Basics of Coagulation

The basic mechanics of hemaostasis must be grasped in order to understand the
disoeders of hemostasis and the therapies designed 10 alter coagulation. Generally,
coagulation is divided into fibrin (ommuun. fibrinolysis, platelet function, and natural

anticoagulants.

Formation of Fibrin

The coagulation cascade is 2 series of enzymatic steps designed to amplify the
insule of initial rrauma into the formation of 2 fibrin plug. Recent research has
revetled how fibein formation occurs in vivo rather than how it occuss in the test-tube.
The in vivo pathway for the purposes of this book is called the “new pathway” of
coagulation. Unfortunately, the two most common laboratory teses for coagulation
and many books are still based on the test-tube models of coagulation. It i impor-

tant to leara (a livde bit} about the older models of coagulation 1o understand these
two laboratory tests and much of the classic literature.

The Old Pathways (Fig. 1.1)

[n the test be tsue factor (TF)+Vila s much more effective in activating
factor X than factor XI. This pathway is initiated by adding bits of tissue (“rssue
thromboplastin®, usually minced animal's brains) to plasma. The brain tissue is used
in these studies because it is an excellent source of both phospholipids and tissue
factor. Since an extrinsic initiator, brain, was added, this pathway is known as the

“extrinsic pathway.” The second pathway is started when blood is cxposcd to glass
Since nothing is added (except the glass surface) this is called the “intrinsic pathway.”
This pmhwn) is dependent on 2 different set of enzymes that result in factor XII

activating factor X1. Siace both pathways are the same once Factor X is formed, the
path from factor X to fibrin formation is known as the “common” pathway.
To recap:
Extrinsic pathway: TF+VIla—Xa+V—lla—Clot
Intrinsic pathway:  Contact system—+IXa+ VIII—+Xa+V—1la—Clot
Common pathway: =sXa+Veslla=sClot
These pathways explained laboratory findings but did not match clinical obser-
vations. Patients with deficiencies of the contact system did not bleed, suggesting
that the intringic pathway was aot relevant. Hemophiliacs, on the other hand, are
missing proteins VI and 1X (intrinsic pathway), which implies that the extrinsic
pathway zlone was not enough to support hemostasis. These contradictory observa-
tions led to the development of the “new pathway”.

The Players
Maost of the coagulation proteins are cither enzymes {serine proteases) or cofac-
toes (Table 1.1). A coagulation protein isa framework consisting of a serine protease
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Fig. 1.1. Old Madels of Coagulation.

with different protein domains added 1o it The purpose of these domains is w add
different capabilities 10 the couing proteins.

Factors 11, VII, IX, X, protein C, protein S and protein Z have vitamin K- de-
pendent glutamic acid (GLA) domains on the amino terminus of the protein. These
domains contain 9-11 glutamic acids modified to form gamma-carboxyglutamic
2cid (GLA). This modification allows calcium to bind w proteins, The bind-
ing of calcium dmrﬁcs the conformation of the protein and serves to bind them in
tuen to phospholipid surfaces (Fig. 1.2). The hepatic GLA redox reaction is depen-
dent on viamin K ("Koagulation”). Without this vitamin, dysfunctional coagula-
tion proteins are produced which function poorly in coagulation reactions. The
drug warfarin blocks the recydling of vitamin K and leads o a reduction in func-
tional coagulation factors,

Table 1.1 Coagulation proteins
Enzymes Cofactors Miscellaneous
Factor la Tissue factor Fibrinogen
Factor Vika Factor V Factor XIN
Factor 1Xa Factor VI Alpha antiplasmin
Factor Xa Protein § PAI-T
Factor Xla Antithrombin
Protein C
PA

Plasmin
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GLA DOMAINS

Fig. 1.2. GLA dormaing serves two functions. One is 10 bind the protéin to phospholipid
surfaces. The other 5 1o fold the protein into the proper configuration,

Factor 1, dssue plasminogen activator, and plasmin contain “kringle™ regions
(named after 2 Danish pastry). The kringle domains help these proteins bind w0
fibrinogen (Fig. 1.3).

The cofactors V and VIII are very similar molecules and require activation by
thrombin. The mechanism undeelying their cofactor function is unknown. The pres-
ence of these two cofactors enhances the efficiency of the coagulation factoes by ar

lease 100,000-fold.
The “Quaternary Complex”

Most coagulation reactions have four components, starting with the enzyme
binding 1o 2 cofactor that is bonded by calcium to a surface (Fig. 1.4). This serves to
make 2 little “coagulation factory” on the surface and improves the efficiency of the
reaction by bringing the components together.

* Enrzyme: (Vila, Xla, Xa, [z, proten C)

* Co-factor: (V, VIIL, tissue factor, protein S}—speeds up reactions by
orders of magnitude

* Caldum: binds protein to surfaces

* Phospholipid surface: Has 2 negative charge and speeds reactions by
bringing proteins doser to each mﬁ)cr.
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Fig. 1.3. Binding of the *Kringle” region to the lysre residue of Gbrinogen.
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Fig. 1.4. The guastanry complex. Active Enzyme (IXa) activates peoenzyrme (X} with the help
of a co-factor (VHI). These enzyrmes are bound 1o the phospholipid surface by calcium.

Initiation of Coagulation

Overview: TF+ VII=»IXs VIII=o X+ V==]]
The key step in the initiation of coagulation is exposure of tissue factor (TF). TF
is 2 transmembrane surface molecule that is more or less on all cell surfaces except

endothelial cells and circulating blood cells. Thug, flowing blood under normal
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Table 1.2 Key coagulation reactions

Key Reactions

The New Pathway
TF+Vila=eiXa+Vili—eXa+V=ella—=Clot

The Old Pathway
Intrinsic pathway:  Contact system =eIXa+ VIl Xa+Veslia—+Clot
Extrinsic pathway: TF+Vila—sXa=V-sila—-=Clot
Common pathway: —eXa+V-ella==Clot
Fibrin Formation
Fibirinogen-| THROMBIN)-»Fibrin monomes—sFibrin polymer (FACTOR Xlifl—=Fbrin Clot

Fig. 1.5. New standard model for coagulation.
conditions is never exposed 1o TE With trauma, blood TF * v"a
spills out of the vessel and contaces TFE This is what 1
initiates the coagulation cascade.
TF binds factor VII. This reaction would stop 'X + vul
immediately without active factor VII (VII2) to cleave
factor IX (Fig. 1.6). However a tiny bit (0.1%) of |
factor VII circulates in the active form. This bit of
Vila from the blood binds TF, the TF-Vilz complex X‘.'v
activates surrounding TF-VII complexes and these
complexes start converting factor IX into IXa (Fg. l
L.5).
Now factor IXa, with its cofactor VIIlz, converts "
X into Xa. The presence of Villa is crucial for the
function of the Xa complex. Of note, the underlying l
pathology of the two most common forms of hemo-
hilia is the absence of the two proteins in this reac-
tion (X and VIII) (Fig, 1.7), CLOT

Fig. 1.6. Tissue factor 16 exposed and binds to factoe Vila, The tissue facton-Vila complex
then activates factor IX.
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Fig. 1.7. Factor IX along with its cofactor VI activates factos X,

Fig. 1.8. Factor X alang with its cofactor factor V activation prothrombin into theombin,

Faceor Xa binds with cofactor Va to generate thrombin (11a) from }:m'.hmmbin
(I1). The production of thrombin is the final step in the initation of coagulation
and is the single most crucial step in hemostasis (Fig. 1.8).

Thrombin

Thrombin is a multifunctional molecule. It functions to:
*  Cleave fibrinogen intw fibrin
*  Acuvate factors V and VIII
*  Activate factor X111
*  Activawe factor X1
*  Activate platelets
*  Activaie thrombin activatable fibrinolysis inhibitor (TAFI)
*  Activate fibrinolysis
*  Activate protein C
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Fig. 1.9. Thrombin, freed from its GLA domains, flees to performs its many functions.

Thrombin is unigue in several ways (Fig. 1.9}. It does not require 2 co-factor for
enzymatic function. When it is activated, it separates from its GLA domain so it can
float around to promote clotting. Thrombin also provides both pasitive feedback by
activating factors V, VIIL XI, )dll TAFL and negative feedback by activating protein
C and promoting fibrinolysis. Thrombin activation of factor X1 provides 2 further

Eositivc feedback loop. Active factor X1 activates IX eventually leading 1o more throm-
in genesation.

Fibrin Formation (Figs. 1.10, 1.11)

Fibrin is formed by wuming soluble circulating fibrinogen into an insoluble fi-
brin thrombus. This is done in two steps. In the first step thrombin converts fi-
brinogen into fibrin monomers which spontaneously pofymcrixc to form fibrin

olymers. In the second seep factor X111 stabilizes the clot by forming amide bonds
Ectwctn different fibrin potf; Iners:

Fibrinogea—+Fibrin monomer—+Fibrin polymer—Fibrin dot

Thrombin acts on fibrinogen and clips off wwo peptides (fibrinopepride A and
B). This produces the fibrin monomer. The act of thrombin clipping off these pe
tides exposes polymerization sites that can bind to other fibrin monomers. ﬁc

monomers polymerize together to form 2 loose clot. Factor XIUT then solidifies the
bond by forming gluzmyl-lysine bridges between the side chains of the fibrin mono-

mers. Note that factor X111 & the only coagulation enzyme that is NOT a serine
protease.
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Fig. 1.10. Formation of the fibrin clot.
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Fig. 1.11. Formation of the fibein thrombus. Thrombin acts on fibrinogen o0 cleave fi
brinopeptide A and B. This forms the fibrio monomer that loosely polymerizes. Facior
X covalently bonds the fibrin monomer to form a stable thrombus.,

[n addition thrombin promotes coagulation by activating thrombin activatable
fibrinolysis inhibitor (TAFI) (Fig. 1.12). TAFI cleaves the lysine residues w which
many fibrinolytic enzymes bind, rendering the clot less likely w be dissolved.
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Fig. 1.12. Natural anticoagulants.

The Role of Factor X1

The “new” pathway leaves out the role of several proteins found in the older
pachways. The contact system (factors XII, etc..) 2ppears to play a role in inflamma-
tion but patients with deficiency of these proteins do not have hemostatic defects.
The role of factor XI i more confusing. Although not in the new pathway, patients
with deficiencies of factor XI do cxlubu bleeding, especially after surgery. Thrombin
can activate factor X1 which then feeds back o activate factor IX. This then leads 1o

more thrombin generation. More thrombin formation leads 1o activation of TAFL
This theory is consistent with the ﬁndmg that patients kacking factor XI often have

bleeding in sites of fibrinolytic activity such as the mouth after oral suegery.

Fibrinolysis
The fibrinolytic system is responsible for breaking down blood clots once they
have formed. Obviously this is an important process to prevent thrombi from get-

ting too large, 1o aid wound healing, and to prevent thrombosis in an undesirable
place. Recent research has also impli-

cated roles for proteins from the fibrin-
olytic system in diverse processes such PLASMINOGEN

as cancer metastasis and memory. l

M.I‘\

Plasmin PAI1
This is 2 serine protease produced by
the liver which deaves bonds in fibrin

Fibrinolytic Proteins
The key proteins in the fibrinolytic
system are {Fig. 1.13):

ANTIPLASM!N

Fig. 1.13. The fwrinolytic pathway.
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Fig. 1.14. Physologic fibrinolysis. Free tPA can bins to fibrin and efficiently sctivate
plasminogen to plasmin. Any free (PA of plasma i inactivated by circulating inhibitors.

and fibrinogen. Noemally it circulates as an inactive precursor plasminegen, bur it
can be converted to plasmin by:

Tissue plasminogen activator (tPA): This is produced by endothelial cells. (PA
is the physiologic activator of plasmin

Urokinase (UK): This is secreted in the urine (hence its name) and in many
other cells. It is also a potent activator of plasminogen.

Several inhibitoes of fibrinelysis are present to keep the fibrinolytic system in
balance:

Plasminogen activator inhibitor (PAI-1): PAI-1 is made by the liver and en-
dothelial cells. It binds and inactivates (PA.

Alpha, antiplasmin: This is made by the liver. It binds and inactivates plasmin,

Fibrinolysis—The Process

The ability of tPA 1o deave plasminogen to plasmin is far greater when plasmi-
nogen and tPA are both bound o the fibrin dot. Moreover, when plasmin is bound
to librin, it is protected from the action of circulating alpha -antiplasmin (Fig. 1.14).

A formed thrombus carries with it the seeds of its own destruction by incorpo-
rating plasminogen into the clot. tPA released from nearby endothelial cells perco-
lates into the clot. The tPA binds to fibrin and then converts plasminogen o plasmin,
which lyses the cdlot. Any excess tPA that escapes into the plasma is rapidly inacti-
vated by PAI-1. Any plasmin that escapes in the plasma is rapidly inactivated by
alpha-antiplasmin. Thus, active fibrinolysis is confined to the thrombus iwself (Fig.

1.15).
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Fig. 1.15. When the thrombus reaches normal endothelial cells, the endothelial cells
will secrete tPA that binds to the fibrin and cleaves plasminogen to plasmin lysis the
thrombus,

Platelet Production and Life Span

Platelets are made in the bone marrow. Huge cells known as megakaryocytes
(detived from hematopoietic stem cells) are the precursors to platelets; one mega-
karyocyte can produce 2,000 plateless. Phtdcubudoﬁ'dactdgcsoﬂhc

cytesand the megakaryocyte eventually rating. The plareler circulates

i the blood for 7-10 days Platelets mhu cucuh y or are sequestered in the

spleen. At any given time one-third of the platelets are locawd in the spleen.
Thrombopoietin (TPO)

Discovered in 1994, TPO is the main growth and maturation factor for mega-
karyocytes. One-half of the TPO molecule is very similar 1o erythropoietin. TPO
can make carly precursor cells differeatiate into megakaryocyres and can also induce
generation of platelets by megakaryocytes. TPO and molecules with TPO-like ac-
tivity are currently being tested in patients with severe thrombocytopenia due w0
chemotherapy or bone marrow transplanation.

Function of Platelets
Platelets do four things:
1. Adhere 1o damaged cndoa.bdium.
2. Store ADP and prorei
3. Aggregate with other platelm
4. Provide a surface for coagulation reactions.
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Fig. 1.76. Platelet adhesion: Platelet binding to collagen with von Willebrand factor as
the glue and GF b as the receptor.

Platelet Adbesion (Fig. 1.16)

Damage to 2 blood vessel exposes cellagen that is wrapped around the vessel. The
ex coll reacts with and binds 2 Jarge multimeric in known a8 von
W'mnd fﬁ Once it is bound, von Wil?:gtmnd factor c}nm in conformation
at one end so that it now can bind to platelets. The von Willebrand factor attaches
to the platelet recepror ghoprotein (Gp) Ib. Platelet adhesion by von Willebrand
factor creates a plateler monolayer over an injured surface. The binding of von
Witlebrand factor to Gp Ib leads 1o physiological changes called plateler activation,

About von Willebrand Factor

Von Willebrand Factor (vWF) is a huge molecule, up 10 20 million daltons in
molecular weight. It serves another role in hemostasis by carrying and protecting
coagulation factor VIIL Patients who completely lack vWF also lack factor VIII,
which resuls in a severe bleeding disorder.

Summary of Platelet Adhesion
Plazelet adhesion occurs by exposing coflagen, which leads 1o the binding of von
Willebrand factor (“the glue®) to the platelet recepror GP 1.

Platelet Storage (Figs. 1.17, 1.18)

Platelets are filled with granules that store ADP and other proteins released when
platelets are activated. Afpha granules store proteins and dense granules store chemi-
cals. Alpha granules contain proteins such as vIWF and factor V. Dense granules
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ALPHA
GRANULES

Fig. 1.17. Platelet structure demonstratiog two key receptors: GP 16 and Hh/ANa and two
granules—The slpha granules and dense granules,
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Fig. 1.18. Platelet, when activated, refeases its granule contents.

e

contain chemicals such as serotonin and ADP which, after release, activate nearby
platelets. Plateler activation also leads 10 production of thromboxane A;, a key acti-
vator of platelets (recall thar thromboxane A. synthesis is blocked by aspirin).
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Fig. 1.19. Binding of von Willebrand factor 10 GP Ib initiating platelet activation and
exposing GP HbAla,

Platelet Aggregation (Figs. 1.19, 1.20)

Plareles gation is the binding of platelets 1o each orher (as op to adhe-
sion where mm adbere w0 the mﬁm&}. Aggregation occurs because of the
activation of a platelet receptor known as GP [félia. This plateler recepror is acti-
vated by a number of processes including:

1. Binding of s WF o Gp Ib.

2. Binding of platelet agonist such as thrombaxane A2 and ADP 1w platelet
receprors.

3. Binding of thrombin o the platelet thrombin receptor. This ties the hu-
moral of coagulation (tissue factor etc.) to platelet activation. Throm-
bin is the MOST potent Ehysiologic activator of })latclcls known.

Activation of GP 11b/I1la is the final common pathway for plateler aggregation.
The GP Ivilia recepror is a rarget for many powerful antiplatelet agents currently
in use.

After the platelets have formed 2 monolayer on an injured surface, they release
platelet agonises such 25 ADP This activates nearby platelets causing them w ac-
vate their own GP [b/111a. Fibrinogen (abundant in the plasma) then binds to all
the active Gp [1b/I112 exposed on the plateler surface. The “glue” for platelet aggre-
gation is fibrinogen. This acts 1o clump platelets together into a large mass, forming
2 platelet plug that stops the bleeding.

Platelet Surface
Coagulation reactions take place on surfaces. This allows all the coagulation fac-
tors to be close to one another and increases the efficency of the reactions. When
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Fig. 1.20. Flatelet apgregation: Binding platelet to platelet with fitsrinoren as the glue
and GP lIa11a a3 the receptor.

platelets are activated, they expose a negatively charged phospholipid—
dylierine.

pbo‘;’};‘:’;f‘phatidylminc augments the binding of coagulation factors 1o injured sue-

faces. Since platelets are found at the site of injury, their surfaces provide a platform

for coagulation. When platelets are activated, lietle blebs (called platelet microparsicle)

bubble off the surface. These microparticles increase the smgcc area available for

coagulation reactions many times over.

Natural Anticoagulants

For every step of the coagulation cascade there exists 2 protein inhibitor of that
step. These proteins ensure thar excess thrombosis does not eccur. These proteins
are tissue-factoe pathway inhibitor (TFPI), antichrombin {formally kanown as anti-
thrombin 111}, protein C and protein S.

Tissue-factor pathway inhibitor is 2 protein that binds to factor Xa. This com-
plex then forms a quarteenary complex with tissue factor-VIla and hales furcher 1Xa
formation. It is speculated that coagulation continues via thrombin activating factor
XI which in turns activates factor IX and leads 1o more thrombin generation.

Protein C is a serine protease that cleaves and destroys factors Va and Vila. Is
cofactor protein § is crucial for this function. Both proteins C and S are vitamin K
dependent. Protein § has several unusual features, Firse, it is not a serine protease.
Secoadly, it circulates in two forms in the plasma, a free form and 2 form bouad 10
C4B-Binding protein. Only the free form can serve as a cofactor to protein C. Nor-
mally about 40% of protein S exists in the free form. Alterations in this ratio, either
acquired or genetic, are responsible for many of the hypercoagulable states.
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Antithrombin is a serine protease inhibitor thar binds and inactivates all the
serine protezses of the coagulation cascade. Iis function is greatly augmented by

cither natural heparan or exogenous heparin. The addition of these complex polysac-
charides leads 1o 2 dramatic increase in antithrombin's ability to bind and neutralize

serine protascs.
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