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Abstract

Introduction: Influenza accounts for - of community-acquired pneumonia
cases and is amajor cause of mortality. Sterile and bacterial lung injury are associated
with procoagulant and inflammatory derangements in the lungs and downregulation
of the protein C (PC) pathway has been correlated to disease severity and mortality
in severe bacterial pneumonia and sepsis. Also during lethal influenza pneumonia,
pulmonary and systemic coagulation are activated, which can be attenuated by the
administration of recombinant activated (A)PC.
Methods:We here determined the role of endogenous PC in lethal HN influenza
A infection. Male CBL/ mice pretreated with an inhibitory monoclonal antibody
directed against murine PC or a control antibody were intranasally infected with a
lethal dose of a mouse adapted HN influenza A strain. Mice were sacrificed at 
or  hours after infection, after which lungs and bronchoalveolar lavage fluid were
harvested, or observed for up to  days.
Results: Anti-PC antibody treatment aggravated pulmonary activation of coagula-
tion as compared to control antibody treatment as reflected by increased lung con-
centrations of thrombin-antithrombin complexes and fibrin degradation products,
as well as intravascular thrombus formation. Anti-PC antibody treatment aggravated
lung histopathology but lowered bronchoalveolar neutrophil influx and total protein
levels and delayed mortality.
Conclusions: Endogenous PC has strong effects on the host response to lethal in-
fluenza A infection, on the one hand inhibiting pulmonary coagulopathy and inflam-
mation, but on the other hand facilitating neutrophil influx and protein leak and
accelerating mortality.
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4.1 Introduction

Influenza is a major cause of morbidity and mortality: annually, influenza causes
over , hospitalizations and approximately , deaths in the United States.
Influenza viruses can be classified as A, B or C. Influenza A is found in humans, other
mammals and birds and is the only influenza virus which is known to have caused
pandemics, including the three th century pandemics and the recent influenza
pandemic from swine origin. Although most of influenza A related mortality can
be attributed to secondary bacterial pneumonia, the virus itself is also an important
cause of community-acquired pneumonia (CAP), causing - of CAP-cases in var-
ious case series,. As such, influenza infection is a major concern for pulmonologists
and intensive care physicians.

Systemic infection and inflammation are associated with concurrent activation of
coagulation and impairment of anticoagulant mechanisms and fibrinolysis. We and
others have previously demonstrated that bacterial pneumonia results in similar net
procoagulant changes in the bronchoalveolar space. Although enhanced coagulation
may be considered host-protective in containing the infection, excessive procoagu-
lant activity may result in alveolar fibrin formation, enhancement of inflammation
and lung injury-. e protein C (PC) pathway represents an important endoge-
nous mechanism by which coagulation is controlled. Pneumonia is associated with
a diminished activity of the PC pathway-. is may have important implications
for the pathogenesis of lung injury and outcome, considering that activated (A)PC
not only exerts anticoagulant activity, but also has profibrinolytic, anti-inflammatory,
anti-apoptotic and other cytoprotective properties. Indeed, downregulation of the
PC pathway has been correlated to disease severity and mortality in severe bacterial
pneumonia and sepsis,. While much research has been done on coagulation ac-
tivation during severe bacterial infection, few data on coagulation activation in viral
infection are available. We recently initiated a series of studies seeking to establish
the functional role of the PC pathway during severe influenza A,. We showed that
lethal HN influenza A infection in mice is associated with both pulmonary and
systemic activation of coagulation. Treatment with recombinant mouse (rm-)APC
prevented influenza-induced procoagulant derangements without impacting on lung
inflammation or survival. In addition, mice with the factor V Leiden mutation,
resulting in resistance of activated factor V to inactivation by APC, displayed an un-
altered inflammatory and procoagulant response after infection with influenza A via
the airways. However, this latter study only studied one aspect of the endogenous
PC pathway. To date, it is unknown whether the endogenous PC system influences
the procoagulant and inflammatory response to and survival in influenza A infection.
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erefore, in the present study we sought to establish the role of the endogenous PC
system in pulmonary activation of coagulation and inflammation in HN influenza
and the effect on survival.

4.2 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

Influenza infection was induced by intranasal instillation of a lethal dose (,
copies) of influenza A/PR// (HN, ATCC no. VR-; Rockville, MD), as
described,. irty minutes prior to infection mice received an intraperitoneal
injection of  μl isotonic saline containing  μg of either MPC, a rat mono-
clonal antibody (mAb) directed against murine PC (anti-PC), or the control antibody
MCO, a cross-matched mAb targeted against the mouse keyhole limpet hemo-
cyanin protein (control) . Treatment was repeated every  hours for a maximum
of  hours.Mice were sacrificed after  or  hours of infection (n =  per group per
time point) or observed for  days (n =  per group). On the predefined time points
mice were anesthesized and bled via the vena cava inferior. e right lung was fixed
in  formalin/PBS at room temperature for  hours and subsequently embedded
in paraffin.e left lung was homogenized at °C in  volumes of saline. Viral copies
were determined as described,,. For further measurements, lung homogenates
were diluted as described,. Supernatants were stored at -°C until analysis.

In a separate series of experiments, the trachea was canulated with a -gauge
Abbocath-T catheter (Abott, Sligo, Ireland) afterwhich bronchoalveolar lavage (BAL)
was performed by instilling and retrieving two . ml aliquots of saline (n =  per
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groupper timepoint). Cell countswere determined for eachBALfluid (BALF) sample
in a hemocytometer (Beckman Coulter, Fullerton, CA). Differential cell counts were
performed on cytospins stained with Giemsa stain (Diff-Quick; Dade Behring AG,
Düdingen, Switzerland).

Assays

PC activity levels were measured by an amidolytic assay. rombin-antithrombin
complexes (TATc; Behringwerke AG, Marburg, Germany), fibrin degradation prod-
ucts (FDP) and keratinocyte-derived chemokine (KC) and macrophage inflam-
matory protein (MIP)- (both R&D systems, Minneapolis, MN) were measured by
ELISA were measured by ELISA. Tumor necrosis factor (TNF)-α, interleukin (IL)-,
monocyte chemoattractant protein (MCP)-, IL-p, IFN-γ and IL- were mea-
sured by cytometric bead array multiplex assay (BD Biosciences, San Jose, CA).

Histology and immunohistochemistry

Lung sections of  μm were stained with haematoxylin and eosin and analyzed by a
pathologist who was blinded for groups. To score inflammation, the section surface
was analyzed with respect to the following parameters: bronchitis, interstitial inflam-
mation, oedema, endothelialitis, pleuritis and thrombus formation. Each parameter
was graded on a scale of  to  (: absent, :mild, :moderate, : severe, : very severe).
Histopathological scores were expressed as the sum of the scores for the different
parameters.

Statistical analysis

Data are expressed as box-and-whisker diagrams depicting the smallest observation,
lower quartile, median, upper quartile and largest observation or as survival curves.
Differences between groups were determined withMann-WhitneyU test or log rank
test. P-values < . were considered statistically significant.
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4.3 Results

PC levels

Anti-PC treatment reduced endogenous PC levels to around  of control antibody
treated mice (p < .) (Table .).

Table 4.1: Protein C activity levels in lung homogenates 48 and 96 hours after induction of lethal H1N1
influenza.

48 hours 96 hours
control antibody MPC1609 control antibody MPC1609

PC activity (%) 77 (64-87) 26 (19-31) *** 72 (60-81) 24 (21-36) ***
Data are medians (interquartile ranges) of  mice per group at each time point. PC = protein C. ***
indicates statistical significance as compared to control antibody (p < ., Mann-Whitney U test).

Viral load

To investigate a possible role for endogenous PC in the antiviral response during
lethal HN influenza A infection, we determined viral loads in lungs after  and
 hours of infection. Anti-PC treatment did not impact on viral loads at either time
point as compared to control antibody treatment (Figure .).

Activation of coagulation

Todetermine the impact of endogenous PCon local activation of coagulation in lethal
HN influenza infection we determined levels of the thrombin generation marker
TATc (Figure .A) and FDP, a marker for fibrin formation and degradation (Figure
.B) in lung homogenates from anti-PC and control antibody treated mice obtained
 and  hours after intranasal instillation with HN virus. Lung TATc levels were
higher in anti-PC treated animals as compared to control antibody treated animals at
both time points, although this difference only reached statistical significance at 
hours (p = . at  hours). Pulmonary FDP levelswere also higher in anti-PC treated
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Figure 4.1: Endogenous protein C does not influence pulmonary viral loads in lethal H1N1
influenza. Lung viral RNA copies 48 and 96 hours after induction of lethal H1N1 influenza infection
in control antibody (white) and anti-protein C antibody (grey) treated 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 at each time point). There were no significant differences between the groups
at each time point (Mann-Whitney U test).
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Figure 4.2: Endogenous protein C lowers pulmonary activation of coagulation in lethal H1N1
influenza. Lung levels of A. thrombin-antithrombin complexes (TATc) and B. fibrin degradation products
(FDP) 48 and 96 hours after induction of lethal H1N1 influenza infection in control antibody (white) and
anti-PC antibody (grey) treated 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 at each time
point). ** indicates statistical significance as compared to control antibody (p < 0.01, Mann-Whitney U test).

animals as compared to control antibody treated animals, although this difference
reached statistical significance only at  hours (p = . at  hours).
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Table 4.2: Cytokine and chemokine levels in lung homogenates 48 and 96 hours after induction of lethal
H1N1 influenza.

48 hours 96 hours
control antibody MPC1609 control antibody MPC1609

TNF-α (pg/ml) 155 (121-217) 149 (120-180) 98.4 (68.5-109) 73.5 (44.5-126)
IL-6 (pg/ml) 373 (277-568) 421 (318-612) 339 (205-452) 251 (138-389)
MCP-1 (ng/ml) 6.36 (3.74-10.1) 6.83 (4.44-8.57) 2.21 (1.24-2.68) 1.35 (0.71-2.20)
IFN-γ (pg/ml) 11.0 (2.50-12.6) 8.8 (5.8-12.4) 8.15 (2.50-17.1) 2.50 (2.50-7.95)
KC (ng/ml) 8.47 (5.78-13.4) 7.91 (6.71-9.35) 7.71 (6.40-8.62) 8.69 (7.41-10.5)
MIP-2 (ng/ml) 2.11 (1.83-2.51) 1.80 (1.52-2.19) 1.19 (0.99-1.43) 1.16 (0.91-1.60)

Data aremedians (interquartile ranges) of mice per group at each time point. TNF-α= tumor necrosis
factor-α, IL = interleukin, MCP- = monocyte chemoattractant protein-, KC = keratinocyte-derived
chemokine, MIP- = macrophage inflammatory protein-.

Lung inflammation

Lethal HN influenza A infection was associated with extensive pulmonary in-
flammation as evidenced by the occurrence of bronchitis, interstitial inflammation,
oedema and endothelialitis in both control (Figure .A) and anti-PC antibody (Fig-
ure .B) treated animals. In anti-PC treated animals, but not inmice treatedwith the
control antibody, intravascular thrombi were found, which is in line with higher lung
TATc and FDP levels found in lung homogenates (Figure .B, inset). Total pathology
scores were higher in anti-PC treated animals than in control antibody treated an-
imals  hours after infection (Figure .C), which was mainly due to a difference
in thombus formation. However, after exclusion of thrombus formation from the
score, the difference in histopathology scores still remained statistically significant
(p < .).

To obtain further insight into the impact of endogenous PC on pulmonary in-
flammation, we determined the levels of several cytokines and chemokines in lung
homogenates obtained from anti-PC and control antibody treated mice  and 
hours after infection (Table .). ere were no differences in lung levels of the pro-
inflammatory cytokines TNF-α, IL-, MCP- and IFN-γ between treatment groups
at either  or  hours after infection. Moreover, there were no differences in levels
of the chemokines KC and MIP-. IL- and IL- levels were below detection in
most samples at both time points (not shown).
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Figure 4.3: Endogenous protein C lowers lung histopathology in lethal H1N1 influenza, mainly
by preventing intravascular thrombus formation. Representative slides of lung haematoxylin and eosin
stainings 96 hours after induction of H1N1 influenza infection in A. control antibody treated mice and B. anti-
PC antibody treated mice (original magnification x 100). The inset shows an intravascular thombus. C. Total
histopathology score (described in methods section) 48 and 96 hours after induction of lethal influenza
A infection in control antibody treated mice (white) and anti-PC antibody treated mice (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). ** indicates statistical significance as
compared to control antibody (p < 0.01, Mann-Whitney U test).
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Figure 4.4: Endogenous protein C does not impact on total cell counts in bronchoalveolar lavage
fluid, but enhances neutropil influx in lethal H1N1 influenza. A.Total cell counts and B. neutrophil
counts in bronchoalveolar lavage fluid (BALF) 48 and 96 hours after induction of lethal H1N1 infection in
control antibody treated mice (white) and anti-PC antibody treated mice (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). * indicates statistical significance as compared to control
antibody (p < 0.05, Mann-Whitney U test).

Alveolar cell influx

To obtain more specific insight into the role of endogenous PC in the inflammatory
reaction in the alveolar compartment during lethal HN influenza, we performed a
BAL procedure at  and  hours after infection in a separate series of experiments.
Remarkably, although the difference in total cell counts in BALF both after  and 
hours after infection in anti-PC treated animals did not reach statistical significance
(p = .) (Figure .A), anti-PC significantly reduced neutrophil influx into the alve-
olar compartment  hours after infection (Figure .B). Anti-PC did not influence
macrophage or lymphocyte counts in BALF at either time point (data not shown).

Protein leak

Toobtain insight into the influence of endogenous PCon the integrity of the epithelial
barrier we measured total protein levels in BALF obtained  hours after infection.
Total protein levels in BALF were significantly lower in anti-PC treated animals as
compared to control antibody treated animals (Figure .).
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Figure 4.5: Endogenous proteinC increases total protein levels in bronchoalveolar lavage fluid in
lethal H1N1 influenza. Total protein level in bronchoalveolar lavage fluid (BALF) 96 hours after induction
of lethal H1N1 infection in control antibody treated mice (white) and anti-PC antibody treated mice (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). * indicates statistical significance
as compared to control antibody (p < 0.05, Mann-Whitney U test).

Survival

To determine whether endogenous PC impacts on survival in lethal HN influenza,
we observed anti-PC and control antibody treated animals for  days after infection.
Remarkably, although anti-PC did not save animals in this  lethal model, anti-
PC treated animals started dying later than control antibody treated animals, the
difference being highly significant (p< .; median survival time  vs  hours)
(Figure .).

4.4 Discussion

Influenza is an important cause of pneumonia, causing - of all CAP cases,.
We recently showed that lethal HN influenza A infection is associated with both
pulmonary and systemic activation of coagulation and that treatment with rm-APC
prevents influenza-induced procoagulant derangements without impacting on lung
inflammation or survival,. We here studied the role of the endogenous PC system
during lethal influenza and showed that in lethal HN influenza A infection the
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Figure 4.6: Endogenous protein C accelerates mortality in lethal H1N1 influenza. Survival of
control antibody treated mice (open circles squares, n = 13) and anti-protein C antibody treated mice (closed
circles, n = 13) in lethal H1N1 influenza infection. *** indicates statistical significance as compared to control
antibody (p < 0.001, log rank test).

endogenous PC system decreases activation of coagulation and regulates pulmonary
inflammation and damage, while adversely impacting on survival.

Many previous studies have described the procoagulant changes in the lungs
of patients with bacterial pneumonia. Recently, data have emerged on activation
of coagulation during influenza pneumonia. One clinical study in children has in-
dicated that severe influenza can be associated with disseminated intravascular
coagulation. Also, mice with non-lethal influenza A infection displayed a rise in
plasma TATc and PAI- levels, pointing to concurrent systemic activation of coagu-
lation and inhibition of fibrinolysis during mild influenza. In this study, mice with a
mutation in their thrombomodulin gene – resulting in aminimal capacity for endoge-
nous APC generation – demonstrated increased plasma levels of TATc, which sug-
gests that endogenous PC downregulates coagulation activation during non-lethal
influenza. Recently, we found that lethal HN influenza A infection in mice is
associated with both pulmonary and systemic activation of coagulation,. We used
this lethal model to examine the role of the PC system in the associated pulmonary
coagulopathy and inflammation. As mentioned above, we established that treatment
with rm-APC prevents influenza-induced procoagulant derangements without in-
fluencing lung inflammation or mortality. We further investigated the impact of a
gain of function mutation in the PC system on influenza pathogenesis, using mice
carrying the factor V Leiden mutation, which results in resistance of factor Va to
inactivation by APC. In this latter study we found no differences in procoagulant or
inflammatory responses or in survival between heterozygous and homozygous factor



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

Zink Typografie Sheet 76 of 313 - Page 70 of 307

70 | Endogenous protein C in lethal H1N1 influenza

V Leiden carriers in comparison with normal wild-type mice. We here expanded
these data by examining the role of endogenous PC in the host response to influenza.
We considered this of interest since recent evidence indicates that the effects of
pharmacological doses of recombinant APC are distinct from those of endogenous
PC. We here demonstrate that endogenous PC decreases activation of influenza in-
duced coagulation as evidenced by lower pulmonary TATc and FDP levels in control
antibody treated mice as compared to anti-PC treated mice, and by the prevention
of intravascular thombus formation in control antibody treated mice, a feature that
indeed was seen in anti-PC treated mice. Notably, besides the report by Keller et
al, our study is the only one to examine the effect of the endogenous PC system
on respiratory infectious disease thusfar. Conceivably, the effects of endogenous PC
described here are not specific for influenza pneumonia; whether endogenous PC
impact on other types of lung injury warrants further investigation. Our data are in
line with earlier studies on the role of the endogenous PC systemduring endotoxemia
and sepsis: mice with a single-allele targeted disruption of the PC gene and transgenic
mice expressing only  of normal PC levels showed more activation of coagulation
and a more severe diffuse intravascular coagulation, as evidenced by higher plasma
TATc levels, a greater decrease in fibrinogen level, a larger drop in platelet count
and, notably, more fibrin deposition in lungs, kidneys and livers than wild type (WT)
littermates in Escherichia (E.) coli LPS models,. In accordance, the anti-PC an-
tibody used here was recently reported to increase the systemic procoagulant and
inflammatory response to intravenous LPS in mice.

Besides anticoagulant and profibrinolytic properties, APC has been found to ex-
ert anti-inflammatory activity. However, although rm-APC was able to effectively
decrease coagulation activation during lethal influenza A infection, it did not have
a major impact on lung inflammation, as indicated by similar histopathology scores
of lung tissue, a similar influx of neutrophils to the site of infection and largely sim-
ilar cytokine and chemokine concentrations in lung homogenates. We here show
that the endogenous PC system, like exogenous APC, does not impact on lung cy-
tokine production as evidenced by equal levels of TNF-α, IL-, MCP- and IFN-γ
in lung homogenates harvested from anti-PC and control antibody treated animals.
However, in contrast to exogenous APC, we here found that endogenous PC limits
lung histopathology. e aggravation of the lung histopathology score by anti-PC
treatment can partially be explained by intravascular thrombus formation (which
was not present in control antibody treated mice). However, even after exclusion of
thrombus formation from the score, the difference in histopathology scores remained
statistically significant. Together these data suggest that endogenous PC attenuates
pulmonary inflammation during lethal influenza A, which is in line with the anti-
inflammatory properties ascribed to APC.
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Remarkably, we here demonstrate that endogenous PC increases neutrophil in-
flux into the alveolar compartment during influenza, which is in contrast with pre-
vious studies suggesting that (exogenous) APC inhibits neutrophil recruitment and
activation in the lung,. Notably, these earlier studies used LPS as challenging
agent,. In another investigation, in which Pseudomonas aeruginosa was admin-
istered via the airways, intravenous APC enhanced neutrophil influx into BALF.
Together these data suggest that the PC systemmay influence neutrophil recruitment
to the bronchoalveolar space in differentways, at least in part depending on the sever-
ity and type of the challenge. 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. Such a detrimental effectwas previously
reported in rats challenged with Pseudomonas intratracheally and administered with
rh-APC intravenously.

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 inhibition on outcome is shown. Although the exact mecha-
nism 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. Improved lung barrier function as a result of anti-PC
treatment could have resulted in preservation of lung function and hence a longer
survival. Unfortunately, lung function, blood oxygenation and pulmonary blood pres-
sures were not measured in our study. We do not propagate evaluation of anti-PC
strategies in severe influenza based on our current findings. Clearly the procoagulant
effects of this intervention may have adverse consequences in patients. Further work
and confirmation are required to explore the clinical potential of such a strategy.

4.5 Conclusions

We show that endogenous PC in lethal HN pneumonia on the one hand decreases
pulmonary activation of coagulation and lung histopathology and on the other hand
increases neutrophil influx and protein leakage into the alveolar compartment, which
is associated with an accelerated mortality.ese findings point to an important role
for the endogenous PC in the pathogenesis of severe influenza A.
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