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Abstract

Introduction: Streptococcus (S.) pneumoniae is themost commoncausative pathogen
in community-acquired pneumonia and sepsis. Activated protein C (APC) has been
implicated as an important anticoagulant and anti-inflammatory mediator. We here
sought to determine the role of the anticoagulant and cytoprotective functions of
endogenous APC during pneumonia and sepsis caused by S. pneumoniae.
Methods:Micewere treated intraperitoneallywithmonoclonal antibody (mAb) 
(which inhibits both anticoagulant and cytoprotective effects of APC), mAb 
(which inhibits only the anticoagulant effects of APC) or a control antibody mAb
prior to infection with viable S. pneumoniae via the airways (to induce pneumonia)
or via the tail vein (to induce primary sepsis). Mice were analyzed at  or  hours
after infection.
Results: mAb , but not mAb , enhanced the procoagulant response to
pneumococcal pneumonia and sepsis, as indicated by elevated levels of thrombin-
antithrombin complexes and D-dimer in plasma and lungs. mAb  only modestly
affected the fibrinolytic response (elevated plasma and lung levels of the fibrinolysis
inhibitor plasminogen activator inhibitor type I during sepsis) and cytokine release
(elevated plasma interleukin- concentrations during pneumonia).
Conclusions: e cytoprotective effects of endogenous APC reduce activation of
coagulation during murine pneumococcal pneumonia and sepsis.
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3.1 Introduction

Streptococcus (S.) pneumoniae, the pneumococcus, is the leading causative pathogen
in community-acquired pneumonia (CAP). CAP is one of themajor causes of sepsis:
in a large sepsis trial  of patients suffered from pneumonia-derived sepsis, with
S. pneumoniae as the most frequently isolated causative micro-organism. As such,
pneumococcal pneumonia and sepsis are a major concern for intensive care physi-
cians. Worldwide S. pneumoniae is responsible for around thirty thousand deaths
each day, further illustrating the importance of pneumococcal pneumonia and sepsis
for global health.

Systemic infection and inflammation are accompanied by on the one hand activa-
tion of coagulation and on the other hand impairment of anticoagulant mechanisms.
We and others have demonstrated that bacterial pneumonia results in net procoag-
ulant changes in the bronchoalveolar space,. Whereas enhanced coagulation can
theoretically be host-protective by containing the infection, excessive procoagulant
activity may result in host-endangering processes such as alveolar fibrin formation
and enhancement of inflammation leading to lung injury,.

e protein C (PC) pathway is an important endogenous mechanism by which
coagulation is controlled,. Conversion of the zymogen PC to activated PC (APC) is
initiated by complex formation of thrombin with the endothelial receptor thrombo-
modulin, a process that is strongly facilitated by the endothelial protein C receptor.
APC inhibits coagulation by proteolytically degrading coagulation factors Va and
VIIIa. In addition, APC exerts cytoprotective effects, at least in part by activation
of protease activated receptor  (PAR-),. Pneumonia is associated with dimin-
ished activity of the PC pathway at the site of infection,. is may have impor-
tant implications for the pathogenesis of lung injury and outcome, considering the
combined anticoagulant and cytoprotective properties of APC. Indeed, in clinical
studies, downregulation of the PC pathway has been correlated to disease severity
and mortality in severe infection.

We here determined the role of the endogenous PC system in the host response
during severe pneumonia and sepsis caused by S. pneumoniae. For this we used
different PC blocking antibodies, that specifically inhibit only the anticoagulant or
both the anticoagulant and cytoprotective effects of PC in well-established and
clinically relevant models of pneumococcal pneumonia and sepsis. We show that the
cytoprotective effects of the endogenous PC system reduce activation of coagulation
in pneumococcal infection.
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3.2 Materials and methods

Animals

Male CBL/ mice were purchased from Charles River (Maastricht, the Nether-
lands). Mice of  weeks old were used in experiments. All experiments were ap-
proved by the Institutional Animal Care and Use Committee of the Academic Med-
ical Center.

Experimental infection and treatment

Pneumonia was induced by intranasal inoculation with .–.× colony forming
units (CFU) of S. pneumoniae serotype  (American Type Culture Collection, ATCC
, Rockville, MD) as described,. Sepsis was induced by intravenous injection
of .–.× CFU of the same S. pneumoniae strain in the tail vein. Mice were
treated  minutes prior to infection with either mAb  (which inhibits both the
anticoagulant and cytoprotective effects of APC), mAb  (which inhibits only the
anticoagulant effects of APC) or the control antibody mAb , a cross-matched
mAb targeted against the mouse keyhole limpet hemocyanin protein; all mAbs
were administered intraperitoneally at a dose of  μg in  μl saline.

Sample harvesting

At predefined time points ( or  hours after infection), mice were killed and cit-
rated plasma was prepared from blood drawn from the vena cava inferior (n =  per
group at each time point). Lungs homogenates were prepared as described,. In
brief, lungs were harvested and homogenized at °C in  volumes of sterile saline
using a tissue homogenizer (Biospect Products, Bartlesville, UK). Lung homogenates
were diluted : with lysis buffer ( mM NaCl,  mM Tris,  mM MgCl,  mM
CaCl,  (v/v) Triton X-, pH .) with protease inhibitor mix added (AEBSF (-
(-aminoethyl) benzenesulfonyl fluoride), Na-EDTA, Pepstatin and Leupeptin, all
fromMPBiomedical) and incubated for minutes on ice, followed by centrifugation
at  g for  minutes. Supernatants were stored at -°C until analysis.
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Assays

rombin-antithrombin complexes (TATc; Siemens Healthcare Diagnostics, Mar-
burg,Germany),D-dimer (AsserachromD-dimer, Roche,Woerden, theNetherlands)
and plasminogen activator inhibitor type- antigen (PAI-) were measured by
ELISA. Plasminogen activator (PA) activity was determined by an amidolytic assay.
Tumor necrosis factor (TNF)-α, interleukin (IL)-, IL-p, IL-, interferon (IFN)-
γ and monocyte chemoattractant protein (MCP)- were measured by cytometric
bead array (CBA) multiplex assay (BD Biosciences, San Jose, CA).

Statistical analysis

Data are expressed as box-and-whisker diagrams depicting the smallest observa-
tion, lower quartile, median, upper quartile and largest observation, or as medians
with interquartile ranges. Differences between groups were determined with Mann-
WhitneyU test. Analyses were performed usingGraphPad Prism version . (Graph-
Pad Software, San Diego, CA, USA). P-values of less than . were considered sta-
tistically significant.

3.3 Results

Endogenous PC inhibits coagulation during pneumococcal pneumonia
and sepsis

e model of S. pneumoniae induced pneumonia used here is associated with clear
activation of coagulation in both the systemic andpulmonary compartment,,. To
determine the impact of endogenous PC hereonwe pretreatedmice with an antibody
that inhibits both the anticoagulant and cytoprotective effects of APC (mAb )
or a control mAb and determined the levels of TATc and D-dimer in plasma and
lung homogenates obtained  or  hours after intranasal instillation with viable
S. pneumoniae (Figure .A-D). Treatment with mAb  resulted in higher con-
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centrations of TATc and D-dimer in both lungs and plasma at both time points (p <
. -<. versus control mAb). To determine whether the anticoagulant function
of endogenous (A)PC could also be demonstrated during primary pneumococcal
sepsis, we pretreated mice with mAb  before direct intravenous administration
of S. pneumoniae and harvested plasma and lung homogenates  or  hours after
infection (Figure .E-H). Similar to our findings in pneumococcal pneumonia, treat-
ment with mAb  resulted in higher levels of both TATc and D-dimer in plasma
and lungs at both time points (p < . - <. versus control mAb.). Together
these results clearly show the anticoagulant properties of endogenous (A)PC during
respiratory tract and systemic infection by S. pneumoniae.

The cytoprotective effects of endogenous APC reduce activation of
coagulation during pneumococcal pneumonia and sepsis

We next investigated whether inhibition of only the anticoagulant effects of APC is
sufficient to produce this procoagulant phenotype during pneumococcal infection.
To this end,wefirst performed an experiment inwhichwepretreatedmicewith either
mAb , mAb  (which in contrast tomAb  only inhibits the anticoagulant
effects of APC) or control mAb, and killed mice  hours after intranasal infection
with viable S. pneumoniae (Figure .A-D). e procoagulant effect of mAb 
treatment was reproduced in this experiment, in particular with regard to enhance-
ment of D-dimer concentrations in plasma and lungs, and TATc levels in lungs (p <
. - <. versus control mAb; difference for plasma TATc was not significant).
Remarkably, administration of mAb  only increased lung TATc concentrations
(p < . versus control mAb), whereas TATc levels in plasma and D-dimer levels
in plasma and lungs remained unaltered relative to treatment with control mAb.
To determine the impact of the cytoprotective effects of endogenous APC on the
procoagulant response during primary S. pneumoniae sepsis, we studied the effect
of mAb  and mAb  after intravenous infection with pneumococci and har-
vested plasma and lungs at  hours thereafter for measurements of TATc and D-
dimer (Figure .E-H). Again, the procoagulant effect of mAb  was reproduced,
whereas mAb  did not significantly impact either plasma or lung TATc or D-
dimer concentrations. Together, these data suggest that endogenous APC inhibits
the procoagulant response during pneumococcal pneumonia and sepsis, and that the
cytoprotective properties of PC significantly contribute to this effect.
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Figure 3.1: Treatment with mAb 1609 increases coagulation activation during murine pneumo-
coccal pneumonia and sepsis. Levels in plasma and lungs of thrombin-antithrombin complexes (TATc,
panels A, C, E, G) and D-dimer (B, D, F, H) 24 and 48 hours after the induction of pneumococcal pneumonia
(A-D) or sepsis (E-H) in mice treated with control antibody (white) and mAb 1609 (grey). Data are expressed
as box-and-whisker diagrams depicting the smallest observation, lower quartile, median, upper quartile and
largest observation (8 mice per group at each time point). *, ** and *** indicate statistical significance as
compared to control antibody (p < 0.05, p < 0.01 and p < 0.001 respectively, Mann-Whitney U test).
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Figure 3.2: Treatment with mAb 1609 increases thrombin-antithrombin complexes and D-
dimer levels in murine pneumococcal pneumonia and sepsis, whereras treatment with mAb
1591 only increases lung thrombin-antithrombin complexes in pneumococcal pneumonia. Lev-
els in plasma and lungs of thrombin-antithrombin complexes (TATc, panels A, C, E, G.) and D-dimer (B, D, F,
H) at 24 hours after the induction of pneumococcal pneumonia (A-D) or sepsis (E-H) in mice treated with
control antibody (white), mAb 1609 (grey) or mAb 1591 (striped). Data are expressed as box-and-whisker
diagrams depicting the smallest observation, lower quartile, median, upper quartile and largest observation (8
mice per group at each time point). * and *** indicate statistical significance as compared to control antibody
(p < 0.05 and p < 0.001 respectively, Mann-Whitney U test).
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The cytoprotective effects of endogenous APC inhibit PAI-1 release
during pneumococcal sepsis

Evidence derived from in vitro investigations indicates thatAPCenhances fibrinolysis
by neutralization of PAI-, the main inhibitor of the fibrinolytic system,. ere-
fore, we were also interested in the impact of endogenous APC on the fibrinolytic
response to pneumococcal infection. To this end,we pretreatedmicewith eithermAb
, mAb  or control mAb before intranasal or intravenous inoculation with S.
pneumoniae and measured PA activity and PAI- antigen levels in plasma and lungs
 hours after infection (Figure .). After induction of pneumococcal pneumonia,
neither mAb  nor mAb  influenced these fibrinolytic parameters. After in-
travenous infection, mAb  but not mAb  increased PAI- concentrations in
both plasma and lungs (p< . -<.), which was associated with a trend toward
reduced PA activity (p = .).

The cytoprotective effects of endogenous APC are required to inhibit
systemic IL-6 release during pneumococcal pneumonia

We next wished to investigate whether endogenous APC is involved in the regula-
tion of local and systemic inflammation during pneumococcal infection, and if so,
which properties of APC (anticoagulant and/or cytoprotective) contribute. ere-
fore, we measured the concentrations of proinflammatory cytokines (TNF-α, IL-,
IL-, IFN-γ), an anti-inflammatory cytokine (IL-) and a chemokine (MCP-) in
plasma and whole lung homogenates prepared from mice infected with S. pneumo-
niae via either their airways or intravenously  hours earlier and pretreated with
either mAb , mAb  or control mAb. During pneumonia, administration of
mAb  (but not of mAb ) was associated with strongly elevated plasma IL-
 concentrations (Figure .A) (p < . versus control mAb), whereas the plasma
levels of TNF-α, IL-, IL-, IFN-γ and MCP- were either below or just above the
limit of detection of the assay, and not different between groups (data not shown).
After intravenous infectionwith S. pneumoniae, plasma IL- concentrationswere not
different between groups (Figure .B); the plasma levels of the other mediators were
also similar in all treatment groups. Neither mAb  nor mAb  impacted the
pulmonary levels of any of these mediators when compared to control mAb, either
during pneumonia or during sepsis (data not shown).
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Figure 3.3: Treatment with mAb 1609 increases lung and plasma levels of plasminogen
activator-inhibitor type 1 at 24 hours after the induction of pneumococcal sepsis. Levels in plasma
and lungs of plasminogen activator activity (PAA, panels A, C, E, G) and plasminogen activator-inhibitor type
1 (PAI-1, B, D, F, H) at 24 hours after the induction of pneumococcal pneumonia (A-D) or sepsis (E-H) in
mice treated with control antibody (white), mAb 1609 (grey) or mAb 1591. Data are expressed as box-
and-whisker diagrams depicting the smallest observation, lower quartile, median, upper quartile and largest
observation (8 mice per group at each time point). * and ** indicate statistical significance as compared to
control antibody (p < 0.05 and p < 0.01 respectively, Mann-Whitney U test).
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Figure 3.4: Treatment withmAb 1609 increases plasma levels of IL-6 at 24 hours after the induc-
tion of pneumococcal pneumonia. Plasma levels of IL-6 at 24 hours after the induction of pneumococcal
pneumonia (A) or sepsis (B) in mice treated with control antibody (white), mAb 1609 (grey) or mAb 1591
(striped). Data are expressed as box-and-whisker diagrams depicting the smallest observation, lower quartile,
median, upper quartile and largest observation (8 mice per group at each time point). ** indicates statistical
significance as compared to control antibody (p < 0.01, Mann-Whitney U test).

3.4 Discussion

Bacterial pneumonia results in net procoagulant changes in the bronchoalveolar
space,. e PC pathway has been implicated as an important endogenous mech-
anism that controls coagulation and inflammation,. As there is mounting evidence
that activation of both systemic and bronchoalveolar coagulation seems to be par-
ticularly dependent on dysregulation of the PC pathway, we here sought to deter-
mine the relative contribution of the anticoagulant and cytoprotective properties of
endogenous APC to the host response during pneumonia and sepsis caused by S.
pneumoniae. To this end, we administered previously characterized PC blocking an-
tibodies, that selectively inhibit either the anticoagulant effects of APC (mAb) or
both its anticoagulant and cytoprotective properties (mAb ) , to mice infected
with S. pneumoniae via the airways or the tail vein. Our main finding was that mere
inhibition of the anticoagulant effects of APC had a minor impact on host responses,
only increasing TATc concentrations in lungs of mice with pneumococcal pneumo-
nia. In contrast, inhibition of both the anticoagulant and cytoprotective effects of
endogenous APC resulted in a strongly enhanced local and systemic procoagulant
response during pneumococcal pneumonia and sepsis. ese data suggest that the
cytoprotective effects of APC contribute to its anticoagulant potency in vivo.

We used two previously described antibodies to inhibit endogenous PC: mAb
 and mAb . In in vitro studies mAb  was shown to block all known
functions of PC and APC, including its anticoagulant activities and protection of the
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endothelial barrier, via blockage of binding of APC to the endothelium, probably by
masking the Gla-domain of PC and APC. In accordance, we found that treatment
with mAb  enhanced coagulation as evidenced by higher levels of TATc and D-
dimer in lung and plasma of infected mice. mAb  has been shown to recognize
APC but not PC through interacting with an epitope that still allowed APC to bind
cell surfaces and phospholipids; this antibody blocks APC anticoagulant activity, pre-
sumably by preventing APC inactivation of factor Va, while leaving its cytoprotective
function unaltered. Nonetheless, in contrast to mAb , mAb  had little if
any effect on coagulation during pneumococcal infection, suggesting that activation
of coagulation in vivo is influenced by the cytoprotective properties exerted by APC
when bound to the endothelium.

e current data partially are in agreement with previous investigations. In mice
challengedwith lipopolysaccharide intravenously, mAb  caused amuch stronger
enhancement of the procoagulant response than mAb . mAb  also ag-
gravated pulmonary coagulopathy in murine lethal influenza A pneumonia; mAb
 was not tested in this model. A recent study from our laboratory examined
the effects of mAb  and mAb  in a mouse model of severe gram-negative
sepsis caused by the causative agent ofmelioidosis,Burkholderia (B.) pseudomallei.
Treatment with mAb  enhanced coagulation activation during experimental
melioidosis, whereas mAb  had no effect hereon. Notably, after infection with
B. pseudomallei combined inhibition of the anticoagulant and cytoprotective effects
of APC markedly impacted other host responses, as reflected by increased bacterial
growth and dissemination, and strongly enhanced inflammation inmAb  treated
mice. In the gram-positive infection models used here, mAb  more modestly
influenced inflammatory responses, only increasing plasma IL- levels during pneu-
monia, while not significantly affecting bacterial loads (data not shown). Clearly,
these models strongly differ and exemplify the need to study the role of endogenous
mediator systems in sepsis pathogenesis using different experimental conditions and
pathogens relevant for human disease.

mAb , but not mAb , increased levels of PAI- in lungs and plasma
during pneumococcal sepsis. is indicates that endogenous APC inhibits PAI-
release, which is in agreement with evidence from in vitro investigations,. In ac-
cordance, we previously reported elevated PAI- concentrations in plasma and peri-
toneal lavage fluid after mAb  treatment of mice with abdominal sepsis caused
by Escherichia coli. Together these data suggest that the cytoprotective function of
endogenous APC lowers PAI- release during severe systemic infection in vivo. Ap-
parently this APC effect is not as clear in pneumonia, considering that mAb  did
not impact PAI- levels during respiratory tract infection caused by S. pneumoniae.
In addition, (A)PC inhibition during E. coli sepsis also resulted in a strong decline
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in PA activity in the circulation and at the primary site of infection. In contrast,
in the present studies the more subtle rise in PAI- levels were associated only with
a trend toward reduced PA activity during pneumococcal sepsis, indicating that in
the models of gram-positive infection used here the impact of endogenous APC on
fibrinolysis was modest at best.

Previous preclinical studies examined the effect of recombinant APC mutants
with selective anticoagulant properties, showing that inhibition of coagulation may
not contribute to the protective effects of exogenous APC during endotoxemia and
sepsis. Furthermore, in mice with pneumonia caused by Pseudomonas (P.) aerug-
inosa, administration of a cytoprotective-selective APC mutant that lacks most of
APC’s anticoagulant activity, reproduced the protective effect of wild-type APC with
regard to reduction of pulmonary edema and mortality. In accordance, recombi-
nant APC protected against mortality in experimental endotoxemia and sepsis by
effects that relied on PAR- dependent mechanisms,. Together these data point
to an important role for the cytoprotective activities of exogenous APC in its pro-
tective effects during pneumonia and sepsis. We were unable to study the role of the
cytoprotective effects of endogenous APC separately due to the lack of availability of
antibodies that selectively inhibit these effects without interfering with APC’s anti-
coagulant properties.

APC is considered to mediate its cytoprotective effects primarily via activation of
PAR-,. Notably, we recently reported that PAR- deficient mice have an improved
host defense during pneumococcal pneumonia, as reflected by lower bacterial loads
in lungs and blood, and attenuated lung inflammation. Importantly, these results
cannot be directly extrapolated to the function of endogenous APC since PAR- can
be activated by different agonists during severe infectionwhereby downstreameffects
at least in part depend on the agonist. Indeed, endothelial cell PAR- can mediate
both cytoprotective effects (after activation by APC) and barrier disruptive effects
(after activation by high thrombin concentrations),. As such, the balance between
APC and thrombin dictates the net cellular effect of PAR- activation during infec-
tion.

3.5 Conclusions

e cytoprotective effects of endogenous APC reduce activation of coagulation dur-
ing murine pneumococcal pneumonia and sepsis.
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