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15.1 Background

Community-acquired pneumonia (CAP) is amajor cause of sepsis, with the pneumo-
coccus, S. pneumoniae, being themost frequently isolated causativemicro-organism.
Worldwide S. pneumoniae is responsible for around thirty thousand deaths dailye, il-
lustrating the importance of pneumococcal pneumonia and sepsis for global health.
e second most common cause of sepsis is peritonitis, with Escherichia (E.) coli
being one of the major pathogens involved. Next to the pneumococcus, influenza is
another major cause of morbidity and mortality from pulmonary infectious disease:
annually, influenza causes over approximately fortyone thousand deaths in the USA.

In severe infection and sepsis systemic inflammation leads to activation of the
coagulation system and inhibition of anticoagulant systems and fibrinolysis. Acti-
vation of coagulation with resulting fibrin deposition are essential parts of the host
defense against infectious agents in an attempt to contain the invading microorgan-
isms and the subsequent inflammatory response. However, an exaggerated response
can lead to coagulation itself contributing to disease, in its most severe form causing
disseminated intravascular coagulation. Increasingly, it is becoming clear, that com-
ponents of the coagulation system are vice versa able to modulate the inflammatory
response,. One of the most important anticoagulant systems, the protein (PC) sys-
tem, is downregulated in severe infection and sepsis.

In this thesis we sought to further eludicate the crosstalk between inflamma-
tion and coagulation in severe infection, with a special focus on the endogenous PC
system. To this end different components of the PC system were studied in mouse
models of severe infectious disease.



January 29, 2014, 10:32 M. Schouten - The protein C system in severe infection

Zink Typografie Sheet 274 of 313 - Page 268 of 307

268 | Summary and general discussion

15.2 Part I: Endogenous protein C in severe infection

In Part I the focus of the studies was on endogenous PC in different models of severe
infection. Firstly, in Chapter  a state of the art overview was presented of what was
known thus far on the crosstalk between inflammation and coagulation in severe
infection and sepsis, with a special focus on the role of the endothelium. In this
chapter, findings were summarized showing an important role of the endothelium in
inflammation-induced coagulation via different pathophysiological mechanisms like
expression of tissue factor, secretion of procoagulant microparticles and von Wille-
brand factor interaction with platelets, and other properties like apoptosis. In severe
infection the endothelium undergoes several alterations as a result of which anti-
coagulant systems are downregulated, most notably thrombomodulin (TM) and the
endothelial protein C receptor (EPCR). Moreover, surface-associated glycosamino-
glycans are lost and endothelial heparansulphate proteoglycans are expressed in dif-
ferent patterns, which impact tissue factor pathway inhibitor and antithrombin func-
tion.

In this chapter we also show that the procoagulant state in sepsis not only is the
result of inflammation, but in turn itself enhances inflammation, especially through
activation of protease-activated receptors (PARs),. Recently, more data on PARs
have been generated. However, the exact role of these receptors still needs to be
determined. For example, PAR- can be activated by thrombin, resulting in pro-
inflammatory signaling, but also by activated protein C (APC), resulting in anti-
inflammatory signaling. e net result of these opposite effects in different infec-
tious conditions still has to be determined. Finally, in this chapter the glycocalyx is
presented as an interesting new area of research, which could possibly help us inte-
grating the different pathophysiological sequelae that have been described regarding
endothelial function and activation of coagulation in sepsis.

Chapter  is the first in a series of three chapters in which endogenous PC is
studied in models of severe infectious disease. In this chapter we used two mon-
oclonal antibodies that specifically inhibit the anticoagulant effects of endogenous
APC (mAb ) or both the anticoagulant and cytoprotective effects of APC (mAb
).We show that in pneumococcal pneumonia and sepsis endogenous PC inhibits
coagulation. From this chapter it also becomes clear, that, to our initial surprise,
both the cytoprotective and anticoagulant effects of endogenous APC contribute
to its anticoagulant effects. In these gram-positive infection models the impact of
endogenous APC on fibrinolysis and cytokine release was relatively modest. ese
data are partially in accordance with recent data from our laboratory on the role of
endogenous PC in severe gram-negative infection.
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In Chapter  we study the role of endogenous PC in lethal HN influenza A
pneumonia.We show that endogenous PC decreases pulmonary activation of coagu-
lation as evidenced by lower pulmonary levels of thrombin-antithrombin complexes
(TATc) and fibrin degradation products (FDP) in control antibody treated mice as
compared to anti-PC treated mice, and by the absence of intravascular thombus for-
mation in control antibody treated mice as opposed to anti-PC treated mice. More-
over, we show that besides ameliorating activation of coagulation endogenous PC
also limits lung histopathology. e aggravation of the lung histopathology score by
anti-PC treatment could partially be explained by intravascular thrombus formation
(which was not present in control antibody treated mice). However, after exclusion
of thrombus formation from the pathology score, the difference in histopathology
scores remained statistically significant.is suggests that endogenous PC attenuates
pulmonary inflammation during lethal influenza A, which is in line with the anti-
inflammatory properties ascribed to APC.

Remarkably, endogenous PC increased neutrophil influx into the alveolar com-
partment during influenza, which is in contrast with previous studies suggesting that
APC inhibits neutrophil recruitment and activation in the lung,. In line with the
attenuated neutrophil influx, anti-PC treated mice had lower total protein levels in
BALF, suggesting that the lung barrier function is compromised by endogenous PC.
Finally, anti-PC treated animals in our study had a survival advantage of  hours as
compared to control animals.

To our knowledge, this is the first study in which a beneficial effect of PC inhi-
bition on outcome is shown. Although the exact mechanism underlying this effect
remains to be established, the reduced neutrophil influx into the bronchoalveolar
space and the diminished protein leak in anti-PC treated mice may have contributed.

In the last chapter on endogenous PC, Chapter , we show that endogenous PC
decreases local and systemic activation of coagulation and enhances systemic fibri-
nolytic activity inmurine E. coli peritonitis, thereby limiting the procoagulant trigger
elicited by this rapidly disseminating infection. Moreover, we demonstrate that en-
dogenous PC transiently lowers bacterial outgrowth, possibly by preventing bacteria
to use fibrin clots to escape frombacterial killing.ese data reveal endogenous PC as
an important regulator of an adequate antibacterial host response during abdominal
sepsis. ese data are in contrast with the results obtained in pneumococcal disease
and influenza in which no consistent effect of endogenous PC on bacterial outgrowth
or viral copies could be established.is difference could be due to differences in the
pathogens studied, or differences in the disease model (abdominal vs pulmonary /
directly systemic).
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15.3 Part II: The endothelial PC receptor, protease-activated
receptor-1 and the lectin-like domain of thrombomodulin in
pneumococcal disease.

Having examined endogenous PC in various infection models in the previous part,
we in Part II sought to investigate three important receptors of the endogenous PC
system in pneumococcal disease. One major player in the endogenous PC system,
both for the activation of PC and the cytoprotective effects of PC is the endothelial
protein C receptor (EPCR). InChapter we studied the role of this pivotal receptor
in pneumococcal pneumonia by making use of both EPCR KOmice and mice which
overexpress EPCR on their endothelium. In contrast to what was known thus far
on the role of EPCR in systemic challenge models, we in these studies identify a
detrimental role for EPCR in pneumococcal pneumonia and sepsis as reflected by less
bacterial outgrowth and an attenuated pro-inflammatory response in EPCRKOmice,
and, conversely, higher bacterial loads and an enhanced pro-inflammatory response
in mice overexpressing EPCR. e mechanisms by which EPCR plays a detrimental
role still have to be eludicated. It is not probable that enhanced activation of PC
alone is responsible for this phenotype, since in our studies on endogenous PC, as de-
scribed in chapter , we did not find this detrimental role in pneumococcal infection.
Recently, in accordance with the present data, our laboratory reported an impaired
outcome of mice overexpressing EPCR during severe gram-negative pneumonia and
sepsis caused by Burkholderia pseudomallei, the causative agent of melioidosis. In-
deed, like after infection with S. pneumoniae, in this model Tie-EPCR mice showed
increased bacterial loads at the primary site of infection and distant organs.

As already indicated in chapter more andmore data accumulate on coagulation-
induced enhancement of inflammation, especially through activation of PARs,.
While recentlymore data on PARs have been generated, the exact role of these recep-
tors in infectious disease however still needs to be determined. To further establish
the role of PAR- in infectious disease inChapter we studied this receptor inmurine
pneumococcal pneumonia. We show that in this infection, PAR- impairs the host
defense response, as reflected by a reduced lethality, lower bacterial loads, lower
lung histopathology scores and less pulmonary neutrophil influx in PAR- KOmice.
Understanding the role of PAR- signaling in infection is difficult due to the multiple
and in part opposite effects ascribed to this receptor. Considering the complex role
of PAR- in infection, related to the capacity of multiple proteases to activate PAR-,
resulting in differential cellular effects and the multiple cell types expressing PAR-,
this receptor at this moment in our opinion does not represent a straightforward
therapeutic target in severe pneumonia and sepsis.
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Chapter  describes the results of studies into the role of the third impor-
tant receptor of the PC system, thrombomodulin (TM). Our laboratory had previ-
ously investigated the role of the EGF-like repeat of TM that is responsible for PC
activation: TMPro/Pro mice, which havemoderately diminished levels of TM antigen
and a dramatic reduction in its capacity to support thrombin-mediated activation of
PC, did not exhibit changes in the procoagulant or inflammatory response to bacterial
pneumonia as compared toWTmice. In this chapter we studied the lectin-lime do-
main of this receptor, which does not participate in the generation ofAPC. In contrast
to sterile inflammation models in which loss of the lectin-like domain of TM renders
mice more sensitive to lung and myocardial ischemia-reperfusion injury, inflamma-
tory arthritis and endotoxemia- we show that deletion of the lectin-like domain of
TM in pneumococcal pneumonia results in an improved host defense as evidenced
by lower bacterial loads in blood and liver at  hours after infection, less pulmonary
inflammation (histopathology, neutrophil influx, cytokine and chemokine levels) and
a better survival.

e clinical relevance of this finding is important to recognize, as soluble TM
is being studied for use in the clinic and identifying the appropriate application
is critical to ensure optimal benefit. Additional studies are necessary to obtain fur-
ther insight into the possible differential role of the lectin-like TM domain in gram-
positive versus gram-negative infections, as this will determine how to best design
targeted therapies to either enhance the function or interfere with the function of
this interesting endothelial structure, thereby gaining maximal benefit in different
clinical situations.

15.4 Part III: Factor V Leiden in pneumococcal pneumonia and
influenza

efactorVLeiden (FVL)mutation, amissensemutation in the FVgene that replaces
arginine at position  with glutamine, resulting in resistance of activated FV (FVa)
to inactivation byAPC, is amajor risk factor for venous thrombo-embolism. Since
there are data suggesting a survival benefit for carriers of the FVLmutation in severe
infectious disease, in Part III this mutation was studiedmore extensively. Firstly, in
Chapter  a reviewof data on the role of the FVLmutation in severe infectious disease
is presented. Both experimental and clinical studies show inconsistent results as to a
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difference in survival from sepsis or severe infection in carriers of the FVLmutation.
We conclude that additional analyses in larger cohorts of septic patients or long-term
prospective studies in patients with a known FVLmutation will be required to clarify
the issue whether a heterozygous FVL mutation might be protective during severe
infection and sepsis.

In Chapter  we studied the effect of both heterozygosity and homozygosity
for the FVL mutation in pneumococcal pneumonia, both in an untreated and in a
clinically more relevant antibiotic treated setting. In our studies the FVL mutation
had no consistent effect on activation of coagulation in either the presence or ab-
sence of antibiotics, as reflected by comparable lung and plasma levels of TATc and
FDP. Moreover, the FVL mutation had no effect on lung histopathology, neutrophil
influx, cytokine and chemokine levels or bacterial outgrowth. Remarkably though,
homozygous FVL mice were strongly protected against death due to pneumococcal
pneumonia when treated with ceftriaxone.

Interestingly, our data bear some resemblance with earlier findings reported in
patients with severe sepsis, who obviously were all treated with antibiotics. Since
FXIII, themain crosslinker of fibrin, has been linked to organ failure in septic shock in
rabbits we performed FXIII blots in plasma of antibiotic treated mice. Remarkably,
FXIII was depleted in homozygous FVL mice as compared to WT and heterozygous
FVLmice. Although our data can not establishwhether FXIII plays a pathophysiolog-
ical role in ourmodel or ismerely a read out of disease severity, it is striking that factor
XIII was the only parameter amongst many in which we found a difference between
the protected homozygous FVL mice on the one hand and WT and heterozygous
FVL mice on the other hand before mortality occurred. More research is warranted
to investigate themechanisms bywhich the FVLmutation impacts survival inmurine
pneumococcal pneumonia and human sepsis in the context of antibiotic therapy.

Chapter  describes the results obtained in a study on the effect of both het-
erozygosity and homozygosity for the FVL mutation in lethal HN influenza A
pneumonia. is was our first study in lethal influenza pneumonia. We show exten-
sive local and systemic activation of coagulation during lethal influenza as reflected
by increased lung and plasma levels of TATc and FDP and by pulmonary fibrin de-
position. Like in the pneumococcal pneumonia model in the previous chapter, the
FVL mutation in lethal influenza did not impact the procoagulant response, lung
histopathology or survival. FVL mice did demonstrate elevated viral loads  hours
after infection, the relevance of which is unclear given the unchanged outcome. Tak-
ing together the data from both FVL studies we can conclude that we didn’t find clear
indications for a beneficial role for heterozygosity for the FVLmutation in infectious
disease.
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15.5 Part IV: Recombinant murine activated protein C in
pneumococcal pneumonia and influenza.

To further study a possible beneficial effect of exogenous APC in pneumonia and
sepsis, as had been demonstrated earlier for recombinant human (rh-)APC in human
sepsis, we in Part IV studied the effects of the recombinant murine variant of APC
(rm-APC) in differentmodels of pulmonary infection. In the first two chapters of this
section we studied the effect of rm-APC in pneumococcal pneumonia. In the studies
described in Chapter  we administered rm-APC after  hours of infection, either
or not as an add-on to antibiotic therapy. In this study rm-APC as expected inhibited
pulmonary activation of coagulation as reflected by lower levels of TATc andD-dimer.
When added to ceftriaxone, rm-APC markedly improved survival as compared to
ceftriaxone treatment alone, which was in line with the earlier mentioned human
sepsis study (PROWESS). To our knowledge, this is the first preclinical study in
which APC has a positive effect on survival in the clinical relevant setting of severe
infection with concurrent antibiotic treatment.

Our study did not provide a definitive explanation for this clear survival advantage
other than an anticoagulant effect by rm-APC. Of note, APC was recently shown to
play a role in the cleavage of extracellular histones, thereby eliminating the histone-
induced toxicity in experimental sepsis. It remains to be determined whether this
effect of APC contributed to the survival benefit in our model of pneumococcal
pneumonia.

Since in this abovementioned study rm-APC did not impact on the pulmonary
levels of  inflammatory mediators in the context of antibiotic therapy whereas
numerous earlier studies in contrast had shown effects of APC on pulmonary cy-
tokine and chemokine levels- we wondered whether this negative finding could
be the result of a timing effect. We therefore performed an additional study in which
rm-APC was administered after  hours after infection instead of after  hours.
e results of this study are described in Chapter . Indeed, when administered
early after infection rm-APC not only inhibited systemic and pulmonary activation
of coagulation but also exerted a broad inhibitory effect on the local production of
many different proteins implicated in the regulation of inflammation in pneumococ-
cal pneumonia.

Having established extensive local and systemic activation of coagulation during
lethal HN influenza A infection as reflected by increased lung and plasma levels of
TATc and FDP and pulmonary fibrin deposition in earlier studies (with FVLmice) in
the last chapter of this thesis,Chapter , wewere interestedwhether rm-APCwould
be able not only to reduce activation of coagulation but also to influence inflammation
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and outcome in lethal influenza. We established that lethal HN influenza not only
resulted in systemic and pulmonary activation of coagulation, but also in inhibition
of the fibrinolytic response due to enhanced release of PAI-. In these studies rm-
APC strongly inhibited coagulation activation in both plasma and lungs, and partially
reversed the inhibition of fibrinolysis. Rm-APC also temporarily reduced pulmonary
viral loads, but it did not impact on lung inflammation or survival in this model.

15.6 Conclusions

ere is ample evidence on the crosstalk between coagulation and inflammation.
However, many questions remain in this fascinating area in the setting of severe
infectious disease. In this thesis different studies on the endogenous PC system and,
to a lesser extent, on rm-APC and FVL in experimental infectionwere described.Our
studies are consistent in showing that endogenous PC in various models and at vari-
ous time points lowers activation of coagulation as it does in the normal, uninfected
situation. Moreover we have been able to show in different models that endogenous
PC lowers PAI- levels in severe infection, hereby potentially facilitating fibrinolysis,
a finding that had previously only been shown in vitro,.

e studies presented in this thesis indicate that different components of the PC
system impact on host defense in different ways. For example, whereas in pneumo-
coccal pneumonia endogenous PC lowered cytokine levels, histopathology scores
andneutrophil influx,without impacting outcome, in influenza pneumonia cytokines
and histopathology scores were unchanged, whereas neutrophil influx was even in-
creased and outcome was worse. Also, one could anticipate from the endogenous
PC studies that EPCR, being both an important activator of PC as well as one of
its major effector receptors, would lower the inflammatory response and neutrophil
influx without impacting on bacterial outgrowth. In contrast – but in line with the
PAR- studies – EPCR turned out to negatively impact antibacterial defense, which
was accompanied by in contrast a larger anti-inflammatory response and neutrophil
influx. ese seemingly contrasting results could have to do with the fact that al-
though EPCR is an important receptor for PC, it is not the only receptor and more-
over, although PC is an important ligand of EPCR, it is not the only ligand. Also,
genetic knockdown of a receptor could have resulted in compensating differences in
other receptors, proteins etc, which remain undetected during the studies.
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From our studies it becomes clear that in severe infectious disease, much of the
functioning of the endogenous PC system still is incompletely understood. Also, as
we have seen in our FVL and rm-APC studies, phenotypes can be changed to a large
extentwhen the effect of a protein or receptor is studied in infectionwith concommit-
tant antibiotic treatment. Also, from our rm-APC studies we can learn that timing of
interventions can be important. We suggest that more preclinical research is needed
to further elucidate the role of the endogenous PC system in severe infectious disease.

Our studies should be interpreted with caution upon extrapolation to human
sepsis and pneumonia. We studied homogenous (i.e., genetically identical and age-
matched) animals, that poorly reflect the typical patient population. In human sepsis
trials subjects have in common that they are critically ill due to a suspected infection
and that their mortality rate is considerable. However, they differ with respect to the
first organ that was affected, the micro-organism that had caused the disease, the
phase of the disease in which they are at the moment of enrollment in the study,
their age, race and comorbidity. is heterogeneity perhaps could explain at least
partially why so many sepsis trials, for instance the recent PROWESS-shock trial,
have negative endpoints.

Since some sepsis obviously is more equal than others, we suggest that more
research has to be done to enable better classification and stratification of critically
ill patients that are now simply and perhaps incorrectly denominated as patients
suffering from severe sepsis.
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