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Regulation of coagulation
by the antithrombotic protein C pathway

The maijority of hereditary thrombophilia defects involves the antithrom-
botic protein C pathway which includes protein C and protein S as antico-
agulant factors, thrombomodulin and endothelial protein C receptor as co-
factors for activation of protein C, and factors Va and Villa as substrates
for activated protein C. Activated protein C (APC) is a normal circulating an-
ticoagulant that is generated from the protein C zymogen by proteolysis.
Ischemia induces generation of APC in the brain and heart. APC resistance
represents a poor anticoagulant response to APC. Variant factor V con-
taining GIn506 in place of Arg506 (factor V-Leiden) causes APC resistance
by impairing the anticoagulant efficiency of the protein C pathway. A va-
riety of lipids and lipoproteins can contribute to either procoagulant or
anticoagulant reactions. Interestingly, high density lipoprotein (HDL), "the
good cholesterol’, is an anticoagulant cofactor for the protein C pathway
and studies support the hypothesis that specific minor apolipoproteins
and/or lipids of HDL are anticoagulants. Statins, normally used to treat hy-
perlipidemia, are also remarkably antithrombotics. Anticoagulant lipids in-
clude phosphatidyl ethanolamine and cardiolipin. Procoagulant lipids/lipo-
proteins include triglyceride-rich particles in plasma and oxidized low den-
sity lipoprotein (LDL). Procoagulant and anticoagulant lipids/lipoproteins in
plasma contribute a Yin-Yang balance that helps influence the up-regulation
and down-regulation of thrombin generation. Both diagnostic and thera-
peutic advances for understanding and treating thrombosis continue to e-
merge from research on the protein C pathway.
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Thrombosis in many patients involves a combination
of one or more mild genetic risk factors, often in com-
bination with an acquired risk factor. Because most of
the currently known genetic risk factors for venous
thrombosis involve defects in the protein C pathway,
this review article is focused on the antithrombotic pro-
tein C pathway (see 1 and 2 for recent reviews).

1. BLOOD COAGULATION PATHWAYS
AND PROTEIN C ANTICOAGULANT PATHWAY

Although more than four decades have elapsed since
the first presentation of the cascade model for blood
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clotting pathways,*? the outline of sequential conversions
of protease zymogens to active serine proteases remains
useful, with some modifications, to represent blood co-
agulation reactions (fig. 1). Major advances in the past
two decades emphasize both positive and negative feed-
back reactions (fig. 1).

In positive feedback reactions, alpha-thrombin activates
platelets and factors V, VIII, and XI.>%° Small amounts of
thrombin can be generated by trace amounts of tissue
factor via the extrinsic pathway. Subsequently, thrombin
can activate factors XI, VIII and V thereby stimulating
each of the steps in the intrinsic pathway and thus am-
plifying thrombin generation. In negative feedback reac-
tions that involve the protein C pathway, binding of al-
pha-thrombin to thrombomodulin converts the bound
thrombin to an anticoagulant enzyme that converts the
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protein C zymogen to activated protein C (APC), the an-
ticoagulant serine protease (fig. 1). This surface-depen-
dent reaction is enhanced by the endothelial cell protein
C receptor (EPCR)."**? In a further negative feedback
loop, APC with the aid of its nonenzymatic cofactor, pro-
tein S, inactivates factors Va and Vllla by highly selec-
tive proteolysis, yielding inactive cofactors, factors V; and
VIIL. Protein S can also directly inhibit factors Vllla, Xa,
and Va.”" Thus, APC and protein S, either in combi-
nation or alone, can inhibit multiple steps in the blood
clotting pathways. At each step in the coagulation path-
ways, each clotting protease can be inhibited by one or
more protease inhibitors, notably by the heparin-stim-
ulated antithrombin III and tissue factor pathway inhibitor
(TFPI).? Given the highly nonlinear nature of the coag-
ulation pathways with both positive and negative feed-
back reactions, synergy between the protein C pathway
and plasma protease inhibitors is important for regulating
thrombin generation.

2. ACTIVATION OF PROTEIN C

When protein C is synthesized in the liver, a single
polypeptide precursor of 461 residues is made with a
prepropeptide of 42 amino acids that contains the sig-
nal for carboxylation of Glu residues by a carboxylase
that forms 9 (-carboxyglutamic acid (Gla) residues and
secretion of the mature protein.?>#?® Mature protein C
of Mr 62,000 contains 419 residues and N-linked car-
bohydrate, and the majority of the secreted protein C
zymogen molecules are cleaved by a furin-like endo-
protease that releases Lys156-Argl57 and generates a
two-chain protein in plasma at 70 nM. The heavy and
light chains of plasma protein C are covalently linked

Figure 1. Blood coagulation pathways and
anticoagulant protein C pathway. See text for
details and discussion.

by a single disulfide bond that tethers the serine pro-
tease globular domain (residues 170-419) to three N-
terminal domains, the Gla domain and the epidermal
growth factor-like domains, EGF1 and EGF2.20%

Protein C zymogen is activated to a serine protease
via cleavage by thrombin at the Argl169-Leul70 pep-
tide bond in a Ca?*-dependent reaction that is accel-
erated by orders of magnitude by thrombomodulin
(see fig. 1).” This reaction is also accelerated by an-
other cell surface protein, the endothelial protein C re-
ceptor (EPCR).?%%3

APC in blood likely contributes to antithrombotic
surveillance mechanisms because it circulates in all nor-
mal humans at 38 pM.# The half-life of APC in fresh
whole human blood is [20 min and the in vivo half-life
of APC in normal adult human subjects is [22 min.?#’
The major plasma inhibitors of APC include a;-anti-

trypsin, protein C inhibitor, and a,-macroglobulin.®

Perhaps surprisingly, the relationship between throm-
bin generation and thrombotic tendencies is by no
means a positive linear one. In figure 1, thrombin can
play central roles for stimulation of both procoagulant
and anticoagulant pathways. In experimental animal
studies, while it is clear that high levels of infused throm-
bin are prothrombotic, infusion of low levels of throm-
bin ironically generate potent antithrombotic activity due
to APC generation.? The thrombotic potential profile of
thrombin in blood is complex and may be represented
by a J-curve.? This phenomenon has been described as
"the thrombin paradox", like the "red wine paradox"-too
much of either is harmful to blood vessels, but a little is
better than none at all.??
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Thrombin is indeed a physiologic activator of protein
C as shown by experiments in which thrombin infusions
into baboons generated anticoagulant activity due to
APC.%% Hyperlipidemia and vascular disease can affect
protein C activation because it was shown that throm-
bin infusion into hyperlipidemic monkeys with athe-
rosclerosis generated less APC and caused a poorer ex
vivo response to APC compared with normolipidemic
control monkeys.?!

3. ISCHEMIA AND PROTEIN C ACTIVATION

Ischemia causes protein C activation in vivo because
a brief occlusion of the left anterior descending coro-
nary artery in pigs results in APC generation.* Further-
more, during cerebral ischemia in patients undergoing
routine endarterectomy, circulating APC increases in the
venous cerebral blood.** Recent studies showed that
protein C is significantly activated during cardiopul-
monary bypass, mainly during the minutes immediate-
ly after aortic unclamping in the ischemic vascular beds.*
Thus, APC is generated as part of the body’s response
to injury and to thrombin generation, and a normal an-
ticoagulant response to APC is essential for normal
physiology. A poor or subnormal response to APC is i-
dentified in many thrombosis patients.

4. RESISTANCE TO ACTIVATED PROTEIN C

The term "activated protein C (APC) resistance", in-
troduced by Dahlback et al,***” indicates a poor antico-
agulant response of a subject’s plasma to APC. APC re-
sistance is detected in 20-50% of patients with venous
thrombosis, depending on criteria for cohort selec-
tion.**% Because APC inhibits coagulation by limited pro-
teolysis of factors Va and Vllla in phospholipid-depen-
dent reactions enhanced by protein S, quite a number
of molecular mechanisms are possible. Essentially any
genetic or acquired abnormality of a protein C pathway
component (fig. 1) that interferes with the expression of
APC activity could cause APC resistance, as could an
autoantibody against various protein C pathway com-
ponents. And APC resistance was actually first described
in 1990 in patients with venous thrombosis when it was
hypothesized to be due to autoantibodies that interfered
with expression of APC activity.®%

In spite of the variety of potential causes of APC re-
sistance, the majority of patients with APC resistance,
as defined using APTT assays, share the same genetic
and molecular defect that involves a point mutation of
G to A at nucleotide 1691 in the Factor V gene, pre-
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dicting the amino acid replacement of Arg506 by GIn.
Although GIn506-Factor V could equally well be referred
to as "factor V La Jolla" or "factor V Amsterdam" since
the mutation was simultaneously and independently i-
dentified by research groups in these cities, the common
usage has evolved in which GIn506-factor V or Q506-
Factor V is synonymous with factor V-Leiden. It should
be emphasized that the terms "APC resistance" and "fac-
tor V-Leiden or GIn506-factor V" are not equivalent be-
cause APC resistance is a laboratory phenotype where-
as GIn506-factor V is a genotype. This distinction is im-
portant, for example, because APC resistance with nor-
mal factor V genotype is reported in ischemic stroke
patients, venous thrombosis patients and certain subsets
of patients with arterial thrombosis.***

Inactivation of normal Factor Va involves an initial
cleavage at Argh06 followed by a phospholipid-depen-
dent cleavage at Arg306.°*%” Biochemical studies show
that GIn506-Factor Va is, indeed, APC resistant as the
variant is inactivated ten-times slower than normal
Argb506-factor Va.*®%? Nonetheless, APC can inactivate
>90% of the procoagulant activity of GIn506-Factor Va
due to cleavage at Arg306.” As summarized elsewhere
in this volume, factor V-Leiden is a mild risk factor for
venous thrombosis. This may be due to the fact that
cleavage at Arg306 completely inactivates factor Va or
to the possibility that factor Va may be inactivated by
proteases other than APC.

5. PROCOAGULANT AND ANTICOAGULANT PLASMA
LIPIDS AND LIPOPROTEINS

Based on a variety of clinical studies of atherothrom-
bosis, hypercoagulability is associated with hyperlipide-
mia and with an increased risk for arterial thrombosis,
and treatment of hyperlipidemia lowers risk of throm-
bosis. However, little consideration is generally given to
the potential contributions of hyperlipidemia to venous
thrombosis. Yet there are some indirect indications that
hyperlipidemia might contribute to increased risk for ve-
nous thrombosis. Elevated plasma prothrombin levels
associated with the polymorphism 20210A in the pro-
thrombin gene is a mild risk factor for venous throm-
bosis.®** Increased levels of all vitamin K-dependent pro-
coagulant factors are associated with hypertriglyceri-
demia, and, furthermore, triglyceride-rich lipoproteins
bind vitamin K-dependent clotting factors and promote
procoagulant reaction.®” Oxidation of low density lipo-
protein (LDL) enhances tenfold its ability to promote
prothrombin activation.” In contrast to these procoag-
ulant properties of plasma lipoproteins, the "good c-
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holesterol", high density lipoprotein (HDL), has antico-
agulant cofactor activity for the protein C pathway be-
cause HDL enhances factor Va inactivation by APC in
the presence of protein S due to cleavage at Arg306 in
factor Va.”? HDL was purified using density gradient cen-
trifugation and HDL2, not HDL3, has anticoagulant co-
factor activity for APC (Deguchi, Fernandez and Griffin,
unpublished results), showing specific minor apolipopro-
teins and/or lipids of HDL have anticoagulant cofactor
activity.

Blood coagulation reactions are considered to occur
at significant rates only on surfaces where anionic phos-
pholipid, especially phosphatidyl serine, is exposed. Re-
cent data support the hypothesis that different lipids d-
ifferentially enhance either procoagulant or the antico-
agulant pathways seen in figure 1. For example, phos-
phatidylethanolamine and cardiolipin are posited to be,
on balance, anticoagulant lipids because they enhance
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the reactions of the protein C pathway more potently
than the procoagulant pathways.”” Consequently, giv-
en the large variety of lipid compounds found inside cells,
within the membrane and in plasma lipoproteins and
given the propensity of almost all clotting factors to as-
sociate with lipids that alter the clotting factor’s activity,
we speculate that defects in anticoagulant lipids will be
identified as contributors to increased risk for venous
and arterial thrombosis. Moreover, the relationships be-
tween plasma HDL and anticoagulant lipid cofactors mer-
its further basic and clinical investigation.

In a recent intriguing report, statins, most often prescribed
for treatment of hyperlipidemia, reduced by 50% the in-
cidence of venous thrombosis.” If this report is confirmed,
there are a number of potential explanations; however, it
is tempting to speculate that the reduction in hypercoag-
ulability caused by statins is at least partially due to re-
duction of procoagulant plasma lipids and lipoproteins.
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H mielovéinta towv kAnpovouikav BpopBoginikev S1abéoemv agopd v 086 ng npwteivng C, n onofa nepi-
AapBdvel g npwtsiveg C ka1 S wg avinnkikoVg napdyovieg (avactoneig), tn BpopBopodouvnivn kal tovg L-
nodoxeig tng evboBnhiaknig nporeivng C wg cvpunapdyovieg yia tnv svepyonoinon tng npoteivng C kai toug
napdyovieg Va kai Vllla wg vnoorpodpara yia tnv evepyonoinpévn npwieivn C. H evepyonoinpévn npwteivn
C (APC) efvar pia @uoionoyiki KUKAO@OopoUoad AVIINNKIIKNA ovoia, n onoia mapdyeral and 1o npogvzupo (zo-
poydvo) tng npwteivng C pe npwrednvon. H 1oxaipia nporadei tv napayoyn APC otov eyrépano kai omnv
kapdid. H aviictaon omnv APC cuviotd peiwpévn avinnkikn andvinon oinv APC. H napandayni tov napd-
yovta V nov nepiéxer GIn506 otn B€on tng Argb06 (napdyoviag V-Leiden) npokanei avtiotaon omv APC, &ia-
1apdoooviag TNV avaoTaNTIKA anoteAsopatkasinta g 060U g npateivng C. INoikina Ainidia kai Ainonpwieiveg
unopei va cvpBdnnouv efte orig nMpodyovosg TNV MAEN  €ite OIS AVIINNKIIKEG (avaotantikeg) avudpdoeig. Efval
evBlapépov 411 o1 Anonpwisiveg vynAng mukvdntag (HDL), n «kadri xoAnotepdin» gival €vag aviinnKkikog
ovunapdyovrag tng 080V tng npwisivng C Kal pen€reg omnpizovv ty vndBson 611 €181KEG ENACOOVESG AMONITO-
npoteiveg 1 kai Amidia tov HDL sivar aviinnkukég. O1 orariveg nmov kavovikd xpnoiponolobvral yia Osparneia
ng vrepxonnoreponaipiag, sivar eniong kar afiénoya avinnkukd. Avinnkukd Amidia eival n oo@anSuAIRn
aibavonapivn kai n kapdioninivn. [Nponnkuxkd Anidia/Ainonpwisiveg efval ta nhovola os 1piyALKepidia copa-
1i61a Tov nNAdoparog Kai o1 oeidmpéveg Anonpwreiveg xapunAnig nukvomntag (LDL). Ta nponnkukd kai aviinn-
KTKA Mnidia/Anonpmisiveg Tov nAdoparog cvpBdanouvv omv 1copporia Yin-Yang, n onoia BonBdel tnv npog
1a Gue Kal Kdte pvbuion tng napaymyrg BpouBivng. Alayvootikég kal Oepaneutikég npéodol ornv Karavénon
ka1 Beparneia ng BpsuBmwong e€akonovBovv va npokvnrovv ané v €psvva g 0600 Ing npwrieivng C.
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