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“…some words of advice for travelers in the realm of innate immunity… 

 

…For those who are clinicians: do not be deceived by the lure of curing sepsis 

through application of a single drug, or by blocking a single mediator. There are few 

areas of clinical science that have been more abused than the sepsis field. Here, false 

claims have been proffered, alongside false hope, and even cytokines that exist only 

in name. One cannot raise the dead, and this is not likely to change soon, despite the 

hyperbole that attends each incremental advance in our understanding. The day will 

come when true immunological lesions can be identified in sepsis, and bypassed so 

that sepsis can in some instances be prevented. Great strides have been made on the 

basis of hard facts: for example, the identification of germs as the source of infection. 

Other strides will doubtless follow, but only commensurate with the facts that are 

produced by ardent and sincere investigation.” 

 

Bruce A. Beutler, Molecular Immunology 40 (2004) 845–859 
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1 Abstract 

Injury and infection induce a host response with a magnitude that strongly depends on 

the individual characteristics of the patient. Sepsis, defined as a systemic inflammation 

in the presence of an infection, is one of the most common causes of death on the 

intensive care unit. Posttraumatic sepsis is the septic syndrome that develops after 

severe injury (trauma), in which the preceding trauma may influence the host response 

during the subsequent sepsis. The blood clotting system is crucial for the restriction of 

bleeding (hemorrhage) upon trauma and, moreover, an important part of the innate 

defense against invading microorganisms. Activation of blood clotting (coagulation) 

results in the formation of fibrin, which is regulated by natural anticoagulants and the 

process called fibrinolysis. During sepsis, coagulation is generally activated, natural 

anticoagulation is attenuated and fibrinolysis is strongly impaired. Impairment of 

fibrinolysis is mainly due to up-regulation and release of plasminogen activator 

inhibitor type 1 (PAI-1). Fibrin deposition and high levels of PAI-1 are associated with 

the development of multi organ dysfunction and mortality during sepsis. Therefore, we 

investigated whether inhibition of PAI-1 could prove a beneficial therapeutic option 

during sepsis.  

In this thesis, we first used the mouse clinically relevant model of cecal ligation and 

puncture-induced polymicrobial sepsis to study the gene expression of PAI-1 at 

various time points during the development of sepsis, which was highly specific on the 

organ-level studied, the time point and sepsis severity. Levels of circulating PAI-1 

increased during sepsis and we were able to link high PAI-1 levels to increased 

mortality.  

Next, we studied whether combined trauma and hemorrhage influences the dynamics 

of PAI-1 in the various compartments and over time. Our data suggested that 

preceding trauma and hemorrhage altered PAI-1 gene expression in the vascular 

endothelium (inner lining of blood vessels) and in the liver, whereas PAI-1 levels in the 

plasma were not changed by prior trauma-hemorrhage. Furthermore, dying subjects 

displayed higher levels of plasma PAI-1 in post-traumatic sepsis compared to 

survivors, which was irrespective of the level of damage to the vascular endothelium. 

PAI-1 levels during posttraumatic sepsis can herald death up to two days prior.  

Finally, we neutralized the circulating PAI-1 in the blood of septic subjects with a 

specific antibody and compared their fibrinolytic capacity and survival with animals 

receiving treatment with a control antibody. To establish more homogeneous 
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treatment groups, some animals were divided into two groups prior to treatment: those 

who where predicted to die and those predicted to survive based on their inflammatory 

status. We observed that treatment with the antibody was able to prevent impairment 

of fibrinolysis during sepsis. In the heterogeneous group, in which animals were 

treated irrespective of their inflammatory status, treatment with the PAI-1 neutralizing 

antibody did not alter overall sepsis survival. However, in animals with more 

homogeneous inflammatory response (either high or low), neutralization of PAI-1 by 

the antibody significantly impaired survival.  

From our data, it can be concluded that PAI-1 is an essential component of the host 

response against sepsis, a function that may be independent of its role in fibrinolysis. 

PAI-1 organ-specific gene expression and its plasma levels are increased after 

trauma-hemorrhage and sepsis, and preceding trauma modulates the PAI-1 gene 

expression during sepsis in a tissue-specific fashion. Although neutralizing PAI-1 

restored fibrinolysis during sepsis, it did not provide a survival benefit. Remarkably, 

only after a maximal homogenous separation of septic subjects into high and low risk-

of-death cohorts, the detrimental effect of PAI-1 neutralization became apparent. This 

implies that a separation of septic patients into various well-defined, homogenous 

cohorts is critical in revealing negative effects of tested anti-sepsis therapeutics. 
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2 Kurzfassung 

Verletzungen und Infektionen lösen einen Entzündungsprozess aus, dessen Ausmaß 

stark von den individuellen Charakteristiken und der persönlichen Immunantwort des 

Patienten abhängt. Sepsis wird  als systemische Entzündungsantwort auf eine 

Infektion definiert und ist einer der häufigsten Todesursachen auf Intensivstationen. 

Ein vorhergegangenes Trauma kann den Verlauf der folgenden Sepsis bedeutend 

beeinflussen. Das Blutgerinnungssystem bewirkt die Bildung von Fibrin und ist zum 

einen unentbehrlich für die Eindämmung von Blutungen nach Verletzungen und zum 

anderen ein wichtiger Bestandteil der angeborenen Immunantwort gegen 

eindringende Mikroorganismen. Die Gegenspieler der Bluttgerinnung sind natürliche  

Gerinnungshemmer und die Fibrinolyse. Während einer Sepsis ist die Blutgerinnung 

im Allgemeinen aktiviert, jedoch gleichzeitig die natürliche Gerinnungshemmung 

vermindert und die Fibrinolyse stark reduziert. Die Hemmung der Fibrinolyse liegt vor 

allem an erhöhten Werten von Typ 1 Plasminogen Aktivator Inhibitor (PAI-1). Erhöhte 

Plasmaspiegel von PAI-1 werden mit einer erhöhten Sterbensrate während der Sepsis 

assoziiert. Wir haben daher untersucht, ob eine Hemmung von PAI-1 während einer 

Sepsis die Überlebensrate günstig beeinflusst. Wir verwendeten zuerst das klinisch 

relevante Model der zäkalen Ligation und Punktion, um eine polymikrobielle, septische 

Peritonitis in der Maus zu induzieren. Dabei untersuchten wir die Genexpression von 

PAI-1 in mehreren Organen und zu verschiedenen Zeitpunkten im Verlauf der Sepsis. 

Im ersten Abschnitt zeigte sich, dass die Genexpression von PAI-1 während der 

Sepsis sehr organ-spezifisch ist und außerdem vom Zeitpunkt und dem Schweregrad 

der Sepsis abhängt. Der PAI-1 Plasmaspiegel stieg während der Sepsis stark an, 

wobei hohe Werte auch höhere Sterbensraten bedeuteten.  

Im zweiten Abschnitt untersuchten wir, ob Trauma und Blutverlust die eben 

untersuchte Dynamik von PAI-1 in verschiedenen Gewebetypen während einer 

folgenden Sepsis beeinflusst. Unsere Daten zeigten, dass vorheriges Trauma mit 

Blutverlust tatsächlich die PAI-1 Genexpression im vaskulärem Endothel (die Gefäß 

Innenwand) und in der Leber während der nachfolgenden Sepsis verändert, obwohl 

der PAI-1 Proteinspiegel im Blut unbeeinflusst bleibt. Zusätzlich zeigten sterbende 

Mäuse, im Vergleich zu überlebenden Mäusen, höhere PAI-1 Plasmaspiegel (schon 

zwei Tage bevor Tod) während der posttraumatischen Sepsis. Mittels Bestimmung der 

Thrombomudulinspiegel in diesen Mäusen konnten wir allerdings zeigen, dass diese 



 8 

Erhöhung der PAI-1 Proteinspiegel unabhängig war von der Stärke des Schadens am 

vaskulären Endothel.  

Im dritten Abschnitt dieser Studie wurde bei septischen Mäusen (ohne vorherigem 

Trauma und Blutverlust) das PAI-1 im Blut mit Hilfe eines spezifischen Antikörpers 

neutralisiert und die fibrinolytische Aktivität sowie das Überleben der Tiere im 

Vergleich zur Kontrollantikörperapplikation untersucht. Die Behandlung mit dem 

spezifischen PAI-1 Antikörper konnte die Hemmung der Fibrinolyse während der 

Sepsis verhindern, hatte jedoch keinen Einfluss auf das Überleben während der 

Sepsis. Um möglichst homogene Gruppen zu erreichen, wurden alle septischen Tiere 

in einem weiteren Durchgang vor der Antikörperapplikation nach ihrem individuellen 

Entzündungsstatus in zwei Untergruppen eingeteilt: Tiere mit einem niedrigen Risiko 

zu sterben, beziehungsweise Tiere mit einem hohen Risiko zu sterben. Erst die 

Unterteilung in zwei homogenere Untergruppen basierend auf dem vorherrschenden 

Entzündungsstatus (entweder alle in der Gruppe mit hohem oder niedrigem Risiko zu 

sterben) demonstrierte, dass die Neutralisierung von PAI-1 das Überleben (in beiden 

Untergruppen) maßgeblich verschlechtert.  

Auf Grund dieser Ergebnisse können wir folgendes schließen. Erstens, die 

organspezifische Genexpression von PAI-1 und dessen Plasmaprotein sind beide 

während der Sepsis erhöht. Zweitens, ein vorhergehendes Trauma mit Blutverlust 

bewirkt wesentliche Veränderungen in der organspezifischen Genexpression von PAI-

1 in der anschließenden Sepsis. Drittens, obwohl die Neutralisierung von PAI-1 die 

Fibrinolyse während Sepsis wieder herstellt, bewirkt dies keinen Überlebensvorteil. 

Interessanterweise war nur nach Unterteilung der Mäuse in maximal homogene 

Gruppen (entweder hohes oder niedriges Risiko zu sterben) der nachteilige Effekt der 

PAI-1 Neutralisierung sichtbar. Diese Ergebnisse bedeuten, dass PAI-1 neben seiner 

Schlüsselfunktion in der Fibrinolyse, scheinbar eine zusätzliche Funktion im weiteren 

Entzündungsgeschehen besitzt. Außerdem erlaubt dieser Effekt die Mutmaßung, dass 

eine Unterteilung von septischen Patienten in klar definierte, homogene Gruppen, für 

die Erkennung negativer Effekte von neuartigen Therapien gegen Sepsis durchaus 

entscheidend sein kann. 
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3 General introduction 

3.1 Sepsis and post-traumatic sepsis 

3.1.1 History and definitions 

The human body has a general interest in maintaining its integrity and homeostasis, 

which means keeping a constant status of the bodies’ ongoing processes. Injury and 

infection both violate the body’s integrity and homeostasis, leading to disruption of 

normal regulatory systems and a profound counteraction by various mechanisms in 

the body, the so-called host response or inflammation. Infections with and without 

preceding injury have been a problem for human beings and their caring physicians 

and surgeons through all ages. Although the term ‘wound putrefaction’ was already 

introduced by Hippocrates, Hugo Schottmüller is seen as the father of the modern 

sepsis definition (Rittirsch et al., 2008). In 1914, he recognized that an infectious focus 

can induce the continuous release of pathogenic bacteria, which is essential for the 

disease response. Later in the 20th century, Lewis Thomas postulated that the host 

response is of main importance for the development of sepsis (Thomas, 1972). In 

1992, a consensus meeting under Roger C. Bone was organized to establish uniform 

definitions of sepsis and its related situations for the clinic (Bone et al., 1992). The 

systemic inflammatory response syndrome (SIRS) is the systemic inflammatory 

response to a variety of severe clinical insults such as injury. SIRS is manifested by 

two or more of the conditions displayed in Table 1.  

 
Table 1. Clinical definition of the systemic inflammatory response syndrome. 

Parameter Value 

Body temperature >38° or <36°C 

Heart rate >90 beats per minute 

Respiratory rate >20 per minute or arterial partial carbon dioxide pressure 

< 32 mmHg 

White blood cell count >12000 or <4000 per ml, or >10% immature forms 

The systemic inflammatory response syndrome is manifested by two or more of the 

listed conditions (Bone et al., 1992). 
 

Infection is defined as a microbial phenomenon characterized by an inflammatory 

response to the presence of microorganisms or the invasion of normally sterile host 
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tissue by those organisms, whereas the term bacteremia comprises solely the 

presence of viable bacteria in the circulating blood. Sepsis is defined by the systemic 

response to infection and SIRS. When sepsis is associated with organ dysfunction, 

hypotension (<90 mm Hg or a reduction of 40 mm Hg from baseline in the absence of 

other causes for hypotension), or hypoperfusion (manifested by e.g. lactic acidosis, 

oliguria or acute alterations in mental status) it is called severe sepsis. Septic shock is 

characterized by the presence of perfusion abnormalities as in severe sepsis, and 

hypotension despite adequate fluid resuscitation. Notably, hypotension may be 

masked by administration of inotropic or vasopressor agents in septic shock patients. 

The multiple organ dysfunction syndrome (MODS) is the failure of organs to maintain 

homeostasis without intervention in critically ill patients suffering from e.g. trauma, 

sepsis or both. 

 
3.1.2 Epidemiology 

Sepsis is a major cause of death worldwide, systemic infections do occur in 

developing countries as well as in the developed world. Several large studies were 

designed to investigate the epidemiology of sepsis all over the world. In the general 

population in the United States of America (USA), the sepsis incidence is reported to 

be 300 per 100000 persons; more than 500 patients in the USA die of severe sepsis 

every day (Angus et al., 2001). Greg S. Martin and collaborators investigated the 

epidemiology in approximately 75 million patients (with more than ten million septic 

patients) and found an increased incidence of sepsis from 83 to 240 per 100000 

between 1979 and 2000, despite mortality rates falling from 28% to 18% (Martin et al., 

2003). Generally, hospital mortality rates of sepsis range from approximately 30 to 

80%, depending on the severity. In Europe, comparable large longitudinal studies of 

sepsis incidence in the general population have not been conducted. However, in a 

prevalence study comprising 3,147 patients admitted to intensive care unit (ICU), 

known as the SOAP study, approximately 40% suffered from sepsis with an 

associated 60-day hospital mortality rate of 24.1%, ranging from 14 to 41% dependent 

on the country (Vincent et al., 2006). This study further showed that 21% of the 

patients had abdominal infection without simultaneous respiratory infection, whereas 

49% had respiratory infection without concurrent abdominal infection. The occurrence 

of septic shock, coagulopathy and acute renal failure was more frequent in patients 

with abdominal infection compared to those with respiratory infections. Although 

mortality and the length of ICU stay were independent of the origin of infection, the 
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median hospital stay was approximately 3 weeks for patients with respiratory infection 

compared to 4 weeks for abdominal infection (Volakli et al., 2010). In the SOAP study 

25% of the patients had sepsis on admission to the ICU (Volakli et al., 2010), which 

confirmed the 21% infection rate in all admitted ICU patients (which increased to 32% 

in those with an ICU stay longer than 24h) seen in the study by Alberti and 

collaborators (Alberti et al., 2002). The latter study was a large cohort study 

comprising 14364 unselected patients admitted to 28 ICUs in five European countries, 

Israel and Canada, which additionally reported that in community-, hospital- and ICU-

acquired infection, 29%, 42% and 34% were polymicrobial, respectively (Alberti et al., 

2002). The above mentioned study of Martin et al. had found that polymicrobial 

infection was present in 5% of the sepsis cases, with a shift from mainly Gram-

negative micro-organisms to predominantly Gram-positive bacteria found in sepsis 

over time, with an annual increase of 26.3% in the latter (Martin et al., 2003). A major 

problem in sepsis epidemiology studies is the wide range of variability, which may rely 

on different definitions being used and variances in study methodology or healthcare 

policies. Angus and collaborators nicely summarized all large epidemiological studies 

conducted worldwide up to 2007 with a critical note on above-mentioned issues. They 

also stressed that hospitals should aim to monitor sepsis epidemiology and etiology in 

their own setting (Angus et al., 2006). 

 

In the clinic, it is well established that sepsis is a common, yet unwanted complication 

of patients suffering from injuries. In 2000, the World Health Organisation published a 

report about the incidence of injuries across the world, which concludes that injury is a 

leading cause of death and disability in persons up to the age of 60 (Peden et al., 

2000). Post-traumatic sepsis is for at least a part responsible for this high mortality and 

morbidity.  

Trauma can either be blunt (non-penetrating) or penetrating, depending on whether 

during the insult, the skin as a protective layer is pierced by an external object or not. 

Although penetrating trauma is associated with a higher incidence of sepsis, a 

substantial part of blunt trauma patients develop sepsis. There is evidence suggesting 

that this phenomenon might rely on translocation of bacteria and bacterial products 

from the gut into the circulation upon post-traumatic splanchic hypoperfusion (Bahrami 

et al., 1997; Deitch et al., 2006).  The incidence of sepsis ranges from 2%, 10% and 

30% in studies with a 87%, 96%, and 90% proportion of blunt trauma patients (Osborn 
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et al., 2004; Brattstrom et al., 2010), respectively, and 14% in a population comprising 

71% penetrating trauma patients (Muckart and Bhagwanjee, 1997). Moreover, 

development of sepsis is positively correlated with the injury severity score at 

admission (Osborn et al., 2004; Brattstrom et al., 2010).  

 

Whereas hemorrhage (exsanguination) is the most common cause of death during the 

acute phase after trauma in patients without injury to the central nervous system, 

MODS is mainly responsible for late deaths in these patients (Sauaia et al., 1995). An 

increased severity of trauma enhances the risk of progression into sepsis by 6 to 16-

fold. The development of severe sepsis is an independent risk factor for poor outcome 

and associated with a 2-fold higher mortality in septic trauma patients versus 

non-septic trauma patients (Brattstrom et al., 2010; Osborn et al., 2004). 

 

The increasing incidence of sepsis, despite its decrease in mortality may be explained 

by several observations (Angus et al., 2006): 

1) The world population becomes older and older, and more people live longer with 

chronic comorbidity 

2) Patients suffering from severe trauma or acute myocardial infarction survive 

increasingly longer, allowing these patients to be predisposed to infection during their 

recovery 

3) Increasing use of invasive diagnostic and therapeutic measures for a wide spectrum 

of diseases 

4) The increasing use of immunosuppressive drugs, allowing opportunistic infections 

to emerge 

5) Pathogens are becoming more and more resistant to current therapies, and multi-

resistant pathogens are increasingly involved in sepsis. 

 

The above listed problems continue to rise and consequently, a decrease in sepsis 

incidence is not expected. Therefore, clinical improvements as well the progression of 

research into preventive, diagnostics and therapeutic measures are warranted. 

 

3.1.3 Clinical picture 

Although a different mechanism may underlie, trauma-induced SIRS and sepsis share 

a similar clinical phenotype. Interestingly, Goris et al. in 1985 found that the 
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development of MODS negatively correlates with outcome, but that this is independent 

of trauma or sepsis as the underlying cause (Goris et al., 1985). They postulated that 

sepsis is probably not the essential cause of MODS and hypothesized that the 

development of MODS is most probably due to robust activation of inflammatory 

mediators by severe tissue injury or infection, leading to increased permeability of the 

vascular endothelium to enable extravasation of leukocytes and leakage of serum 

components. Thus, severe trauma and sepsis may both lead to augmented 

inflammatory host responses, which in turn may play a crucial role the development of 

SIRS and MODS and eventually death. 

At the moment a patient presents with severe trauma or infection to the emergency 

departments, a complex inflammatory host response is already progressing. 

Inflammation is classically the body’s protective response to eradicate harmful stimuli, 

initiate healing of damaged tissue and maintain homeostasis. It is classically 

characterized by five symptoms: redness (rubor), swelling (tumor), heat (calor), pain 

(dolor), and loss of function (functio laesa) (Medzhitov, 2010). Although the 

development of the inflammation depends partly on the characteristics of the trauma 

(i.e. site of injury, blunt or penetrating trauma, presence of substantial hemorrhage) 

and/or sepsis (invading micro-organism(s), site of infection), the individual host 

response of the patient plays the most important role (Cinel and Dellinger, 2007). The 

latter further relies on many various factors, such as the genetic background of the 

patient, age, gender and comorbidity (Esper et al., 2006; Martin et al., 2006; Reade et 

al., 2011).  

 

It is generally established that invading micro-organisms are detected by immune cells 

such as neutrophilic granulocytes, monocytes and dendritic cells circulating in the 

blood or macrophages residing in the tissues. Upon recognition of pathogens or tissue 

injury (innate immune response), can release immunogenic mediators which alert, 

attract and/or activate other immune cells like lymphocytes (adaptive immune 

response), and/or attack the pathogens directly. This reaction takes place in the first 

minutes to hours following the insult and results in an explosive transcriptionally-

mediated up regulation of mediators causing local and systemic inflammation. More 

and more, it becomes clear that also non-innate immune cells, (e.g. epithelial and 

endothelial cells and fibroblasts) have some function in innate immunity (Takeuchi and 

Akira, 2010). Although the pro-inflammatory immune response is primarily meant to 



 14 

combat disruption of the body’s integrity by external pathogens and to restore 

homeostasis (protective immunity) it is always associated with substantial collateral 

tissue damage (immunopathology) and it often overshoots, leading to sepsis and 

causing substantial harm, such as shock, organ function and eventually death. 

However, when the trauma or infection can be controlled and injured cells or tissue 

can be repaired or removed, the pro-inflammatory response is quenched and 

inflammation is resolved, leading to restored homeostasis and recovery and survival of 

the patient (Serhan and Savill, 2005). Simultaneous with the systemic pro-

inflammatory response, also anti-inflammatory responses are induced within several 

hours after the insult (often referred to as the compensatory anti-inflammatory 

response), resulting in a systemic mixed pro- and anti-inflammatory response 

syndrome. The coexistence of circulating pro- inflammatory and anti-inflammatory 

cytokines seems to be independent of the phase of sepsis, magnitude of the response 

and/or outcome (Osuchowski et al., 2012). In some patients, a lack of immune 

response by the host may present at later stages during (the recovery from) injury or 

infection (after several days), increasing the risk of hospital-acquired infections. This is 

debatably the effect of over tilting negative feedback mechanisms during the immune 

response (‘immunosuppression’) or exhaustion (anergy) of immune cells (Hotchkiss et 

al., 2009) and a general catabolic state (Gentile et al., 2012). In cases where trauma 

management or sepsis diagnosis is delayed, both positive and negative feedback 

mechanisms of the immune response may be active resulting in a very difficult to 

determine net excess or lack of immune response in the patient (Figure 1).  
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Figure 1. Development of the pro-inflammatory response, the anti-inflammatory 
response and cellular anergy/catabolism after injury or infection. In survivors (left), the 

responses are within the physiological range leading to restoration and recovery. In 

non-survivors (right), the responses overshoot the physiological threshold leading to death 

(adapted from M.F. Osuchowski, unpublished). 

 

3.1.4 The inflammatory host response 

In the last decades, much progress has been made in understanding exactly how 

injury and infection initiate complex signalling cascades ultimately result in regulation 

of pro- and anti-inflammatory responses, apoptosis, mitochondrial dysfunction, 

coagulation/fibrinolysis, complement activation and several other host responses 

(Rittirsch et al., 2008). Various systems for the recognition of pathogens and host 

danger signals are discussed below and a global dynamic is displayed in Figure 2. 

Of note, a single traumatic insult may, depending on its severity, independently 

influence the host response and facilitate the progression toward sepsis. It has been 

reported that rats were more sensitive to an inflammatory stimulus following surgical 

trauma (i.e. preparation and implantation of intravascular catheters) at up to one week  

earlier (Bagby and Spitzer, 1980). More recent reports demonstrate that a primary 

traumatic and/or hemorrhagic injury may cause either “priming” or “desensitization” of 

the host response, depending on which mediator(s) are studied (Mailman et al., 1999; 

Tarlowe et al., 2005). 
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3.1.4.1 Complement system 

The well-conserved complement system comprises more than twenty soluble and cell-

surface proteins which upon exposure to foreign antigens respond by initiating a 

regulated cascade of reactions. (Roozendaal and Carroll, 2006). Three major 

traditional pathways eventually lead to activation of complement factors and secretion 

of the anaphylatoxins C3a and C5a into the blood (reviewed in (Roozendaal and 

Carroll, 2006) and (Ward, 2004) regulating other homeostatic systems like 

coagulation, fibrinolysis and the adaptive immunity (Roozendaal and Carroll, 2006). 

Excessive activation of the complement system can harm host cells (Rittirsch et al., 

2008) and the exact application of anti-C5a therapies in severe injury and sepsis is still 

subject of extensive research (Goldfarb and Parrillo, 2005). 

 

3.1.4.2 Interleukin 1 receptor family 

The prototypic, pleiotropic pro-inflammatory cytokine interleukin (IL)-1β was originally 

described as the endogenous fever-producing pyrogen (Dinarello, 1988). Both IL-1β 

and its family member IL-1α (which is less important in systemic inflammation) induce, 

upon binding to the IL-1 receptor I (IL-1RI), transcription of a large battery of genes, 

including cyclo-oxygenase-2, inducible nitric oxide synthase, almost all other 

cytokines, chemokines, adhesion factors, tissue proteases and matrix 

metalloproteases (Dinarello, 2005). Besides IL1α and IL-1β, the IL-1 receptor family 

comprises another 9 ligands binding to at least 3 other receptors (Dinarello, 2011). 

Each IL-1 receptor family member has a transmembrane region with a cytosolic 

segment containing the toll-IL-1-receptor resistance (TIR) homology domain, which is 

also present in each toll-like receptor (see below). IL-1β is synthesized as an inactive 

precursor (pro-IL-1β), which does not bind to IL-1RI and requires cleavage by 

intracellular caspase-1 to be activated and exert its function via the intracellular 

adaptor protein myeloid differentiation primary response gene 88, IL-1R-associated 

kinases and the transcription factor nuclear factor kappa B (NF-κB) (Dinarello, 2011). 

Activation of caspase-1 in turn is tightly regulated by the inflammasomes. To date, four 

inflammasomes are known, which extensively contribute to innate immunity, both 

dependent and independent of their control of IL-1β maturation (reviewed in (Schroder 

and Tschopp, 2010)). Activation of the majority of mammalian cell types induces the 

release of adenosine triphosphate to the extracellular space and autocrine feedback 

through various purinergic receptors (Junger, 2011). The congregation of all caspase-
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1 inflammasomes is initiated by a decline in intracellular potassium levels by efflux 

through potassium channels, which is triggered by activation of the purinergic P2X7 

receptor by adenosine triphosphate released from the activated which accumulates 

extracellularly (Netea et al., 2009).  

 

3.1.4.3 Pattern recognition receptors 

Cellular activation of the innate immune response can be conducted after recognition 

of molecular patterns by germ line-encoded receptors, so-called pattern recognition 

receptors (PRRs) (Takeuchi and Akira, 2010; Newton and Dixit, 2012). The PRRs 

comprise various receptors families and share a wide spectrum enabling the 

recognition of many different exogenous and endogenous danger signaling ligands. In 

general, PRRs can be divided into four families: 1) Toll-like receptors (TLRs); 2) The 

nucleotide-oligomerization domain leucine-rich repeat-like receptors; 3) Cytoplasmic 

caspase activation and recruiting domain helicases such as retinoic-acid-inducible 

gene I-like receptors; and 4) C-type lectin receptors. Some PRRs are expressed on 

the cell surface (i.e. plasma membrane), others intracellularly in the cytoplasm 

(Takeuchi and Akira, 2010). The classical pathogen-associated molecular patterns 

(PAMPs) comprise a limited number of unique and well-conserved cellular 

constituents of Gram-positive and Gram-negative bacteria, viruses, parasites, and 

fungi which are not found in vertebrate animals, which bind to PRRs and activate 

innate immunity during infection. Conversely, after cell death and tissue damage under 

sterile conditions damage-associated molecular pattern signals (also called ‘alarmins’, 

see below), released from host cells, bind to the same PRRs (Matzinger, 1994; 

Stoecklein et al., 2012).  

 

The TLR family is currently the best-characterized PRR family. TLRs were named 

after the Toll receptors of Drosophila melanogaster, which in the fruit fly play a role in 

in the development (Nusslein-Volhard et al., 1980) and are critical for the immunity 

and survival of fungal infections (Lemaitre et al., 1996). TLR4 was the first mammalian 

homologue of Toll to be cloned (Medzhitov et al., 1997) and turned out to be the long-

sought receptor for the important component of the cell wall of Gram-negative bacteria 

named lipopolysaccharide (LPS), which is also known as endotoxin (Poltorak et al., 

1998). TLRs are found on the plasma membrane and in intracellular endosomes and 

lysosomes, and ten TLRs in humans and 12 in mice have been identified so far 
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(Takeuchi and Akira, 2010). Like the IL-1 receptor, TLR contain a transmembrane 

region with a cytoplasmic TIR domain. Consequently, TLRs and IL-1R share 

intracellular signaling pathways, and one can even co-activate intracellular signaling 

from the other receptor, the process called “cross-talk” (Dinarello, 2011).  

 

The constitutively expressed homodimer TLR4 is the most important PRR in Gram-

negative infection. TLR4 and cluster of differentiation 14 form the LPS receptor 

complex which senses Lipid A from LPS present on the cell wall of Gram-negative 

bacteria. TLR2 senses peptidoglycan, the main cell wall component of Gram-positive 

bacteria. TLR9 recognizes unmethylated bacterial cytosine-phosphate-guanine 

deoxyribonucleic acid (DNA). Both TLR2 and TLR4 bind to lipoteichoic acid from the 

cell wall of Gram-positive bacteria (Cinel and Opal, 2009). 

 

PRRs do not only recognize pathogen-derived mole PAMPs but also host-derived 

damage associated molecular patterns. In 2005, Joost J. Oppenheim defined this 

group of diverse and pleiotropic host proteins as “alarmins” that, after rapid release 

upon cell injury or pathogen confrontation, can both recruit and activate antigen-

presenting cells (Oppenheim and Yang, 2005). The identification and characterization 

of new alarmins is a fast-evolving field. Some alarmins have been characterized well, 

whereas the immunomodulatory of others has just been discovered. High-mobility 

group box protein 1 is a special alarmin in that it can bind TLR2, 4 and 9, but most of 

the pro-inflammatory effect is transducted via binding the non-TLR receptor for 

advanced glycan end products (van Zoelen et al., 2011).  

 

TLR signaling is not limited to innate immunity. In order to maintain a balance between 

protection against pathogens and self-tolerance, mechanisms linking innate and 

adaptive immune responses are tightly controlled. Regulatory T-cells express TLRs, 

and may play an important role in suppressing immune reactivity to commensal 

bacteria and opportunist pathogen, during infections and after injury (Caramalho et al., 

2003; Murphy et al., 2005; Sutmuller et al., 2006). Current studies investigate the 

exact positive (and potential) negative effects of regulatory T-cells in trauma and 

sepsis (Cinel and Opal, 2009). 
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3.1.4.4 Tumor necrosis factor and its receptor 

Necrosis of tumor cell after treatment with bacterial toxins was first described by 

William B. Coley at the end of the 19th century. The same effect was shown for 

bacterial endotoxin. In 1975, Carswell identified a factor involved in these phenomena 

and defined it as tumor necrosis factor (TNF). Simultaneously, another factor involved 

in wasting named cachexin was studied, which turned out to be the same molecule as 

the one named TNF (Beutler and Cerami, 1986). Since then tumor necrosis factor has 

been linked to inflammation and members of the TNF family are among the most 

described molecules in biology and medicine (Cabal-Hierro and Lazo, 2012). Two 

forms of TNF with similar biological effects (i.e. TNF-α and TNF-β) exist, of which TNF-

α is most relevant in inflammatory disease. TNF-α is secreted mostly from monocytes 

and macrophages found as a heterotrimer. It can bind two receptors: TNF receptor I 

and TNF receptor II, leading to mainly activation of NF-κB, activation of mitogen-

activated protein kinases and subsequently activating protein-1 and to a lesser extend 

death signaling (the latter only by TNF receptor I) (Cabal-Hierro and Lazo, 2012). The 

soluble forms of the TNF-receptors do not induce downstream signaling upon binding 

of TNF and therefore function as inhibiting decoy receptors. With ubiquitination playing 

an important role in TNF signaling, TNF signaling has become an complex issue 

(Silke, 2011). 

 

3.1.4.5 Interleukin 6 and its receptor 

IL-6 is another pleiotropic cytokine. However, in contrast to IL-1β and TNF-α, IL-6 

during trauma and sepsis may be more important as a marker than as a mediator. The 

molecule was first described under its synonym interferon-β2 by Weissenbach in 1980 

(Weissenbach et al., 1980). In 1989, elevated levels of IL-6 were observed in 

meningococcal septic shock (Waage et al., 1989) and acute bacterial infections in 

general (Helfgott et al., 1989). Although the role of IL-6 in health seems to be limited, 

IL-6 has been shown to be a marker of disease severity and prediction of outcome and 

MODS in experimental (Remick et al., 2002) as well as clinical (Pinsky et al., 1993; 

Patel et al., 1994; Pape et al., 1999) studies of trauma and/or sepsis. In some cases, 

levels of IL-6 in trauma patients are also used in clinical decision-making (Pape et al., 

2001). Circulating levels of IL-6 have also been used as a tool for prospective risk 

stratification in preclinical (Osuchowski et al., 2009a) and clinical studies (Panacek et 

al., 2004).  
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3.1.4.6 Chemokines and their receptors 

Chemokine is a composite name for chemotactic cytokine, and described a group of 

cytokines involved in leukocyte recruitment. There are four groups of chemokines, 

named after the motif of the two first cystein residues (CC) and the area in between: 

the CC-chemokines (no amino acid between CC), the CXC-chemokines (one other 

amino acid residue between CC), C-chemokines (no CC next to each other) and CX3C 

(three other amino acid residues between CC). Monocyte chemoattractant protein-1 

(MCP-1) and chemokine (C-X-C motif) ligand 1 (CXCL1, in mice also known as 

keratinocyte-derived chemokine, KC) have been shown to be up regulated during 

systemic systemic inflammation, endotoxemia and sepsis (Schultz et al., 2000; Wen et 

al., 1989; Van Damme et al., 1994; Bossink et al., 1995; Mathiak et al., 2001). These 

two chemokines are, like other cytokines, actively involved in the evolution of the 

inflammatory response (Figure 2). 
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Figure 2. Evolution of the inflammatory response between cells and organs of the host 

(adapted from (Medzhitov, 2010)) 

 

3.1.4.7 The endothelium 

The endothelium forms the inner coating of the blood vessels, covering a total surface 

area of 4000–7000 m2 (Aird, 2004). In vivo, the endothelium is not just an inert cell 

monolayer. It rather has high metabolic activity and participates in various homeostatic 

processes, including the regulation of vasomotor tone, the trafficking of cells and 

nutrients to the underlying tissue, the continuation of blood flow, the control of vascular 

permeability, angiogenesis and innate and adaptive immunity (Aird, 2012). Table 2 

summarizes the multiple exogenous signals leading to endothelial activation and the 

variety of endothelial responses. 
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Table 2. Exogenous signals (input) and responses (output) in endothelial activation 
(Aird, 2005). 

Input Output 
Biomechanical 
Circumferential stress 
Circumferential strain 
Longitudinal stress 
Longitudinal strain 
Cyclic strain 
Shear stress 
 
Biochemical 
Hypoxia 
Glucose 
Pathogens 
Growth factors 
Extracellular matrix 
Sex hormones 
Serine proteases 
Chemokines 
Cytokines 
Nucleosides 
Sphingolipids 
Lipoproteins 
Contact system 
Heparan 
Nitric oxide 
Cell–cell interactions 
Hyperthermia/hypothermia 
Acid base balance 

Level of single cell 
Cell shape 
Calcium flux 
Protein translation 
Post-transnational modification 
Gene expression 
Proliferation 
Migration 
Apoptosis 
 
Level of cellular monolayer 
Barrier function 
Leukocyte adhesion 
 
Level of blood vessel/organ/organism 
Vasomotor tone 
Angiogenesis 
Antigen presentation 
Inflammation 
Activation of coagulation with fibrin 
deposition 

 
 
The intact endothelium in healthy states forms an uninterrupted, semi-permeable 

barrier. After trauma and during sepsis, this barrier function of the endothelium is lost 

and permeability is augmented, leading to leakage of fluids and blood products from 

the circulation (mainly capillaries) into the interstitial space and subsequent edema 

(Schouten et al., 2008). Additionally, this may contribute to or exacerbate 

hypovolemia, hemoconcentration, and blood stasis (Aird, 2003). Various cytokines, 

e.g. TNF-α, induce increased endothelial permeability, which at least in vitro can be 

enhanced by the coagulation component thrombin (Tiruppathi et al., 2001).  

The endothelium fulfills important functions during innate immunity. In order to reach 

inflamed or infected tissue, leukocytes are attracted by cytokines and chemokines, roll 

along the endothelial surface and attach to it, and finally transmigrate from the 

circulation to the tissue through the endothelium. In the first step, leukocytes are 
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tethered by interactions between L-selectins (expressed by leukocytes), E-selectins 

(expressed by activated endothelium), P-selectins (expressed by activated 

endothelium and platelets), P-selectin glycoprotein ligand (expressed by endothelium 

and some leukocytes) and α4β1 integrin (Ley et al., 2007). Adhesion mediated by 

L-selectin and P-selectin and requires shear stress and is followed by arrest of the 

leukocytes on the endothelial surface, which is mediated by β1- and β2-integrins, 

intercellular adhesion molecule 1, vascular cell adhesion molecule 1. Finally, 

leukocytes can transmigrate through the endothelium via paracellular or transcellular 

routes (Schmidt et al., 2011). 

Although endothelial cells themselves are not mobile, they express PRRs and are the 

important interface between blood plasma and the basal membrane, highly influenced 

by cells, toxins and signaling molecules in these compartments. Endothelial cells are 

able to quickly adapt their morphology and function to chemical or physical stimuli 

(e.g. a change in blood flow) (Ait-Oufella et al., 2010). Endothelial cells are highly 

heterogenic, meaning that its properties and responses differ between distinct sites of 

the vascular bed and also over time. In this context, the endothelium in vivo was 

proposed to be regarded as a “consortium of individual enterprises” (the cells) instead 

of being a “giant monopoly or collective of identical cells” (Aird, 2012). This 

spatiotemporal heterogeneity allows the endothelium to fulfill the requirements 

underlying tissue. This is true for healthy states, as well as during critical illness. The 

endothelium is involved in most if not all disease states in human; it may serve as a 

primary effector in pathophysiology or it may suffer from collateral damage (Aird, 

2012).  

Regarding the endothelium, a wide bench-to-bedside divergence may exist. Results 

from studies of endothelial cells in vitro do probably not reflect the in vivo properties of 

endothelial cells and should be interpreted with caution. When endothelial cells are 

separated from their native milieu to be grown in culture, they are disconnected from 

crucial extracellular signals and will undergo phenotypic changes (Aird, 2004). The 

healthy endothelium receives signals that can only be realized in the perspective of 

the whole organism and its complexity is non-linear in nature (Table 2). William C. Aird 

hypothesized that the endothelium exhibits a wide spectrum of responses in the 

healthy state, whereas in disease states it shows only a limited range of responses or 

is random in its actions (Aird, 2001). Because of the non-linear complexity of the 

endothelium, interdisciplinary approaches that merge biology, mathematics, computer 
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science, chemistry, engineering, and physics should be used to characterize and 

model the properties of the endothelium in the diagnosis and treatment of patients 

suffering from e.g. MODS. A recent attempt has been undertaken using a systems 

biology approach to understand endothelial heterogeneity (Regan and Aird, 2012). 

The specific role of the endothelium during normal and pathophysiological coagulation 

and fibrinolysis was not discussed here, but will be addressed in next paragraph 

focusing on hemostasis.  
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3.2 Normal hemostasis 

In case of tissue injury, bleeding should be stopped quickly in order to prevent 

exsanguination. However, spontaneous blood clotting when it is not needed by the 

body could be similarly disastrous and should be limited. Hence, blood clots should be 

stabilized for the time needed and be degraded afterwards. These processes require a 

tightly regulated, homeostatic system that is composed of coagulation and fibrinolysis, 

generally referred to as the hemostatic system.  

 

3.2.1 Coagulation 

As with the immune response following injury or infection, the ancient Greeks (e.g. 

Hippocrates, Aristotle and Celsius) were aware of the clotting capacity of blood. 

Although they were able to describe various bleeding disorders and conditions 

stimulating blood clotting, they could not exactly explain the dynamic mechanism 

behind these observations (Riddel, Jr. et al., 2007). It was only in the early 18th century 

that a French surgeon called Jean-Louis Petit identified the formation of clots in the 

blood vessels upon limb amputation. Another century later, the Swiss physician 

Friedrich Hopff linked the well-known familial bleeding diathesis in males (now known 

as hemophilia) to impaired blood clotting, implying that blood coagulation was crucial 

to prevent bleeding. This finding lead to intensive research of the mechanisms behind 

coagulation with several breakthroughs throughout the 19th century including the 

description of blood clots and their ability to seal blood vessels by the German 

pathologist Rudolf Virchow in 1860, and the discovery of platelets and their function. In 

the early 20th century, the German physician Paul Morawitz postulated the first theory 

of blood coagulation which was based on “four coagulation factors”: prothrombin, 

thrombin, fibrinogen and fibrin (Riddel, Jr. et al., 2007). In this model, in the presence 

of tissue thromboplastin (now known as tissue factor) and calcium, prothrombin was 

thought to be converted to thrombin, which in turn converted fibrinogen to fibrin and 

subsequent clot formation. Morawitz believed that blood did not spontaneously clot in 

the circulation because of lack of a wettable surface in the blood vessels (Riddel, Jr. et 

al., 2007).  

It was not before the 1940s, that more coagulation factors were predicted and 

eventually discovered. A roman number was assigned to every new factor upon its 

characterization. In 1964 the puzzling mechanism to which the multiple clotting factors 
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interact to eventually result in fibrin clot formation was solved. In 1964, two 

independent groups proposed a model of coagulation as a series of steps in which 

inactive circulating factors can activate another. The first hallmark paper (‘cascade’ 

theory) was by Macfarlane in the journal Nature (Macfarlane, 1964), whereas the other 

hallmark paper (‘waterfall’ theory) was by Davie and Ratnoff in the journal Science 

(Davie and Ratnoff, 1964). Both groups described each coagulation factor as a 

proenzyme that could be converted to an active enzyme, subsequently activating the 

next factor in the series. The coagulation cascade can be triggered and further 

amplified via two pathways, both eventually leading to activation of factor X and the 

generation of a fibrin through a common pathway (Luchtman-Jones and Broze, Jr., 

1995). In the ‘intrinsic’ pathway, which is closely related to the kinin-kalikrein system, 

all components are present in the blood and factor XII is activated by contact to a 

surface, leading to serial activation of factors XI, IX and VIII. The ‘extrinsic’ pathway, 

which is most important for in vivo coagulation requires tissue factor (TF) from the 

subendothelial cell membrane, which is exposed upon endothelial tissue injury or 

expressed after activation of the endothelium, to activate factor VII, which then 

activated factor X directly or via activation of factor IX. Factor X which is produced in 

both pathways induces the conversion of prothrombin to small amounts of thrombin, a 

process which is accelerated by the presence of calcium and phospholipids. Thrombin 

in turn up regulates its own production via activation of platelets and factors V, VIII and 

XI, leading to amplification through both the intrinsic and the extrinsic pathway. The 

resulting ‘thrombin burst’ in turn leads to loss of the fibrinopeptides A and B from 

fibrinogen converting fibrinogen into fibrin (Furie and Furie, 2008). Fibrin fibers cross-

link with each other to form a dense net which, together with the process of 

vasoconstriction and platelet aggregation (facilitated by Von Willebrand factor) is able 

to stop blood leaking out of the injured blood vessels and initiate the process of wound 

healing. 

During and immediately after the initiation of the coagulation cascade and production 

of fibrin, the process is already regulated at various levels. Tissue factor pathway 

inhibitor directly inhibits the TF-factor VII complex, preventing that a small stimulus 

results in massive thrombin production. Antithrombin, which inhibits thrombin and 

factors Xa and IXa, serves as the most important physiological inhibitor of coagulation. 

Activated protein C (APC), in presence of its cofactor protein S, accelerates the 

inactivation of factors V and VIII (Levi and Van der Poll, 2010). Thrombomodulin (TM), 
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which is expressed on endothelial cells can capture thrombin and convert it from a 

pro-coagulant, fibrin-forming enzyme to a thrombin-thrombomodulin complex which 

catalyzes the activation of protein C (via the endothelial protein C receptor, EPCR), 

resulting in anti-coagulation (Levi and Van der Poll, 2010; Kurosawa et al., 2008).  

 

3.2.2 Fibrinolysis 

In order to prevent in general the clotting of the blood, the human body evolutionary 

has developed a system to counter-regulate coagulation which is called fibrinolysis. As 

the name suggests, the lysis of fibrin crosslinks resulting in soluble fibrin degradation 

products is the primary phenomenon in this reaction. Mainly triggered by the presence 

of excess amounts of fibrin, fibrin networks formed during the process of coagulation 

are cut by the enzyme plasmin to form fibrin degradation products. Like the 

coagulation factors, plasmin is not present as an activated enzyme, but is produced 

upon activation of the zymogen plasminogen by the two plasminogen activators (PA): 

tissue-type PA (tPA) and urokinase-PA (uPA). Generally, tPA is found rather in the 

blood and responsible for classical fibrinolysis in the plasma and tissues, whereas uPA 

is responsible for the tissue remodeling and cell mobility. Thus, besides its role in 

coagulation, plasmin is also an important regulator of extracellular matrix degradation 

(Binder et al., 2002). Plasmin, tPA and uPA are members of the serine protease 

family. 

Fibrinolysis is regulated at different levels. The molecules α2-antiplasmin and 

α2-macroglobulin directly inhibit plasmin. Plasminogen activator inhibitor type 1 (PAI-1) 

is the most prominent plasminogen activator inhibitor, which directly inhibits the 

activation of plasminogen to plasmin. The indirect inhibitor of fibrinolysis is thrombin 

activatable fibrinolysis inhibitor, which is activated by thrombin-thrombomodulin 

complexes. Importantly, the fibrinolytic system of the mouse appears to be 

comparable to the human fibrinolytic system and experiments investigating the 

fibrinolytic system in mice may be relevant models to study human fibrinolytic 

disorders (Lijnen et al., 1994). Nevertheless, extrapolation of data from mouse 

fibrinolysis studies to the human system requires careful evaluation of interspecies 

differences. Figure 3 displays the regulation of the coagulation cascade and the 

fibrinolytic system by the endothelium during health and after injury and/or infection. 
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Figure 3. Regulation of the coagulation cascade and the fibrinolytic system by the 
endothelium during health and after injury and/or infection. (A) In healthy state, the 

endothelial cell surface has net anticoagulant properties to prevent coagulation via various 

ways. The expression of thrombomodulin and the endothelial protein C receptor (EPCR) 

supports thrombin-induced generation of activated protein C (APC). Tissue factor pathway 

inhibitor (TFPI) and antithrombin (AT) are attached to the surface. Tissue-type plasminogen 

activator (tPA), which promotes fibrinolysis, is constitutively secreted. (B) In case of systemic 

inflammation after trauma and/or infection, the endothelium is activated, leading to expression 

of tissue factor (TF) on the endothelium and monocytes An early rise in tPA is outweighed by 

a subsequent strong increase of plasminogen activator inhibitor (PAI-1) to cease fibrinolysis. 

Thrombin-activatable fibrinolysis inhibitor activity enhances complement (C5a) activation. PAI-

1 is inhibited by APC. Adapted from (Schouten et al., 2008). 

3.3 Plasminogen activator inhibitor type 1 

In 1983, two groups discovered the presence of a fast-acting inhibitor of fibrinolysis in 

vascular endothelial cells: Loskutoff et al. studied bovine cells (Loskutoff et al., 1983), 

whereas Emeis et al. studied porcine and human (Emeis et al., 1983) cells. One year 

later, Verheijen and colleagues showed that this fast PA inhibitor (i.e. PAI-1) could 
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also be traced in human blood plasma (Verheijen et al., 1984). The complementary 

DNA of human PAI-1 was isolated and cloned by four independent groups in 1986 (Ny 

et al., 1986; Andreasen et al., 1986; Ginsburg et al., 1986; Pannekoek et al., 1986). 

The gene encoding human PAI-1, called serpine1, was characterized in 1987 

(Loskutoff et al., 1987). The promoter region of serpine1 contains docking sites for a 

variety of distinct transcription factors (e.g. cyclic adenosine monophosphate response 

element-binding protein, NFκB, activated protein 1, hypoxia-induced factor and 

smad3/4) and PAI-1 gene expression is modulated by inflammatory cytokines 

(primarily IL-1 and TNF-α), growth factors (e.g. transforming growth factor-β, TGF-β) 

and hormones (e.g. glucagon, insulin, corticosteroids), endotoxin and oxidative stress 

(Nagamine, 2008; Dimova and Kietzmann, 2008). Apart from its role in coagulopathy, 

PAI-1 has been shown to be a relevant factor in basic defense processes such as 

leukocyte activation (Kwak et al., 2006) and clearance of apoptotic neutrophils (Park et 

al., 2008), in tissue remodelling, development of cancer, atherosclerosis and the 

metabolic syndrome (reviewed in (Lijnen, 2005)). 

 

3.3.1 Structure and interactions of PAI-1 

PAI-1 is a 45 kDa secreted glycoprotein and a member of the serine protease inhibitor 

(serpin) superfamily (Huntington, 2011; Law et al., 2006). The amino acid content is 

either 379 or 381 and depends on N-terminal heterogeneity due to two possible 

cleavage sites for signal peptidases (Gils and Declerck, 2004). Like most serpins, the 

structure of PAI-1 comprises of 3 β-sheets, 9 α-helices and a reactive center loop, 

containing residues P16 to P10'. Within this reactive center loop, approximately 30–40 

amino acids from the carboxy-terminal end, the reactive site (P1-P1′) imitates the 

normal substrates of the PAI-1, i.e. tPA and uPA (Gils and Declerck, 2004). Upon 

encounter, PAI-1 eventually forms a covalent complex with its target protease within 

several steps. First, a non-covalent Michaelis-like complex is formed, followed by an 

acyl intermediate complex. Finally, an ester bond is created between the carboxyl 

group of the P1 residue of PAI-1 with the serine residue of the protease. This 

simultaneously leads to cleavage of the P1-P1′ connection which allows the target 

protease to be translocated to the opposite site of the PAI-1 molecule, thereby 

irreversibly inactivating the protease (Law et al., 2006). Finally, the inhibitory process 

renders both the serpin and the target protease inactive, with the complex being 

cleared via the low density lipoprotein receptor-related protein by endocytosis and 
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lysosomal degradation (Binder et al., 2002). PAI-1 possesses some unique properties 

not seen in other serpins, including its impressive conformational flexibility. PAI-1 is 

secreted in an active conformation, allowing its primary inhibitory function. However, 

active PAI-1 is not stable under physiological condition and spontaneously converts 

(entropic reaction with a half-life of 1 to 2 hours at 37 °C) to a stable conformation 

which is latent. This form does not react to target proteases, but can be reactivated in 

vitro in a enthalphic process by denaturants or negatively-charged phospholipids 

(Hekman and Loskutoff, 1985). PAI-1 can also be found in a third conformation. In this 

form, PAI-1 displays “substrate behavior”, in which it does not form a stable covalent 

complex with its target protease, resulting in the cleavage of the P1-P1′ bond in the 

serpin and the release (‘escape’) of the protease. Contrary to the inhibitory reaction, in 

the substrate reaction the activity of the protease is maintained, whereas the cleaved 

serpin remains inactive (Gils and Declerck, 2004).  

 

Although plasminogen activators are the primary binding targets of PAI-1, the serpin 

has been shown to bind to thrombin, plasmin and activate protein C. Whereas second-

order rate constants for tPA and uPA are around 107 M-1s-1, rate constants thrombin, 

plasmin and activate protein C are 2 to 4 orders of magnitude lower (Keijer et al., 

1991; Ehrlich et al., 1990; Rezaie, 2001). The rate constant of thrombin by PAI-1 is 

increased up to 200-fold by heparin as well as vitronectin (Keijer et al., 1991; Ehrlich et 

al., 1990). 

 

Figure 4 shows the crystal structures of the different PAI-1 forms. PAI-1 was first 

crystallized in the latent conformation by Mottonen et al. in 1992 (Mottonen et al., 

1992) (Figure 4A), followed by the cleaved (substrate) conformation by Aertgeerts et al. 

in 1995 (Aertgeerts et al., 1995) (Figure 4B). Since direct crystallography of the active 

conformation is not possible, crystal structures of two stable mutants of active PAI-1 

were solved several years later (Sharp et al., 1999; Nar et al., 2000) (Figure 4C). 
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Figure 4. The tertiary protein structure of PAI-1 in the A) latent (Mottonen et al., 1992), 
B) cleaved (Aertgeerts et al., 1995) and C) active conformation (Nar et al., 2000). 
Indicated by color are the β‐sheet A (orange), α‐helix F (red) and the reactive center loop 

(purple). The reactive site residues Arg346‐Met347 (P1-P1’) are green and blue spheres, 
respectively.  
 

3.3.2 The source of PAI-1 

In the circulation, PAI-1 is generally found in the plasma and in platelets (~90%), 

although the protein is also expressed by viable neutrophils (Park et al., 2008). In the 

human plasma, PAI-1 levels are low (<60 ng/ml) but most of the protein is in the active 

conformation. Conversely, high PAI-1 concentrations (200-300 ng/ml) are found in the 

alpha granules of platelets. Although classically it was argued that of the PAI-1 in 

platelets no more than 10% is in the active conformation(Booth et al., 1988), recent 

studies from Brogren et al. indicate that there is continuous expression 

megakaryocyte-derived messenger ribonucleic acid (mRNA) and de novo synthesis of 

PAI-1 in platelets, most of it in an active conformation (Brogren et al., 2004; Brogren et 

al., 2011). Importantly, the PAI-1 concentration in plasma and platelets from mice is 

approximately 500-fold lower compared to plasma and platelets from humans 

(Kawasaki et al., 2000).  

In vivo, plasma PAI-1 is stabilized in its active conformation 2-3-fold by the binding 

protein vitronectin. This is of importance, since this phenomenon probably delays 

fibrinolysis long enough to enable the formation of a stable initial platelet plug during 

vascular injury (Declerck et al., 1988).  
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The source of PAI-1 in tissues during health and disease remains a debatable topic. A 

post mortem study in humans by Simpson and collaborators suggests that the liver 

contains the largest pool of active PAI-1 (Simpson et al., 1991). In the same study, the 

presence of PAI-1 expression in the endothelium, platelets and their precursors 

(megakaryocytes), neutrophils and macrophages was shown. Another post mortem 

study showed that PAI-1 is expressed by human hepatocytes and that PAI-1 mRNA 

expression is higher in livers from subjects who died of sepsis compared to normal 

donor livers (Seki et al., 1999). 

In healthy mice, PAI-1 mRNA is expressed mainly in the aorta, adipose tissue, heart 

and lung and only trace amounts of the protein are found in the plasma (Sawdey and 

Loskutoff, 1991). Whereas up regulation of PAI-1 mRNA expression in mice was seen 

in the adipose tissue and the kidney after treatment with TFG-β, LPS and TNF-α 

increased expression mainly in the liver, kidney and lung (Samad et al., 1996). It is 

now clear that during the acute phase after injury and infection PAI-1 expression is 

strongly dependent on IL-1β and TNF-α, although various different pathways have 

been described (Seki et al., 1999; Dimova and Kietzmann, 2008).  

 

3.3.3 Inhibition of PAI-1 

Several different selective PAI-1 inhibitors have been developed, but none has yet 

reached the clinical setting (Wang et al., 2008). There are various classes of PAI-1 

inhibitors. The PAI-1 neutralizing monoclonal antibodies, which have been developed 

since 1986, were the first (Nielsen et al., 1986). Monoclonal antibodies raised against 

PAI-1 can have three distinct mechanisms of action: 1) blocking the reactive site, thus 

preventing the actual binding of the target protease to PAI-1, 2) inducing PAI-1 to act 

as a non-inhibitory serpin (substrate pathway), eventually resulting in cleaved PAI-1 

and release of the active protease, or 3) accelerating the conversion of PAI-1 from the 

active to the latent conformation. Also peptides were designed and tested for their 

inhibitory capacity toward PAI-1. Their mechanism of action is the prevention of the 

insertion of the reactive center loop, increased substrate behavior, and inhibition of the 

binding between PAI-1 and vitronectin (Van De Craen et al., 2012a). Intravenous 

administration of low molecular weight inhibitors has been shown to improve blood clot 

lysis in an ex vivo clot lysis assay and extend the time for vascular occlusion 

formation. Hence, they were able to reduce plasma PAI-1 activity, improved 
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endogenous thrombolysis and restrict thrombus growth (Van De Craen et al., 2012a). 

PAI-039 or tiplaxtinin, an indole derivative for oral administration, seemed a very 

promising PAI-1 inhibitor that was tested in various animal models implying the value 

of PAI-1 inhibition for therapeutic purposes (Elokdah et al., 2004). However, direct in 

vivo inhibition of (vitronectin-bound) PAI-1 activity after systemic administration of 

tiplaxtinin failed, which might be explained by overlapping epitopes on PAI-1 shared by 

vitronectin and tiplaxtinin (Rupin et al., 2008; Gorlatova et al., 2007). In rabbits with 

aortic atherosclerosis, the butadiene derivative T-686 attenuated the increase in PAI-1 

activity and reduced aortic PAI-1 mRNA expression and development of 

atherosclerotic lesions (Vinogradsky et al., 1997). Also Triton X-100 (Gils and 

Declerck, 1998), fendosal (Gils et al., 2002) and S35225 (Rupin et al., 2008) have 

been shown to inhibit PAI-1 in vivo. Polyphenolic PAI-1 inhibitors showed a reversible 

inhibition of PAI-1 by blocking the binding of PAI-1 with its target protease (Cale et al., 

2010). The low molecular weight compound TM5275 inhibited PAI-1 and enhanced 

the efficacy of tPA, without inducing severe bleeding (Izuhara et al., 2010). MPO-16R, 

an anti-sense oligonucleotide to PAI-1 mRNA reduced PAI-1 activity in rat plasma and 

platelets and caused a delayed occlusion time during arterial thrombosis in the rat 

(Pawlowska et al., 2001). 
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3.4 Coagulation and Fibrinolysis in trauma and sepsis  

Both trauma and sepsis trigger the innate immune response, activate the endothelium 

and non-specific host defense mechanisms, and affect blood clotting homeostasis 

(Redl et al., 1993; Delvaeye and Conway, 2009; Van der Poll et al., 2011). Although 

their mechanisms and evolution can be diverse (reviewed in (Schochl et al., 2012) and 

(Levi et al., 2012)), trauma and sepsis alike cause a deregulation of the 

coagulation/fibrinolysis balance leading to coagulopathy of different severity (Van der 

Poll et al., 2011; Hess et al., 2008; Stearns-Kurosawa et al., 2011; Brohi et al., 2008). 

 

3.4.1 Trauma-induced coagulopathy 

Coagulopathy is observed in 25% of trauma patients and its presence increases 

mortality by approximately 5-fold compared to trauma patient without coagulopathy 

(Brohi et al., 2003). Early coagulopathy is associated with systemic activation of 

anticoagulant and fibrinolytic pathways (Brohi et al., 2008). Coagulopathy at later 

stages post-trauma is accompanied by consumption of coagulation factors and 

dysfunction of coagulation due to acidosis, hypothermia, or hemodilution after massive 

transfusion (Brohi et al., 2008). Over the last decades, two hypotheses have been 

brought up to explain the development of trauma-induced coagulopathy, with an 

emphasis on fibrinolysis (Schochl et al., 2012). The hypothesis of Brohi and 

collaborators (Brohi et al., 2007) suggests that tissue trauma and hemorrhagic shock 

with hypoperfusion trigger the release of tPA and the expression of TM by endothelial 

cells. Upon binding of thrombin to TM, the APC pathway is activated leading to 

anticoagulation and consumption of PAI-1, and subsequently to a shift toward an early 

profibrinolytic state. The hypothesis of Gando and collaborators describes the 

coagulopathy seen in sepsis as a disseminated intravascular coagulation (DIC) with a 

pro-fibrinolytic (bleeding) phenotype (Gando et al., 2011). According to this 

hypothesis, patients present with high levels of fibrin degradation products due to 

increased thrombin formation, consumption of fibrinogen and release of tPA following 

tissue-hypoxia (Schochl et al., 2012). The decreased values for PAI-1 early after 

trauma in are in contrast the transient increase of PAI levels of trauma patients 

between 6 and 24h after admission (Waydhas et al., 1998). 
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3.4.2  Septic coagulopathy 

Coagulation is activated in virtually all cases of systemic invasion of pathogens, and 

may serve as an evolutionary strategy to wall off damaged and infected tissues (Levi 

and Ten Cate, 1999; Levi and Opal, 2006; Cinel and Opal, 2009). Activation of the 

coagulation and inhibition of anticoagulation and fibrinolysis range from subtle 

derangements to fulminant DIC with simultaneous generalized microvascular 

thrombosis and a bleeding in various tissues associated with MODS (Levi and Ten 

Cate, 1999). The development of coagulopathy and DIC severely worsens the 

mortality in septic patients (Levi et al., 1993; Kienast et al., 2006). Early aggravation of 

coagulopathy (within the first days) after severe sepsis onset is associated with the 

progress toward MODS and worse survival (Dhainaut et al., 2005; Semeraro et al., 

2011). Moreover, coagulopathy during acute sepsis may develop silently before the 

presence of any clinical symptoms (Dhainaut et al., 2005). The first clinically-

measured parameter indicating coagulopathy is the platelet count. Decreased levels of 

platelets in the blood (thrombocytopenia) are frequently seen in septic patients, and 

may be a sign of continuous activation of platelets by thrombin or circulating cytokines. 

(Akca et al., 2002; Zimmerman et al., 2002). Thrombocytopenia, especially prolonged 

decrease of platelets counts, has been shown to be an independent predictor of ICU 

mortality. (Levi and Van der Poll, 2010). Clinically assessed coagulation times like the 

prothrombin time (PT) and the activated partial thromboplastin time (aPTT) may be 

prolonged in sepsis and a PT: aPTT ratio over 1.5 was predictive for excessive 

bleeding and increased mortality in critically-ill patients (Chakraverty et al., 1996). 

Circulating levels of antithrombin are decreased during sepsis due to impaired 

synthesis and consumption during continuous thrombin formation (Levi and Van der 

Poll, 2010). Also levels of protein C are lower in septic patients, which is caused by 

lower production, increased consumption, degradation by proteolytic enzymes and 

release of thrombomodulin from the endothelial surface to the blood as a soluble form 

(Levi et al., 2001; Kurosawa et al., 2008).  

During septic states, fibrinolysis is strongly impaired and the earliest fibrinolytic 

response during sepsis is a release of PA into the circulation by endothelial cells (Levi 

and Van der Poll, 2010). Mice that were deficient for tPA or uPA showed increased 

fibrin depositions in tissues wild-type mice upon administration of endotoxin 

(Yamamoto and Loskutoff, 1996b; Pinsky et al., 1998). This initial profibrinolytic action 

is counter regulated by a delayed but sustained up regulation of plasma levels of PAI-
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1, which is mainly due to increased production and release by the endothelium and 

liver cells caused by stimulation with TNFα and IL-1β (Van der Poll et al., 1991; 

Dimova and Kietzmann, 2008). Rapid expression of PAI-1 has been linked to acute 

reactions during endotoxemia (Suffredini et al., 1989), and septic shock (Pralong et al., 

1989). Septic DIC patients show significantly higher levels of circulating PAI-1 than 

non-septic DIC patients. Moreover, in these DIC patients, an increase of plasma PAI-1 

was an independent risk factor for high mortality in the septic cohort (Madoiwa et al., 

2006). Septic non-survivors showed >2-fold higher plasma levels of PAI-1 compared 

to survivors (Shapiro et al., 2010; Raaphorst et al., 2001). Patients with homozygosis 

for the 4G allele (PAI-1 4G/5G promoter polymorphism) showed a 2 to 3-fold higher 

susceptibility for the progression toward septic shock and MODS, and had a 2-fold 

higher risk of dying of MODS compared to patients with different genotypes (Madach 

et al., 2010; Garcia-Segarra et al., 2007). The evolution of PAI-1 in post-traumatic 

sepsis is virtually unknown. The only relevant experimental two-hit study to date 

reported a 2-fold increase of PAI-1 mRNA expression in the rat lung (other 

tissues/organs were not examined) after intra-tracheal endotoxin administration 

following hemorrhage versus endotoxin after sham treatment) (Fan et al., 2000). 

Modulation of components of the coagulation cascade and the fibrinolytic system has 

been the goal of various clinical trials attempting to improve survival of septic patients 

(Bernard et al., 2001; Kienast et al., 2006), however, modulation of PAI-1 has not yet 

been clinically tested. Recently, it was shown that tight glycemic control in septic 

patients lead to a decrease of the circulating PAI-1 activity/concentration, which 

coincided with an global decline of fibrinolytic impairment and sepsis-induced 

morbidity (Savioli et al., 2009).  

These findings suggest that the excessive rise of circulating PAI-1 protein is an 

important contributor to the sum of various detrimental processes triggered by the 

deranged response of a septic host. Therefore, PAI-1 emerges as an attractive 

candidate for therapeutic intervention during sepsis. Nonetheless, the current data 

regarding the pathophysiological role of PAI-1 in experimental critical illness  (Sawdey 

and Loskutoff, 1991; Samad et al., 1996; Fearns and Loskutoff, 1997; Colucci et al., 

1985; Quax et al., 1990; Emeis and Kooistra, 1986; Yamamoto and Loskutoff, 1996b; 

Schochl et al., 2011) must be carefully interpreted, since experimental models of 

human inflammation in laboratory animals may be invalid. This specifically applies to a 

complex syndrome such as sepsis: the long-lasting and highly-variable immune 
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response during sepsis is not adequately reproduced by the fast and mostly pro-

inflammatory response as seen in LPS-based models (Poli-de-Figueiredo et al., 2008). 

Conversely, the cecal ligation and puncture (CLP) model of polymicrobial sepsis 

addresses this issue and is recognized as the most clinically adequate experimental 

model for human sepsis to date (Hubbard et al., 2005).  

3.5 Failure of therapies for sepsis: the heterogeneity of the sepsis population  

Modulation (inhibition or stimulation) of any of the pathological pathways that are 

discussed above may present a feasible treatment option for (post-traumatic) sepsis.  

In the last decades, a multitude of studies have been conducted to investigate the 

effect of agents that showed a beneficial effect in animals models of endotoxemia or 

sepsis. However, no single agent made it into the clinic: only early goal-directed 

therapy and early tight glycemic control have been added to the treatment bundles of 

the current guidelines for the treatment of sepsis (Rivers et al., 2001; Dellinger et al., 

2008). A major feature influencing the possible effect in sepsis trial is the 

heterogeneity of the sepsis population. In the optimal situation, septic patients should 

receive therapy that is customized and timed to their specific host response. Indeed, 

post-hoc analyses of failed clinical studies suggest that restricting treatment to 

narrowly selected homogenous cohorts of patients could prove beneficial (Reinhart et 

al., 1996b; Fourrier et al., 2000; Angus et al., 2004; Annane et al., 2006; Wiedermann 

et al., 2006). Moreover, treatment studies performed in small-size but highly 

homogenous groups are also more likely to identify subtle yet dangerous side effects 

of tested therapeutics (Carlet et al., 2008). Studies using antibodies against TNF-α 

support this notion. In pre-clinical studies, complete inhibition of TNF-α during sepsis 

has been shown to be harmful, whereas lower doses of anti-TNF-α were protective in 

polymicrobial peritonitis in the mouse (Echtenacher et al., 1990). In the clinical setting, 

various large trials using monoclonal antibodies against TNF-α in septic patients have 

been conducted, yet none of them showed a clinically significant effect on survival 

(Abraham et al., 1995; Cohen and Carlet, 1996; Reinhart et al., 1996a; Abraham et al., 

1998; Reinhart et al., 2001). However, after stratification of severely septic patients 

based on their circulating levels of IL-6 (indicative of sepsis severity in humans; 

predicting early deaths in mice), treatment with monoclonal anti-tumor necrosis factor 

antibody F(ab')2 fragment afelimomab improved survival statistically significant 

(Panacek et al., 2004). Also during polymicrobial abdominal sepsis in the mouse, 
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treatment with dexamethason improved mortality by 40% in mice stratified to the high 

risk-of-death group (high IL-6 levels), whereas it did not alter mortality in subjects with 

low risk-of-death and unstratified groups (Osuchowski et al., 2009a). This suggests 

that restricting treatment to narrowly-selected homogenous cohorts of patients could 

prove beneficial and could identify subtle yet dangerous side effects of tested 

therapeutics. 
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3.6 Hypotheses 

PAI-1 is the most important inhibitor of fibrinolysis and increased levels have been 

found after injury and during sepsis as stated above. The aim of this thesis is to get a 

further understanding of the role of PAI-1 during sepsis and post-traumatic sepsis.  

 

Therefore, the hypotheses were: 

 

1. PAI-1 gene expression and its circulating protein levels in acute murine 

experimental polymicrobial sepsis have dynamic characteristics and are highly organ-

specific. 

 

2. PAI-1 fluctuations correlate with sepsis severity and early outcome of acute murine 

experimental polymicrobial sepsis. 

 

3. Preceding trauma-hemorrhage affects the spatiotemporal PAI-1 responses during 

experimental polymicrobial sepsis.  

 

4. Circulating levels of PAI-1 and soluble thrombomodulin are associated with 

outcome in experimental murine trauma-hemorrhage followed by polymicrobial sepsis. 

 

5. Treatment with the monoclonal anti-PAI-1 antibody MA-MP6H6 restores early 

fibrinolysis and affects survival during polymicrobial sepsis. 

 

6. Stratification of septic mice based on their risk-of-death enhances the effects of the 

anti-PAI-1 treatment.  
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4 Materials and Methods 

4.1 Animals and ethics statement 

Four week old (weight 20-25g, “young”) and/or three-month old (~30g, “adult”), female 

caesarian derived (CD-1) outbred mice (Harlan, Italy) were used for the experiments. 

Mice were kept in groups of five animals per Type-III cage on a 12h light –dark cycle 

with temperature maintained between 22-24°C and provided with a standard rodent 

diet and water ad libitum throughout all experiments. Cages were enriched with 

houses, wood wool for nesting as well as wooden boards, tunnels and small blocks for 

gnawing (Abedd Lab & Vet Service, Austria) to facilitate natural behaviour prior to and 

throughout the experiments. For all surgical procedures, mice were anesthetized with 

isoflurane (Abbott, Austria).  

 

All animal procedures were approved by the Viennese legislative committee. Due to 

the severe nature of the models used in this thesis, a particular focus was put on 

monitoring of animals in the study to minimize suffering within the borders of the 

experimental design. All mice enrolled in the study were kept in the in-house animal 

facility to enable optimal monitoring: the overall health status was checked by trained 

professionals as a minimum three times per day and more (typically every 2-3h) 

whenever a mouse’s condition deteriorated (defined by, e.g. decreased activity, 

progressing hypothermia, rapid weight gain; complete symptom list in (Nemzek et al., 

2004)). To further enhance monitoring capacity and ensure maximal data 

reproducibility, all experiments were conducted in small sets of animals (e.g. n = 10 in 

the survival studies) at the time and the results of all separate experiments were 

combined for analysis thereafter. Given that in the survival experiments the objective 

of our study was to compare levels of circulating mediators between non-surviving and 

surviving mice, the time of septic death was the most critical endpoint. This precluded 

us to follow typical humane endpoints as they are inadequate and too imprecise in the 

critical illness models such as sepsis, shock, trauma and burns (Nemzek et al., 2004): 

sacrificing based on generally accepted parameters (e.g. temperature, weight loss) in 

any of those late-stage disease studies may be premature and falsify the results. 

Therefore, as suggested by Nemzek et al. (Nemzek et al., 2004) we followed a more 

accurate, empirically established, set of guidelines that offered, although a very 
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narrow, a yet feasible (due to the frequent monitoring) window of opportunity for 

induction of death that did not hinder the experimental setup of this study. Specifically, 

mice were killed only at the end of the experiment or upon signs of imminent decease 

(i.e. inability to maintain upright position/ataxia/tremor and prolonged/deep 

hypothermia and/or agonal breathing) by using deep inhalation anesthesia (isoflurane, 

Abott, Austria) followed by an overdose of barbiturate (thiopental, Sandoz, Austria). 

4.2 Experimental design 

Our experiments were divided into three major parts (experiments 1, 2 and 3), which 

were in turn subdivided into various minor experiments (e.g. 1a, 1b, and 1c).  

 

In experiment 1 the dynamics of PAI-1 and its association with sepsis severity and 

outcome was assessed in the Sepsis-Only model (Raeven et al., 2012). Since a more 

severe insult increases the inter-subject variability to CLP, young animals were first 

(experiment 1a) subjected to mild sepsis, still displaying a distinct septic phenotype 

(Ebong et al., 1999b). Mice were then sacrificed at baseline, 6, 12 and 24 hours post-

CLP. In experiment 1b, young mice were subjected to mild and severe CLP and 

sacrificed after 6 and 24h to assess whether acute PAI-1 responses correlated to the 

severity of sepsis. To study variations of PAI-1 dynamics in different stages of disease 

severity, we used body temperature (BT) as a clinical surrogate marker of sepsis 

severity. This method is adequate, since it has separately been demonstrated that 

hypothermia is associated with sepsis severity after CLP in mice (Ebong et al., 1999a) 

and expression of PAI-1 in mice administered LPS (Lindenblatt et al., 2006). In 

experiment 1c of the study, a moderate-severity CLP was applied to optimally 

reproduce the temporal progress of clinical mortality. Hence, in contrast to 

experiments 1a and 1c, young mice subjected to moderate-severity CLP were never 

sacrificed, but blood sampled daily up to day 4 post-CLP and observed daily until 

death (dying mice, DIE) or day 28 post-CLP (surviving mice, SUR). 

 

In experiment 2, we focused on the effects of preceding trauma-hemorrhage (TH: first 

hit) upon dynamics of PAI-1 during subsequent polymicrobial sepsis (CLP: second hit) 

initiated two days later. The experiment was divided into two parts displayed in Figure 

5. In experiment 2a (Figure 5A), young mice were subjected to TH-CLP using a mild 

sepsis and were sacrificed in order to obtain organ/tissue and blood samples for 
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characterization of PAI-1 dynamics in different compartments and comparison with the 

CLP-Only study (experiment 1a). In experiment 2b (Figure 5B), adult mice underwent 

TH-CLP with moderate sepsis and were never sacrificed, blood was sampled daily 

and animals were followed until day 14 post-CLP. Furthermore, mice were 

retrospectively divided into SUR and DIE subgroups.  

 
Figure 5. Schematic view of the experimental design of experiment 2. A) 3 week-old mice 

were subjected to trauma and hemorrhage (TH, -48h) followed by mild (23G) cecal ligation 

and puncture (CLP)-induced sepsis (0h). The experimental period was divided into a pre- and 

post-CLP phase. At -48h, -42h, -36h, -24h, 0h, 6h, 12h and 24h, mice (≥6 per time point) were 

sacrificed (indicated by crucifixes) and blood and organs were collected. B) 3 month-old mice 

were subjected to TH (-48h) followed by severe (17G) CLP-induced sepsis (0h). The 

experimental period was divided into a pre-and post-CLP phase. From the TH time point (-

48h) on, 20µl of blood was collected daily, and additionally at 6h, until 96h (day 6 post-TH / 

day 4 post-CLP). Animals were observed until death or day 14 post-CLP, which ever occurred 

first. 

 

In experiment 3, the effect of administration of a monoclonal antibody (MA) against 

PAI-1 (i.e., MA-MP6H6) and a control MA (i.e., MA-Control) in CLP-induced sepsis 

was assessed. Therefore, three treatment protocols were used for the injection of the 

anti-PAI-1 antibody. In experiment 3a, adult mice received one i.v. bolus of MA-

MP6H6 or MA-Control immediately after CLP (co-treatment) and were then sacrificed 

at 24h post-CLP for blood and organ function analysis as described below. In 
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experiment 3b, mice were administered one i.v. bolus of MA-MP6H6 or MA-Control as 

a co-treatment or at 18h post-CLP (18h post-treatment) and were not subjected to 

prospective stratification. Blood was sampled daily up to 96h post-CLP and mice were 

observed daily until day 28 post-CLP. In experiment 3c, mice were prospectively and 

retrospectively stratified based on circulating levels of interleukin (IL)-6 at 24h post-

CLP (measured as described below) to predict outcome in acute sepsis (Osuchowski 

et al., 2009a). At 30h post-CLP, mice received one i.v. bolus of MA-MP6H6 or MA-

Control at 30h post-CLP (30h post-treatment). Blood was sampled daily up to 96h 

post-CLP and mice were observed daily until day 28 post-CLP. 

4.3 Experimental models 

CLP-Only model - In all animals, a standard polymicrobial peritonitis was induced in 

adherence to the original CLP protocol (Wichterman et al., 1980) with some 

modifications (Weixelbaumer et al., 2010; Raeven et al., 2012). Briefly, CLP surgery 

was performed under anesthesia (isofluorane) with peri-operative buprenorphine (0.05 

mg/kg; Aesca, Austria) in 1 ml of normal saline and was followed by fluid resuscitation 

including analgesic and antibiotic treatment with buprenorphine (0.05 mg/kg) and 

imipenem/cilastatin (25mg/kg, MSD, Austria) in Ringer’s solution twice a day during 

the first 5 days as previously described  (Weixelbaumer et al., 2010) to emulate the 

clinical scenario (Dellinger et al., 2008). The ligated part of the cecum was then 

punctured. Given the different levels of CLP severity in our studies, we utilized three 

different techniques to puncture the cecum: mild sepsis (100% survival expected 

within the first 24 post-CLP) was induced by double puncture with a 23-gauge (23G) 

needle in experiments 1a, 1b and 2a. In experiment 2b, severe sepsis (0-30% survival 

expected within the first 24 post-CLP) was induced by double through-and-through 

puncture with a 17G needle. Moderate sepsis (50% survival expected within the first 

24 post-CLP) was induced by double 18G puncture in young mice and double 17G 

puncture in adult mice.  

Since the post-CLP responses have been well described (Osuchowski et al., 2006; 

Ganopolsky and Castellino, 2004; Shapiro et al., 2009; van Veen et al., 2006), sham 

surgeries were not performed to reduce the total number of mice in the study and to 

comply with the 3R’s tenet.  
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Two-hit model - In experiment 2, we used the post-traumatic sepsis model originally 

described by van Griensven et al. (Van Griensven M. et al., 2002) and additionally 

modified for better clinical relevance as detailed elsewhere (Drechsler et al., 2011). 

Briefly, two days prior to CLP, mice were anesthetized and subjected to a 

non-comminuted, unilateral midshaft femur fracture with local tissue damage 

immediately followed by hemorrhage (TH, -48h time-point). The femur fracture was 

produced by a brief compression with custom-designed blunt pliers. The effectiveness 

and reproducibility of injury was confirmed by X-ray. Hemorrhage was performed via 

retro-orbital puncture to induce a 40% of the total blood volume loss (calculated as 6% 

of the total body weight for each individual mouse). Overall, the TH step was typically 

sub-lethal with only incidental deaths (0-5% mortality). All pre-CLP deaths in our 

model occurred within the first 2h post-procedure – no late TH mortality was ever 

observed (Drechsler et al., 2011). Post-TH, mice were resuscitated with 0.9% saline 

subcutaneously with four times the volume of shed blood: 1mL containing analgesia 

(0.05mg/kg buprenorphine) was given immediately after hemorrhage (simulating the 

phase of restricted resuscitation), while the remaining volume was administered at 1h 

post-TH (simulating the phase of unrestricted resuscitation). Until the CLP time point, 

septic mice were resuscitated twice daily with 1ml of saline including analgesia. For 

pain management, all mice were administered metamizol (6 mg/kg, Sanofi, Austria) 

via the drinking water from day 5 post-CLP until the end of the experiment.  

4.4 Blood sampling 

In all survival experiments, mice were never sacrificed but 20µl of blood was collected 

repetitively from each animal (facial vein puncture) every 24h (including an additional 

sample at 6h post-CLP) until 96h post-CLP as previously described (Weixelbaumer et 

al., 2010; Raeven et al., 2012). Each blood sample was drawn into a pipette rinsed 

with ethylenediaminetetraacetic acid (EDTA) and then immediately diluted 1:10 in 

phosphate-buffered saline containing 2% EDTA. After a centrifugation step (1000xg, 

5min, 22°C), the supernatant (1:10 diluted plasma) was removed and directly analyzed 

or stored at –80°C until later analysis. In experiments requiring citrated blood, 

(experiments 1b and 3a), 50µl of blood was collected by facial vein (as described 

above) immediately before sacrifice and additional blood was collected from the 

inferior vena cava with addition of 3.2% (0.109 M) sodium citrate in a 9:1 vol/vol ratio 
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of blood:citrate. The citrated whole blood was immediately centrifuged to obtain 

platelet poor plasma and frozen at -80°C for further analysis. 

4.5 Detection of antigens 

The detection of antigens in plasma samples was based on standard enzyme-linked 

immunosorbent assay (ELISA) using commercially available kits for murine active and 

total (including the active, latent and bound form) PAI-1 (Innovative Research, Novi, 

MI) and murine soluble thrombomodulin (sTM, Uscn Life Science Inc., P.R. China) 

according to the manufacturer’s instructions. Compatibility of the PAI-1 and sTM 

antigen assay with EDTA blood instead of the citrated blood (as recommended by 

manufacturer) was validated (data not shown). In experiments 1 and 2, we were 

merely interested in general PAI-1 dynamics, and therefore we focused on total PAI-1 

measurements. Since we aimed to assess the effect of MA-MP6H6 on the functionally 

active form of PAI-1, and because of steric interaction of MA-MP6H6 with assays for 

latent and bound PAI-1, we assessed active PAI-1, but not total PAI-1 in experiment 3. 

4.6 Fibrin plate assay 

Recombinant human tPA (29.5U, Actilyse®, Boehringer Ingelheim, Austria) was 

incubated for 5 minutes with serial dilutions of citrated plasma from healthy, 

MA-MP6H6- or MA-Control-treated mice. Samples were pipetted on a fibrin gel 

(Tisseel, Baxter Biosurgery, Austria) consisting of fibrinogen (containing plasminogen) 

and thrombin, and incubated overnight at 37°C. The diameters of the holes in the fibrin 

gel were measured manually by two investigators independently (and the results 

combined thereafter) and the assays were performed in triplicates. 

4.7 Multiple cytokine assay 

IL-1β, IL-10, IL-5, IL-6, interferon (IFN)-γ, TNF–α, macrophage inflammatory protein 

(MIP)-1α, KC and MCP-1 were analyzed from plasma samples using FlowCytomix  

Multiplex Kits (eBioscience, USA) according to the protocol of the manufacturer. 

4.8 Gene-expression analysis 

At the time point of sacrifice (experiments 1a, 1b and 2a), parts of the liver, kidney, 

lungs, heart and left cranial vena cava (LCVC) were harvested, instantly snap-frozen 

using liquid nitrogen and stored at -80°C. LCVC collections were pooled (n ≥4 
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animals/group/time point) because of the extremely small tissue volumes obtained 

from single mice. RNA extraction, complementary DNA synthesis and real-time 

polymerase chain reaction was done as described before (Raeven et al., 2012). We 

used the QIAzol Lysis Reagent/ RNeasy Mini kit combination  (Qiagen, Germany) for 

total RNA extraction and RNA integrity was tested by the Agilent 2100 Bioanalyzer 

(Agilent Technologies, Austria). Of total RNA, 2 µg were used for synthesis of 

complementary DNA using anchored oligo-dT18-primers (Invitrogen, USA) and avian 

myeloblastosis virus reverse transcriptase (Finnzymes, Finland). Gene expression of 

murine hypoxanthine-guanine phosphoribosyltransferase (HPRT) and PAI-1 was 

measured by PCR using a CFX96 real-time cycler (Bio-Rad, Austria) and KAPA SYBR 

Green Universal 2X Mastermix (KAPA Biosystems, USA). We used the following 

primers: PAI-1 sense 5’ TCCTCCACAGCCTTTGTCAT 3’ and antisense 5’ 

ACATCTCCACTTTCGTCCCA 3’, HPRT sense 5’ GCAAGTCTTTCAGTCCTGTCC 3’ 

and antisense 5’ GCAGCGTTTCTGAGCCAT 3’. The PCR protocol comprised an 

initial Taq-polymerase activation step of 3 min at 95ºC followed by 40 cycles each 

including a denaturation step of 10s at 95ºC, 30s annealing at 60ºC, and finally a 10s 

extension step at 72ºC with eventual plate read. PAI-1 expression was analyzed 

relative to HPRT, and values were normalized to the 0h time point values using the 2-

ΔCt method (Schmittgen and Livak, 2008). 

4.9 Hematological analysis 

The cell pellets that remained after centrifugation of whole blood and removal of 

plasma were resuspended to the initial 1:10 diluted blood volume using CD3700 

diluent (Abbot Laboratories) with 1:50 EDTA and complete blood count with differential 

was performed by CD3700 counter optimized for mouse blood (Abbott Laboratories, 

USA) (Raeven et al., 2012).  

4.10 Organ function parameters 

Alanine transaminase (ALT), aspertate transaminase (AST), urea, glucose, and lactate 

dehydrogenase (LDH) were analyzed in plasma samples using the Cobas c111 

analyzer (Roche, Switzerland). 
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4.11 Coagulation analysis 

We analyzed citrated plasma for aPTT, PT, AT and fibrinogen using human reagents 

(verified for use of mouse plasma) using the CA1500 automated blood coagulation 

analyzer (Sysmex, Germany)(Raeven et al., 2012).  

4.12 Immunohistochemistry 

At sacrifice (experiment 2a, -48h, -42h and 24h time points only), parts of the liver and 

lungs were collected, immediately snap-frozen in liquid nitrogen and stored at −80 °C 

until further processing by immunohistochemistry (IHC). The tissue samples were 

embedded in OCT compound (Tissue-Tek, USA) and then prepared for 5μm-thick 

cryostat sections. The sections were fixed in ice cold acetone and subsequently 

subjected to IHC staining. Endogenous peroxidase blocking was performed by treating 

the cryostat sections with 0.3 % H2O2 in 80% methanol for 20 min. The sections were 

then washed with TRIS-buffered saline and incubated with anti-PAI-1 primary antibody 

(1:500, Abcam, UK) for 1h at room temperature. After another buffer rinse, the 

sections were incubated with an anti-rabbit polymer (Dako, Denmark) for 30 minutes 

at room temperature. After washing, staining was developed by using a peroxidase 

substrate kit (ImmPACT NovaRED, Vector Laboratories, USA). The slides were then 

slightly counterstained with hematoxylin, dehydrated and mounted permanently using 

an automatic glass cover slipper (CTM 6, Microm, Germany). Immunohistochemical 

controls were performed by replacing the primary antibody with antibody diluent 

(Zytomed Systems, Germany). Images were created using the Olympus XC10 camera 

and dotSlide 2.4 software (Olympus, Austria). 

4.13 Stratification protocol 

To determine a suitable IL-6 cut-off value for experiment 3, we performed a series of 

pilot survival experiments subjecting mice (50 in total, 10 mice at the time) to CLP with 

17G needle and analysed by receiver operating characteristics (ROC). Using the 

selected plasma IL-6 cut-offs at 24h post-CLP, mice were classified as either predicted 

to survive (P-SUR; below the specified cut-offs) or predicted to die (P-DIE; over the 

specified cut-offs). The first (14ng/ml, prospective) IL-6 cut-off was maximally 

conservative to ensure maximal purity of the P-DIE group (i.e. to eliminate inclusion of 

surviving mice) given that our aggressive intervention could have endangered subjects 

with the lower-than-maximal risk of death. In contrast, the second (3.3ng/ng, 
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retrospective) IL-6 cut-off was selected to maximize the purity of the P-SUR cohort by 

post-hoc re-allocation of dying CLP mice (identified as P-SUR in the prospective 

separation) to the P-DIE group. The 24h time-point selected for stratification 

measurements was followed by treatment application at 30h post-CLP time-point. This 

delayed stratification/treatment protocol is a refinement of the earlier “IL-6 at 6h post-

CLP” approach (Remick et al., 2002; Osuchowski et al., 2009a) and aims to further 

improve experimental recapitulation of the clinical reality. The 24h time-point ensures 

development of a full-scale inflammatory reaction in septic mice, whereas the 30h 

treatment time-point precedes the period of the highest acute mortality in our CLP 

model (Osuchowski et al., 2006; Osuchowski et al., 2009a; Craciun et al., 2010). 

Accordingly, all septic mice were proportionally randomized and i.v. injected at 30h 

post-CLP with either 10 mg/kg MA-MP6H6 or MA-Control to maintain a 1:1 treatment: 

placebo ratio at each repetition. 

4.14 Treatment with monoclonal antibodies against PAI-1 

Given that commercially available human PAI-1 inhibitors are likely to underperform 

(due to structural differences) in the mouse (Dewilde et al., 2010), a panel of 

monoclonal antibodies (MA) raised against mouse PAI-1 was recently generated and 

tested by Van de Craen and collaborators (Van De Craen et al., 2011). In a series of 

pilot studies, we identified MA-MP6H6 as the most functional alternative out of the 

available selection. MA-MP6H6 was demonstrated to cross-react with both 

glycosylated and non-glycosylated PAI-1 in the mouse, rat and human, even in the 

presence of vitronectin (Van De Craen et al., 2012b; Van De Craen et al., 2011). 

Another antibody, MA-31C9 (MA-Control), that showed no cross-reactivity with the 

mouse PAI-1 served as control in our study. Prior to in vivo application, MA-MP6H6 

reactivity (or lack thereof for MA-Control) with active PAI-1 in the mouse plasma was 

confirmed by an ex vivo ELISA system (data not shown). In all experiments and 

regardless of the timing, animals were intravenously (i.v.; tail vein) injected either with 

10 mg/kg MA-MP6H6 or MA-Control in phosphate-buffered saline with a total volume 

100µl per injection. The utilized dose was selected based on the previous testing 

performed in mice (Van De Craen et al., 2011). 
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4.15 Statistical analysis 

Normality was tested in all recorded parameters and non-Gaussian data were log 

transformed prior to further analyses. Normally distributed data were, whenever 

appropriate, tested by analysis of variance followed by Tukey's test or Student’s t-test, 

whereas skewed data were analyzed by Kruskal-Wallis test with Dunns’ or Mann–

Whitney U-test. Correlations were analyzed by non-parametric test and expressed by 

Spearman’s rank correlation coefficient (rho). Survival curves were plotted using the 

Kaplan-Meier method, and differences were analyzed by Log-rank (Mantel-Cox) test. 

In experiment 1c, the last pre-lethal PAI-1 levels (measured within 24h prior to death, 

irrespective of the day of death) from mice that died between 24-96h post-CLP (DIE) 

were retrospectively matched with values of PAI-1 from SUR animals (alive at day 28 

post-CLP) recorded on the same post-CLP resulting in a 1:1 ratio. 

In experiment 2b, the retrospective comparison of PAI-1 trajectory between SUR and 

DIE (3:1 ratio) data sets was performed at each time point separately using the 

unpaired t-test (normally distributed data) or Mann-Whitney test (skewed data). To 

characterize plasma PAI-1 using the time point of death as the reference point 

(regardless of the day of death), three consecutive pre-lethal PAI-1 values were 

retrospectively tallied, displayed in an inverted fashion (i.e. 72h, 48h and 24h prior to 

death) and matched with the PAI-1 values from (randomly selected) surviving (alive at 

day 16) animals recorded on the same post-CLP day (a 1:1 ratio data set). Prognostic 

accuracy of plasma PAI-1 (experiment 2) and IL-6 (experiment 3) for post-CLP 

outcome (survivor or non-survivor) was evaluated by the ROC curve and was 

expressed by the area under the curve (AUC). The prognostic accuracy of the ROC-

AUC was defined as: 0.9-1=excellent, 0.8-0.9=good, 0.7-0.8=fair, 0.6-0.7=poor and 

<0.6=not useful. All data in figures are presented on the original scale as means with 

standard error of mean (SEM) or as box plot diagrams. In tables, data are presented 

as mean ± SD. All tests were done with Prism 5 (GraphPad, USA) and significance 

was defined by a p<0.05. 
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5 Results 

5.1 CLP-Only 

 

5.1.1 Mild sepsis provokes acute changes in circulating PAI-1 

In experiment 1a, the aim was to characterize the dynamics of total circulating PAI-1 

within the first 24h of a mild septic insult. Mice were sacrificed at time points (t) 0, 6, 12 

and 24h post-CLP). In healthy animals (t=0, Figure 6), the mean level of PAI-1 in 

plasma was 5.4 ng/ml. Conversely, CLP induced a significant rise of circulating PAI-1 

that was apparent at 6h (97 ng/ml, p<0.01 versus 0h) already and carried on to reach 

an increase of approximately 80- and 200-fold (versus 0h) at 12h and 24h post-CLP, 

respectively.  

 
Figure 6. Mild sepsis provokes acute changes in circulating PAI-1. Mice were subjected 

to mild CLP and blood was sampled by facial vein puncture at baseline (0h, n=7) and right 

before sacrifice at 6h (n=21), 12h (n=10) and 24h (n=10) post-CLP. Data are shown as mean 

± SEM. Separate cohorts (n>7) of mice at every time point. Means of PAI-1 values of each 

time point were compared to the means of plasma PAI-1 at all other time points. *P<0.01 

compared to all other time points shown (Raeven et al., 2012). 

 

5.1.2 Mild sepsis induces organ-specific PAI-1 expression 

We next studied the expression of PAI-1 mRNA during clinically relevant polymicrobial 

peritonitis. The transcription of the PAI-1 gene was most robust in the LCVC and liver 

(Figure 7A and B). While PAI-1 amplification in the LCVC was steady reaching an 

eventual 146-fold increase versus 0h at 24h post-CLP, it was instant and enduring 
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(with a more than 90-fold increase from 6h onward) in the liver. In all other organs 

examined (i.e., the kidney, lungs and heart), the CLP-induced alteration of PAI-1 

mRNA levels were marginal (≤5-fold, p>0.05 versus 0h, Figure 7C-E). Plasma levels 

of PAI-1 correlated with its gene expression in the liver (rho=0.69, Table 3), but not 

with its mRNA any of the other organs assessed.  

 
Figure 7. Mild sepsis induces organ-specific PAI-1 gene expression. Mice were subjected 

to mild CLP and sacrificed at 0h, 6h, 12h and 24h post-CLP. Figure shows the relative fold 

changes of PAI-1 mRNA at various time points normalized to 0h in A) LCVC, B) liver (n=7-

12/time point), C) kidney (n=7-14/time point), D) lung (n=5-12/time point), and E) heart (n=5-

13/time point). Every circle represents a single mouse, excepting LCVC (where each dot 

represents a pooled collection of 4-5 animals). Solid, horizontal lines indicate mean ± SEM 

*P<0.05 versus 0h (Raeven et al., 2012). 

 

5.1.3 Diverse correlations of PAI-1 expression and body temperature in mild sepsis 

The BT was exploited as a surrogate marker of sepsis severity and compared to 

variations of plasma PAI-1 and its mRNA expression after mild CLP (Table 3). 

Alterations in both the PAI-1 gene in tissues and protein in the plasma (between 0-
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24h) were analyzed for correlation with the BT measured at the time points of 

sacrifice. Even during mild sepsis, there was a strong negative correlation between BT 

and PAI-1 mRNA in the liver (rho=-0.79), whereas PAI-1 in plasma and BT correlated 

moderately (rho = -0.53). In the kidney, there was only a weak correlation (rho = -

0.35), while there was no correlation at all in the heart and lungs. 

 
Table 3. Correlation between PAI-1 plasma protein, organ gene expression and body 
temperature during mild sepsisa 

  PAI-1 gene expression 
Plasma PAI-1  

  Liver  Kidney  Lung  Heart 

Plasma PAI-1  
rho-value   0.69 0.33 0.20  -0.19 1.00  
p-value   0.00 <0.05  0.28  0.34 - 

n   35  37  31 26 37 

 Body 
temperature 

rho-value   -0.79  -0.35  0.07 0.01 -0.53 
p-value   0.00  0.06  0.74 0.97 0.00 

n   26  28  25 21 28 
 

aPAI-1, plasminogen activator inhibitor type 1. 

Mice were subjected to mild CLP and sacrificed within 24h post-cecal ligation and puncture. 

Correlations between PAI-1 in plasma, its gene expression in organs and body temperature at 

time point of sacrifice were analyzed and expressed by the Spearman’s rank correlation 

coefficient (rho) as indicated in the table (Raeven et al., 2012). 

 

5.1.4 Organ specific PAI-1 expression during sepsis of different severity 

Based on the correlations between BT and the PAI-1 response found in experiment 

1a, we intensified our investigations in experiment 1b comparing mice subjected to a 

contrasting extent of sepsis severity (i.e., mild versus severe).In the LCVC (three 

pooled collection per BT group, comprising 12-15 mice in total per group) only, PAI-1 

mRNA expression was increased (>3.5-fold, p<0.05) in severely septic compared to 

mildly septic mice (Figure 8A). PAI-1 mRNA expression was not different (p>0.05) 

between the mild and severely septic cohorts in any of the remaining organs 

investigated (Figure 8B-E; left panels). 

Even though the majority of severely septic mice progressed toward marked 

hypothermia (70% of mice with BT < 28°C at 24h post-CLP) compared to 

normothermia in most mildly septic animals (BT > 34°C in more than 80% of these 

mice), the distribution of BT was not completely homogenous within these cohorts 

(except for LCVC were all severe mice had BT < 28°C and all mild mice BT > 34°C). 
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Therefore, we re-analyzed the association between PAI-1 gene expression levels in 

organs and the sepsis severity using BT as the reference. The cut-offs for BT were 

chosen based on the study of Ebong et al. (Ebong et al., 1999a) and mice displaying a 

BT > 34°C were defined as mildly septic, whereas mice with BT < 28°C were classified 

severely septic now. The single animal with 28°C<BT<34°C post-CLP was excluded 

as its inclusion to either of the groups did not affect the conclusions of the analysis. As 

visible in Figure 8B-E (right panels), even after the correction based on BT, no 

differences in PAI-1 mRNA expression between the mildly and severely septic cohorts 

were found in any of the investigated organs (LCVC was not re-analyzed because of 

pooling). 
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Figure 8. Comparison of organ-specific PAI-1 gene expression after sepsis of different 
severity. Mice were subjected to either mild (23G needle; white bar/dots) or severe (17G 

needle; black bar/dots) CLP and sacrificed 24h later. Figure portrays relative fold changes of 

PAI-1 mRNA expression at 24h time points normalized to baseline. Cohorts defined based on 

needle size (left panels) or body temperature (BT; right panels) for A) LCVC, B) liver (n=8-13 / 

time point), C) kidney (n=8-15 / time point), D) lung (n=8-13 / time point), and E) heart (n=8-14 

/ time point). Every circle represents a single mouse. Solid (horizontal) lines indicate the mean 

± SEM. For LCVC, each bar indicates the mean ± SEM of three separate pooled collections, 

each containing 4-5 mice (Raeven et al., 2012).  

 
5.1.5 Distinct coagulopathy in sepsis of different severity 
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Next, we assessed various parameters suggestive of progressing coagulopathy and 

compared these data between mice subjected to mild or severe sepsis. Compared to 

healthy mice, the aPTT was increased in all septic animals (p<0.01). While no inter-

group difference was noted at 6h, an increase of aPTT by 45% was observed in the 

severe compared to mild group at 24h (Figure 9A). The latter observation was in 

accordance with a prolongation (p<0.05) of the PT (expressed as international 

normalized ratio, INR ± SD) in severely septic animals (INR=0.77±0.05) in comparison 

to mildly septic (INR=0.68±0.02) and healthy controls (INR=0.66±0.02). 

Sepsis provoked a general consumption of AT in all mice at both assessed time points 

(Figure 9B). The fall of AT was additionally exacerbated in more severe sepsis: its 24h 

level in the severely septic cohort was 21% lower (p<0.05) compared to the mildly 

septic cohort (Figure 9B). Compared to healthy controls, fibrinogen in plasma was only 

slightly elevated (p<0.05) at 6h, but the extent of its rise was even higher (by approx. 

20%; p<0.01) in mice subjected to mild sepsis (Figure 9C). Fibrinogen continued its 

steep increase over time, but the inter-group difference observed at the early time 

point was no longer apparent at 24h. CLP induced a robust rise of PAI-1 in plasma 

(versus healthy controls) in all mice at both time points (Figure 9D, E). While severe 

sepsis triggered an even stronger augmentation (2.6-fold, p<0.01) of PAI-1 when 

compared to mild sepsis at 6h, no difference was any longer present at 24h (despite 

an additional steep increase of PAI-1). The active antigen of PAI-1 measured in the 

same group of samples displayed a similar pattern: its levels were significantly higher 

(by 3.8-fold, p<0.05) in severely versus mildly septic mice at 6h, but again this 

difference had disappeared at 24h, despite a continuous rise (data not shown). 
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Figure 9. Hemostatic parameters after sepsis of distinct severity. Mice were subjected to 

either mild (23G needle; white dots) or severe (17G needle; black dots) CLP and sacrificed 6 

or 24h later. At sacrifice, blood was collected from the inferior vena cava and analyzed for: A) 

aPTT (n=6-10 / time point), B) AT (n=6-10 / time point), C) fibrinogen (n=6-10 / time point) and 

D) total PAI-1 (n=15-26 / time point). Every circle represents a single mouse. Solid (horizontal) 

lines indicate the mean ± SEM of septic mice. Dotted lines represent the lower and upper 95% 

confidence-intervals of parameters in healthy mice. *P<0.05 versus 0h (Raeven et al., 2012). 

 

5.1.6 Plasma PAI-1 rises and subsequently falls in mice surviving moderate sepsis 

In experiment 1a, we found the gradual rise of total PAI-1 in plasma within 24h post-

CLP (Figure 6). Experiment 1c of the study was performed to characterize the 

trajectory of PAI-1 during the whole acute phase of sepsis. We therefore subjected 

mice (n=20) to moderate-severity CLP (18G needle), with daily blood collections within 

the first four days after CLP and further observation up to day 28 post-CLP or until 

death. Mortality was 30% at day 4 (Figure 10A) and 60% at day 28 (not shown).  

While plasma levels of PAI-1 did not exceed 10 ng/ml at baseline, CLP provoked an 

immediate rise of PAI-1 to 167 ng/ml at 6h, peaking at 24h (706 ng/ml) in sepsis 

survivors (Figure 10B). After this 24h peak, PAI-1 levels gradually decreased to 389-, 

237 and 81 ng/ml (at 48h, 72h and 96h post-CLP, respectively), but it failed to return 

to the baseline level.  
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5.1.7 Total circulating PAI-1 is increased within 24h of septic death 

Finally, we compared plasma PAI-1 between mice that progressed toward a lethal 

septic response and those that eventually survived. We retrospectively compared 

prior-to-death plasma PAI-1 levels in DIE with matched PAI-1 levels recorded in SUR 

animals on the same post-CLP day (detailed description in Statistical Analysis).  

Within the last 24h before death, the mean plasma PAI-1 concentration in DIE mice 

was >3-fold higher (p<0.01) than in SUR mice (Figure 10C). The mean plasma PAI-1 

concentration in DIE (Figure 10C) was also approximately 3-fold higher than the peak 

at 24h in SUR mice (Figure 10B). Yet, only a single PAI-1 value in DIE (932 ng/ml) 

was below the upper 95% confidence interval (CI) of PAI-1 levels in the SUR group 

(Figure 10C). The pre-lethal rise of PAI-1 in plasma was associated with a 90% lower 

platelet count (Figure 10C inset) and a 50% lower neutrophil count (data not shown) in 

the same group of DIE mice versus SUR mice. In accordance with our previous 

findings (Weixelbaumer et al., 2010), daily blood sampling was harmless and did not 

additionally exacerbate the mild CLP-induced decline of red blood cells and/or 

hemoglobin (data not shown). 
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Figure 10. Total circulating PAI-1 in mice surviving and dying from moderate sepsis. 
Mice were subjected to moderate (18G needle) CLP and were followed until death or day 28 

post-CLP. 20μl of blood was collected daily by facial vein puncture during first 96h post-CLP or 

until death. A) Mortality distribution during the acute phase of moderate sepsis (n=20), digits 

on the graph indicate the number of deaths at the indicated time point. B) Trajectory of total 

circulating PAI-1 in plasma of survivors (SUR, alive by day 28 post-CLP; white dots, n=4-

7/time point). C) Comparison between pre-lethal (DIE; black dots, n=6) PAI-1 values collected 

within 24h of acute septic death (any 1-5 post-CLP day) and matched SUR (white dots, n=6). 

In C, each circle represents an individual animal and solid (horizontal) lines represent mean ± 

SEM *P<0.01 versus DIE (Raeven et al., 2012). 
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5.2 Post-traumatic sepsis 

5.2.1 Preceding TH does not alter plasma PAI-1 dynamics during CLP sepsis  

First, we portrayed the dynamics of circulating PAI-1 over the TH-CLP period (Figure 

11). At -48h (baseline, immediately prior TH), the total PAI-1 plasma concentration 

was 5.4 ng/ml (Figure 11A). TH induced an elevation of plasma PAI-1 by 6-fold (32 

ng/ml) at -42h (6h post-TH, p<0.05), followed by a decrease to the baseline level at 

-24h (5.7 ng/ml). Subsequent CLP provoked a gradual increase of circulating total 

PAI-1 from 6h onward (32- and a 52-fold rise at 6 and 12h), with the peak value (590 

ng/ml) at 24h (Figure 11B). 
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Figure 11. Circulating PAI-1 response to TH-CLP. 3 week-old mice were subjected to 

trauma and hemorrhage (TH, -48h) followed by mild (23G) cecal ligation and puncture (CLP)-

induced sepsis (0h). At -48h, -42h, -36h, -24h, 0h, 6h, 12h and 24h, mice (≥6 per time point) 

were sacrificed and blood was collected and analyzed for A) platelet count (PLT); B, C) total 

plasminogen activator inhibitor type 1 (PAI-1) plasma concentration. Figure shows box plot 

diagrams, with whiskers indicating minimum and maximum and dots representing values 

outside of 1.5 inter-quartile range. *P<0.05 versus -48h. 

 

Second, we compared the evolution of the total PAI-1 release into the blood after post-

traumatic sepsis versus sepsis alone (Table 4). Baseline PAI-1 levels in mice 

subsequently subjected to TH-CLP (i.e. -48h, this study) and CLP-Only (i.e. 0h, 

experiment 1) were identical (5.4 ng/ml).  In TH-CLP mice, PAI-1 concentration at 0h 

(immediately prior to CLP) was 50% higher compared to CLP-Only mice at 0h 

(baseline) (Table 4). However, post-CLP PAI-1 in both groups displayed an identical 
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trajectory; its circulating concentrations rose gradually and were similar at all of the 

time points assessed. 

 
Table 4. Circulating PAI-1 during the post-CLP phase in post-traumatic sepsis versus 
sepsis aloneb 

Plasma 0h 6h 12h 24h 

TH-CLP 11.8 ± 2.8* 168.5 ± 121.9 278.5 ± 126.0 590.0 ± 432.8 

CLP-Only 5.4 ± 2.1 97.1 ± 35.7 422.3 ± 323.6 1194 ± 759.9 

fold difference 2.2 1.7 0.7 0.5 

P-value 0.008 0.096 0.427 0.934 
bTH, trauma-hemorrhage; CLP, cecal ligation and puncture. 

Three week-old mice were subjected to TH followed by CLP-induced sepsis or CLP alone 

(CLP-Only, experiment 1a). At 0, 6, 12 and 24h post-CLP, mice were sacrificed and blood was 

collected and analyzed for total plasminogen activator inhibitor type 1 (PAI-1) in plasma. Data 

as mean ± SD (TH-CLP and CLP-Only rows). Fold PAI-1 difference between TH-CLP and 

CLP-Only. *P<0.05 versus CLP-Only. 

 

5.2.2 Preceding TH modulates PAI-1 gene expression in the post-CLP sepsis phase 

In the next step, we characterized the trajectory of PAI-1 mRNA over the TH-CLP 

duration in various organs (Figure 12). TH alone increased PAI-1 mRNA transcription 

only in the LCVC (up to peak 20-fold increase at -24h) (Figure 12A); there was no 

change in the kidney and lung (Figure 12C-D). In contrast, a strong PAI-1 mRNA 

decrease after TH alone was observed in the liver (by 93% at 0h, Figure 12B) and 

heart (by 83% at -24h and 0h, Figure 12E). 

 

The subsequent CLP induced an immediate (from 6h onward, lasting up to 24h) 

increase of PAI-1 mRNA in the LCVC (>20-fold versus 0h) and the liver (>600-fold 

versus 0h) (Figure 12A-B). Although to a lesser extend, also PAI-1 mRNA levels in the 

kidney (16 to 27-fold versus 0h at 6-24h) and heart (3 to 7-fold) were increased by the 

post-traumatic CLP (Figure 12D and E). In contrast, the second hit CLP did not up 

regulate PAI-1 mRNA in the lung (2 to 5-fold versus 0h at 6-24h), although PAI-1 

mRNA level at 12h was 4-fold (p<0.05) higher compared to baseline (Figure 12C). 
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Figure 12. Organ-specific PAI-1 gene expression after TH-CLP. 3 week-old mice were 

subjected to trauma and hemorrhage (TH, -48h) followed by mild (23G) cecal ligation and 

puncture (CLP)-induced sepsis (0h). At -48h, -42h, -36h, -24h, 0h, 6h, 12h and 24h, mice (≥6 

per time point) were sacrificed and organs were collected and analyzed for expression of 

plasminogen activator inhibitor type 1 mRNA in the A) left cranial vena cava (LCVC), B) liver, 

C) kidney, D) lung and E) heart. Figure shows box plot diagrams, with whiskers indicating 

minimum and maximum and dots representing values outside of 1.5 inter-quartile range). 

*P<0.05 versus -48h; § P<0.05 versus 0h. 

 

As for the circulating PAI-1 (Table 4), we next compared the trajectory of PAI-1 mRNA 

fluctuations between post-traumatic sepsis and sepsis alone results from experiment 
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1a (i.e. the post-CLP phases in both groups, Table 5). PAI-1 mRNA in the LCVC after 

TH-CLP increased markedly faster compared to its induction after CLP-Only: the 

difference exceeded 20-fold at early time points (6 and 12h) and decreased to approx. 

2-fold at 24h. At 0h (i.e. immediately before CLP), PAI-1 gene expression in TH-CLP 

animals was lower in the liver (by -93%), kidney (-81%) and heart (-83%), but not in 

the lung compared to CLP-Only mice. Compared to CLP-Only, PAI-1 mRNA level in 

the post-CLP phase was significantly lower in the liver (-83% at 24h) and the heart (-

78% at 12h), but not in the kidney and lung. 
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Table 5. Organ/tissue PAI-1 mRNA expression during the post-CLP in posttraumatic 
sepsis versus sepsis alonec 

   0 6 12 24 

LCVC 

TH-CLP 8.28 166.57 334.69 329.32 

CLP-Only 1.00 4.30 14.29 140.36 

fold difference 8.28 38.74 23.42 2.34 

P- value N/A N/A N/A N/A 

Liver 

TH-CLP 0.07 ± 0.1* 46.53 ± 23.9 55.63 ± 48.0 41.35 ± 26.4* 

CLP-Only 1.00 ± 1.3 96.17 ± 84.3 127.01 ± 100.9 246.69 ± 262.2 

fold difference 0.07 0.67 0.44 0.17 

P- value  0.005 0.815 0.147 0.010 

Kidney 

TH-CLP 0.18 ± 0.1* 4.52 ± 3.1 5.13 ± 2.6 3.01 ± 2.4 

CLP-Only 1.00 ± 1.3 2.47 ± 3.4 2.23 ± 2.2 5.00 ± 11.1 

fold difference 0.19 1.83 2.30 0.60 

P- value  0.035 0.065 0.056 0.536 

Lung 

TH-CLP 1.22 ± 0.63 2.49 ± 1.09 4.04 ± 1.05 5.72 ± 3.75 

CLP-Only 1.00 ± 1.06 2.34 ± 1.08 2.78 ± 1.66 3.66 ± 3.68 

fold difference 1.21 1.07 1.45 1.56 

P- value  0.310 0.963 0.181 0.225 

Heart 

TH-CLP 0.17 ± 0.08* 0.49 ± 0.21 0.48 ± 0.13* 1.11 ± 0.81 

CLP-Only 1.00 ± 0.61 1.19 ± 0.73 2.17 ± 1.81 0.92 ± 1.17 

fold difference 0.17 0.42 0.22 1.21 

P- value  0.004 0.126 0.017 0.273 
cTH, trauma-hemorrhage; CLP, cecal ligation and puncture; PAI-1, plasminogen activator 

inhibitor type 1. 

Three week-old mice were subjected to TH followed by polymicrobial sepsis or CLP alone 

(CLP-Only, experiment 1a). At 0, 6, 12 and 24h post-CLP, mice were sacrificed and organs 

were collected and analyzed for PAI-1 mRNA expression. Data as mean ± SD (TH-CLP and 

CLP-Only rows). Fold PAI-1 difference between TH-CLP and CLP-Only. *P<0.05 versus CLP-

Only. N/A, not applicable. 
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Figure 13. Immunohistochemical staining of PAI-1 in the liver and lung post-TH and TH-CLP. 3 week-old mice were subjected to trauma and 

hemorrhage (TH, -48h) followed by mild (23G) cecal ligation and puncture (CLP)-induced sepsis (0h). At -48h, -42h and 24h, mice were sacrificed 

and organs were collected and stained for plasminogen activator inhibitor type 1 (PAI-1) in the liver and lung. Representative images for ≥3 

animals per time point per tissue are shown. NC, negative control for PAI-1 (incubated without primary antibody). Magnification: 100x. 
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To re-confirm the above changes, we additionally examined the expression of PAI-1 

protein in the liver and the lung by IHC (Figure 13). At baseline, there was no evident 

expression of PAI-1 in either of organs. Whereas both TH and the subsequent CLP 

increased PAI-1 protein expression in the liver (at -42h and 24h), only the 

post-traumatic CLP (but not TH alone) triggered a moderate expression of PAI-1 

protein in the lung. 

 

5.2.3 Increase of circulating PAI-1 in post-traumatic sepsis is associated with worse 

outcome 

In experiment 2b, we investigated the relationship between PAI-1 in plasma and 

TH-CLP outcome. Mice subjected to TH-CLP were never sacrificed, but sampled 

daily (until day 5 post-CLP) and then retrospectively divided into dying (DIE) and 

surviving (SUR) mice for all subsequent analyses. 

TH-CLP mortality reached 40% by day 14 post-CLP (Figure 14A). To test whether an 

early raise in PAI-I is associated with increased mortality, the survival curve was 

re-plotted with mice divided into two groups based on their plasma PAI-1 level at 24h 

post-CLP. The PAI-1 cut-off was subjectively set at 1100 ng/ml (Figure 14B). TH-CLP 

animals with plasma PAI-1 levels ≥ 1100 ng/ml (at 24h), showed 22% higher mortality 

(n=18, survival 28%) compared to their counterparts with PAI-1 below 1100 ng/ml 

(n=24, 50% survival, p<0.05). 
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Figure 14. Increased plasma PAI-1 at 24h post-TH-CLP is associated with lower 14-day 
survival. 3 month-old mice were subjected to trauma and hemorrhage (TH, -48h) followed 

by severe (17G) cecal ligation and puncture (CLP)-induced sepsis (0h). From the TH time 

point on, 20 µl of blood was collected daily and additionally at 6h, until 96h (day 6 post-TH / 
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day 4 post-CLP). Animals were observed until death or day 14 post-CLP, whichever occurred 

first. A) 14-day survival (digits on the graph indicate the number of deaths at the indicated 

time point). B) Survival of mice based on plasma PAI-1 at 24h post-CLP below or above a 

subjective threshold. *P<0.05 versus <1100 ng/ml. CLP time point as indicated by arrow. 

 

5.2.4 Circulating PAI-1 predicts death after, but not prior the sepsis hit 

Next, we compared the time course of circulating PAI-1 between SUR and DIE 

(Figure 15A). In the pre-CLP phase, the plasma PAI-1 increase between DIE/SUR 

mice was identical. In the post-CLP phase, however, plasma PAI-1 trajectories 

gradually separated over time: PAI-1 level in DIE (versus SUR) rose at 6 and 24h (by 

50 and 70%, p>0.05), it was approx. 2-fold higher at 48h and reached a peak 

difference of 4-fold at 72h. The above separation trajectory was corroborated by 

ROC analysis: the prognostic accuracy for early death was poor at 6h and 24h (AUC 

= 0.57 and 0.65), good (AUC = 0.81) at 48h and excellent (AUC = 0.9) at 72h time 

point (Table 6). 

 
Table 6. Prognostic accuracy of plasma PAI-1 for deathd 

Time AUC (ROC)  95% CI  P-value 

-48h 0.56  0.35-0.76  0.584 

-24h 0.63  0.46-0.81  0.153 

0h 0.62  0.44-0.79  0.200 

6h 0.57  0.38-0.75  0.475 

24h 0.65  0.47-0.83  0.110 

48h 0.81*  0.65-0.98  0.006 

72h 0.93*  0.82-1.04  0.001 
dPAI-1, plasminogen activator inhibitor type 1; ROC, receiver operating characteristic; AUC, 

area under the curve; CI, confidence interval. 

Plasma PAI-1 levels obtained were evaluated by the ROC curve to determine the prognostic 

accuracy for the outcome as expressed by the AUC with 95% CI. The prognostic accuracy of 

the ROC-AUC was defined as: 0.9-1=excellent, 0.8-0.9=good, 0.7-0.8=fair, 0.6-0.7=poor and 

<0.6=not useful. *P<0.05 

 

Given that the exact time of the onset of sepsis is frequently unknown, we 

additionally assessed how early prior to death is the outcome-dependent separation 

feasible. DIE and SUR values were re-plotted in an inverted fashion using the day of 

death (days 1-5 post-CLP) as the reference point (Figure 15B, see Materials and 
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Methods). The early post-CLP outcome could not have been predicted earlier than 

48h prior: circulating PAI-1 in DIE and SUR mice was overlapping at 72h, it was 

markedly increased (by 2-fold) in DIE at 48h and reached a 3-fold peak (in DIE) at 

24h prior to death. 
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Figure 15. Plasma PAI-1 is increased in dying versus surviving mice. 3 month-old mice 

were subjected to trauma and hemorrhage (TH, -48h) followed by severe (17G) cecal ligation 

and puncture (CLP)-induced sepsis (0h). From the TH time point on, 20 µl of blood was 

collected daily and additionally at 6h, until 96h (day 6 post-TH / day 4 post-CLP. Animals 

were observed until death or day 14 post-CLP, whichever occurred first. The experimental 

period was divided into a pre-and post-CLP (red and black dots, respectively) phase. A) Time 

course of total circulating plasminogen activator inhibitor type 1 (PAI-1) of dying (DIE, filled 

dots) and surviving (SUR, empty dots) mice. B) Circulating levels of PAI-1 of DIE and time-

matched levels of SUR at the indicated time points prior to death. *p<0.05 versus SUR. TH 

and CLP time points and time point of death as indicated by arrows. 

 

5.2.5 Pre-lethal release of PAI-1 during post-traumatic sepsis is independent of 

endothelial injury 

To establish whether the above DIE and SUR separation for circulating PAI-1 was 

reflected by the degree of endothelial injury, we studied the time course of sTM in the 

same set of mice (Figure 16). The trajectory of sTM was identical between SUR and 

DIE at all time points analyzed. Groups had equal baseline values and TH induced 

an equivalent increase of sTM at -42h (to approx. 100 ng/ml), which remained 

unchanged until the CLP time-point (0h). In the post-CLP phase, sTM levels between 

SUR and DIE were equally high at all measured time points, remaining at the level 5 

to 7-fold higher than baseline. 
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Figure 16. Plasma thrombomodulin level during TH-CLP develops irrespective of 
outcome. 3 month-old mice were subjected to TH (-48h) followed by severe (17G) CLP-

induced sepsis (0h). The experimental period was divided into a pre- and post-CLP (red and 

black dots, respectively) phase. From the TH time point (-48h) on, 20 µl of blood was 

collected daily, and additionally at 6h, until 96h (day 6 post-TH / day 4 post-CLP). Animals 

were observed until death or day 14 post-CLP, whichever occurred first. Figure depicts the 

time course of circulating thrombomodulin of dying (DIE, black-filled dots) and surviving 

(SUR, white-filled dots) mice. TH and CLP time points as indicated below x-axes. 

 

5.2.6 Co-treatment with MA-MP6H6 inhibits active PAI-1 and restores fibrinolysis in 

acute sepsis 

In the initial step, we assessed whether MA-MP6H6 inhibits active circulating PAI-1 

and affects fibrinolysis. Two separate groups of mice were subjected to CLP and 

immediately injected with either MA-MP6H6 or MA-Control (co-treatment). The first 

group was followed without intervention (for total of 28 days to simultaneously assess 

long-term survival) to characterize the protracted profile of active PAI-1 in acute 

sepsis, whereas the second group was sacrificed at 24h post-CLP to test ex vivo 

fibrinolytic activity of the plasma. 

 

In the first group, active PAI-1 averaged at 0.5 ng/ml in healthy (pre-CLP) animals in 

both treatment groups (p=0.9). In septic mice, MA-MP6H6 co-treatment efficiently 

reduced active PAI-1 within the first 24h of injection (Figure 17A). Specifically, in 

MA-MP6H6 mice (compared to MA-Control) active PAI-1 was completely blocked (by 
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96%) at 6h, whereas the inhibition was only partially (by 63%) at 24h time-point (and 

insignificantly by 44% at 48h).  

 

In the second group, CLP triggered a rapid increase (by 400-fold) of circulating active 

PAI-1 at 24h (Figure 17B). Similar to the data in the first group, MA-MP6H6 

application decreased the concentration of active PAI-1 in the plasma by 73% (at 24h 

post-CLP versus MA-Control). Furthermore, assessment of the ex vivo fibrinolytic 

activity by fibrin plate assay in the same group of mice at 24h post-CLP, 

demonstrated its full restoration in pure and diluted plasma of septic mice 

administered MA-MP6H6 (Figure 17C). 
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Figure 17. Co-treatment with MA-MP6H6 decreases plasma PAI-1 and restores 
fibrinolytic activity during sepsis. Mice underwent cecal ligation and puncture (CLP), were 

immediately thereafter intravenously injected with 10 mg/kg MA-MP6H6 or MA-Control. 

A) Mice were blood sampled daily until 96h post-CLP/injection. Figure depicts time course of 

plasma levels of active plasminogen activator inhibitor type 1 (PAI-1). B, C) Mice were blood 

sampled and sacrificed 24h later. Three healthy mice (no CLP) were also sacrificed. 

B) Plasma levels of active PAI-1, C) Fibrinolytic activity as determined by the diameter of 

holes in the fibrin plate assay. Data shown as mean ± SEM. Additionally, every dot 

represents a single animal in B. *P<0.05. 

5.3 Inhibition of PAI-1 during sepsis 

5.3.1 MA-MP6H6 treatment administered to a heterogeneous septic population does 

not alter survival 

In the next step, we assessed whether treatment with the MA-MP6H6 antibody 

influences survival in a maximally heterogeneous septic population. Mice underwent 

CLP and were not stratified, but randomly divided into two groups and injected with 

either MA-MP6H6 or MA-Control immediately (co-treatment group, Figure 18A), at 



 

 68 

18h (18h post-treatment group, Figure 18B) and at 30h (30h post-treatment group; 

here displayed randomly and without stratification, Figure 18C) after CLP.  

Co-treatment with MA-MP6H6 insignificantly increased mortality on day 7 post-CLP 

(67% versus 50% in MA-Control, Figure 18A) but no additional deaths occurred 

between day 7 and 28 post-CLP (Figure 18A). Similar slight trend for exacerbated 

mortality was present in the 18h post-treatment group on day 7 (mortality 40% after 

MA-MP6H6 versus 30% after MA-Control), but it disappeared (mortality 40% in both 

groups) by day 28 (Figure 18B). Post-treatment with MA-MP6H6 at 30h post-CLP 

again showed a tendency for exacerbated mortality both in acute (mortality 52% 

versus 39% in MA-Control on day 7) and chronic (57% versus 43% on day 28) sepsis 

(Figure 18C). 
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Figure 18. Co- and (18h or 30h) post-treatment with MA-MP6H6 do not affect 28-day 
sepsis survival. Mice underwent cecal ligation and puncture (CLP, 0h), were intravenously 

injected with 10 mg/kg MA-MP6H6 or MA-Control A) immediately (indicated by arrow and 

“co-treatment”, n=15 versus n=14, respectively) or B) at 18h (indicated by arrow and “18h 

post-treatment”, n=10 for both groups) or C) at 30h (indicated by arrow and “30h post-

treatment”, n=23 for both groups) post-CLP and subsequently monitored until day 28 post-

CLP for survival analysis. The dotted line depicts the Kaplan-Meier survival curve of MA-

MP6H6-treated mice, whereas the solid line shows the Kaplan-Meier survival curve of MA-

Control-treated mice. P-values of comparison are indicated in the figure in A and C. 

 

5.3.2 MA-MP6H6 30h post-treatment proves detrimental only after separation of 

CLP mice into cohorts with maximally homogeneous sepsis severity 

We have previously shown that therapeutic targeting of septic mouse cohorts with 

the similar risk of death is superior to treatment of an all-inclusive population with 

diverse disease phenotypes (Osuchowski et al., 2009a). Therefore, in the 30h 

Post-Treatment group, we aimed to separate the entire population of septic animals 

into two homogenous groups with contrasting risk of death (i.e. predicted to die; P-
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DIE, and predicted to survive; P-SUR). Two subsequent stratification approaches 

were used (see Stratification Protocol) to ensure maximal homogeneity of each 

individual (P-DIE and P-SUR) cohort and/or to improve statistical power for 

comparisons between sub-groups of each cohort.  

 

5.3.2.1 Prospective IL-6 stratification: 14 ng/ml cut-off 

First, mice from the 30h post-treatment approach were prospectively divided into two 

cohorts based on the 14 ng/ml IL-6 cut-off. In pilot experiments, this cut-off had 

shown 72% sensitivity for P-DIE inclusion at 100% specificity for P-SUR exclusion 

(Table 7). In the main study, sensitivity for P-DIE inclusion decreased to 48%. The 

separation at 100% specificity was set to specifically assess the effect of anti-PAI-1 

treatment in the cohort of the most severely sick mice (i.e. P-DIE) that had no chance 

for successful recovery. In the P-DIE cohort, MA-MP6H6 did not cause any apparent 

changes in mortality after five stratification/treatment repetitions (Figure 19A). 

However, MA-MP6H6 treatment in P-SUR mice appeared to induce, although 

statistically insignificant, yet a lasting 13% exacerbation of mortality (i.e. 35% versus 

22% at day 7, and 41% versus 28% at day 28) similar to the one noted in unstratified 

mice (Figure 19A).  

 
Table 7. Validity of IL-6 at 24h post-cecal ligation and puncture for sepsis mortalitye 

Experiment cut-off Sensitivity Specificity AUC 95% CI NPV PPV 

Pilot study 14 (ng/ml) 72% 100% 0.89 0.79 0.98 68% 100% 

Stratification 14 (ng/ml) 48% 100% 0.95 0.89 1.01 66% 100% 

Stratification 3.3 (ng/ml) 83% 100% 0.95 0.89 1.01 85% 100% 
 

eIL, interleukin; AUC, area under the curve; CI, confidence interval; NPV, negative predictive 

value; PPV, positive predictive value. 

Sensitivity and specificity were chosen based on cut-offs favoring 100% specificity (and 

100% PPV) for mice predicted to die to avoid inclusion of animals with high risk of death into 

the predicted-to-survive group.  

 

To gain deeper insight into the recorded survival trends, we next used IL-6 as a 

surrogate of humoral inflammatory activation in order to compare the magnitude of 

inflammatory response in the two P-SUR subgroups. The comparison revealed that 

the slight survival disparity between the two P-SUR subgroups was not due to 
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differences in the magnitude of inflammatory response prior to treatment. Plasma 

levels of IL-6 at 24h post-CLP were virtually identical in MA-MP6H6 and MA-Control 

P-SUR mice (i.e., 2.7±3.9 versus 2.6±3.1 ng/ml) with the same number of outliers 

(Figure 19B, left panel). Notably, the magnitude of inflammatory response was also 

comparable between the two P-DIE subgroups (Figure 19B, right panel). 
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Figure 19. 30h post-treatment with MA-MP6H6 using a high IL-6 cut-off does not affect 
28-day sepsis survival in unstratified animals. A) Mice (total n=46) underwent cecal 

ligation and puncture (CLP, 0h). Based on plasma levels of interleukin-6 (IL-6) at 24h post-

CLP, animals were prospectively stratified into two groups: those above the cut-off value of 

14 ng/ml were predicted to die (P-DIE), whereas those with IL-6 below the cut-off value were 

predicted to survive (P-SUR). Animals in both stratification groups were randomized and 

intravenously injected with 10 mg/kg MA-MP6H6 or MA-Control at 30h post-CLP (indicated 

by arrow and “30h post-treatment”). A) Kaplan-Meier survival curve. The dotted line depicts 

the Kaplan-Meier survival curve of MA-MP6H6-treated mice, whereas the solid line shows 

the Kaplan-Meier survival curve of MA-Control-treated mice. B) Plasma levels of interleukin-6 

(IL-6) at 24h post-CLP based on stratification and treatment groups. White dots depict 

MA-MP6H6-treated animals, whereas black dots represent MA-Control-treated mice. Data in 

B as mean ± SEM. P-value of comparisons are indicated in the figure. 

 

At this point of the study, definite conclusion regarding the effects of anti-PAI-1 

treatment could not be reached as the stratification based on the 14 ng/ml cut-off  

failed to provide an adequate statistical power for subgroup comparisons (especially 

in P-DIE), and simultaneously was responsible for the excessive heterogeneity of the 

P-SUR cohort. 
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5.3.2.2  Retrospective IL-6 stratification: 3.3 ng/ml cut-off 

The initial IL-6 cut-off ensured 100% homogeneity in P-DIE mice but lacked identical 

accuracy for the P-SUR prediction. This was remedied by re-adjusting the cut-off 

from 14 to 3.3ng/ml. This resulted in a shift of 8 mice (3 MA-MP6H6 and 5 

MA-Control) from the P-SUR to P-DIE cohort (Figure 20A). The shift increased the 

total n in the P-DIE cohort from 11 to 19 without affecting its 100% specificity, and 

increased negative predictive value of stratification for P-SUR mice from 66% to 85% 

despite reduction in the total n from 35 to 27. 

 

After re-distribution of the 8 data points, the initial detrimental trend of anti-PAI-1 

treatment in the P-SUR cohort strengthened and became statistically significant, 

which was also true for P-DIE mice (Figure 20B). Specifically, in the P-SUR cohort, 

MA-MP6H6 treatment exacerbated 28-day mortality by 30%, while none of the 

MA-Control mice ever died. In P-DIE, despite that all mice eventually died regardless 

of the treatment, early restoration of fibrinolysis significantly accelerated death. 

Specifically, all 9 MA-MP6H6-treated mice were dead by 72h, whereas half of 

MA-Control-treated mice were still alive at this time-point. 
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Figure 20. Post-hoc re-adjustment of the IL-6 cut-off reveals a detrimental effect of 30h 
post-treatment with MA-MP6H6 upon 28-day sepsis survival. Mice (total n=46) 

underwent cecal ligation and puncture (CLP, 0h). Based on plasma levels of interleukin-6 (IL-

6) at 24h post-CLP, animals were dived into two groups: those above the cut-off value were 

predicted to die (P-DIE), whereas those with IL-6 below the cut-off value were predicted to 

survive (P-SUR). Animals in both stratification groups were randomized and intravenously 

injected with 10 mg/kg MA-MP6H6 or MA-Control at 30h post-CLP (indicated by arrow and 

“30h post-treatment”). A) Comparison of IL-6 levels at 24h post-CLP between animals 

eventual 28 day non-survivors (n=23) and survivors (n=23). Horizontal dotted line at 3.3 
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ng/ml (low cut-off) and 14 ng/ml (high cut-off) levels of plasma IL-6. Every dot represents a 

single animal. Grey text in figure indicates if animals were always P-DIE, always P-SUR or 

were retrospectively translocated from the P-SUR to the P-DIE cohort B) Kaplan-Meier 

survival curve using an IL-6 cut-off value of 3.3 ng/ml for post-hoc-adjusted stratification. 

Stratification group, treatment, number of animals and P-values as indicated in the figure.  

*P<0.0001 versus d28-DIE. 

 
5.3.3 The transient modulatory effect of MA-MP6H6 on circulating cytokines was not 

responsible for exacerbation of outcome 

Given that co-treatment with MA-MP6H6 strongly reduced circulating PAI-1 and 

restored fibrinolysis (Figure 17), we investigated whether these effects were related 

to the response of circulating cytokine/chemokines. Compared to MA-Control, 

co-treatment with MA-MP6H6 enhanced the release of circulating IL-6, KC and MCP-

1 (but not of IL-5, MIP-1α, IL-1β, TNF-α, IL-10 and IFN-γ; not shown) by 3.5, 3.0 and 

1.5-fold at 24h post-CLP (Figure 21A-C). Next, we retrospectively divided all 

co-treated mice into true non-survivors and survivors to establish whether this effect 

was similar in different outcome groups. Of note, this separation simply compared 

animal subgroups within two clusters of either dead or surviving mice: it is not 

treatment-independent as the IL-6-based predictive separation in used for 

prospective stratification (where mice were separated into P-DIE and P-SUR before 

treatment was administered). Interestingly, in those mice that died, concentration of 

IL-6 and KC (but not MCP-1) was approximately twice higher in MA-MP6H6 mice 

compared to MA-Controls. In contrast, when compared to MA-Control in survivors 

only, in none of the three cytokines (i.e., IL-6, KC and MCP-1) MA-MP6H6 induced 

changes (Figure 21D, E, F). 
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Figure 21. Co-treatment with MA-MP6H6 has a modulatory effect on circulating 
cytokines during sepsis. Mice underwent cecal ligation and puncture (CLP), were 

immediately thereafter intravenously injected with 10 mg/kg MA-MP6H6 or MA-Control, and 

blood sampled 24h later. Plasma levels of A) IL-6, B) KC and C) MCP-1 at 24h post 

CLP/injection in mice treated with MA-Control or MA-MP6H6. Levels of active plasminogen 

activator inhibitor type 1 (PAI-1). Plasma levels of D) IL-6, E) KC and F) MCP-1 at 24h post 

CLP/injection in survivors and non-survivors treated with MA-Control or MA-MP6H6. Data 

shown as mean ± SEM. Additionally, every dot represents a single animal in B. *P<0.05. 

 

The strongest treatment effects were revealed after IL-6-based separation of mice 

into maximally homogenous outcome cohorts (using 3.3ng/ml cut-off). In the 

subsequent step, we investigated whether 30h post-treatment with MA-MP6H6 in 

animals stratified into those P-DIE and P-SUR cohorts altered circulating levels of 

cytokines/chemokines in a similar fashion as observed in the co-treatment scenario.  

This effect was not reproduced at 48h (the only time-point allowing effective 

subgroup comparisons in P-DIE and P-SUR): regardless of the outcome prediction 

group, all cytokines had similar concentrations between MA-MP6H6 and MA-Control 

subgroups (Table 8). The lack of MA-MP6H6 effect was also true at 72-96h (data not 

shown) but comparisons at these time-points were performed in a non-stratified 

population (i.e., MA-MP6H6 versus MA-Control without additional outcome-based 

separation).  
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5.3.4 Enhanced mortality after MA-MP6H6 treatment in sepsis was not reflected by 

deterioration of organ function and hematological parameters 

In the final step, we investigated whether differences in mortality observed in 

homogenous P-DIE and P-SUR cohorts were related to deterioration in organ 

function in MA-MP6H6-treated mice. As in Figure 20B, separation of animals into P-

DIE and P-SUR cohorts was performed using the low, most accurate 3.3 ng/ml cut-

off.  Regardless of the outcome cohort, there were no apparent differences either in 

the organ function or in the hematological profile between MA-MP6H6 and MA-

Control mice at 24h (Table 9). A similar lack of effect was present at 72h and 96h 

(data not shown) but comparisons at these time-points were performed in a non-

stratified population (i.e., without additional outcome-based separation). 
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Table 8. 30h post-treatment with MA-MP6H6 does not affect cytokine/chemokine release in early sepsisf 

 P-SUR P-DIE  

Mediator (ng/ml) MA-MP6H6 (n=13) MA-Control (n=13) P-value MA-MP6H6 (n=3) MA-Control (n=5) P-value 

IL-6 1.48 ± 4.5 0.19 ± 0.1 n.s. 33.34 ± 23.2 7.91 ± 8.7 n.s. 

KC 8.29 ± 15.1 2.41 ± 1.1 n.s. 67.53 ± 15.4 58.06 ± 11.3 n.s. 

MCP-1 94.18 ± 108.7 59.61 ± 36.6 n.s. 342.8 ± 108.4 272.4 ± 76.0 n.s. 

IL-5 0.74 ± 1.4 1.05 ± 1.4 n.s. 0.42 ± 0.5 1.46 ± 1.2 n.s. 

MIP-1alpha 0.26 ± 0.3 0.205 ± 0.1 n.s. n.d. 0.366 ± 0.2 n.s. 

IL-1beta 0.61 ± 0.8 0.77 ± 0.7 n.s. 0.37 ± 0.0 0.81 ± 0.6 n.s. 

TNF-alpha 0.33 ± 0.7 0.40 ± 0.5 n.s. 0.52 ± 0.3 0.78 ± 0.3 n.s. 

IFN-gamma 0.46 ± 0.8 0.67 ± 0.7 n.s. n.d. 0.66 ± 0.6 n.s. 

IL-10 0.31 ± 0.4 0.33 ± 0.3 n.s. 0.17 ± 0.0 0.45 ± 0.3 n.s. 
 

fP-SUR, predicted to survive; P-DIE, predicted to survive; IL, interleukin; KC, keratinocyte-derived chemokine; MCP, monocyte chemoattractant 

protein; MIP, macrophage inflammatory protein; TNF, tumor necrosis factor; IFN, interferon; n.s., non-significant.  

Mice underwent cecal ligation and puncture (CLP, at 0h) and blood was collected for IL-6 at 24h post-CLP to enable stratification of mice into 

predicted to survive (P-SUR) or o predicted die (P-DIE). Next, mice were intravenously injected with 10 mg/kg MA-MP6H6 or MA-Control at 

30h. Blood was collected at 48h post-CLP and plasma analyzed for inflammatory mediators. Table 2 depicts average mediator values in mice 

separated based on the treatment (i.e. MA-Control and MA-MP6H6) and the low (3.3ng/ml) IL-6 cut-off. Data as mean ± SD.
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Table 9. 30h post-treatment with MA-MP6H6 does not affect hematological and organ function parameters in early sepsisg 

  P-SUR P-DIE   
Parameter MA-MP6H6 (n=13) MA-control (n=13) P-value MA-MP6H6 (n=3) MA-control (n=5) P-value 

urea (mg/dl) 27.31 ± 6.5 24.31 ± 4.7 n.s. 131.00 ± 40.7 123.20 ± 65.3 n.s. 
ALT (U/l) 84.62 ± 36.4 102.30 ± 69.3 n.s. 235.00 ± 134.4 310.00 ± 164.6 n.s. 
AST (U/l) 298.70 ± 72.2 335.50 ± 221.3 n.s. 688.00 ± 470.9 657.60 ± 166.2 n.s. 
glucose (mg/dl) 73.31 ± 18.6 72.77 ± 11.1 n.s. 44.00 ± 7.8 39.40 ± 7.2 n.s. 
LDH (U/l) 675.40 ± 319.8 647.70 ± 583.1 n.s. 2980.00 ± 825.4 1876.00 ± 356.8 n.s. 

RBC (M/µl) 7.56 ± 1.0 7.20 ± 1.0 n.s. 8.36 ± 1.1 7.68 ± 1.3 n.s. 

Hb (mg/dl) 12.77 ± 1.9 11.92 ± 1.5 n.s. 14.50 ± 1.8 13.26 ± 1.7 n.s. 
Platelets (K/µl) 154.80 ± 164.5 194.90 ± 173.8 n.s. 54.17 ± 51.3 25.04 ± 39.7 n.s. 
WBC (K/µl) 2.01 ± 1.3 1.87 ± 1.0 n.s. 0.48 ± 0.2 1.32 ± 1.6 n.s. 
 

gP-SUR, predicted to survive; P-DIE, predicted to survive;  urea, blood urea nitrogen; ALT, alanine transaminase; AST, aspertate transaminase; 

LDH, lactate dehydrogenase. Resuspended cell pellet was analyzed for red blood cell count (RBC), hemoglobin (Hb), platelets, white blood cell 

count (WBC), neutrophil count (NEU) and lymphocyte count (LYM); n.s., non-significant.  

Mice underwent cecal ligation and puncture (CLP, at 0h) and blood was collected for IL-6 at 24h post-CLP to enable stratification of mice into 

predicted to survive (P-SUR) or o predicted die (P-DIE). Next, mice were intravenously injected with 10 mg/kg MA-MP6H6 or MA-Control at 

30h. Blood was collected at 48h post-CLP and plasma analyzed for hematological and organ function parameters. Table depicts average 

parameter values in mice separated based on the treatment (i.e. MA-Control and MA-MP6H6) and the low (3.3ng/ml) IL-6 cut-off. Data as mean 

± SD. 
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6 Discussion 

The host response after trauma and sepsis is a very individual reaction, with complex 

spatiotemporal dynamics. Especially processes in the system of coagulation and 

fibrinolysis are different in-between septic subjects and its multifarious interactions 

with other systems become more and more clear. PAI-1 is the most important 

inhibitor of fibrinolysis and increased levels have been found after injury and during 

sepsis, suggesting that PAI-1 plays a role during these processes, either as a marker 

or as a mediator. Therefore, the aim of this thesis was to further understand the role 

of PAI-1 during sepsis and post-traumatic sepsis. 

 

The exact origin of PAI-1 during sepsis and its relation with the severity of sepsis is 

not completely clear. We therefore addressed this issue in experiment 1, providing 

the first study so far describing the delayed variations of PAI-1 in the circulation and 

its gene expression in selected tissues in the acute phase of experimental 

polymicrobial sepsis (experiment 1a). Additionally, in this experiment, we 

characterized the distinct dynamics of plasma PAI-1 and the PAI-1 gene expression 

response to various magnitudes of sepsis severity and also in the context of 

progression toward septic coagulopathy (experiment 1b). Finally, we assessed the 

association of plasma levels of PAI-1 with the outcome of cecal ligation and 

puncture-induced sepsis in mice (experiment 1c).   

 

Although being not free of limitations, the CLP-induced model of polymicrobial 

peritonitis is a commonly accepted experimental model as it adequately reproduces 

many characteristics of human sepsis, contrary to systemic administration of LPS 

and/or (inactivated) bacteria (Poli-de-Figueiredo et al., 2008; Rittirsch et al., 2007). 

Currently, comprehensive characterization of the PAI-1 response in plasma and 

organs upon inflammatory stimuli in all pre-clinical studies, relied exclusively on high-

dose, bolus administration of either LPS, TNF-α and/or TGF-β and were short-lived 

(Suffredini et al., 1989; Sawdey and Loskutoff, 1991; Samad et al., 1996; Fearns and 

Loskutoff, 1997; Colucci et al., 1985; Quax et al., 1990; Emeis and Kooistra, 1986; 

Yamamoto and Loskutoff, 1996b; Schochl et al., 2011). Experiments with rabbits 

(Colucci et al., 1985) and with rats (Emeis and Kooistra, 1986; Quax et al., 1990) 

demonstrated a robust LPS-induced increase of PAI-1 activity in plasma, and LPS 

application to rats (Quax et al., 1990) and mice (Sawdey and Loskutoff, 1991; Samad 
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et al., 1996; Fearns and Loskutoff, 1997; Yamamoto and Loskutoff, 1996b) provoked 

spikes of PAI-1 mRNA expression in almost all organs. In mice, the PAI-1 mRNA 

peaked immediately (at 2-4h post-injection) but the response was transient (Sawdey 

and Loskutoff, 1991; Samad et al., 1996; Fearns and Loskutoff, 1997; Yamamoto 

and Loskutoff, 1996b), and associated with a analogous dynamic of circulating PAI-1 

protein (Fearns and Loskutoff, 1997). In accordance, LPS administration to human 

volunteers (Suffredini et al., 1989) and pigs (Schochl et al., 2011) caused a similarly 

immediate and short-lived increase of PAI-1 in plasma.  

 

The time course of PAI-1 in plasma and its gene expression reported here 

(experiment 1a) is considerably different. Murine CLP-induced polymicrobial sepsis 

did not induce any significant activation of PAI-1 mRNA transcription in the kidney, 

heart and lungs. Furthermore, the time course of PAI-1 gene expression in the liver 

differed sharply from the biphasic but transient dynamic described earlier in the 

mouse liver after LPS administration (Fearns and Loskutoff, 1997). Notably, the 

mRNA expression peak in the liver (>100-fold increase) provoked by our mild CLP in 

the current study was relatively higher in comparison to the gene expression peaks 

(approx. <10-fold increase) described for mice subjected to low-dose LPS 

administration (Sawdey and Loskutoff, 1991; Samad et al., 1996; Fearns and 

Loskutoff, 1997). Results from the only two studies to date that described a snapshot 

(only 24h post-CLP data) assessment of PAI-1 mRNA transcription in various organs 

(Ganopolsky and Castellino, 2004; Shapiro et al., 2009), generally overlap with our 

current findings. The relatively higher hepatic PAI-1 expression in comparison to the 

other organs investigated in our study likely display the crucial involvement of the 

parenchymal cells of the liver (hepatocytes) to the overall gene expression of PAI-1 

in the liver tissue. 

 

The time course of plasma PAI-1 in the current study was also strongly different to 

the instant (peak at 2-4h) PAI-1 response provoked by LPS administration (Shapiro 

et al., 2009). To our knowledge, only two other studies have investigated dynamics of 

plasma PAI-1 (even though not a primary outcome parameter) in the CLP scenario. 

Ganopolsky and Castellino, in their experiments testing the influence of protein C 

deficiency (Ganopolsky and Castellino, 2004), did not describe a further increase of 

total plasma PAI-1 at 24h versus 6h post-CLP (which were the only time points they 
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measured) in their C57BL/6J mice. This plateau of plasma PAI-1 was likely caused 

by the high severity (only 50% survival by day 3) of their CLP model. Van Veen et al. 

studied the effects of abdominal lavage using activated protein C at the 24h 

post-CLP time point and reported a biphasic PAI-1 dynamic (peaking first at 24h and 

then again at 96h post-CLP), but these alterations were likely caused by the 

abdominal lavage (van Veen et al., 2006). Moreover, in the latter study only the 

active form of circulating PAI-1 was measured, and alterations in active PAI-1 (in 

contrast to total PAI-1 antigen) might be prone to measurement/handling 

inaccuracies due to its instability (Brogren et al., 2011). Additionally, as neither of the 

two investigations addressed PAI-1 levels relative to the sepsis severity and/or its 

outcome, a reliable comparison of these and our study is unfeasible.  

 

Since no (pre-) clinical data delineating the influence of sepsis severity upon the time 

course and/or organ specificity of the PAI-1 gene expression response are available, 

we studied a possible relationship in our CLP-induced model of polymicrobial sepsis 

(experiment 1b). Although the range of body temperature variations (which we used 

as a surrogate marker of changing sepsis phenotype) was relatively narrow during 

mild sepsis, they showed a strong correlation with plasma levels of PAI-1 and its 

mRNA expression in the liver, but no such correlation in other organs. Therefore, we 

hypothesized that the expression changes of PAI-1 in organs (and/or plasma) would 

be more obvious in mice experiencing more severe sepsis. To ensure an optimal 

study scenario, we combined various approaches in  experiments 1b and 1c: 1) 

predetermined sacrifice after CLP of distinct (needle size-based) severity supported 

by 2) monitoring of body temperature and 3) moderate-severity CLP with daily small 

volume (without need to sacrifice mice) blood sampling (Weixelbaumer et al., 2010).  

 

Various new findings were obtained using this approach. First, we have verified the 

highly organ-specific PAI-1 response during polymicrobial sepsis: despite a robust 

increase of plasma levels of PAI-1, PAI-1 transcription was not further enhanced by 

more severe sepsis in any of the organs that were quiescent during mild CLP (i.e., 

kidney, lungs, heart). This again highlights the specificity of the PAI-1 response in 

organs between a mostly unselective (regarding response) LPS trigger and a more 

discriminating CLP stimulus. Second, we show two distinct, severity-dependent types 

of the transcriptional PAI-1 response in the two most sensitive tissues: while an 
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equally high level of the transcription activation of PAI-1 was present in the liver, an 

additional exacerbation of the PAI-1 mRNA expression by severe sepsis was found 

in the LCVC. Of note, contrary to the gradual increase of plasma PAI-1, the 

immediate rise of the hepatic PAI-1 mRNA expression was independent of the level 

of sepsis severity, implying an “all or nothing” type of response in this organ. This 

notion is further supported by the lack of change after re-analysis using the body 

temperature-dependent adjustment. In contrast, the distinct (severity-dependent) and 

body temperature-dependent mRNA response of PAI-1 in the LCVC is in accordance 

with the steadily increasing mRNA expression during mild sepsis (experiment 1b). 

 

To provide a maximally-specific insight into the PAI-1 mRNA expression in the 

vascular endothelial compartment (and to study its relationship to plasma PAI-1 in 

mice suffering from sepsis with distinct severity), we chose to harvest the LCVC as it 

is a purer and much more central source of vascular endothelium in contrast to the 

relatively unspecific skin biopsies employed before (Shapiro et al., 2009). As the 

vascular endothelium is the likely source of various key mediators of hemostasis 

(reviewed in (Schouten et al., 2008)), it is suggestive that it may be among the most 

important sources of PAI-1 in vivo, especially during inflammatory disorders such as 

sepsis. The essential superimposability of the (steadily rising) trajectories of the PAI-

1 gene expression in the LCVC and its plasma levels, and the matching type of their 

severity- and outcome-dependent responses, indicates a strong synchronization of 

these compartments.    

 

Finally, in experiment 1c, we found that variations of plasma PAI-1 are strongly 

associated with outcome and coincide with a disturbed balance of coagulation and 

fibrinolysis during CLP sepsis. When we compared the already vigorous increase of 

total PAI-1 in plasma in surviving mice to non-survivors, a further and remarkable 

increase of plasma PAI-1 became evident in practically all dying animals immediately 

prior to their demise. A comparable observation was described in two clinical reports 

(Pralong et al., 1989; Shapiro et al., 2010) that demonstrated a positive correlation 

between an increase of plasma PAI-1 and worse outcome in severe sepsis and/or 

septic shock. Although the concept is not new, this response pattern has not been 

recapitulated in septic mice before. Notably, the range of plasma PAI-1 measured in 

our septic mice is similar to circulating levels of PAI-1 described by Pralong (Pralong 
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et al., 1989), and those recorded in septic baboons (Jansen et al., 1996) and (both 

septic and non-septic) critically-ill ICU  patients (Raaphorst et al., 2001). Since an 

discrepancy between levels of PAI-1 in platelets of mice and humans (i.e. PAI-1 

platelet concentrations were 500-fold lower in mice than in humans) has been 

reported (Brogren et al., 2011), any potential modulation of the release of PAI-1 in 

mice might have magnified effects in humans. 

 

To summarize experiment 1, we found that contrary to the LPS-induced dynamic, 

murine, CLP-induced polymicrobial sepsis induced a gradual and protracted 

trajectory of PAI-1 in plasma. The transcriptional PAI-1 response to CLP showed high 

organ-specificity: an instant and maximal induction of PAI-1 mRNA in the liver was in 

contrast to the lack of any gene expression alterations in the kidney, lungs and heart. 

Moreover, PAI-1 gene expression was strongly associated with the sepsis severity in 

the vascular endothelium only, while levels of PAI-1 in plasma showed a correlated 

with both the sepsis severity and its early outcome. The current study also shows 

that CLP-induced sepsis adequately reproduces the dynamics of circulating PAI-1 

and the development of coagulopathy as it is observed in septic patients. As such the 

model constitutes an optimal platform for further, interventional studies aiming to 

elucidate the role PAI-1 during polymicrobial sepsis. 

 

A traumatic challenge may independently affect the evolution of the host response 

and regulation of important mediators during the development of a subsequent 

sepsis. In experiment 2, we therefore aimed to portray the effects of preceding 

trauma-hemorrhage upon the PAI-1 responses during experimental polymicrobial 

sepsis, focusing on its expression in different compartments (experiment 2a). Hence, 

we studied whether the trajectories of circulating PAI-1 and soluble thrombomodulin 

in trauma-hemorrhage and sepsis are associated with mortality (experiment 2b).  

 

Because of potential diagnostic and/or predictive utility of certain parameters, an 

insight into their dynamics in the systemic compartment during sepsis is clinically 

most important. The combination of experiments 2a and 2b with the data obtained 

from experiment 1a allowed us to: 1) determine the modulatory significance of the TH 

hit in post-traumatic CLP sepsis, 2) follow plasma concentration of PAI-1 over the 

seven-day time frame (both pre- and post-CLP phase), and finally 3) establish a 
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comprehensive, outcome-dependent depiction of early and delayed variations of 

PAI-1 during the transition from trauma/hemorrhage to post-traumatic sepsis.  

 

TH induced a robust elevation of PAI-1 that was succeeded by a total recovery of its 

levels by the time of sepsis onset. Thus, in the experimental context, this model 

allows enough time for the TH-induced hemostatic imbalance to be essentially 

restored prior to the secondary CLP hit. Simultaneously, the immuno-inflammatory 

component in TH mice remains highly activated at 0h, as it was recently shown 

(Drechsler et al., 2012). These dynamics narrowly mimic the clinical picture as the 

(systemic) inflammatory response in trauma patients may remain elevated for days 

(Desai et al., 2011), specifically in those patients developing secondary complications 

(Bochicchio et al., 2002; Roumen et al., 1993), whereas PAI-1 in plasma subsides 

relative quickly (Waydhas et al., 1998). Therefore, this model features an ideal 

experimental environment for the study of modulatory effects of the relatively 

isolated, TH-induced immuno-inflammatory component upon the investigated 

sequelae of a secondary sepsis. 

 

In general, experiment 2 reveals several of new findings in relation to the dynamics of 

the PAI-1 gene/protein in the two-hit scenario. First, the increase of plasma PAI-1 

after the TH hit did not influence its dynamic after the subsequent sepsis: in general, 

both the post-CLP time course and the magnitude of the observed increase of PAI-1 

remained very similar between the TH-CLP (experiment 2a) and CLP-Only 

(experiment 1a) groups. Although these experiment do not give insight in the time 

course of plasma levels of PAI-1 at earlier than 6h post-TH, the transient increase of 

plasma PAI-1 here (at 6 and 12 hours post-TH) has also been described in patients 

(Waydhas et al., 1998) and likely reflects a compensatory rebound after a strong 

decline of PAI-1 levels as reported immediately after trauma (Brohi et al., 2007). 

Conversely, the increase of plasma PAI-1 in sepsis is thought to be a direct 

counter-regulatory response to the induction of plasminogen activators and 

consecutive plasmin production. The increased expression of PAI-1 post-CLP has 

also a strong inflammatory origin, since it might be strongly influenced by the 

systemic release of TNFα and IL-1β (Levi et al., 2012). 
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Second, by comparing different compartments, we found a distinct (TH-dependent) 

priming of the PAI-1 mRNA response and an evident mismatch between the mRNA 

expression and circulating PAI-1 protein. Parallel to the CLP-Only scenario 

(experiment 1a), also during post-traumatic sepsis the time course of PAI-1 mRNA in 

the vascular endothelium (LCVC) narrowly follows the trajectory of PAI-1 alterations 

in the systemic circulation. Remarkably, while TH seemed to prime the PAI-1 mRNA 

(post-CLP) response in the LCVC, this was not observed in the other tissues/organs 

investigated. Whereas the liver was one of the major sources of PAI-1 mRNA in 

experiment 1, the PAI-1 gene expression during the acute phase of post-traumatic 

sepsis (TH-CLP, experiment 2b) was clearly lower. There was also a delayed 

enhancement of pulmonary PAI-1 mRNA during post-traumatic sepsis, although at a 

much lower extent as compared to the LCVC and liver. Contrary to the findings of 

Fan et al. (Fan et al., 2000), the increased mRNA expression of PAI-1 in the lung 

was not further modulated by TH. This disparity might have been caused by the 

distinct magnitude an/or localization of the inflammatory response in the two models: 

a systemic one after CLP (this study) compared to a strongly isolated response after 

local (intratracheal) endotoxin administration (Fan et al., 2000). Additionally, a recent 

report suggests that acute CLP does not produce a significant lung injury in female 

CD-1 mice as opposed to other strains (Iskander et al., 2012). Overall, it is 

suggestive that the liver and the vascular endothelium are the key sites sharing a 

regulatory role in the immediate systemic release of PAI-1 after trauma and/or 

sepsis. 

 

Both clinical and experimental investigations, including experiment 1 in this thesis, 

have shown that elevated levels of plasma PAI-1 early after the onset of sepsis are 

associated with poor long-term outcome (Pralong et al., 1989; Shapiro et al., 2010). 

Therefore, PAI-1 constitutes a potentially useful marker for the prediction of septic 

outcome. Pralong et al. reported that 71% of the septic patients with circulating PAI-1 

levels of more than 550 ng/ml at time of entry to the study died within one week 

(acute septic deaths), compared to only 6% of the patients with PAI-1 levels lower 

than 550 ng/ml (Pralong et al., 1989). Here, we report an identical relationship in 

post-traumatic sepsis, albeit at using different cut-off for circulating PAI-1. Out of all 

animals with plasma PAI-1 level higher than or equal to 1100 ng/ml (assessed at 24h 

post-CLP), 72% succumbed within 7 days, compared to only half of the mice with 
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PAI-1 below 1100 ng/ml. Notably, the discrepancy between outcomes in the clinical 

study and our study, can be explained by the relatively close accumulation of deaths 

within the first 5 days post-CLP in our two-hit model versus a more protracted 

mortality  in the clinical study (Pralong et al., 1989). 

 

In patients that die of sepsis, PAI-1 levels in plasma typically rise over time and 

remain elevated until the time point of death, whereas it levels in survivors peak early 

on and recover to normal levels within the first week (Lorente et al., 1993; Shapiro et 

al., 2010). In experiment 2b, a similar trajectory was observed: whereas plasma 

PAI-1 in dying septic mice continued to rise at 48h and 72h after the second hit (but 

not earlier), its levels remained constant after the initial increase post-CLP in all 

survivors. Disappointingly, the trauma-induced variations of plasma PAI-1 during the 

post-TH phase (but pre-CLP), were not applicable to distinguish post-traumatic 

sepsis outcomes prior to its onset. In the perspective of a prospective risk-

assessment in patients suffering from post-traumatic sepsis, the imminent outcome is 

a much more relevant reference point than the time of sepsis onset as the latter 

event may be diagnosed with delay. Therefore, the data were re-analyzed using the 

day of death as the reference time point. Now it became apparent that plasma PAI-1 

levels in eventually dying mice were 2 to 3-fold higher compared to its concentrations 

in matched survivors. However, this observation was only valid for time points not 

earlier than 48h prior to death. Remarkably, this time-window is practically identical to 

the time-limit of outcome prediction of the most accurate cytokines (e.g. IL-6) in 

uncomplicated (Osuchowski et al., 2006; Osuchowski et al., 2007) and post-traumatic 

(Drechsler et al., 2012) sepsis. This suggests that, at least on the systemic level, a 

detectable pre-lethal signaling shift in the hemostatic (as well as inflammatory) 

responses occurs more likely in the relatively advanced stages of sepsis and less 

dependent on its chronological time point. In other words, while deaths are typically 

not heralded instantly after the onset of the sepsis, the positive implication is that late 

interventions, if appropriately adjusted, may prevent mortality even when performed 

in the advanced stages of sepsis. 

 

The superimposability of the time courses of PAI-1 mRNA in the LCVC and PAI-1 in 

the plasma suggests that the vascular endothelium (together with the liver) is an 

important contributor to the PAI-1 release after CLP. Therefore, in the final part of 
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experiment 2, we intended to investigate the relationship between the pre-lethal 

increase of circulating PAI-1 and the magnitude of endothelial injury (experiment 2b). 

Soluble thrombomodulin is generally believed to be an accurate marker of endothelial 

injury, since both trauma and sepsis induce its rapid release from the luminal 

endothelial wall into the bloodstream (Kurosawa et al., 2008; Ikegami et al., 1998). In 

our TH-CLP model, trauma-hemorrhage provoked an immediate increase of soluble 

thrombomodulin in the plasma, which remained strongly elevated until day 3 post-

CLP. This clearly indicates a prolonged and relatively high-degree of injury to the 

vascular endothelium after TH. As the secondary CLP did not additionally exacerbate 

the level of the TH-induced damage, the first hit likely serves as the main injurious 

trigger. Interestingly, the sharp outcome-dependent separation of plasma PAI-1 was 

not reflected by fluctuation of soluble thrombomodulin in plasma: its trajectories in 

eventually dying and surviving TH-CLP mice were nearly similar. Given the relatively 

short half-life (<2h) of both PAI-1 and sTM in plasma (Dellas and Loskutoff, 2005; 

Ikegami et al., 1998), these data strongly imply that during post-traumatic sepsis, the 

pre-lethal PAI-1 release is independent of the level of injury to the vascular 

endothelium. 

 

To conclude experiment 2, we postulate that initial blunt trauma coupled with 

sublethal hemorrhage does not alter the concentration of circulating PAI-1 during 

subsequent sepsis, but robustly modulates PAI-1 gene expression in the liver and the 

vascular endothelium (experiment 2a). Additionally, independently of the magnitude 

of damage to the vascular endothelium, PAI-1 in post-traumatic sepsis is released in 

higher amounts into the circulation in dying subjects and it can herald poor outcome 

not earlier than two days prior (experiment 2b). Finally, the TH-CLP model tightly 

reproduces the evolution of PAI-1 observed in patients suffering from trauma and 

post-traumatic sepsis and may further serve as a relevant platform for pre-clinical 

testing of PAI-1-modulating therapeutics, as it is true for the CLP-Only model 

(experiment 1). 

 

So far, in this thesis, only the observation of PAI-1 dynamics in experimental sepsis 

(either preceded by trauma-hemorrhage or not) have been described. The effect of 

any intervention directed toward PAI-1 in the CLP model of microbial sepsis has not 

yet been addressed and remains unclear. Therefore, in experiment 3, we tested the 
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effect of inhibition of plasma PAI-1 upon survival during experimental polymicrobial 

sepsis using MA-MP6H6, a PAI-1 neutralizing antibody. To maximize treatment 

group homogeneity, mice in this study were prospectively stratified into low or high 

risk-of-death based on their levels of circulating IL-6.  

 

The setting of experiment 3 is unique in that it is the first study investigating the 

effects of the restoration of fibrinolysis upon long-term survival, the inflammatory 

response and organ function in the experimental CLP-induced model of acute 

polymicrobial sepsis. CLP of moderate severity was used to emulate the typical 

mortality rate in patients suffering from abdominal sepsis (Volakli et al., 2010). This is 

an essential feature given that the testing of treatments in excessively lethal models 

of sepsis is biased toward benefit, thereby neglecting potentially negative side-

effects. Moreover, exceedingly severe CLP artificially enhances the predictive 

accuracy of inflammatory biomarkers (Delano and Moldawer, 2009; Drechsler et al., 

2011). To further reproduce the clinical environment, all acutely septic mice were 

treated with broad-spectrum antibiotics, received fluid resuscitation and were 

monitored by daily, low-volume blood collection. Additionally, to study whether the 

effect of PAI-1 neutralization was contingent on the level of sepsis severity, CLP mice 

were separated into two more homogenous cohorts: those predicted to survive (P-

SUR) and those predicted to die (P-DIE). Overall, experiment 3 demonstrates two 

major findings: 1) restoration of fibrinolysis during acute abdominal sepsis failed to 

improve 28-day survival, and 2) detrimental effects of the anti-PAI-1 treatment 

became only apparent in the maximally homogenous P-DIE and P-SUR cohorts. 

 

Despite the development of various types of PAI-1 inhibitors, none has yet been 

clinically tested (recently reviewed in (Van De Craen et al., 2012a)). Different 

antibodies raised against PAI-1 have been applied in several experimental settings 

before. These antibodies were shown to enhance in vivo lysis of thrombi in jugular 

veins in rabbit and dog models (Levi et al., 1992; Biemond et al., 1995) and their 

administration prevented thrombus formation in rats (Berry et al., 1998; Schoots et 

al., 2004). Although, the latter effect was not associated with a reduction of fibrin 

depositions in the intestines after ischemia/reperfusion injury (Schoots et al., 2004), 

fibrin deposition were decreased in the rat lung and rabbit kidney after bolus 

administration of LPS (Abrahamsson et al., 1996; Montes et al., 2000). Moreover, the 
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same type of antibodies were not able to prevent the formation of adhesions in a 

laparoscopic mouse model (Binda et al., 2009). The varying effectiveness of 

anti-PAI-1 treatment in the abovementioned studies may rely on the antibody 

development. The used antibodies were raised against human PAI-1 and they 

possibly display a relatively low specificity toward glycosylated and vitronectin-bound 

PAI-1 in different species. The same deficiency arises when anti-human PAI-1 

antibodies are applied to target mouse PAI-1 (Dewilde et al., 2010; Gils et al., 2009; 

Van De Craen et al., 2011; Van De Craen et al., 2012b; Van De Craen et al., 2012a). 

Recently, a novel generation of monoclonal antibodies against mouse PAI-1 was 

developed to specifically address the above limitations and improve their overall 

neutralization capacity (Van De Craen et al., 2011; Van De Craen et al., 2012b). In 

an LPS model, these novel MAs were shown to neutralize mouse PAI-1 in a dose-

dependent manner and, importantly, independently of glycosylation and/or PAI-1 

binding to vitronectin (Van De Craen et al., 2011). Here, these new-generation MAs 

are for the first time applied in the CLP model of sepsis. 

 

The first major finding of experiment 3 is that, neutralization of PAI-1 in early 

abdominal sepsis did not improve survival; despite many reports (including 

experiments 1c and 2b in this thesis) showing that elevation of plasma PAI-1 in septic 

patients and mice is associated with organ dysfunction and increased risk of death. 

The group investigating the role of PAI-1 in microbial pneumonia has found similar 

effects: PAI-1 gene-deficiency did not offer a survival benefit in mice with Gram-

positive pneumonia (Rijneveld et al., 2003), and aggravated mortality in Klebsiella 

pneumoniae-induced sepsis (Renckens et al., 2007). In contrast, overexpression of 

PAI-1 in the latter investigation protected septic mice from early mortality. In a study 

by another group, PAI-1 knockout mice demonstrated worse outcome (versus wild 

type) after intravenous inoculation with Yersinia enterocolitica (Luo et al., 2011). 

When viewed together, the above findings convincingly suggest that an increase of 

circulating PAI-1 during acute infections and/or sepsis is not harmful. This conclusion 

is further supported by the observation that anti-PAI-1 treatment in the current study 

failed to save any lives in the P-DIE mouse group. Specifically this group should 

constitute the ideal cohort for any anti-coagulophatic intervention, as revealed by 

retrospective analyses of clinical data (Carlet et al., 2008). 
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Yet, the above does not invalidate the CLP model and the recent publication by 

Fourrier (Fourrier, 2012) explains this apparently paradoxical mismatch. In this  

article, it is suggested that the role of PAI-1 release (and activation of coagulation in 

general) in sepsis progresses from advantageous in the early stages of the syndrome 

to detrimental in later phases (Fourrier, 2012). Elevated levels of plasma PAI-1 have 

traditionally been associated with an increase of fibrin depositions in tissues, 

eventually resulting in the development of MODS (Yamamoto and Loskutoff, 1996a; 

Montes et al., 2000; Fan et al., 2000; Schoots et al., 2004; Yamamoto et al., 2002). 

Nevertheless, the early elevation of plasma PAI-1 at the induction of peritonitis is not 

necessarily associated with an immediate development of MODS, but rather linked to 

the stabilization of dense fibrin networks to trap micro-organisms and to reduce the 

dissemination of the infection (Sun, 2006). To the contrary, a secondary increase of 

PAI-1 in a later phase of sepsis heralds an impending coagulopathy often followed by 

organ dysfunction and death (Fourrier, 2012). The latter progression constitutes a 

typical clinical situation as the majority of patients do not succumb to early but rather 

to late sepsis, when MODS and DIC are prevalent. However, practically all rodent 

studies (including the current experiment 3) investigate the relationship between 

coagulopathy and morbidity/mortality in very early stages of sepsis. In the CLP 

model, such a time-frame is typically too short for a fulminant organ failure to develop 

(Weixelbaumer et al., 2009; Osuchowski et al., 2009b; Iskander et al., 2012). The 

current study alerts against the time-reliant incompatibility of fibrinolytic deregulation 

patterns between clinical and experimental sepsis. Preclinical sepsis studies aiming 

to test potentially life-saving anti-coagulopathic treatments should not rely on mice 

that die early after CLP as self-evident surrogates representative of late, high-risk-of-

death patients. In other words, cases of CLP mortality may mechanistically resemble 

clinical incidences of mortality, but others may not. Thus, before conclusions may be 

translated into the clinical arena, one must first establish a pre-clinical setting in 

which the likely mechanisms of lethal septic coagulopathy in animals correspond with 

the ones being present in septic humans.  

 

The second finding of experiment 3 is more generally extrapolatable to the clinical 

field. The recognition of any positive or negative effects of tested therapeutics can 

radically be enhanced by maximizing the homogeneity of relevant pathophysiological 

characteristics of enrolled septic subjects. In experiment 3, we used subgroups with 
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identical outcome prediction prior to treatment. The need for the selection of smaller, 

more defined cohorts for clinical trials in sepsis has been suggested before (Angus, 

2011). The current study shows in practical terms that a carefully designed pre-

clinical study can significantly add to the design and decision-making process of a 

future clinical trial. After human recombinant activated protein C (drotrecogin alfa) 

was withdrawn from the market, not a single specific drug for the therapy of sepsis 

has successfully passed clinical trials and approval (Abraham, 1999; Remick, 2003; 

Fourrier, 2012). This is partly caused by the limited number of therapeutics and 

treatments that can be tested in labor intensive and expensive human trials. 

Conversely, fine-tuning of preclinical models and connecting them with maximally 

specific medications is relatively fast and easy, and can furthermore effectively 

promote the identification of the most promising paths and warn against potentially 

lethal designs. Mechanistic homogeneity in our model relied on three pre-defined 

components: 1) an identical source of the septic insult, 2) consistent 

hyper-inflammatory type of the early CLP response (Osuchowski et al., 2012; 

Osuchowski et al., 2006) and 3) efficient IL-6-based prediction of outcomes 

(Osuchowski et al., 2009a; Remick et al., 2002). Compared to the optimal design 

requirements of a clinical trial, this is a crude setting. Yet, at times simplicity is the 

best sophistication: a simple re-adjustment of the plasma IL-6 cut-off revealed that 

the hypothesized risk of early restoration of fibrinolysis in sepsis (based on the 

observations in the unstratified population) is real (Fourrier, 2012). These data also 

indirectly corroborate the belief that endogenous PAI-1 plays a protective role in early 

sepsis. Retrospective refinement of the outcome allocation, which was possible due 

to narrow clustering of outcome-based IL-6 plasma levels (i.e. no MA-Control mouse 

with IL-6 level ≥ 3.3ng/ml ever died) was the key in revealing these positive effects. 

Lowering of the very high IL-6 cut-off (established for the P-DIE cohort) largely 

eliminated the indeterminate extent of data overlap between the low and the high cut-

offs (Craciun et al., 2010). No less relevant was that the current study  adhered to the 

3R’s tenet: additional experiments could be cancelled without jeopardizing the 

rationality of the above findings. 

 

Within the perspective of the strong bidirectional communication the inflammatory 

and hemostatic systems (Levi and Van der Poll, 2010; Van der Poll et al., 2011) and 

the reported PAI-1-dependent cytokine alterations in other models of inflammation 
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(Renckens et al., 2005; Renckens et al., 2006) and sepsis (Renckens et al., 2007), 

the final finding of experiment 3 was unexpected. Despite a almost complete 

inhibition of PAI-1, in neither the inflammatory response nor multiple organ function 

parameters, we did observe any changes. Especially within the P-SUR and P-DIE 

cohorts, in which treatment-dependent differences in survival were evident, the lack 

of changes was striking. There are several possible ways to explain these 

observations. First, the CLP-induced sepsis is of a polymicrobial type, while others 

used either models using administration of LPS (Renckens et al., 2006; Arndt et al., 

2005) or inoculation of pure strains of Gram-negative and/or -positive bacteria 

(Renckens et al., 2007). Second, the host response in septic syndromes may 

dependent on the site of infection (Volakli et al., 2010; Gogos et al., 2010), and we 

focused on abdominal and not pulmonary (Rijneveld et al., 2003; Renckens et al., 

2007) sepsis. Third, there was a difference regarding the genotypic background of 

the enrolled mice among studies. This is particularly important, as transgenic 

(Renckens et al., 2007) and/or gene-deficient mice (Rijneveld et al., 2003; Renckens 

et al., 2006; Renckens et al., 2007) may present skewed responsiveness and cannot 

be subjected to modulation of PAI-1 in a clinically-relevant time-frame, as performed 

in this study. In general, the final observation implies that in early sepsis, an 

impairment of fibrinolysis does not compromise the normal function of vital organs. In 

line, the PAI-1-dependent increase of CLP mortality in the most homogenous P-

SUR/P-DIE cohorts was not caused by an alteration of the humoral inflammatory 

response or due to any immediate organ dysfunction. 

 

In summary, experiment 3 does not abandon in any way the rationality of correcting 

lethally excessive coagulation during late clinical sepsis. However, it shows that 

hasty restoration of fibrinolysis in the early phase of abdominal sepsis may bring 

more harm than good. Remarkably, the detrimental consequence of inhibition of 

PAI-1 became apparent solely after maximal homogenous separation of high and low 

risk-of-death cohorts. The latter observation underlines the need for separation of 

septic patients into narrowly-defined, homogenous cohorts prior to the administration 

of experimental treatments. Such approaches will not only improve the chance for 

finding effective therapeutic solutions but also, if not most of all, warrant that negative 

side-effects of tested anti-sepsis drugs do not go unnoticed. 
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In conclusion, with this thesis we have gained more insight in the complex 

mechanisms involved in disturbed coagulation and fibrinolysis in (post-) traumatic 

sepsis. This work specially focused on the spatiotemporal dynamics of PAI-1, the 

main regulator of the fibrinolytic system and the data show that the CLP model of 

polymicrobial sepsis comprises a valuable and clinically relevant platform for 

pre-clinical tests of sepsis therapeutics. We show that PAI-1 is not just a marker of 

disease severity and a predictor of outcome, but also has a functional role during 

sepsis. Furthermore, data from this thesis shows risk-stratification of septic subjects 

can reveal effects of therapeutics that are not exposed upon treatment of 

all-inclusive, yet heterogeneous populations. This provides important insights for 

future trials testing new therapeutics for the treatment of sepsis. 

 

This thesis nourishes the hope that, at least for some patients, sepsis will one day be 

a syndrome that can be treated or even prevented. 
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On the basis of our initial hypotheses and based on the experiments and results 

described in this thesis we postulate the following statements: 

 

1. Dynamics of PAI-1 gene expression and its circulating protein levels in 

clinically-relevant acute experimental polymicrobial sepsis in the mouse are distinct 

from those induced by administration of lipopolysaccharide and are highly 

compartment-specific. 

 

2. In acute murine experimental polymicrobial sepsis, PAI-1 gene expression and 

sepsis severity are strongly associated only in the vascular endothelium, while levels 

of circulating PAI-1 correlate both with severity and early outcome. 

 

3. Preceding trauma-hemorrhage does not alter the concentration of PAI-1 in the 

plasma during subsequent sepsis, but strongly modulates PAI-1 gene expression in 

the liver and potentially in the vascular endothelium. 

 

4. Irrespectively of the level of damage to vascular endothelium, plasma PAI-1 in 

post-traumatic sepsis is higher in dying subjects and it can herald death no earlier 

than two days prior. 

 

5. Treatment with the monoclonal anti-PAI-1 antibody MA-MP6H6 restores early 

fibrinolysis, but fails to improve survival during murine experimental polymicrobial 

sepsis and may even be detrimental. 

 

6. Stratification of septic subjects based on their risk-of-death can reveal harmful 

effects of tested drugs, such as the harmful effects of anti-PAI-1 treatment during 

early polymicrobial sepsis, which may remain noticed in heterogeneous population. 
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