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chapter 1
General introduction and outline of the thesis
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1.1 Severe infection: sepsis, pneumonia, peritonitis, influenza

Sepsis is recognized as a clinical syndrome that arises when the body’s response to
an infection injures its own tissues and organs,. e key clinical manifestations of
sepsis are not directly caused by the invading pathogens. Rather, the hypotension and
multisystem organ dysfunction that characterize severe sepsis are to a large extent
due to dysregulation of the immune response by host-derived mediators of inflam-
mation. Sepsis is the most common cause of death among hospitalized patients in
non-cardiac intensive care units and has instigated a lot of preclinical and clinical
research,. In the last years tremendous progress has been made in understanding
the complex triad of infection, inflammation and coagulation during sepsis.

Community-acquired pneumonia (CAP) affectsmore than million adults annu-
ally, causingmore than onemillion hospital admissions andmore than sixty thousand
deaths every year in theUSA,. CAP is themajor cause of sepsis: in a large sepsis trial
. of patients suffered from pneumonia-derived sepsis, with S. pneumoniae, the
pneumococcus, as the most frequently isolated causative micro-organism. World-
wide S. pneumoniae is responsible for thirty thousand deaths each day, illustrating the
importance of pneumococcal pneumonia and sepsis for global health. Peritonitis is
the second most common cause of sepsis with Escherichia (E.) coli being one of the
major pathogens involved.

Influenza is another major cause of morbidity and mortality from infectious
disease: annually, influenza causes over , hospitalizations and approximately
, deaths in the USA. Influenza viruses can be classified as A, B or C. Influenza
A is found in humans, othermammals and birds and is the only influenza virus which
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is known to have caused pandemics, including the three th century pandemics and
the recent influenza pandemic from swine origin. Although most of influenza A
related mortality can be attributed to secondary bacterial pneumonia, the virus itself
is also an important cause of CAP, causing - of cases in various series,.

1.2 Activation of coagulation, anticoagulant systems and
fibrinolysis

In severe infection and sepsis systemic inflammation invariably leads to activation
of the coagulation system and inhibition of anticoagulant mechanisms and fibrinoly-
sis. Activation of coagulation and subsequent fibrin deposition are essential parts of
host defense against infectious agents in an attempt to contain the invading micro-
organisms and the subsequent inflammatory response. However, an exaggerated
response can lead to a situation in which coagulation itself contributes to disease,
in its most severe form causing microvascular thrombosis and organ dysfunction, a
syndrome known as disseminated intravascular coagulation (DIC). It is becoming
increasingly clear, that vice versa components of the coagulation system are able to
markedly modulate the inflammatory response,.

Activation of coagulation

e pivotal initiator of coagulation in general and inflammation-induced activation
of coagulation in particular is tissue factor (TF). TF initiates coagulation by catalysing,
in a newly formed complex with factor (F)VII(a), the conversion of the zymogen FIX
into the active protease FIXa, which in turn converts into FX into FXa (Figure .,
black). e protease FXa enhances the activation of prothrombin. Prothrombin is
converted to thrombin, which converts fibrinogen into fibrin. TF is normally not
present in the vasculature; instead it is found in considerable amounts in tissues that
are not in direct contact with blood, such as the adventitial layer of larger blood ves-
sels, cardiomyocytes and the subcutis. Histologically, TF appears to be present in all
blood tissue barriers, so that coagulation can quickly be initiated once the endothelial
barrier has been disrupted. In inflammatory conditions however, TF is also induced
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Figure 1.1: Activation of coagulation, anticoagulant systems and fibrinolysis in the blood com-
partment and on the endothelial surface. For explanation of sequalae see text. Regular arrows rep-
resent activating effects, dotted arrows represent positive feedback loops and arrows with line endings
represent inhibiting effects. The anticoagulant systems are depicted in grey. APC = activated protein C,
AT = antithrombin, EPCR = endothelial protein C receptor, F(a) = coagulation factor (activated), t-/u-
PA = tissue-type / urokinase-type plasminogen activator, PAI-1 = plasminogen activator inhibitor-1, PAR-1
= protease-activated receptor-1, PC = protein C, PG = proteoglycan, PS = protein S, TAFI = thrombin-
activatable fibrinolysis inhibitor, TF = tissue factor, TFPI = tissue factor pathway inhibitor.

in the circulatory system by the action of mediators such as cytokines and CRP.is
inducible TF is predominantly expressed by monocytes and macrophages, as was
shown in patients with severe bacterial infection.
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Anticoagulant mechanisms

Under physiological conditions anticoagulant systems are continuously active to pre-
vent blood from clotting on the endothelial cell surface.e endothelium plays a key
function in maintaining this anticoagulant condition. In normal situations, blood
clotting is controlled by three major anticoagulant proteins: Activated protein C
(APC), TF pathway inhibitor (TFPI) and antithrombin (AT) (Figure ., grey),.

The protein C system
eprotein C (PC) system provides important control of coagulation by virtue of the
capacity of APC to proteolytically inactivate the coagulation co-factors Va and VIIIa.
APC is generated by thrombomodulin (TM)-bound thrombin; hence thrombin also
has anticoagulant besides procoagulant properties. TM is present on the vascular
endothelium in high concentrations, mainly in the microcirculation,. e acti-
vation of PC to APC by TM-bound thrombin is augmented by the presence of the
endothelial PC receptor (EPCR) (Figure ., grey).

TM-bound thrombin is efficiently inhibited by antithrombin and PC inhibitor. As
a consequence, TM inhibits coagulation both by generating the anticoagulant APC,
by accelerating the inhibition of thrombin as well as by preventing thrombin to exert
procoagulant properties on fibrinogen or platelets. e TM-thrombin complex also
activates thrombin-activatable fibrinolysis inhibitor (TAFI), an endogenous inhibitor
of fibrinolysis, that removes C-terminal lysine residues fromfibrin, thereby rendering
fibrin less sensitive to the action of plasmin.

During sepsis the PC system is impaired. is impairment is not only the result
of increased consumption of protein S (PS, a co-factor for PC) and PC, and decreased
production of PC by the liver, but also as a result of decreased activation of PC by less
expression of TM on endothelial cells. EPCR also has been shown to be cleaved
from the endothelial cell membrane, resulting in higher levels of soluble EPCR in
sepsis-. However, the precise relationship between these soluble proteins and
coagulation and outcome in sepsis has not been completely elucidated.

e factor V Leiden (FVL) mutation, a missense mutation in the FV gene that re-
places arginine at position  with glutamine, resulting in resistance of activated FV
(FVa) to inactivation by activated protein C (APC), is a major risk factor for venous
thrombo-embolism. e high prevalence of this mutation – – in Causasians –
despite its prothrombotic effects, has prompted speculation that the mutation might
be subject to positive selection pressure during evolution. A hypothesis for a sur-
vival advantage for heterozygous FVL carriers has been suggested by the observation
in patients with severe sepsis that heterozygous FVL carriers had a lower mortality
than non-carriers and by animal studies showing an increased survival for heterozy-
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gous FVL mice in murine endotoxemia as compared to wild-type (WT) mice,.
However, the exact role of the FVL mutation in severe infectious disease has not
been elucidated.

Preclinical studies showing benefical effects of APC in severe infectious disease
have culminated in the pivotal PROWESS-trial in which continuous intravenous
infusion of recombinant human (rh-)APC for  hours improved the survival of pa-
tients with severe sepsis and a high likelihood of dying, which was associated with
an APC-induced inhibition of coagulation and interleukin (IL)- release (a marker
for systemic inflammation). e beneficial effect of rh-APC in this trial seemed es-
pecially prominent in patients with severe sepsis due to pneumococcal pneumonia.
In a later study, however, this effect could not be reproduced, which lead to the
withdrawal of rh-APC from the market.

Tissue factor pathway inhibitor
TFPI is a serine protease inhibitor that is secreted by endothelial cells. TFPI inhibits
the activation of FX to FXa by the TF-FVIIa complex (Figure ., grey). TFPI is nor-
mally attached to the endothelium via proteoglycans (PGs), which are glycosamino-
glycans (GAGs) bound to a core protein, so that it can optimally exert its TF-FVIIa-
FX inhibiting properties on the endothelial surface. In sepsis, pro-inflammatory
cytokines reduce the synthesis of GAGs on the endothelial surface, which could
therefore impact on TFPI function. Although reports on TFPI activity in situations
of TF-induced coagulation have shown contradictory results, an increase in plasma
TFPI activity in meningococcal sepsis has been associated with more severe coagu-
lation and mortality, supporting the hypothesis that TFPI works less efficient when
it is not attached to the endothelium.

Antithrombin
Antithrombin predominantly inhibits factor Xa and thrombin (Figure ., grey) and
also has inhibitory properties towards TF-FVIIa and factor IXa. e anticoagulant
properties of antithrombin have been shown extensively in vivo. In sepsis an-
tithrombin levels are markedly decreased due to a combination of an impaired syn-
thesis as a result of a negative acute phase response, degradation by elastase from
activated neutrophils, and – quantitatively the most important – consumption due
to ongoing thrombin generation,.
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Fibrinolysis

Hemostasis is further controlled by the fibrinolytic system (Figure ., italic), inwhich
plasmin is the key enzyme, which is able to degrade fibrin clots. Plasmin is generated
from plasminogen by different proteases, most notably tissue-type plasminogen ac-
tivator (t-PA) and urokinase-type PA (u-PA). e main inhibitor of the PAs is PA in-
hibitor type  (PAI-), which is produced by the endothelium and the liver and which
binds to t-PA and u-PA. In inflammatory states, the first fibrinolytic response is a
release of t-PA and u-PA that is stored inside endothelial cells.is increase however
is counteracted by a delayed but sustained increase in PAI- levels in response to
stimulation with TNF-α and IL-β. e net effect is impairment of fibrinolysis.

1.3 Coagulation-induced inflammation; protease-activated
receptors

Inflammation not only leads to activation of coagulation, coagulation in turn also
influences inflammation,. For example, heterozygous PCdeficientmice and trans-
genic mice expressing low endogenous PC concentrations demonstrated higher lev-
els of proinflammatory cytokines and increased neutrophil invasion in their lungs
after intraperitoneal injection with endotoxin,. In linking coagulation to inflam-
mation, protease-activated receptors (PARs) seem to play a pivotal role,.e PAR
family consists of fourmembers, PAR- to PAR-, that are localized in the vasculature
on different cell types like endothelial cells, mononuclear cells, platelets, fibroblasts
and smooth muscle cells. PARs contain their own ligand: proteolytic cleavage by
for example a coagulation factor, like TF-FVIIa, FXa or APC, leads to exposure of a
neo-amino terminus, which serves as a ligand for the same receptor, hereby initiating
transmembrane signaling.

A variety of proteases can activate PARs, including several proteases involved
in the coagulation system. Intriguingly, activation of PAR- can result in opposite
cellular effects depending on the protease involved in its proteolytic cleavage: for
example high concentrations of thrombin can cause barrier disruptive effects on
vascular endothelium via activation of PAR-, whereas APC exerts barrier protective
and anti-inflammatory effects via the same receptor,,. erefore, the exact role
of PAR- in infectious disease is not known to date.
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1.4 Outline of the thesis

e aim of this thesis is to further eludicate the crosstalk between coagulation and
inflammation in severe infectious disease, with a special focus on the endogenous PC
system. To this extent different components of the PC system were studied in animal
models of severe infectious disease.

Part I focuses on endogenous PC itself. Firstly, in Chapter  a state of the art
overview of what was known thus far on the crosstalk between inflammation and
coagulation in sepsis is presented, with a special focus on the role of the endothelium.
Chapters – focus on the role of endogenous PC in pneumococcal pneumonia,
HN influenza and E. coli peritonitis, respectively.

In Part II important receptors of the PC system are studied in pneumococcal
disease: Chapter  addresses the role of the EPCR in pneumococcal pneumonia and
sepsis, Chapter  describes the role PAR- in pneumococcal pneumonia and Chapter
 focuses on the lectin-like domain of TM in pneumonia.

Since there are data suggesting a survival benefit for carriers of the FVLmutation
in severe infectious disease, in Part III this mutation is studied more extensively;
Chapter  provides a review of data on the role of the FVL mutation in severe in-
fectious disease. In Chapter  and Chapter  this mutation is studied in models of
pneumococcal pneumonia and HN influenza, respectively.

Since rh-APC has been described to have benefical effects in human sepsis, we in
Part IV studied the treatment effect of the recombinant murine variant of APC (rm-
APC) in different disease models. Chapter  and  describe studies on rm-APC
in pneumococcal pneumonia, whereas in Chapter  the effect of rm-APC in HN
influenza is studied.

e results of the different studies of this thesis are summarized and discussed in
Chapter .
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