead to an explosive burst of thrombin
generation.

The small amounts of factor Xa produced that escape
inhibition by TFPI and AT can activate small amounts of
prothrombin to thrombin on an activated membrane
surface.”” Although this process is inefficient, this initial
thrombin is essential to the acceleration of the process by
serving as the activator for platelets through cleavage of the
platelet-activated receptors 1 and 4 membrane proteins*™
and activation of the procofactors factor V and factor VIIL.”
Thrombin also activates factor XI to factor Xla,”® thereby
initiating the accessory pathway that enhances activation of
factor IX.*"

s0165

p03

p03

25
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The initial thrombin begins activating factor XIII to factor p0335

XlIIIa?™® and converts some fibrinogen to fibrin.’®! At this
point, clot formation is observed, and all fibrinogen/fibrin
(with some product already cross-linked) disappears from the
fluid phase of the reaction. Thus, the “initial clot” is a mixture
composed of fibrin and fibrinogen.
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s0170 Propagation

p0340 Once the cofactor factor VIIla is formed, it combines on

p0345

p0350

s0175
p0355

p0360

activated platelets with the serine protease factor IXa that
was generated by the factor VIIa-TF complex to form the
intrinsic tenase complex. This complex is the major activator
of factor X; it is 50 times more efficient than factor VIIa—TF
in catalyzing the activation of factor X*™*° and is not under
the control of TFPL**"* In the absence of factor VIII or
factor IX, the intrinsic tenase complex cannot be assembled,
and thus no amplification of factor Xa generation occurs.
This is the principal defect observed in hemophilia A and
hemophilia B.”*% The initial production of factor Xa by the
TF—factor VIla complex is inadequate to efficiently stem
blood flow.

Factor Xa combines with factor Va on activated platelet
membrane and other surfaces at specific receptor sites’® to
form the prothrombinase complex, the principal generator of
thrombin. This process serves as a major amplification loop
of blood coagulation. The factor IXa and factor Xa constitu-
ents of prothrombinase and the intrinsic tenase complex are
protected from inhibition by antithrombin and other plasma
inhibitors when they are in the complexed form.

When a sufficient stimulus is provided to overcome the
antagonist inhibitor threshold, the accumulating mass of acti-
vated platelets will support increasing intrinsic and pro-
thrombinase complex formation on their surfaces at specific
platelet receptors and overwhelm the available local inhibi-
tor concentrations. These platelet-bound catalysts execute
the propagation phase of the reaction, during which massive
amounts of thrombin are produced efficiently and continu-
ously as long as more blood enters the wound site to resupply
the procoagulant catalytic process.

Termination

Once flow has ceased because of the formation of a fibrin-
platelet “dam,” the velocity of thrombin formation dimin-
ishes and the overwhelming concentration of inhibitors
present in blood, including TFPI and antithrombin, heparin
cofactor II, o,-macroglobulin, o -antitrypsin, and protein C
inhibitor, can “catch up” and inhibit the various proteases as
they dissociate from their respective complexes. In the intact
vasculature surrounding the growing thrombus, procoagulant
enzymes and cofactors escaping the wound site are quenched
rapidly under normal circumstances by the stoichiometric
and dynamic inhibitory systems of blood in cooperation with
elements of the vascular endothelium. The free serine prote-
ases (thrombin, factor 1Xa, factor Xa) of the coagulation
system in the plasma environment are rapidly inhibited by
the surplus of antithrombin molecules, and the reaction is
significantly accelerated by the interaction of antithrombin
with heparan sulfate proteoglycans presented constitutively
on the surface of vascular endothelial cells.

Any thrombin escaping from the wound site may bind
resident TM constitutively present on vascular endothelial
cells. When it is TM bound, thrombin is converted from a

procoagulant enzyme to an anticoagulant enzyme. The
thrombin—TM-protein Case complex activates protein C,
which in turn downregulates the intrinsic tenase and pro-
thrombinase procoagulants by cleaving factor VIIla and
factor Va. Rates of APC inactivation of factor Va and factor
VIlla are enhanced by protein S. TAFI is also activated by
protein Case and acts to prolong clot lysis (see other
sources’>?% for review). Cleavage of factor Va by APC and
inhibition of thrombin generation also reduce thrombin-
TM-mediated TAFI activation.”

When it is operating properly, this system of attenuation
of blood leakage displays the appropriate level of procoagu-
lant required to obstruct blood loss but is precluded from
systemic activation of the coagulation system. The converse
to hemostasis occurs when the damaging insult to the vascu-
lature is internal to the vessel lumen.

Elimination/Fibrinolysis

The thrombus restricting blood flow is structurally composed
of aggregated platelets and cross-linked fibrin. Other plasma
proteins and blood cells are also trapped within the clot. Clot
formation is integrated with clot dissolution by plasmin to
maintain hemostatic balance. The lytic system has two roles:
t-PA generates plasmin at the fibrin surface and governs fibrin
homeostasis, whereas u-PA binds to a cellular u-PA receptor
and generates pericellular plasmin, which plays an important
role in tissue remodeling and cellular migration. The latter
function is, to a great extent, mediated by plasmin activation
of matrix metalloproteinases, which degrade the extracellular
matrix. t-PA and u-PA are secreted by vascular endothelial
cells and regulated by cellular cytokines and components
produced during the clotting cascade, including thrombin.

In the absence of fibrin, t-PA is a poor enzyme. However,
both t-PA and plasminogen bind to the fibrin surface with a
resulting 100-fold enhancement of plasminogen activation.
Thus, t-PA activation of fibrinolysis is primarily initiated by
and localized to fibrin.'®3*® Plasmin digests fibrin in a pattern
that produces a collection of degradation products,”® includ-
ing fragment X, fragment Y, and the core fragments D and E
(see Fig. 34-12). The first step in degrading fibrin is removal
of the o chains to expose the coiled coils. As these coils are
cleaved, different-sized fragments are released.”®” Fibrinogen
is represented as a trinodular structure (D-E-D domains),
with each E domain and D domain separated by a coiled coil
domain. On formation of fibrin, the cross-links occur between
alternating molecules of fibrin at the D domain (D=D). As
plasmin degrades fibrin, various-sized fragments are released,
the smallest of which is the D=D or D-dimer.”**' D-dimer
has been identified in the blood of patients with various
thrombotic or thrombolytic disorders.*”

Fibrinolysis is regulated primarily by PAI-1, PAI-2, -
antiplasmin, and TAFI. The antagonism between PAI-1 and
the plasmin activators u-PA and t-PA provides a threshold
response of the fibrinolytic process in much the same way as
the procoagulant/anticoagulant balance provides an activa-
tion threshold for the clotting process.””
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The elimination phase begins the process of tissue repair
by dissolving the fibrin-platelet clot generated in the earlier
phases of hemostasis. The damaged vascular tissue requires
plasmin not only to clear the fibrin clot but also to initiate
removal of damaged tissue so that cells can migrate into the
injured area.”***”” Plasmin activates a variety of matrix metal-
loproteinases that degrade subendothelial matrix components
and extricate the damaged tissue.”””**® These processes mark
the beginnings of the final stages of the hemostatic response,
repair, and regeneration process.

The importance of tight regulation of these processes is
perhaps best illustrated by malfunctions of the hemostatic
response. An inappropriate response can lead to one of two
opposing but equally undesirable outcomes. Failure to form a
sufficient hemostatic plug to arrest blood flow subsequent to
vascular injury can result in pathologic hemorrhage. Exces-
sive clot formation or failure to efficiently lyse a clot may
result in thrombosis with consequent vascular obstruction.
Under normal circumstances, the vascular endothelium
together with the aforementioned positive and negative feed-
back loops within the procoagulant pathways prevents these
negative outcomes by actively controlling the coagulation
process until a triggering stimulus of sufficient magnitude
threatens vascular integrity. Initiation of the procoagulant
response also initiates the fibrinolytic response simultane-
ously with the repair and regeneration processes.

BLOOD COAGULATION MONITORING

Most clinical assays use fibrin clot formation as a means to
assess hemostasis, for example, the prothrombin time (PT)
and activated partial thromboplastin time (aPTT). In vitro,

Tissue Activated

-

Figure 34-13 Schematic of plasma coagula-
tion tests. The prothrombin time evaluates the
tissue factor (TF) or extrinsic activated pathway
of blood coagulation. This test uses thrombo-
plastin as an initiator of blood coagulation. The
plasma test for evaluation of the intrinsic
(contact or accessory) pathway is referred to
as the partial thromboplastin time. This test
uses a foreign surface (e.g., kaolin) as the acti-
vator of blood coagulation. The thrombin time,
also known as the thrombin clotting time,
specifically evaluates conversion of fibrinogen
to fibrin through the action of thrombin.
HMWEK, High-molecular-weight kininogen; PK,
prekallikrein.

Prothrombin
time (PT) <

N

Thrombin
time (TT)
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formation of a visible fibrin clot occurs during the initiation
phase of coagulation at only 3% to 5% of the total amount
of thrombin produced.?””**® The majority of thrombin (~95%)
is generated after clot formation during the propagation
phase,””” during which most hemostatic and thrombotic phys-
iology is occurring, and not captured by the fibrin clotting
endpoints. Hemostasis is not synonymous with the clot end-
point of the reaction, and the latter is not a sufficient descrip-
tor of the pathologic process associated with hemostatic
disorders. The survival of mice?”*® and male patients’**
with the afibrinogenemic genotypes also supports the concept
that critically important events are taking place beyond the
observation of initial fibrin formation. In this section, we
review classic tests and newer assays used to evaluate blood
coagulation.

Plasma Clotting Tests

Figure 34-13 represents a simplified continuity diagram for
the coagulation system and interrogation of that system by
common plasma assays, including the PT, aPTT, and throm-
bin time (TT). These tests are conducted with citrated
plasma.

Prothrombin Time

The PT assay, developed by Quick in the 1930s,” is used to
investigate the continuity of the extrinsic pathway of coagu-
lation. The three main uses of the PT assay are monitoring
of oral anticoagulant therapy, assessment of liver function in
patients with severe liver disease, and screening for deficien-
cies in the extrinsic and common pathways. This assay

Foreign Surface Activated

Intrinsic
pathway
(factor X, factor
Xll, PK, HMWK,
factor IX,

Extrinsic factor VIII)

pathway
(factor VII,
TF)

: Partial
F;rottl'lromxblr\llalsle thromboplastin
(s time (aPTT)

Thrombin
(factor Ila)
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depends on the infusion of Ca** and exogenous TF-lipid
preparation (thromboplastin, recombinant or prepared from
human placenta or rabbit brain) to citrated plasma. The
intrinsic pathway contributions to coagulation in the PT
assay are negligible because of the large amount of TF-lipid
used. PT results are standardized by the international normal-
ized ratio, which was adopted by the World Health Organiza-
tion in 1983 to account for variations in the thromboplastin
reagents.’”’

The TF pathway drives the formation of some of the reac-
tive elements of the intrinsic pathway of coagulation, includ-
ing factor XI, factor VIII, and factor IX. However, the
contributions of these elements are not recognized in the PT
assay because of the overwhelming amount of TF added to
the reaction and the clot endpoint. This assay is most sensi-
tive to factor I, factor V, factor VII, factor X, and fibrinogen;
however, mild deficiencies in any of these factors can go
undetected with the PT assay.

50200 Activated Partial Thromboplastin Time

p0415 The continuity of the intrinsic (contact/accessory) pathway

of coagulation is assessed by the aPTT, which involves adding
phospholipid, Ca**, and a foreign “surface” (e.g., silica) to
citrated plasma in the absence of TE® This test evaluates the
ability of the intrinsic pathway catalysts (i.e., factor XII,
prekallikrein, HMWK, factor XI, factor VIII, and factor IX)
and components of the common pathway (i.e., fibrinogen,
prothrombin, factor V, and factor X) to produce a clot. The
primary utility of the aPTT is that it provides identification
of the congenital hemostatic defects associated with hemo-
philia A (factor VIII deficiency) and hemophilia B (factor IX
deficiency). The aPTT is also used to monitor therapy with
unfractionated heparin and to detect lupus anticoagulant.

50205 Thrombin Time
p0420 The TT tests the ability of plasma fibrinogen to be trans-

formed into fibrin to form a clot. The test detects direct
inhibitors of thrombin or fibrin polymerization. The TT is
particularly sensitive to heparin, fibrin degradation products,
and hypofibrinogenemia or dysfibrinogenemia. Thus, this
screening test is useful in evaluating a prolonged PT or aPTT
by discriminating between a problem in thrombin generation
and inhibition of thrombin activity. The TT is also used for
monitoring the extent of the lytic state during thrombolytic
therapy.

s0210 CAT Assays

p0425 An integrated view of the ability of plasma samples to gener-

ate thrombin on stimulation with either contact pathway
activator or TF has more recently come into use. CAT (cali-
brated automated thrombogram) assays are conducted in a
fluorometer with recalcified citrate plasma in the presence of
a synthetic fluorescent substrate for thrombin.****% During
the assay, thrombin is produced and hydrolyzes the substrate
to give a fluorescent signal that is continuously recorded,
providing evaluation of the entire process of thrombin gen-
eration with respect to the initiation, propagation, and

termination phases of the reaction. As a consequence, the
assay provides an integrated view of the reaction process. One
caveat in interpretation, however, is that the fluorescent sub-
strate used is also a competitive inhibitor of thrombin, and
this interferes with the thrombin feedback reactions required
to generate the catalysts of the propagation phase. However,
these assays provide a great deal more information for the
continuity of the reaction system than is available with clot-
based assays.

Platelet Function Tests

Platelet function tests are used to aid diagnosis (e.g., platelets
not functioning normally or thrombocytopenia), to predict
risk (e.g., hemorrhage or thrombosis), and to monitor therapy
(e.g., antiplatelet agents). The ideal platelet function test
would be one that is able to perform accurately in all three
areas. To date, there is still no reliable assay that can detect
platelet hyperreactivity and thus identify a prothrombotic
state.’ As well, there is no one test that identifies all prob-
lems with platelet function, nor is there widespread agree-
ment on which tests are best for each circumstance.**™?!° If
platelets are not functioning normally or a decreased amount
is present (thrombocytopenia), a patient is at an increased
risk of excessive bleeding. A platelet count can be performed,
but the overall function of the platelet is more difficult to
measure. We discuss a few of these tests, including the bleed-
ing time, the PFA-100, and platelet aggregometry.

Bleeding Time

The bleeding time involves placement of a blood pressure cuff
on the patient’s arm at standard pressure (40 mm Hg); then,
with an automatic device, one or two short, shallow cuts or
scratches are made on the inner forearm. The amount of time
it takes for the bleeding to stop (platelet plug) is documented.
If bleeding occurs for an extended time, the patient is con-
sidered to be at a higher risk for excessive bleeding during an
invasive procedure such as surgery. The bleeding time proce-
dure has fallen from favor in recent years. Many hospitals are
no longer offering it, and several national organizations have
issued position statements against its routine use as a presurgi-
cal screen. The bleeding time is not sensitive or specific, and
it does not necessarily reflect the risk or severity of surgical
bleeding. It is poorly reproducible, can be affected by aspirin
ingestion and by the skill of the person performing the test,
and frequently leaves small thin scars on the forearm.

PFA-100 (Platelet Function Analyzer-100)

More recently, the PFA-100 is being used in the hospital as
the main testing device for platelet function screening. The
test is performed by drawing a tube of blood from a vein in
the arm, and then a portion of the blood is put into a test
cartridge. The blood is then drawn by vacuum through a very
thin glass tube that has been coated with collagen and with
either epinephrine or adenosine diphosphate (ADP). The
coating activates the platelets in the moving blood sample
and promotes the platelets to adhere and aggregate. Clot
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formation is measured as a closure time, which is defined as
the time it takes for a clot to form inside the glass tube and
to prevent further blood flow. The initial screen is done with
collagen/epinephrine. If the closure time results are normal,
it is unlikely that a platelet dysfunction exists. If the collagen/
epinephrine test results are abnormal, a collagen/ADP test is
run to confirm the abnormal results. If the results of both tests
are abnormal, it is likely that the patient has a platelet dys-
function, and further testing for inherited or acquired bleed-
ing disorders is indicated. If the collagen/ADP test result is
normal, the abnormal collagen/epinephrine test response
may be due to aspirin ingestion. This is the most frequently
encountered abnormal collagen/epinephrine result as a single
dose of aspirin can affect a person’s platelet function for about
10 days. Although the PFA-100 has gained acceptance as a
useful screen for platelet dysfunction, it has not been shown
to be able to predict the likelihood that a patient will bleed
excessively during surgery, and its full clinical utility has yet

to be established.

50230 Platelet Aggregometry
p0445 With platelet aggregometry, the laboratory can analyze how

particular stimulators (agonists) affect platelets in a milieu of
plasma (platelet-rich plasma) or whole blood. Aggregometry
can be performed at low or high shear rates (velocity of a fluid
expressed as inverse seconds). Light transmission aggregome-
try and whole-blood aggregometry are both performed by
analyzers using a low-shear environment. The platelet func-
tion analyzer is one example of a high-shear system. Instru-
ments providing both these environments are commercially
available, making aggregometry readily accessible to a clinical
laboratory. This test is used to diagnose inherited and acquired
platelet function disorders. It is affected by aspirin and a
variety of other drugs that alter platelet function.

50235 Other Platelet Function Tests

p0450 There are many other platelet function tests that measure

particular aspects of platelet aggregation or clot formation.
Some are still being used only for research, whereas others
are being used in hospitals for specific purposes. These tests
have been reviewed’'® and include IMPACT, VerifyNOW,
Plateletworks, platelet surface P-selectin, platelet surface
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activated glycoprotein IIb/Illa, leukocyte-platelet aggregates
(flow cytometry), VASP phosphorylation state, platelet-
derived microparticles, serum thromboxane B,, urinary
11-dehydrothromboxane B,, plasma sCD40L, plasma GPV,
and alpha granule constituents in plasma (platelet factor 4
and B-thromboglobulin).

Whole-Blood Assays

There is renewed interest in “global coagulation testing”
with methods enabling on-site measurements of coagulation
that provide rapid and continuous information on coagula-
tion. The use of whole blood gives a better picture of the
situation in vivo because all blood components are allowed
to interact during the test. The whole-blood, on-site assays
in common use in surgery and cardiovascular percutaneous
interventions are the activated clotting time (ACT) and
thromboelastography.

Activated Clotting Time

The ACT, introduced by Hattersley in 1966,’!! is an adjusted
aPTT test for samples of citrated whole blood. The ACT
involves a proprietary device that includes a specialized tube
containing activators of the intrinsic (contact) pathway. The
ACT assay can evaluate the influence of coagulation inhibi-
tors such as heparin and the direct thrombin inhibitors (e.g.,
bivalirudin [Angiomax]).*'**" It is one of the most frequently
performed coagulation assays and has shown utility as a point-
of-care evaluation of the hemostatic response in surgical and
interventional suites to control treatment with intravenous
unfractionated heparin during vascular procedures.’!*

Thromboelastography

Thromboelastography uses technology that has existed for
more than 40 years.’>*!¢ The modern iterations of the throm-
boelastograph are computerized, user-friendly devices that
provide on-site evaluations of clotting performance and the
potency of in situ fibrinolysis. These devices are viscometers
that measure the increasing viscosity of blood during the
coagulation process and produce a time-based record of the
process. From the tracing obtained (Fig. 34-14), different
semiquantitative parameters that evaluate the quality and

Figure 34-14 Representation of a thromboelas- K
tographic tracing. Evaluation of the quality and
timing of clot formation and lysis is illustrated in
terms of semiquantitative parameters: R, the
reaction time, estimates the time to initial clot
formation; K and o estimate the rate of fibrin for-
mation and cross-linking; MA estimates the
maximum amplitude of the fibrin clot and its
strength; TMA calculates the time to MA. Ay is T
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/ 10 millimeters {
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timing of clot formation and lysis are measured. The reaction
time R estimates the time to clot (initial platelet-fibrin clot
formation). K and o are evaluators of the rate of clot buildup
and cross-linking. The maximum amplitude is an estimate of
the overall resistance or strength of the fibrin clot and depends
on platelet number and function and fibrinogen levels. Pro-
tracted evaluations yield parameters (LY30, LY60, estimated
percentage lysis) associated with clot lysis.

Like the aforementioned CAT technologies, thromboelas-
tography involves analysis of whole-blood coagulation initi-
ated by the contact pathway. This technology, however, is
being expanded to define the mechanistic significance of
the various thromboelastographic parameters by the develop-
ment of methods that involve the use of either citrated
whole blood that is recalcified or purely TF-dependent whole
blood™” containing a contact pathway suppressant.’'® Throm-
boelastography has been used to monitor blood coagulation

during surgery,®” trauma management,’*® and treatment with
fibrinolytic agents.

321-325

Future Coagulation Assays

The advent of new, direct-acting procoagulants and anti-
coagulants is leading to the development of new plasma-
based and on-site whole-blood assays. These new assays have
the potential to accurately report the quality of an antico-
agulant response and will, it is hoped, mirror the phenotypic
physiologic response to new, enzyme-specific inhibitors cur-
rently being developed in ongoing clinical trials. Some
clinical studies have concluded that the currently available
point-of-care technology may be less useful than is generally
accepted,’®?® thus suggesting the need for expanded new
technologies with a focus on total thrombin generation in
global assays. These new tests have the potential to be
responsive to many of the newer anticoagulants being devel-
oped for therapeutic intervention. The ultimate utility of

these new assay technologies, however, is dependent on
their established use and predictive qualities in the cardiol-
ogy and surgical suites.
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