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 IMPACT OF ENDOGENOuS PROTEIN C ON PuLMONARy COAGuLATION 

 AND INjuRy DuRING LETHAL H1N1 INFLuENzA IN MICE 

Influenza accounts for 5–10% of community-acquired pneumonia cases, and is a major cause 

of mortality. Sterile and bacterial lung injury are associated with procoagulant and inflamma-

tory derange-ments in the lungs and down-regulation of the protein C (PC) pathway has been 

correlated with disease severity and mortality in severe bacterial pneumonia and sepsis. In 

addition, during lethal influenza pneumonia, pulmonary and systemic coagulation are acti-

vated, which can be attenuated by the administration of recombinant activated (A) PC. We 

here determined the role of endogenous PC in lethal H1N1 influenza A infection. Male 

C57BL/6 mice pre-treated with an inhibitory monoclonal antibody directed against murine 

PC or a control antibody were intranasally infected with a lethal dose of a mouse-adapted 

H1N1 influenza A strain. Mice were killed at 48 or 96 hours after infection, after which lungs 

and bronchoalveolar lavage fluid were harvested, or observed for up to 9 days. Anti-PC anti-

body treatment aggravated pulmonary activation of coagulation as compared with control 

antibody treatment, as reflected by increased lung concentrations 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. In conclusion, endogenous 

PC has strong effects on the host response to lethal influenza A infection, inhibiting pulmo-

nary coagulopathy and inflammation on the one hand, but facilitating neutrophil influx and 

protein leak and accelerating mortality on the other hand. 

Introduction

Influenza is a major cause of morbidity and mortality: annually, influenza causes over 200,000 

hospitalizations and approximately 41,000 deaths in the United States1. 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 that is known to have caused pandemics, including the three 20th century 

pan-demics and the recent influenza pandemic of swine origin2). 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 5–10% of CAP cases in 

various case series3, 4. 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 fibrinolysis5. We and others have previ-

ously demonstrated that bacterial pneumonia results in similar net procoagulant changes in 

the bronchoalveolar space (reviewed in Ref. 5). Although enhanced coagulation may be con-

sidered host protective in containing the infection, excessive procoagulant activity may result 

in alveolar fibrin formation and enhancement of inflammation and lung injury 6–8. The pro-

tein C (PC) pathway represents an important endogenous mechanism by which coagulation is 

controlled. Pneumonia is associated with a diminished activity of the PC pathway 9–15. This may 

have important implications for the pathogenesis of lung injury and outcome, considering 

that activated (A) PC not only exerts anti-coagulant activity, but also has profibrinolytic, 

anti-inflammatory, antiapoptotic, and other cytoprotective properties16. Indeed, down-regu-

lation of the PC pathway has been correlated to disease severity and mortality in severe bacte-

rial pneumonia and sepsis17, 18. 

Although much research has been done on coagulation activation during severe bacterial in-

fection, few data on coagulation activation in viral infection are available. We recently initi-

ated a series of studies seeking to establish the functional role of the PC pathway during severe 

influenza A19, 20. We showed that lethal H1N1 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 lung 

inflammation or survival 19. In addition, mice with the factor V Leiden mutation, resulting in 

resistance of activated factor V to inactivation by APC, displayed an unaltered inflammatory 

and procoagulant response after infection with influenza A via the airways20. However, this 

latter work 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. Therefore, in the present study, we sought to establish 

the role of the endogenous PC system in pulmonary activation of coagulation and inflamma-

tion in H1N1 influenza and the effect on survival.

Materials and methods

Animals

Male C57BL/6 mice were purchased from Charles River (Maastricht, The Netherlands). Mice of 

10 weeks of age were used in experiments. All experiments were approved by the Institutional 

Animal Care and Use Committee of the Academic Medical Center (University of Amsterdam, 

Amsterdam, The Netherlands).

Experimental Infection and Treatment

Influenza infection was induced by intranasal instillation of a lethal dose (28,000 copies) of 

influenza A/PR/8/34 (H1N1, no. VR-95; ATCC, Rockville, MD), as described previously19, 20. At 

30 minutes before infection, mice received an intraperitoneal injection of 200 ml isotonic sa-

line containing 200 mg of either MPC1609, a rat monoclonal antibody directed against 

murine PC (anti-PC), or the control antibody MCO1716, a cross-matched monoclonal anti-

body targeted against the mouse keyhole limpet hemocyanin protein (control)21. Treatment 

was repeated every 24 hours for a maximum of 72 hours. Mice were killed after 48 or 96 hours 
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of infection (n = 8 per group per time point) or observed for 9 days (n = 13 per group). At the 

predefined time points, mice were anesthetized and bled via the vena cava inferior. The right 

lung was fixed in 10% formalin/PBS at room temperature for 24 hours and subsequently em-

bedded in paraffin. The left lung was homogenized at 48C in 4 vol of saline. Viral copies were 

determined as described previously19, 20, 22. For further measurements, lung homogenates were 

diluted as described previously19, 20. Supernatants were stored at -20ºC until analysis. In a sepa-

rate series of experiments, the trachea was canulated with a 22-gauge Abbocath-T catheter 

(Abott, Sligo, Ireland), after which bronchoalveolar lavage (BAL) was performed by instilling 

and retrieving two 0.5 ml aliquots of saline (n = 8 per group per time point). Cell counts were 

determined for each BAL fluid (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 assay23. Thrombin– antithrombin complexes 

(TATc; Behringwerke AG, Marburg, Germany), fibrin degradation products (FDP)24, and kerati-

nocyte-derived chemokine and macrophage inflammatory protein–2 (both from R&D 

Systems, Minneapolis, MN) were measured by ELISA. TNF-μ, IL-6, monocyte chemo- 

attractant protein (MCP) –1, IL-12p70, IFN-γ, and IL-10 were measured by cytometric bead  

array multiplex assay (BD Biosciences, San Jose, CA).

Histology and Immunohistochemistry

Lung sections of 5 μm were stained with hematoxylin and eosin and analyzed by a pathologist 

who was blinded to groups. To score inflammation, the section surface was analyzed with  

respect to the following parameters: bronchitis, interstitial inflammation, edema, endotheliali-

tis, pleuritis and thrombus formation. Each parameter was graded on a scale of 0-4 (0, absent; 

1, mild; 2, moderate; 3, severe; 4, 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 with Mann-Whitney U test or log rank test. P values less than 

0.05 were considered statistically significant.

Results 

PC Levels 

Anti-PC treatment reduced endogenous PC levels to around 30% of control antibody–treated 

mice (P < 0.001) (Table 1).

Viral Load

To investigate a possible role for endogenous PC in the antiviral response during lethal H1N1 

influenza A infection, we determined viral loads in lungs after 48 and 96 hours of infection. 

Anti-PC treatment did not impact viral loads at either time point as compared with control 

antibody treatment (Figure 1).

Activation of Coagulation

To determine the impact of endogenous PC on local activation of coagulation in lethal H1N1 

influenza infection, we deter-mined levels of the thrombin generation marker, TATc (Figure 

2A), and FDP, a marker for fibrin formation and degradation (Figure 2B) in lung homogenates 

from anti-PC and control antibody–treated mice obtained 48 and 96 hours after intranasal 

instillation with H1N1 virus. Lung TATc levels were higher in anti-PC–treated animals as 

compared with control antibody– treated animals at both time points, although this differ-

ence only reached statistical significance at 96 hours (P = 0.13 at 48 h). Pulmonary FDP levels 

were also higher in anti-PC–treated animals as compared with control antibody–treated ani-

mals, although this difference reached statistical significance only at 48 hours (P = 0.23  

at 96 h).

Lung Inflammation

Lethal H1N1 influenza A infection was associated with extensive pulmonary inflammation, as 

evidenced by the occurrence of bronchitis, interstitial inflammation, edema, and endotheli-

alitis in both control (Figure 3A) and anti-PC antibody (Figure 3B)– treated animals. In anti-

PC–treated animals, but not in mice treated with the control antibody, intravascular thrombi 

were found, which is in line with higher lung TATc and FDP levels found in lung homogenates 

16

Table 1. Protein C activily levels in lung homogenates 48 and 96 hours after induction of lethal H1N1 influenze 
 48 h 96 h

 Control Antibody MPC1609 Control Antibody MPC1609

PC activity, %  77 (64–87)  26 (19–31)*  72 (60–81)  24 (21–36)*

Definition of abbreviation: PC, protein C. 

Data are medians (interquartile ranges) of eight mice per group at each time point. 

* Statistical significance as compared to control antibody (P < 0.001, Mann- Whitney U test).
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(Figure 3B, inset). Total pathology scores were higher in anti-PC–treated animals than in con-

trol antibody–treated animals 96 hours after infection (Figure 3C), 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 < 0.05). 

To obtain further insight into the impact of endogenous PC on pulmonary inflammation, we 

determined the levels of several cytokines and chemokines in lung homogenates obtained 

from anti-PC– and control antibody–treated mice 48 and 96 hours after infection (Table 2). 

There were no differences in lung levels of the proinflammatory cytokines, TNF-α, IL-6, MCP- 

1, and IFN-γ between treatment groups at either 48 or 96 hours after infection. Moreover, there 

were no differences in levels of the chemokines, keratinocyte-derived chemokine and macro-

phage inflammatory protein–2. IL-10 and IL-12 levels were below detection in most samples at 

both time points (data not shown).

Alveolar Cell Influx

To obtain more specific insight into the role of endogenous PC in the inflammatory reaction in 

the alveolar compartment during lethal H1N1 influenza, we performed a BAL procedure at  

48 and 96 hours after infection in a separate series of experiments. Remarkably, although the 

difference in total cell counts in BALF both after 48 and 96 hours after infection in anti-PC–

treated animals did not reach statistical significance (P = 0.07) (Figure 4A), anti-PC significantly  

reduced neutrophil influx into the alveolar compartment 96 hours after infection (Figure 4B). 

Anti-PC did not influence macrophage or lymphocyte counts in BALF at either time point 

(data not shown).

Protein Leak

To obtain insight into the influence of endogenous PC on the integrity of the epithelial barrier, 

we measured total protein levels in BALF obtained 96 hours after infection. Total protein levels 

in BALF were significantly lower in anti-PC–treated animals as compared with control anti-

body–treated animals (Figure 5).

Survival

To determine whether endogenous PC impacts survival in lethal H1N1 influenza, we observed 

anti-PC– and control antibody– treated animals for 9 days after infection. Remarkably, al-

though anti-PC did not save animals in this 100% lethal model, anti- PC–treated animals 

started dying later than control antibody– treated animals, the difference being highly signifi-

cant (P < 0.001; median survival time, 190 versus 172 h) (Figure 6).

Discussion

Influenza is an important cause of pneumonia, causing 5–10% of all CAP cases3, 4. We recently 

showed that lethal H1N1 influenza A infection is associated with both pulmonary and systemic 

activation of coagulation, and that treatment with rm-APC prevents influenza-induced proco-

agulant derangements without impacting on lung inflammation or survival19, 20. We here 

studied the role of the endogenous PC system during lethal influenza and showed that in lethal 

H1N1 influenza A infection the endogenous PC system decreases activation of coagulation 

and regulates pulmonary inflammation and damage, while adversely impacting survival. 

Figure 1. Endogenous protein C (PC) 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-PC antibody 

(gray)–treated mice. Data are expressed as box-and-whisker diagrams depicting the smallest observa-tion, lower 

quartile,median, upper quartile, and largest observation (eight mice per group at each time point). There were no significant 

differences between the groups at each time point (Mann-Whitney U test).

Figure 2. Endogenous PC lowers pulmonary acti-vation of coagulation in lethal H1N1 influenza. Lung levels of (A) 

thrombin–antithrombin com-plexes (TATc), and (B) fibrin degradation products (FDP) 48 and 96 hours after induction of le-

thal H1N1 influenza infection in control antibody– (white) and anti-PC antibody (gray) –treated mice. Data are expressed as 

box-and-whisker diagrams depicting the smallest observation, lower quartile, median, upper quartile, and largest observa-

tion (eight mice per group at each time point). **Statistical signifi-cance as compared with control antibody (P < 0.01, 

Mann-Whitney U test).
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Many previous studies have described the procoagulant changes in the lungs of patients with 

bacterial pneumonia5. Recently, data have emerged on activation of coagulation during influ-

enza pneumonia. One clinical study in children has indicated that severe influenza can be as-

sociated with disseminated intravascular coagulation25. Also, mice with nonlethal influenza A 

infection displayed a rise in plasma TATc and PAI-1 levels, pointing to concurrent systemic 

activation of coagulation and inhibition of fibrinolysis during mild influenza26. In this study, 

mice with a mutation in their thrombomodulin gene- resulting in a minimal capacity for endog-

enous APC generation-demonstrated increased plasma levels of TATc, which suggests that en-

dogenous PC down-regulates coagulation activation during nonlethal influenza26. Recently, 

we found that lethal H1N1 influenza A infection in mice is associated with both pulmonary 

and systemic activation of coagulation19, 20. We used this lethal model to examine the role of the 

PC system in the associated pulmonary coagulopathy and inflammation. As mentioned previ-

ously here, we established that treatment with rm-APC prevents influenza-induced procoagu-

lant derangements without influencing lung inflammation or mortality19. We further 

investigated the impact of a gain of function mutation in the PC system on influenza patho-

genesis using mice carrying the factor V Leiden mutation, which results in resistance of factor 

Va to inactivation by APC20. In this latter study, we found no differences in procoagulant or 

inflammatory responses, or in survival between heterozygous and homozy-gous factor V 

Leiden carriers in comparison with normal wild-type mice20. We here expanded these data by 

examining the role of endogenous PC in the host response to influenza. We considered this of 

interest, because recent evidence indicates that the effects of pharmacological doses of recom-

binant APC are distinct from those of endogenous PC27. We here demonstrate that endogenous 

PC decreases activation of influenza-induced coagulation, as evidenced by lower pulmonary 

Figure 3. Endogenous PC lowers lung histopathology in lethal H1N1 influenza, mainly by preventing intravascular throm-

bus formation. Representative slides of lung hematoxylin and eosin stainings 96 hours after induction of H1N1 influenza in-

fection in (A) control antibody–treated mice and (B) anti-PC antibody–treated mice (original magnification, x100). The inset 

shows an intravascular thombus. (C) Total histopathology score (described in Materials and Methods) 48 and 96 hours af-

ter induction of lethal influenza A in-fection in control antibody–treated mice (white) and anti-PC antibody–treatedmice 

(gray). Data are expressed as box-and-whisker diagrams depicting the smallest observation, lower quartile, median, up-per 

quartile, and largest observation (eight mice per group at each time point). **Statistical significance as compared with 

control antibody (P < 0.01, Mann-Whitney U test).

Figure 4. Endogenous PC does not impact total cell counts in bron-choalveolar lavage fluid (BALF), but enhances neutrophil 

influx in lethal H1N1 influenza. (A) Total cell counts and (B) neutrophil counts in BALF 48 and 96 hours after induction of lethal 

H1N1 infection in control antibody–treated mice (white) and anti-PC antibody–treated mice (gray). Data are expressed as 

box-and-whisker diagrams depicting the small-est observation, lower quartile, median, upper quartile, and largest observa-

tion (eight mice per group at each time point). *Statistical significance as compared with control antibody (P < 0.05, Mann-

Whitney U test).

16

Table 2. Cytokine and chemokine levels in lung homogenates 48 and 96 hours after induction of lethal  
H1N1 influenza 
 48 h 96 h

 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)

Definition of abbreviation: MCP-1, monocyte chemoattractant protein–1; MIP-2, macrophage inflammatory protein–2; KC, 

keratinocyte-derived chemokine. Data are medians (interquartile ranges) of eight mice per group at each time point.
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TATc and FDP levels in control antibody–treated mice as compared with anti-PC–treated mice, 

and by the prevention of intrava cular thombus formation in control antibody–treated mice, 

a feature that indeed was seen in anti-PC–treated mice. Notably, aside from the report by Keller 

and colleagues26, thus far, our study is the only one to examine the effect of the endogenous PC 

system on respiratory infectious disease. Conceivably, the effects of endogenous PC described 

here are not specific for influenza pneumonia; whether endogenous PC impact other types of 

lung injury warrants further investigation. Our data are in line with earlier studies on the role 

of the endogenous PC system during endotoxemia and sepsis: mice with a single-allele–targeted 

disruption of the PC gene and transgenic mice expressing only 3% of normal PC levels showed 

more activation of coagulation and a more severe diffuse intravascular coagulation, as evi-

denced 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 littermates in Escherichia coli LPS models28, 29. In accordance, the anti-PC antibody used 

here was recently reported to increase the systemic procoagulant and inflammatory response 

to intravenous LPS in mice21.

Aside from anticoagulant and profibrinolytic properties, APC has been found to exert anti-in-

flammatory activity (re-viewed in Ref. 5). 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 similar cytokine and chemok-

ine concentrations in lung homogenates19. We show here that the endogenous PC system, like 

exogenous APC, does not impact lung cytokine production, as evidenced by equal levels of 

TNF-α, IL-6, MCP- 1, and IFN-γ in lung homogenates harvested from anti-PC– and control 

antibody–treated animals. However, in contrast to exogenous APC, we found here that endog-

enous PC limits lung histopathology. The 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 signifi-

cant. 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 (reviewed in Ref. 5). Remarkably, we demonstrate here that endogenous PC increases 

neutrophil influx into the alveolar compartment during influenza, which is in contrast with 

previous studies suggesting that (exogenous) APC inhibits neutrophil recruitment and acti-

vation in the lungs30, 31. Notably, these earlier studies used LPS as challenging agent30, 31. In an-

other investigation, in which Pseudomonas aeruginosa was administered via the airways, 

intravenous APC enhanced neutrophil influx into BALF32. Together, these data suggest that the 

PC system may influence neutrophil recruitment to the bronchoalveolar space in different 

ways, at least in part depending on the severity and type of the challenge. In line with the at-

tenuated neutrophil influx, anti-PC–treated mice had lower total protein levels in BALF, sug-

gesting that the lung barrier function is compromised by endogenous PC. Such a detrimental 

effect was previously reported in rats challenged with Pseudomonas intratracheally and admin-

istered rh-APC intravenously32. Anti-PC–treated animals in our study had a survival advantage 

of 18 hours as compared with 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 re-

sulted in preservation of lung function, and hence a longer survival. Unfortunately, lung 

function, blood oxygenation, and pulmonary blood pressures were not measured in our study. 

We do not propagate evaluation of anti-PC strategies in severe influenza based on our current 

Figure 5. Endogenous PC increases total protein levels in BALF in lethal H1N1 influenza. Total protein level in BALF 96 hours 

after induction of lethal H1N1 infection in control antibody–treated mice (white) and anti-PC antibody–treated mice (gray). 

Data are expressed as box-and-whisker diagrams depicting the smallest observation, lower quartile, median, upper quartile, 

and largest observation (eight mice per group at each time point). *Statistical significance as compared with control anti-

body (P < 0.05, Mann-Whitney U test).

Figure 6 Endogenous PC accelerates mortality in lethal H1N1 in-fluenza. Survival of control antibody–treated mice (open 

circles, n = 13) and anti-PC antibody–treated mice (closed circles, n = 13) in lethal H1N1 influenza infection. ***Statistical 

significance as compared with control antibody (P < 0.001, log rank test).
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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. In conclusion, we show that endogenous PC in lethal H1N1 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. These findings point to an important role for 

the endogenous PC in the pathogenesis of severe influenza A.

Author Disclosure

J.D.d.B.’s institution has received funding from The Netherlands Asthma Foundation. 

K.F.v.d.S. has received industry-sponsored grants from GlaxoSmithKline, serving as an investi-

gator, and has received a sponsored grant from The Netherlands Asthma Foundation. C.v.V. 

has received industry-sponsored grants from GlaxoSmithKline and Grunenthal for unre-

stricted research, and a sponsored research grant from The Netherlands Organization for 

Health Research and Development. C.T.E. has served as a consultant for Portola, Bayer, 

Cardiome, NinePoint Medical, Artisan, CytomX, and Vasculox, received honoraria from Bayer 

for lectures, received royalties from Baxter, and holds stock in Portola and Altria (2000 to the 

present). None of the other authors has a financial relationship with a commercial entity that 

has an interest in the subject of this manuscript.

Acknowledgments

The authors thank Marieke ten Brink and Joost Daalhuisen for their technical assistance  

during the animal experiments, Regina de Beer for performing histopathological and immu-

nohistochemical stainings, and the Dutch Thrombosis Foundation for supporting this study.

References

1. Dushoff J, Plotkin JB, Viboud C, earn DJ, Simonsen L. Mortality due to influenza in the United States-an annualized 

regression approach using multiple-cause mortality data. Am J Epidemiol 2006;163:181–187. 

2. Garten RJ, Davis CT, Russell CA, Shu B, Lindstrom S, Balish A, Sessions WM, Xu X, Skepner e, Deyde V, et al. 

Antigenic and genetic characteristics of swine-origin 2009 A(h1n1) influenza viruses circu-lating in humans. 

Science 2009;325:197–201. 

3. Blanquer J, Blanquer R, Borras R, nauffal D, Morales P, Menendez R, Subıas I, herrero L, Redon J, Pascual J. 

Aetiology of community acquired pneumonia in Valencia, Spain: a multicentre prospective study. Thorax 

1991;46:508–511. 

4. Lauderdale TL, Chang FY, Ben RJ, Yin hC, ni Yh, Tsai JW, Cheng Sh, Wang JT, Liu YC, Cheng YW, et al. etiology  

of community acquired pneumonia among adult patients requiring hospitalization in Taiwan. Respir Med 

2005;99:1079–1086. 

5. Schouten M, Wiersinga WJ, Levi M, van der Poll T. Inflammation, endothelium, and coagulation in sepsis. 

 J Leukoc Biol 2008;83: 536–545.

6. Levi M, Schultz MJ, Rijneveld AW, van der Poll T. Bronchoalveolar coagulation and fibrinolysis in endotoxemia  

and pneumonia. Crit Care Med 2003;31:S238–S242. 

7. Opal S, Fisher C, Vincent JL. Protein C levels as a prognostic indicator of outcome in sepsis and related diseas-

esquestion and answer session after scientific review. Crit Care Med 2000;28:S56. 

8. Seeger W, Grube C, Gunther A. Proteolytic cleavage of fibrinogen: amplification of its surfactant inhibitory  

capacity. Am J Respir Cell Mol Biol 1993;9:239–247. 

9. Ware LB, Fang X, Matthay MA. Protein C and thrombomodulin in human acute lung injury. Am J Physiol Lung Cell 

Mol Physiol 2003; 285:L514–L521. 

10. Schultz MJ, Millo J, Levi M, hack Ce, Weverling GJ, Garrard CS, van der Poll T. Local activation of coagulation and  

inhibition of fibrino-lysis in the lung during ventilator associated pneumonia. Thorax 2004; 59:130–135. 

11. Choi G, Schultz MJ, Van Till JW, Bresser P, van der Zee JS, Boermeester MA, Levi M, van der Poll T. Disturbed  

alveolar fibrin turnover during pneumonia is restricted to the site of infection. Eur Respir J 2004;24:786–789. 

12. Choi G, Schultz MJ, Levi M, van der Poll T, Millo JL, Garrard CS. Protein C in pneumonia. Thorax 2005;60:705–706. 

13. Rijneveld AW, Weijer S, Bresser P, Florquin S, Vlasuk GP, Rote We, Spek CA, Reitsma Ph, van der Zee JS, Levi M, et 

al. Local activation of the tissue factor–factor VIIa pathway in patients with pneumonia and the effect of inhibition 

of this pathway in murine pneumococcal pneumonia. Crit Care Med 2006;34: 1725–1730. 

14. Gunther A, Mosavi P, heinemann S, Ruppert C, Muth h, Markart P, Grimminger F, Walmrath D, Temmesfeld-

Wollbruck B, Seeger W. Alveolar fibrin formation caused by enhanced procoagulant and depressed fibrinolytic ca-

pacities in severe pneumonia—comparison with the acute respiratory distress syndrome. Am J Respir Crit Care Med 

2000;161:454–462. 

15. Rijneveld AW, Florquin S, Bresser P, Levi M, de Waard V, Lijnen R, van der Zee JS, Speelman P, Carmeliet P, van der 

Poll T. Plasminogen activator inhibitor type-1 deficiency does not influence the outcome of murine pneumococcal 

pneumonia. Blood 2003;102:934–939. 

16. Mosnier LO, Zlokovic BV, Griffin Jh. The cytoprotective protein C pathway. Blood 2007;109:3161–3172. 

16



Impact of Endogenous Protein C on Pulmonary Coagulation and Injury during Lethal H1N1 Influenza in Mice

264

17. Vail GM, Xie YJ, haney DJ, Barnes CJ. Biomarkers of thrombosis, fibrinolysis, and inflammation in patients with  

severe sepsis due to community-acquired pneumonia with and without Streptococcus pneumoniae. Infection 

2009;37:358–364. 

18. Macias WL, nelson DR. Severe protein C deficiency predicts early death in severe sepsis. Crit Care Med 

2004;32:S223–S228. 

19. Schouten M, Sluijs KF, Gerlitz B, Grinnell BW, Roelofs JJ, Levi MM, van ’t Veer C, van der Poll T. Activated protein C 

ameliorates co-agulopathy but does not influence outcome in lethal h1n1 influenza: a controlled laboratory study. 

Crit Care 2010;14:R65.

20. Schouten M, van der Sluijs KF, Roelofs JJ, Levi M, van’t Veer C, van der Poll T. Factor V Leiden mutation does not  

affect coagulopathy or outcome in lethal h1n1 influenza. Eur Respir J 2010;36:1346–1354. 

21. Xu J, Ji Y, Zhang X, Drake M, esmon CT. endogenous activated protein C signaling is critical to protection of mice 

from lipopolysaccaride-induced septic shock. J Thromb Haemost 2009;7:851–856. 

22. Van elden LJ, nijhuis M, Schipper P, Schuurman R, van Loon AM. Simultaneous detection of influenza viruses A  

and B using real-time quantitative PCR. J Clin Microbiol 2001;39:196–200. 

23. Jalbert LR, Rosen eD, Moons L, Chan JC, Carmeliet P, Collen D, Castellino FJ. Inactivation of the gene for anticoagu-

lant protein C causes lethal perinatal consumptive coagulopathy in mice. J Clin Invest 1998;102:1481–1488. 

24. elms MJ, Bundesen PG, Rowbury D, Goodall S, Wakeham n, Rowell JA, hillyard CJ, Rylatt DB. Automated-

determination of cross-linked fibrin derivatives in plasma. Blood Coagul Fibrinolysis 1993;4:159–164. 

25. Watanabe T, Yoshikawa h, Abe Y, Yamazaki S, Uehara Y, Abe T. Renal involvement in children with influenza A  

virus infection. Pediatr Nephrol 2003;18:541–544. 

26. Keller TT, Van der Sluijs KF, De Kruif MD, Gerdes VeA, Meijers JCM, Florquin S, van der Poll T, Van Gorp eCM, 

Brandjes DPM, Buller hR, et al. effects on coagulation and fibrinolysis induced by influenza in mice with a reduced 

capacity to generate activated protein C and a deficiency in plasminogen activator inhibitor type 1. Circ Res 

2006;99:1261–1269. 

27. Kerschen e, hernandez I, Zogg M, Jia S, hessner MJ, Fernandez JA, Griffin Jh, huettner CS, Castellino FJ, Weiler h. 

Activated protein C targets CD81 dendritic cells to reduce the mortality of endotoxemia in mice. J Clin Invest 

2010;120:3167–3178. 

28. Levi M, Dorffler-Melly J, Reitsma P, Buller h, Florquin S, van der Poll T, Carmeliet P. Aggravation of endotoxin-in-

duced disseminated intravascular coagulation and cytokine activation in heterozygous protein-C–deficient mice. 

Blood 2003;101:4823–4827. 

29. Lay AJ, Donahue D, Tsai MJ, Castellino FJ. Acute inflammation is exacerbated in mice genetically predisposed to a 

severe protein C deficiency. Blood 2007;109:1984–1991. 

30. Murakami K, Okajima K, Uchiba M, Johno M, nakagaki T, Okabe h, Takatsuki K. Activated protein C attenuates  

endotoxin-induced pulmonary vascular injury by inhibiting activated leukocytes in rats. Blood 1996;87:642–647. 

31. nick JA, Coldren CD, Geraci MW, Poch KR, Fouty BW, O’Brien J, Gruber M, Zarini S, Murphy RC, Kuhn K, et al. 

Recombinant human activated protein C reduces human endotoxin-induced pulmonary inflammation via  

inhibition of neutrophil chemotaxis. Blood 2004;104: 3878–3885. 

32. Robriquet L, Collet F, Tournoys A, Prangere T, neviere R, Fourrier F, Guery BP. Intravenous administration of  

activated protein C in Pseudomonas-induced lung injury: impact on lung fluid balance and the inflammatory re-

sponse. Respir Res 2006;22:41.


