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chapter 6
The endothelial protein C receptor impairs the
antibacterial response in murine pneumococcal

pneumonia and sepsis
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Abstract

Introduction: Pneumococcal pneumonia is a frequent cause of gram-positive sepsis
and has a high mortality. e endothelial protein C receptor (EPCR) has been im-
plicated in both the activation of protein C (PC) and the anti-inflammatory actions
of activated (A)PC. e aim of this study was to determine the role of the EPCR in
murine pneumococcal pneumonia and sepsis.
Methods:Wild-type (WT), EPCR knockout (KO) and Tie-EPCRmice, which over-
express EPCR on the endothelium, were infected intranasally (pneumonia) or in-
travenously (sepsis) with viable S. pneumoniae and killed at  or  hours after
initiation of the infection for analyses.
Results: Pneumonia did not alter constitutive EPCR expression on pulmonary en-
dothelium but was associated with an influx of EPCR positive neutrophils into lung
tissue. In pneumococcal pneumonia EPCR KO mice demonstrated diminished bac-
terial growth in the lungs and dissemination to spleen and liver, reduced neutrophil
recruitment to the lungs and a mitigated inflammatory response. Moreover, EPCR
KO mice displayed enhanced activation of coagulation in the early phase of disease.
Correspondingly, in pneumococcal sepsis EPCR KO mice showed reduced bacte-
rial growth in lung and liver and attenuated cytokine release. Conversely, EPCR-
overexpressing mice displayed higher bacterial outgrowth in lung, blood, spleen and
liver in pneumococcal sepsis.
Conclusions: EPCR impairs antibacterial defense in both pneumococcal pneumonia
and sepsis, which is associated with an enhanced pro-inflammatory response.
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6.1 Introduction

Community-acquired pneumonia (CAP) affects more than  million adults annually,
causing more than one million hospital admissions and more than sixty thousand
deaths every year in the USA,. CAP is one of the major causes of sepsis: in a
large sepsis trial . of patients suffered from pneumonia-derived sepsis, with S.
pneumoniae, the pneumococcus, as the most frequently isolated causative micro-
organism. Worldwide S. pneumoniae is responsible for thirty thousand deaths each
day, illustrating the importance of pneumococcal pneumonia and sepsis for global
health.

Ample evidence exists on the close relationship between infection and inflam-
mation, and activation of coagulation. Systemic infection and inflammation are ac-
companied by activation of coagulation concomitant with impairment of anticoag-
ulant mechanisms and fibrinolysis. Conversely, procoagulant proteins can have pro-
inflammatory properties, whereas anticoagulant proteins can act anti-inflammatory;
activated protein C (APC), which is important for anticoagulation by virtue of its
capacity to inactivate the procoagulant factors Va and VIIIa, has drawn a lot of at-
tention in the field of sepsis research at least in part because of its concurrent anti-
inflammatory and cell protective properties. APC is generated from protein C (PC)
by thrombin in a thrombomodulin-dependent way, a reaction that is dramatically
accelerated when PC binds to the endothelial PC receptor (EPCR),. APC can exert
anti-inflammatory, anti-apoptotic and cytoprotective signals, when bound to EPCR
and protease-activated receptor (PAR)- and, as very recent data show, PAR-. In
accordance, we recently showed that recombinant APC not only ameliorates pul-
monary coagulopathy, but also lowers the inflammatory response, and, in conjunc-
tion with antibiotics, improves survival in murine pneumococcal pneumonia and
sepsis,.

EPCR was originally identified as a transmembrane endothelial receptor, which
is most present on larger and middle-sized vessels. However, in the meanwhile,
EPCR has also been detected in a number of other cell types, including monocytes,
granulocytes, vascular smooth muscle cells and renal tubular epithelial cells,,.
Previous studies have provided evidence for a role of EPCR during severe infection
and sepsis. Inhibition of binding of PC andAPC to EPCR by EPCR-blocking antibod-
ies was shown not only to lower PC-activation but also to exacerbate the response
in gram-negative (Escherichia coli) sepsis in baboons,. Moreover, deletion of the
EPCR-gene exaggerated the host response to a (sub)lethal dose of lipopolysaccharide
(LPS), as reflected by more thombin and cytokine generation, increased neutrophil
sequestration in the lung and a highermortality, whichwas shown to be primarily due



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

Zink Typografie Sheet 97 of 313 - Page 91 of 307

Materials and methods | 91

to deficiency of EPCRon non-hematopoietic cells. Conversely,mice overexpressing
EPCR were protected against LPS challenge. Our laboratory recently showed that
mice with transgenic overexpression of EPCR display an impaired host defense dur-
ing gram-negative pneumonia derived sepsis caused by Burkholderia pseudomallei,
as reflected by enhanced bacterial growth and dissemination accompanied by in-
creased lung damage in spite of attenuated coagulation activation, while EPCR-
overexpression did not impact the host response during murine tuberculosis. To
date, there are no data on the role of EPCR in severe gram-positive infection.

We here studied the effect of both deficiency and overexpression of EPCR in well
established and clinically relevant models of pneumococcal pneumonia and sepsis.
We show that in murine pneumococcal pneumonia and sepsis EPCR is detrimental
by facilitating bacterial outgrowth and dissemination, which is accompanied by a
greater pro-inflammatory response and enhanced activation of coagulation.

6.2 Materials and methods

Animals

ProcrLox/Lox and Procr+/LoxMeox+/cre micewere obtained fromOklahomaMedical Re-
search Foundation. By breeding female ProcrLox/Lox mice with male
Procr+/LoxMeox+/cre mice, EPCR-deficient mice (ProcrLox/LoxMeox+/cre, abbreviated as
EPCRKO)were obtained. Tie-EPCRmice, which have enhanced endothelial EPCR-
expression, were also obtained from Oklahoma Medical Research
Foundation. All mice were backcrossed more than  times to a CBl/ genetic
background. Wild-type (WT) CBl/ mice were purchased from Charles River
(Maastricht, the Netherlands). All experiments were approved by the Institutional
Animal Care and Use Committee of the University of Amsterdam.

Experimental infection and treatment

Pneumonia was induced by intranasal inoculation with ~× colony forming units
(CFU) of S. pneumoniae serotype  (American Type Culture Collection, ATCC ,
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Rockville, MD) as described,. Sepsis was induced by intravenous injection of
~× CFU of the same S. pneumoniae strain in the tail vein. At predefined time
points, mice were killed and citrated plasma (: v/v) was prepared fromblood drawn
from the vena cava inferior (n =  per strain at each time point). Lung, spleen and liver
homogenates were prepared as described,. In brief, the left lung and half of the
liver and spleen were harvested and homogenized at °C in  volumes of sterile saline
using a tissue homogenizer (Biospect Products, Bartlesville, UK). For measurements
in lung tissue, lung homogenates were diluted : with lysis buffer ( mMNaCl, 
mMTris, mMMgCl, mMCaCl,  (v/v) TritonX-, pH .) with protease in-
hibitor mix added (AEBSF (-(-aminoethyl) benzenesulfonyl fluoride), EDTA-Na,
Pepstatin and Leupeptin, all from MP Biomedical) and incubated for  minutes on
ice, followed by centrifugation at  g for  minutes. Supernatants were stored
at -°C until analysis. Bacterial outgrowth was determined as described,. In a
separate experiment, EPCR KO and WT mice were monitored for lethality during 
days after intranasal infection (n =  per strain).

Histology and immunohistochemistry

e right lung was fixed in  formaline/PBS at room temperature for  hours
and embedded in paraffin. Slides of  μm were cut, stained with haematoxylin and
eosin and analyzed by a pathologist who was blinded for groups. To score lung in-
flammation and damage, the entire lung was analyzed with respect to the following
parameters: bronchitis, interstitial inflammation, oedema, endothelialitis, pleuritis
and thrombus formation. Each parameter was graded on a scale of  to  (: ab-
sent, : mild, : moderate, : severe, : very severe). e total histopathological score
was expressed as the sum of the scores for the different parameters. Granulocyte
staining was done using fluorescein isothiocyanate-labeled anti-mouse Ly-G mAb
(Pharmingen, San Diego, CA, USA) as described. Ly-G stained slides were pho-
tographed with a microscope equipped with a digital camera (Leica CTR, Leica
Microsystems, Wetzlar, Germany). Stained areas were analysed with Image Pro Plus
(Media Cybernetics, Bethesda, MD) and expressed as percentage of the total sur-
face area. e average of ten pictures was used for analysis. Immunohistochemical
detection of EPCR was done as described,. Briefly, slides were incubated with a
goat anti-mouse EPCR polyclonal antibody (GT) as primary antibody, followed
by rabbit-anti-goat IgG (Soutern-Biotec, Birmingham, AL, USA) as secondary anti-
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body and polymer anti-rabbit-HRP (Immunologic, Duiven, the Netherlands) as a ter-
tiary antibody. Slides were counterstained with methylgreen (Sigma-Aldrich). Since
EPCR-staining was too low to be quantitated, slides were evaluated qualitatively by a
pathologist who was blinded for groups.

Assays

In pneumonia experiments comparing Tie- EPCR and WT mice tumor necrosis
factor (TNF)-α and interleukin (IL)- levels were measured by ELISA (R&D systems,
Minneapolis, MN). In all other experiments, TNF-α and IL- levels as well as levels
of monocyte chemoattractant protein (MCP)-, IL-p, interferon (IFN)-γ and IL-
 were measured by cytometric bead array multiplex assay (BD Biosciences, San
Jose, CA). Levels of keratinocyte-derived chemokine (KC; R&D systems, Minneapo-
lis, MN), macrophage inflammatory protein (MIP)- (R&D systems, Minneapolis,
MN), myeloperoxidase (MPO; HyCult Biotechnology, Uden, the Netherlands) and
thrombin-antithrombin complexes (TATc; Siemens Healthcare Diagnostics, Mar-
burg, Germany) weremeasured by ELISA. Levels of EPCR in lung homogenates were
measured by ELISA using monoclonal rat-anti-mouse EPCR (Mab) as capture
antibody and polyclonal goat-anti-mouse EPCR (GT) as detection antibody as
described,.

Statistical analysis

Data are expressed as box-and-whisker diagrams depicting the smallest observation,
lower quartile, median, upper quartile and largest observation, as medians with in-
terquartile ranges or as Kaplan-Meier plots. Differences between groups were deter-
mined with Mann-WhitneyU test or log rank test where appropriate. Analyses were
performed using GraphPad Prism version . (GraphPad Software, San Diego, CA,
USA). P-values of less than . were considered statistically significant.
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Figure 6.1: Expression of the endothelial protein C receptor during murine pneumococcal
pneumonia. Representative slides of (murine) endothelial protein C receptor (m-EPCR) lung staining of
A. uninfected wild type mice and B. wild type at 48 hours after induction of pneumococcal pneumonia.
Both unaffected and infected mice show EPCR expression on bronchial epithelium (arrows). In addition, in
murine pneumococcal pneumonia infiltrating neutrophils show EPCR expression as well (inset in B) (staining
in brown; original magnification x 100; inset x 1,000). C. Lung levels of m-ECPR in unaffected wild-type mice
(white, 4 mice per group) and at 24 (grey) and 48 hours (dashed) after induction of pneumococcal pneumonia
(8 mice per group). Data are expressed as box-and-whisker diagrams depicting the smallest observation,
lower quartile, median, upper quartile and largest observation (8 mice per group). * and ** indicate statistical
significance as compared to wild-type (p < 0.05 and p < 0.01, respectively, Mann-Whitney U test).
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6.3 Results

EPCR expression in lungs during pneumococcal pneumonia

To obtain insight into the expression of EPCR during pneumococcal pneumonia we
stained lung tissue slides prepared from mice before and after airway infection with
S. pneumoniae for EPCR (Figure .A and B). EPCR expression was present on larger
and middle-sized vessels in uninfected and infected mice and staining patterns on
these vessels essentially were the same in both groups. Notably, however, in pneumo-
nia, EPCRwas detected not only on endothelium, but also on infiltrating neutrophils.
In order to obtain quantitative information on EPCR expression in lungs we mea-
sured EPCR levels by ELISA in whole lung homogenates prepared from uninfected
and infected mice. EPCR was upregulated by around two-fold, both at  and 
hours after infection, as compared to the normal situation (Figure .C).

EPCR KO mice demonstrate diminished bacterial growth and
dissemination during pneumococcal pneumonia

To obtain a first insight into the functional role of EPCR during pneumococcal pneu-
monia, we determined bacterial loads at  and  hours after infection with S. pneu-
moniae via the airways in lung, blood, spleen and liver. Whereas at  hours there
were no differences in bacterial loads between groups in any of the organs studied, at
 hours bacterial burdens were markedly lower in lung (Figure .A), spleen (Figure
.B) and liver (Figure .C) of EPCRKOmice as compared toWTmice (all p< .);
in blood EPCR KOmice tended to have lower bacterial counts (p = ., not shown).
To determine whether these differences in bacterial growth and dissemination be-
tween mouse strains impact on survival, we infected WT and EPCR KO mice with
viable S. pneumoniae via the airways in an independent experiment and monitored
mortality during the following  days (Figure .D). WT mice started to die shortly
after  hours of infection; overall, / () of WT mice died during follow-up, a
result already reached  hours after infection. In contrast, mortality amongst EPCR
KO mice occurred at a much slower rate: the first death happened after  hours,
i.e. at a time point where already  of WT mice had succumbed. Eventually, /
EPCR KO mice () died, which was not statistically different from mortality in
WT mice (p = .). Together these data suggest that the absence of EPCR conveys
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Figure 6.2: Endothelial protein C receptor knock out mice have less bacterial outgrowth in
lung, spleen and liver at 24 and 48 hours after induction of pneumococcal pneumonia and have
a delayed mortality as compared to wild-type mice. Bacterial outgrowth in A. lung, B. spleen and C.
liver 24 and 48 hours after induction of pneumococcal pneumonia in wild-type (white) and endothelial protein
C receptor knock out (grey) mice. Data are expressed as box-and-whisker diagrams depicting the smallest
observation, lower quartile, median, upper quartile and largest observation (8 mice per group). D. Survival
of wild-type (dashed line) and endothelial protein C receptor knock out (grey line) mice after induction of
pneumococcal pneumonia (14 mice per group).
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Figure 6.3: Endothelial protein C receptor knock out mice have an enhanced activation of
coagulation at in lungs and a trend towards enhanced activation of coagulation in plasma at
24 hours after induction of pneumococcal pneumonia as compared to wild-type mice. A. Lung
and B. plasma levels of thrombin-antithrombin complexes (TATc) at 24 and 48 hours after induction of
pneumococcal pneumonia in wild-type (white) and endothelial protein C receptor knock out (grey) mice.
Data are expressed as box-and-whisker diagrams depicting the smallest observation, lower quartile, median,
upper quartile and largest observation (8 mice per group). * indicates statistical significance as compared to
wild-type (p < 0.05, Mann-Whitney U test).

an advantage to the host during the early phase of S. pneumoniae pneumonia, as
reflected by a reduced bacterial growth at the primary site of infection and in distant
organs and a trend toward an accelerated early mortality.

EPCR KO mice display enhanced activation of coagulation in the early
phase of pneumococcal pneumonia

EPCR has been implicated as an important regulator of anticoagulation by virtue of
its capacity to accelerate PC activation by the thrombomodulin-thrombin complex.
e model of S. pneumoniae induced pneumonia used here is associated with clear
activation of coagulation in the pulmonary compartment. To determine the impact
of EPCR deficiency on activation of coagulation during pneumococcal pneumonia,
we measured levels of TATc in lung homogenates and plasma obtained at  and 
hours after infection. At  hours after infection, EPCR KO mice had higher lung
TATc levels than WT mice (Figure .A). At  hours after infection, this difference
had subsided. In plasma, TATc levels also showed a trend to be higher at  hours after
infection (Figure .B) (p = .). Again, at  hours TATc levels were not different
between EPCR KO andWTmice.
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Figure 6.4: Endothelial protein C receptor knock out mice have an unaltered total histopathol-
ogy score at 24 and 48 hours after induction of pneumococcal pneumonia as compared to
wild-type mice. A. Representative slides of lung H&E stainings 48 hours after induction of pneumococcal
pneumonia in A. wild-type and B. endothelial protein C receptor knock out mice (original magnification x
100). C. Total lung histopathology scores at 24 and 48 hours after induction of pneumococcal pneumonia
in wild-type (white) and endothelial protein C receptor knock out (grey) mice. Data are expressed as box-
and-whisker diagrams depicting the smallest observation, lower quartile, median, upper quartile and largest
observation (8 mice per group).

EPCR KO mice demonstrate reduced neutrophil recruitment into lung
tissue during pneumococcal pneumonia

EPCR has been implicated as a regulator of the inflammatory response by virtue
of its capacity to facilitate APC-PAR signaling. To determine whether EPCR in-
fluences inflammation associated with pneumococcal pneumonia, we analyzed lung
tissue slides harvested  and  hours after infection from EPCR KO andWTmice
according to the histopathology scores described in the Methods section. EPCR KO
mice had a trend towards lower histopathology scores at  hours after infection as
compared toWTmice, however, this differences did not reach statistical significance
(p = .) (Figure .A-C). Of note, EPCR KO mice demonstrated a clearly dimin-
ished neutrophil recruitment into the pulmonary compartment at  hours after
infection, as demonstrated by lower Ly-G positive cell numbers (Figure .A-C) (p
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Figure 6.5: Endothelial protein C receptor knock out mice have neutrophil influx at 24 and 48
hours after induction of pneumococcal pneumonia as compared to wild-type mice. A. Represen-
tative slides of lung Ly-6G stainings 24 hours after induction of pneumococcal pneumonia in A. wild-type and
B. endothelial protein C receptor knock out mice (original magnification x 100). C. Total lung Ly-6G scores
and D. MPO levels at 24 and 48 hours after induction of pneumococcal pneumonia in wild-type (white)
and endothelial protein C receptor knock out (grey) mice. Data are expressed as box-and-whisker diagrams
depicting the smallest observation, lower quartile, median, upper quartile and largest observation (8 mice
per group). * indicates statistical significance as compared to wild-type (p < 0.05, Mann-Whitney U test).

< .) and lowerMPO levels (Figure .D) (p< .). At  hours after infection, the
difference in Ly-G positivity had subsided (Figure .C) but MPO levels were still
significantly lower in EPCRKOmice (Figure .D) (p< .). SinceCXC chemokines
play an essential role in attraction of neutrophils to sites of infection, we measured
the pulmonary concentrations of KC and MIP- in WT and EPCR KO mice; while
at  hours after infection the lung levels of these chemokines were similar in both
groups, at  hours both KC and MIP- concentrations were much lower in EPCR
KOmice (p< . and p< ., respectively) (Table .). Similarly, the levels of other
proinflammatorymediators, in particular TNF-α, IL- andMCP-, were significantly
lower in whole lung homogenates of EPCR KOmice at this late time point (p< .,
p< . and p< ., respectively). EPCRKOmice also demonstrated an attenuated
systemic response: in plasma, TNF-α, IL- andMCP- concentrations were lower in
these animals when compared withWTmice at both  and  hours after infection
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Table 6.1: Lung cytokine and chemokine and plasma cytokine levels 24 and 48 hours after induction of
pneumococcal pneumonia in wild-type and endothelial protein C receptor knock out mice.

24 hours 48 hours
WT EPCR KO WT EPCR KO

lung
TNF-α (pg/ml) 41.7 (1.95-106) 7.56 (2.08-67.0) 370 (125-548) 9.60 (3.52-144) *
IL-6 (pg/ml) 309 (8.10-717) 84.5 (4.03-293) 878 (578-1114) 7.50 (3.38-285) **
MCP-1 (pg/ml) 1137 (301-2244) 375 (150-1008) 2816 (2154-3486) 362 (165-1108) *
IFN-γ (pg/ml) 9.85 (2.50-17.2) 4.05 (2.50-6.98) 15.2 (9.00-20.3) 2.50 (2.50-16.3)
KC (ng/ml) 3.95 (1.74-10.6) 0.72 (0.31-2.00) 21.6 (14.6-29.3) 1.54 (0.42-5.67) *
MIP-2 (ng/ml) 1.50 (1.08-4.33) 1.21 (1.05-2.61) 42.0 (17.8-42.0) 1.87 (1.31-7.40) **

plasma
TNF-α (pg/ml) 7.90 (6.38-9.75) 1.30 (1.30-4.10) ** 23.3 (18.1-37.4) 3.50 (1.95-8.70) **
IL-6 (pg/ml) 37.4 (21.4-85.2) 6.25 (2.50-15.6) * 35.5 (31.7-42.9) 3.50 (2.50-20.1) *
MCP-1 (pg/ml) 37.8 (30.6-80.9) 10.0 (10.0-30.3) * 80.2 (55.3-147) 15.8 (10.0-34.7) **

Data are medians (interquartile ranges) of  mice per group at each time point. WT = wild-type, EPCR KO = endothelial protein
C receptor knock out, TNF-α = tumor necrosis factor-α, IL- = interleukin-, MCP- = monocyte chemoattractant protein-, IFN-
γ = interferon-γ, KC = keratinocyte-derived chemokine, MIP- = macrophage inflammatory protein-. * and ** indicate statistical
significance compared to WT (p < . and p < ., respectively, Mann Whitney U test).

(p< . – p< .). Lung levels of IL- and IL- and plasma levels of IL-, IFN-γ
and IL- levels were below detection at both time points.

EPCR KO mice show reduced bacterial growth and cytokine release
during primary pneumococcal sepsis

In humans and mice EPCR is primarily expressed on endothelial cells of large
blood vessels. Previous studies have documented a protective role for EPCR inmodels
of systemic inflammation elicited by LPS, and in models of systemic infection
induced intravenous injection of Escherichia coli. erefore, and considering that
EPCR appeared to impair rather than to improve the host response to pneumonia
caused by S. pneumoniae, we were interested in the impact of EPCR on bacterial
outgrowth, coagulation and inflammation during primary sepsis induced by injec-
tion of pneumococci directly into the bloodstream, thereby bypassing the lung-blood
barrier. In primary pneumococcal sepsis, EPCR deficiency had a similar impact on
bacterial growth as in the pneumonia model: whereas at  hours bacterial loads were
similar in EPCR KO and WT mice in all body compartments evaluated, at  hours
EPCRKOmice displayed lower bacterial burdens in lung (Figure .A), blood (Figure
.B), spleen (Figure .C) and liver (Figure .D), significantly so for lung and liver.
Moreover, EPCR deficiency had a similar impact on activation of coagulation as in
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Figure 6.6: Endothelial protein C receptor knock out mice have (a trend towards) less bacterial
outgrowth in lung, blood, spleen and liver at 48 hours after induction of pneumococcal sepsis as
compared to wild-type mice. In addition, endothelial protein C receptor knock out mice have
higher lung levels of thrombin-antithrombin complexes at 24 hours. Bacterial outgrowth in A. lung,
B. blood, C. spleen and D. liver and E. lung levels of thrombin-antithrombin complexes 24 and 48 hours
after induction of pneumococcal pneumonia in wild-type (white) and endothelial protein C receptor knock
out (grey) mice. Data are expressed as box-and-whisker diagrams depicting the smallest observation, lower
quartile, median, upper quartile and largest observation (8 mice per group). * indicates statistical significance
as compared to wild-type (p < 0.05, Mann-Whitney U test).
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Table 6.2: Lung and plasma cytokine levels 24 and 48 hours after induction of pneumococcal sepsis in wild-
type and endothelial protein C receptor knock out mice.

24 hours 48 hours
WT EPCR KO WT EPCR KO

lung
TNF-α (pg/ml) B.D. B.D. 10.3 (2.70-40.5) 1.30 (1.30-1.30) *
IL-6 (pg/ml) B.D. B.D. 19.6 (2.50-369) 2.50 (2.50-5.70)
MCP-1 (pg/ml) 871 (657-1214) 493 (386-719) * 1977 (479-3171) 262 (209-430) **

plasma
TNF-α (pg/ml) 10.4 (4.08-24.9) 1.30 (1.30-4.10) 23.3 (18.1-37.4) 3.50 (1.95-8.70)
IL-6 (pg/ml) 37.4 (21.4-85.2) 6.25 (2.50-15.6) 35.5 (31.7-42.9) 3.50 (2.50-20.10)
MCP-1 (pg/ml) 144 (67.8-180) 56.5 (40.8-134) 177 (54.8-526) 34.3 (16.4-68.5) *
IFN-γ (pg/ml) 10.4 (4.08-24.9) 2.50 (2.50-2.50) * 18.4 (5.00-52.3) 2.50 (2.50-5.00) *

Data are medians (interquartile ranges) of  mice per group at each time point. WT = wild-type, EPCR KO = endothelial protein C
receptor knock out, TNF-α = tumor necrosis factor-α, IL- = interleukin-, MCP- = monocyte chemoattractant protein-, IFN-γ =
interferon-γ, B.D. = below detection. * and ** indicate statistical significance compared to WT (p < . and p < ., respectively,
Mann Whitney U test).

the pneumonia model: lung TATc levels were higher in EPCR KOmice as compared
toWT at  hours after infection (Figure .E) (p< .) whereas this difference had
subsided at  hours after infection. Again, plasma TATc levels were not significantly
different between groups (not shown).

In addition, EPCRKOmice showed reduced levels of several cytokines compared
to WT mice: plasma levels of TNF-α, IL-, IFN-γ and MCP- were lower at both 
and  hours, although due to a relatively large inter-individual variation differences
with WT mice only were statistically significant for MCP- ( hours) and IFN-γ
(both time points) (p < .) (Table .). At  hours after infection, lung levels of
only MCP- were detectable and these were lower in EPCR KO mice as compared
to WT mice (p < .) (Table .). Similarly, at  hours pulmonary levels of TNF-
α, IL- and MCP- levels were lower in EPCR KO mice, significantly so for TNF-α
(p < .) and MCP-(p < .) (Table .). Lung levels of IL-, IFN-γ and IL-
and plasma levels of IL- and IL- were below detection at both time points (not
shown).

EPCR-overexpressing mice show higher bacterial outgrowth and higher
cytokine levels during primary pneumococcal sepsis

Having established a detrimental role for EPCR in pneumococcal sepsis by compar-
ing the response of EPCRKOwithWTmice, we were interested whether endothelial
overexpression of EPCR would aggravate bacterial outgrowth and the inflammatory
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Figure 6.7: Endothelial protein C receptor-overexpressing mice have more bacterial outgrowth
at 48 hours after induction of pneumococcal sepsis as compared to wild-type mice. Bacterial
outgrowth in A. lung, B. blood, C. spleen and D. liver 24 and 48 hours after induction of pneumococcal
pneumonia in wild-type (white) and endothelial protein C receptor-overexpressing (grey) mice. Data are
expressed as box-and-whisker diagrams depicting the smallest observation, lower quartile, median, upper
quartile and largest observation (8 mice per group). * and ** indicate statistical significance as compared to
wild-type (p < 0.05 and p < 0.01, respectively, Mann-Whitney U test).

response in pneumococcal sepsis. To this end, we intravenously inoculated Tie-
EPCRmice, which have been described to express around  timesmore EPCR than
normal mice on their pulmonary endothelium, and WT control mice with viable
pneumococci and compared their responses with respect to bacterial outgrowth and
cytokine release. Whereas at  hours there was no difference in bacterial outgrowth
between groups, at  hours bacterial burdens indeed were considerably higher in
lungs (Figure .A), blood (Figure .B), spleen (Figure .C) and liver (Figure .D)
of Tie-EPCR mice as compared to WT mice.

To investigate whether the differences in bacterial outgrowth were associated
with altered levels of cytokines, we measured the levels of various cytokines in lung
and plasma (Table .). At  hours after infection there were no significant dif-
ferences in lung levels of IL-, MCP- and IL- between groups, whereas TNF-α,
IFN-γ were below detection. However, at  hours after infection, levels of IL-,
MCP-, IFN-γ were higher in Tie-EPCR mice as compared to WT mice, although
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Table 6.3: Lung cytokine and chemokine and plasma cytokine levels 24 and 48 hours after induction of
pneumococcal pneumonia in wild-type and endothelial protein C receptor knock out mice.

24 hours 48 hours
WT Tie2-EPCR WT Tie2-EPCR

lung
TNF-α (pg/ml) B.D. B.D. 5.00 (4.83-5.18) 5.00 (5.00-78.1)
IL-6 (pg/ml) 30.7 (9.08-83.8) 13.7 (5.00-26.1) 13.1 (5.00-23.6) 61.4 (20.5-188) *
MCP-1 (pg/ml) 756 (509-1582) 1016 (621-1327) 476 (404-1233) 3443 (599-7669)
IFN-γ (pg/ml) B.D. B.D. 3.75 (2.50-7.48) 16.8 (3.33-50.2)
IL-10 (pg/ml) 98.0 (25.0-151) 149 (117-251) 125 (91.0-145) 152 (121-216)

plasma
TNF-α (pg/ml) 45.6 (34.4-64.2) 40.2 (22.4-57.9) 44.3 (11.1-66.4) 70.8 (38.1-211)
IL-6 (pg/ml) 163 (138-204) 181 (77.1-212) 106 (83.4-132) 355 (135-341)
MCP-1 (pg/ml) 196 (158-243) 192 (86.7-255) 114 (64.2-366) 270 (186-3598)
IFN-γ (pg/ml) 77.5 (61.1-125) 30.2 (22.8-74.0) 76.7 (37.8-99.6) 114 (73.2-175)

Data are medians (interquartile ranges) of  mice per group at each time point. WT = wild-type, Tie-EPCR = endothelial protein C
receptor-overexpressing, TNF-α = tumor necrosis factor-α, IL = interleukin, MCP- = monocyte chemoattractant protein-, IFN-γ =
interferon-γ, B.D. = below detection. * and ** indicate statistical significance compared to WT (p < . and p < ., respectively,
Mann Whitney U test).

due to large inter-individual variation this reached statistical significance only for IL-
 (p = . for MCP- and IFN-γ). IL- levels were below detection at both time
points (not shown). In plasma, at  hours after infection, there were no differences
in levels of TNF-α, IL-, MCP- and IFN-γ. However, at  hours after infection,
plasma levels of allmentioned cytokineswere higher inTie-EPCRmice as compared
to WT controls, although due to large inter-individual variation this did not reach
statistical significance (p = . for IL-). Plasma levels of IL- and IL- were
below detection at both time points (not shown).

6.4 Discussion

EPCR has been implicated as an important receptor in the complex interactions
between inflammation and coagulation during severe infection. EPCR accelerates
the conversion of PC into APC by the thrombomodulin-thrombin complex. Be-
sides acting as an endogenous anticoagulant, APC can exert anti-inflammatory, anti-
apoptotic and barrier-protective properties, for which EPCR is important in con-
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junction with PAR- and PAR-,. Whereas earlier investigations studied the role of
EPCR in the host response to gram-negative challenges- and tuberculosis, we
here for the first time report on the role of EPCR in severe gram-positive infection. To
answer our research questions we made use of established models of pneumococcal
pneumonia and sepsis, andmice with either absent or enhanced expression of EPCR.
Our data show that EPCR attenuates host defense during pulmonary and systemic
infection by S. pneumoniae, as reflected by diminished bacterial growth and dissem-
ination accompanied by attenuated inflammation in EPCR KOmice and an opposite
phenotype in mice with enhanced EPCR expression.

We confirm earlier studies reporting that EPCR is detected mainly on endothe-
lium of larger and middle-sized vessels,. While we found that EPCR expression
on endothelium remained unaltered in pneumococcal pneumonia, we demonstrate
that EPCR is present on neutrophils recruited to the infected area. is is an exten-
sion of earlier findings showing that EPCR can be detected on murine neutrophils
in uninfected conditions. e fact that EPCR levels in whole lung homogenates
were higher inmicewith pneumococcal pneumonia than in uninfected animals could
therefore be due to the infiltration of EPCR-positive neutrophils.

In both pneumonia and sepsis EPCR impacted on the growth and dissemination
of pneumococci. In pneumonia, EPCR KO mice had less bacterial outgrowth than
WT mice in lung, spleen and liver, and a trend towards lower outgrowth in blood.
We argued that this could be the result of better containment of the bacteria by
enhanced activation of coagulation in the pulmonary compartment of EPCRKOmice
– which was indeed shown at  hours after infection. To address this possibility,
we expanded the experiments by using intravenous instead of intranasal bacterial
inoculation, thereby bypassing the lung-blood barrier. In this intravenous model of
infection essentially the same results were obtained as in pneumonia: bacterial loads
were lower in all organs of EPCR KO mice at  hours after infection. ese results
render better containment of pneumococci in the pulmonary compartment a less
likely explanation for the differences in bacterial burdens after infection via the air-
ways and point to a better antibacterial defense in the absence of EPCR.Adetrimental
role for EPCR in antibacterial defensewas further supported by experiments inwhich
mice that overexpress EPCR were infected intravenously with S. pneumoniae: these
mice displayed increased bacterial counts relative toWTmice. It remains to be estab-
lished how the presence of EPCR influences the growth of pneumococci. e highly
virulent S. pneumoniae strain used here is not susceptible to killing by immune cells in
vitro, makingmechanistic studies less feasible. In accordance with the present data,
our laboratory recently reported an impaired outcome of mice with transgenic over-
expression of EPCR during severe gram-negative pneumonia derived sepsis caused
by Burkholderia pseudomallei, the causative agent of melioidosis. Indeed, like after
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infection with S. pneumoniae, in this model Tie-EPCR mice showed increased bac-
terial loads at the primary site of infection and distant organs. Also, our data are in
concordance with studies in which enhanced activation of coagulation, as reflected
by enhanced thrombin generation, was associated with an enhanced antibacterial
defense. ese results from infection models contrast with previous studies show-
ing that EPCR overexpression protects mice from a lethal dose of endotoxin and
ventilator-induced lung injury. In addition, our data obtained with EPCR KOmice
are in contrast with findings in baboons with severe gram-negative sepsis, in which
antagonizing EPCRby blocking antibodies increasedmortality.ese opposite roles
of EPCR probably can be explained by differences in the models used: whereas we
used models with a relatively low infectious dose and gradual growth of bacteria, the
baboon sepsis model makes use of a high bacterial inoculum that rapidly causes sys-
temic injury and lethality in spite of clearance of the bacteria. Likely, in the baboon
sepsis model, the reaction on and the damage caused by the initial dose is decisive
for the outcome, like in models of severe endotoxemia. In these systemic challenge
models, anti-inflammatory mediators generally play beneficial roles, since damage
by the initial stimulus is dampened, while in models of gradual bacterial outgrowth,
such as used here, outcome depends on the delicate balance between on the one hand
necessary pro-inflammatory actions to effectively restrict bacterial outgrowth and on
the other hand excessive pro-inflammatory effects causing damage to the host. In line
with this hypothesis, mice completely deficient for EPCR exhibited more cytokine
release, neutrophil sequestration in the lungs and a higher mortality rate after endo-
toxin administration than mice heterozygously deficient for EPCR. Likewise, mice
with a severe EPCR deficiency had a reduced survival after endotoxin injection.

EPCRKOmice demonstrated increased activation of coagulation during the early
phase of both pneumococcal pneumonia and sepsis. is finding is consistent with a
role for EPCR in APC generation. Of note, at  hours of infection EPCR deficiency
did not impact on TATc concentrations anymore, suggesting that the role of EPCR-
APC in the regulation of the procoagulant response in these models is temporarily.

EPCR KOmice showed a diminished neutrophil influx into the pulmonary com-
partment, as indicated by a reduced number of Ly-positive cells in lung tissue and
lower MPO levels in whole lung homogenates. is attenuated inflammatory re-
sponse was already present at  hours after infection, when bacterial loads were
still similar in EPCR KO and WT mice, which makes it unlikely that the mitigated
accumulation of neutrophils in lungs of EPCR KO mice was the consequence of a
weakened proinflammatory stimulus provided by lower bacterial burdens. e cur-
rent data are remarkable considering previous studies implicating APC in inhibition
of neutrophil migration. APC can bind activated αβ-, αβ-, and αVβ-integrins
expressed by neutrophils and this interaction was essential for APC-induced inhibi-
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tion of neutrophil extravasation into the bronchoalveolar space of mice. Accord-
ingly, intravenous APC administration was associated with attenuated neutrophil
influx into the bronchoalveolar space of human subjects whowere administered with
endotoxin intrabronchially in part by reducing chemotaxis. In contrast, however,
our group recently reported that recombinant APC administered into the airways
of healthy humans enhanced neutrophil influx elicited by endotoxin instilled into
a lung subsegment. e reduced neutrophil recruitment in EPCR KO mice can at
least in part be explained by attenuated production of neutrophil attractingmediators
in the lungs. Indeed, at  hours after infection, pulmonary KC and TNF-α levels
were much lower in EPCR KO mice (albeit not statistically significant versus WT
mice). At  hours EPCR KO mice displayed an overall diminished inflammatory
response, as reflected by lower cytokine and chemokine levels in lungs and plasma.
is finding contrasts with what is known on the anti-inflammatory effects of the
EPCR-APC interaction, and the exaggerated systemic inflammation reported in
EPCR deficient or inhibited animals in systemic challenge models,,. In the S.
pneumoniae pneumonia and sepsis models used here the mitigated inflammatory
response of EPCRKOmice at  hours post infection likely at least in part was caused
by the lower bacterial loads in these animals at this time point.

6.5 Conclusions

In contrast to what was known thus far on the role of EPCR in systemic challenge
models, we here identify a detrimental role for EPCR in experimental pneumococcal
pneumonia and sepsis as reflected by less bacterial outgrowth and an attenuated pro-
inflammatory response in EPCR KOmice, and higher bacterial loads and evidence of
an enhanced pro-inflammatory response in mice overexpressing EPCR. ese data
suggest that the function of EPCR during inflammation and infection varies depend-
ing on the stage and the severity of the insult.
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