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Introduction

Setting the scene…

The global burden of severe bacterial infections
Severe bacterial illnesses remain a leading cause of death. Tuberculosis (TB) is one of the most 
common causes of bacterial infection worldwide1, 2. Melioidosis, caused by the Gram-negative bacte-
rium Burkholderia (B.) pseudomallei, is a common cause of community-acquired sepsis in Northeast 
Thailand and Northern Australia3. The clinical presentation of melioidosis may mimic tuberculosis 
as both cause, for example, chronic suppurative lesions unresponsive to conventional antibiotics 
and both commonly affect the lungs. The two diseases have overlapping risk profiles (e.g., diabetes, 
corticosteroid use) and both B. pseudomallei and Mycobacterium (M.) tuberculosis are intracellular 
pathogens. There are however important differences: the majority of melioidosis cases are acute, not 
chronic, and present with severe sepsis and a mortality rate that approaches 50% despite appropriate 
antimicrobial therapy3. By contrast, TB characteristically is a chronic illness with a mortality <2% 
with appropriate antimicrobial chemotherapy yet with an enormous morbidity1, 2. Not surprisingly, 
numerous groups work on the unravelling of the pathogenesis of both TB and melioidosis. The 
coagulation system plays a central role in the immunological derangements which occur during 
severe bacterial infections. In its most extreme form the coagulopathy of severe sepsis manifests as 
disseminated intravascular coagulation, which has been shown to be an independent predictor of 
organ failure and mortality. The role of the coagulation system during TB and melioidosis however 
remains ill defined.

Tuberculosis 

Epidemiology
TB is one of the most devastating infectious diseases1, 2, 4. Overall, about one-third of the world 
population, which involves 2*109 people, is currently infected with M. tuberculosis. However, 10% 
of these infected people will develop the active disease, while in 90% the pathogen is contained 
as asymptomatic latent infection2, 4. In 2012, 8.7 million people worldwide were registered by the 
World Health Organisation with active TB and 1.4 million people died from this disease that year1. 
HIV-infection and other conditions during which T-cell immunity is suppressed are associated 
with higher incidences of (reactivation of ) TB1, 2, 4. TB typically is a disease of developing countries 
as the incidence in Western Europe and Northern America is low. The majority of cases in these 
regions occur in foreign-born residents and recent immigrants from countries in which TB is 
endemic. High incidences are especially found in countries in Southeast Asia, such as India, China, 
Cambodia, Myanmar and Bangladesh and in sub-Saharan Africa, including South-Africa, Mozam-
bique and Zimbabwe (for example, up to 993 new cases per 100.000 in South Africa in 2012)1. In 
comparison, in the Netherlands the incidence in 2011 was 6 per 100.000 and this number is still 
decreasing over time5. 

1
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Clinical presentation
TB is acquired via mycobacteria-containing aerosols, spread by patients suffering from pulmonary 
TB who may expel bacteria after severe coughing. Infection with M. tuberculosis typically causes 
pulmonary TB, with symptoms of chronic cough, sputum production, loss of appetite, weight loss, 
fever, night sweats and hemoptysis2, 4. However, also extrapulmonary disease manifestations occur 
upon either lymphogenous or hematogenous dissemination of bacteria, which are present in 20%-
40% of all TB patients1, 2, 6, 7. Extrapulmonary TB can affect any organ such as the lymph nodes, 
pleural cavity, the musculoskeletal system or the central nervous system2, 4. Musculoskeletal TB in 
particular, if left untreated, can cause severe complications such as paraspinal abscesses, spinal 
cord compression, spine deformations and neurological deficits, including radicular pain and even 
severe paraplegia8. Without treatment, mortality rates due to TB are high. In studies of the 
natural history of the disease among sputum smear-positive and HIV-negative cases of pulmonary 
TB, around 70% died within 10 years1. Additionally, multi-drug resistant TB has become a serious threat 2, 9. 

Pathogenesis
High mortality rates and difficulties in treatment of multi-resistant TB emphasize the impor-
tance of understanding antimycobacterial host defense mechanisms. Once inhaled by the host, 
M. tuberculosis-containing aerosols are phagocytosed by alveolar macrophages in the lungs. This 
induces a localized pro-inflammatory response, characterized by recruitment of mononuclear cells 
from the neighbouring blood vessels and upregulation of several pro-inflammatory cytokines and 
chemokines10-12. Tumor necrosis factor (TNF)-α, produced by infected macrophages, plays a domi-
nant role. Activation of TNF-α, together with activation of various chemokines induces recruit-
ment of lymphocytes including natural killer cells, CD4+- and CD8+ T-cells and B-cells11. 
Macrophages and lymphocytes are the main component of granuloma or tubercles, which are 
typical for TB (Figure 1). Granuloma consist of a kernel of infected macrophages, surrounded by 
foamy macrophages and other mononuclear phagocytes, with a mantle of lymphocytes in associa-
tion with a fibrous cuff of collagen and other extracellular matrix components11. Tubercle bacilli 
are ‘walled-off ’ inside granuloma resulting in a chronic pulmonary pro-inflammatory state during 
which mycobacteria are viable but not able to replicate10-12. A proper T helper-1 (TH1) response is 
essential for maintaining this chronic, balanced state and mainly requires production of interferon 
(IFN)-γ and interleukin (IL)-12. IFN-γ, produced by CD4+ T-cells, activates phagocytes to contain 
mycobacteria by stimulation of intracellular killing. IL-12 promotes differentiation of pluripotent 
T-cells into CD4+ TH1-cells. The importance of IFN-γ was nicely demonstrated by IFN-γ deficient 
mice, that were unable to turn-off the pro-inflammatory response after infection with M. tuberculosis 
resulting in fatal pathology in their lungs13. Moreover, patients with genetic deficiencies in their 
IFN-γ of IL-12 signalling pathways have an increased risk for TB14. When the immune status of the 
host changes, for example at old age, malnutrition or HIV co-infection, granuloma may become 
necrotic, rupture and thousands of viable infectious mycobacteria might be spread from the airways 
via aerosols facilitated by a productive cough11. 
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Melioidosis 

Epidemiology
Melioidosis, caused by the aerobic soil-dwelling intracellular Gram-negative bacterium B. pseudomallei, is 
a serious disease common in South-East Asia and Northern Australia 3, 15-17 (Figure 2). In the most 
endemic regions annual incidence is up to 50 new cases per 100.00016, 18. Melioidosis is the third 
most common cause of death from infectious diseases in Northeast Thailand, exceeded only by 
HIV-infection and TB. Melioidosis also occurs in Malaysia, Singapore, Vietnam, Cambodia and 
Laos18. Occasionally, cases of melioidosis are seen in Western Europe, especially in travelers returning 
from regions in which melioidosis has a high incidence19. In endemic areas, B. pseudomallei can be 
isolated from wet soils and rice paddies3, 15. Patients usually become infected after percutaneous 
inoculation, via injured skin (in rice farmers) or via inhalation3, 15-17. After the Asian tsunami in 
2004, for example, many people acquired melioidosis after inhalation, ingestion or aspiration 

Figure 1. Tuberculosis. Mycobacterial cultures on a Middlebrook 7H11-plate (A); Ziehl-Neelsen 
staining of acid-fast Mycobacterium tuberculosis bacteria (purple rods) in human lung tissue (B, magni-
fication 1000x); Granuloma in a human tuberculosis-positive lung tissue section (C, magnification 40x); 
Macrophage (purple) opsonizing mycobacteria (blue) (D, printed with permission of S. H. E. Kaufmann).

1
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of contaminated water, mud and soil20, 21. Since up to 80% of patients with melioidosis have one or 
more risk factors for the disease, it has been suggested that melioidosis should be considered an 
opportunistic infection that is unlikely to be fatal in previously healthy persons, provided that the 
infection is diagnosed early and appropriate antibiotics and intensive care facilities are available16. 
Risk factors for melioidosis are diabetes, heavy alcohol use, chronic pulmonary and renal disease, 
thalassemia and, to a lesser extent glucocorticoid therapy and cancer16, 18. 

Clinical presentation
Once invaded the host, B. pseudomallei spreads rapidly throughout the body. The most common 
clinical presentation is pneumonia, seen in about 50% of all infected patients, but also other disease 
manifestations occur such as genitourinary infections, skin infections, septic arthritis or osteomy-
elitis or parotitis3, 16, 22. Melioidosis might also rarely present as a chronic disease with subclinical 
symptoms for over 2 months3, 22. As in these chronic conditions symptoms resemble other diseases 
such as TB, melioidosis is often called ‘The Great Mimicker’23. The most dramatic presentation of 
melioidosis is sepsis and septic shock, occurring in about 20% of all infected patients in Southeast 
Asia. The mortality of the primary disease is high and varies from 20 to 50% despite proper antibi-
otics15, 16. Treatment of patients with melioidosis is often difficult with slow fever clearance-times, a 
need for prolonged antibiotic therapy and a high relapse rate if therapy is not fully completed and 
only a limited number of antibiotics are suitable to treat active melioidosis3. Due to these character-
istics, B. pseudomallei is recently classified as a ‘Tier 1’ disease agent considered to be an exceptional 
threat to security24.

Pathogenesis
B. pseudomallei can invade, survive and replicate in a range of phagocytic and nonphagocytic 
cells and this intracellular behavior is thought to be crucial for disease pathogenesis3, 17. Pattern recog-

Figure 2. Melioidosis. Cultures of Burkholderia (B.) pseudomallei in four 10-fold dilutions on a blood agar 
plate (A); H&E stained murine lung tissue infected with B. pseudomallei (B, magnification 40x).
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nition receptors, including toll-like receptors (TLRs) and nucleotide-binding oligomerization 
domain (NOD)-like receptors (NLRs) expressed on host cells become activated and initiate the 
host immune response against invading B. pseudomallei. This leads to activation of nuclear factor-κB 
via the release of pro-inflammatory cytokines of which TNF-α, IL-1β, IL-6, IFN-γ and IL-12 are 
most important17, 25, 26. Via activated cytokines neutrophils are recruited towards the site of infec-
tion and, additionally, the complement and coagulation cascade become activated, all in order to 
fight the invading bacteria17, 27. An overwhelming pro-inflammatory response, however, can cause 
collateral damage and might drive severe tissue injury and organ damage, that may further aggravate 
the clinical condition of the host. Interestingly, gene-expression profiles revealed partially similar host 
responses to melioidosis and TB as both were dominated by IFN-γ signaling pathways28.

Coagulation, the protein C system and fibrinolysis

Coagulation
During inflammatory conditions proteins involved in coagulation and fibrinolysis become acti-
vated as part of the host immune response. Blood coagulation consists of a cascade of coagulation 
factors that may activate each other finally leading to formation of cross-linked fibrin, the major 
component of a solid blood clot29 (Figure 3). The cascade is initiated by binding of coagulation factor 
VIIa to tissue factor (TF), followed by activation of factor IX and X. Together with factor VIIIa and 
Va, factor X and II (prothombin) are activated into active factor Xa and thrombin respectively. 
Thrombin is able to convert fibrinogen into fibrin, which forms a solid clot, the end product of blood 
coagulation29. In the physiological situation coagulation is balanced by anti-coagulant factors including 
TF-pathway inhibitor (TFPI), antithrombin and activated protein C (APC). 

The protein C system
APC and the protein C (PC) system are of particular importance during pro-inflammatory 
conditions, as besides anti-coagulant effects, APC also has distinct cytoprotective, anti-inflamma-
tory and anti-apoptotic properties30. The vitamin K-dependent zymogen PC, discovered in 1976 
by Stenflo et al31  is activated into APC by the thrombin-thrombomodulin complex (Figure 3). 
Thrombomodulin is a transmembrane protein expressed on the surface of vascular endothelial 
and various hematopoietic cells, with distinct domains. Of these the thrombomodulin epidermal 
growth factor domain mediates PC activation, whereas the lectin-like domain is responsible for  
several anti-inflammatory functions30, 32. The rate of this conversion of PC into APC is dramatically 
enhanced when PC binds to the endothelial protein C receptor (EPCR)33. Dissociated from the 
EPCR, APC exerts its anticoagulant activities when bound to cell membrane surfaces, microparticles 
and lipoproteins. This results in proteolytical degradation of (activated) coagulation factors Va and 
VIIIa, with protein S and various lipids acting as cofactors. When APC remains bound to EPCR it 
may exert cytoprotective effects for which association of protease-activated receptor (PAR)-1 with 

1
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the APC-EPCR complex is required30. Cytoprotective activities include APC-mediated alteration 
of gene expression, anti-inflammatory effects, anti-apoptotic effects and protection of endothelial 
barrier functions30. For example, APC restores vascular barrier disruptions through PAR-1-depen-
dent activation of the sphingosine-1-phosphate receptor-1 (S1P1) pathway34-36. On the other hand, 
the cytoprotective effects of APC can also be mediated via EPCR-independent, CD11b/CD18-
PAR-1 dependent mechanisms37, induced via direct binding of APC to activated α3β1, α5β1, and αVβ3 
integrins38 or, as very recent data showed, be mediated via EPCR-PAR-3 dependent pathways39. 
Finally, APC is capable of cleaving histones, major mediators of cell death in sepsis, which also 
reduces cytotoxicity40.

Fibrinolysis
Fibrinolysis concerns the process of degradation of fibrin, the end product of coagulation activation 
(Figure 3). The main enzyme plasmin cuts cross-linked fibrin into smaller fragments that are further 

Figure 3. Overview of the coagulation cascade, the protein C system and the fibrinolytic system.
Abbreviations: A2AP alpha-2-antiplasmin, APC activated protein C, C3b complement factor 3b, CFI 
complement factor I, CFH complement factor H, EPCR endothelial protein C receptor, FVII(a) coagu-
lation factor VII(activated), HMGB1 high mobility group box-1, PAI-1 plasminogen activator inhibitor 
type-1, PAR-1 protease-activated receptor-1, RAGE receptor for advanced glycation endproducts, S1P1 
sphingosine-1-phosphate receptor-1, TF(PI) tissue factor (pathway inhibitor),  TM thrombomodulin, tPA 
tissue-type plasminogen activator, uPA urokinase-type plasminogen activator (Figure designed and drawn 
by I. E. M. Kos).
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cleared by other proteases. Tissue-type plasminogen activator (tPA) and urokinase-type plasmi-
nogen activator (uPA) are the main activators of the fibrinolytic system by virtue of their capacity to 
convert the inactive precursor plasminogen into its active form plasmin. The pro-fibrinolytic effects 
of tPA and uPA are counteracted by plasminogen activator inhibitor type 1 (PAI-1). Furthermore, 
fibrinolysis can be inhibited directly by alpha-2 antiplasmin (A2AP)41. Although little is known 
about other properties of tPA and A2AP that extend beyond its role in activation and inhibition of 
fibrinolysis respectively, PAI-1 has been implicated in other processes and diseases that are not or only 
partially related to its capacity to inhibit plasminogen generation, including inflammatory conditions42. 

Coagulation and fibrinolysis during pro-inflammatory conditions

Coagulation and inflammation
Ample evidence has shown that during severe pulmonary infections and associated sepsis activation of 
inflammatory pathways is accompanied by hemostatic changes43, 44. These changes, often elicited via 
release of the pro-inflammatory cytokines TNF-α and IL-6, include increased procoagulant activity, 
decreased expression of anticoagulant factors, of which APC is of major importance, and suppres-
sion of the fibrinolytic system, which in most severe cases can result in disseminated intravascular 
coagulation and microvascular thrombosis43, 44. Low levels of PC and APC were measured in the 
lungs of patients with severe pneumonia and pneumonia-induced sepsis, and these levels appeared 
to correlate with the occurrence of organ dysfunction and an adverse outcome45-47. As a consequence, 
interfering in the coagulation system was thought to be a promising strategy in the treatment of 
severe pneumonia and (pneumo)sepsis and the PC system seemed to be the most attractive target. 
Indeed, treatment of severe sepsis patients with intravenous recombinant human APC (rhAPC) 
was reported to strongly reduce mortality in the PROWESS (Protein C Worldwide Evaluation in 
Severe Sepsis) study published in 200148. However, a recently completed confirmatory trial in septic 
shock patients (PROWESS-SHOCK) did not show any benefit from APC treatment49, which led 
to the withdrawal of this compound from the market50. 

Coagulation and fibrinolysis in tuberculosis and melioidosis
Previous research has demonstrated that also during TB and melioidosis the coagulation system 
becomes activated. Pulmonary TB, although a more chronic disease, has demonstrated to be asso-
ciated with a hypercoagulable state, with elevated plasma fibrinogen levels and increased platelet 
aggregation51, 52, activation of fibrinolysis51 and downregulation of anticoagulant factors such as 
antithrombin and PC52. Fulminant TB can even result in disseminated intravascular coagulation53, 

54. Moreover, a link between TB and deep venous thrombosis has been made by several case 
reports and small series, further pointing to a procoagulant state in these patients55-59. Finally, in 
vivo studies demonstrated that the protein C system may play an important role during pulmo-
nary TB. Mice with a mutation in the TM-gene resulting in minimal capacity for APC generation  

1
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(TMpro/pro mice) demonstrated uncontrolled lung inflammation and a reduced survival after intra-
nasal infection with M. tuberculosis60. Little knowledge, however, exists about the possible direct 
role of these parameters of coagulation and fibrinolysis during pulmonary TB. Comparative to TB, 
melioidosis is also associated with activation of pro-coagulant and fibrinolytic factors and 
impairment of anti-coagulant mechanisms as was shown by recent clinical studies in Ubon 
Ratchathani, Thailand61-63. These results point to an important role in the pathogenesis of this disease. 
However, current data remain descriptive and in-depth analyses of the effects of the separate proteins 
involved in coagulation and fibrinolysis are lacking. 

Aim and outline of this thesis

The overall aim of this thesis is to expand our knowledge on the role of the coagulation system as 
part of the host immune response during TB and melioidosis. More specifically, by investigating 
the role of a variety of distinct coagulation factors and parameters of anti-coagulation and fibrinolysis 
during infection with M. tuberculosis or B. pseudomallei, we try to gain insight in the contribution 
of these parameters to the pathogenesis of these diseases. 

Our key objectives were (I) to explore the role of coagulation and fibrinolysis during pulmonary 
TB and (II) to investigate the role of coagulation and fibrinolysis during melioidosis. Furthermore, 
we performed additional studies concerning lung inflammation and bone TB. To evaluate our key 
objectives this thesis is divided into three parts.

After the general introduction, Part I describes studies in TB patients and in our experimental 
model of murine TB. This part starts with chapter 2 involving a research project performed in 
Chittagong, Bangladesh. We here present results of measurements of a large range of parameters of 
inflammation, coagulation, anticoagulation and fibrinolysis in sputum-positive TB patients. Then, 
chapter 3 characterizes the roles of EPCR and APC during murine TB, which is followed by 
chapter 4 focusing on the role of the lectin-like domain of thrombomodulin in the same model of 
murine TB. Finally, chapter 5 characterizes the role of PAI-1 during murine TB.

Part II aims to characterize the roles of coagulation and fibrinolysis during murine melioidosis. 
The first chapters focus on APC and the protein C system in melioidosis: chapter 6 describes the 
effects of blocking endogenous APC with specific anti-(A)PC antibodies during murine melioidosis, 
while chapter 7 reports on the effects of a thrombomodulin mutation that impairs endogenous 
APC generation. Chapter 8, on the other hand, explores the outcome during endogenous over-
expression of APC in murine melioidosis. Next, chapter 9 focuses on the role of an important recep-
tor for APC, EPCR, by using mice both overexpressing endogenous EPCR and mice deficient for 
EPCR. Chapter 10 describes the effects of deficiency of PAR-1, the receptor responsible for many 
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of the cytoprotective effects of APC, during murine melioidosis, while finally, chapter 11 reports 
on the role of the lectin-like domain of thrombomodulin in the same model of murine melioidosis. 
The last three chapters of Part II concern the topic of fibrinolysis: first, we explore the effects of 
the pro-fibrinolytic factor tPA during melioidosis in chapter 12, followed by investigations on the 
role the fibrinolysis inhibitors PAI-1 and A2AP during murine melioidosis in chapters 13 and 14 
respectively.
 
Part III provides additional studies on lung inflammation and TB. Chapter 15 describes a human 
volunteer study exploring the effects of intrabronchially administrated APC on LPS-induced lung 
inflammation. Next, chapter 16 describes a new murine model of musculoskeletal TB that we 
recently developed. The results and potential implications of our investigations are summarized and 
finally discussed in chapter 17. 

1
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ABSTRACT

Background
Human tuberculosis (TB) remains an important cause of death globally and Bangladesh is one of 
the most affected countries. Small studies have linked TB to increased risk of deep venous throm-
bosis. We here aimed to investigate the impact of pulmonary TB on pro- and anticoagulant mecha-
nisms in the circulation. 

Methods
This prospective study was conducted in Chittagong, Bangladesh. We performed an in-depth 
analysis of coagulation activation and inhibition in plasma obtained from 64 patients with primary 
lung TB and 11 patients with recurrent lung TB and compared these with 37 healthy controls. 
Additionally, in nine patients coagulation activation was studied in bronchoalveolar lavage fluid 
(BALF) harvested from the site of infection and compared with BALF from a contralateral unaf-
fected lung subsegment. 

Results 
Relative to uninfected controls, primary and recurrent TB was associated with a systemic net 
procoagulant state, as indicated by enhanced activation of coagulation (elevated plasma levels of 
thrombin-antithrombin complexes, D-dimer and fibrinogen) together with impaired anticoagulant 
mechanisms (reduced plasma levels of antithrombin, protein C activity, free protein S, and protein 
C inhibitor, prolonged clotting times). Moreover, TB patients demonstrated clear evidence of 
endothelial cell activation. Activation of coagulation did not correlate with plasma concentrations 
of established TB biomarkers. Coagulation activation could not be detected at the primary site of 
infection in a subset of TB patients. 

Conclusions
Pulmonary TB is associated with a systemic hypercoagulable state.
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INTRODUCTION

Tuberculosis (TB), caused by the acid-fast bacterium Mycobacterium (M.) tuberculosis, is one of 
the most devastating infectious diseases worldwide, with one-third of the world population being 
infected1, 2.  In 2011, globally 8.7 million people became infected and 1.4 million people died from 
this disease2. Bangladesh is one of the most affected countries with an annual incidence in 2011 of 
225 new cases per 100000 inhabitants and an overall mortality rate of 45 per 1000002. Treatment 
of TB involves prolonged antibiotic regimens. M. tuberculosis bacilli that are not fully eradicated 
from the lungs remain a potential danger to the infected individual and his/her surrounding 
people1, 3. This emphasizes the importance of understanding host response mechanisms during TB.

There is ample evidence that during severe acute pulmonary infections, in addition to activation 
of inflammatory pathways, haemostatic changes occur4, 5. These changes include increased proco-
agulant activity, decreased expression of anticoagulant factors, and suppression of the fibrinolytic 
system, which in most severe cases can result in disseminated intravascular coagulation and microvas-
cular thrombosis4, 5. In patients with acute lower respiratory tract infections, procoagulant changes 
are also detected at the primary site of infection, in the bronchoalveolar space6-9. Previous investiga-
tions have indicated that pulmonary TB may be associated with activation of coagulation in the 
circulation, as reflected by elevated plasma levels of fibrinogen10, 11. Several case reports and small 
series have suggested a link between TB and deep venous thrombosis, further pointing to a proco-
agulant state in these patients12-16. 

Thus far, detailed analyses of haemostatic disturbances in patients presenting with TB have not 
been reported. Therefore, in this prospective study we aimed to get more insight into activation of 
pro- and anticoagulant mechanisms in the circulation of patients with pulmonary TB. In addition, 
we measured activation of the coagulation system in bronchoalveolar lavage fluid (BALF) obtained 
from a subset of patients who underwent a diagnostic bronchoscopy because of clinically suspected TB.  

MATERIALS AND METHODS

Study design and population
In this observational prospective study we aimed to investigate systemic (Part A) and local (Part B) 
host responses with respect to coagulation, anticoagulation, and fibrinolysis during active pulmo-
nary TB. Patients were screened at the Tuberculosis Clinic of Chittagong General Hospital, Chit-
tagong, Bangladesh and in the Chittagong Medical College & Hospital, Chittagong, Bangladesh. 
Written informed consent was obtained from all study subjects or next-of-kin by a native Bengali 
speaker. Inclusion criteria for study enrolment were: (a) 18-80 years of age; (b) confirmed M. tuber-
culosis infection; (c) ability to give written informed consent prior to study-specific procedures. 
For study enrolment, pulmonary TB was considered confirmed when at least two out of three 
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sputum samples collected on two consecutive days, including an early morning sample, tested posi-
tive on Ziehl-Neelsen (ZN)-staining. Subsequent diagnostic confirmation was done batch-wise 
on stored specimens by a PCR-method for M. tuberculosis (GeneXpert, Cepheid, Solna, Sweden) 
performed at the Department of Medical Microbiology in the Academic Medical Center in 
Amsterdam, the Netherlands. Patients were divided into two study groups: patients with a 
primary pulmonary TB who had never been treated for TB before and patients with recurrent 
pulmonary TB who had been treated for TB in the past. Exclusion criteria and further study details are 
described in the ‘Supplementary Material’. Blood samples (citrated, EDTA and heparinized blood) 
were taken at first presentation of the patient. In Part B of the study this was followed by a bilateral 
bronchoalveolar lavage (BAL) to obtain BALF in a subset of patients with negative Ziehl-Neelsen 
(ZN) results of sputum, but with a strong clinical suspicion of pulmonary TB and with chest 
X-ray abnormalities consistent with TB. For Part A, local healthy blood donors served as controls. 
The study was approved by the National Research Ethics Committee (NREC), Bangladesh Medical 
Research Council, Bangladesh and the Oxford Tropical Research Ethics Committee, University of 
Oxford, Oxford, UK (OXTREC 35-09). 

Assays
BALF was centrifuged at 300g for ten minutes. Blood was centrifuged at 1500g for ten minutes. 
Supernatants were snap-frozen in liquid nitrogen and stored at -80ºC until analysis. All assays are 
described in detail in the ‘Supplementary Material’. 

Statistical analysis
Comparisons between groups were performed using the Mann-Whitney U test. Comparisons 
between paired BALF samples were performed using a Wilcoxon signed rank test. Analyses were 
done using GraphPad Prism version 5.01 (San Diego, CA). Correlations were calculated using the 
Spearman rho test in SPSS statistical package version 16.0 (Armonk, NY). P-values < 0.05 were 
considered statistically significant.

RESULTS

Patient characteristics 
For Part A of the study, 37 healthy blood donors, 64 patients with primary TB and 11 patients 
with recurrent TB were recruited. In all patients TB was confirmed by PCR of sputum. For Part 
B, 23 consecutive sputum ZN-negative patients with a clinical suspicion of TB underwent bron-
choscopy with bilateral BAL. Of these, nine patients (39%) tested positive for TB in BALF by 
M. tuberculosis PCR. Patient characteristics and clinical features are summarized in Table 1. 
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Table 1. Patient characteristics

Abbreviations: BMI body mass index, expressed as weight (w) divided by length (l)2; bpm beats per 
minute; brpm breaths per minute; MAP mean arterial blood pressure; n total number; TB tuberculosis. 
Percentages given are within study group. Data are medians with interquartile ranges. *P < 0.05, ***P < 
0.001 for the difference between primary TB or recurrent TB-patients versus controls.
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Systemic coagulation is activated in patients with pulmonary TB
Primary TB was associated with activation of coagulation as reflected by elevated plasma concen-
trations of thrombin-antithrombin complexes (TATc; P < 0.01 for primary TB patients versus 
controls) and D-dimer (P < 0.001 for primary TB patients versus controls; Figure 1A-B). D-dimer 
levels were also significantly elevated in recurrent TB patients compared to controls (P < 0.001, Fig-
ure 1B). Plasma fibrinogen levels were strongly elevated in patients with primary and recurrent TB 
(both P < 0.001 versus controls; Figure 1C). In addition, both prothrombin time (PT) and ac-
tivated partial thromboplastin time (aPTT) were prolonged in primary and recurrent TB patients 
compared to controls (P < 0.001 and < 0.05 for the differences between primary and recurrent TB 
patients respectively compared to controls; Figure 1D-E). To further determine the relative contri-
bution of the different clotting factors in the systemic procoagulant response during pulmonary TB, 
we measured concentrations of the coagulation proteins affecting PT and aPTT (Figure 2). Of the 
proteins affecting PT, factor VII (Figure 2A) and factor X (Figure 2B) were decreased in both pa-
tients with TB and recurrent TB. Factor II was unaffected (Figure 2C), while factor V was increased 
in primary TB patients (Figure 2D). Strikingly, of the factors affecting aPTT (factors XI, IX, VIII, 
X, V, II), only factors XI and X were decreased in recurrent and both primary and recurrent TB 
patients, respectively (Figure 2 E-F). In contrast, factor VIII and factor V were increased in primary 
TB-patients (Figure 2D) and in both primary and recurrent TB patients (Figure 2G), respectively. 

Systemic anticoagulant pathways are downregulated during pulmonary TB
Activation of coagulation in pulmonary TB was associated with a depression of anticoagulant 
pathways: antithrombin and protein C levels were lower in both primary and recurrent TB 
patients compared to controls (Figure 3A-B). The calculated TATc/protein C ratio was increased 
in primary TB patients (P < 0.001, data not shown), which illustrates a misbalance in pro- and 
anticoagulant factors, representing a net procoagulant state. Levels of protein C inhibitor, a 
sensitive marker for activated protein C (APC) generation17, were significantly decreased in both 
primary and recurrent TB patients (Figure 3C). Total protein S concentrations were slightly 
enhanced in primary TB patients compared to controls (Figure 3D; P < 0.05), whereas free protein 
S was strongly decreased in patients with primary TB (Figure 3E; P < 0.001). Levels of C4b-binding 
protein, which binds protein S18, were increased in both primary and recurrent TB patients when 
compared to controls (Figure 3F; P < 0.001 and 0.01 respectively). In addition, levels of soluble 
endothelial protein C receptor (EPCR) were significantly decreased in both primary and recurrent 
TB patients compared to controls (P < 0.01 for both comparisons; Figure 3G), whereas levels of 
soluble thrombomodulin did not show significant differences between the study groups (Figure 3H). 

Influence of pulmonary TB on endogenous thrombin potential
To investigate the functionality of the detected changes in coagulation factors, we determined 
the endogenous thrombin potential, a measure of the coagulation potential of plasma induced by 
tissue factor19. As shown in Figure 4, the lag-time and time-to-peak were prolonged both in primary and 
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Figure 1. Plasma coagulation is activated during pulmonary TB. Significant increases in (A) plasma 
levels of thrombin-antithrombin complexes (TATc) and (B) D-dimer levels were seen in primary (black 
dots; n = 64) and recurrent (black squares; n = 11) TB patients compared to healthy controls (open dots; 
n = 37). In addition, primary and recurrent TB-patients showed strongly elevated levels of fibrinogen when 
compared to healthy controls (C). In addition, increases in (D) prothrombin time (PT) and (E) activated 
partial thromboplastin time (aPTT) were detected in both primary and recurrent TB patients as compared 
to controls. Data are expressed as dot plots with medians. *P < 0.05, **P < 0.01, ***P < 0.001 for the 
difference between primary TB and recurrent TB patients versus controls.

Figure 2. Clotting factors in plasma during pulmonary TB. 
Clotting factors (F) (A) VII, (B) X, (C) FII, (D) V, (E) XI, (F) IX and 
(G) VIII were measured and expressed in percentages of change 
compared to normal pooled plasma. Primary (black dots; n = 64) 
and recurrent (black squares; n = 11) TB patients were compared 
with healthy controls (open dots; n = 37). Data are expressed as 
dot plots with medians. *P < 0.05, **P < 0.01, ***P < 0.001 for the 
difference between primary TB and recurrent TB patients versus 
controls. #P < 0.05 for the difference between primary and recurrent 
TB patients.

2
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Figure 3. Systemic anticoagulant pathways are downregulated during pulmonary TB. Both primary 
(black dots; n = 64) and recurrent (black squares; n = 11) pulmonary TB was associated with a decrease in 
(A) antithrombin and (B) protein C (PC) when compared to healthy controls (open dots; n = 37). Levels of 
protein C inhibitor (PCI; C) were strongly decreased both in primary and recurrent TB patients. Levels of 
(D) total protein S (PS tot) and (E) free protein S (PS free) were elevated in primary, but not in recurrent TB 
patients. In addition, levels of (H) C4b-binding protein (C4bBP) were strongly enhanced in both primary 
and recurrent pulmonary TB patients when compared to healthy controls. Finally, levels of (G) soluble 
endothelial protein C receptor (sEPCR) were significantly decreased in both primary and recurrent TB 
patients when compared to controls, while levels of (H) soluble thrombomodulin (sTM) did not display 
any differences between groups. Data are expressed as dot plots with medians. *P < 0.05, **P < 0.01, 
***P < 0.001 for the difference between primary TB and recurrent TB patients versus controls. Levels of 
antithrombin, protein C, free and total protein S, PCI and C4bBP are expressed in percentages of change 
compared to normal pooled plasma.
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recurrent TB patients (Figure 4A-B), in line with the observed prolonged PTs in these patients. 
In contrast, the peak (Figure 4C) and area-under-the-curve (AUC; Figure 4D) were significantly 
higher in primary TB patients, suggesting that although initiation of coagulation may be delayed, 
the amount of thrombin that can be formed is higher in these patients. These higher amounts of 
thrombin are most likely the result of the affected anticoagulation pathways, since antithrombin is 
an important determinant of the endogenous thrombin potential19. 

Activation and inhibition of systemic fibrinolysis in pulmonary TB
Earlier studies in TB patients demonstrated evidence of activation and inhibition of fibrinolysis, 
as reflected by elevated plasma concentrations of tissue-type plasminogen activator (tPA) and plas-
minogen activator inhibitor type I (PAI-1)10, 11. Our data confirm these results by showing elevated 
tPA levels in both primary and recurrent TB patients in comparison to controls (P < 0.01 and 
< 0.05 respectively; Figure 5A) and elevated levels of α2-antiplasmin in primary TB patients 
(P < 0.001; Figure 5B). No differences in PAI-1 could be detected between the study groups (Figure 5C). 

Activation of the vascular endothelium during pulmonary TB
During proinflammatory conditions, the endothelium becomes activated resulting in attraction 
of leukocytes and thrombus formation20. The large multimer von Willebrand factor, secreted by 
endothelial cells, is an acute phase protein and capable of binding platelets and clotting factors20. 
Under normal circumstances ADAMTS13 (a disintegrin and metalloproteinase with a thrombos-
pondin type 1 motif, member 13) regulates von Willebrand factor levels by proteolytical degrada-
tion of the multimers20. Both primary and recurrent pulmonary TB were associated with decreased 
ADAMTS13 concentrations (P < 0.001 for both groups compared to controls; Figure 6A) and, 
consequently, with enhanced levels of von Willebrand factor antigen (P < 0.001 for both groups, 
Figure 6B), suggesting that pulmonary TB is associated with systemic activation of the vascular 
endothelium.

Systemic coagulation activation in pulmonary TB patients correlates weakly with 
circulating levels of TB biomarkers
We next sought to examine whether the extent of coagulation activation in TB patients was corre-
lated with the plasma levels of established TB biomarkers. For this we used plasma TATc, D-dimer 
and the TATc/protein C ratio as readout for systemic activation of coagulation. As biomarkers, 
we assessed plasma IL-6 and IL-8 (elevated in patients with active TB21), as well as soluble IL-2 
receptor-α, soluble intercellular adhesion molecule 1, soluble tumour necrosis factor receptor type 
1 and type 2 and C-reactive protein (all established markers for severity of disease)21; this analysis 
was restricted to patients with primary TB. In accordance with previous research3, 21, patients with 
TB showed elevated plasma levels of all biomarkers measured (Table 2). Only C-reactive protein 
and both soluble tumour necrosis factor receptor subtypes showed significant yet weak correlations 
with plasma TATc, D-dimer or TATc/PC ratio (Spearman’s rho < 0.35; Table 3). 

2
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Figure 4. Influence of pulmonary TB on endogenous thrombin potential (ETP). Both primary (black 
dots; n = 64) and recurrent (black squares; n = 11) pulmonary TB was associated with an increase in 
(A) lag-time, (B) time-to-peak, (C) peak and (D) area-under-the-curve (ETP) when compared to controls 
(open dots; n = 37). Data are expressed as dot plots with medians. *P < 0.05, ***P < 0.001 for the difference 
between primary and recurrent TB patients versus controls. AUC area-under-the-curve.

Figure 5. Activation and inhibition of systemic fibrinolysis in pulmonary TB. Activation and inhibition 
of systemic fibrinolyis in primary and recurrent TB patients was reflected by elevated plasma concentra-
tions of (A) tissue-type plasminogen activator (tPA) and (B) α2-antiplasmin (α2AP) in primary (black dots; 
n = 64) and recurrent (black squares; n = 11) TB patients compared to healthy controls (open dots; n = 
37). No differences were seen for (C) levels of plasminogen activator inhibitor type I (PAI-1). Data are 
expressed as dot plots with medians. *P < 0.05, **P < 0.01, ***P < 0.001 for the difference between primary 
TB and recurrent TB patients versus controls. Levels of α2AP are expressed in percentages of change 
compared to normal pooled plasma.
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Figure 6. Activation of the endothelium during pulmonary TB. Both primary (black dots; n = 64) and 
recurrent (black squares; n = 11) pulmonary TB was associated with a strong decrease in (A) plasma 
ADAMTS13 and a profound increase in plasma von Willebrand Factor (vWF Ag) levels (B) when compared 
to healthy controls (open dots; n = 37). Data are expressed as dot plots with medians. ***P < 0.001 for the 
difference between primary or recurrent TB patients versus controls. Levels of ADAMTS13 and vWF Ag 
are expressed in percentages of change compared to normal pooled plasma.

Figure 7. Lung TB does not result in enhanced coagulation at the primary site of infection.
In patients (n = 9) BALF of M. tuberculosis positive lung subsegments (black dots) was compared with 
BALF of contralateral control lung subsegments (white dots). With respect to proteins involved in coagu-
lation, only TATc (A) and PAI-1 (B) were detectable, and no differences were found between the infected 
lung subsegment and the contralateral control subsegment. Paired data per patient are shown.

2
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Lung TB is not associated with coagulation activation at the primary site of infection
We next studied the extent of coagulation activation at the primary site of infection. For this we 
performed bilateral BAL in nine patients with negative ZN smears of sputum in whom pulmonary 
TB was confirmed by M. tuberculosis PCR of BALF. BALF was harvested from the area showing an 
infiltrate on the chest X-ray and from the unaffected contralateral site. Of the proteins involved in 
the regulation of coagulation and fibrinolysis measured in plasma, only TATc and PAI-1 were 
detectable in BALF, but no significant differences were found between the infected and 
non-infected lung (Figure 7A-B). 

DISCUSSION

There is ample evidence that acute infection can result in systemic activation of the coagulation 
system4-8. However, knowledge of alterations in the haemostatic mechanism during chronic infec-
tion in general and during pulmonary TB in particular is limited. We here demonstrate that 
pulmonary TB is associated with a net procoagulant state in the circulation, as reflected by enhanced 
activation of coagulation and the vascular endothelium with concurrent impairment of antico-
agulant pathways. Despite this obvious prothrombotic state at the systemic level, TB patients did not 

Table 3. Correlations of plasma TATc, D-dimer and the TATc/protein C ratio with TB biomarkers in 
patients with primary lung TB

Abbreviations: CRP C-reactive protein; IL interleukin; PC protein C; rs Spearman rank coefficient of 
correlation adjusted for multiple comparisons using Bonferroni’s procedure; sICAM-1 soluble intercel-
lular adhesion molecule-1; sIL-2RA soluble interleukin-2 receptor antigen; sTNFR1,2 soluble tumour 
necrosis factor receptor-1 and -2; TATc thrombinantithrombin complexes. Values are median (IQR).
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demonstrate clear evidence for coagulation activation at the primary site of infection. 
Our study is the first to present a detailed analysis of pro- and anticoagulant mechanisms in 
pulmonary TB patients. Using a series of assays we documented a hypercoagulable state in patients 
with TB, as indicated by elevated plasma levels of TATc, D-dimer, and fibrinogen. Moreover, 
prolonged clotting times (PT and aPTT) in this setting of infection are also consistent with 
coagulation activation and a hypercoagulable state. While the increase in PT may be explained by 
the observed decrease in factors VII and X, an explanation for the prolonged aPTT (influenced 
by factors XI, IX, VIII, X, V, II) is more difficult, as only factors XI and X were (moderately) 
decreased while factors VIII and V were increased in TB patients. Possibly, aPTT prolongation 
was the result of the inhibitory effects of high fibrinogen concentrations in TB patients considering 
that hyperfibrinogemia may suppress thrombin generation22. The functionality of these changes was 
evaluated by the endogenous thrombin potential, wherein the prolonged lag-time and time-to-peak in 
TB patients are in accordance with the prolonged PT and aPTT. The higher endogenous thrombin 
potential ‘peak’ levels in TB patients suggest that once coagulation is initiated this response is 
stronger than in healthy controls, which is in line with the higher TATc levels in these patients. Our 
detailed analyses build on previous studies that reported elevated fibrinogen levels in TB patients10, 11. 

Under normal circumstances the coagulation system is balanced by adequate anti-coagulation. 
However, during proinflammatory conditions, such as acute pneumonia and sepsis, derangement 
of anticoagulant mechanisms has been observed both in the lungs and systemically6, 7, 23-25. Apart 
from antithrombin, APC is an important anticoagulant with also coagulation-independent anti-
inflammatory properties26. Activation of protein C into APC is initiated by binding of thrombin to 
thrombomodulin and this activation is strongly augmented by EPCR26. Protein S serves a cofactor 
for protein C27. Our data show that during pulmonary TB anticoagulant pathways are disrupted, as 
we measured significant decreases in antithrombin, protein C, and free protein S. The reduced free 
protein S concentrations can be explained at least in part by the increased levels of C4b-binding 
protein in TB patients since ~70% of protein S circulates in complex with C4b-binding protein18. 
Moreover, we show strongly decreased protein C inhibitor levels in TB-patients. Since this 
protein can be used as a marker for APC-activation17, these data suggest that the availability of APC 
is altered during pulmonary TB. Altogether we provide clear evidence that lung TB is associated 
with an impairment of anticoagulant mechanisms at the systemic level.

Plasma soluble EPCR concentrations were decreased in pulmonary TB patients. Soluble EPCR is 
generated upon shedding from membrane-bound EPCR, which is accelerated under pro-inflam-
matory conditions26. Recently, we found decreased endothelial cell-associated EPCR expression in 
lung granulomas of TB patients28. While membrane-bound EPCR clearly is important for antico-
agulation, the function of soluble EPCR remains to be established. Recent evidence from our labo-
ratory showed that EPCR and the protein C system do not play a role in immune defence against 
M. tuberculosis infection in mice28, suggesting that the procoagulant changes described here are not 
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part of a protective host response mechanism during TB. 
Patients with TB demonstrated elevated circulating levels of tPA (the main activator of plasminogen), 
α2-antiplasmin (the main inhibitor of plasmin) and D-dimer (a fibrin degradation product), pointing 
to both activation and inhibition of fibrinolysis. Our data confirm an earlier study showing increased 
tPA levels in pulmonary TB patients10. However, we could not confirm previous reports on the 
association of elevated plasma levels of PAI-1 (the main inhibitor of plasminogen activators) and 
pulmonary TB10, 11. 

Activation of the vascular endothelium controls the recruitment of leukocytes to the site of infec-
tion, but might induce also a procoagulant environment favouring thrombus formation20. Endothe-
lial cells secrete large von Willebrand factor multimers into the circulation upon activation, which 
are cleaved by ADAMTS1320. Acute severe infections, such as sepsis, has been associated with 
decreased ADAMTS13 activity, resulting in increased von Willebrand multimer levels accompa-
nied by coagulation activation and formation of microthrombi29. We here demonstrate for the first 
time that during pulmonary TB the endothelium becomes activated, as reflected by increased von 
Willebrand factor and decreased ADAMTS13 levels, which are expected to further augment the 
hypercoagulable state in these patients. 

Acute infection of the lower airways is associated with local activation of coagulation7-9, 23, 24. 
We could not demonstrate any significant differences in parameters for coagulation between 
affected and non-affected subsegments of M. tuberculosis infected lungs. We cannot exclude that local 
coagulation activation does occur in patients with lung TB since we studied only a limited number 
of patients with ZN-negative sputa who had limited radiologic abnormalities in their lungs. Based 
on the observed differences in nine patients, it can be calculated that a sample size of 44 and 81 
patients would be required to show a similar but significant difference between affected and 
non-affected subsegments in TATc and PAI-1 levels respectively. In accordance, a previous study 
also reported a trend towards enhanced procoagulant activity in BALF of patients with lung TB30. 
Taken together it is unlikely that local haemostatic alterations are the driving force behind the 
hypercoagulable state at the systemic level in patients with lung TB.  

In conclusion, in this study we demonstrated that pulmonary TB is associated with systemic activa-
tion of coagulation with concurrent impairment of anticoagulant mechanisms, resulting in a net 
procoagulant state. The main parameters indicative for the hypercoagulable state in TB patients 
showed only a weak albeit significant correlation with a number of established TB biomarkers21 
suggesting that coagulation parameters do not fully reflect the extent of disease. Several case reports 
and small series have suggested an association between TB and deep venous thrombosis12-16. The 
observed altered haemostatic balance in our study will indeed favour thrombus formation.
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SUPPLEMENTARY MATERIAL

MATERIALS AND METHODS

Study design and population
In this observational study we aimed to investigate the systemic (Part A) and local (Part B) host 
responses with respect to coagulation, anticoagulation and fibrinolysis during active pulmonary TB. 
For Part A, patients were recruited prospectively in the Tuberculosis Clinic of Chittagong General 
Hospital, Chittagong, Bangladesh and in the Chittagong Medical College & Hospital, Chittagong, 
Bangladesh. Inclusion criteria were: (a) 18-80 years of age; (b) confirmed M. tuberculosis infection; 
(c) ability to give signed and dated informed consent prior to study-specific procedures. Pulmonary 
TB was considered confirmed when at least two out of three sputum samples collected on two 
consecutive days, including an early morning sample, tested positive on Ziehl-Neelsen (ZN)-staining. 
TB-positivity was confirmed by PCR on M. tuberculosis (GeneXpert, Cepheid, Solna, Sweden) in 
the Laboratory of Microbiology in the Academic Medical Center in Amsterdam, the Netherlands. 
Exclusion criteria were: (a) concomitant disease or clinical condition which could interfere with 
the conduct of the study; (b) unwillingness or inability to comply with the study protocol for any 
other reason. Patients were divided into two study groups: patients with a primary pulmonary TB 
who had never been treated for TB before and patients with a recurrent pulmonary TB who had 
been treated for TB in the past. Healthy blood donors were recruited from the Chittagong Medical 
College & Hospital and served as controls. Of all patients and controls blood samples (citrated, EDTA 
and heparinized blood) were taken directly at presentation. 

For Part B patients were recruited prospectively in the Tuberculosis Clinic of Chittagong 
General Hospital, Chittagong, Bangladesh. Inclusion criteria were: (a) 18-65 years of age; (b) 
clinical suspicion of pulmonary TB, according to the WHO-based National Guidelines for Bang-
ladesh1, as presented by persistent cough for three weeks or more, with or without production of 
sputum despite the administration of non-specific antibiotics or if three of the following clinical 
signs and symptoms were present: shortness of breath, chest pain, coughing up of blood, unintended 
weight loss (at least 10% of body weight), loss of appetite, fever (body temperature > 38.5°C), 
night sweats; (c) three consecutive sputum samples tested negative for TB on ZN-staining; (d) 
no TB treatment started; (e) unilateral abnormalities on chest X-ray suspect for TB; (f ) able to 
give signed and dated informed consent prior to any study-specific procedures. Exclusion criteria 
were: (a) concomitant disease or clinical condition which could interfere with the conduct of the 
study, or due to which a bronchoscopy cannot be performed; (b) unwillingness or inability to comply 
with the study protocol for any other reason. All patients were tested for human immunodefi-
ciency virus (HIV) infection by a Determine® HIV 1/2 test (Alere, Tilburg, The Netherlands). 
Of all patients and controls blood samples (citrated, EDTA and heparinized blood) were taken 
directly at presentation, followed by a bilateral bronchoalveolar lavage (BAL) to obtain BALF.  
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We considered it unethical to perform bronchoscopies in patients with ZN-positive sputum 
samples as this would not contribute to the diagnosis; therefore we decided to include ZN-negative 
patients, with a high clinical suspicion for TB. The final diagnosis ‘TB’ was made by ZN-staining 
of BALF or by PCR on M. tuberculosis (GeneXpert) of BALF. The aim of Part B of this study was 
to compare BALF from a diseased lung subsegment with BALF from a control lung subsegment in 
the same patient. Before the bronchoscopy was performed, the exact location of the diseased lung 
subsegment was identified by a chest X-ray. Then, a bilateral BAL was performed by well-qualified 
pulmonologists in a standardized fashion according to the guidelines of the American Thoracic 
Society, using a flexible direct bronchoscope (Olympus type C30C, P20D and P40, Shinjuku, 
Tokyo, Japan). Eight successive 20-mL aliquots sterile saline 0.9% were instilled at the uninfected 
side in a subsegment of the middle lobe or lingula and aspirated immediately with low suction. 
This was immediately followed by instillation and aspiration of the same amount of aliquots in the 
contralateral, diseased lung subsegment. The study was approved by the National Research Ethics 
Committee (NREC), Bangladesh Medical Research Council, Bangladesh and the Oxford Tropical 
Research Ethics Committee, University of Oxford, Oxford, UK (OXTREC 35-09). Written informed 
consent was obtained from all study subjects or next-of-kin by a native Bengali speaker.

Assays
BALF was centrifuged at 300 g for ten minutes. Blood was centrifuged at 1500 g for ten minutes. 
Supernatants were snap-frozen in liquid nitrogen and stored at -80ºC until analysis. All coagula-
tion assays were performed in citrated plasma, cytokine measurements were performed in EDTA-
plasma. Prothrombin time (PT), activated partial thromboplastin time (aPTT), α2-antiplasmin, 
antithrombin, and coagulation factor II, V, VII, VIII, IX, X and XI activity, and D-dimer levels 
were measured using an automated blood coagulation analyzer (BCS® XP, Siemens Healthcare 
Diagnostics, Marburg, Germany) using reagents and protocols of the manufacturer. Fibrinogen 
levels were derived from the change in optical signal in the PT. ADAMTS13 (a disintegrin and 
metalloproteinase with a thrombospondin type 1 motif, member 13) activity was determined 
as described2. Thrombin-antithrombin complexes (TATc; Affinity Biologicals, Ancaster, Ontario, 
Canada), soluble endothelial protein C receptor (R&D systems, Minneapolis, MN) and soluble throm-
bomodulin (Cell Sciences, Canton, MA) were measured using commercial available enzyme-linked 
immunosorbent assays (ELISA). Protein C activity was measured by a kinetic assay (Coamatic, 
Chromogenix, Mölndal, Sweden). Total Protein S and von Willebrand factor-antigen levels were 
determined with in-house ELISAs using antibodies from Dako (Glostrup, Denmark). Free Protein 
S was measured by precipitating the C4b-binding protein-bound fraction with polyethylene glycol 
8000 and measuring the concentration of free Protein S in the supernatant. C4b binding protein levels 
were determined by ELISA using a combination of monoclonal antibodies against C4b binding protein 
(8C11 and horse-radish peroxidase labeled 9H10)3. Protein C inhibitor (PCI) was determined by 
ELISA using a monoclonal antibody against PCI (API-93) as capturing antibody and rabbit poly-
clonal anti-PCI serum as secondary antibody4. Levels of PAI-1 and tPA were measured by ELISA 
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as described earlier5-7. Endogenous thrombin potential and associated measurements (lag time, 
time-to-peak, peak, area-under-the-curve) were assayed on the Calibrated Automated Thrombo-
gram (Fluoroskan Ascent, ThermoLab systems, Helsinki, Finland) and Thrombinoscope software 
(Thrombinoscope BV, Maastricht, The Netherlands) as previously described8. Coagulation was 
triggered by recalcification in the presence of 5 pM recombinant human tissue factor (Innovin®, 
Siemens, Marburg, Germany), 4 μM phospholipids and 417 μM fluorogenic substrate Z-Gly-Gly-Arg-
AMC (Bachem, Bubendorf, Switzerland). In BALF, only antithrombin, α2-antiplasmin, D-dimer, 
protein C activity, total and free protein S, protein C inhibitor, PAI-1, TATc and von Willebrand 
factor Ag were measured. Levels of the following cytokines, chemokines and other inflammatory 
markers were measured in plasma by a multiplex assay (Luminex, Austin, TX) using reagents from 
Bio-Rad (Bio-Rad Laboratories Veenendaal, The Netherlands): IL-6, chemokine (C-X-C motif ) 
ligand (CXCL) 8, soluble IL-2 receptor subunit-α (sIL-2RA), soluble intercellular adhe-
sion molecule 1 (sICAM-1), soluble TNF receptor-1 and -2 (sTNFR1, sTNFR2). C-reactive pro-
tein (CRP) was measured in heparinized plasma samples with the C-Reactive Protein Gen.3 test 
kit (Roche Diagnostics, Mannheim, Germany), an immunoturbidimetric method, on the Hitachi 
Modular P-800 module (Hitachi, Hitachinaka, Japan).
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ABSTRACT

Background and objective
The protein C (PC) system is an important regulator of both coagulation and inflammation. 
Activated PC (APC), together with its receptor the endothelial protein C receptor (EPCR), has 
anticoagulant and anti-inflammatory properties. During tuberculosis (TB), a devastating chronic 
pulmonary disease caused by Mycobacterium (M.) tuberculosis, both a local inflammatory reaction 
characterized by the recruitment of mainly mononuclear cells and the formation of pulmonary 
granulomas as well as activation of coagulation occurs as part of the host immune response. 

Methods
We investigated the role of EPCR and APC in a mouse model of TB using mice overexpressing 
EPCR (Tie2-EPCR), mice deficient for EPCR (EPCR-/-), mice treated with APC-inhibiting 
antibodies and mice overexpressing APC (APChigh) and compared them with wild type (WT) 
mice. Blood and organs were harvested to quantify bacterial loads, cellular influxes, cytokines, 
histopathology and coagulation parameters. Additionally observation studies were performed.

Results
Lung EPCR expression was upregulated during experimental TB. No significant differences 
in bacterial growth were seen between WT and Tie2-EPCR mice. However, Tie2-EPCR mice had 
decreased pulmonary coagulation activation, displayed an increased influx of macrophages 2 and 
6 weeks after infection, but no increase in other proinflammatory markers. On the other hand, in 
EPCR-/--mice coagulation activation was decreased 6 weeks post-infection, with little impact on 
other inflammation markers. APC-overexpression or treatment with anti-(A)PC antibodies displayed 
minimal effects during experimental TB.

Conclusions
EPCR and APC play a limited role in the host response during experimental pulmonary TB.



49

EPCR and APC in experimental tuberculosis

INTRODUCTION

Tuberculosis (TB) is one of the most widespread infectious diseases worldwide, with one-third 
of the world population being infected with the causative agent Mycobacterium (M.) tuberculosis1, 2. 
In 2011, the incidence of TB was 8.8 million worldwide and 1.5 million people died from this 
disease1. Most infected individuals fail to progress to clinical disease because, due to a strong 
protective T helper -1 (TH1) response, the tubercle bacilli remain dormant inside granuloma, tissue 
nodules consisting of infected macrophages surrounded by lymphocytes and a fibrotic capsule2. 
 M. tuberculosis bacilli that are not fully eradicated from the lungs remain a potential danger to the 
infected individual2, 3. Hence, there is a clear need to increase our understanding of host defense 
mechanisms during TB.

Ample evidence exists about the close relationship between inflammation and coagulation4. The 
pro-inflammatory response may evoke coagulation activation, while coagulation factors can act 
pro-inflammatory. Activated protein C (APC), one of the major endogenous anticoagulants by vir-
tue of its capacity to inactivate coagulation factors Va and VIIIa, has drawn a lot of attention due to 
its concurrent anti-inflammatory, cytoprotective properties5. APC results from protein C (PC) acti-
vation by thrombin in a thrombomodulin (TM)-dependent way, a reaction that is accelerated dramati-
cally when PC binds to the endothelial protein C receptor (EPCR)6, 7. When bound to EPCR and 
protease activated receptor (PAR)-1, APC can exert anti-inflammatory, anti-apoptotic and barrier 
protective signals in endothelial cells5. EPCR was originally identified as a transmembrane endothe-
lial receptor, but has also been detected in a number of other cell types including neutrophils, mono-
cytes, eosinophils, vascular smooth muscle cells and renal tubular epithelial cells7-9. Previous studies 
have provided evidence for a role for EPCR during sepsis. Inhibition of EPCR-binding of PC and 
APC with EPCR-blocking antibodies was found to exacerbate the septic response in baboons10, 

11. Conditional EPCR-gene deletion, resulting in absent EPCR on vascular membranes, exagger-
ated the host responses to LPS, reflected by more thrombin and cytokine generation, neutrophil 
sequestration in the lung and a higher mortality rate, which was primarily due to deficiency of EPCR 
on non-hematopoietic cells12. On the contrary, mice overexpressing EPCR that were consequently 
generating more APC in response to thrombin, were protected against LPS challenge13. 

Previous research in pulmonary TB patients has demonstrated a hypercoaguable state during 
this disease, with elevated plasma fibrinogen levels and increased platelet aggregation14, 15, activa-
tion of fibrinolysis as reflected by increased levels of tissue-type plasminogen activator (tPA) and 
plasminogen activator inhibitor-1 (PAI-1)14 and downregulation of anticoagulant factors such 
as antithrombin and PC15. Furthermore, in vitro studies demonstrated that APC may play an 
important role during pulmonary TB. Mice with a mutation in the TM-gene resulting in minimal 
capacity for APC generation (TMpro/pro-mice) demonstrated uncontrolled lung inflammation, 
including higher lung weights, a diminished capacity to form well-shaped granulomas and elevated 
levels of pro-inflammatory cytokines, which was accompanied by a reduced survival16. Of note, 
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TMpro/pro-mice have an intact lectin-like domain of thrombomodulin17, of which host-protective, 
anti-inflammatory effects have been described as well18, 19. Little knowledge exists about the possible 
direct role of APC and its receptor EPCR during pulmonary TB. In the present study we analyzed 
coagulant and inflammatory responses in the lungs of EPCR-overexpressing mice after intranasal 
infection with live virulent M. tuberculosis and compared these with reactions in normal wild 
type (WT) mice. Additionally, we analyzed host responses in EPCR-deficient mice, mice treated 
with APC inhibiting antibodies, inhibiting both the anticoagulant and inflammatory functions of 
APC or only the anticoagulant function of APC, and mice overexpressing APC.

MATERIALS AND METHODS

Patients
Lung tissues of pulmonary TB-patients (N = 8; mean age 62 years(y), range 32-85y; 38% male) 
were obtained after partial lobectomy (N = 2) or from post-mortem samples (N = 6) of patients 
who died from (disseminated) TB or TB-related causes. TB infection was confirmed in these tissues 
by Ziehl-Neelsen (ZN) positive staining for acid-fast bacilli. Control tissues (N = 10; mean age 57y, 
range 18-77y; 50% male) were obtained from patients after (partial) lobectomy because of (suspicion 
of ) lung cancer or pulmonary metastases. Control tissues were free of signs of pulmonary infection 
or cancer, as confirmed by reviewing all cases by a qualified histopathologist.

Mice 
Pathogen-free 8-10-week old female WT C57BL/6 mice were purchased from Charles River 
(Maastricht, The Netherlands). Mice overexpressing EPCR (Tie2-EPCR) and mice condi-
tionally knockout for the EPCR-gene (EPCR-/-) were generated as described13, 20. Overexpression 
of EPCR was achieved by placing the expression of the EPCR-gene under a Tie-2 promoter13. 
Meox2+/cre Procr-/- mice (abbreviated as EPCR-/- mice) were generated as described20. Briefly, via a 
conditional knockout system (cre-Lox) the EPCR-gene was deleted in embryos while the neces-
sary EPCR-expression on placental giant trophoblasts was left intact, enabling the embryos 
to be carried to term and to develop normally20. APChigh mice were generated as described21. 
All strains were backcrossed on a C57BL/6 background for at least 6 times. Mice were maintained 
at the animal care facility of the Academic Medical Center (University of Amsterdam), according 
to national guidelines with free access to food and water. The Animal Care and Use of Committee 
of the University of Amsterdam approved all experiments.

Monoclonal antibodies
Endogenous (A)PC was blocked with the use of the rat monoclonal antibody (mAb) MPC1609 
and mAb MAPC1591 as previously described22, 23. The class-matched antibody MCO1716, 
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targeted against the keyhole limpet hemocyanin protein, was used as control treatment. Both 
MPC1609 and MAPC1591 inhibit APC anticoagulant activity in vivo, whereas MPC1609 also 
inhibits APC signaling effects22, 23. Antibodies were dialyzed using a 3.5kDa Slide-A-Lyzer dialysis 
cassette (Thermo Scientific, Rockford, IL) to remove buffer components. Antibodies were injected 
intraperitoneally (200 µg in 200 µL NaCl0.9%) 30 minutes before infection which was repeated 
three times a week during the course of the experiment. 

Experimental infection
A virulent laboratory strain of M. tuberculosis (Erdman) was grown in liquid Dubos medium 
containing 0.01% Tween-80. A replicate culture was incubated at 37°C, harvested at mid-log phase 
and stored in aliquots at -70°C. For each experiment, a vial was thawed and washed with sterile 
NaCl0.9%. TB was induced as described previously 24, 25. Briefly, mice were anesthetized by isoflu-
rane inhalation (Abott Laboratories, Kent, UK) and infected intranasally with 150 CFU of viable 
M. tuberculosis in 50µL NaCl0.9%. The inoculum was placed on Middlebrook 7H11-plates imme-
diately after inoculation to determine viable counts. Groups of 8 mice per time-point were sacrificed 
2 or 6 weeks after infection. In addition, survival studies were performed with an observation period 
of 46 weeks. After this period, surviving mice were euthanized to obtain insight in the role of EPCR 
in chronic infection. Organs were processed as described previously16, 25, 26. Briefly, lungs and liver 
were removed aseptically and homogenized in 5 volumes of sterile NaCl0.9%. Ten-fold dilutions 
were plated on Middlebrook 7H11-plates to determine bacterial loads. Colonies were counted after 
21 days incubation at 37°C. Numbers of CFU were provided per mL of lung or liver homogenate. 

Lung histology and immunohistology of patients and mice
Lung tissues of TB-positive patients and controls were removed, fixed in 10% formalin for 24h 
and embedded in paraffin. Lungs of mice infected with M. tuberculosis were removed 2, 6 or 46 
weeks after infection, fixed in 10% formalin for 24h and embedded in paraffin.  Of both human and 
mouse lung tissues 4 μm-thick sections were stained with hematoxylin and eosin (H&E) and ZN. For 
mice studies H&E-stained slides were coded and scored from 0 (absent) to 4 (most severe) for the 
following parameters: interstitial inflammation, endothelialitis, peri-bronchitis, edema, granuloma 
formation and pleuritis by a pathologist without knowledge of the genotype of mice or treatment16, 

25, 26. The total ‘lung inflammation score’ was expressed as the sum of the scores for each parameter, 
the maximum being 24. Confluent (diffuse) inflammatory infiltrate was quantified separately and 
expressed as percentage of the lung area. Immunohistochemical detection of membrane-bound (m)
EPCR on human and mouse tissues was done as described27-29. Briefly, for human stainings after 
quenching endogenous peroxidase activity and blocking nonspecific binding, slides were incubated 
with a monoclonal goat-anti-human EPCR antibody (mAb1489) as primary antibody, followed by 
polymer mouse-anti-goat-HRP (Immunologic, Duiven, The Netherlands) as secondary antibody. 
Slides were developed using 3,3’-diaminobenzidine-tetrahydrochloride (DAB; Sigma, St Louis, 
MO). For stainings of mouse tissue, slides were incubated with a goat anti-mouse EPCR poly-
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clonal antibody (GT262) as primary antibody, followed by rabbit-anti-goat IgG (SouthernBiotec, 
Birmingham, AL) as secondary antibody and polymer anti-rabbit-HRP (Immunologic, Duiven, The 
Netherlands) as a tertiary antibody. Slides were counterstained with methylgreen (Sigma-Aldrich, 
St. Louis, MO). The total tissue area of the mEPCR-stained slides was scanned with a slide scanner 
(Olympus dotSlide, Tokyo, Japan) and the obtained scans were exported in TIFF-format for digital 
image analysis. The digital images were analyzed with ImageJ (version 2006.02.01, NIH, Bethesda, 
MD) and the immunopositive (EPCR+) area was expressed as the percentage of the total lung 
surface area.  

Flow cytometry
Lung cell suspensions were obtained by crushing lungs through a 40-μm pore-size cell strainer 
(BD, San Jose, CA) as described previously16, 25, 26. Erythrocytes were lysed using ACK lysing buffer 
(BioWhittaker, Verviers, Belgium); the remaining cells were washed twice with FACS-buffer (phos-
phate buffered saline (PBS) supplemented with 0.5% BSA, 0.01% NaN3 and 0.35 mM EDTA) and 
counted using a haemocytometer. Cells were brought to a concentration of 1 x 107 cells/mL in FACS-
buffer. Immunostaining for cell-surface molecules was performed for 30 minutes at 4°C using 
directly labeled antibodies against CD3 (CD3-phycoerythrin), CD4 (CD4-allophycocyanin),  
CD8 (CD8-peridinin chlorophyl protein) or GR-1 (GR-1-fluorescein isothiocyanate (FITC)). 
All antibodies were used in concentrations recommended by the manufacturer (BD Pharmingen, 
San Diego, CA). After staining, cells were fixed in 2% paraformaldehyde and the percent-
ages of cells were determined by flow cytometric analysis using a fluorescence-activated cell sorter 
(FACS Calibur; Becton Dickinson Immunocytometry Systems, San Jose, CA). The percentages of 
polymorphonuclear cells (PMNs), macrophages and lymphocytes were determined using GR-1 
expression (GR-1 high, intermediate and low, respectively) and T-cell surface proteins were 
analyzed on CD3+ cells within the lymphocyte gate. 

Assays
For cytokine measurements, organ homogenates were diluted 1:2 in lysis buffer containing 300 
mM NaCl, 30 mM Tris, 2 mM MgCl2, 2 mM CaCl2, 1% Triton X-100 and protease inhibitor cock-
tail (Roche, Indianapolis, IN) and incubated on ice for 30 min. Homogenates were centrifuged at 
1500g at 4°C for 15 min and supernatants were sterilized using a 0.22μm pore-size filter (Corning 
Inc., Corning, NY) and stored at -20°C until analysis. Mouse lung EPCR-levels were measured 
as described30, using monoclonal rat-anti-mouse EPCR (Mab1560) as capture antibody and poly-
clonal goat-anti-mouse EPCR (GT262) as detection antibody. Levels of interferon (IFN)-γ, tumor 
necrosis factor (TNF)-α, interleukin (IL)-1b, IL-4, IL-6, IL-10, keratinocyte-derived chemokine 
(KC) and macrophage inflammatory protein (MIP)-2 were measured by ELISA according to 
the manufacturer’s instructions (R&D Systems, Minneapolis, MO). Thrombin-antithrombin 
complexes were assayed with an ELISA from Siemens Healthcare Diagnostics (Marburg, Germany).
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Statistical analysis
All data are expressed as box and whisker plots showing the smallest observation, lower quartile, 
median, upper quartile and largest observation. Comparisons between groups were performed 
using a Mann-Whitney U test. All analyses were done using GraphPad  Prism version 5.01 (Graph-
Pad Software, San Diego, CA). P-values < 0.05 were considered statistically significant.

RESULTS

Tissue EPCR expression during human pulmonary TB
The lungs are the primary site of infection during human TB3, 31, although also systemic effects on 
inflammation and coagulation can be observed in these patients2, 3, 14, 15, 31, 32. In order to inves-
tigate the effects of EPCR during human pulmonary TB, we measured cell-associated mEPCR 
expression in lung tissues of proven TB-infected patients and compared them with control lung 
tissues. Overall, expression of mEPCR in lung tissues of TB-infected patients was similar to controls 
(Figure 1A). However, TB-infected lungs showed markedly diminished mEPCR inside granu-
loma. This was present in all patients studied. Figure 1B-G show representative photographs of 
respectively EPCR, H&E and ZN-stained slides (original magnification x100) of control (B-D) 
and TB-infected (E-G) lung tissues.

EPCR-expression is upregulated in murine TB
Considering that it is not feasible to study the role of EPCR at tissue level during human TB, 
we used our well established mouse model of intranasal inoculation with live M. tuberculosis to 
induce pulmonary TB16, 25, 26. Mice were sacrificed after 2, 6 and 46 weeks and EPCR protein levels 
in whole lung homogenates, indicative of the sum of m- and sEPCR in the pulmonary compart-
ment, were measured. Pulmonary TB was associated with a significant increase in EPCR levels 
in lung homogenates at 6 and 46 weeks after inoculation (for both time points P < 0.05 versus 
uninfected mice; Figure 2A). Next, we assessed expression of mEPCR in lung tissue slides of WT 
and Tie2-EPCR mice 2, 6 and 46 weeks after inoculation and compared them with uninfected WT 
and Tie2-EPCR mice respectively. Compared to uninfected mice, both infected WT and Tie2-
EPCR mice displayed significantly increased lung mEPCR-expression (Figure 2B). Figure 2C-J show 
representative photographs of lung tissues stained for mEPCR (original magnification x100) of un-
infected mice (2C, G) and mice with pulmonary TB (all other). WT mice (2C-F) were compared 
with Tie2-EPCR mice (2G-J), 2, 6 and 46 weeks after infection. Clearly, mEPCR was abundantly 
present in lung tissue of Tie2-EPCR mice, showing mEPCR-positive staining not only in small 
arterioles but also in lung capillaries (2G-J). Together, these data indicate that during murine 
pulmonary TB EPCR is upregulated, suggesting an important role for this receptor in the host 
defense against this pathogen.
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Overexpression of EPCR has limited effects on mycobacterial growth and dissemination
Our experimental model of TB is associated with marked mycobacterial growth in the lungs and 
with bacterial dissemination to distant sites, such as the liver16, 25, 26. To investigate whether overex-
pression of EPCR impacts on pulmonary bacterial growth we infected WT and Tie2-EPCR mice 
with viable M. tuberculosis and determined mycobacterial loads in the lungs 2 and 6 weeks after 
infection. No significant differences were seen in bacterial loads in the lungs between WT and Tie2-
EPCR mice at either time point (Figure 3A). To study the dissemination of M. tuberculosis, myco-
bacterial loads were measured in liver homogenates. No differences were seen between WT and 
Tie2-EPCR mice (Figure 3B). Finally, to examine a possible role for EPCR in chronic infection and 
to find out whether overexpression of EPCR impacted on survival, mice were followed during a 46 
weeks observation period. During this period, 8 out of 18 animals died in the WT group, while 12 

Figure 1. EPCR in human lung tissues. Human EPCR-staining of lung tissues of TB-positive patients (N 
= 8) compared with control lung tissues of uninfected patients (N = 10), as described in the Methods section 
(A). Stained areas are presented as the percentage of the total lung surface area. Data are expressed as 
box and whisker plots showing the smallest observation, lower quartile, median, upper quartile and largest 
observation (Mann-Whitney U test). Representative photographs of uninfected control tissues (B-D) and 
TB-infected tissues (E-G), clearly showing well-defined granuloma, stained for human mEPCR (B and E 
respectively), H&E (C, F) and Ziehl-Neelsen (D, G) (original magnification 100x, inset 400x).
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out of 19 Tie2-EPCR mice died (P=0.24). In the remaining mice mycobacterial loads were similar 
in lungs (Figure 3A) and liver (Figure 3B) of both mouse strains. These data indicate that overex-
pression of EPCR has little impact on bacterial growth and host survival during experimental TB.

EPCR-overexpression reduces lung coagulation activation during pulmonary TB
Considering the important role for EPCR in the regulation of hemostasis7, we next wondered 
whether EPCR-overexpression would impact on activation of coagulation. Therefore TATc, a para-me-
ter of coagulation-activation, was measured in lung homogenates and plasma of WT and Tie2-

Figure 2. EPCR-expression is upregulated in murine TB. Mice were inoculated with 150 CFU of M. 
tuberculosis (Erdman strain) and sacrificed after 2, 6 and 46 weeks. After 6 and 46 weeks, TB-infected 
mice had increased levels of EPCR in their lungs when compared to uninfected WT mice (A). Immunohis-
tochemical staining of uninfected and M. tuberculosis -infected lung tissues showed increased mEPCR-
positive staining after 2 and 46 weeks of infection in WT mice when compared to uninfected WT mice 
and after 2, 6 and 46 weeks of infection in Tie2-EPCR mice when compared to uninfected Tie2-EPCR 
mice (B). Representative mEPCR-staining of lung tissue of WT (C-F) and Tie2-EPCR (G-J) mice, 0 (unin-
fected), 2, 6 and 46 weeks after infection (magnification 100x). Data are expressed as box and whisker 
plots showing the smallest observation, lower quartile, median, upper quartile and largest observation. 
Grey boxes represent WT mice, white boxes represent Tie2-EPCR mice. N = 4 (uninfected mice), 8 (2 and 
6 weeks time point) or 7-9 (46 weeks time point) mice per group. *P < 0.05 and **P < 0.01 for infected (2, 
46 w) versus uninfected WT mice, $$P < 0.01 for infected (2, 6, 46 w) versus uninfected Tie2-EPCR mice 
(Mann-Whitney U test).
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EPCR mice 2, 6 and 46 weeks after inoculation with M. tuberculosis (Figure 4A-B). Clearly, after 6 
weeks of infection, EPCR-overexpression reduced coagulation activation as reflected by decreased 
levels of TATc, in lung homogenates of Tie2-EPCR mice (median 9.7 versus 7.0 in WT; P < 0.01; 
Figure 4A). Furthermore, in plasma TATc levels both in WT and Tie2-EPCR mice did not rise 
until the chronic phase of disease, after 46 weeks of infection (Figure 4B).

EPCR-overexpression does not impact on lung histopathology
To investigate whether overexpression of EPCR was accompanied by altered lung inflammation 
during murine TB, we performed histopathologic analyses of lung tissue slides prepared from WT 
and Tie2-EPCR mice 2, 6 and 46 weeks after infection. At all time-points, both groups displayed 
equal levels of granulomatous inflammation, which was hardly visible after 2 weeks of infection, but 

Figure 3. Overexpression of EPCR does not affect mycobacterial growth and dissemination and 
has no impact on survival. Mycobacterial loads in lungs (A) and liver (B) of wild type (WT; grey boxes) 
and Tie2-EPCR mice (white boxes), 2, 6 and 46 weeks after intranasal infection with 150 CFU of M. tuber-
culosis (Erdman strain). Mice were followed during a 46 weeks observation period. During this period, 8 
out of 18 animals died in the WT group, while 12 out of 19 Tie2-EPCR mice died, which was not significant 
(P = 0.24). Data are expressed as box and whisker plots showing the smallest observation, lower quartile, 
median, upper quartile and largest observation (Mann-Whitney U test). Grey boxes represent WT mice, 
white boxes represent Tie2-EPCR mice. N = 8 (2 and 6 weeks time point) or 7-9 (46 weeks time point) mice 
per group.

Figure 4.  EPCR-overexpression hampers lung coagulation activation during pulmonary TB.
TATc levels in lung homogenates (A) and plasma (B). WT (grey boxes) and Tie2-EPCR mice (white boxes) 
were inoculated with 150 CFU of M. tuberculosis (Erdman strain) and sacrificed after 2, 6 and 46 weeks. 
After 6 weeks TB-infected mice had significantly decreased levels of TATc in their lungs when compared 
to WT mice (A). Data are expressed as box and whisker plots showing the smallest observation, lower 
quartile, median, upper quartile and largest observation. N = 8 (2 and 6 weeks time point) or 7-9 (46 
weeks time point) mice per group. **P < 0.01 for WT versus Tie2-EPCR mice (Mann-Whitney U test).
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increased in extent and severity after 6 and 46 weeks of infection. In line, total pathology scores were 
also similar after 2 and 6 weeks of infection, while after 46 weeks the pulmonary inflammation was 
so extensive that it was impossible to reliably determine pathology scores (Figure 5A). The percen-
tages of inflamed lung area did not differ significantly between WT mice and Tie2-EPCR mice 
either (Figure 5B). Figure 5C-H show representative photographs of lung histology of WT (5C-E) 
and Tie2-EPCR mice (5F-H) 2, 6 and 46 weeks after infection with M. tuberculosis.

Cellular composition of lung infiltrates in WT and Tie2-EPCR mice
To obtain more insight into the cellular composition of the pulmonary infiltrates in WT and 
Tie2-EPCR mice, we prepared whole lung cell suspensions at 2 and 6 weeks after infection and deter-
mined subsets of inflammatory cells by FACS-analysis (Table 1). For all time points, total leukocyte 
counts were similar in both WT and Tie2-EPCR mice. After 2 and 6 weeks of infection with 
M. tuberculosis Tie2-EPCR mice had significantly increased percentages of macrophages in their 
lungs as compared to WT mice (P < 0.001 and P < 0.05 for 2 and 6 weeks respectively). Percentages of 
PMNs and lymphocytes were similar after 2 and 6 weeks of infection in both WT and Tie2-EPCR 
mice. As CD4+- and CD8+-lymphocytes are important cells in the host response during TB31, we 
analyzed whole-lung CD3+-lymphocytes with respect to expression of CD4 and CD8. The percent-
ages of CD3+/CD4+ and CD3+/CD4+ lymphocytes were similar in both groups at all time points 
(Table 1).

Cytokine and chemokine response during experimental TB
Cytokines and chemokines play a pivotal role in the regulation of the immune response to TB2, 31, 33. 
Therefore we measured the concentrations of TH1 cytokines (IFN-γ, TNF-α), TH2 cytokines (IL-4, 
IL-6, IL-10), IL-1b and chemokines (MIP-2, KC) in lung homogenates obtained 2, 6 and 46 weeks 
after infection. The concentrations of all mediators were similar in lungs of WT and Tie2-EPCR 
mice at all time points (Table 2).

Deficiency of EPCR, APC-overexpression or selective inhibition of (A)PC has limited 
impact on bacterial growth, inflammation and coagulation during experimental pulmonary TB 
Previous studies using mice with limited APC generation (TMpro/pro-mice) demonstrated that 
APC may contribute to a protective phenotype with respect to bacterial loads in lung and liver 
homogenates, lung inflammation and levels of pro-inflammatory cytokines16. By using EPCR-/-

-mice, APChigh-mice and mice treated with (A)PC blocking antibodies we aimed to further investi-
gate the impact of EPCR and APC on experimental pulmonary TB. After intranasal inoculation, 
mice were sacrificed after 6 weeks and bacterial loads were counted in lung and liver homogenates 
(Figure 6A-B). Only in EPCR-/--mice bacterial loads in liver homogenates were significantly higher 
when compared to WT mice (Figure 6B; P < 0.01). Lung bacterial loads were similar in WT mice 
when compared to EPCR-/--mice, APChigh-mice or mice treated with anti-(A)PC antibodies 
(Figure 6A). Next, to find out whether deficiency of EPCR, overexpression of APC or inhibition 
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of (A)PC would impact on lung histology, we measured mean lung histology scores and percent-
ages of lung inflammation. No differences in mean lung histology score were seen between WT 
and mutant mice (Figure 6C). However, EPCR-/--mice and mice in which both the anticoagulant 
and cytoprotective function of APC were blocked with a monoclonal antibody (MPC1609) 
displayed a significantly enhanced percentage of lung inflammation when compared to WT and 
control mice respectively (Figure 6D; P < 0.05 for both comparisons). Then, to show whether 
EPCR-deficiency, APC-overexpression or blockage of (A)PC would impact on lung coagulation, 
we measured TATc in lung homogenates. Only EPCR-/--mice had significantly decreased TATc-
levels, when compared with WT mice (Figure 6E; P < 0.01). Finally, we compared total numbers 

Figure 5. EPCR-overexpression does not impact on lung histopathology. Similar mean histological 
scores (A) and percentages of inflammation (B) between WT (grey boxes) and Tie2-EPCR mice (white 
boxes), 2, 6 and 46 weeks after inoculation with M. tuberculosis. Data are expressed as box and whisker 
plots showing the smallest observation, lower quartile, median, upper quartile and largest observation 
(Mann-Whitney U test). N = 8 (2 and 6 weeks time point) or 7-9 (46 weeks time point) mice per group. N.D. 
not determinable. Representative histological sections of lungs of WT (C-E) and Tie2-EPCR mice (F-H), 
infected with 150 CFU of M. tuberculosis 2, 6 and 46 weeks earlier (H&E staining, magnification 100x). 
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of leukocytes in lungs of TB-infected mice. Figure 6F shows that only mice treated with MPC1609 
had significantly increased numbers of total leukocytes compare to mice treated with control 
antibodies (P < 0.01), while other groups did not show any differences (Figure 6F). With respect 
to differential cell counts, none of the experiments showed significant differences in percentages 
of lymphocytes, macrophages or polymorphonuclear neutophils between the experimental groups 
(Table 3). However, EPCR-/--mice did show significantly decreased percentages of CD4+-lympho-
cytes, while APChigh-mice showed decreased numbers of CD8+-lymphocytes (Table 3); P < 0.05 
for both comparisons). Finally, we measured cytokine-levels in EPCR-/--mice, APChigh-mice and in 
mice treated with (A)PC-antibodies. EPCR-/--mice displayed significantly decreased levels of lung 
TNF-α (Supplementary material; Figure 1, P < 0.05). APChigh-mice and mice treated with anti-(A)
PC antibodies did not show any differences in lung cytokines levels when compared to WT mice 
(Supplementary Material; Figure 1). 

3

Table 1. Effects of EPCR-overexpression on total and differential lung cell counts

Total leukocyte counts and differential cell counts in lungs of WT and Tie2-EPCR 2 and 6 weeks after 
intranasal infection with 150 CFU of M. tuberculosis. Percentages of polymorphonuclear cells (PMNs) 
macrophages (Mφs) and lymphocytes were determined on Gr-1 expression (Gr-1 high, intermediate and 
low respectively) and T-cell subsets (CD4+ and CD8+) are presented as the percentage of positive cells in 
the CD3+ gate. Data are expressed as medians ± interquartile ranges of 8 mice per group. *P < 0.05, 
***P < 0.001 versus WT (Mann-Whitney U test).
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Table 2.Effects of EPCR-overexpression on pulmonary cytokine and chemokine levels.

Cytokine and chemokine concentrations in lung homogenates of WT and Tie2-EPCR mice 2, 6 and 
46 weeks after intranasal infection with 150 CFU of M. tuberculosis. IFN-γ interferon-γ; IL interleukin; 
KC keratinocyte-derived chemokine; MIP-2 macrophage inflammatory protein-2; TNF-α tumor necrosis 
factor-α. Data are expressed as medians ± interquartile ranges of 8 (2 and 6 weeks time point) or 7-9 (46 
weeks time point) mice per group.

Table 3. Effects of EPCR deficiency, APC overexpression and anti-(A)PC antibodies on total and differ-
ential lung cell counts.

Total leukocyte counts and differential cell counts in lungs of WT mice compared to mice deficient for EPCR 
(EPCR-/-) mice, mice overexpressing APC (APChigh) mice and mice treated with control antibodies (MCO1716), 
antibodies blocking both the anticoagulant and cytoprotective function of (A)PC (MPC1609) and antibodies 
blocking only the anticoagulant function of (A)PC (MAPC1591), 6 weeks after intranasal infection with 150 
CFU of M. tuberculosis. Percentages of polymorphonuclear cells (PMNs) macrophages (Mφs) and 
lymphocytes were determined on Gr-1 expression (Gr-1 high, intermediate and low respectively) and 
T-cell subsets (CD4+ and CD8+) are presented as the percentage of positive cells in the CD3+ gate. Data 
are expressed as medians ± interquartile ranges of 8 mice per group. *P < 0.05, **P < 0.01 versus WT 
(Mann-Whitney U test).
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Figure 6. Deficiency of EPCR, APC-overexpression or selective inhibition of (A)PC has limited 
impact on bacterial growth, inflammation and coagulation during experimental pulmonary TB.
WT (grey boxes), EPCR-deficient (EPCR-/-) mice (white boxes), APC-overexpressing (APChigh) (white 
dotted boxes) and mice treated with control (MCP1716; grey horizontally stiped boxes) antibodies, anti-
bodies that inhibit both the anticoagulant and cytoprotective function of (A)PC (MPC1609; white horizon-
tally striped boxes) and with antibodies that only inhibit the anticoagulant function of PC (MAPC1591; 
white vertically striped boxes) were inoculated with 150 CFU of M. tuberculosis (Erdman strain) and 
sacrificed after 6 weeks. Bacterial loads in lung (A) and liver (B) homogenates were measured as well 
as lung mean histological scores (C) and percentages of lung inflammation (D). Finally, lung TATc levels 
(E) and total numbers of leukocytes in the lungs (F) were measured. CFU colony forming unit; N number; 
TATc thrombin-antithrombin complex. Data are expressed as box and whisker plots showing the smallest 
observation, lower quartile, median, upper quartile and largest observation. N = 8 mice per group. *P < 
0.05 and **P < 0.01 for WT versus EPCR-/- or APChigh mice or for MCO1716 treated versus MPC1609-
treated mice (Mann-Whitney U test).
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DISCUSSION 

Ample evidence has indicated that during infection coagulation is activated with inhibition 
of anticoagulant pathways, responses that are considered to contain the infection and to prevent 
further dissemination4. EPCR enhances anticoagulation by accelerating activation of PC to APC 
and in addition mediates anti-inflammatory, anti-apoptotic and cytoprotective effects by facilitating 
APC-mediated signaling via PAR-15, 7. In this study we aimed to investigate the role of EPCR and 
APC on the host response during TB by analyzing TB-infected human lung tissues and by using 
our established mouse model of pulmonary TB in which we compared WT mice with mice over-
expressing EPCR. EPCR-overexpression in these mice leads to a more rapid conversion of PC into 
APC13. In theory, increased availability of APC could affect the inflammatory response to TB in 
two ways. Firstly, via deactivation of FVa and FVIIIa, APC provides an anticoagulant environment, 
resulting in fewer microthrombi and, possibly, formation of less well organized granulomas, 
since granulomas are surrounded by an extensive fibrotic capsule which is constructed along a 
scaffold of fibrin, the end product of the coagulation cascade2. Secondly, in accordance with its 
anti-inflammatory, cytoprotective effects, more APC could result in a decreased proinflammatory 
reaction. In this study we demonstrate that EPCR-overexpressing mice displayed decreased activa-
tion of coagulation 6 weeks after infection, which, however, was associated with only small, subtle 
decreases in the inflammatory response during infection with M. tuberculosis.  

Previous clinical and preclinical studies have provided evidence for a role for EPCR during 
infections, including (pneumo)sepsis10-13, 34, 35. It has been hypothesised that during these conditions 
EPCR is downregulated on injured endothelium, which consequently impairs the ability to generate APC. 
For example, in children with meningococcal sepsis endothelial mEPCR levels were lower than those 
in controls36. Downregulation of mEPCR may occur both via inhibition of EPCR gene transcrip-
tion37, 38 or via protease-mediated shedding from the endothelial cell surface39, releasing the soluble 
form of EPCR (sEPCR) in the circulation. In this study we compared human mEPCR expression 
on lung tissues of TB-infected patients with uninfected controls. At first glance, lung tissues of TB-
patients and in particular granulomatous areas of these tissues appeared to be less vascularised and 
seemed to contain fewer ‘larger vessels’ such as arterioles and arteries. This would be suggestive for a 
decrease in mEPCR staining, as EPCR normally only occurs on endothelium of larger vessels, but 
not on capillaries7, 27. However, after comparison of percentages of EPCR positive-stained tissue, 
we were not able to show any differences in lung mEPCR expression between the two groups. Our 
mouse studies showed upregulation of both mEPCR in TB-infected lung tissues and of total EPCR 
levels in whole lung homogenates. In murine TB, upregulation of EPCR is possibly due to increased 
vascularisation of TB-infected lungs, which could be related to the fact that mice, contrary to 
humans, are unable to form well-organized granuloma upon TB-infection2, 40. Furthermore, rodent 
models showed that EPCR mRNA is upregulated potently by thrombin and the mouse EPCR-
gene contains a thrombin response element30. So increased EPCR levels could also be a result of 
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the coagulation activation in plasma we observed after 46 weeks of infection. On the other hand, 
upregulation of EPCR could also be a result of influx of other cell types such as neutrophils or 
monocytes, of which is known that they may express EPCR as well7, 8. 

Clinical studies described activation of the coagulation system in TB-infected patients, together 
with downregulation of major anticoagulant proteins such as antithrombin and PC14, 15. In this 
study, by using EPCR-overexpressing mice, we aimed to influence the procoagulant response and/or 
change the associated proinflammatory phenotype elicited by M. tuberculosis. Our results show that 
EPCR-overexpression indeed induce decreased coagulation activation, as reflected by decreased 
TATc levels in lung homogenates of Tie2-EPCR mice 6 weeks after infection. These data are in line 
with previous studies showing that Tie2-EPCR mice had decreased coagulation activation during 
ventilator-induced lung injury 41 or after FXa administration13. However, our observation that EP-
CR-/--mice showed similar effects on coagulation, 6 weeks after infection, is an interesting finding 
for which we do not have a clear explanation. One explanation could be that in EPCR-deficient mice 
APC cannot bind to EPCR on the endothelium, leading to relatively higher amounts of ‘free’ APC 
in the circulation, which the might favor an anticoagulant environment. Of note, no differences in 
TATc levels were seen between WT and Tie2-EPCR mice 2 and 46 weeks after infection. Interest-
ingly, both in Tie2-EPCR and EPCR-/--mice the differences in coagulation activation were not or 
only to a limited extent associated with other changes in inflammation. Only a mild increased influx 
of macrophages in Tie2-EPCR mice compared to WT mice 2 and 6 weeks after infection could be 
observed, together with enhanced bacterial loads in liver homogenates and increased histopatho-
logical scores 2 weeks after infection in EPCR-/--mice when compared to WT mice. Overexpression 
or deficiency of EPCR did not impact on survival either. These data are in contrast with previous 
studies in murine TB16. Mice with impaired APC generation as a consequence of a mutation in the 
APC-generating domain of TM (TMpro/pro-mice), failed to show any significant differences in TATc 
when compared to WT16. However, TMpro/pro-mice did demonstrate uncontrolled lung inflamma-
tion, including higher lung weights and elevated levels of pro-inflammatory cytokines, indicating 
that at least in this study design the anti-inflammatory properties of APC played a more important 
role than its anticoagulant effects.  Of importance, however, the role of TM in murine TB was 
studied using a different M. tuberculosis strain (H37Rv versus the more virulent Erdman strain used 
here) given at a much higher dose (105 versus 150 CFU in the present study)16. 

In order to further investigate the impact of the protein C system on the host response against M. 
tuberculosis, we used APChigh-mice21 and treated mice with antibodies that inhibit both the antico-
agulant and cytoprotective function of (A)PC or only the anticoagulant function of PC22. Our data 
show that overexpression of APC did not impact on coagulation or inflammation during murine 
TB. This is in contrast with earlier studies demonstrating protective effects of APC overexpres-
sion against diabetic nephropathy21 or with studies from our own laboratory demonstrating detri-
mental effects of APC-overexpression during murine melioidosis with respect to bacterial growth, 
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neutrophil influx and release of proinflammatory cytokines42. Furthermore, treatment with anti-
bodies inhibiting both the (endogenous) anticoagulant and cytoprotective function of APC 
(MPC1609) showed subtle differences in inflammatory markers when compared with treatment 
with control antibodies. In particular, MPC1609-treated mice displayed increased lung inflamma-
tion scores 6 weeks after infection and had higher influxes in total numbers of leukocytes in their 
lungs when compared to mice treated with control antibodies. These results are in accordance with 
recent data from our own laboratory showing increased levels of the pro-inflammatory cytokine IL-6 
and increased bacterial loads in MPC1609-treated mice during E. coli peritonitis43. Our results fail 
to show a phenotype for MAPC1591-treated mice in which only the anticoagulant function is 
inhibited, indicating that mainly the cytoprotective and not the anticoagulant activity of (A)PC 
is involved in the pro-inflammatory changes in these mice.  Both in MPC1609 and MAPC1591-
treated mice no differences in coagulation activation were seen when compared to treatment with 
control antibodies. As it is known that inflammation stimulates coagulation and vice versa4, the 
proinflammatory stimulus was apparently too low to induce measurable and significant differences. 
Of note, on could argue that the lack of any effect could be the result of a short half-life of the 
used antibodies. However, in a model of LPS-induced sepsis MPC1609 and MAPC1591 were 
applied only once, while a progressive effect on mortality could still be measured after 36 hours22, 
while in a model of cancer cell extravasation these antibodies were given after 48 and 96 hours, 
resulting in a sustained detrimental effect on cancer cell extravasation for MPC160923. Therefore, 
to our opinion, both models clearly illustrate, that a dosage frequency of once every 2 tot 3 days is 
sufficient for modulation of APC-induced effects. 

An important component of the host immune response against M. tuberculosis is cytokine 
release2, 3, 31. Mycobacteria mainly grow and survive in phagosomes in alveolar macrophages. Once 
infected the macrophage elicits a strong proinflammatory response driven by release of various 
cytokines and chemokines, of which TNF-α is most important, resulting in recruitment of a range 
of inflammatory cells, including natural killer cells and lymphocytes2, 31. This proinflammatory 
reaction is regulated by production of IFN-γ, which also has anti-mycobacterial effects2, 31. Our data 
fail to show any differences in cytokine and chemokine release in the lungs between WT and Tie2-
EPCR mice. Except for a slight decrease in TNF-α 2 weeks after infection, no differences were 
seen between WT and EPCR-/- mice either.  In conclusion, in this study we demonstrated that 
overexpression or deficiency of EPCR modestly influences local coagulation activation during 
infection with M. tuberculosis without significant changes in inflammatory parameters. Addition-
ally, overexpression of APC or treatment with anti (A)PC antibodies did not have a strong impact 
on the inflammatory response induced by M. tuberculosis. These data suggest that the protein C system 
plays a limited role in host defense during lung TB.  
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SUPPLEMENTARY MATERIAL

Supplementary Figure 1. Cytokine-levels in EPCR-/--mice, APChigh]-mice and in mice treated with 
(A)PC-antibodies. WT (grey boxes), EPCR-deficient (EPCR-/-) mice (white boxes), APC-overexpressing 
(APChigh) (white dotted boxes) and mice treated with control (MCP1716; grey horizontally striped boxes) 
antibodies, antibodies that inhibit both the anticoagulant and cytoprotective function of (A)PC (MPC1609; 
white horizontally striped boxes) and with antibodies that only inhibit the anticoagulant function of PC 
(MAPC1591; white vertically striped boxes) were inoculated with 150 CFU of M. tuberculosis (Erdman 
strain) and sacrificed after 6 weeks. Cytokine and chemokine concentrations were measured in lung 
homogenates. IFN-γ interferon-γ; IL interleukin; KC keratinocyte-derived chemokine; MIP-2 macrophage 
inflammatory protein-2; TNF-α tumor necrosis factor-α. Data are expressed as box and whisker plots 
showing the smallest observation, lower quartile, median, upper quartile and largest observation. N = 8 
mice per group. *P < 0.05 for WT versus EPCR-/- mice (Mann-Whitney U test).
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ABSTRACT

Tuberculosis (TB), caused by Mycobacterium (M.) tuberculosis, is a devastating infectious 
disease causing many deaths world-wide. Thrombomodulin (TM) is a multidomain glycoprotein 
expressed on all vascular endothelial cells. We here studied the role of the lectin-like domain of 
TM, responsible for a variety of anti-inflammatory properties of TM, during TB. We compared the 
extent of TM-expression in human lung tissue of TB and control patients. The role of the lectin-like 
domain of TM was investigated by comparing mice lacking this domain (TMLeD/LeD mice) with wild 
type (WT) mice during experimental lung TB induced by infection with M. tuberculosis via the 
airways. Lungs were harvested for analyses at 2, 6 and 29 weeks after infection. Lung TM-expression 
was downregulated in TB patients, which was not related to changes in the amount of endothelium 
in infected lungs. TMLeD/LeD mice showed unaltered mycobacterial loads in lungs, liver and spleen 
during experimental TB. Additionally, lung histopathology and cytokine concentrations were 
largely similar in TMLeD/LeD and WT mice, while total leukocyte counts were increased in lungs of 
TMLeD/LeD mice after 29 weeks of infection. Mortality did not occur in either group. The lectin-like 
domain of TM does not play an important role in the host response to M. tuberculosis infection 
in mice.
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INTRODUCTION

Tuberculosis (TB) is a highly prevalent chronic infectious disease worldwide, with one-third 
of the population being infected with the causative pathogen Mycobacterium (M.) tuberculosis1, 2.  
In 2012, 8.7 million new cases of TB and 1.4 million deaths were registered1. Most infected 
individuals do not develop clinical disease, although in these people, viable tubercle bacilli remain 
present inside granulomas, which are tissue nodules comprising infected macrophages surrounded 
by lymphocytes and a fibrous capsule3, 4. Clinically manifest infection can emerge upon a temporary 
decrease in resistance, and as such, failure to eradicate M. tuberculosis bacilli following primary 
exposure renders the host at risk of developing fulminant disease2-4. Additionally, multi-drug 
resistant (MDR) TB has become a serious threat to effective treatment1, 2. Hence, there is a clear 
need to increase our understanding of host defense mechanisms to TB in hopes of developing more 
effective preventative and therapeutic strategies.

Thrombomodulin (TM, CD141) is a multidomain transmembrane glycoprotein primarily 
expressed on the surface of vascular endothelial cells, but also found on monocytes, neutrophils, 
osteoblasts, synovial cells and dendritic cells5-9. Due to its strategic location and its interactions 
with thrombin10, protein C (PC)10, thrombin activatable fibrinolysis inhibitor (TAFI)11, complement 
factors12, 13, Lewis Y antigen14, 15 and high-mobility group box-116, TM has multiple properties in 
modulating inflammation, coagulation, fibrinolysis and cell proliferation. TM comprises five struc-
tural domains: the N-terminal C-type lectin-like domain, six epidermal growth factor 
(EGF)-like repeats (EGF-domain), a serine/threonine-rich region, a single transmembrane 
domain and a cytoplasmic tail7, 8. The EGF-domain is the best characterized, in that it is a cofactor for 
thrombin mediated generation of activated protein C (APC) which in turn cleaves and inactivated 
coagulation factors Va and VIIIa. The EGF-domain also supports thrombin-mediated generation 
of the carboxypeptidase B, TAFIa. We have previously shown that the EGF-domain of TM plays an 
important role in murine TB17, i.e., mice with a mutation in the TM-gene resulting in reduced TM 
expression and minimal capacity to generate APC (TMpro/pro mice), respond to M. tuberculosis in-
fection with increased lung inflammation, a diminished capacity to form well-shaped granulomas, 
elevated levels of pro-inflammatory cytokines and reduced survival17. The lectin-like domain of 
TM lacks anti-coagulant and anti-fibrinolytic properties18, but rather, regulates inflammation, cell 
adhesion and cell proliferation7. Several murine models of human disease using TMLeD/LeD mice have 
revealed that the lectin-like domain of TM has anti-inflammatory properties13, 15, 18-21. 

Little is known about the role of the lectin-like domain of TM during chronic infections such as 
TB. Since TMpro/pro mice have reduced capacity to generate APC as well as reduced expression of 
TM, we could not definitively exclude a role for the lectin-like domain in explaining the pro-inflamma-
tory phenotype17. In view of the documented role of the lectin-like domain in regulating inflam-
mation7, 8, we aimed to assess whether it participates in the host response to M. tuberculosis lung 
infection17, 22-24. 
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MATERIALS AND METHODS

Patients
Lung tissues of pulmonary TB patients (n = 8; mean age 62 years(y), range 32-85y; 38% male) 
were obtained after partial lobectomy (n = 2) or from post-mortem samples (n = 6) of patients 
who died from (disseminated) TB or TB-related causes. TB infection was confirmed in these tissues 
by Ziehl-Neelsen (ZN) positive staining for acid-fast bacilli. Control tissues (n = 10; mean age 
57y, range 18-77y; 50% male) were obtained from patients after (partial) lobectomy because of 
(suspicion of ) lung cancer or pulmonary metastases. Control tissues were free of signs of 
pulmonary infection or cancer, as confirmed by reviewing all cases by a qualified histopathologist. 
All patients were diagnosed and treated in the Academic Medical Center, University of Amsterdam, 
the Netherlands. According to Dutch law, tissue samples harvested for diagnostic purposes can be 
freely used after anonymizing the tissues, provided these are handled according to national ethical guide-
lines (“Code for Proper Secondary Use of Human Tissue”, Dutch Federation of Medical Scientific 
Societies). 

Histology and immunohistochemistry on human lung tissues                                                                                                     
Four μm-lung tissue sections were cut from paraffin-embedded tissues, dewaxed in xylene and 
rehydrated in graded alcohols. Tissues were stained for TM and a double staining for TM and 
CD31 (an epitope abundantly present on endothelium) was performed. First, on all tissue sections 
heat-induced epitope retrieval was performed with 10 mM TrisEDTA pH 9.0 in the PreTreatment 
Module (PTModule, Thermo Fisher Scientific/Labvision, Fremont, CA) for 20 min at 98˚C and a 
cool-down to 75˚C, followed by application of Ultra-V Block (Thermo Fisher Scientific/Labvision) 
for 10 min at room temperature. Then, TM-staining with anti-TM antibodies (monoclonal mouse 
IgG1, clone 1009; Dako, Glostrup, Denmark) was performed. To reveal co-localization of TM and 
CD31 (monoclonal mouse IgG1, clone JC70A, Dako), a sequential double alkaline phosphatase 
(AP) staining was performed25 starting with the TM antibody, detected with anti-mouse IgG 
AP-conjugated BrightVision polymer (ImmunoLogic, Duiven, The Netherlands) and AP-activity 
developed with Vector Blue (Vector Labs, Burlingame, CA). After a short 10 min heat step in the 
PTModule using TrisEDTA pH 9.0 HIER buffer to remove the first set of immunoreagents, but 
leaving the blue AP reaction product unchanged, the CD31-antibody was detected by a second AP 
staining using Vector Red (Vector Labs). Sections were mounted with VectaMount (Vector Labs), 
without a nuclear counterstain. The total tissue area of the TM-stained slides was scanned with a 
slide scanner (Olympus dotSlide, Tokyo, Japan) and the obtained scans were exported in TIFF-
format for digital image analysis. The digital images were analyzed with ImageJ (version 2006.02.01, 
NIH, Bethesda, MD) and the immunopositive (TM+) area was expressed as the percentage of the 
total lung surface area. Analysis of double stained slides was performed with spectral imaging using 
the Nuance VIS-FL Multispectral Imaging System (Caliper Life Sciences, Hopkinton, MA, USA). 
Data sets were acquired from 420-720 nm at 20 nm intervals. Spectral library of single-Vector Red 
and single-Vector Blue, brown pigment in erythrocytes and black pigment in lung alveolar space 
was applied to unmix the double staining into the individual components. Using the Nuance 
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software version 3.0, an exclusive image of TM/CD31 co-localization was created26 and the 
percentage CD31/TM co-localization was calculated. This pixel-based quantization represents the 
CD31/TM co-localization as a percentage of all CD31-positive staining.

Mice 
Pathogen-free 8-10-week old female wild type (WT) C57BL/6 mice were purchased from 
Charles River (Maastricht, The Netherlands). TMLeD/LeD mice were generated as described18 and 
backcrossed for at least eight generations onto a C57BL/6 genetic background. TMLeD/LeD mice 
express normal antigenic levels of TM and unaltered thrombin-mediated activation of PC18. Acti-
vation of TAFI is also expected to be unaffected as this is mediated by the EGF-like repeats of TM7. 
Mice were maintained at the animal care facility of the Academic Medical Center (University of 
Amsterdam), according to national guidelines with free access to food and water. The Committee 
on Use and Care of Animals of the University of Amsterdam approved all experiments.

Experimental infection
A virulent laboratory strain of M. tuberculosis (Erdman strain) was grown for 4 days in liquid 
Dubois medium containing 0.01% Tween-80. A replicate culture was incubated at 37°C, harvested 
at mid-log phase, and stored in aliquots at -70°C. For each experiment, a vial was thawed and washed 
with sterile 0.9%NaCl. Experimental TB was induced by intranasal inoculation with 150 CFU 
of M. tuberculosis in 50 µL 0.9% NaCl, as previously described17, 22-24. Eight mice per time-point 
were sacrificed 2 and 6 weeks after infection under intraperitoneal anesthesia containing ketamin 
(Eurovet Animal Health, Bladel, The Netherlands) and medetomidin (Pfizer Animal Health Care, 
Capelle aan den IJssel, The Netherlands). In addition, 16 WT and 16 TMLeD/LeD mice were observed 
for 29 weeks after infection. Surviving mice were euthanized for at that time point for immunohis-
tochemical studies of harvested tissues. Organs were processed as previously described17, 22-24. Briefly, 
lungs, liver and spleen were removed aseptically and homogenized at 4°C in 4 volumes of sterile 
saline using a tissue homogenizer (Biospec Products, Bartlesville, OK). CFU were determined from 
serial dilutions of organ homogenates that were plated in tenfold dilutions on Middlebrook 7H11 
plates and incubated at 37°C 5%CO2 for 21 days before colonies were counted. 
 
Histology of mice lung tissues                                                                                                     
Four μm-sections were cut from paraffin-embedded tissues of mice lungs removed 2, 6 or 29 weeks 
after inoculation with M. tuberculosis. Parameters of lung histopathology were scored as previously 
described22, 24, 27, 28. Briefly, after deparaffinization, tissues were stained for H&E and scored from 
0 (absent) to 4 (most severe) for the following parameters: interstitial inflammation, endotheli-
alitis, peri-bronchitis, edema, granuloma formation and pleuritis by a pathologist blinded for the 
experimental groups. The total ‘lung inflammation score’ is expressed as the sum of the scores for 
each parameter, the maximum being 24. In addition, the percentage inflammation of the lung, 
representing the percentage of the total lung surface occupied by confluent (diffuse) inflammatory 
infiltrates, was quantified. 
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Flow cytometry
Lung cell suspensions were obtained by crushing lungs through a 40-μm pore-size cell strainer 
(BD, San Jose, CA) as described previously17, 22-24. Erythrocytes were lysed using ACK lysing buffer 
(BioWhittaker, Verviers, Belgium); the remaining cells were washed twice with FACS-buffer (phos-
phate buffered saline (PBS) supplemented with 0.5% BSA, 0.01% NaN3 and 0.35 mM EDTA) 
and counted using a haemocytometer. Cells were brought to a concentration of 1 x 107 cells/mL in 
FACS-buffer. Immunostaining for cell-surface molecules was performed for 30 minutes at 4°C 
using directly labeled antibodies against CD3 (CD3-phycoerythrin), CD4 (CD4-allophycocyanin),  
CD8 (CD8-peridinin chlorophyl protein) or Gr-1 (Gr-1-fluorescein isothiocyanate (FITC)). All 
antibodies were used in concentrations recommended by the manufacturer (BD Pharmingen, San 
Diego, CA). After staining, cells were fixed in 4% paraformaldehyde and the percentages of cells 
were determined by flow cytometric analysis using a fluorescence-activated cell sorter (FACS Calibur; BD 
Immunocytometry Systems, San Jose, CA). The percentages of polymorphonuclear cells (PMNs), 
macrophages and lymphocytes were determined using Gr-1 expression (Gr-1 high, intermediate 
and low, respectively) and T-cell surface proteins were analyzed on CD3+ cells within the 
lymphocyte gate. 

Splenocyte stimulation 
Single cell suspensions were obtained by crushing spleens through a 40 μm pore-size cell strainer 
(BD, San Jose, CA) as described22, 24. Erythrocytes were lysed with ACK lysis buffer (BioWhittaker, 
Walkersville, MD). The remaining cells were washed twice with RPMI 1640 (BioWhittaker, 
Verviers, Belgium) supplemented with 10% fetal calf serum (FCS) and 1% antibiotic-antimycotic 
(GiboBRL, Rockville, MD). Cells were seeded in 96-well round bottom culture plates at a cell 
density of 1 × 106 cells/well in quadruplicate and stimulated with 20 μg/mL tuberculin purified 
protein derivative (PPD; Statens Serum Institut, Copenhagen, Denmark). Supernatants were 
harvested after 48h incubation at 37°C in 5% CO2 and cytokine levels were analyzed by ELISA.

Assays
For cytokine measurements, organ homogenates were diluted 1:2 in lysis buffer containing 300 
mM NaCl, 30 mM Tris, 2 mM MgCl2, 2 mM CaCl2, 1% Triton X-100 and protease inhibitor cock-
tail (Roche, Indianapolis, IN) and incubated on ice for 30 min. Homogenates were centrifuged at 
1500g at 4°C for 15 min and supernatants were sterilized using a 0.22-µm pore-size filter (Corning 
Inc., Corning, NY) and stored at -20°C until analysis. Levels of interferon (IFN)-γ, tumor necrosis 
factor (TNF)-α, interleukin (IL)-4, IL-6, IL-10, keratinocyte-derived chemokine (KC) and 
macrophage inflammatory protein (MIP)-2 were measured by ELISA according to the manufac-
turer’s instructions (all from R&D Systems, Minneapolis, MO). 
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Statistical analysis
Data are expressed as box and whisker plots showing the smallest observation, lower quartile, 
median, upper quartile and largest observation. Comparisons between groups were performed 
using a Mann-Whitney U test. Analyses were completed with GraphPad Prism version 5.01 (Graph-
Pad Software, San Diego, CA). P-values < 0.05 were considered statistically significant.

RESULTS

TM expression in human pulmonary TB 
The lungs are the primary site of infection during human TB2. TB-infected lungs display typical 
‘granulomas’ as part of the host immune response, tissue nodules consisting of a kernel of infected 
macrophages, surrounded by foamy macrophages and other mononuclear phagocytes, with a 
mantle of lymphocytes in association with a fibrous cuff of collage and other extracellular matrix 
components3. In order to obtain insight into the extent of pulmonary TM expression during 
human pulmonary TB, we stained lung tissues of proven TB-infected and control patients with 
an anti-TM antibody. Overall, expression of TM in lung tissues of TB-infected patients was lower 
when compared to controls (P < 0.05; Figure 1A-C). TM is mainly present on vascular endothe-
lium10. In granuloma of TB-infected lungs the number of penetrating blood vessels has been shown 
to be markedly diminished3. In order to find out whether the decrease in TM-expression was only 
due to a decreased amount of blood vessels in TB-infected tissues, we determined TB/CD31 
co-expression in control and TB-infected tissues by double immunohistochemistry. CD31 is abun-
dantly present on endothelium and is therefore used as an immunohistochemical marker29. Clearly, 
TB-infected lungs displayed significantly less TM expression on CD31 positive cells when 
compared to control lung tissues (P < 0.05; Figure 1D), indicating that in TB-infected lung tissues 
TM-expression is not decreased due to a lower number of blood vessels. Representative photo-
graphs of TM/CD31 co-expression are displayed in Figure 1E-H.

Lack of the lectin-like domain of TM does not affect mycobacterial growth or dissemination 
To study the possible role of the lectin-like domain of TM on mycobacterial growth, we infected 
WT and TMLeD/LeD mice with M. tuberculosis and determined mycobacterial loads in the lungs at 2, 
6 and 29 weeks. During the 29-week observation period, none of the mice died and body weights 
were not different between WT and TMLeD/LeD mice (data not shown). The numbers of CFU 
detected in the lungs were similar in WT and TMLeD/LeD mice at all time points (Figure 2A). Although 
dissemination of the mycobacteria occurred over time, no genotype-dependent differences in 
mycobacterial loads were detected in the liver or spleen over the 29 week observation period (Figure 2B-C). 
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Figure 1. TM-expression on endothelium in human lung tissues. TM-staining of lung tissues of 
TB-positive patients (n = 8) compared with control lung tissues of uninfected patients (n = 10), as 
described in the Methods section. TM-stained areas are presented as the percentage of the total lung 
surface area (A). Representative photographs of uninfected controls (B) and TB-positive (C) patients 
(TM-staining, original magnification x200). Co-expression of TM and CD31, a universal marker for 
endothelium, was measured in lung tissues of uninfected controls and TB-positive patients. Positive 
TM-staining was expressed as percentage of CD31-positivity (D).  After capturing spectral data set and 
spectral unmixing by Nuance 3.0, the following images were obtained: TM (blue) and CD31 (red)-staining 
on a RGB image of bright field microscopy of control (E) and TB-infected lung tissues (F); CD31/TM 
co-localization (yellow) and CD31 (grey) in control (G) and TB-infected lung tissues (H) (original magni-
fication x200). Data are expressed as box and whisker plots showing the smallest observation, lower 
quartile, median, upper quartile and largest observation (Mann-Whitney U test). *P < 0.05 versus control.

Lack of the lectin-like domain of TM has limited impact on lung histopathology 
We also examined the role of the lectin-like domain of TM in lung inflammation in response 
to murine TB. For this lung tissue sections obtained after 2, 6 or 29 weeks were scored according 
to the scoring system described in the Methods section (Figure 3). At 2 weeks of infection 
lung pathology scores were relatively low in both groups; at this early time point TMLed/Led mice 
displayed modestly but statistically significant enhanced lung inflammation (Figure 3A). The extent 
of lung inflammation progressively increased at 6 and 29 weeks, revealing no differences between 
mouse strains. Of note, at 29 weeks, lung inflammation was so extensive in both groups that pathol-
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Figure 2. Lack of the lectin-like domain of TM does not affect mycobacterial growth and dissemi-
nation in lungs, liver and spleen. Mycobacterial loads in lungs (A), liver (B) and spleen (C) from wild 
type (WT, grey boxes) and TMLeD/LeD mice ( white boxes) 2, 6 and 29 weeks after intranasal infection with 
150 CFU of M. tuberculosis. n = 8 (2 and 6 weeks) or 16 (29 weeks) mice per group. Data expressed 
as box and whisker plots showing the smallest observation, lower quartile, median, upper quartile and 
largest observation (Mann-Whitney U test). Differences between groups were not significant at any time point. 

4ogy scores could not be determined in a reliable manner anymore. The percentages of lung surface 
occupied by confluent infiltrates (Figure 3B) and lung weights (a gross measure of lung pathology 
mainly determined by the extent of edema, Figure 3C) did not differ between WT mice and TM-
LeD/LeD mice at any time point. Figure 3D-I show representative photographs of lung histology of 
WT (3D-F) and TMLeD/LeD mice (3G-I) at 2, 6 and 29 weeks. Overall these data indicate that the 
lectin-like domain of TM has a limited if any role in the regulation of lung inflammation during 
experimental lung TB. 

Cellular composition of lung infiltrates in WT and TMLeD/LeD mice 
We characterized the cellular composition of the pulmonary infiltrates in WT and TMLeD/LeD mice 
following infection with M. tuberculosis. Whole lung cell suspensions were prepared at 2, 6 and 29 
weeks and the cellular composition was analyzed by FACS (Table 1). At 2 and 6 weeks, total leuko-
cyte counts were similar in both WT and TMLeD/LeD mice, although at 2 weeks, TMLeD/LeD mice had 
fewer macrophages in their lungs (P < 0.05). At 29 weeks, there were significantly more leukocytes 
in the lungs of TMLeD/LeD mice (P < 0.05).  Determination of differential leukocyte counts showed 
that the increase in total leukocyte counts was caused by increased numbers of all leukocyte subsets 
(Table 1). As CD4+ and CD8+ lymphocytes are important in cellular immunity during TB3, 4, we 
analyzed whole-lung CD3+ lymphocytes with respect to expression of CD4 and CD8. Our data 
show that the percentages of both CD3+/CD4+ and CD3+/CD8+ lymphocytes were responsible 
for the increase in the total number of lymphocytes measured at 29 weeks (Table 1).

Cytokine and chemokine response during experimental TB
Cytokines and chemokines play pivotal roles in the immune response to TB3, 4, 30. We measured 
the concentrations of TH1-cytokines (IFN-γ, TNF-α), TH2-cytokines (IL-4, IL-6, IL-10) and 
chemokines (MIP-2, KC) in lysated lung homogenates obtained 2, 6 and 29 weeks after infection 
(Table 2). The concentrations of all mediators were similar in lungs of WT and TMLeD/LeD mice at 
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Figure 3.  Lack of the lectin-like domain of TM has limited impact on lung histopathology. 
Mean histological scores (A), percentages of inflammation (B) and lung weights (C) for WT (grey boxes) 
and TMLeD/LeD mice (white boxes) 2, 6 and 29 weeks after inoculation with 150 CFU of M. tubercu-
losis. n = 8 (2 and 6 weeks) or 16 (29 weeks) mice per group. Data are expressed as box and whisker 
plots showing the smallest observation, lower quartile, median, upper quartile and largest observation 
(Mann-Whitney U test). Representative histological sections of lungs of WT (D-F) and TMLeD/LeD mice (G-I) 
infected with M. tuberculosis 2 (D, G), 6 (E, H) and 29 (F, I) weeks earlier (H&E, original magnification 
100x). B.D. below detection limits. N.D. not determinable. *P < 0.05 for the difference between groups at 
the indicated time point. All other differences between groups were not statistically significant.

2 weeks after infection. Very modest differences between groups were detected at later time points, 
i.e. the lungs of TMLeD/LeD mice had higher IL-10 at 6 weeks and higher IL-6 at 29 weeks (both P < 0.05). 

Similar IFN-γ production upon ex vivo stimulation of TMLeD/LeD splenocytes 
We next determined the capacity of splenocytes obtained from mice infected with M. tuberculosis 
to respond to the recall antigen PPD. Splenocytes were harvested at 2, 6 and 29 weeks after in-
fection and then stimulated with PPD for 48 hours after which IFN-γ (indicative of a TH1-response) 
and IL-4 (indicative of a TH2-response) were measured in the supernatant (Figure 4). IL-4 levels 
were undetectable in supernatants from both groups at all time-points (data not shown). Antigen-
specific IFN-γ production by splenocytes harvested from the mice was below detection limits after 
2 weeks. At 6 weeks IFN-γ was readily detectable but not different between genotypes. After 29 
weeks of infection TMLeD/LeD splenocytes tended to release more IFN-γ upon stimulation with PPD 
(P = 0.08).
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Table 1. Effect of lack of the lectin-like domain of TM on total leukocyte counts and differentials in the lungs.

Total leukocyte counts and differential cell counts in lungs of WT and TMLeD/LeD mice 2, 6 and 29 weeks 
after intranasal infection with 150 CFU of M. tuberculosis (Erdman strain). Absolute numbers of polymor-
phonuclear cells (PMNs) macrophages (Mφs) and lymphocytes were determined on Gr-1 expression 
(Gr-1 high, intermediate and low respectively) and T-cell subsets (CD4+ and CD8+) are presented as 
number of positive cells in the CD3+ gate. Data are expressed as the median ± interquartile range for 8 
mice per group. *P < 0.05 versus WT, **P < 0.01 versus WT (Mann-Whitney U test).

Table 2. Effect of lack of the lectin-like domain of TM on pulmonary cytokine and chemokine levels.

Cytokine and chemokine concentrations in lysated lung homogenates of WT and TMLeD/LeD mice 2, 6 and 
29 weeks after intranasal infection with 150 CFU of M. tuberculosis. Data are expressed as the median 
± interquartile range for 8 mice per group. *P < 0.05 versus WT (Mann-Whitney U test). B.D. below 
detection limits.
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Figure 4. IFN-γ response upon PPD re-stimulation of splenocytes of WT and TMLeD/LeD mice 2, 6 and 
29 weeks after infection. Splenocytes were isolated from WT (grey boxes) and TMLeD/LeD mice (white 
boxes), 2, 6 and 29 weeks after infection with 150 CFU of M. tuberculosis, counted and stimulated with 
PPD for 48 hours. Stimulated splenocytes from TMLeD/LeD mice released equal amounts of IFN-γ compared 
to infected WT mice. n = 8 (2 and 6 weeks) or 16 (29 weeks) mice per group. Data are expressed as box 
and whisker plots showing the smallest observation, lower quartile, median, upper quartile and largest 
observation (Mann-Whitney U test). B.D. below detection limits. Differences between groups were not 
significant at any time point (P value at 29 weeks: 0.08).

DISCUSSION 
 
TM is a primarily vascular endothelial glycoprotein receptor that is involved in multiple physi-
ologically important biological systems, regulating the innate immune response to injury7, 8. We 
previously demonstrated that mice with reduced total TM and minimal capacity to generate APC, 
respond to mycobacterial infection with more lung inflammation17. These findings supported an 
important role for the EGF-domain of TM but did not exclude participation of the lectin-like 
domain, a structure that in most mouse models, exhibits anti-inflammatory properties. In this study 
we characterized the role of the lectin-like domain of TM in the host response to lung infection with 
M. tuberculosis. Using a genetic approach in mice and several quantitative outcome measures, we 
determined that the lectin-like domain of TM does not have a significant impact on the ensuing 
inflammatory response or the resultant lung pathology. Our laboratory previously reported that 
TM expression becomes strongly downregulated in lung tissue of mice with experimentally 
induced lung TB17. We here report for the first time that TM expression is also diminished in 
patients with pulmonary TB. Using double stainings with a specific endothelial cell marker (CD31) 
we demonstrate that TM expression was reduced on the vascular endothelium. These data are in line 
with earlier findings of reduced TM expression in lungs of mice with acute lung inflammation elic-
ited by endotoxin or bacteria31. Likewise, TM expression was found to be reduced in the dermal 
microvasculature of patients with severe bacterial sepsis32. 

Several studies have confirmed that the lectin-like domain of TM plays a key role in regulating the 
response to a wide range of inflammatory stimuli. TMLeD/LeD mice exhibit a hyper-inflammatory 
response in models of endotoxemia18, arthritis13, ischemia-reperfusion of the heart and lung19, in 
shiga toxin-associated HUS21 and diabetic glomerulopathy20. In only one study, in which mice were 
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infected with Streptococcus pneumoniae to induce pneumonia, was the lectin-like domain of TM 
shown to have pro-inflammatory properties33. The role of the lectin-like domain of TM has not 
been directly assessed in a model of chronic infection and thus ours, using M. tuberculosis, is unique. 
We studied the chronic phase of infection at 29 weeks. Previous studies from our group that used 
the same infectious dose and M. tuberculosis strain showed limited mortality in C57Bl/6 WT mice 
after 25-35 weeks of infection and strong lung inflammation in surviving mice24, 28. Hence, while 
this time point should be sufficient to demonstrate strongly enhanced susceptibility of a particular 
mouse strain, it also enables to study the chronic inflammatory response. Neither this late time 
point nor the earlier time points (2 and 6 weeks) revealed differences in mycobacterial loads or 
inflammatory responses of importance. Together these data suggest that the lectin-like domain of 
TM does not significantly contribute to the host response during lung infection with M. tuberculosis.

The immune response to infection with M. tuberculosis features an influx of macrophages into 
the lung3, 4. At least in some in vitro and in vivo models, lack of the lectin-like domain of TM has 
been associated with an increase in leukocyte migration into the lungs, and these were identified 
as neutrophils and macrophages18, 19, 21. Thus, it was somewhat surprising that at 2 weeks following 
infection with M. tuberculosis, the TMLeD/LeD mice did not exhibit a different response as compared 
to WT mice. Nonetheless, at 29 weeks, total leukocyte counts in the lungs of TMLeD/LeD mice were 
increased as compared to the WT mice, which was caused by increases in the numbers of 
macrophages, neutrophils and lymphocytes. Considering the unaltered mycobacterial loads and 
similar overall lung pathology, this finding suggests an inhibitory effect of the TM lectin-like 
domain on leukocyte recruitment during chronic TB, albeit without consequences for host defense. 
It is however possible that the impact of the differential cellular response due to lack of the lectin-
like domain of TM might not be manifest within the 29 week observation period, but rather, is even 
more delayed. Of note, lung weights were not different between mouse strains at any time point 
in spite of increased leukocyte numbers at 29 weeks of infection in TMLed/Led mice, which may be 
explained by other factors impacting on lung weight, such as the extent of edema. 

Cytokine release is a major component of the host response to M. tuberculosis4, 30. Mycobacteria 
reside in macrophages and a strong TH1-response, in which IFN-γ, IL-12 and CD4+ T-cells are 
involved, is crucial for control of TB, wherein macrophage activation by IFN-γ is supported by 
TNF-α4, 30. Our data revealed similar levels of TH1-type cytokines (IFN-γ and TNF-α) in WT and 
TMLeD/LeD mice throughout the study. Except for a slight increase in IL-10 at 6 weeks and IL-6 at 29 
weeks, levels of TH2-cytokines and chemokines were also not notably different. In line with these 
findings, TMLeD/LeD splenocytes harvested from infected mice displayed an unaltered capacity to 
produce IFN-γ upon antigen specific stimulation. In line with these findings, TMLeD/LeD splenocytes 
harvested from infected mice displayed an unaltered capacity to produce IFN-γ upon antigen 
specific stimulation, although at 29 weeks of infection TMLeD/LeD splenocytes tended to produce 
more IFN-γ upon restimulation with PPD. Overall, these data indicate that the lectin-like domain 
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of TM has limited effect on cytokine release during experimental TB. In conclusion, this is the first 
study in which the lectin-like domain of TM has been examined in the setting of chronic infec-
tion. This structure, which otherwise has potential therapeutic value in suppressing inflammation 
in several acute models, has little or no effect in modulating the host response to experimental TB.
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ABSTRACT 
 
Tuberculosis, caused by Mycobacterium (M.) tuberculosis, is a devastating infectious disease 
causing many deaths world-wide. Non-specific host defense mechanisms such as the coagulation 
and fibrinolytic system may give insight in possible new therapeutic targets. Plasminogen 
activator inhibitor type-1 (PAI-1), an important regulator of inflammation and fibrinolysis, might 
be of interest as tuberculosis patients have elevated plasma levels of PAI-1. In this study we set out 
to investigate the role of PAI-1 during tuberculosis in vivo. Wildtype (WT) and PAI-1 deficient 
(PAI-1-/-) mice were intranasally infected with M. tuberculosis H37rv and sacrificed after 2, 5 and 
29 weeks. Five weeks post-infection, bacterial loads in lungs of PAI-1-/- mice were significantly 
higher compared to WT mice, while no differences were seen 2 and 29 weeks post-infection. At 
two weeks post-infection increased influx of macrophages and lymphocytes was observed. PAI-1 
deficiency was associated with a reduced cytokine response in the lungs; however, upon stimula-
tion with tuberculin purified protein derivative (PPD), PAI-1-/- splenocytes released increased 
levels of IFN-γ compared to WT. No clear differences were found between PAI-1-/- and WT mice 
at 29 weeks after infection. In conclusion, these data suggest that PAI-1 contributes to tran-
sient, non-specific changes in immunity during the early phase of murine tuberculosis. 
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INTRODUCTION 
 
Tuberculosis, caused by the acid-fast bacterium Mycobacterium (M.) tuberculosis, is one of the most 
devastating infectious diseases worldwide, with one-third of the world population being infected1, 2. In 
2009 there were 9.4 million new cases and 1.3 million people died from this disease3. Most infected 
individuals do not to progress to full-blown disease because, due to a strong protective T helper -1 
(Th1) response,  the tubercle bacilli are ‘walled-off ’ inside granuloma, tissue nodules consisting of 
infected macrophages surrounded by lymphocytes and a fibrotic capsule4. M. tuberculosis bacilli that 
are not fully eliminated from the lungs remain a potential danger to the infected individual1, 4. 
Additionally, multi-drug resistant (MDR) tuberculosis has become a serious threat3, 5. This em-
phasizes the importance of understanding host defense mechanisms during tuberculosis.
During severe acute pulmonary infections a range of specific and non-specific host defense mecha-
nisms becomes activated, resulting in a strong inflammatory response together with increased 
procoagulant activity and suppression of the fibrinolytic system6-9. Plasminogen activator inhibitor 
type 1 (PAI-1) is considered to be the main inhibitor of the fibrinolytic system10. By inactivating 
both tissue-type plasminogen activator (tPA) and urokinase-type plasminogen activator (uPA), 
PAI-1 inhibits generation of the key fibrinolytic enzyme plasmin and subsequent fibrin degrada-
tion. Besides its role in maintaining normal hemostasis by regulating the fibrinolytic system, PAI-1 
has also been implicated in other processes and diseases that are not or only partially related to 
its capacity to inhibit plasminogen generation, including leukocyte trafficking, neutrophil effero-
cytosis (phagocytosis of apoptotic cells), extracellular matrix (ECM) degradation, tumor angio-
genesis, wound healing, atherosclerosis and metabolic diseases10-13. These processes may depend on 
the antiproteolytic activity of PAI-1 and/or be associated with its interference in cellular migration 
and ECM binding10. Indeed, previous studies showed that the role of PAI-1 as a chemotactic 
factor promoting the migration of leukocytes into inflammatory sites contributed to its inflam-
matory effects12-14. Effective host defense against M. tuberculosis is primarily dependent on the 
interplay between macrophages, T-cells and dendritic cells2. As this interaction requires migration 
and activation of leukocytes, it is conceivable that PAI-1 plays a role in this process. 

Patients with lung tuberculosis have shown increased plasma PAI-1 levels, accompanied by eleva-
tions in the plasma levels of tPA, fibrinogen and fibrin(ogen) degradation products, reflecting concur-
rent activation and inhibition of both procoagulant and fibrinolytic pathways15, 16. In pleural fluid, 
increased PAI-1 levels and a positive PAI-1/tPA ratio were found, indicating that an imbalance of 
tPA and PAI-1 in pleural spaces may lead to pleural thickening and loculation of pleural effusions17, 

18. To the best of our knowledge only one study examined the functional role of fibrinolytic media-
tors in mycobacterial infection19. Using mice deficient for either plasminogen, tPA, uPA or uPA 
receptor, this report demonstrated that none of these proteins played a significant role in initiating 
or maintaining the immune response against a M. avium infection19. Knowledge on the role of PAI-1 
in host defense during mycobacterial infection in general and during pulmonary tuberculosis in 
vivo in particular is lacking. Therefore, in the present study we aimed to characterize the role of PAI-1 
in the host response after lung infection by M. tuberculosis using our established mouse model20-22. 

5
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MATERIALS AND METHODS 

Mice and experimental infection
Pathogen-free 8 to 10 week old wild-type (WT) C57BL/6 mice were purchased from Harlan 
Sprague Dawley Inc. (Horst, The Netherlands). PAI-1-/- mice on a C57BL/6 genetic background 
were obtained from Jackson Laboratories (Bar Harbour, ME) and bred in the animal facility of the 
Academic Medical Center (Amsterdam, The Netherlands). The Animal Care and Use Committee 
of the University of Amsterdam approved all experiments. A virulent laboratory strain of 
M. tuberculosis H37Rv (American Type Culture Collection, Rockville, MA) was grown for 4 days 
in liquid Dubos medium containing 0.01% Tween-80. A replicate culture was incubated at 37°C, 
harvested at mid-log phase, and stored in aliquots at -70°C. For each experiment, a vial was thawed 
and washed with sterile 0.9% NaCl. Tuberculosis was induced as described previously23. Briefly, 
a replicate culture of M. tuberculosis H37Rv was incubated at 37°C and stirred gently, harvested 
at midlog phase, and stored in aliquots at −70°C. Before each experiment, a vial was thawed and 
washed twice with sterile saline, to clear the mycobacteria of medium. We anesthetized the mice 
with isoflurane (Abott Laboratories, Kent, UK) delivered by inhalation. During this brief 
anesthesia, intranasal inoculation was conducted by placing 105 viable M tuberculosis organisms in 
50 µL NaCl on the nares. The inoculum was placed on Middlebrook 7H11 plates immediately 
after inoculation to determine viable counts. This model of experimental tuberculosis is designed 
to mimic pulmonary tuberculosis, with the lungs as primary site of infection with subsequent 
dissemination of bacteria distant organs such as liver, as demonstrated by earlier reports from our 
laboratory20-22, 24. Groups of eight mice per time-point were sacrificed 2 and 5 weeks after infection. 
In addition, 14 WT and 11 PAI-1-/- mice were followed for 29 weeks after infection; surviving mice 
were killed at that time point to obtain insight in the role of PAI-1 in chronic infection. Organs 
were processed as described previously21, 22. Briefly, lungs and liver were removed aseptically and 
homogenized in 5 volumes of sterile 0.9% NaCl. Ten-fold dilutions were plated on Middlebrook 
7H11 plates to determine bacterial loads. Colonies were counted after 21 days incubation at 37°C. 
Numbers of CFUs were provided per g of lungs and liver. 

Histology 
Lungs were removed 2, 5 or 29 weeks after inoculation with M. tuberculosis, fixed in formalin for 
24h and embedded in paraffin. Hematoxilin and eosin stained slides were scored from 0 (absent) 
to 4 (most severe) for the following parameters: interstitial inflammation, endothelialitis, bronchitis, 
edema, granuloma formation and pleuritis by a pathologist blinded for the groups, as described 
earlier22, 25. The total ‘lung inflammation score’ was expressed as the sum of the scores for each 
parameter, the maximum being 24. Confluent (diffuse) inflammatory infiltrate was quantified sepa-
rately and expressed as percentage of the lung area.
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Flow cytometry
Lung cell suspensions were obtained by crushing lungs through a 40-μm  pore-size cell strain-
er (BD, San Jose, CA) as described previously21, 22. Erythrocytes were lysed with ice-cold isotonic 
NH4Cl solution (155 mM NH4Cl, 10 mM KHCO3, 0.1 mM EDTA, pH 7.4). The remaining cells 
were washed twice with FACS buffer (phosphate buffered saline (PBS) supplemented with 0.5% 
BSA, 0.01% NaN3 and 0.35 mM EDTA) and counted using a haemocytometer. Cells were brought 
to a concentration of 1 x 107 cells per mL. The percentages of macrophages, polymorphonuclear cells 
(PMNs) and lymphocytes were determined using flow cytometric analysis using FACSCalibur (BD, 
San Jose, CA). Immunostaining for cell surface molecules was performed for 30 minutes at 4°C using 
directly labeled antibodies against CD3 (CD3-phycoerythrin), CD4 (CD4-allophycocyanin),  CD8 
(CD8-peridinin chlorophyl protein), CD69 (CD69-fluorescein isothiocyanate ) or GR-1 (GR-
1-fluorescein isothiocyanate). All antibodies were used in concentrations recommended by the 
manufacturer (all from BD Pharmingen, San Diego, CA). After staining, cells were fixed in 2% para-
formaldehyde and T-cell surface molecules were analyzed on CD3+ cells within the lymphocyte gate.  

Assays
For PAI-1 protein and cytokine measurements, lung homogenates were diluted 1:2 in lysis 
buffer containing 300 mM NaCl, 30 mM Tris, 2 mM MgCl2, 2 mM CaCl2, 1% Triton X-100, 
and Pepstatin A, Leupeptin and Aprotinin (all 10 ng/mL; pH 7.4) and incubated on ice for 30 
min. Homogenates were centrifuged at 1500 x g at 4°C for 15 min, and supernatants were steri-
lized using a 0.22 µm pore-size filter (Corning Inc., Corning, NY) and stored at -20°C until 
analysis. Levels of PAI-1, interferon (IFN)-γ, tumour necrosis factor (TNF)-α, interleukin (IL)-4, 
IL-6, IL-10, keratinocyte-derived chemokine (KC) and macrophage inflammatory protein (MIP)-2 
were measured by ELISA according to the manufacturer’s instructions (PAI-1: Kordia, Leiden, The 
Netherlands, all others: R&D, Minneapolis, MO). 

Splenocyte stimulation 
Single cell suspensions were obtained by crushing spleens through a 40 µm pore-size cell 
strainer (BD, San Jose, CA) as described21, 22. Erythrocytes were lysed with ice-cold isotonic NH4Cl 
solution. The remaining cells were washed twice with RPMI 1640 (BioWhittaker, Verviers, Bel-
gium) supplemented with 10% fetal calf serum (FCS) and 1% antibiotic-antimycotic (GiboBRL, 
Life Technologies, Rockville, MD). Cells were seeded in 96-well round bottom culture plates at a 
cell density of 1 × 106 cells per well in quadruplicate and stimulated with 20 µg/mL tuberculin puri-
fied protein derivative (PPD; Statens Serum Institut, Copenhagen, Denmark). Supernatants were 
harvested after 48h incubation at 37°C in 5% CO2 and cytokine levels were analyzed by ELISA.

Statistical analysis
Data are expressed as dot plots (CFU data) and box and whisker plots (all other data) showing the 
median, lower and upper quartiles and range of values. Normality was tested using a D’Agostino 
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& Pearson omnibus normality test. As not all data were normally distributed, comparisons 
between groups were conducted using the Mann-Whitney U test. For survival studies Kaplan-Meier 
analyses followed by log rank test were performed. All analyses were done using GraphPad Prism 
version 5.01 (GraphPad Software, San Diego, CA). P-values less than 0.05 were considered statisti-
cally significant.

RESULTS

Endogenous pulmonary PAI-1 is upregulated during M. tuberculosis infection
PAI-1 is considered to be the main inhibitor of the fibrinolytic system10. Patients with lung tuber-
culosis show increased plasma PAI-1 levels, accompanied by elevations in the plasma levels of tPA, 
fibrinogen and fibrin(ogen) degradation products15, 16, which is a reflection of concurrent activa-
tion and inhibition of both procoagulant and fibrinolytic pathways during this disease. To obtain 
insight into local PAI-1 concentrations in the lung during experimental M. tuberculosis infec-
tion, we measured PAI-1 protein levels in lung homogenates of uninfected WT mice and in WT 
mice infected with M. tuberculosis. Pulmonary PAI-1 was detected at levels 0.9 - 1.5 ng/mL in lung 
homogenates of uninfected mice. Infection with M. tuberculosis was associated with a significant 
increase in pulmonary PAI-1 levels after 2 and 5 weeks of infection, as compared to uninfected mice 
(P < 0.05 and P < 0.01 respectively; Fig. 1A).

PAI-1 limits early pulmonary mycobacterial growth
To study the potential impact of PAI-1 on mycobacterial growth during tuberculosis, we first 
determined M. tuberculosis loads in the lungs during the early phase of infection. At 2 weeks after 
infection the numbers of CFU of M. tuberculosis recovered from the lungs of WT and PAI-1-/- mice 
did not differ. However, at 5 weeks after infection lungs from PAI-1-/- mice contained increased 
numbers of mycobacteria as compared to WT mice (P < 0.01; Fig. 1B). No differences in bacterial 
loads after 2 and 5 weeks in liver homogenates were observed (Fig. 1C). Considering that tuberculosis 
is a chronic infection, we next studied the influence of PAI-1 deficiency on mycobacterial growth 
in mice infected for 29 weeks. During that period 1 of 14 WT and 2 of 11 PAI-1-/- mice died (not 
significantly different). The lungs and liver of the surviving WT and PAI-1-/- mice contained 
similar amounts of mycobacteria (Fig. 1B-C). Hence, these data suggest a role for PAI-1 in limiting 
the growth of M. tuberculosis in the pulmonary compartment during the early but not the late phase 
of the infection.

PAI-1 deficiency does not impact lung histopathology
To investigate the role of PAI-1 in the regulation of lung inflammation during tuberculosis, we 
performed histopathologic analyses of lung tissue slides prepared from WT and PAI-1-/- mice 2, 5 
and 29 weeks after infection. Figure 2 shows representative histological sections of lungs of mice 
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infected with M. tuberculosis after 2, 5 and 29 weeks of WT (Fig. 2A, C, E) and PAI-1-/- mice 
(Fig. 2B, D, F). Together, these data suggest that PAI-1 did not impact the extent of lung pathology 
during tuberculosis. After 2, 5 and 29 weeks, both groups displayed granulomatous inflammation 
which increased in extent and severity in time after infection in both mouse strains. At early time 
points histopathological scores did not differ between WT and PAI-1-/- mice (Table 1); after 29 
weeks lung histopathology scores could not be adequately determined due to the presence of 
extensive inflammation in both mouse strains. Similarly, lung weights, a rough index for lung 
inflammation, were similar in both mouse strains at all time points (Table 1). 

PAI-1 deficiency enhances early macrophage and lymphocyte recruitment to the lungs
To obtain more insight into the cellular composition of the pulmonary infiltrates in WT and 
PAI-1-/- mice, we prepared whole lung cell suspensions at 2 and 5 weeks after infection and deter-
mined subsets of inflammatory cells by FACS-analysis (Table 2). Two weeks after infection total 
leukocyte counts were enhanced in PAI-1-/- mice as compared to WT mice (P < 0.01), which was 
caused by an increase in the numbers of macrophages (P < 0.01) and lymphocytes (P < 0.01). Five 
weeks after inoculation total pulmonary leukocyte counts and differential cell counts were similar 
in both mouse strains. To determine whether the relative increase in lymphocytes in PAI-1-/- mice 
was restricted to a certain subset, we analyzed whole lung CD3+ lymphocytes with respect to expres-
sion of CD4, CD8 and the activation marker CD69 (Table 2). This analysis revealed that at 2 weeks 
post infection PAI-1-/- mice had an increased percentage of CD8+ T cells in their lungs (P < 0.01 
versus WT mice); this difference between the two mice strains had disappeared at 5 weeks after 
infection. The percentage of CD4+- and CD8+ T cells expressing CD69 was increased in PAI-1-/- mice 
at 2 weeks (P < 0.05 and P < 0.01 respectively, versus WT mice), while after 5 weeks the differences 
between the two mice strains had disappeared. The percentages of CD4+ T cells did not differ 

Figure 1. Pulmonary PAI-1 protein levels in WT mice increase during M. tuberculosis infection 
and mycobacterial loads are significantly higher in lungs of PAI-1-/- mice 5 weeks after infection. 
Wildtype (WT) mice (grey boxes) were sacrificed before (0h) and 2 and 5 weeks after intranasal inoculation 
with M. tuberculosis to induce experimental tuberculosis. PAI-1 protein concentrations were measured in 
lung homogenates by ELISA (A). Mycobacterial loads per gram lung (B) and liver (C) of WT (black dots) 
and PAI-1-/- (white dots) mice 2, 5 and 29 weeks after infection with 105 CFU of M. tuberculosis. N = 7-8 
mice per group. Data are expressed as box and whisker plots showing the median, lower and upper quar-
tiles and range of values (1A) and dot plots showing all individual observations and the median (Figure 
1B-C). *P < 0.05 and **P < 0.01 versus 0 hours (A) or WT (B-C) (Mann-Whitney U test). 
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significantly between groups at either time point, although at 2 weeks a clear trend was seen towards 
reduced percentages of CD4+ T-cells in PAI-1-/- mice (P = 0.05; Table 2). 

Cytokine and chemokine response during experimental tuberculosis
Cytokines and chemokines play a pivotal role in the regulation of the immune response to tuberculosis26. 
Therefore we measured the concentrations of Th1 cytokines (IFN-γ, TNF-α), Th2 cytokines 
(IL-4, IL-6, IL-10) and chemokines (MIP-2, KC) in lung homogenates obtained 2 and 5 weeks af-
ter infection (Table 3). The concentrations of all mediators were similar in lungs of WT and PAI-1-/- mice 
at 2 weeks after infection, except for KC which was decreased in lungs of PAI-1-/- mice (P < 0.05). 
At 5 weeks after infection lung levels of the pro-inflammatory TNF-α (P < 0.01), anti-inflammatory 
IL-10 (P < 0.01), IL-4 (P < 0.05) and the chemokines KC (P < 0.01) and MIP-2 (P < 0.05) were 
lower in PAI-1-/- mice as compared to WT mice, while the concentrations of the prototypic type 1 
cytokine IFN-γ and the pro-inflammatory IL-6 were similar in both mouse strains. 

Figure 2. Histopathology of the lung during murine tuberculosis. Representative histological 
sections of lungs of WT and PAI-1-/- mice, infected with 105 CFU of M. tuberculosis after 2 (A-B), 5 (C-D) 
and 29 (E-F) weeks (H&E staining, magnification 40x).
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Table 1. Effect of PAI-1 deficiency on lung inflammation during tuberculosis.

aData are expressed as medians ± interquartile ranges of 7-8 mice per group (for the 2 and 5 weeks 
time point) and 9-13 mice per group (for the 29 weeks time point). bConfluent inflamed areas were not 
present (N.P.) yet 2 weeks after infection. cNo histopathological scores could be determined adequately 
29 weeks after infection (N.D.) due to the presence of extensive inflammation in both mouse strains. *P 
< 0.05 versus WT (Mann-Whitney U test).

Table 2. Effect of PAI-1 deficiency on total and differential lung cell counts and T-cell subsets in lungs 
during tuberculosis.

aData are expressed as medians ± interquartile ranges of 7-8 mice per group. bMφs macrophages, PMN 
polymorphonuclear cells. *P < 0.05 versus WT, **P < 0.01 versus WT (Mann-Whitney U test).
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Enhanced IFN-γ production upon ex vivo stimulation of PAI-1 deficient splenocytes 
Next, we determined the capacity of splenocytes obtained from infected mice to respond to the 
recall antigen PPD. Splenocytes were harvested at 2 and 5 week after infection and then stimulated 
with PPD for 48 hours after which IFN-γ (indicative for a Th1 response) and IL-4 (indicative for a 
Th2 response) were measured in the supernatant. After 2 weeks splenocytes from infected WT and 
PAI-1-/- mice produced similar IFN-γ levels. However, at 5 weeks after infection IFN-γ production 
by PAI-1-/- splenocytes was significantly increased compared to WT splenocytes (P < 0.01, 
Fig. 3). IL-4 levels were undetectable in supernatants from both groups at both time-points (data 
not shown).

DISCUSSION

Tuberculosis is a devastating disease, causing almost 2 million deaths every year. As a prerequisite to 
understanding the progression of disease post-infection, it is important to understand specific and 
non-specific host defense mechanisms during this infection. Besides the strong protective Th1-cell 
response elicited to control the growth of M. tuberculosis, other protective host defense mechanisms 
are likely to play a role as well2, 4. Pulmonary tuberculosis is associated with increased plasma levels 
of PAI-115, 16. In models of (sub)acute bacterial infection of the lung, local production of PAI-1 has 
been found to improve host defense27, 28. In bleomycin-induced chronic lung inflammation, pulmo-
nary PAI-1 plays an important protective role against the development of fibrosis29, 30. Considering 
these roles of PAI-1 as a regulator of lung inflammation, we here investigated the contribution of 
endogenous PAI-1 to the host response against M. tuberculosis using our established mouse model. 
We found that during murine tuberculosis PAI-1 is upregulated in the lungs. PAI-1 deficiency 
was associated with enhanced pulmonary bacterial loads in the subacute phase after infection: five 
weeks post-infection, bacterial burdens in lungs of PAI-1-/- mice were significantly higher compared 
to WT mice. However, no differences were seen in the acute phase, 2 weeks post-inoculation and 
differences between PAI-1-/- and WT mice were modest and subsided during the more chronic 
phase of the infection. These data suggest a transient, non-specific role for PAI-1 in limiting myco-
bacterial growth during the early phase of experimental tuberculosis. To our know-ledge, this is the 
first study that examined the functional role of PAI-1 during tuberculosis. 

Recruitment of inflammatory cells to the site of infection is crucial for an adequate immune 
response. During tuberculosis acid-fast bacteria invade macrophages, after which T-lymphocytes 
are recruited to produce a protective Th1 response2, 4. The results obtained in this study indicate 
that PAI-1 contributes to the control of mycobacterial growth, as we observed increased bacterial 
loads in PAI-1-/- mice compared to WT mice 5 weeks after induction of infection. Increased bacte-
rial growth in PAI-1-/- mice was preceded by an increased influx of T lymphocytes, in particular 
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Figure 3. Increased IFN-γ response upon PPD re-stimulation of splenocytes of PAI-1-/- mice 5 weeks 
after infection. Splenocytes were isolated from WT (grey boxes) and PAI-1-/- (white boxes) mice 2 and 
5 weeks after infection with M. tuberculosis, counted and stimulated with PPD for 48 hours. Stimulated 
splenocytes from PAI-1-/- mice released more IFN-γ in response to PPD than splenocytes from infected 
WT mice. Data are expressed as box and whisker plots showing the median, lower and upper quartiles 
and range of values of eight mice per group. **P < 0.01 versus WT (Mann-Whitney U test).

5

Table 3. Effect of PAI-1 deficiency on pulmonary cytokine and chemokine levels during tuberculosis.

aData are expressed as medians ± interquartile ranges of 7-8 mice per group. *P < 0.05 versus WT, **P < 0.01 
versus WT (Mann-Whitney U test).
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CD8+ T cells, which relative to WT mice, showed enhanced expression of the activation marker 
CD69. Although CD8+ T cells have been implicated to play a supportive role in host defense 
against tuberculosis2, 4, their modestly enhanced recruitment apparently did not result in an improved 
antibacterial defense. Notably, the percentage of CD4+ T cells was reduced in PAI-1-/- mice 2 weeks 
after infection, possibly contributing to the subsequently enhanced mycobacterial growth. A recent 
study showed increased CD25+ T-lymphocyte infiltration in the lungs of PAI-1-/- mice during LPS 
endotoxemia, while the opposite phenotype was observed in PAI-1 overexpressing mice, suggesting 
a role for PAI-1 in controlling lymphocyte recruitment31. 

Cytokine release is an important component of the host response to M. tuberculosis2. Mycobacteria 
mainly reside in phagosomes in macrophages and phagosomal maturation is promoted by activa-
tion with IFN-γ, which stimulates anti-mycobacterial mechanisms. At 5 weeks after infection the 
pulmonary levels of several cytokines were reduced in PAI-1-/- mice, especially so IL-4, IL-10 and 
TNF-α. Whereas the Th2 cytokines IL-4 and IL-10 play less important roles during tuberculosis, 
the reduced TNF-α levels may have facilitated mycobacterial growth in PAI-1-/- mice2. Although in 
lungs IFN-γ levels were not different between mouse strains, ex vivo restimulation of splenocytes 
showed increased IFN-γ release in PAI-1-/- mice compared to WT mice, 5 weeks after infection. 
These results are in line with previous data showing an enhanced capacity for IFN-γ production by 
splenocytes from PAI-1-/- mice after incubation with LPS or staphylococcal enterotoxin B, relative 
to WT splenocytes32. If anything, this apparently increased ability to release IFN-γ is expected 
to result in a more effective anti-mycobacterial host defense response in PAI-1-/- mice, however, this 
was not observed here.  Together, some responses detected in PAI-1-/- mice were altered in an 
opposite direction as could have been expected based on the increased mycobacterial loads 5 weeks 
post infection, in particular the enhanced early recruitment of CD8+ T cells and the enhanced 
IFN-γ production capacity of splenocytes upon stimulation with PPD ex vivo. A clear explanation 
is lacking, although these increased and presumably protective responses my present a failed 
compensatory reaction in light of the higher bacterial loads in PAI-1-/- mice.

Previous experiments using mice deficient for plasminogen, tPA, uPA or the uPA receptor failed 
to show any differences in pulmonary bacterial growth, compared with WT mice, 5 or 10 weeks 
after infection with Mycobacterium (M.) avium; PAI-1-/- mice were not studied19. A limited role 
for plasminogen was shown in spreading of M. avium infection from the lung, as reflected 
by increased mycobacterial dissemination to the spleen and liver of plasminogen-deficient mice 1 
week after induction of infection19. We did not find such an effect of PAI-1 on dissemination of 
M. tuberculosis from the lung. Differences in the pathogen used, as well as PAI-1 effects unrelated 
to plasminogen activation10 may at least in part explain the different outcomes in this earlier study19 
and the current investigation. In conclusion, the current study shows that PAI-1 contributes to tran-
sient, non-specific changes in immunity during early phase of murine tuberculosis. Further studies 
are warranted to clarify the specific mechanisms that contribute to this effect. 
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ABSTRACT

Background
Activated protein C (APC) exerts anticoagulant effects via inactivation of factors Va and VIIIa 
and cytoprotective effects via protease activated receptor (PAR)-1. Inhibition of endogenous APC 
in endotoxemia and sepsis results in exacerbation of coagulation and inflammation, with conse-
quent enhanced lethality. We here sought to dissect the distinct roles of the anticoagulant and 
cytoprotective functions of endogenous APC in severe Gram-negative pneumonia derived sepsis 
(melioidosis). 

Methods
We infected wildtype (WT) mice with Burkholderia pseudomallei, a common sepsis pathogen 
in Southeast-Asia, and treated them with antibodies inhibiting both the anticoagulant and cyto-
protective functions of APC (MPC1609) or the anticoagulant functions of APC (MAPC1591) 
only. Additionally, we administered SEW2871 (stimulating the S1P1-pathway downstream from 
PAR-1) to control and MPC1609-treated mice. 

Results
MPC1609, but not MAPC1591 significantly worsened survival, increased coagulation activation, 
facilitated bacterial growth and dissemination and enhanced the inflammatory response. The effects 
of MPC1609 could not be reversed by SEW2871 suggesting that S1P1 does not play a major role 
in this model. 

Conclusions
These results suggest that the mere inhibition of the anticoagulant function of APC does not 
interfere with its protective role during Gram-negative pneumosepsis, suggesting a more prominent 
role for cytoprotective effects of APC herein. 
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INTRODUCTION

The protein C (PC) system is an important regulator of hemostasis and the inflammatory response 
during infection1-3. Initiated by complex formation of thrombin with the endothelial receptor 
thrombomodulin, the zymogen PC is converted into its active form, activated protein C (APC), 
a process that is strongly facilitated by the endothelial protein C receptor (EPCR). APC serves 
as one of the main inhibitors of the coagulation system via its capacity to proteolytically degrade 
coagulation factors Va and VIIIa1-3. In addition, APC exerts cytoprotective, anti-inflammatory and 
anti-apoptotic properties, which are mediated by protease activated receptor 1 (PAR-1). For example, APC 
restores vascular barrier disruptions through activation of the sphingosine-1-phosphate receptor-1 
(S1P1) pathway, a process also mediated via activation of the EPCR and PAR-14-7. This barrier-pro-
tective effect has been found to be of great importance during inflammation and infection induced 
by lipopolysaccharide (LPS) as endothelial barrier disruption and subsequent fluid leakage were 
reduced upon administration of S1P, the ligand for S1P18, 9. Moreover, APC is capable of cleaving histones, 
major mediators of death in sepsis, thereby reducing cytotoxicity.10 These differential properties of 
APC likely all contribute to its protective effects in preclinical models of systemic inflammation 
and infection1-3.

Low PC and APC levels correlated with the occurrence of organ dysfunction and an adverse 
outcome in patients with sepsis11-14. Previous studies have tried to unravel the role of endogenous 
PC during inflammation and sepsis. Mice, heterozygously deficient of PC, had more severe dissemi-
nated intravascular coagulation, increased fibrin depositions and higher levels of proinflammatory 
cytokines upon intraperitoneal injection with LPS15 and reduced PC levels in mouse strains with 
genetically modified (low) PC expression strongly correlated with survival outcomes following LPS 
challenge16. Inhibition of endogenous PC increased the procoagulant response during Esche-richia 
coli peritonitis17 and H1N1 influenza in mice18. Studies using antibodies capable of blocking both 
the cytoprotective and the anticoagulant function of (A)PC or blocking only the anticoagulant 
function of APC further expanded the knowledge on the role of endogenous (A)PC during 
inflammation: mainly the cytoprotective and not the anticoagulant activity of (A)PC seemed to be 
required for protection against LPS-induced toxicity in mice19. 

Knowledge on the distinct anticoagulant and cytoprotective functions of endogenous (A)PC 
during infection and sepsis is limited, in particular in the clinically relevant setting of a gradually 
growing bacterial load spreading from an initially localized infectious source. Therefore, in 
the present study we aimed to characterize the role of the endogenous PC system during severe 
pneumonia-derived sepsis. For this we used our established model of Gram-negative pneumosepsis 
caused by Burkholderia (B.) pseudomallei20-22, the causative agent of melioidosis, an important cause 
of community-acquired sepsis in Southeast Asia23-25. We and others recently reported pronounced 
coagulation activation in patients with culture-proven septic melioidosis together with downregu-
lation of anticoagulant pathways26, 27. In particular, levels of PC were markedly decreased, and low 
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levels of PC correlated with a worse clinical outcome26, 27.  We here show that blocking both the 
anticoagulant and anti-inflammatory functions of endogenous (A)PC, but not inhibition of the 
anticoagulant PC function alone, strongly worsens the outcome of experimentally induced severe 
pneumonia derived Gram-negative sepsis caused by B. pseudomallei.  

MATERIALS AND METHODS

Mice
Pathogen-free 10-week old female wild type (WT) C57BL/6 mice were purchased from Charles 
River (Maastricht, The Netherlands) and maintained at the animal care facility of the Academic 
Medical Center (University of Amsterdam), according to national guidelines with free access to 
food and water. The Animal Care and Use of Committee of the University of Amsterdam 
approved all experiments.

Experimental infection and determination of bacterial growth
Pneumosepsis was induced by intranasal inoculation with B. pseudomallei strain 1026b (250 or 
750 colony forming units (CFUs) in 50 μL NaCl0.9%) as previously described20-22; these infectious 
doses represent an approximate LD65 and LD100 respectively. Mice were euthanized 24, 48 or 
72 hours after infection, or survival studies were performed. For survival experiments mice were 
checked every 4-6 hours until death occurred for a maximum of 16 days. Sample harvesting and 
processing and determination of bacterial growth were done as described20-22. Briefly, mice received 
an intraperitoneal injection containing ketamin (Eurovet Animal Health, Bladel, The Netherlands) 
and medetomidin (Pfizer Animal Health Care, Capelle aan den IJssel, The Netherlands). The abdomen 
was opened and blood from the vena cava inferior was drawn into syringes containing sodium 
citrate (4:1 vol/vol). Bronchoalveolar lavage fluid (BALF) was harvested by unilateral lavage of the 
right lung with two aliquots of 400 µL sterile phosphate-buffered saline. Lungs and liver were 
harvested and homogenized at 4°C in 4 volumes of sterile saline using a tissue homogenizer 
(Biospec Products, Bartlesville, OK). CFUs were determined from serial dilutions of organ 
homogenates and blood plated on blood agar plates and incubated at 37°C 5% CO2 for 20h before 
colonies were counted.

Monoclonal antibodies and S1P1 agonist
Endogenous (A)PC was blocked with the use of the rat monoclonal antibody (mAb) MPC1609 
and mAb MAPC1591 as previously described19, 28. The class-matched mAb MCO1716, targeted 
against the keyhole limpet hemocyanin protein, was used as control treatment. MPC1609 inhibits 
both APC-generation and thereby APC anticoagulant and cytoprotective signaling pathways, 
whereas MAPC1591 inhibits APC anticoagulant activity 19, 28. More in detail, MPC1609 inhibits 
PC and APC binding to the endothelium or phospholipids by masking the Gla-domain of PC or 
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APC which was responsible for the binding of PC or APC19. MAPC1591 recognized APC, but 
not PC through interacting with an epitope that still allowed APC to bind cell surfaces and phos-
pholipids, but blocked APC anticoagulant activity presumably by preventing APC interaction of 
FVa19. Previous in vivo studies, involving a model of lethal H1N1-influenza and a model of E. coli 
peritonitis have described that treatment with MPC1609 reduced PC levels during the course of 
infection17, 18. Antibodies were injected intraperitoneally (200 µg in 200 μl NaCl0.9%) 30 minutes 
before infection, which was repeated once daily during the course of the experiment. SEW-2871, a 
selective S1P1 agonist (BIOMOL International, Plymouth Meeting, PA), was administered intraperi-
toneally (10 mg/kg body weight)28, 29 4 hours before inoculation, which was repeated once daily 
during the course of the experiment;  normal saline served as a control. 

Assays
Lung homogenates were prepared as described20-22. Interleukin (IL)-6, IL-10 and monocyte-
chemoattractant protein (MCP)-1 were measured by cytometric bead array (CBA) multiplex 
assay (BD Biosciences, San Jose, CA). Tumor necrosis factor (TNF)-α (R&D systems, Min-
neapolis, MN), keratinocyte-derived chemokine (KC; R&D Systems, Minneapolis, MN), myeloper-
oxidase (MPO; HyCult-Biotechnology, Uden, The Netherlands), thrombin-antithrombin complexes 
(TATc; Siemens Healthcare Diagnostics, Marburg, Germany) and D-dimer (Asserachrom D-dimer, 
Roche Woerden, the Netherlands) were measured with commercially available ELISA kits. Total 
protein in BALF was measured using a Bio-Rad Protein Assay (Bio-Rad Laboratories, Hercules, 
CA). Nucleosomes in BALF were measured by an ELISA as described30, 31. 

Cell counts and flow cytometry
Total counts of paraformaldehyde (4%)-fixed BALF cells were measured using a Coulter Counter 
(Beckman Coulter Inc. Brea, CA). Differential counts were determined by FACS (FACSCalibur, 
Becton Dickson, San Jose, CA) using directly labeled antibodies against GR-1 (GR-1 FITC; BD 
Pharmingen, San Diego, CA) and F4/80 (F4/80 APC; AbD Serotec, Oxford, UK). The Gr-1 
FITC antibody detects the myeloid differentiation antigen Gr-1, also known as Ly-6G, a 21-25-kDa 
GPI-anchored protein which is present on granulocytes, including neutrophils and eosinophils. 
The F4/80 antibody recognizes the murine F4/80 antigen, a 160 kD cell surface glycoprotein, 
expressed on a wide range of mature tissue macrophages including macrophages located in the lung. 
All antibodies were used in concentrations recommended by the manufacturer. Granulocytes were 
defined according to their scatter pattern and GR-1 positivity, macrophages according to their 
scatter-pattern and F4/80 positivity. 

Histology and immunohistology
Paraffin-embedded 4 µm lung sections were stained with haematoxylin and eosin (H&E) and 
analyzed for inflammation and tissue damage, as described previously20-22. All slides were scored 
by a pathologist blinded for treatment for the following parameters: interstitial inflammation, necrosis, 
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endothelialitis, bronchitis, edema, pleuritis, presence of thrombi and percentage of lung surface 
with pneumonia. All parameters were rated separately from 0 (condition absent) to 4 (most severe 
condition). The total histopathology score was expressed as the sum of the scores of the individual 
parameters, with a maximum of 32. Granulocyte stainings, using fluorescein isothiocyanate-labeled 
rat-anti-mouse Ly-6G mAb (BD Pharmingen, San Diego, CA) were done as described previously20, 

21. The Ly6G antibody detects Ly6G, formerly known as myeloid differentiation antigen Gr-1, 
a 21-25-kDa GPI-anchored protein which is present on granulocytes, including neutrophils and 
eosinophils. Slides were counterstained with methylgreen (Sigma-Aldrich, St. Louis, MO). The total 
tissue area of the Ly-6 stained slides was scanned with a slide scanner (Olympus dotSlide, Tokyo, 
Japan) and the obtained scans were exported in TIFF format for digital image analysis. The digital 
images were analyzed with ImageJ (version 2006.02.01, National Institutes of Health, Bethesda, 
MD) and the immunopositive (Ly6+) area was expressed as the percentage of the total lung surface area.  

Statistical analysis
Data are expressed as means with standard error of the means (SEM). Comparisons between groups 
were conducted using the Mann-Whitney U test. For survival studies Kaplan-Meier analyses 
followed by log rank test were performed. All analyses were done using GraphPad Prism version 
5.01 (GraphPad Software, San Diego, CA). P-values < 0.05 were considered statistically significant. 

RESULTS

Inhibition of both the signalling and the anticoagulant function of PC increases lethality
To gain insight into the role of endogenous PC and APC during severe pneumosepsis we infected 
WT mice with 750 CFU (LD100) or 250 CFU (LD65) of B. pseudomallei and performed survival 
studies. Mice were treated with distinct antibodies to identify the different functions of endog-
enous PC19, 28: MPC1609, inhibiting both anticoagulant and signalling effects of the activated 
form of PC, or MAPC1591, blocking only the anticoagulant effects of APC; the control group 
was injected with MCO1716, an irrelevant control antibody. Treatment with MPC1609 signifi-
cantly shortened survival after a lethal dose (LD100) of B. pseudomallei  (P < 0.01) whereas only 
inhibiting the anticoagulant effects of APC with MAPC1591 did not result in a difference when 
compared to the MCO1716 control group (Figure 1A). Strikingly, intranasal inoculation with a 
LD65 dose of B. pseudomallei resulted universally and rapidly in death of all MPC1609 injected 
mice, while lethality in MAPC1591 and MCO1716 treated mice was similar (P < 0.0001 for the 
difference between MPC1609 versus other groups; Figure 1B). These results might indicate that 
the combined cytoprotective and anticoagulant function of (A)PC is are important for protection 
against mortality in this model. 
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The cytoprotective properties of endogenous APC contribute to its anticoagulant 
effects during severe sepsis
The model of severe Gram-negative sepsis (melioidosis) used here is associated with profound 
activation of coagulation20, 21. In order to determine the role of endogenous (A)PC in the regula-
tion of the procoagulant response during pneumosepsis WT mice, treated with either MPC1609, 
MAPC1591 or MCO1716 were infected with 750 or 250 CFU of B. pseudomallei and sacrificed 
after 24, 48 and 72 hours to determine TATc and D-dimer levels in lung homogenates (the primary 
site of infection). Treatment with MPC1609 induced increased TATc levels in lungs 48 hours after 
inoculation when compared to treatment with control MCO1716 (P < 0.001), whereas treatment 
with MAPC1591 did not induce any differences at this time-point (Figure 2A). These same re-
sults were observed after 72 hours, when a low, not fully lethal inoculum (LD65) was used (P < 
0.05). Interestingly, after 72 hours, when using a lethal inoculum (LD100), coagulation activation 
was significantly increased in the MAPC1591 treated group, when compared to controls (P < 0.01; Figure 
2A), whereas in the MPC1609 group no measurements could be performed as 6 out of 8 animals 
had already died at this time-point, precluding an adequate analysis of the effects of this antibody 
during late stage infection. Similarly, lung D-dimer levels were markedly increased in MPC1609 
treated mice 24 (P < 0.01) and 48 hours (P < 0.05) after high dose infection and 72 hours after 
low dose infection (P < 0.01) (Figure 2B). D-dimer was also measured in plasma harvested 24 or 
48 hours after high dose infection; in accordance with results obtained in lungs, MPC1609 but not 
MAPC1591 enhanced plasma D-dimer levels relative to MCO1716 control treatment (data not 
shown). These results clearly indicate that inhibiting both the anti-inflammatory and anticoagulant 
functions of (A)PC exacerbates activation of coagulation; selective inhibition of the anticoagulant 
function of (A)PC only enhanced activation of coagulation during late stage high dose infection.

Figure 1. Inhibition of both the anti-coagulant and cytoprotective function of (A)PC significantly 
reduces survival after LD100 and LD65 infection with B. pseudomallei whereas selective inhibition 
of the anticoagulant effects of APC is without effect. Mice were treated with MPC1609 (inhib-
iting both the anticoagulant and cytoprotective functions of PC), MAPC1591 (inhibiting only the anticoagulant 
functions of PC) or MCO1716 (control) and were infected intranasally with 750 CFU (A; LD100) or 250 
CFU (B; LD65) of B. pseudomallei. Mortality was assessed every 4-6 hours, n = 14-20 mice per group. 
Comparison between groups was done by using Kaplan-Meier analysis followed by log rank tests. 
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Figure 2. Inhibition of both the anti-coagulant and cytoprotective function of (A)PC enhances 
coagulation activation. Mice were treated with MPC1609 (inhibiting both the anticoagulant and cyto-
protective functions of PC; white bars), MAPC1591 (inhibiting only the anticoagulant functions of PC; 
striped bars) or MCO1716 (control; black bars) and infected intranasally with 750 CFU (LD100) or 250 
CFU (LD65) of B. pseudomallei. Mice were sacrificed after 24, 48 or 72 hours and TATc (A) and D-dimer 
(B) were measured in lung homogenates. Data are expressed as bars with means ± SEM; n = 7-8 mice 
per group for each time point. *P < 0.05, **P < 0.01 and ***P < 0.001 versus MCO1716 (Mann-Whitney U 
test). ND not determined; TATc, thrombin-antithrombin complexes.

Figure 3. Inhibition of both the anti-coagulant and cytoprotective function of (A)PC facilitates 
bacterial growth and dissemination. Mice were treated with MPC1609 (inhibiting both the anticoagulant 
and cytoprotective functions of PC; white bars), MAPC1591 (inhibiting only the anticoagulant functions 
of PC; striped bars) or MCO1716 (control; black bars) and infected intranasally with 750 CFU (LD100) 
or 250 CFU (LD65) of B. pseudomallei. Mice were sacrificed after 24, 48 or 72 hours and bacterial loads 
were measured in lung homogenates (A), BALF (B), whole blood (C) and liver homogenates (D). Data 
are expressed as bars with means ± SEM; n = 7-8 mice per group for each time point. *P < 0.05, **P < 0.01 
and ***P < 0.001 versus MCO1716 (Mann-Whitney U test). BALF bronchoalveolar lavage fluid; ND not determined.
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Inhibition of both the cytoprotective and anticoagulant properties of endogenous PC 
facilitates bacterial growth and dissemination
Our model of pneumosepsis is associated with marked bacterial growth locally in lung tissue 
and BALF, but also systemically in blood and liver20-22. In order to establish whether endogenous 
PC impacts on bacterial growth and dissemination, WT mice, treated with either MPC1609, 
MAPC1591 or MCO1716, were infected with 750 or 250 CFU of B. pseudomallei and sacrificed 
after 24, 48 and 72 hours to determine bacterial loads in lungs and BALF (the primary site of infec-
tion), liver and blood (to evaluate the extent of bacterial dissemination). At 24 hours post infection, 
bacterial burdens were similar in all treatment groups in all body sites examined (Figure 3). At 48 hours, 
however, mice administered with MPC1609 had significantly increased bacterial loads when 
compared with MCO1716 treated animals, both at the primary site of infection, in lung homogen-
ates and BALF (both P < 0.001; Figure 3A-B), and in a distant body site, the liver (P < 0.05; Figure 3D); 
at this time point bacterial counts in blood tended to be higher in MPC1609 treated mice (P = 0.12 
versus MCO1716; Figure 3C). Seventy-two hours after LD65 infection MPC1609 treatment was 
associated with significantly higher bacterial loads locally in lung homogenates and BALF and 
systemically in blood and liver homogenates (all P < 0.01; Figure 3A-D). In addition, at this 
time point, all mice had positive blood cultures in the MPC1609 group, while in the control group 
(MCO1716) only 1 out of 8 blood cultures was positive (Figure 3C). Importantly, treatment with 
MAPC1591 did not influence bacterial growth or dissemination after infection with either 750 
or 250 CFU of B. pseudomallei, when compared to MCO1716 administration. Hence, both the 
cytoprotective and the anticoagulant function of (A)PC, but not the anticoagulant effects only, are 
important in antibacterial defense in this model of severe Gram-negative pneumosepsis.

Inhibition of both the cytoprotective and anticoagulant properties of endogenous (A)
PC exaggerates lung inflammation during pneumonia derived sepsis
The current model of pneumosepsis is associated with profound lung pathology, inflammatory 
cell recruitment and local inflammation20-22. In the present study, mice in all study groups infected 
with B. pseudomallei showed inflammatory infiltrates in the lungs characterized by intersti-
tial inflammation together with necrosis, endothelialitis, bronchitis, edema, thrombi and pleuritis 
(Figure 4A-D). During the first 48 hours after infection with the LD100 dose, the extent of lung 
pathology, quantified by the semi-quantitative scoring system described in the Methods section, 
was similar in all treatment groups; 72 hours after LD100 infection the impact of MPC1609 could 
not be evaluated due to early mortality, whereas MAPC1591 administration did not alter lung 
pathology relative to MCO1718.  At 72 hours after LD65 infection, however, MPC1609 treated 
mice displayed enhanced lung pathology, when compared with MCO1718 administered animals 
(P < 0.05). Figures 4B (MCO1716), C (MPC1609) and D (MAPC1591) show representative 
H&E-stainings of lung tissue obtained 72 hours after intranasal inoculation (LD65) with B. pseu-
domallei. In concordance with histology scores, the number of Ly6G-positive neutrophils in lung 
tissue slides was higher MPC1609 treated mice 72 hours after LD65 infection (P < 0.05 versus 
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MCO1716; Figure 4E; Figures 4F (MCO1716), G (MPC1609) and H (MAPC1591) show repre-
sentative photographs of Ly-6G stainings of lung tissue harvested at this time point). The inhibitory 
effect of endogenous PC on lung inflammation and pathology was further confirmed by elevated 
MPO concentrations (indicative for neutrophil numbers and activation) in lung homogenates 
harvested from the MPC1609 treated group 48 hours after LD100 infection (P < 0.05 versus 
MCO1716) and 72 hours after LD65 infection (P < 0.01 versus MCO1716; Figure 4I). Moreover, 
BALF obtained from MPC1609-treated mice contained significantly more cells than BALF from 
MCO1716 administered animals 48 hours after LD100 infection (P < 0.001; Figure 4J). These 

Figure 4. Lung pathology. Mice were treated with MPC1609 (inhibiting both the anticoagulant and 
cytoprotective functions of PC; white bars), MAPC1591 (inhibiting only the anticoagulant functions of PC; 
striped bars) or MCO1716 (control; black bars) and infected intranasally with 750 CFU (LD100) or 250 
CFU (LD65) of B. pseudomallei. Mice were sacrificed after 24, 48 or 72 hours. (A) Lung histopathology 
scores determined as described in the Methods section. Representative lung tissue slides (H&E staining 
x100) 72 hours after LD65 infection in mice treated with MCO1716 (B), MPC1609 (C) or MAPC1591 (D). 
Ly6G-positivity (expressed as % of total lung surface) (E). Representative photographs of Ly6G-immu-
nostaining (original magnification x100) for granulocytes of mice treated with MCO1716 (F), MPC1609 
(G) and MAPC1591 (H). Lung MPO (I), Total leukocyte number in BALF (J), Neutrophil number in BALF 
(K), Total protein concentration in BALF (L), Nucleosome levels in BALF (M). Data are expressed as bars 
with means ± SEM; n = 7-8 mice per group for each time point. *P < 0.05, **P < 0.01 and ***P < 0.001 
versus MCO1716 (Mann-Whitney U test). BALF bronchoalveolar lavage fluid; MPO myeloperoxidase; ND 
not determined.
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differences were mainly caused by enhanced numbers of neutrophils in the MPC1609-treated mice 
(P < 0.001; Figure 4K). The protective effect of endogenous PC on the development of lung injury 
was further supported by total protein concentrations in BALF (indicative for vascular leak): 
MPC1609 administration was accompanied by elevated protein levels in BALF harvested 48 
hours after LD100 infection (P < 0.01 versus MCO1716) or 72 hours after LD65 infection (P 
< 0.05 versus MCO1716; Figure 4L). Administration of MAPC1591 did not influence any of 
these parameters. Together these data suggest that the combined cytoprotective and anticoagulant 
properties of endogenous (A)PC exert lung protective effects in this model of severe pneumonia 
derived sepsis.

Endogenous (A)PC inhibits the release of nucleosomes in the bronchoalveolar space 
during sepsis induced lung injury
Recently, APC was demonstrated to be capable of cleaving histones, major mediators of death 
in sepsis, thereby reducing cytotoxicity10. Our laboratory identified nucleosomes (complexes 
containing DNA and histones) in BALF as damage markers during hyperoxia induced lung injury31. 
Therefore, we considered it of interest to study the possible role of endogenous APC in the release 
of nucleosomes into the bronchoalveolar space during sepsis induced lung injury. BALF nucleosome 
levels increased during the course of the infection, becoming detectable 48 hours after infection and 
reaching peak values after 72 hours (Figure 4M). At 48 hours after LD100 infection, all three treat-
ment groups had similar nucleosome concentrations; at 72 hours levels were similar in MAPC1591 
and MCO1716 treated animals. At 72 hours after LD65 infection, however, treatment with either 
MPC1609 or MAPC1591 was associated with elevated nucleosome levels in BALF (both P < 0.05 
versus MCO1716). 

Inhibition of both the cytoprotective and anticoagulant effects of endogenous (A)PC 
enhances local and systemic cytokine release during sepsis
In order to examine the impact of endogenous (A)PC on cytokine and chemokine release 
during pneumonia derived sepsis, we measured TNF-α, IL-6, IL-10, MCP-1 and KC levels in 
lung homogenates and plasma 24, 48 and 72 hours after infection. At 24 hours after inoculation all 
cytokine levels were low and did not differ between the treatment groups in either lung homogen-
ates or plasma (data not shown). Additionally, 72 hours after LD100, lung or plasma cytokine levels 
did not differ between MAPC1591 and MCO1716 treated animals (data not shown). However, 48 
hours after LD100 infection and 72 hours after LD65 infection, almost all cytokine and chemokine 
levels were higher in lung homogenates and plasma of MPC1609 treated (but not of MAPC1591 
administered) animals (Table 1). These results suggest that the combined cytoprotective and anti-
coagulant function of endogenous (A)PC limits local and systemic cytokine release during severe 
pneumonia derived sepsis. 
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Treatment with an S1P1 agonist does not reverse the effect of MPC1609
One of the cytoprotective functions of APC involves protection of the vascular barrier through 
activation of the S1P1 pathway, which is mediated via activation of PAR-14-6. In order to determine 
whether the observed detrimental effects of MPC1609 were in part mediated via the APC-PAR-1-S1P1-
pathway, we repeated the experiment in which the effect of MPC1609 was investigated 48 hours 

Table 1. Inhibition of both the cytoprotective and anticoagulant function of endogenous APC enhances 
local and systemic cytokine release during Gram-negative pneumosepsis.

Pulmonary and plasma cytokine levels after intranasal infection with B. pseudomallei. Wild type (WT) 
mice were treated with antibodies to inhibit both anticoagulant and signalling effects of APC (MPC1609) 
or only the anticoagulant effects of APC (MAPC1591) or an irrelevant control antibody (MCO1716). Mice 
were sacrificed 24, 48 or 72 hours after LD100 infection or 72 hours after LD65 infection. Only data 
obtained 48 hours after LD100 and 72 hours after LD65 infection are shown; at 24 hours after LD100 
infection no differences between groups were detected (not shown), whereas 72 hours after LD100 
infection early mortality in MPC1609 treated mice precluded adequate comparisons (not shown). Data 
are expressed as median (interquartile ranges) of n = 7-8 mice per group per time point. IL  interleukin, 
TNF-α  tumor necrosis factor-α, MCP-1 monocyte-chemoattractant protein-1. BD below detection limits; 
NEM not enough material. *P < 0.05, **P < 0.01 and ***P < 0.001 for difference with MCO1716 control 
treatment (Mann-Whitney U test).
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after LD100 infection, now in the presence or absence of co-treatment with a downstream S1P1 
agonist, SEW287128, 29. We hypothesized that administration of SEW2871 would reverse part of 
the detrimental phenotype observed after MPC1609 treatment. Figure 5A-H shows that the effects 
of MPC1609 were reproduced, i.e. mice injected with this antibody demonstrated higher bacte-
rial loads in lungs (Figure 5A), BALF (B), blood (C) and liver (D), enhanced pulmonary TATc 
(E), protein leak in BALF (F) and higher lung (G) and plasma IL-6 levels (H). Administration 
of SEW2871 however did not protect these responses in either MCO1716 or MPC1609 treated 
animals; in fact, SEW2871 tended to increase the detrimental effects of MPC1609, significantly so 
for bacterial loads in blood. 

DISCUSSION

APC is a pleiotropic protease with multiple inhibitory effects on coagulation and inflammation1-3. 
While the endogenous PC system has been implicated to play a protective role in sepsis, know-
ledge on the relative contribution of the anticoagulant and cytoprotective effects of endogenous 
PC in sepsis pathogenesis is limited. In this study we investigated the role of endogenous PC during 
Gram-negative pneumosepsis using our well-established mouse model of severe B. pseudomallei 

Figure 5. Treatment with SEW-2871, a selective sphingosine-1-phosphate receptor-1 (S1P1) 
agonist, does not reverse MPC1609 effects. Mice were treated with MPC1609 (inhibiting both the 
anticoagulant and cytoprotective functions of PC; white bars) or MCO1716 (control; black bars) with or 
without the selective S1P1 agonist SEW2871 (with MPC1609: white-hatched bars; with MCO1716: grey-
hatched bars). All mice were infected intranasally with 750 CFU (LD100) of B. pseudomallei and sacrificed 
after 48 hours. Bacterial loads in lungs (A), BALF (B), blood (C) and liver (D). Thrombin-antithrombin 
complexes (TATc) in lung homogenates (E), Total protein in BALF (F) and lung G) and plasma (H) IL-6, a 
proinflammatory cytokine, while, again, no differences were seen between mice treated with SEW-2871 
and control mice. Data are expressed as bars with means ± SEM; n = 8 mice per group. *P < 0.05, **P < 
0.01 and ***P < 0.001 versus MCO1716, #P < 0.05 versus MPC1609 (Mann-Whitney U test). BALF bron-
choalveolar lavage fluid; ND not determined; S1P1 sphingosine-1-phosphate receptor-1; TATc thrombin-
antithrombin complexes.
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infection, characterized by gradual growth of bacteria from the lung with subsequent dissemina-
tion to distant body sites, activation of procoagulant and inflammatory pathways, tissue injury and 
death, thereby mimicking the clinical scenario of severe sepsis20-22. We show that inhibition of both 
the anticoagulant and cytoprotective functions of PC (with MPC1609) significantly worsened 
survival after either a LD100 or LD65 dose of B. pseudomallei whereas selective inhibition of the 
anticoagulant effects of APC (with MAPC1591) was without effect. Moreover, treatment with 
MPC1609 enhanced coagulation activation, facilitated bacterial growth at the primary site 
of infection and at distant body sites and enhanced the inflammatory response (leukocyte recruit-
ment, cytokine levels and nucleosome release). In contrast, MAPC1591 administration did not impact 
on the antibacterial or inflammatory response. The effects of MPC1609 could not be reversed by 
SEW2871 (stimulating the S1P1 pathway downstream from PAR1), suggesting that S1P1 does not 
play a major role in this model. These results suggest that the combined anti-inflammatory and 
anticoagulant function of the protein C system contributes to adequate host defense during pneu-
mosepsis caused by B. pseudomallei.

Previous research has shown that MPC1609 blocks all known functions of PC and APC, including its 
anticoagulant activities and protection of the endothelial barrier, via blockage of binding of APC 
to the endothelium19. MAPC1591, on the other hand, enhances APC binding to the endothelium 
and does not block the protective effects of APC on the endothelial barrier. Similar to MPC1609, 
MAPC1591 completely inhibited APC anticoagulant activity in vitro. As such, MAPC1591 is 
a selective inhibitor of the anticoagulant properties of APC19. Our results show that MPC1609 
clearly enhanced activation of coagulation at the primary site of infection and in the circulation. 
MAPC1591 had a more modest effect on coagulation: only when using a high inoculum (LD100) 
and at a late time point increased TATc levels were observed in MAPC1591 treated animals. The 
more profound effect of MPC1609 on local and systemic coagulation suggests that the anti-inflam-
matory and cytoprotective properties of APC contribute to its anticoagulant potency during 
the severe inflammatory response syndrome caused by sepsis. In accordance, in mice challenged 
with LPS intravenously MPC1609 administration resulted in higher plasma TATc levels than 
MAPC1591 injection, accompanied by much higher plasma IL-6 concentrations in the former group19. 

Besides impacting on coagulation, MPC1609, but not MAPC1591, caused profound alterations 
in many host responses examined during the course of B. pseudomallei-induced sepsis. The effects 
of MPC1609 became apparent beyond the first 24 hours and included increased bacterial growth 
and dissemination. In accordance, our laboratory recently reported transiently increased bacterial 
burdens in MPC1609 treated mice with E. coli peritonitis17. These findings are remarkable, consid-
ering that (A)PC is not known to directly influence antibacterial effector mechanisms. Pos-
sibly, enhanced fibrin formation in the context of MPC1609 treatment may provide bacteria with a 
niche that protects them from eradication by immune cells. This is unlikely to explain the effect of 
MPC1609 in full, however: recent data from our laboratory showed that tissue-type plasminogen 
activator deficient mice, which like MPC1609 treated mice are expected to display enhanced fibrin 
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depositions albeit through a different mechanism (i.e. reduced fibrinolysis), demonstrated reduced 
bacterial growth and dissemination in this same model of B. pseudomallei-induced pneumosepsis21. 
Moreover, mice deficient for plasminogen-activator inhibitor type-1, which are expected to have to 
decreased fibrin depositions, showed increased bacterial growth in this model20, further arguing against 
a role for fibrin in shielding bacteria from the host immune system. Furthermore, MPC1609, 
but not MAPC1591, exaggerated lung damage, associated with stronger neutrophil influx and 
higher cytokine levels, and reflected by increased histopathology and higher protein contents of 
BALF. Together, these data suggest that the combined anticoagulant and cytoprotective function of 
endogenous (A)PC contributes to the integrity of host defense against B. pseudomallei. Alterna-
tively, the cytoprotective properties of (A)PC alone could be sufficient for this beneficial effect. 
Our results obtained with SEW2871 argue against an important role for the S1P1 pathway.  APC 
may restore vascular barrier disruption at least in part through a process mediated via APC-EP-
CR co-localization on lipid rafts, activation of PAR-1 and subsequent APC-EPCR-PAR-1 cross-
activation of S1P1 signalling pathways4-7, 32. In accordance with a role for S1P1 in protection against 
endothelial barrier disruption, intravenous administration of its ligand S1P reduced vascular leakage 
in murine models of LPS-mediated or high-tidal mechanical ventilation induced acute lung injury8, 9. 
In the present study we tried to restore the detrimental effects of treatment with MPC1609 by using 
a S1P1-agonist, SEW2871, seeking to bypass the MPC1609 induced inhibition of the APC-PAR-1 
interaction by direct activation of S1P1 downstream from PAR-1. In an earlier study SEW2871 
reversed MPC1609 induced vascular leakage and growth of metastasis in a model of cancer 
cell extravasation of melanoma cells in mouse lungs28; moreover, SEW2871 significantly reduced 
ischemia-reperfusion injury in the mouse kidney29, together providing evidence for the biologi-
cal activity of this compound. As such, the lack of an effect of SEW2871 in our study suggests 
that during pneumosepsis the protective effects of endogenous (A)PC are not fully driven by the 
S1P1 pathway. Notably, recent evidence has demonstrated that APC may exert cytoprotective effects by 
a pathway that does not rely on PAR-133. Moreover, APC-PAR-1 signaling might exert S1P1 indepen-
dent effects on endothelial barrier function (e.g. via the angiopoietin/tie2 axis) and additionally 
APC-PAR-1 signaling can result in cytoprotective effects (antiapoptotic and anti-inflammatory 
effects) for which S1P1 has not been implicated. Hence, our experiments using SEW2871 do not 
fully address the contribution of the complete spectrum of cytoprotective effects of endogenous 
APC in the phenotype of MPC1609 treated mice. Experiments with an antibody inhibiting only 
the cytoprotective functions of APC are required to test this possibility; however, to the best of our 
knowledge such antibodies have not been generated thus far. 

Our data obtained with MPC1609 are in line with previous investigations that used partially 
PC-deficient mice to show the protective anticoagulant and anti-inflammatory role of endogenous 
PC during endotoxemia15, 16. In accordance, MPC1609 exaggerated coagulation and IL-6 release 
after intravenous injection of LPS19 and intraperitoneal administration of E. coli in mice17, which in 
the LPS model was accompanied by increased lethality19. Additionally, in lethal H1N1 influenza in 
mice treatment with MPC1609 aggravated lung coagulation and lung histopathology18. However, in 
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this model, MPC1609 treatment lowered bronchoalveolar neutrophil influx and total protein levels 
and delayed mortality18, which is in contrast with our present findings. A possible explana-
tion for these discrepancies may be that the course of a viral infection strongly differs from over-
whelming bacterial (pneumo)sepsis. 

Recent data show that extracellular histones released in response to an inflammatory challenge 
contribute to endothelial dysfunction, organ failure and death during sepsis10, 34. Extracellular 
histones were found to be cytotoxic toward endothelium in vitro and lethal in mice10. APC cleaves 
histones and thereby reduces their cytotoxicity; blockage of PC activation by MPC1609 exacer-
bated a sublethal LPS challenge into lethality, which was reversed by treatment with antibody to 
histone 410. Our data are in line with these observations. The concentrations of nucleosomes, struc-
tural units containing a segment of DNA wound around a histone protein core, increased in BALF 
after infection, resembling previous findings during hypoxia-induced lung injury31. Remarkably, unlike 
many other responses examined in this study, both MPC1609 and MAPC1591 administration led 
to significantly higher nucleosome levels compared to MCO1716 control treatment during late 
stage LD65 infection, suggesting that the protease activity mediating APC’s anticoagulant function 
is responsible for this effect. 

Recently, recombinant human APC was withdrawn from the market as a therapeutic for sepsis 
after the negative results from the PROWESS shock trial35. Nonetheless, several preclinical studies 
have provided insight into the mechanisms of action of recombinant APC administration in 
models of endotoxemia and sepsis36. The effects of recombinant APC cannot be directly extrapo-
lated to the function of the endogenous PC-system37; these studies made use of recombinant APC 
mutants with selective anticoagulant properties, showing that inhibition of coagulation may not 
contribute to the protective effects of exogenous APC during endotoxemia and sepsis38. In conclu-
sion, our study is the first to investigate the distinct roles of the anticoagulant and cytoprotective 
functions of the endogenous PC system in host defense during Gram-negative sepsis. Hence, both 
previous investigations using recombinant APC and the current studies examining the function of 
endogenous APC indicate that the mere anticoagulant effects of APC do not play a major role in 
sepsis outcome. Although the current results suggest that the cytoprotective effects of endogenous 
APC are most important for its protective role during severe Gram-negative pneumosepsis, experi-
ments with an antibody that selectively targets the cytoprotective properties of APC are warranted 
to firmly conclude this.  
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ABSTRACT

Background
During severe (pneumo)sepsis inflammatory and coagulation pathways become activated as part of 
the host immune response. Thrombomodulin (TM) is involved in a range of host defense mecha-
nisms during infection and plays a pivotal role in activation of protein C (PC) into active protein 
C (APC). APC has both anticoagulant and anti-inflammatory properties. In this study we investi-
gated the effects of impaired TM-mediated APC generation during melioidosis, a common form 
of community-acquired Gram-negative (pneumo)sepsis in South-East Asia caused by Burkholderia 
(B.) pseudomallei. 

Methods
Wildtype (WT) mice and mice with an impaired capacity to activate protein C due to a point 
mutation in their Thbd gene (TMpro/pro mice) were intranasally infected with B. pseudomallei and 
sacrificed after 24, 48 or 72 hours for analyses. Additionally, survival studies were performed. 

Results
When compared to WT mice, TMpro/pro mice displayed a worse survival upon infection with 
B. pseudomallei, accompanied by increased coagulation activation, enhanced lung neutrophil 
influx and bronchoalveolar inflammation at late time points, together with increased hepatocellular 
injury. The TMpro/pro mutation had limited if any impact on bacterial growth and dissemination. 

Conclusion 
TM-mediated protein C activation contributes to protective immunity after infection with 
B. pseudomallei. These results add to a better understanding of the regulation of the inflammatory 
and procoagulant response during severe Gram-negative (pneumo)sepsis.
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INTRODUCTION

Thrombomodulin (TM, CD141) is a multifunctional transmembrane glycoprotein receptor 
expressed on the surface of all vascular cells and various hematopoietic cells involved in activation 
of various parameters of inflammation and coagulation including protein C (PC), thrombin-
activatable fibrinolysis inhibitor (TAFI), complement factors and in high mobility group box-1 
(HMGB1)1, 2. TM plays a pivotal role in the regulation of coagulation via its capacity to activate PC 
into active protein C (APC), mediated by high-affinity binding of thrombin to TM3, 4 and 
further augmented via association of the endothelial protein C receptor (EPCR) to the TM-thrombin 
complex3, 4. Once dissociated from EPCR, APC serves as an anticoagulant by inactivating coagu-
lation factors Va and VIIIa, together with its cofactor protein S3, 4. On the other hand, APC has 
anti-inflammatory, cytoprotective and anti-apoptotic properties through signaling via G-coupled 
protease activated receptors-1 (PAR-1)4. Futhermore, APC may exert anti-inflammatory effects via 
PAR-35 and involvement of α3β1, α5β1, and αVβ3 integrins6, mechanisms that are in part EPCR-independent. 

Ample evidence has shown that severe (pneumo)sepsis is accompanied by both activation of a 
strong proinflammatory response and increased coagulation activation, inadequate anticoagulation 
and suppression of fibrinolysis7, 8. The interplay between inflammation and blood coagulation is 
considered to be an essential part of host defense against pathogenic bacteria. Indeed, patients with 
severe sepsis displayed low levels of PC and APC, which correlated with organ dysfunction and an 
adverse outcome9, 10. Preclinical studies investigated the role of endogenous PC during inflamma-
tion and sepsis. Mice with decreased PC levels, due heterozygous deficiency for PC, had more severe 
disseminated intravascular coagulation, increased fibrin depositions and higher levels of proinflam-
matory cytokines upon intraperitoneal injection with lipopolysaccharide (LPS)11, while reduced 
PC levels in mice with genetically modified (low) PC expression strongly correlated with a survival 
disadvantage after LPS challenge12. Furthermore, inhibition of endogenous PC increased the proco-
agulant response during Escherichia coli peritonitis13 and H1N1 influenza in mice14.

Melioidosis is an infectious disease common in Southeast-Asia and Northern-Australia and 
an important cause of community-acquired pneumonia and sepsis in these areas with mortalities 
up to 40% despite appropriate antibiotic therapy15-17. Once a patient is infected by the causa-
tive pathogen Burkholderia (B.) pseudomallei, this bacterium spreads rapidly throughout the body 
resulting in many possible disease manifestations, septic shock being the most severe15, 16. Addition-
ally, B. pseudomallei was recently classified as a ‘Tier 1’ disease agent considered to be an excep-
tional threat to security18. Previous research has demonstrated pronounced coagulation activation 
in patients with culture-proven septic melioidosis together with downregulation of anticoagulant 
pathways10, 19. In particular, PC levels were markedly decreased in these patients10, 19, correlating with 
a worse disease outcome10. In the present study, we sought to determine the role of TM and in 
particular its function in endogenous APC generation, in the host defense during pneumosepsis 
caused by B. pseudomallei.  

7
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MATERIAL AND METHODS

Mice
Pathogen-free 10-week old male WT C57BL/6 mice were purchased from Charles River (Maas-
tricht, The Netherlands). TMpro/pro mice were generated as described20 and backcrossed eight times 
on a C57BL/6 background. Homozygous mutant TMpro/pro mice, due to a single amino acid substi-
tution (Glu404Pro) in the Thbd gene, exhibit a decrease of approximately 1000-fold with respect 
to PC activation and approximately 100-fold with respect to binding of thrombin at physiologic 
levels of the enzyme20. In addition, TMpro/pro mice produce less than 4% of APC in their alveolar 
space upon intratracheal administration of PC and thrombin21. Mice were maintained at the animal 
care facility of the Academic Medical Center (University of Amsterdam), according to national 
guidelines with free access to food and water. The Committee on Use and Care of Animals of the 
University of Amsterdam approved all experiments.

Ethics Statement
Mice studies were carried out under the guidance of the Animal Research Institute of the Academical 
Medical Center in Amsterdam (ARIA). All animals were maintained at the animal care facility of 
the Academic Medical Center (University of Amsterdam), with free access to food and water, 
according to National Guidelines for the Care and Use of Laboratory Animals, which are based on 
the National Experiments on Animals Act (Wet op de Dierproeven (WOD)) and the Experiments 
on Animals Decree (Dierproevenbesluit), under the jurisdiction of the Ministry of Public Health, 
Welfare and Sports, the Netherlands. The Committee of Animal Care and Use (Dier Experi-
menten Commissie, DEC) of the University of Amsterdam approved all experiments (Permit 
number DIX100121-101700)

Experimental infection and determination of bacterial growth
Experimental melioidosis was induced by intranasal inoculation with B. pseudomallei strain 
1026b (750 colony forming units (CFU)/ 50µL 0.9% NaCl) as previously described22-25. For surviv-
al experiments mice were checked every 4-6 hours until death occurred for a maximum of 15 days. 
Sample harvesting and processing and determination of bacterial growth were done as described22-25. 

Cell counts and flow cytometry
Bronchoalveolar lavage fluid (BALF) was obtained as described24. Total counts of paraformalde-
hyde (4%)-fixed BALF cells were measured using a Coulter Counter (Beckman Coulter Inc. Brea, 
CA). Differential counts were determined by FACS (FACSCalibur, Becton Dickson, San Jose, CA) 
using directly labeled antibodies against Gr-1 (Gr-1 FITC; BD Pharmingen, San Diego, CA) and 
F4/80 (F4/80 APC; AbD Serotec, Oxford, UK). Neutrophilic granulocytes were defined according to 
their scatter pattern and Gr-1 positivity. All antibodies were used in concentrations recommended 
by the manufacturer. 
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Assays
Interleukin (IL)-6, IL-10, IL-12p70, interferon (IFN)-γ, monocyte-chemoattractant protein-1 
(MCP-1) and tumor necrosis factor-α (TNF-α) were measured by cytometric bead array (CBA) 
multiplex assay (BD Biosciences, San Jose, CA) in accordance with the manufacturers’ recommen-
dations. Thrombin-antithrombin complexes (TATc; Siemens Healthcare Diagnostics, Marburg, 
Germany) and D-dimer (Asserachrom D-dimer, Roche Woerden, the Netherlands) were measured 
with commercially available ELISA kits. Protein levels in BALF were measured using a Bradford-
based protein assay (Bio-Rad Laboratories, Hercules, CA). Aspartate aminotranspherase (ASAT) 
and alanine aminotranspherase (ALAT) were determined with commercial available kits (Sigma-
Aldrich, St. Louis, MO), using a Hitachi analyzer (Boehringer Mannheim, Mannheim, Germany) 
according to the manufacturers’ instructions. 

Histology and immunohistochemistry
Paraffin-embedded 4 µm tissue sections were stained with haematoxylin and eosin (H&E) and 
analyzed for inflammation and tissue damage as described22-25. Granulocyte stainings, using fluo-
rescein isothiocyanate-labeled rat-anti-mouse Ly-6G mAb (BD Pharmingen, San Diego, CA) were 
done as described previously23-25. Slides were counterstained with methylgreen (Sigma-Aldrich, St. 
Louis, MO). The total tissue area of the Ly-6G-stained slides was scanned with a slide scanner (Olym-
pus dotSlide, Tokyo, Japan) and the obtained scans were exported in TIFF format for digital image 
analysis. The digital images were analyzed with ImageJ (version 2006.02.01, National Institutes of 
Health, Bethesda, MD) and the immunopositive (Ly6G+) area was expressed as the percentage of 
the total lung surface area.    

Statistical analysis
Data are expressed as box and whisker plots showing the smallest observation, lower quartile, 
median, upper quartile and largest observation or as medians with interquartile ranges. Compari-
sons between groups were tested using the Mann-Whitney U test. For survival studies Kaplan-Meier 
analyses followed by Log-rank (Mantel-Cox) test were performed. All analyses were done using 
GraphPad Prism version 5.01 (GraphPad Software, San Diego, CA). P-values < 0.05 were consid-
ered statistically significant.

RESULTS

TMpro/pro mice have a reduced survival during murine melioidosis
To explore whether a decreased capacity to generate APC impacts on survival during severe Gram-
negative (pneumo)sepsis caused by B. pseudomallei we infected TMpro/pro and WT mice with 750 
CFU of this bacterium and followed them for 15 days (Figure 1). TMpro/pro mice had an accelerated 
mortality when compared to WT mice: after 3.8 days already 7 out of 16 TMpro/pro mice (38%) had died, 
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Figure 1. TMpro/pro mice display a reduced survival during murine 
melioidosis. Mortality was assessed every 6 hours, n = 16-18 mice 
per group. Comparison cumulative survival between groups was done 
by using Kaplan-Meier analysis followed by Log rank (Mantel-Cox) 
tests.

Figure 2. TMpro/pro mice demonstrate increased coagulation activation after infection with B. pseu-
domallei. Coagulation activation in lung homogenates (A) and plasma (B), as reflected by levels of 
TATc. Lung D-dimer levels in TMpro/pro mice (C). Data are expressed as box and whisker plots showing 
the smallest observation, lower quartile, median, upper quartile and largest observation. Grey and white 
boxes represent WT and TMpro/pro mice respectively (n = 8 mice/group). *P < 0.05 and **P < 0.01 for the 
difference between WT and TMpro/pro mice (Mann-Whitney U test).

Figure 3. The TMpro/pro mutation has limited impact on bacterial growth and dissemination. Bacterial 
loads were determined in lung homogenates (A), spleen (B) and liver homogenates (C) and in whole 
blood (D). Data are expressed as box and whisker plots showing the smallest observation, lower quartile, 
median, upper quartile and largest observation. Grey boxes represent WT mice, white boxes represent 
TMpro/pro mice (n = 8 mice/group). *P < 0.05 for the difference between WT and TMpro/pro mice (Mann-
Whitney U test). BC+ number of positive blood cultures/ total number of mice per group.
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whereas the first WT mice did not die until 3.9 days. After the total observation period, 16 out of 
18 WT mice had died (89%), while all TMpro/pro mice had passed away (100%) (P < 0.05; Figure 1). 
These results indicate that a reduced capacity to generate APC renders mice more vulnerable 
for death during Gram-negative (pneumo)sepsis caused by B. pseudomallei. 

TMpro/pro mice demonstrate increased coagulation activation after infection with 
B. pseudomallei
We have previously shown that in our model of murine melioidosis severe inflammation is associ-
ated with marked coagulation activation, which is most prominent at later time points22-25. TM is 
involved in inhibition of coagulation, due to its capacity to augment the conversion of PC into 
APC by thrombin. A mutation in the EGF3/4 interdomain linker of Thbd (Glu404Pro) disrupts 
this co-factor activity of Thbd (which is mediated by its EGF-like repeats)1, 2. We wondered whether 
the Thbd-Pro mutation in this domain, as is present in TMpro/pro mice, would impact on coagulation 
in our model of murine melioidosis. Our data show that TMpro/pro mice had increased coagulation 
activation both in lungs and systemically, as reflected by elevated pulmonary and plasma levels of 
TATc at 24 and 72 hours after infection (P < 0.05 for the differences between WT and TMpro/pro 

mice, Figure 2A and B). Moreover, when compared to WT mice, TMpro/pro mice had increased lung 
levels of D-dimer at these time points (P < 0.01, Figure 2C). These data show that a point mutation 
in the TM-gene associated with a decreased capacity to generate APC leads to enhanced coagula-
tion activation during Gram-negative (pneumo)sepsis (melioidosis). 

The TMpro/pro mutation has limited impact on bacterial growth and dissemination
Our model of murine melioidosis is associated with marked bacterial growth locally in lungs with 
subsequent spreading to distant organs22-25. In order to establish whether impaired activation of PC 
into APC would impact hereon, WT and TMpro/pro mice were infected with 750 CFU of B. pseu-
domallei and sacrificed after 24, 48 and 72 hours to determine bacterial loads in lungs (the primary 
site of infection), liver, spleen and blood (to evaluate the extent of bacterial dissemination). At 48 
hours modestly increased bacterial loads were counted in lungs of TMpro/pro mice when compared 
to WT mice (P < 0.05, Figure 3A). However, after 72 hours pulmonary bacterial loads of WT 
and TMpro/pro mice were similar. Furthermore, no differences in bacterial dissemination could be 
detected: WT and TMpro/pro mice had similar bacterial loads in spleen (Figure 3B), liver (Figure 
3C) and blood (Figure 3D) at all time points. These data demonstrate that TM-mediated APC-
generation has a modest and temporary effect on local antibacterial defense during severe Gram-
negative (pneumo)sepsis.

TMpro/pro mice exhibit increased lung tissue damage at early time points and increased 
neutrophil influx in the lungs
Our murine model of melioidosis is associated with severe lung inflammation and damage22-25. To 
analyze whether impaired TM-mediated APC generation would impact hereon, we determined 
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histopathological scores of lungs after infection with B. pseudomallei. All mice infected with B. 
pseudomallei had inflammatory lung infiltrates characterized by interstitial inflammation together 
with necrosis, endothelialitis, bronchitis, edema, thrombi and pleuritis (Figure 4A-C). Twenty-four 
hours after infection lung histopathology was significantly increased in TMpro/pro mice when compared 
to WT mice (P < 0.05; Figure 4A-C), while at later time points no differences were seen between 
both mouse strains. Additionally, we analysed neutrophil recruitment to lung tissue, as it is known 
that neutrophils play an important role in the host response during melioidosis16, 17, 26. For this lung 
tissues were stained for Ly-6G. Clear neutrophilic infiltrates were seen in both WT and TMpro/pro 

mice, increasing over time during the course of the experiment. Seventy-two hours after infection, 
lung tissue of TMpro/pro mice contained significantly more neutrophils than that of WT mice (P 
< 0.01, Figure 4D-F). These data suggest that TM-mediated APC generation reduces neutrophil 
recruitment and lung pathology during severe Gram-negative (pneumo)sepsis. 

Impact of the TMpro/pro mutation on lung and plasma cytokine concentrations after 
infection with B. pseudomallei
Since cytokines and chemokines are important regulators of the inflammatory response to B. pseu-
domallei16, 17, 27 we measured pulmonary and plasma levels of TNF-α, IL-6, IL-10, IL-12p70, IFN-γ 

Figure 4.  Lung histopathology and neutrophil recruitment. Histopathology scores of WT and TMpro/

pro mice infected B. pseudomallei (A). Representative photographs of lungs at 72 hours post-inoculation 
from WT (B) and TMpro/pro mice (C) (H&E staining x100). Granulocyte influx in the lungs 72 hours after 
infection, as reflected by the intensity of Ly-6G immunostaining of histopathological slides (D). Represen-
tative photographs of Ly-6G immunostaining (original magnification x100) for granulocytes of WT (E) and 
TMpro/pro mice (F). Data are expressed as box and whisker plots showing the smallest observation, lower 
quartile, median, upper quartile and largest observation. Grey boxes represent WT mice, white boxes 
represent TMpro/pro mice (n = 8 mice/group). *P < 0.05 and **P < 0.01 for the difference between WT and 
TMpro/pro mice (Mann-Whitney U test). CFU colony forming units.
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and MCP-1 (Supporting information; Table 1). Interestingly, early after infection (24 hours), 
TMpro/pro mice showed reduced IFN-γ levels in both lungs and plasma and decreased IL-12p70 levels 
in lung homogenates, relative to WT mice. In plasma, these differences remained present at 48 
hours after infection. During the late phase of the infection (72 hours) most mediator levels were 
higher in TMpro/pro mice when compared with WT mice, significantly so for lung IL-12p70 and IL-6 
concentrations.  
 

Table 1. Cytokine concentrations in lung homogenates and plasma of WT and TMpro/pro mice during 
murine melioidosis.

7
Pulmonary and plasma cytokine levels after intranasal infection with 750 CFU of B. pseudomallei. Mice 
were sacrificed 24, 48 or 72h after infection. Data are expressed as median (interquartile ranges) of n 
= 8 mice per group per time point. BD below detection limits, IFN-γ interferon-γ, IL interleukin, MCP-1 
monocyte-chemoattractant protein-1, TNF-α tumor necrosis factor-α. *P < 0.05, **P < 0.01 and ***P < 
0.001 for WT versus TMpro/pro mice (Mann-Whitney U test).
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TMpro/pro mice display increased neutrophil influx and pro-inflammatory cytokine 
release in the alveolar compartment
Many studies have demonstrated that severe pneumonia may lead to alveolar damage and 
subsequent alveolar leakage and release of pro-inflammatory parameters28, 29. To determine the 
impact of impaired APC generation on this extra-vascular, intrabronchial compartment, we 
determined CFU, protein leakage and parameters of inflammation in BALF 72 hours after inocula-
tion of B. pseudomallei, i.e. shortly before the first deaths occurred and at a time point when lung 
injury is expected to be at its peak. No differences in bacterial growth (Figure 5A) or total protein 
content, a marker for alveolar damage (Figure 5B), could be detected in BALF of WT and TMpro/

Figure 5. TMpro/pro mice demonstrate an increased inflammatory response in their bronchoalveolar 
space 72 hours after infection. Bacterial loads (A) in BALF 72 hours after infection with B. pseudom-
allei (A). Total protein content (B), total cell influx (C) and percentages of neutrophils (D) in BALF. Levels of 
IL-6 (E) and TNF-α (F) in BALF. Data are expressed as box and whisker plots showing the smallest obser-
vation, lower quartile, median, upper quartile and largest observation. Grey boxes represent WT mice, 
white boxes represent TMpro/pro mice (n = 8 mice/group). **P < 0.01 and ***P < 0.001 for the difference 
between WT and TMpro/pro mice (Mann-Whitney U test). BALF bronchoalveolar lavage fluid, CFU colony 
forming units, IL interleukin, TNF-α tumor necrosis factor-α.
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pro mice, nor were there any differences in total cell influx in BALF (Figure 5C). The percentage of 
neutrophils in BALF of TMpro/pro mice, however, was significantly higher than in WT mice (P < 0.01; 
Figure 5D), which is in accordance with the increased neutrophil influx visualized by Ly6-staining 
of lung tissue. Moreover, BALF levels of the proinflammatory cytokines IL-6 (Figure 5E) and TNF- α 
(Figure 5F) we significantly increased in TMpro/pro mice when compared to WT mice (P < 0.001 for 
both cytokines). These results indicate, that during severe Gram-negative (pneumosepsis) intact TM-
mediated APC generation limits the proinflammatory response in the alveolar compartment. 

TMpro/pro mice show enhanced hepatocellular injury
Our model of experimental melioidosis is associated with hepatocellular injury as reflected by 
elevated plasma levels of transaminases23, 25. To obtain insight in the possible role of TM-mediated 
APC generation herein, we measured ASAT and ALAT in plasma of WT and TMpro/pro mice 24, 
48 and 72 hours after infection with B. pseudomallei. Indeed, when compared to WT mice, TMpro/

pro mice showed strongly increased levels of plasma ASAT (P < 0.01 at 24 and 72 hours; Figure 6A) 
and ALAT (P < 0.05 at 72 hours post-infection; Figure 6B). Taken together, intact TM-mediated 
APC generation seems to protect against hepatocellular injury during experimental melioidosis. 

DISCUSSION

In the present study we sought to investigate the role of TM and in particular its function 
in endogenous PC activation during melioidosis, a Gram-negative infection often associated with 
severe pneumonia and sepsis15, 16. Melioidosis, as we have demonstrated by our established mouse 
model, is characterized by gradual growth of bacteria from the lung followed by dissemination to 
distant body sites, activation of coagulation and inflammation, tissue injury and death, thereby 

Figure 6. TMpro/pro mice show increased hepatocellular injury during experimental melioidosis. 
Plasma levels of ASAT (A) and ALAT (B) after infection with B. pseudomallei. Data are expressed as box 
and whisker plots showing the smallest observation, lower quartile, median, upper quartile and largest 
observation. Grey boxes represent WT mice, white boxes represent TMpro/pro mice (n = 8 mice/group). 
*P < 0.05 and **P < 0.01 for the difference between WT and TMpro/pro mice (Mann-Whitney U test). ASAT 
aspartate aminotranspherase, ALAT alanine aminotranspherase. 
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mimicking the clinical scenario of severe (pneumo)sepsis22-25. Our data show that impaired TM-dependent 
conversion of PC into APC is associated with enhanced lethality (see comment above) during 
experimental melioidosis, accompanied by increased coagulation activation, bronchoalveolar 
inflammation and hepatocellular damage. These data indicate that the capacity to properly activate 
endogenous PC contributes to protective immunity during experimental melioidosis.

TM is known to play important roles in coagulation and inflammation, that are largely based on 
its distinct structural domains, including the lectin-like domain, EGF-like repeats, transmembrane 
domain and short cytoplasmic tail1, 2. The EGF-like repeats play a pivotal role in the PC-system via 
binding of thrombin, thereby increasing the capacity to generate APC a 100-fold1, 20. During sepsis, 
the expression of TM on endothelial cells is downregulated30, causing impaired APC-generation 
that may then affect parameters of coagulation and inflammation important for the host response 
of the infected individual. To answer our research questions, we used genetically modified mice, 
TMpro/pro mice. In contrast to Thbd gene-deficient mice, which die in the embryonic stage31, TM-
pro/pro mice develop to term and possess normal reproductive performance20, but have a decreased 
endogenous APC synthesis ability when compared to WT mice, as was demonstrated both in the 
circulation20 and in the alveolar space21. Our data showing increased coagulation activation in TM-
pro/pro mice, as reflected by increased levels of TATc and D-dimer, are fully in accordance with 
this. Interestingly, previous studies examining the impact of the TMpro/pro mutation on coagu-
lopathy during experimental (pneumo)sepsis induced by the Gram-positive pathogen Streptococcus 
(S.) pneumoniae or the Gram-negative bacterium Klebsiella (K.) pneumoniae, or after intranasal 
administration of E. coli LPS failed to show differences in TATc in plasma or BALF between TMpro/

pro and WT mice21. Similarly, in a model of experimental tuberculosis no differences in lung and 
plasma TATc were detected between WT and TMpro/pro mice32. During systemic endotoxemia TMpro/pro 
mice were reported to have enhanced fibrin deposition in lungs and kidneys in the presence of 
unaltered plasma D-dimer concentrations33. Clearly, the influence of the TMpro/pro mutation on the 
procoagulant response depends on the type and extent of the inflammatory stimulus.  

Besides its anticoagulant properties TM-activated PC also influences the host immune response 
during sepsis: APC may exert anti-inflammatory, anti-apoptotic and cell-protective effects by 
proteolytic cleavage of PAR-13, 4. Indeed, our data demonstrate that impaired APC generation due 
to a mutation in the Thbd gene resulted in pro-inflammatory effects, as indicated by increased lung 
pathology at early time points and exaggerated bronchoalveolar inflammation and hepatocellular 
injury at later time points in TMpro/pro mice. Remarkably, these results are in contrast with murine 
models of airway inflammation induced by S. pneumoniae, K. pneumoniae or LPS, in which 
no differences in the abovementioned parameters for inflammation were seen between WT and 
TMpro/pro mice21. On the other hand, TMpro/pro mice displayed enhanced diabetic nephropathy, in a 
model of streptozotocin-induced diabetes mellitus, accompanied by glomerular apoptosis, pointing to 
a detrimental phenotype when endogenous PC activation is impaired34.
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An important component of the host response to B. pseudomallei is the release of proinflammatory 
cytokines17, 27, 35. Clinical studies in melioidosis patients showed elevated serum levels of TNF-α, 
IL-6 and IFN-γ 27, 35. The pro-inflammatory cytokine IFN-γ, produced by cytotoxic T-cells and 
natural killer cells, has an important protective role in early resistance against B. pseudomallei 
infection36: administration of a neutralizing monoclonal antibody against IFN-γ was associated 
with marked increases in bacterial loads in the liver and spleen, together with enhanced lethality36. 
Similarly, inhibition of the production of IL-12, one of the predominant inducers of IFN-γ, resulted 
in increased mortality in the same model36. Interestingly, we found decreased levels of IFN-γ and 
IL12p70 in TMpro/pro mice early after infection. Although a clear explanation for this observation is 
lacking, it may in part explain the modestly higher bacterial loads in the lungs of TMpro/pro mice at 
48 hours post-infection.

The current study identifies TM-mediated APC generation as part of the protective host response 
during melioidosis and is in accordance with recent evidence from our laboratory showing that inhi-
bition of endogenous PC by specific anti-PC antibodies converts a non-lethal model of experimental 
melioidosis into a lethal model, associated with increased coagulation activation, severe tissue injury 
and a strongly increased proinflammatory response24. Together these data emphasize the impor-
tance of adequate APC levels during melioidosis. As such, administration of recombinant human 
APC hypothetically could be a promising therapeutic agent in melioidosis. However, in 2012 this 
drug was withdrawn from the market after negative results from the PROWESS SHOCK trial in 
sepsis patients37. Recombinant soluble TM currently undergoes clinical evaluation as an anticoagu-
lant and anti-inflammatory agent in patients with sepsis38, 39. It would be of interest to test the effects 
of soluble TM in experimental (and clinical) melioidosis.
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ABSTRACT

Objective
The interplay between inflammation and blood coagulation is an essential part of host defense 
during severe pneumosepsis. Melioidosis, instigated by the Gram-negative bacterium Burkholderia 
(B.) pseudomallei, is a frequent cause of pneumosepsis in Southeast-Asia. Patients with severe pneu-
mosepsis, including melioidosis, have decreased circulating levels of protein C. Activated protein C 
(APC) has anticoagulant and anti-inflammatory properties. In this study we aimed to investigate 
the effect of sustained elevated APC levels on the host response during melioidosis. 

Design and Setting
Animal study, University research laboratory.

Subjects and Interventions
Wild type (WT) and APC-overexpressing (APChigh) C57BL/6 mice. Mice were intranasally 
infected with viable B. pseudomallei and sacrificed after 24, 48 or 72 hours for harvesting of lungs, 
liver, spleen and blood. Additionally, survival studies were performed.

Measurements and Main Results
Plasma APC concentrations in APChigh-mice (median 18.1 ng/mL) were in the same range as 
previously measured in patients treated with recombinant human APC. APChigh-mice demonstrated 
enhanced susceptibility to B. pseudomallei infection compared to WT mice as evidenced by a 
strongly increased mortality accompanied by enhanced bacterial loads in the lungs, blood and 
distant organs 48 hours after infection. Additionally, at this time point APChigh-mice showed 
elevated levels of proinflammatory cytokines in lungs and plasma, together with increased pulmo-
nary histopathology scores and neutrophil influx. At 72 hours post infection decreased levels of 
thrombin-antithrombin complexes, reflecting inhibition of coagulation, were measured in lungs of 
APChigh-mice.

Conclusions
Constitutively enhanced expression of APC impairs host defense during severe Gram-negative 
sepsis caused by B. pseudomallei.  
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INTRODUCTION

Ample evidence has shown that severe (pneumo)sepsis is accompanied by both activation of 
a strong proinflammatory response on the one hand and increased procoagulant activity, blunted 
anticoagulant mechanisms and suppression of the fibrinolytic system on the other hand, all being 
part of the host defense mechanism1, 2. The interplay between inflammation and blood coagulation 
is considered to be an essential part of the host defense against infectious agents. The strong proinflam-
matory response observed during severe sepsis may lead to disseminated intravascular coagulation, 
which contributes to multi-organ failure and high mortality rates2. The protein C (PC) system is 
an important regulator of hemostasis and the inflammatory response during infection3, 4. Initiated 
by complex formation of thrombin with thrombomodulin, the vitamin K-dependent zymogen PC 
is converted into its active form, activated protein C (APC). APC serves as one of the main inhibi-
tors of the coagulation system via its capacity to inactivate coagulation factors Va (FVa) and VIIIa 
(FVIIIa), together with various cofactors including protein S (PS). In addition, APC exerts cyto-
protective, anti-inflammatory and anti-apoptotic properties which are mediated by the protease 
activated receptor-1 (PAR-1)3, 4. Many studies have shown that low PC and APC levels correlate 
with the occurrence of organ dysfunction and an adverse outcome in patients with sepsis3-6. Treat-
ment of severe sepsis patients with intravenous recombinant human APC (rhAPC) was reported 
to strongly reduce mortality in the PROWESS (Protein C Worldwide Evaluation in Severe Sepsis) 
study published in 20017; however, a recently completed confirmatory trial in septic shock patients 
(PROWESS-SHOCK) did not show any benefit from APC treatment8, which led to the with-
drawal of this compound from the market9, 10. 

Melioidosis is an infectious disease caused by the soil-dwelling bacterium Burkholderia (B.) pseudom-
allei. This potential bioterrorism threat agent is an important cause of community acquired sepsis 
in Southeast Asia and Northern Australia with mortalities up to 40% despite appropriate antibiotic 
therapy11, 12. Melioidosis is often associated with pneumonia and bacterial dissemination to distant 
sites, with many possible disease manifestations, septic shock being the most severe 12. The high 
mortality and relatively poor responsiveness of B. pseudomallei to antibiotics emphasize the impor-
tance of understanding non-specific host defense mechanisms.

Our laboratory recently reported pronounced coagulation activation in patients with culture-proven 
septic melioidosis together with downregulation of anticoagulant pathways13, 14. In particular, 
levels of PC and PS were markedly decreased, and low levels of PC correlated with a worse 
clinical outcome13, a finding also reported by others15.  In the present study we investigated the 
effect of sustained elevated levels of APC during melioidosis, using mice overexpressing human (h)
APC (APChigh-mice)16. These transgenic mice express a hyperactivatable form of hAPC (D167F/
D172K), which results in a gain in function with respect to APC formation, were especially gener-
ated in order to study the role of APC during severe stress16. We show that overexpression of APC 
results in enhanced susceptibility to B. pseudomallei infection as evidenced by a strongly increased 
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mortality, accompanied by increased bacterial loads, elevated levels of pro-inflammatory cytokines 
in lungs and plasma, increased histopathology scores and increased neutrophil influx in the lungs.

MATERIALS AND METHODS

Mice
Pathogen-free 10-week old male wild type (WT) C57BL/6 mice) were purchased from Charles 
River (Maastricht, The Netherlands) and maintained at the animal care facility of the Academic 
Medical Center (University of Amsterdam), according to national guidelines with free access to 
food and water. APChigh-mice on a C57BL/6 genetic background were generated as described16 and 
bred in the animal facility of the Academic Medical Center in Amsterdam. All experiments were 
approved by the Animal Care and Use Committee of the Academic Medical Center. 

Experimental infection and determination of bacterial growth
Experimental melioidosis was induced by intranasal inoculation with B. pseudomallei strain 1026b 
(300 colony forming units (CFUs)/ 50 µL 0.9% NaCl) as previously described17-19. For survival 
experiments mice (n = 12/group) were checked every 6 hours until death occurred. Sample harvesting 
and processing and determination of bacterial growth were done as described17-19. For details, see 
Supplementary Material.

Assays
Lung homogenates of infected mice were diluted 1:1 in lysis buffer containing 300 mM NaCl, 
30 mM Tris, 2 mM MgCl2, 2 mM CaCl2, 1% Triton X-100 [pH 7.4] and protease inhibitor mix 
(AEBSF [4-(2-aminoethyl) benzenesulfonfluoride], EDTA-Na2, pepstatin and leupeptin (all from 
MP Biomedical, Santa Ana, CA) and incubated at 4°C for 30 min. Homogenates were centrifuged 
at 1730 g at 4°C for 10 min. Supernatants were sterilized using 0.22 µm pore-size filters (Millipore, 
Billerica, MA) and stored at -20°C until analysis. Assays and Western Blotting are described in the 
Supplementary Material.

Histology and immunohistology
Paraffin-embedded 4 µm lung sections were stained with haematoxylin and eosin (H&E) and 
analyzed for inflammation and tissue damage as described17-19. Details are described in the Supple-
mentary Material. Granulocyte stainings, using fluorescein isothiocyanate-labeled rat-anti-mouse 
Ly-6G mAb (BD Pharmingen, San Diego, CA) were done as described previously18, 20. Slides were 
counterstained with methylgreen (Sigma-Aldrich, St. Louis, MO). The total tissue area of the Ly-6 
stained slides was scanned with a slide scanner (Olympus dotSlide, Tokyo, Japan) and the obtained 
scans were exported in TIFF format for digital image analysis. The digital images were analyzed 
with ImageJ (version 2006.02.01, National Institutes of Health, Bethesda, MD) and the immu-
nopositive (Ly6+) area was expressed as the percentage of the total lung surface area.  
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Statistical analysis
Data are expressed as box and whisker plots showing the smallest observation, lower quartile, 
median, upper quartile and largest observation or as medians with interquartile ranges. All variables 
were rank-transformed prior to analysis. Comparisons between groups were conducted using overall 
non-parametric ANOVA  with modeled effects for strain, time and their interaction (if appropri-
ate), followed by post-hoc Mann-Whitney U tests at the individual time points. For survival studies 
Kaplan-Meier analyses followed by log rank test were performed. All analyses were done using SPSS 
(SPSS Inc, version 18, Armonk, NY). p-values less than 0.05 were considered statistically significant.

RESULTS

APC concentrations in different organs of APChigh-mice
Previous research on the effects of exogenous hAPC during sepsis reported hAPC levels of 44.9 
ng/mL in plasma of hAPC-treated patients21. To obtain insight in expression of hAPC in 
different organs in our study, we measured hAPC levels in plasma, lung-, kidney-, liver-, and spleen 
homogenates of uninfected APChigh-mice. APC-activity was most abundant in lung- and spleen 
homogenates (respectively 135 ng/mL (98.9-165 ng/mL) and 108 ng/mL (70.1-185 ng/mL); 
Figure 1). Plasma hAPC-levels  were 18.1 (14.1-30.7 ng/mL). hAPC levels in WT mice were all 
below detection limits.  

APChigh-mice show an accelerated mortality during experimental melioidosis
We have previously shown that our model of murine melioidosis is associated with severe sepsis and 
a high mortality17-19. To investigate whether overexpression of APC impacts on mortality during 
murine melioidosis we intranasally infected WT and APChigh-mice with 300 CFU of B. pseudomallei 
and observed them during the following 12 days (Figure 2). Surprisingly, APChigh-mice showed a 
clear survival disadvantage when compared to WT mice (P < 0.05). APChigh-mice started to die 
shortly beyond 72 hours of infection, eventually showing a mortality of 92% (11/12 mice). 

Figure 1. APC concentrations in different 
organs of APChigh-mice. hAPC levels in plasma, 
lung-, kidney-, liver-, and spleen homogenates 
of uninfected APChigh-mice. Data are expressed 
as box and whisker plots showing the smallest 
observation, lower quartile, median, upper 
quartile and largest observation. Grey boxes 
represent WT mice, white boxes represent 
APChigh-mice (n = 4 mice per group). 
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Figure 2. APChigh-mice show an accelerated 
mortality during experimental melioidosis. 
Wild type (WT) and APChigh-mice were infected 
intranasally with 300 CFU of B. pseudomallei and 
mortality was assessed every 6 hours, n = 12 
mice per group. Comparison between groups was 
done by using Kaplan-Meier analysis followed by 
log rank tests. 

Figure 3. APC-overexpression facilitates bacterial growth and dissemination. Mice were intranasally 
inoculated with 300 CFU of B. pseudomallei and sacrificed after 24, 48 and 72 hours. Bacterial loads were 
determined in lung homogenates (A), blood (B), liver homogenates (C) and spleen homogenates (D). 
Data are expressed as box and whisker plots showing the smallest observation, lower quartile, median, 
upper quartile and largest observation. Grey boxes represent WT mice, white boxes represent APChigh-
mice (n = 8 mice per group for each time point). *P < 0.05, **P < 0.01 and ***P < 0.001 for the difference 
between WT and APChigh-mice (Mann-Whitney U test). BC+ denotes blood cultures positivity.
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In contrast, although the initial mortality occurred simultaneously with that in APChigh-mice, WT 
mice demonstrated an eventual mortality of only 50% (6/12 mice). These results indicate that over-
expression of hAPC is detrimental during experimental melioidosis.

APC-overexpression facilitates bacterial growth and dissemination
To gain insight into the mechanism underlying the increased mortality of APChigh-mice, we infected 
WT and APChigh-mice with 300 CFU of B. pseudomallei and sacrificed them after 24, 48 or 72 
hours to determine bacterial loads in lungs (the primary site of infection), blood, liver and spleen 
homogenates (to evaluate the extent of dissemination) (Figure 3). Relative to WT mice, APChigh-mice 
showed markedly elevated bacterial loads in their lungs (P < 0.001; Figure 3A) and at distant body 
sites 48 hours after infection (Figure 3B-D). Seventy-two hours after infection, APChigh-mice still 
showed increased bacterial dissemination compared to WT mice, as reflected by significantly 
increased bacterial loads in spleen homogenates (P < 0.05; Figure 3D). At this time point, bacterial 
loads in lungs were modestly but significantly lower in APChigh-mice compared to WT mice 
(P < 0.05; Figure 3A). These data indicate that overexpression of APC facilitates the early growth 
and dissemination of B. pseudomallei during pneumonia derived sepsis.

APC-overexpression aggravates lung pathology after infection with B. pseudomallei 
and is associated with enhanced neutrophil influx
Our model of melioidosis is associated with profound lung pathology17, 18. Both WT and APChigh-mice 
infected with B. pseudomallei showed inflammatory infiltrates in the lungs characterized by intersti-
tial inflammation together with necrosis, endothelialitis, bronchitis, edema, thrombi and pleuritis 
(Figure 4A-C). APC-overexpression leads to considerably lung pathology during infection as is 
reflected in significantly higher lung histology scores in APChigh-mice when compared to WT mice 
48 hours after infection (P < 0.05; Figure 4A-C). Neutrophils have shown to play a major role in 
the host defense against B. pseudomallei17, 18, 22. In order to investigate the role of neutrophils in our 
model we measured percentage of Ly-6G staining in infected lung tissue (Figure 4D-F). Fourty-
eight hours after infection, APChigh-mice displayed significantly increased neutrophil numbers in 
their lungs as compared to WT mice (P < 0.05; Figure 4D-F). These data were confirmed by the 
higher amounts of MPO, a marker for total neutrophil content, in lung homogenates of APChigh-
mice as compared to WT mice 48 hours after inoculation (Figure 4G). No differences in total cell 
counts in BALF were seen between WT and APChigh-mice at any of the time points (Figure 4H). 
However, in APChigh-mice BALF contained more neutrophils after 48 hours compared to WT mice 
(P < 0.01; Figure 4I). Together these data show a more severe proinflammatory response in the lungs 
of APChigh-mice accompanied by increased recruitment of neutrophils.

APChigh-mice demonstrate an enhanced cytokine response after infection with B. pseudomallei
 Since cytokines are important regulators of the host immune response during melioidosis12 
we measured pulmonary and plasma levels of TNF-α, IL-6, IL-10, IL-12p70, IFN-g, MCP-1 and 
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KC (Table 1). The lung and plasma levels of these mediators did not differ between mouse strains 
at 24 or 72 hours after infection. At 48 hours, when APChigh-mice displayed higher bacterial 
burdens in various body sites, these genetically modified animals showed higher concentrations of 
IL-6, MCP-1 and KC in lungs and higher levels of TNF-α, IL-6, IL-12p70, IFN-γ and MCP-1 in 
plasma when compared with WT mice. 

Overexpression of APC leads to decreased coagulation activation, only at late time points
Having established that overexpression of APC plays a detrimental role during infection with B. 
pseudomallei, we next wondered whether this would impact activation of coagulation in the lungs 
and systemically during infection. Therefore TATc levels, a parameter of coagulation-induction, 

Figure 4. Transiently increased lung pathology and neutrophil influx in APChigh-mice. (A) Histology 
scores  24, 48 and 72 hours post-infection. Representative photographs of WT (B) and APChigh-mice 
(C) (H&E staining x100) 48 hours post-infection. Increased granulocyte influx in APChigh-mice infected 
with B. pseudomallei, 48 hours after infection (D). Representative photographs of Ly-6G-immunostaining 
(original magnification x400) for granulocytes of WT (E) and APChigh-mice (F), 48 hours post-infection. 
Increased MPO-levels 48 hours after infection in APChigh-mice when compared to WT mice (G). No differ-
ences in total cell counts in bronchoalveolar lavage fluid (BALF) between WT and APChigh-mice were seen 
(H), however, in APChigh-mice a higher neutrophil influx was observed in BALF after 48 hours (I). Data 
are expressed as box and whisker plots showing the smallest observation, lower quartile, median, upper 
quartile and largest observation. Numbers of granulocytes are expressed as the percentage of the total 
lung surface area. Grey boxes represent WT mice, white boxes represent APChigh-mice (n = 8 mice per 
group for each time point). *P < 0.05 and **P < 0.01 for WT versus APChigh-mice (Mann-Whitney U test). 
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8

Table 1. Cytokine concentrations in lung homogenates and plasma of WT and APChigh-mice during 
experimental melioidosis.

Pulmonary (lung homogenates and BALF) and plasma cytokine levels after intranasal infection 
with 300 CFU of B. pseudomallei. Wild type (WT) and APChigh-mice were sacrificed 24, 48 and 72h 
after infection. Data are expressed as median (interquartile range) of n = 8 mice per group per time 
point. AD above detection limits, BD below detection limits, ND not determined, TNF-α tumor necrosis 
factor-α, IL interleukin, IFN-γ interferon-γ, MCP-1 monocyte chemotactic protein, KC keratinocyte-derived 
chemokine. *P < 0.05, **P < 0.01 and ***P < 0.001 for WT versus APChigh-mice (Mann-Whitney U test).



148

Chapter 8

were measured in lung homogenates, BALF and plasma of WT and APChigh-mice 24, 48 and 72 
hours after inoculation with B. pseudomallei. Interestingly, at 48 hours, when marked differences 
in CFU counts and neutrophil influx were seen between WT and APChigh-mice, no differences in 
TATc levels were observed in either the pulmonary or the systemic compartment (Figure 5A-C). 
Seventy-two hours after infection however, pulmonary TATc levels were significantly decreased in 
APChigh-mice when compared to WT mice (P < 0.05 and P < 0.01 for lung homogenates and BALF 
respectively). To analyze whether overexpression of APC leads to changes in other anticoagulant 
factors, we measured plasma levels of antithrombin (AT), one of the most potent antioagulants. No 
significant differences could be detected between WT and APChigh mice at any of the time points, 
indicating that the observed decrease in TATc is most likely attributable to overexpression of APC 
(i.e. not by changes in AT levels) (Figure 5D). Finally, we performed western blots on fibrin and 
fibrin degradation products in lung homogenates 72 hours after infection, which revealed strongly 

Figure 5. APChigh-mice show decreased activation of coagulation during melioidosis. Mice were 
infected intranasally with 300 CFU of B. pseudomallei. After 24, 48 and 72 hours coagulation activation 
(TATc) was measured in lung homogenates (A), BALF (B), and citrated plasma (C). Levels of antithrombin 
(AT) were measured in plasma (D). Western blotting on fibrin(ogen) degradation products measured in 
lung homogenates 72 hours after infection demonstrated decreased fibrin(ogen) degradation products 
in APChigh-mice compared to WT (E-G). Quantification of western blotting on fibrin(ogen) degradation 
products shows significantly decreased levels of fragment X (E) and D-dimer (F) in APChigh-mice. Photo-
graph of western blot on (fibrin)ogen degradation products (G). Each line represents a single mouse. Grey 
boxes represent WT mice, white boxes represent APChigh-mice (n = 8 mice per group for each time point). 
*P < 0.05 and **P < 0.01, for WT versus APChigh-mice (Mann-Whitney U test). C control; WT wild type. 
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reduced amounts of fragment X and D-dimer in APChigh mice (fragment X: 97% vs 22%; P < 0.05; 
D-dimer: 116% vs 36%; P < 0.01, Figure 5E-G). Taken together, the observed impairment in host 
defense mechanisms during severe experimental Gram-negative sepsis as a result of enhanced APC 
expression concurs during decreased coagulation activation.  

DISCUSSION

During severe pneumosepsis a shift towards increased pro-coagulant activity and inhibition of 
anti-coagulant activity and fibrinolysis occurs, changes that are thought to contain the infection 
and thereby protect the host against the detrimental effects of the infection1, 2. APC is a pleiotropic 
protease with anti-coagulant, pro-fibrinolytic and anti-inflammatory properties3, 4. Many clinical 
studies have shown reduced plasma PC-activity in patients with severe sepsis, which was associated 
with organ dysfunction and early death5, 6, 23, 24. Also in patients with B. pseudomallei-induced pneu-
mosepsis low levels of PC and of its co-factor protein S were found13, 15. These data paved the way for 
administration of APC as an additional treatment in pneumosepsis patients and many pre-clinical 
and clinical studies have demonstrated its protective effects7, 25. However, due to a significant lack of 
benefit in sepsis patients in the recent PROWESS-SHOCK trial, rhAPC was recently withdrawn 
from the market9, 10. Despite this announcement, several preclinical and clinical studies provided 
insight into the mechanisms of action of rhAPC administration in models of endotoxemia and 
sepsis. These studies have shown that systemic administration of rhAPC inhibits systemic and 
intrabronchial coagulopathy and inflammation4, 7, 25. More specifically, intravenous administration 
of rhAPC was able to reduce local, intrapulmonal, coagulation and inflammation in LPS-induced 
lung inflammation in healthy volunteers26, 27 and intrapulmonal coagulation in rodent models 
of bacterial pneumonia28, 29. Melioidosis is often associated with severe pneumosepsis11, 12, but data 
about effects of APC during this disease are limited to a single case report30. Therefore, in this study 
we now tried to determine whether APC would be protective during melioidosis by comparing 
mice expressing high levels of hAPC with WT mice. Our data show, surprisingly, that elevated 
concentrations of hAPC resulted in a survival disadvantage, accompanied by significantly increased 
pulmonary and systemic bacterial growth. Furthermore, APChigh-mice had increased pulmonary 
histopathology, increased influx of neutrophils and increased release of proinflammatory cytokines 
in their lungs and blood. Only at late stages of infection coagulation activation was blunted in 
APChigh-mice. These data indicate that, in contrast to our hypothesis, overexpression of APC has a 
detrimental effect during severe pneumosepsis (melioidosis) caused by B. pseudomallei. 

To answer our research question we used mice expressing a hyperactivatable form of human APC 
which is efficiently activated by mouse thrombin both in the absence and presence of mouse throm-
bomodulin16. Before their use in the experiments, all mice were checked for transgene expression by 
PCR. Although one could argue that it would have been better to use mice overexpressing murine 
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APC instead of human APC, it is less likely that such mice would yield significantly different results 
since both rhAPC28, 29, 31 and recombinant murine APC (rmAPC)32, 33 have shown (protective) 
effects in murine models of LPS-induced endotoxemia31, LPS-induced lung injury32, ventilator-
induced lung injury33 and pneumococcal pneumonia28, 29. Of note, although APChigh-mice respond 
to thrombin with increased APC production, our results cannot be extrapolated to mice with en-
hanced levels of the zymogen protein C. 

Our results are in contrast with previous data in murine models of pneumosepsis and endotoxin-
induced lung inflammation. Intravenous APC prevented LPS-induced pulmonary vascular injury 
by inhibiting accumulation of leukocytes34 and cytokine production35 in rats. Furthermore, inha-
lation of APC inhibited LPS-induced pulmonary inflammation in mice32. In a model of murine 
pneumococcal pneumonia intravenous administration of rmAPC attenuated coagulopathy and 
improved survival28 and administration of rmAPC reduced inflammation when administered early 
in the same model29. However, not all experimental models showed clear anti-inflammatory effects 
of APC during infection. In a model of Pseudomonas (P.) aeruginosa pneumonia in rats intravenous 
rhAPC inhibited local and systemic coagulation, but did not show any protective effects on host 
defense 36. Furthermore, during P. aeruginosa-induced acute lung injury, intravenous rhAPC wors-
ened oxygenation impairment, induced an increase in extracellular lung water, in lung inflamma-
tory cell recruitment and in systemic and bronchoalveolar levels of the proinflammatory cytokines 
TNF-α and IL-637. The latter results seem to be more in line with our data, as we also demonstrated 
that APC induced an increased pulmonary neutrophil influx together with increased levels of pro-
inflammatory cytokines. 

One of the main properties of APC is its anticoagulant function via inhibition of FVa and FVIIIa3, 

4. Indeed, after 72 hours of infection decreased coagulation activation, as reflected by lower levels of 
TATc and fibrin degradation products, including fragment X and D-dimer, were measured in lung 
homogenates and bronchoalveolar lavage fluid of APChigh-mice. Clearly, APC-overexpression did 
not lead to a compensatory decrease in AT levels, indicating that the low TATc levels are most likely 
attributable to the anticoagulant effects of APC-overexpression. These data are in line with previous 
data of experimental models of pneumosepsis showing that intravenous administration of APC 
blunted coagulopathy28, 29, 36. Recent data from our laboratory showed that interference with fibrin 
deposition impacts the outcome of experimental melioidosis18, 19. More specifically, mice deficient 
for plasminogen activator type 1, which are expected to have decreased fibrin depositions, showed 
increased bacterial growth in this model18, while tissue-type plasminogen activator deficient mice, 
which are expected to display enhanced fibrin depositions, demonstrated reduced bacterial growth 
and dissemination in this same model19. Together these data suggest that reduced coagulation in 
APChigh-mice may have contributed to impaired defense against bacterial growth and dissemina-
tion. At present, it remains to be elucidated why coagulation was not inhibited in APChigh-mice early 
after instillation of B. pseudomallei, although clearly the extent of coagulation activation was rela-
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tively limited before 72 hours of infection. Interestingly, recent data showed that APC also might 
have procoagulant properties38. APC is able to shed Kunitz domain 1 from membrane-bound tissue 
factor pathway inhibitor (TFPI), leading to upregulation of tissue factor thereby initiating FXa-
dependent coagulation38. The procoagulant properties of APC might have, although speculative, 
counteracted the anticoagulant influences of high APC levels during the early phase of infection.

Besides its effects on coagulation, APC is also known as a protein with anti-inflammatory and cyto-
protective properties. On the one hand, these effects can be mediated via binding of APC to the 
endothelial PC receptor, EPCR, and subsequent signalling via PAR-1. Activation of the APC- 
EPCR-PAR-1 axis may result in anti-inflammatory and anti-apoptotic activities, as well as stabilisa-
tion and thereby protection of the endothelial barrier4. Indeed, in a model of diabetic nephropathy, 
overexpression of APC was protective via inhibition of endothelial and podocyte apoptosis16. On 
the other hand, the protective effects of APC can be mediated via EPCR-independent, CD11b/
CD18-PAR-1 dependent mechanisms39-41 or induced via direct binding of APC to activated α3β1, 
α5β1, and αVβ3 integrins. This interaction proved to be essential for inhibition of neutrophil extravasa-
tion into the bronchoalveolar space of mice induced by rAPC42. Our data show that overexpression 
of APC, which theoretically may have led to anti-inflammatory effects, was not protective in our 
model. In contrast, overexpression of APC was associated with a strong proinflammatory pheno-
type, as reflected by enhanced neutrophil influx, increased cytokine production and worse histo-
pathology, particularly at 48 hours after infection. These data contrast with previous findings from 
our laboratory showing reduced proinflammatory cytokine levels in mice treated with APC shortly 
after infection with S. pneumoniae via the airways 29. As such, we expected APChigh-mice to display 
an attenuated early inflammatory response in the lung after infection with B. pseudomallei. In 
light of the importance for a swift induction of an adequate innate immune response for protective 
immunity11, 12, this could have explained the observed enhanced bacterial growth and dissemination 
at 48 hours. However, with the readouts used here anti-inflammatory effects could not be detected 
in APChigh-mice, leaving the mechanism by which sustained elevation of APC levels disturbs host 
defense mechanisms open for speculation. Nonetheless, our results clearly demonstrate that high 
APC levels do not prevent excessive inflammation or death. The increased inflammatory response 
in APChigh-mice likely was the consequence of the higher bacterial loads, providing a stronger pro-
inflammatory stimulus which could not be controlled by high APC concentrations. This likely also 
applies to the increased neutrophil numbers in lungs at 48 hours after infection. Although neutro-
phils are critical players in the host defense against B. pseudomallei22, previous studies have shown an 
association between overwhelming neutrophil recruitment and increased mortality during experi-
mental melioidosis17, 18. These observations can be explained by the fact that neutrophil activation 
might acts as a ‘double edged sword’, on the one hand aiding in the anti-bacterial response by attack-
ing bacteria and facilitating their killing, while on the other hand causing collateral tissue damage.
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In this study we used mice overexpressing hAPC, which represents a different approach to study 
the effect of APC than adopted in previous studies using exogenous administration of APC via 
the intravenous or intraperitoneal route or via inhalation. The advantage of our model is that high 
levels of APC were present during the whole experiment, whereas in models of repeated exogenous 
administration levels of APC vary over time due to the short half-life of APC in the circulation. By 
measuring hAPC levels in various organs, we showed that APC is overexpressed in APChigh-mice 
throughout the body, which is in accordance with previous studies in which these mice were used16. 
Moreover, the APC-levels found in our study almost paralleled those measured in the PROWESS 
trial (45 ng/mL), in which patients were treated with continuous intravenous administration of 
rhAPC21. Of note, as to mimic the human situation as much as possible, we considered continuous 
administration of APC in mice via the intravenous route. However, this is hard to achieve in freely 
moving mice. On the other hand, a limitation of our study is that it might be a challenge to 
extrapolate our results obtained in genetically modified mice to the human situation. Moreover, one 
could argue that the observed results are only applicable to this particular model. The recent failure 
of the PROWESS-SHOCK trial, in which humans with septic shock received rhAPC8, might  be 
related to the fact that in this study a very heterogeneous sepsis patient population was studied with a 
relatively low overall mortality. The current study is the first to report on the role of overexpression 
of endogenous APC in melioidosis. Our data clearly show that sustained elevated levels of APC 
impair host defense during severe experimental Gram-negative sepsis caused by B. pseudomallei (meli-
oidosis), as reflected by increased bacterial growth and dissemination, increased pulmonary neutro-
phil influx, increased cytokine production and early death. 
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SUPPLEMENTARY MATERIAL 

MATERIALS AND METHODS

Sample harvesting, processing and determination of bacterial growth. 
Twenty-four, 48 or 72 hours after infection mice (n = 8 per group at each time point) were sacri-
ficed under intraperitoneal anesthesia containing ketamin (Eurovet Animal Health, Bladel, The 
Netherlands) and medetomidin (Pfizer Animal Health Care, Capelle aan den IJssel, The Netherlands). 
Blood was drawn into syringes containing sodium citrate (4:1 vol/vol). Lungs, liver and spleen were 
harvested and homogenized at 4°C in 4 volumes of sterile saline using a tissue homogenizer 
(Biospec Products, Bartlesville, OK). Bilateral bronchoalveolar lavage fluid (BALF) was obtained 
by exposing the trachea through a midline incision followed by cannulation with a sterile 22-gauge 
Abbocath-T catheter (Abott, Sligo, Ireland) and instilling and retrieving of two 0.4 mL aliquots 
of sterile phosphate buffered saline (PBS). CFUs were determined from serial dilutions of organ 
homogenates and blood that were plated on blood agar plates and incubated at 37°C in 5% CO2 for 
20h before colonies were counted. 

Assays
Human (h)APC was measured in uninfected APChigh-mice in plasma, lung-, kidney-, liver-, and 
spleen homogenates containing citrate (0.105M final concentration) and benzamidin (20mM 
final concentration; Sigma Aldrich, St Louis, MO) using a chromogenic assay as described1. In lung 
homogenates of infected mice, interleukin (IL)-6, IL-10, IL-12p70, interferon (IFN)-γ, monocyte 
chemotactic protein-1 (MCP-1) and tumor necrosis factor (TNF)-α were measured by cytometric 
bead array (CBA) multiplex assay (BD Biosciences, San Jose, CA) in accordance with the manu-
facturers’ recommendations. Myeloperoxidase concentrations (MPO; HyCult Biotechnology, 
Uden, The Netherlands), keratinocyte-derived chemokine (KC; R&D Systems, Minneapolis, MN) 
and thrombin-antithrombin complexes (TATc; Siemens Healthcare Diagnostics, Marburg, Germany) 
were measured with commercially available ELISA kits. For TATc, different concentrations of 
coagulated mouse plasma were used to generate a standard curve. Protein levels in BALF were 
measured using a Bradford-based protein assay (Bio-Rad Laboratories, Hercules, CA). Antithrombin 
levels were determined using the Berichrom Antithrombin kit (Siemens Healthcare Diagnostics) 
according to the manufacturers’ instructions.

Western blot
After dilution with SDS sample buffer lung homogenate samples were heated for 5 minutes at 
95°C, run on 6% SDS-PAGE gels under non-reducing conditions and subsequently transferred to 
a blotting membrane. Following blocking with 5% BSA in Tris-buffered saline containing 0.1% 
Tween-80 (TBS-T), the membrane was incubated overnight in 1:1000 polyclonal goat-anti-mouse-
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fibrinogen (Kordia, Leiden, the Netherlands) in 1% skimmed milk (Sigma-Aldrich, St. Louis, MO). 
Then, the membrane was incubated in 1:3000 polyclonal donkey-anti-goat IgG-HRP secondary 
antibody (Abcam, Cambridge, UK) in 1% BSA and imaged on a LAS3000 dark box (Fujifilm, 
Tokyo, Japan). Anti-fibrin(ogen) reactive bands were analyzed using ImageJ (version 2006.02.01, 
US National Institutes of Health, Bethesda, MD) and expressed as the percentage of intensity 
compared to WT mice.  

Histology and immunohistology
All slides were coded and scored by a pathologist blinded for experimental groups for the following 
parameters: interstitial inflammation, necrosis, endothelialitis, bronchitis, edema, pleuritis, pres-
ence of thrombi and percentage of lung surface with pneumonia. All parameters were rated sepa-
rately from 0 (condition absent) to 4 (most severe condition). The total histopathological score was 
expressed as the sum of the scores of the individual parameters, with a maximum of 32.

REFERENCES
1.  Liaw PC, Ferrell G, Esmon CT. A monoclonal antibody against activated protein C allows rapid detection of   
 activated protein C in plasma and reveals a calcium ion dependent epitope involved in factor Va inactivation.  
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ABSTRACT

Background
The endothelial protein C receptor (EPCR) enhances anticoagulation by accelerating activation 
of protein C to activated protein C (APC) and mediates anti-inflammatory effects by facilitating 
APC-mediated signaling via protease activated receptor-1. We studied the role of EPCR in the 
host response during pneumonia-derived sepsis instigated by Burkholderia (B.) pseudomallei, the 
causative agent of melioidosis, a common form of community-acquired Gram-negative (pneumo)
sepsis in South-East Asia. 

Methodology/ Principal finding
Soluble EPCR was measured in plasma of patients with septic culture-proven melioidosis and 
healthy controls. Experimental melioidosis was induced by intranasal inoculation of B. pseudomallei 
in wild-type (WT) mice and mice with either EPCR-overexpression (Tie2-EPCR) or EPCR-defi-
ciency (EPCR-/-). Mice were sacrificed after 24, 48 or 72 hours. Organs and plasma were harvested 
to measure colony forming units, cellular influxes, cytokine levels and coagulation parameters. Plasma 
EPCR-levels were higher in melioidosis patients than in healthy controls and associated with an 
increased mortality. Tie2-EPCR mice demonstrated enhanced bacterial growth and dissemination 
to distant organs during experimental melioidosis, accompanied by increased lung damage, neutro-
phil influx and cytokine production, and attenuated coagulation activation. EPCR-/- mice had an 
unremarkable response to B. pseudomallei infection as compared to WT mice, except for a differ-
ence in coagulation activation in plasma. 

Conclusion/ Significance
 Increased EPCR-levels correlate with accelerated mortality in patients with melioidosis. In mice, 
transgenic overexpression of EPCR aggravates outcome during Gram-negative pneumonia-derived 
sepsis caused by B. pseudomallei, while endogenous EPCR does not impact on the host response. 
These results add to a better understanding of the regulation of coagulation during severe (pneumo)sepsis.
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INTRODUCTION

Melioidosis, caused by the soil-dwelling Gram-negative bacterium Burkholderia (B.) pseudomallei, 
is associated with pneumonia and bacterial dissemination to distant sites and is an important cause 
of community-acquired sepsis in South-East Asia1-5. The mortality of the primary disease is high and 
varies from 20 to 50%1, 2. Treatment of patients with melioidosis is often difficult with slow fever 
clearance-times, a need for prolonged antibiotic therapy and a high relapse rate if therapy is not fully 
completed. Additionally, B. pseudomallei is recently classified as a ‘Tier 1’ disease agent considered 
to be an exceptional threat to security6.

During pneumonia and sepsis a procoagulant state is elicited in the host, with activation of coagula-
tion and downregulation of anticoagulant pathways7, 8. The protein C (PC) system is an important 
anticoagulant pathway implicated in the pathogenesis of sepsis9, 10. PC is rapidly converted into 
activated protein C (APC) by the transmembrane receptor thrombomodulin, once activated by 
thrombin. The rate of this conversion of PC into APC is dramatically enhanced when PC binds 
to the endothelial protein C receptor (EPCR)11, 12. Besides its well-known anticoagulant functions, 
through proteolytical degradation of coagulation factors Va and VIIIa, APC can exert anti-inflamma-
tory, anti-apoptotic and barrier protective signals in endothelial cells via protease activated receptor 
(PAR)-1 by a mechanism that requires binding of APC to EPCR. Recent evidence demon-
strates that EPCR also serves as a binding site for FVII(a)13-15, facilitating PAR-1 mediated cell 
signalling and barrier protection15.

EPCR was originally identified as a transmembrane endothelial cell receptor, but has since also 
been detected on a number of other cell types including neutrophils, monocytes, eosinophils, 
keratinocytes, vascular smooth muscle cells and renal tubular epithelial cells12, 16, 17. The extracel-
lular domain of membrane-bound EPCR (mEPCR) can be shed resulting in soluble EPCR (sEPCR)18, 
which retains its affinity to bind PC and APC19. Previous studies have shown evidence for a role 
for EPCR during sepsis. Inhibition of EPCR-binding of PC and APC with EPCR-blocking 
antibodies was found to exacerbate the septic response in baboons20, 21. In addition, conditional 
EPCR-gene deletion, resulting in absent mEPCR on vascular membranes, exaggerated host 
responses to lipopolysaccharide (LPS), reflected by enhanced thrombin and cytokine generation, 
increased neutrophil sequestration in the lung and a higher mortality rate, and this was primarily 
due to deficiency of EPCR on non-hematopoietic cells22. In contrast, mice overexpressing EPCR, 
that as a consequence thereof generated more APC in response to thrombin, were protected against 
LPS-challenge23. Recently, it was demonstrated that EPCR is expressed by mouse CD8+ dendritic 
cells and that these cells are required for APC to provide protection against the lethality of sepsis24. 
Contrary to the well-known antithrombotic and anti-inflammatory effects of mEPCR, the func-
tions of sEPCR are less clear. Increased25-27, but also unchanged28 or decreased29 levels of sEPCR 
have been reported in patients with systemic inflammatory diseases and high sEPCR levels seem to 
be correlated with a poor outcome in severe sepsis27.

9
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In patients with melioidosis activation of pro-coagulant pathways has been observed, with concur-
rent impairment of anti-coagulant mechanisms30-32. In particular, levels of thrombin-antithrombin 
complexes (TATc), indicating coagulation activation, are significantly elevated, while levels of PC 
are decreased in these patients32, which was associated with a higher mortality30. To the best of our 
knowledge, no data exist about the role of EPCR during melioidosis. In this study we measured 
sEPCR levels in melioidosis patients and investigated the effects of overexpression and absence of 
EPCR during this disease by using our established mouse model, in which B. pseudomallei is adminis-
tered via the airways, mimicking pneumonia and septic disease33-35. 

METHODS

Patients
Thirty-four patients with sepsis caused by B. pseudomallei (mean age 52 y, range 18–86 y; 50% 
male) and 32 healthy controls from the same area (mean age 41 y, range 21–59 y; 71% male) were 
studied. Study design and subjects have been described in detail30, 35. All subjects were recruited 
prospectively at Sapprasithiprasong Hospital, Ubon Ratchathani, Thailand. Sepsis due to meli-
oidosis was defined as culture-positivity for B. pseudomallei from any clinical sample plus a sys-
temic inflammatory response syndrome36. Blood samples were taken at admission. When possible, 
an additional blood sample was drawn from patients who recovered after 2 weeks of treatment. 
B. pseudomallei was cultured from body material from all patients: blood cultures were positive 
for B.pseudomallei in 21 patients (61.7%), throat swab or tracheal suction in 13 patients (38.0%), 
sputum in seven patients (21.0%), pus from abscesses in seven patients (21.0%), and urine in five 
patients (14.7%). No co-infections were present and none of the subjects were tested positive for HIV35.

Mice
Pathogen-free 10-week old male wild type (WT) C57BL/6 mice were purchased from Charles 
River (Maastricht, The Netherlands). Mice overexpressing the endothelial protein C receptor 
(Tie2-EPCR) and mice conditionally knockout for the EPCR-gene (EPCR-/-) were generated 
as described23, 37. Overexpression of EPCR was achieved by placing the expression of the EPCR-
gene under a Tie-2 promoter23. EPCR overexpression enhances PC activation on endothelial cells 
eightfold23. Meox2+/cre Procr-/- mice (abbreviated as EPCR-/- mice) were generated as described37. 
Briefly, via a conditional knockout system (cre-Lox) the EPCR-gene was deleted in embryos while 
the necessary EPCR-expression on placental giant trophoblasts was left intact, enabling the 
embryos to be carried to term and to develop normally37. Overexpression or homozygous deficiency 
for EPCR was checked by PCR analysis of each mouse used in the experiment. Both strains were 
backcrossed on a C57BL/6 background for at least 6 times. 
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Ethics Statement
The patient study was approved by the Ministry of Public Health, Royal Government of Thailand 
and the Oxford Tropical Research Ethics Committee, University of Oxford, Oxford, UK. Written 
informed consent was obtained from all subjects before the study. The animal study was carried 
out under the guidance of the Animal Research Institute of the Academical Medical Center in 
Amsterdam (ARIA). All animals were maintained at the animal care facility of the Academic 
Medical Center (University of Amsterdam), with free access to food and water, according to 
National Guidelines for the Care and Use of Laboratory Animals, which are based on the National 
Experiments on Animals Act (Wet op de Dierproeven (WOD)) and the Experiments on Animals 
Decree (Dierproevenbesluit), under the jurisdiction of the Ministry of Public Health, Welfare and 
Sports, the Netherlands. The Committee of Animal Care and Use (Dier Experimenten Commissie, 
DEC) of the University of Amsterdam approved all experiments (Permit numbers DIX100121-101237 
and -101679)

Experimental infection and determination of bacterial growth
Pneumonia was induced by intranasal inoculation with B. pseudomallei strain 1026b (300 colony 
forming units (CFU) in 50 μL NaCl 0.9% as previously described33-35. Mice were sacrificed after 
24, 48 or 72 hours and survival studies were performed. Sample harvesting, processing and deter-
mination of bacterial growth were done as described33-35. Briefly, mice were sacrificed under intra-
peritoneal anaesthesia containing ketamin (Eurovet Animal Health, Bladel, The Netherlands) and 
medetomidin (Pfizer Animal Health Care, Capelle aan den IJssel, The Netherlands). Blood was 
drawn into syringes containing sodium citrate (4:1 vol/vol). Lungs and liver were harvested and 
homogenized at 4°C in 4 volumes of sterile saline using a tissue homogenizer (Biospec Products, 
Bartlesville, OK). CFU were determined from serial dilutions of organ homogenates and blood 
plated on blood agar plates and incubated at 37°C 5% CO2 for 20h before colonies were counted.

Assays
In patients, soluble EPCR (sEPCR) was measured with a commercially available ELISA kit (R&D 
systems, Minneapolis, MN) according to the manufacturers’ instructions. In mice, samples were 
processed for ELISA measurements as described33-35. In brief, lung homogenates were diluted 1:2 in 
lysis buffer containing 300 mM NaCl, 30 mM Tris, 2 mM MgCl2, 2 mMCaCl2, 1% Triton X-100 
and Pepstatin A, Leupeptin and Aprotinin (all 20 ng/mL, pH 7.4), incubated at 4°C for 30 min and 
centrifuged at 1730 x g at 4°C for 10 min. Lung homogenates were stored at -20°C until analysis. 
Citrated blood was centrifuged at 664 x g, plasma was frozen at -80°C. Before storage, all samples 
were filtered through a 22 µm filter (Millipore, Billerica, MA). Mouse s- and membrane-bound (m-)
EPCR-levels were measured as described38, using monoclonal rat-anti-mouse EPCR (Mab1560) as 
capture antibody and polyclonal goat-anti-mouse EPCR (GT262) as detection antibody. Interleu-
kin (IL)-6, IL-10, IL-12p70, interferon (IFN)-γ and monocyte-chemoattractant protein (MCP)-1 
were measured by cytometric bead array (CBA) multiplex assay (BD Biosciences, San Jose, CA) in 
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accordance with the manufacturers’ recommendations. Tumor necrosis factor-α (TNF-α; R&D 
systems, Minneapolis, MN), myeloperoxidase (MPO; HyCult-Biotechnology, Uden, The Neth-
erlands) and TATc (Siemens Healthcare Diagnostics, Marburg, Germany) were measured with 
commercially available ELISA kits according to the manufacturers’ instructions. 

Histology and immunohistochemistry
Paraffin-embedded 4 µm lung sections were stained with haematoxylin and eosin (H&E) and 
analyzed for inflammation and tissue damage, as described previously33-35. All slides were scored by 
a pathologist blinded for experimental groups for the following parameters: interstitial inflamma-
tion, necrosis, endothelialitis, bronchitis, edema, pleuritis, presence of thrombi and percentage of 
lung surface with pneumonia. All parameters were rated separately from 0 (condition absent) to 4 
(most severe condition). The total histopathology score was expressed as the sum of the scores of 
the individual parameters, with a maximum of 32. Immunohistochemical detection of EPCR was 
performed as described39. Briefly, slides were incubated with a goat anti-mouse EPCR polyclonal 
antibody (GT262) as primary antibody, followed by incubation with rabbit-anti-goat IgG 
(SouthernBiotec, Birmingham, AL) as secondary antibody and polymer anti-rabbit-HRP (Immu-
nologic, Duiven, The Netherlands) as tertiary antibody. Staining for granulocytes, using fluorescein 
isothiocyanate-labeled rat-anti-mouse Ly-6G mAb (BD Pharmingen, San Diego, CA) was performed as 
described previously33, 34. All slides were slightly counterstained with methylgreen. The total tissue 
area of the EPCR and Ly-6G stained slides was scanned with a slide scanner (Olympus dotSlide, 
Tokyo, Japan) and the obtained scans were exported in TIFF format for digital image analysis. 
The digital images were analyzed with ImageJ (version 2006.02.01, National Institutes of Health, 
Bethesda, MD) and the immunopositive (Ly6G+) area was expressed as the percentage of the total 
lung surface area.  

Figure 1. Plasma sEPCR levels of patients with culture proven melioidosis. Increased levels of 
sEPCR in plasma of patients (n = 34) with septic melioidosis compared to healthy controls (n = 32) 
(A). Increased levels of sEPCR in patients who died of melioidosis (n = 14) compared to patients that 
survived (n = 20) (B). Horizontal lines represent medians. ***P < 0.001 for the difference between patients 
and controls; *P < 0.05 for the difference between survivors (n = 20) and non-survivors (n = 14) (Mann-
Whitney U test).
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Statistical analysis
Patient data are expressed as dot plots with medians. Mouse data are expressed as box and whisker 
plots showing the smallest observation, lower quartile, median, upper quartile and largest observa-
tion or as medians with interquartile ranges. Comparisons between groups were conducted using 
the Mann-Whitney U test. For survival studies Kaplan-Meier analyses followed by log rank test were 
performed. All analyses were done using GraphPad Prism version 5.01 (GraphPad Software, San 
Diego, CA). P-values lower than 0.05 were considered statistically significant.

RESULTS

Increased plasma sEPCR levels in patients with severe melioidosis
To obtain insight into EPCR expression and shedding during melioidosis, we measured sEPCR 
protein levels in plasma from 34 septic patients with culture proven B. pseudomallei infection and 
32 local healthy controls. Fourteen (41%) patients with melioidosis died in-hospital. sEPCR was 
elevated in melioidosis patients with median plasma concentrations approximately 2.6-fold higher 
than in healthy subjects (Figure 1A; median 35 (28-83) ng/mL in controls versus 90 (61-121) ng/
mL in patients, P < 0.001). Moreover, sEPCR levels in non-survivors were significantly higher than 
in survivors (Figure 1B; survivors: median 74 (44-120) ng/mL versus non-survivors: 105 (92-130) 
ng/mL, P < 0.05), indicating that high sEPCR levels are associated with poor outcome. In 8 patients 
in whom a follow-up sample was obtained, sEPCR levels remained unaltered (P = 0.38, data not shown).

EPCR-expression is upregulated during murine melioidosis
A large part of severe melioidosis cases presents with pneumonia with bacterial dissemination to 
distant body sites3, 5. Considering that it is not feasible to study the role of EPCR at tissue level 
during human melioidosis, we used our well established mouse model in which mice are intrana-
sally inoculated with live B. pseudomallei to induce pneumonia-derived melioidosis33-35. Mice were 
sacrificed after 24, 48 or 72 hours and total (s- and m-) EPCR protein levels were measured in lung 
homogenates of mice infected with B. pseudomallei and compared with uninfected mice. Figure 2A 
shows that in uninfected Tie2-EPCR mice median lung EPCR levels were more than 10.000-fold 
higher than in uninfected WT mice; P < 0.0001). Infection of WT mice with B. pseudomallei 
was associated with a significant increase in EPCR levels in lung homogenates at 48 and 72 hours 
after inoculation (for both time points P < 0.05 versus baseline; Figure 2B). Finally, we analyzed 
expression of mEPCR in lung tissue slides of WT mice and Tie2-EPCR mice during the course of 
the infection by immunohistochemistry and quantification by digital imaging. We compared these 
data with mEPCR-expression in uninfected mice. Infected WT mice had significantly higher lung 
mEPCR levels after 72 hours of infection when compared to their uninfected WT controls (P < 
0.05; Figure 2C). Infected Tie2-EPCR mice expressed higher levels of lung mEPCR after 48 and 
72 hours (P < 0.01; Figure 2C) when compared to uninfected Tie2-mice. Figure 2D (WT) and 
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E (Tie2-EPCR) show representative photographs of mEPCR-stained lungs 48 hours after infec-
tion. Clearly, mEPCR was abundantly present in lung tissue of Tie2-EPCR mice showing mEPCR-
positive staining not only in small arterioles but also in lung capillaries (Figure 2E). Interestingly, 48 
hours after infection in WT mice mEPCR-positive staining was seen in bronchial epithelium (inset 
Figure 2D), while this was absent in bronchioles of Tie2-EPCR mice (inset Figure 2E). No evident 
mEPCR-positive staining was seen in lungs of uninfected WT mice (data not shown). Together, 
these data indicate that during murine infection with B. pseudomallei EPCR is upregulated, suggest-
ing that this receptor is associated with the host defense against this pathogen.

Figure 2. EPCR measurements in lungs of uninfected mice and mice infected with B. pseudomallei. 
Uninfected EPCR-overexpressing mice (Tie2-EPCR mice) have more than 10.000-fold higher levels of 
lung EPCR as measured by ELISA (A). Mice, inoculated with 300 CFU of B. pseudomallei and sacrificed 
after 24, 48 and 72 hours, had increased levels of EPCR in their lungs when compared to uninfected WT 
mice (B). Immunohistochemical staining of uninfected and B. pseudomallei-infected lung tissue showed 
increased EPCR-positive staining after 72 hours of infection in WT mice compared to uninfected controls 
and after 48 and 72 hours of infection in Tie2-EPCR mice when compared to uninfected Tie2-EPCR mice 
(C). Representative EPCR-staining of lung tissue of WT (D) and Tie2-EPCR (E) mice, 48 hours after 
infection (magnification 100x). Interestingly, at this time point WT mice showed EPCR-positive staining of 
bronchial epithelial cells (inset Figure D), whereas Tie2-EPCR mice (inset Figure E) did not (magnification 
400x). Data are expressed as box-and-whisker plots showing the smallest observation, lower quartile, 
median, upper quartile and largest observation. Grey boxes represent WT mice, white boxes represent 
Tie2-EPCR mice (n = 8-9 mice per group for each time point). ***P < 0.001 for WT versus Tie2-EPCR 
mice; $P < 0.05 and $$P < 0.01 for infected versus uninfected WT mice; ##P < 0.01 for infected versus 
uninfected Tie2-EPCR mice (Mann-Whitney U test).
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EPCR-overexpression facilitates pulmonary bacterial growth and dissemination to dis-
tant organs during experimental melioidosis
To investigate whether overexpression of EPCR impacts on local pulmonary bacterial growth, we 
determined bacterial loads in lung homogenates of WT mice 24, 48 and 72 hours after intranasal 
inoculation and compared them with bacterial loads in Tie2-EPCR mice. Forty-eight hours 
after inoculation with B. pseudomallei Tie2-EPCR mice had increased bacterial loads in their lungs 
when compared to WT mice (P < 0.001; Figure 3A), while at 72 hours the differences were no 
longer evident. In order to determine whether EPCR-overexpression would impact on bacterial 
dissemination, we measured bacterial loads in blood, liver and spleen homogenates, 24, 48 and 72 
hours after intranasal inoculation with B. pseudomallei. After 24 hours of infection almost 50% of 
all mice were bacteremic, while after 48 and 72 hours the majority (>75%) of mice had positive 
blood cultures (Figure 3B). However, no differences were seen at any of the time points in bacterial 
loads in blood between WT and Tie2-EPCR mice (Figure 3B). On the contrary, Tie2-EPCR mice 

Figure 3. Overexpression of EPCR facilitates bacterial growth and dissemination. 
Mice were inoculated with 300 CFU of B. pseudomallei and sacrificed after 24, 48 and 72 hours. Bacterial 
loads were determined in lung homogenates (A), blood (B), liver homogenates (C) and spleen homoge-
nates (D). Data are expressed as box and whisker plots showing the smallest observation, lower quartile, 
median, upper quartile and largest observation. Grey boxes represent WT mice, white boxes represent 
Tie2-EPCR mice (n = 8-9 mice per group for each time point). *P < 0.05 and **P < 0.01 for WT versus 
Tie2-EPCR mice (Mann-Whitney U test).
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displayed increased bacterial loads in liver and spleen homogenates 48 hours after infection (both 
P < 0.05: Figure 3C-D), while at 72 hours no differences were seen anymore (Figure 3C-D). Thus, 
overexpression of EPCR facilitates pulmonary and systemic growth of B. pseudomallei.

EPCR-overexpression is associated with increased lung inflammation
Our murine model of melioidosis is associated with profound lung pathology33-35. In our study, both 
WT and Tie2-EPCR mice infected with B. pseudomallei showed inflammatory infiltrates in the 
lungs characterized by interstitial inflammation together with necrosis, endothelialitis, bronchitis, 
edema, thrombi and pleuritis (Figure 4A-C). The extent of lung inflammation, quantified by the 
semi-quantitative scoring system as described in the Methods section, was significantly greater in 
Tie2-EPCR mice at 48 hours after infection when compared to WT mice (P < 0.05; Figure 4A). 

Figure 4. Lung pathology. Fourty-eight hours after infection Tie2-
EPCR mice showed increased lung damage compared to WT mice 
as reflected by increased mean histological scores as described 
in the Methods section (A). Both WT (B) and Tie2-EPCR (C) mice 
infected with 300 CFU of B. pseudomallei showed inflammatory 
infiltrates in the lungs characterized by interstitial inflammation 
together with necrosis, endothelialitis, bronchitis, edema, thrombi 
and pleuritis 48 hours after inoculation (H&E staining x100). 

Increased granulocyte migration in Tie2-EPCR mice infected with B. pseudomallei was seen 48 hours 
after infection (D). Representative photographs of Ly-6G-immunostaining (original magnification x100) for 
granulocytes of WT (E) and Tie2-EPCR (F) mice showing significantly increased neutrophil influx at 48h 
post-inoculation. Tie2-EPCR mice showed increased myeloperoxidase (MPO) levels compared to WT (G) 
in lung homogenates 48 and 72h after infection. Data are expressed as box and whisker plots showing 
the smallest observation, lower quartile, median, upper quartile and largest observation. Numbers of 
granulocytes are expressed as the percentage of the total lung surface area. Grey boxes represent WT 
mice, white boxes represent Tie2-EPCR mice (n = 8-9 mice per group for each time point). *P < 0.05 and 
**P < 0.01 for WT versus Tie2-EPCR mice (Mann-Whitney U test).
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Figure 4B (WT mice) and 4C (Tie2-EPCR mice) show representative H&E-stainings of lung 
tissue 48 hours after intranasal inoculation with B. pseudomallei. As neutrophils play an impor-
tant role in the host defense during melioidosis3, 5, we next analysed neutrophil recruitment 
to lung tissue. Lung tissues were stained for Ly-6G, a marker for granulocytes, in order to quan-
tify granulocyte influx. Clearly, 48 hours after infection Tie2-EPCR mice displayed significantly 
higher granulocyte counts in their lungs when compared to WT mice (P < 0.05 at 48 hours post-
infection; Figure 4D). Figure 4E (WT) and F (Tie2-EPCR) show representative photographs of 
Ly-6G-stainings of lung tissue 48 hours after intranasal inoculation with B. pseudomallei. These 
data showing enhanced neutrophil influx in Tie2-EPCR mice could be confirmed by elevated lung 
MPO concentrations, a marker for total neutrophil numbers, 48 and 72 hours after infection as 
compared to controls (Figure 4G). Altogether these data indicate that overexpression of EPCR 
results in enhanced lung inflammation and increased neutrophil influx during murine infection 
with B. pseudomallei starting from 48 hours after infection onwards.

9

Table 1. Cytokine concentrations in lung homogenates and plasma of WT and Tie2-EPCR mice during 
experimental melioidosis.

Pulmonary and plasma cytokine levels 48 hours after intranasal infection with 300 CFU of B. pseu-
domallei. Wild type (WT) mice are compared with mice overexpressing EPCR (Tie2-EPCR mice). Data 
are expressed as median (interquartile ranges) of n = 8-9 mice per group per time point. BD below 
detection limits, IFN-γ interferon-γ, IL interleukin, MCP-1 monocytechemoattractant protein-1, TNF-α 
tumor necrosis factor-α. *P < 0.05, **P < 0.01 and ***P < 0.001 for WT versus Tie2-EPCR mice (Mann-
Whitney U test).
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Induction of pro-inflammatory cytokines in EPCR-overexpressing mice
Since cytokines and chemokines are important regulators of the inflammatory response to B. 
pseudomallei 3-5, 40, we measured pulmonary and plasma levels of TNF-α, IL-6, IL-10, IL-12p70, 
IFN-γ and MCP-1 (Table 1). At 24 hours after inoculation all cytokine levels were low in both 
lung homogenates and plasma; whereas in lung homogenates no differences between mouse strains 
were seen at this early time point, in plasma significantly increased levels of TNF-α and IL-6 were 
detected in Tie2-EPCR mice as compared to WT mice (for TNF-α: 10 (5.9-14) versus 21 (11-22) 
pg/mL, P < 0.05, for IL-6: 44 (13-65) versus 101 (73-161) pg/mL, P < 0.001, data not shown). 
After 48 hours increases were found for almost all cytokines in lung homogenates, most prominent 
for TNF-α, IL-6 and MCP-1. These proinflammatory mediators were significantly more elevated in 
Tie2-EPCR mice when compared to WT mice (P < 0.05, < 0.001 and < 0.01 for TNF-α, IL-6 and 
MCP-1 respectively; Table 1).  Interestingly, IL-12p70 as well as IFN-γ levels, both Th1 cytokines, 
were decreased in lung homogenates of Tie2-EPCR mice 48 hours after infection (P < 0.05 for both 
IL-12p70 and IFN-γ). Cytokine and chemokine levels in the lungs did not differ between groups at 
72 hours after infection (data not shown).  No significant differences were seen in plasma for any of 
the cytokines measured at the later time points.

EPCR-overexpression hampers coagulation activation during infection with B. pseudomallei
Considering the important role for EPCR in the regulation of hemostasis12, we next wondered 
whether EPCR overexpression would impact on activation of coagulation. Therefore TATc, a central 
parameter of coagulation-induction, was measured in lung homogenates and plasma of WT and 
Tie2-EPCR mice 24, 48 and 72 hours after inoculation with B. pseudomallei. At all time points, 
EPCR-overexpression hampered coagulation activation as reflected by decreased levels of TATc, 
both in lung homogenates and plasma, in Tie2-EPCR mice (P < 0.01 - P < 0.001 versus WT mice; 
Figure 5A-B). 

Figure 5. Tie2-EPCR mice show increased activation of coagulation both in lung homogenates 
and plasma. Mice were infected intranasally with 300 CFU of B. pseudomallei. After 24, 48 and 72 
hours coagulation activation (TATc) was measured in lung homogenates (A) and plasma (B). At all time 
points decreased activation of coagulation was seen in Tie2-EPCR mice when compared to WT mice. 
Data are expressed as box and whisker plots showing the smallest observation, lower quartile, median, 
upper quartile and largest observation. Grey boxes represent WT mice, white boxes represent Tie2-EPCR 
mice (n = 8-9 mice per group for each time point). **P < 0.01 and ***P < 0.001 for WT versus Tie2-EPCR 
mice (Mann-Whitney U test).
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Deficiency of EPCR does not impact on bacterial growth and dissemination, pulmo-
nary damage and neutrophil influx, but does induce coagulation activation in plasma
After having established the detrimental role for overexpression of EPCR during experimental 
melioidosis with respect to bacterial growth, lung pathology, neutrophil influx and cytokine 
production, we wondered whether deficiency of EPCR would have the opposite effect. Therefore, 
we infected WT and EPCR-/- mice with 300 CFU of B. pseudomallei and sacrificed them after 
48 hours, as at this time point the most prominent differences were seen in the experiments comparing 
WT and Tie2-EPCR mice. EPCR-deficiency did not impact on pulmonary bacterial loads 
(Figure 6A) or bacterial dissemination to blood (Figure 6B), liver (6C) or spleen (6D). In addition, 

Figure 6. Deficiency of EPCR does not impact on bacterial growth and dissemination, pulmonary 
damage and neutrophil influx, but does induce coagulation activation in plasma. WT and EPCR-
deficient (EPCR-/-) mice were inoculated with 300 CFU of B. pseudomallei and sacrificed after 48 hours. 
Bacterial loads were counted in lung homogenates (A), blood (B), liver homogenates (C) and spleen 
homogenates (D). Histopathology scores (E) were assessed as described in the Methods section. Figure 
F (WT) and G (EPCR-/-) show representative photographs of infected lung tissue 48 hours post-inocu-
lation (H&E staining, original magnification x100). Neutrophil influx was determined by Ly6G-staining of 
lung tissue (H). Figure I (WT) and J (EPCR-/-) show representative photographs of lung Ly6G-staining 48 
hours post-inoculation (original magnification x100). Levels of myeloperoxidase (MPO) were measured 
in lung homogenates (K). Activation of coagulation (TATc) was measured both in lung homogenates (L) 
and in plasma (M). Data are expressed as box and whisker plots showing the smallest observation, lower 
quartile, median, upper quartile and largest observation. Grey boxes represent WT mice, white boxes 
represent EPCR-/- mice (n = 8-9 mice per group for each time point). *P < 0.05 for WT versus EPCR-/- mice 
(Mann-Whitney U test).
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EPCR-/- mice neither showed any significant differences in lung damage reflected as the total sum 
of pathology scores (Figure 6E). Similarly, absence of EPCR did not impact on neutrophil influx 
into the lungs as indicated by percentages of Ly6G-staining in WT and EPCR-/- mice (Figure 6H). 
Figure 6I (WT) and 6J (EPCR-/- mice) show representative photographs of this Ly-6G-staining, 48 
hours after infection. In accordance, no differences were seen between mouse strains in MPO levels 
(6K) either. Moreover, no differences between WT and EPCR-/- mice were seen in cytokine and 
chemokine levels (TNF-α, IL-6, IL-10, IL-12p70, IFN-γ and MCP1), neither in lung homogen-
ates, nor in plasma (data not shown). Finally, deficiency of EPCR did impact on coagulation in the 
systemic compartment. Whereas in lung homogenates no differences were seen between WT and 
EPCR-/- mice (6L), in plasma EPCR-/- mice displayed significantly increased activation of coagula-
tion as reflected by higher levels of TATc (P < 0.001; Figure 6M). Taken together these data indicate 
that although deficiency of EPCR leads to increased activation of coagulation in the circulation, 
it does not impact on bacterial growth, lung pathology, neutrophil influx or cytokine production 
during murine melioidosis.

DISCUSSION

In this study investigated the role of EPCR during melioidosis. We found that patients with culture-
proven melioidosis have significantly increased levels of sEPCR in their plasma and that elevation of 
sEPCR was associated with higher mortality. Mice overexpressing EPCR showed increased bacterial 
growth and dissemination after infection with B. pseudomallei together with increased lung histo-
pathology scores, increased influx of neutrophils in the lungs and decreased coagulation activation. 
On the contrary, after infection with B. pseudomallei, mice deficient for EPCR did not show any 
difference when compared to WT controls, except for enhanced coagulation activation in plasma 
48 hours after infection. These data indicate that while endogenous EPCR does not impact on the 
host response during Gram-negative pneumonia-derived sepsis caused by B. pseudomallei to a 
significant extent, transgenic overexpression of this receptor impairs outcome.

Clinical and preclinical studies have provided evidence for a role for EPCR during sepsis19-23, 41. It 
has been hypothesised that sepsis results in down-regulation of mEPCR levels on injured endothe-
lium, which consequently may impair the ability to generate APC. Indeed, in vitro studies with 
endothelial cells have shown that proinflammatory cytokines including TNF-α42-44 and IL-1β45, 46 
are able to down-regulate mEPCR. Furthermore, in children with meningococcal sepsis endothe-
lial mEPCR levels were lower than those in controls28. Down-regulation of mEPCR may occur 
both via inhibition of EPCR gene transcription42, 44 and via protease-mediated shedding from the 
endothelial cell surface18, releasing the soluble form of EPCR in the circulation. In accordance, 
several studies have demonstrated increased levels of plasma sEPCR during sepsis in general25, 26 or 
in Gram-negative sepsis only27. Our data demonstrating increased sEPCR levels during melioidosis 
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are in fully in line with this. On the other hand, some studies showed unchanged28 or decreased 
sEPCR levels29 during sepsis. This discrepancy can possibly be explained by different ELISA methods used 
to measure sEPCR29 and/or the frequency of the A3-haplotype of sEPCR in the study population41. 
Indeed, carriers of the A3-haplotype have significantly higher sEPCR levels than non-carriers and a 
variation in the percentage of A3-carriers in the study population may influence the final results, as 
was revealed earlier29. Furthermore, we demonstrated that increased levels of sEPCR are correlated 
with a poor survival in patients during sepsis caused by B. pseudomallei, which is in line with earlier 
observations27; however, others failed to show a similar association25. We also could not detect any 
changes in sEPCR levels during the hospital stay. Altogether our data on sEPCR in human plasma 
samples might indicate a role for sEPCR during human melioidosis, but could also reflect a coin-
cidental ‘bystander’ effect. Evidently, more research has to be done, especially on the expression of 
EPCR on freshly harvested inflammatory cells such as neutrophils, monocytes and macrophages 
during human melioidosis. 

To further investigate the role of EPCR during melioidosis we used mice overexpressing this receptor 
and infected them with B. pseudomallei. Infection resulted in an increase in total EPCR levels in 
whole lung homogenates, indicative of the sum of m- and sEPCR in the pulmonary compartment. 
Staining for mEPCR (expressed as percentage positive staining of lung tissue quantified by digital 
imaging) in WT mice showed clear differences in EPCR levels between uninfected and infected 
lungs, suggesting that the increase in total EPCR concentrations was caused by both shedding of 
sEPCR and upregulation of mEPCR. Of note, however, infected WT mice displayed increased 
mEPCR-expression on the luminal side of the bronchial epithelium, which was absent in bronchi-
oli of infected Tie2-EPCR mice. This mEPCR upregulation was restricted to the bronchial epithe-
lium, as still little mEPCR-staining was seen in other tissues, especially not the endothelium. Previous 
studies have documented constitutional EPCR expression by respiratory epithelial cells47, 48. The 
enhanced epithelial EPCR expression observed here is remarkable in light of earlier studies showing that 
endothelial mEPCR expression is down-regulated by proinflammatory cytokines including TNF-α 
and IL-1β42-46. The fact that Tie2-EPCR mice did not show increased epithelial mEPCR expression 
could be related to the altered proinflammatory milieu in these animals and/or to constitutively 
high endothelial cell mEPCR levels. Possibly, due to already strongly enhanced mEPCR expression 
in endothelial tissues in Tie2-EPCR mice, the bronchial epithelium was less triggered to express 
mEPCR in reaction to pro-inflammatory stimuli or endothelial EPCR expression might even have 
counterregulated EPCR expression in these Tie2-EPCR mice. In our model this is of main impor-
tance as the lungs were the primary focus of disease, and possibly, the downregulation of EPCR on 
bronchial epithelium in Tie2-EPCR mice might have contributed to the detrimental phenotype.

Transgenic overexpression of EPCR in mice resulted in impaired outcome during experimental 
murine melioidosis, as indicated by increased bacterial loads at the primary site of infection and 
distant organs and increased tissue damage. Our data contrast with previous studies showing that 
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EPCR-overexpression protects mice from a lethal dose of LPS23 and from ventilator-induced lung 
injury (VILI) caused by high tidal volume ventilation49. Obviously, the behaviour of Tie2-EPCR 
mice depends on the experimental trigger given. In this view it is important to realize that in our 
model we used a living and replicating bacterium, B. pseudomallei, as inflammatory trigger, implying 
a continuous and increasing proinflammatory stimulus, which is different from LPS or non-infec-
tious stimuli such as VILI. Tie2-EPCR mice showed decreased coagulation activation during 
experimental melioidosis, as reflected by decreased TATc levels, which corresponds with earlier ob-
servations in these animals during VILI49 and after FXa administration23. Moreover, Tie2-EPCR 
mice have higher circulating levels of APC23 and preliminary data from our laboratory indicate that 
transgenic overexpression of APC in mice50 results in a phenotype during experimental melioidosis 
that resembles that of Tie2-EPCR mice, i.e. with enhanced bacterial growth and dissemination, and 
increased inflammation and injury. Together, these data suggest that an enhanced anticoagulant 
environment impairs infection control and containment in this model of pneumonia-derived sepsis. 
Of note, it is important to remark that it needs caution to simply extrapolate our data obtained from 
mouse experiments to the human situation. Recent data showed that genomic responses in mouse 
models poorly mimic human inflammatory diseases, including endotoxemia challenge51. In murine 
models, the responses on proinflammatory stimuli may be obviously dependent on factors such as 
the mouse strain used, the route of challenge and the bacterial strain used. Equally these factors 
may vary in humans, who, in addition are typically older, have co-morbidities that may modify the 
course of the disease and have received treatment in the form of fluids and antibiotics.

Besides its effects on coagulation, overexpression of EPCR is expected to result in cytoprotective 
and anti-inflammatory effects via binding of APC or FVIIa to EPCR and subsequent signalling via 
PAR19, 15.  In contrast, Tie2-EPCR mice displayed a proinflammatory phenotype particularly at 48 
hours after infection, most likely caused by the increased bacterial loads; with the readouts used here 
anti-inflammatory effects could not be detected, leaving the mechanism by which overexpression of 
EPCR disturbs host defense mechanisms open for discussion. Nonetheless, our results demonstrate 
that high EPCR levels do not prevent excessive inflammation or death during melioidosis. 

Cytokines play an important role in the host defense against B. pseudomallei3, 4, 40. Melioidosis 
patients demonstrated elevated serum levels of TNF-α, IL-12 and IFN-γ in recent clinical studies40, 52. The 
pro-inflammatory cytokine IFN-γ is produced by cytotoxic T-cells and natural killer cells and has 
an important protective role in early resistance against B. pseudomallei infection. Earlier evidence 
showed that blockage of IFN-γ lowered the LD50 from >5*105 CFU to ~2 CFU and was associ-
ated with marked increases in bacterial loads in various organs53. In line, inhibition of IL-12, one 
of the predominant inducers of IFN-γ, resulted in increased mortality in the same model53. The 
pro-inflammatory cytokine TNF-α is also likely to be an important element of the early immune 
response to B. pseudomallei as passive immunization against this mainly macrophage derived-cytokine 
enhances lethality in experimental murine melioidosis53. We therefore measured levels of IFN- γ, 
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IL-12p70 and TNF- α in our model. Our results showed marked increases in all of these three 
cytokines in EPCR-overexpressing mice, demonstrating that EPCR elicits a more profound host 
response during experimental melioidosis. 

EPCR-deficient mice did not have a clear phenotype upon infection with B. pseudomallei. 
We chose the 48-hour time point as this was most discriminative in the studies using Tie2-EPCR 
and WT mice. Our data are in contrast with earlier data showing that, upon LPS challenge, mice 
fully deficient for EPCR exhibited more cytokine generation, neutrophil sequestration in the lungs 
and a higher mortality rate than mice heterozygously deficient for EPCR22. Also, mice with a 
severe EPCR-deficiency displayed hemodynamic and cardiac alterations and a lower survival after 
LPS administration54. Similarly, EPCR-blocking antibodies exacerbated the inflammatory response 
to bacterial sepsis in baboons20, 21. Dissimilarities in the models used may at least in part explain 
these differences: whereas in the earlier studies20-22, 54 the challenges used resulted in a brisk systemic 
inflammatory response syndrome, the current model of melioidosis is associated with a growing 
bacterial load in the lung with subsequent dissemination and inflammation to distant body sites. 
EPCR-deficient mice did have increased coagulation activation during meliodosis, which is in line 
with earlier findings showing that EPCR-deficient mice developed more and larger thrombi upon 
FXa- or LPS-challenge than control mice22, 37. The current study is the first to report on the role 
of EPCR in melioidosis. We showed that in human melioidosis plasma sEPCR levels are elevated 
and associated with increased mortality. Murine studies showed that in melioidosis overexpression 
of EPCR is detrimental, with respect to bacterial growth and local and systemic inflammatory 
responses, while EPCR deficiency did not influence host responses. Together with previous studies 
from our laboratory33, 34 these data point to an important role for mediators involved in hemo-
stasis in the host defense against B. pseudomallei. 
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ABSTRACT

Protease-activated receptor-1 (PAR-1) is a G-coupled transmembrane receptor expressed by multiple 
cell types present in the lungs that can be activated by various proteases generated during acute 
inflammation. In this study we aimed to investigate the role of PAR-1 during melioidosis, a common 
cause of (pneumo)sepsis in Southeast Asia in a murine model of intranasal inoculation of the causa-
tive pathogen Burkholderia (B.) pseudomallei. Our results show that endogenous PAR-1 facilitates 
bacterial growth and dissemination during murine melioidosis, which is associated with increased 
cell influxes. However, these observations have no impact on survival. 
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INTRODUCTION

Melioidosis, caused by the Gram-negative bacterium Burkholderia (B.) pseudomallei, is a severe 
septic disease, characterized by pneumonia and rapid bacterial dissemination to distant body sites, 
with many possible disease manifestations, septic shock being the most severe1-3. In Southeast-Asia and 
Northern-Australia melioidosis is an important cause of community-acquired sepsis with a mortality 
rate of up to 40% despite appropriate antibiotic therapy1, 2. Additionally, recently B. pseudomallei 
was classified as a ‘Tier 1’ disease agent considered to be an exceptional threat to security4. Protease-
activated receptors (PARs) are G-protein-coupled receptors that carry their own ligand thereby 
converting an extracellular proteolytic cleavage event into an intracellular signal5, 6. PARs, of which 
four subtypes have been described (PAR-1 to -4), are widely distributed throughout the airways and 
can be activated by a variety of proteases, including pro-inflammatory factors and proteases involved 
in the coagulation system5-7. Regulation of PAR activity by proteases is important under pathological 
circumstances during which these proteases are released or activated. PAR activation can play a para-
doxical role as it can result in both beneficial and deleterious effects depending on the PAR subtype 
that is activated and on the nature of the activating trigger5-7. When cleaved by activated protein C 
(APC), PAR-1 has anti-inflammatory and barrier protective effects7, 8, while PAR-1 exerts barrier 
disruptive effects when it is activated by high levels of thrombin7, 9, 10. Data on PAR-1 during inflam-
matory conditions are limited. The host response during melioidosis is characterized by upregula-
tion of a large number of pro-inflammatory and procoagulant factors with protease activity3, 11. In 
this study we investigated the role of PAR-1 in the host response during melioidosis.

METHODS

Ten weeks-old male wild-type (WT) C57BL/6 mice were compared with mice deficient for PAR-1 
(PAR-1-/-) on a C57BL/6 background. All experiments were approved by the Animal Care and Use 
Committee of the Academic Medical Center. Melioidosis was induced by intranasal inoculation 
of 500 CFU of B. pseudomallei12, 13. Mice were sacrificed after 24, 48 and 72 hours and survival 
studies were performed, during which mice were checked every 6 hours until death occurred. 
Samples were harvested and processed as described 12, 13. Bilateral bronchoalveolar lavage fluid (BALF) 
was obtained by exposing the trachea through a midline incision followed by cannulation with 
a sterile T-catheter and instilling and retrieving of two 0.5 mL aliquots of sterile phosphate 
buffered saline. Tumor necrosis factor (TNF)-α, interleukin (IL)-6, IL-10, IL-12p70, interferon 
(IFN)-γ and monocyte chemotactic protein (MCP)-1 were measured by cytometric bead array 
multiplex assay (BD Biosciences, San Jose, CA). Paraffin-embedded lung sections were stained with 
haematoxylin and eosin and semi-quantitatively analyzed for inflammation and tissue damage as 
described12, 13.
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RESULTS

Deficiency of PAR-1 protected mice from bacterial growth and dissemination as reflected by decreased 
bacterial loads in lung and liver homogenates of PAR-1-/- mice 48 hours after infection (P < 0.01 and 
0.05 versus WT mice respectively; Fig.1 A-B). Moreover, 72 hours after infection bacterial loads in 
livers and BALF of PAR-1-/- mice still were lower in comparison with WT mice (for liver P < 0.01; 
Fig.1B, for BALF P < 0.05, not shown). In addition, our results demonstrate that decreased bacte-
rial burdens as were observed in PAR-1-/- mice did not protect from lethality (P = 0.22; Fig.1C). 
Next, we investigated the inflammatory response in the lungs. Our results show that 72 hours after 

Figure 1. Mice were inoculated intranasally with 500 CFU of B. pseudomallei and sacrificed after 
24, 48 and 72 hours. Bacterial loads were determined in lung homogenates (A), and liver homoge-
nates (B). Mortality did not differ between WT mice and PAR-1-/- mice (C). Cellular influx (D), numbers of 
neutrophils (E) and total protein content (F) in broncholaveolar lavage fluid (BALF) are shown for infected 
WT and PAR-1-/- mice.  Lung histopathology scores did not differ between WT and PAR-1-/- mice (G): both 
WT (H) and PAR-1-/- mice (I) showed comparative inflammatory infiltrates in the lungs characterized by 
interstitial inflammation together with necrosis, endothelialitis, bronchitis, edema, thrombi and pleuritis 48 
hours after inoculation (H&E staining, original magnification x40). Data are expressed as box and whisker 
plots showing the smallest observation, lower quartile, median, upper quartile and largest observation. 
Grey boxes/ black dots represent WT mice, white boxes/ white dots represent PAR-1-/- mice (n = 7-8 mice 
per group for each time point, in survival studies n = 17-18 mice per group). *P < 0.05 and **P < 0.01 
for WT versus PAR-1-/- mice (Mann-Whitney U test). For survival studies mortality was assessed every 
6 hours. Comparison between groups was done by Kaplan-Meier analysis followed by log rank tests.
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infection total leukocyte counts were decreased in BALF of PAR-1-/- mice when compared to WT 
mice (P < 0.05; Fig.1D), which was caused by lower numbers of neutrophils (P < 0.05; Fig.1E). 
PAR-1 deficiency did not alter lung damage, as indicated by similar protein levels in BALF (Fig.1F) 
and similar lung pathology scores (Fig.1G-I) in PAR-1-/- and WT mice. In addition, apart from 
significantly lower levels of MCP-1 in plasma of PAR-1-/- mice 24 hours after infection (P < 0.01, 
not shown), levels of cytokines in lung homogenates, plasma and BALF of WT and PAR-1-/- mice 
did not differ at any time point (data not shown). 

DISCUSSION

Experimental models of melioidosis have shown that after intranasal infection B. pseudomal-
lei rapidly causes severe pneumonia and dissemination of bacteria to distant body sites12, 13. Our 
data are in line with previous studies showing that during experimental pneumococcal pneumonia 
PAR-1 deficiency was associated with lower bacterial loads in the lungs and livers compared to WT 
mice14. Next, in order to find out whether differences in bacterial growth would impact on lethality, 
we performed a survival study, showing no differences between both study groups. Our results are 
in contrast with observations during pneumococcal pneumonia and murine influenza A (H1N1) 
infection, in which PAR-1-/- mice had a significantly delayed mortality14, 15. Moreover, in a model 
of polymicrobial sepsis induced by cecal ligation and puncture (CLP), survival was improved after 
administration of a PAR-1 antagonist, indicating that functional PAR-1 enhances lethality16. In the 
same study it was shown that PAR-1-/- mice had a better survival after a LD90 endotoxin challenge16, 
which differed from earlier data that failed to show beneficial effects for PAR-1-deficiency on 
mortality after endotoxin administration17, 18. Finally, Kaneider et al. failed to show any survival 
benefits for PAR-1-/- mice after CLP19. However, these authors did show by a pepducin-based 
approach that early administration of a PAR-1 antagonist lead to a better survival, whereas, inter-
estingly, late administration (after 4 hours) of a PAR-1 agonist had the same effects on survival, 
indicating that PAR-1 switched from being a harmful receptor into a beneficial receptor during the 
progression of polymicrobial sepsis in mice19. 

In our model of experimental melioidosis, bacterial growth and dissemination is accompanied by a 
strong pro-inflammatory host response consisting of marked neutrophil recruitment into the lungs, 
release of pro-inflammatory cytokines and serious lung damage12, 13. We investigated whether PAR-1 
deficiency impacted on this response. Together, these results indicate that PAR-1 plays a limited 
role in the inflammatory response during experimental melioidosis. Our data should be compared 
with earlier studies on the role of PAR-1 in the host response to pulmonary infection and inflam-
mation. During pneumococcal pneumonia PAR-1 contributed to lung inflammation as reflected 
by attenuated neutrophil recruitment, lower pulmonary levels of pro-inflammatory cytokines and 
lower mean lung pathology scores in PAR-1-/- mice relative to WT mice14. In line, PAR-1-/- mice 
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were protected from bleomycin-induced lung inflammation and fibrosis, as was demonstrated by 
significantly lower inflammatory cell recruitment and total protein in BALF and decreased levels 
of lung MCP-1 in comparison to WT controls20. Moreover, during Coxsackie B virus infection 
PAR-1-/- mice expressed reduced levels of IFN-β and chemokine (C-X-C motif ) ligand (CXCL)-
10 during the early phase of infection compared with WT mice that resulted in higher viral loads 
at day 8 after infection21. Additionally, PAR-1-/- mice also had decreased CXCL10 expres-
sion and increased viral levels in the lung after influenza A infection compared to WT mice21. On 
the other hand, however, after endotoxin challenge no differences in cytokine responses were seen 
in PAR-1-/- mice when compared to WT mice17, 18, illustrating the different effects of PAR-1 during 
various inflammatory challenges. Evidently, the net effect of PAR-1 stimulation during inflamma-
tory conditions largely depends on the nature and dynamics of the stimulating agents and the timing 
of release of these mediators. PAR-1 could be an interesting target in the development of new drugs 
against sepsis; however, much more detailed research has to be done to further unravel its effects 
during infections by different causative pathogens. In conclusion, we here demonstrate that PAR-1 
deficiency has a limited detrimental role in the inflammatory response during experimental melioi-
dosis, although it facilitates bacterial dissemination from the lungs to the liver. These data further 
expand the knowledge on the host immune response during severe (pneumo)sepsis caused by B. 
pseudomallei.
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ABSTRACT

Objective
Thrombomodulin (TM) is a multidomain receptor primarily expressed by vascular endothelium. 
The lectin-like domain of TM has anti-inflammatory properties. In this study we investigated the 
role of the TM lectin-like domain in the host response to Gram-negative sepsis caused by Burkholderia 
(B.) pseudomallei, a “Tier 1” biothreat agent and the causative agent of melioidosis, a common form 
of community-acquired sepsis in Southeast Asia. 

Design and Setting
Animal study, University research laboratory.

Subjects and Interventions
Wild-type (WT) mice and mice lacking the lectin-like domain of TM (TMLeD/LeD mice). Mice 
were intranasally infected with live B. pseudomallei and sacrificed after 24, 48 or 72 hours for 
harvesting of lungs, liver, spleen and blood. Additionally, survival studies were performed.

Measurements and Main Results
Following exposure to B. pseudomallei, TMLeD/LeD mice showed a survival advantage, accompanied 
by decreased bacterial loads in the blood, lungs, liver and spleen. While lung histopathology did not 
differ between groups, TMLeD/LeD mice displayed strongly attenuated systemic inflammation, as 
reflected by lower plasma cytokine levels, maintenance of normal kidney and liver function, histo-
logic evidence of reduced organ damage and damage to the spleen.  

Conclusions
This study reveals for the first time, a detrimental role for the TM lectin-like domain in the host 
response to sepsis caused by a clinically relevant Gram-negative pathogen.
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INTRODUCTION

Thrombomodulin (TM, CD141) is a multidomain type-I transmembrane glycoprotein that 
is expressed on the surface of vascular endothelial and various hematopoietic cells1-3. TM is located 
strategically and hereby has interactions with thrombin1, protein C (PC)1, thrombin activatable 
fibrinolysis inhibitor (TAFI)4, complement factors5, 6, Lewis Y antigen, a cell-surface tetrasaccha-
ride involved in endothelial cell-cell interactions7, 8 and high-mobility group box 1 (HMGB1)9. Via 
these interactions TM modulates inflammation, coagulant and fibrinolysis and cell proliferation. 

TM consists of five structural domains: the N-terminal C-type lectin-like domain, six epidermal 
growth factor (EGF)-like repeats (EGF-domain), a serine/threonine-rich domain, a transmem-
brane domain and a cytoplasmic domain2. The EGF-domain is required for thrombin-mediated 
generation of activated PC (APC), which has anticoagulant and cytoprotective functions10, and 
thrombin-mediated generation of activated TAFI (TAFIa), which has both anti-fibrinolytic and 
complement factor (C)3a- and C5a-degrading properties4, 6. In contrast to the EGF-domain, the 
lectin-like domain lacks anti-coagulant and anti-fibrinolytic properties11. Instead, this domain of 
TM, with homology to C-type lectins, plays a major role in the regulation of inflammation, comple-
ment activation, cell adhesion and cell proliferation2, 6, 12. As compared to wild-type (WT) mice, 
mice lacking the TM lectin-like domain (TMLeD/LeD mice) exhibited reduced survival after a systemic 
lipopolysaccharide (LPS) challenge and increased accumulation of polymorphonuclear neutrophils 
in their lungs11. These effects may be caused by specific interaction of the lectin-like domain of TM 
with Lewis Y antigen of LPS7, 8. The lectin-like domain of TM also displayed anti-inflammatory 
properties in models of myocardial ischemia-reperfusion injury13, acute inflammatory arthritis6, 
shiga-toxin induced hemolytic uremic syndrome (HUS)14, diabetic glomerulopathy15 and allergic 
lung inflammation16. Recently, administration of recombinant lectin-like domain of TM was shown 
to be protective in Klebsiella (K.) pneumonia-induced sepsis7. In contrast to the preceding 
compelling observations, lack of the lectin-like domain of TM was beneficial in the host response to 
pneumonia caused by the Gram-positive bacterium Streptococcus (S.) pneumoniae. Indeed, infected 
TMLeD/LeD mice had a significant survival advantage, lower bacterial loads and less pulmonary 
inflammation as compared to WT mice17. 

In spite of the protection afforded by soluble TM lectin-like domain in K. pneumonia induced 
sepsis, our understanding of the role of the lectin-like domain of TM during Gram-negative sepsis is 
limited. This is of particular interest, given that there are reportedly direct interactions between the 
TM lectin-like domain and LPS, the proinflammatory component of the Gram-negative cell wall7, 

8. Moreover, delineating the mechanisms by which the lectin-like domain of TM regulates the host 
response to various pathogens may lead to novel therapies. In the present study we sought to char-
acterize the role of the lectin-like domain of TM during melioidosis, an infectious disease caused by 
the Gram-negative bacillus Burkholderia (B.) pseudomallei. Melioidosis is characterized by a wide 
array of systemic symptoms and signs with fever and pain and involvement of essentially any organ, 
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but primarily the lungs, skin and joints18-20. In Southeast Asia and Northern Australia where it is 
endemic and an important cause of community acquired sepsis, infection with melioidosis may be 
associated with mortalities up to 40% despite appropriate antibiotic therapy18-20. Indeed, B. pseu-
domallei was recently classified as a ‘Tier 1’ disease agent considered to be an exceptional threat 
to security21. Interestingly, previous data showed marked upregulation of TM in culture-proven 
melioidosis patients when compared to healthy controls22, prompting us to evaluate whether this 
association has pathophysiologic relevance. In this study, we investigated the role of the lectin-like 
domain of TM by comparing WT mice with TMLeD/LeD mice after intranasal challenge with 
B. pseudomallei. 

MATERIALS AND METHODS

Mice
Pathogen-free 10-week old male wild type (WT) C57BL/6 mice were purchased from Charles 
River (Maastricht, The Netherlands). TMLeD/LeD mice were generated as described11 and backcrossed 
at least eight times to a C57BL/6 genetic background. Deficiency of the TM lectin-like domain was 
confirmed by polymerase chain reaction (PCR) of lysed toes of newborn TMLeD/LeD mice. TMLeD/LeD 
mice express normal antigenic levels of TM and thrombin-mediated activation of PC is intact and 
unaffected by the lack of the lectin-like domain11. In addition, activation of TAFI is also unaffected 
as for this process not the lectin-like domain but the EGF-like repeats of TM are involved2. Mice 
were maintained at the animal care facility of the Academic Medical Center (University of Amsterdam), 
according to national guidelines with free access to food and water. The Committee on Use and Care 
of Animals of the University of Amsterdam approved all experiments.

Experimental infection and determination of bacterial growth
Experimental melioidosis was induced by intranasal inoculation with B. pseudomallei strain 1026b 
(300 or 750 colony forming units (CFU)/ 50µL 0.9%NaCl) as previously described23-26. These doses 
represent an approximate 65% (LD65) and 100% (LD100) lethal dose respectively. For survival experi-
ments, mice were checked every 4-6 hours until death occurred, or until a maximum of 15 days. 
Sample harvesting and processing and determination of bacterial growth were performed as 
described23-26. For details, see the Supplementary Material. 

Assays
Lung homogenates were diluted in lysis buffer, sterilized stored at -20°C until analysis. Citrated 
blood was centrifuged at 664xg, plasma was snap frozen at -80°C. Before storage, all samples were 
filtered through a 22 µm filter (Millipore, Billerica, MA). Assays for cytokines, chemokines, 
thrombin-antithrombin (TATc), plasminogen-activator inhibitor 1 (PAI-1), tissue-type plas-
minogen activator (tPA),  Western blotting on fibrin degradation products, lactate dehydrogenase 



189

The lectin-like domain of thrombomodulin in melioidosis

(LDH), aspartate aminotranspherase (ASAT), alanine aminotranspherase (ALAT), both markers 
for hepatocellular injury and urea, a marker for renal failure, are described in the Supplementary 
Material, as are methods for Western blots, cell counts and flow cytometry.
 
Histology and immunohistology
Paraffin-embedded 4 µm tissue sections were stained with haematoxylin and eosin (H&E) and 
analyzed for inflammation and tissue damage as described23-26. Granulocyte stainings using fluorescein 
isothiocyanate-labeled rat-anti-mouse Ly-6G mAb (BD Pharmingen, San Diego, CA) were 
performed. For details see the Supplementary Material.

Statistical analysis
Data are expressed as box and whisker plots showing the smallest observation, lower quar-
tile, median, upper quartile and largest observation or as medians with interquartile ranges. All 
variables were rank-transformed prior to analysis. Comparisons between groups were conducted 
using overall non-parametric ANOVA  with modeled effects for strain, time and their interaction 
(if appropriate), followed by post-hoc Mann-Whitney U tests at the individual time points. For 
survival studies Kaplan-Meier analyses followed by log rank test were performed. All analyses were 
done using SPSS (SPSS Inc, version 18, Armonk, NY). P-values less than 0.05 were considered 
statistically significant.

RESULTS

Lack of the lectin-like domain of TM is associated with reduced Gram-negative bacterial 
growth and dissemination
Our model of lung sepsis is associated with marked bacterial proliferation in the lungs, as well as 
in the blood, spleen and liver23-26. In order to establish whether the lectin-like domain of TM 
affects bacterial growth and dissemination, WT and TMLeD/LeD mice were infected with 750 CFU 
of B. pseudomallei and sacrificed after 24, 48 and 72 hours to determine bacterial loads in lungs (the 
primary site of infection), liver, spleen and blood. At 48 hours, TMLeD/LeD mice had lower bacte-
rial loads in the lungs and liver (both P < 0.05, Figure 1A,C), while after 72 hours bacterial loads 
were lower in all TMLeD/LeD organs, as compared to those from WT mice (P < 0.01 for lung, Figure 
1A; P < 0.01 for blood, liver and spleen, Figure 1B-D). These data demonstrate that the lectin-like 
domain of TM plays a role in overcoming antibacterial defense mechanisms during Gram-negative 
lung sepsis.
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TMLeD/LeD and WT mice exhibit similar lung histopathology and pulmonary neutrophil 
recruitment
Our murine model of melioidosis is associated with severe lung damage23-26 and both WT and 
TMLeD/LeD mice infected with B. pseudomallei displayed inflammatory infiltrates in the lungs 
(Figure 2). There were, however, no significant differences in lung inflammation between WT and 
TMLeD/LeD mice (Figure 2A-C). We additionally analysed neutrophil recruitment to lung tissue, as 
it is known that neutrophils play an important role in the host defense during melioidosis19, 27.  
Immunostaining of histologic sections for Ly-6G  revealed neutrophil infiltrates in the lungs of WT 
and TMLeD/LeD mice that increased over time during the course of the infection. However, there were 
no significant differences in Ly6G-staining between WT and TMLeD/LeD mice (Figure 2D-F). Accordingly, 
levels of myeloperoxidase (MPO), a marker for total neutrophil content, in lung homogenates were 
also similar in WT and TMLeD/LeD mice (Figure 2G). 

TMLeD/LeD mice have lower cytokine levels in lungs after infection with B. pseudomallei
Infection with B. pseudomallei is associated with a prominent inflammatory response with eleva-
tions in cytokines19, 27. We measured levels of tumor necrosis factor(TNF)-α, interleukin (IL)-6, 

Figure 1. Mice lacking the lectin-like domain of TM display less bacterial growth and dissemi-
nation. Mice were inoculated with 750 CFU of B. pseudomallei and sacrificed after 24, 48 and 72 hours. 
Colony forming units (CFU) were quantified in lung homogenates (A), blood (B), liver (C) and spleen (D) 
homogenates. Data are expressed as box and whisker plots showing the smallest observation, lower 
quartile, median, upper quartile and largest observation. Grey boxes represent WT mice, white boxes 
represent TMLeD/LeD mice. n = 8 mice per group for each time point. *P < 0.05, **P < 0.01 and ***P < 0.001 
for the difference between WT and TMLeD/LeD mice (Mann-Whitney U test).
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IL-12p70, interferon (IFN)-γ and monocyte-chemoattractant protein (MCP)-1 in lung homo-
genates at various times following infection (Table 1). Although we could not detect differences 
in cytokine levels at 24 hours, there was a time-dependent progressive difference at 48 and 72 hrs. 
Thus, 48 hours post-infection, IL-6, IFN-γ and MCP-1 were significantly lower in lung homo-
genates of TMLeD/LeD mice compared to WT mice (P < 0.01, 0.001 and 0.01 respectively). At 72 
hours, TNF-α, IL-12p70, IL-6, IFN-γ and MCP-1 were lower in TMLeD/LeD mice (P < 0.01, 0.001, 
0.01, 0.001 and 0.01 respectively).  

Lack of the lectin-like domain of TM is associated with a less severe proinflammatory 
response in BALF
Pneumonia may lead to alveolar damage and subsequent alveolar leakage and release of pro-inflamma-
tory factors28. We therefore assessed the role of the TM lectin-like domain on CFU and inflam-
matory cytokines in BALF 72 hours post-inoculation when bacterial growth (Figure 1) and lung 
homogenate cytokine levels (Table 1) were most elevated. As shown in Figure 3, TMLeD/LeD mice 
had significantly lower bacterial loads in BALF as compared to WT mice (P < 0.001; Figure 3A). 
This was associated with lower total protein and total cell counts in BALF (P < 0.05 and < 0.001 
respectively for the difference between WT and TMLeD/LeD mice; Figure 3B-C). The reduced 

Figure 2. TMLeD/LeD mice do not exhibit changes in lung histopathology or neutrophil influx. WT and 
TMLeD/LeD mice infected with 750 CFU of B. pseudomallei showed similar lung damage histologically as 
measured by scores at 24, 48 and 72h characterized by interstitial inflammation together with necrosis, 
endothelialitis, bronchitis, edema, thrombi and pleuritis (A). Representative photographs of lungs at 72 
hours post-inoculation from WT (B) and TMLeD/LeD mice (C) (H&E staining x100). No changes in granu-
locyte influx, as reflected by the intensity of Ly-6G immunostaining of histopathological slides, was seen 
after 24, 48 and 72 hours in TMLeD/LeD mice infected with B. pseudomallei (D). Representative photographs 
of Ly-6G immunostaining (original magnification x100) for granulocytes of WT (E) and TMLeD/LeD mice (F). 
Pulmonary MPO-levels (G), reflecting the total pulmonary neutrophil content, were similar in both groups. 
Data are expressed as box and whisker plots showing the smallest observation, lower quartile, median, 
upper quartile and largest observation. Grey boxes represent WT mice, white boxes represent TMLeD/LeD 

mice. n = 8 mice per group for each time point. *P < 0.05 for the difference between WT and TMLeD/LeD mice 
(Mann-Whitney U test).
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number of cells was mainly due to fewer neutrophils and a decreased amount of macrophages in 
BALF of TMLeD/LeD mice when compared to WT mice (both P < 0.001; Figure 3D-E). Since TM may 
interact with components of the complement system5, 6, we also measured C3a and C5a levels in 
BALF. C3a levels were significantly lower in the BALF of TMLeD/LeD mice as compared to WT mice 
(P < 0.01; Figure 3F). In contrast, BALF C5a levels were not detectably different (data not shown). 
The lectin-like domain of TM also reportedly binds to HMGB19 and prevents the latter’s interac-
tion with the receptor for advanced glycation endproducts (RAGE), thereby dampening HMGB1’s 
pro-inflammatory effects 9. We therefore semi-quantitatively measured HMGB1 levels in BALF of 
WT and TMLeD/LeD mice by Western blot. Although BALF levels of HMGB1 in uninfected WT and 
TM  

LeD/LeD mice were similar (Figure 3G), HMGB1 levels in infected TMLeD/LeD mice were signifi-
cantly lower when compared to WT mice (P < 0.05; Figure 3G-H). 
 
TMLeD/LeD mice exhibit reduced systemic coagulation activation after infection with B. 
pseudomallei
We have previously shown that murine melioidosis is associated with inflammation and coagula-
tion activation, which is most evident at later time points, such as after 48 and 72 hours of infec-
tion23-25. Although the lectin-like domain of TM is not known to directly regulate coagulation or 
fibrinolysis2, 11, we considered whether lack of the lectin-like domain of TM would influence coagu-
lation and fibrinolysis in our model of murine melioidosis. Levels of TATc, a marker of coagulation 
activation, were similar in the lung homogenates of WT and TMLeD/LeD mice 48 and 72 hrs post-

Table 1. Cytokine concentrations in lung homogenates of WT and TMLeD/LeD mice during murine 
melioidosis.

Pulmonary cytokine levels after intranasal infection with 750 CFU of B. pseudomallei. Wild type (WT) 
mice are compared with mice deficient for the lectin-like domain of thrombomodulin (TMLeD/LeD mice). Mice 
were sacrificed 24, 48 and 72h after infection. Data are expressed as median (interquartile ranges) of n 
= 8 mice per group per time point. IFN-γ interferon-γ, IL interleukin, MCP-1 monocyte-chemoattractant 
protein-1, TNF-α tumor necrosis factor-α. **P < 0.01 and ***P < 0.001 for WT versus TMLeD/LeD mice (Mann-
Whitney U test).
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infection (Figure 4A). At the same time, however, in plasma TATc levels were significantly lower in 
TMLeD/LeD mice (P < 0.05; Figure 4B), suggesting lower generation of thrombin in these mice. Levels 
of PAI-1 did not differ between both groups at any of the time points (Figure 4C), whereas, surprisingly, 
levels of tPA were increased in TMLeD/LeD mice in comparison to WT mice, 48 hours after infection 
(P < 0.01; Figure 4D). Finally, levels of fibrin degradation products (including fragment X and D-
dimer) were not significantly different between WT and TMLeD/LeD mice (Figure 4E-H) at any of the 
time points, indicating that activation of fibrinolysis was equal in both groups.

Lack of the lectin-like domain of TM is associated with attenuated systemic inflammation 
and organ injury
Since TMLeD/LeD mice respond to the Gram-negative infection with less bacterial dissemination to 
blood, liver and spleen, we considered whether this would result in attenuated systemic inflammation 

Figure 3. Lack of the lectin-like domain of TM is associated with a less severe proinflammatory 
response in bronchoalveolar lavage fluid (BALF). When compared to WT mice, TMLeD/LeD mice have 
decreased bacterial loads (A) in BALF 72 hours after infection with 750 CFU of B. pseudomallei (A), 
accompanied by a decreased amount of total protein (B), total cellular influx (C), number of neutrophils 
(D) and macrophages (E). Levels of complement 3a (F) and HMGB1 (G) were decreased in TMLeD/LeD 

mice when compared to WT mice. Western blot for HMGB1 in BALF 72 hours after infection (H). Levels 
of HMGB1 are expressed as percentages of HMGB1 of uninfected WT mice. Data are expressed as box 
and whisker plots showing the smallest observation, lower quartile, median, upper quartile and largest 
observation. Grey boxes represent WT mice, white boxes represent TMLeD/LeD mice. n = 8 mice per group 
for each time point. *P < 0.05, **P < 0.01 and ***P < 0.001 for the difference between WT and TMLeD/LeD 

mice (Mann-Whitney U test). 
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Figure 4. TMLeD/LeD mice exhibit reduced systemic coagulation activation after infection with B. 
pseudomallei. After induction of melioidosis, WT and TMLeD/LeD mice exhibit coagulation activation in lung 
homogenates (A) and plasma (B), as quantified by levels of TATc. Mice were infected intranasally with 
750 CFU of B. pseudomallei to induce melioidosis and sacrificed after 24, 48 and 72 hours. No significant 
differences between WT and TMLeD/LeD mice were seen in lung homogenates, whereas in plasma after 72 
hours, TATc levels were significantly lower in TMLeD/LeD mice. Additionally, levels of PAI-1 (C) and tPA (D) 
were measured. Western blotting on fibrin(ogen) degradation products including fragment X (240-260 
kD) and D-dimer (200 kD) in lung homogenates 24, 48 and 72 hours after infection (E-I). After semi-
quantitative analysis of the blots comparative levels of fragment X (E) and D-dimer (F), two main fibrin 
degradation products, were seen in lung homogenates in WT and TMLeD/LeD mice, 24 (G), 48 (H) and 72 
hours (I) after infection. FrX Fragment X, Dd D-dimer, C positive control sample (fully clotted mouse 
plasma, uninfected, dilution 1:50). Data are expressed as box and whisker plots showing the smallest 
observation, lower quartile, median, upper quartile and largest observation. Grey boxes represent WT 
mice, white boxes represent TMLeD/LeD mice. n = 8 mice per group for each time point (except for HMGB1 
blots: n = 5 per group). *P < 0.05 for the difference between WT and TMLeD/LeD mice (Mann-Whitney U test).
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and organ injury. Indeed, at 72 hrs after infection, significantly decreased levels of pro-inflammatory 
cytokines were measured in plasma of TMLeD/LeD mice in comparison to WT mice; at 24 and 48 
hours no differences between groups were detected (Table 2).  Moreover, at 72 hrs post-infection, 
plasma levels of LDH, urea, ASAT and ALAT were all significantly elevated in WT mice (Figure 
5A-D). In striking contrast, at 72 hrs, mice lacking the TM lectin-like domain had minimally 
elevated levels of these markers of tissue damage, and all were significantly lower than in WT mice 
(P < 0.01 for LDH, urea, ASAT and ALAT; Figure 5A-D). In addition, histopathological scores of 
damage and inflammation of spleens were lower in infected TMLeD/LeD mice when compared to WT 
mice, 72 hours after inoculation (P < 0.01; Figure 5E-G). Altogether, these data indicate that in 
response to infection with B. pseudomallei, systemic proinflammatory cytokine levels are dampened 
and protection from tissue damage is afforded when the lectin-like domain of TM is lacking.

TMLeD/LeD mice display a survival advantage during murine melioidosis
To determine the impact of the lectin-like domain of TM during severe Gram-negative lung sepsis 
caused by B. pseudomallei we infected WT mice with 750 CFU B. pseudomallei (i.e., the dose used 
in the experiments described above) and performed a survival study. Whereas all WT mice died, 2 
out of 16 TMLeD/LeD mice (13%) survived (P = 0.2; Figure 6A). Arguing that this dose might have 
been too overwhelming to detect a significant difference between the groups, we inoculated mice 
with a lower (300 CFU) dose of B. pseudomallei and found a decreased mortality of TMLeD/LeD mice 
when compared to WT mice: 5 out of 15 WT mice (33%) survived versus 11 out of 13 TMLeD/LeD 

mice (85%) (P < 0.01; Figure 6B). These results indicate that lack of the lectin-like domain of TM 
is important for protection against mortality in this model. 

Table 2. Cytokine concentrations in plasma of WT and TMLeD/LeD mice during murine melioidosis.

11

Plasma cytokine levels after intranasal infection with 750 CFU of B. pseudomallei. Wild type (WT) mice 
are compared with mice deficient for the lectin-like domain of thrombomodulin (TMLeD/LeD mice). Mice 
were sacrificed 24, 48 and 72h after infection. Data are expressed as median (interquartile ranges) of n 
= 8 mice per group per time point. IFN-γ interferon-γ, IL interleukin, MCP-1 monocyte-chemoattractant 
protein-1, TNF-α tumor necrosis factor-α. *P < 0.05, **P < 0.01 and ***P < 0.001 for WT versus TMLeD/LeD 
mice (Mann-Whitney U test).
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DISCUSSION

TM is a multidomain transmembrane glycoprotein involved in multiple physiologically impor-
tant anti-inflammatory, anti-coagulant and anti-fibrinolytic mechanisms2, 29. While the function of 
the lectin-like domain of TM has been studied in models of sterile inflammation6-8, 11, 13, 14 and Gram-
positive infection17, the role of this TM domain in Gram-negative infection has hitherto not been 
reported. The lectin-like domain of TM has been implicated as an important mediator of inflamma-
tion in several in vivo models11. After intraperitoneal challenge with LPS, TMLeD/LeD mice displayed 
reduced survival, accumulation of more neutrophils in their lungs and greater elevation of serum 
cytokine levels11. TMLeD/LeD mice also exhibited a more severe phenotype in comparison to WT 

Figure 5. Lack of the lectin-like domain of TM is associated with attenuated systemic inflammation 
and organ injury. At 72 hours after infection with 750 CFU of  B. pseudomallei , TMLeD/LeD mice, as 
compared to WT mice, had lower plasma LDH levels (A), lower urea levels (B) and less hepatocellular 
damage as evidenced by lower ASAT (C) and ALAT (D). At 72 hrs post-infection, TMLeD/LeD mice also had 
less severe damage of the spleen as quantified by a scoring system (see Supplementary Methods) of 
the histopathology (E). Representative photographs of the spleen at 72 hours post-inoculation of WT 
(F) and TMLeD/LeD mice (G) (H&E staining x100). Data are expressed as box and whisker plots showing 
the smallest observation, lower quartile, median, upper quartile and largest observation. Grey boxes 
represent WT mice, white boxes represent TMLeD/LeD mice. n = 8 mice per group for each time point. **P < 
0.01 for the difference between WT and TMLeD/LeD mice (Mann-Whitney U test).
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mice in response to experimentally-induced murine arthritis6, ischemia-reperfusion lung injury13, 
shigha toxin-associated HUS14 and diabetic glomerulopathy15. In contrast, our laboratory recently 
reported that TMLeD/LeD mice have improved survival and diminished bacterial growth and dissemi-
nation during Gram-positive pneumonia caused by S. pneumoniae17. Interestingly, administration 
of recombinant soluble TM lectin-like domain resulted in enhanced bacterial clearance and 
dramatically improved survival after intraperitoneal infection with the Gram-negative pathogen Kleb-
siella pneumoniae7. Soluble TM lectin-like domain at least in part acts as a decoy receptor, which 
could explain similar beneficial effects of administration of recombinant soluble lectin-like domain 
during Klebsiella sepsis7 and of deficiency of the TM lectin-like domain as described here. One 
possible mechanism by which the (soluble) TM lectin-like domain could influence host defense 
during Gram-negative infection is by interacting with LPS7. One could speculate that in the case of a 
gradually expanding bacterial burden at the primary site of infection, such as in the current model, 
the diminished inhibition of LPS due to the absence of the TM lectin-like domain might result in 
a attenuated early innate immune response to Gram-negative infection30. On the other hand, during 
late stage infection, uncontrolled LPS activity might exaggerate tissue injury. We here show that such 
a damaging effect of an absent TM lectin-like domain does not occur during lethal Gram-negative 
lung sepsis, i.e. there was minimal evidence of tissue injury in the TMLeD/LeD mice, presumably due 
to the much lower bacterial loads. Future research should establish whether S. pneumoniae and/or 
B. pseudomallei directly interact with TM. 

HMGB1, released from necrotic cells or secreted from inflammatory cells after cytokine stimula-
tion, is a potent pro-inflammatory mediator31, mediated by its binding to RAGE and/or TLR49, 32, 33. 
The lectin-like domain of TM is capable of sequestering HMGB1, thereby dampening the 
pro-inflammatory properties of HMGB19. We hypothesized that lack of the lectin-like domain 

Figure 6. TMLeD/LeD mice display a survival advantage during murine melioidosis. WT (black dots) 
and TMLeD/LeD mice (open triangles) were infected with 750 (LD100; A) or 300 (LD65; B) CFU of B. pseudo-
mallei and mortality was assessed every 6 hours. After infection with 750 CFU all WT mice died whereas 
2 out of 16 TMLeD/LeD mice (13%) remained alive. After an LD65 5 out of 15 WT mice (33%) survived versus 
11 out of 13 TMLeD/LeD mice (85%). Comparison between groups was done by using Kaplan-Meier analysis 
followed by log rank tests. LD100/65: dosage causing 100/65% lethality.

11
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would result in increased HMGB1 levels, which one the one hand could exert antibacterial effects34 
and on the other hand could exaggerate collateral organ damage. However, HMGB1 levels in BALF 
of TMLeD/LeD mice were lower than in BALF of WT mice, most likely as a consequence of the lower 
bacterial loads in the former group, inducing a less severe pro-inflammatory response. 

The complement system is a major component of innate immunity by formation of cell-killing 
membrane attack complexes, that are formed upon activation of (among others) complement 
factors C3a, C3b and C5b35. In previous studies, TMLeD/LeD mice were shown to exhibit enhanced 
complement activation that was manifest by increased C3 deposition when compared to WT mice6, 

14. In diabetic TMLeD/LeD mice, glomerular C3 deposition was increased when compared to non-
diabetic TMLeD/LeD mice and to diabetic WT mice15. These observations were consistent with a role 
for the lectin-like domain of TM in dampening activation. In the model of experimentally induced 
arthritis, C3 deposition increased to such an extent that no differences could be measured between 
WT and TMLeD/LeD

 mice6, while in the model of shigha toxin-associated HUS, there was a slight, 
albeit not statistically significant increase in C3 deposition14. In contrast, we demonstrated mar-
kedly decreased C3a levels in BALF of TMLeD/LeD mice infected with B. pseudomallei when 
compared to WT mice, presumably consistent with the overall dampened state of inflammation in 
these mice. It remains to be established whether the previously described basal augmented comple-
ment activation in TMLeD/LeD mice6, 11, 14 contributes to the attenuated growth of B. pseudomallei in 
these animals, resulting in lower bacterial loads and as a consequence thereof diminished inflamma-
tion and mortality. Thus far only limited data exists on the role of complement in the host defense 
against B. pseudomallei20, 36. 

Neutrophils play an important role in host defense against B. pseudomallei infection20, 27. TMLeD/LeD 
mice displayed increased neutrophil recruitment to lungs upon LPS nebulization11 and during 
ischemia/reperfusion induced lung injury13. In theory, enhanced neutrophil influx to the primary 
site of infection could have resulted in an improved antibacterial defense during experimental meli-
oidosis. However, lung neutrophil counts were similar between TMLeD/LeD and WT mice at all time 
points.

In contrast to the TM EGF-rich domain, which is responsible for PC and TAFI activation10, the 
lectin-like domain of TM does not affect activation of pro- or anticoagulant factors11. TMLeD/LeD 
mice have unaltered plasma levels of PC and APC, even after intraperitoneal LPS challenge11, 
indicating that deficiency of the lectin-like domain of TM does not influence inflammation-induced 
coagulation activation. In accordance, we found similarly enhanced pulmonary coagulation activa-
tion, as reflected by lung TATc levels, in TMLeD/LeD and WT mice11. Plasma TATc levels, however, 
were lower in TMLeD/LeD mice when compared to WT mice at 72 hours post infection. This may be 
a reflection of the decreased bacterial loads and, consequently, the less severe pro-inflammatory 
response in the TMLeD/LeD mice. Along the same line, during this late stage of infection, shortly 
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before the first WT mice started to succumb, TMLeD/LeD mice had much lower plasma cytokine 
levels and less evidence of organ damage, as reflected by reduced plasma levels of urea, transaminases 
and LDH, and supported histologically by less damage to the spleen. Altogether, the attenuated 
systemic inflammatory response and the mitigated multi-organ failure in TMLeD/LeD mice most likely 
played a major role in their reduced mortality. Notably, TMLeD/LeD mice demonstrated elevated lung 
tPA levels at 48 hours while PAI-1 concentrations were similar to those measured in WT mice. The 
TMLeD/LeD mutation has not been reported to influence fibrinolysis. In accordance, TMLeD/LeD mice 
did not show altered levels of fibrin degradation products in their lungs, indicating that overall 
fibrinolytic activity was not altered in these animals. Further research is warranted to obtain insight 
into the possible indirect effects of the TMLeD/LeD  mutation on tPA release and fibrinolysis during 
severe infection.  In conclusion, we have shown that mice that lack the lectin-like domain of TM 
are protected against Gram-negative lung sepsis caused by B. pseudomallei and that this is associated 
with inhibition of bacterial growth, reduced release of pro-inflammatory cytokines, and ultimately 
by inhibition of multiple organ failure. Recent clinical studies provided preliminary evidence that 
administration of full-length soluble TM may be of benefit to patients with severe sepsis37, 38. While 
the present results cannot be extrapolated easily to human sepsis, our findings provide novel insights 
into the  mechanisms that regulate the inflammatory response to Gram-negative infection. 
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SUPPLEMENTARY MATERIAL

MATERIALS AND METHODS

Experimental infection and determination of bacterial growth
Twenty-four, 48 and 72 hours after infection, mice were sacrificed under intraperitoneal anesthesia 
containing ketamin (Eurovet Animal Health, Bladel, The Netherlands) and medetomidin (Pfizer 
Animal Health Care, Capelle aan den IJssel, The Netherlands). Blood was drawn into syringes con-
taining sodium citrate 3.2% (4:1 vol/vol). Lungs, liver and spleen were harvested and homogenized 
at 4°C in 4 volumes of sterile saline using a tissue homogenizer (Biospec Products, Bartlesville, 
OK). Bilateral bronchoalveolar lavage fluid (BALF) was obtained by exposing the trachea through 
a midline incision followed by canulation with a sterile 22-gauge Abbocath-T catheter (Abbott, 
Sligo, Ireland) and instilling and retrieving of two 0.5 mL aliquots of sterile phosphate buffered 
saline (PBS). CFU were determined from serial dilutions of organ homogenates, blood and BALF 
that were plated on blood agar plates and incubated at 37°C 5% CO2 for 20 h before colonies were 
counted. 

Assays
Lung homogenates were diluted 1:2 in lysis buffer containing 300 mM NaCl, 30 mM Tris, 2 mM 
MgCl2, 2 mMCaCl2, 1% Triton X-100 and protease inhibitor cocktail (Roche, Indianapolis, IN), 
incubated at 4°C for 30 min and centrifuged at 1730xg at 4°C for 10 min. Supernatants were steril-
ized using 0.22 µm pore-size filters (Millipore, Billerica, MA) and stored at -20°C until analysis. 
Interleukin (IL)-6, IL-12p70, interferon (IFN)-γ, monocyte-chemoattractant protein-1 (MCP-1) 
and tumor necrosis factor-α (TNF-α) were measured by cytometric bead array (CBA) multiplex 
assay (BD Biosciences, San Jose, CA) in accordance with the manufacturers’ recommendations 
(lower limits of detection: 5, 2, 2, 20, 3 pg/mL respectively1, 2, upper limits of detection 10000 pg/
mL for all cytokines; reference ranges for lung homogenates of uninfected WT mice1: IL-6 6.3 
pg/mL, IL12p70 not detectable, IFN- γ not detectable, MCP-1 180 pg/mL and TNF-α 8.3 pg/
mL; reference ranges for plasma of uninfected WT mice: all below detection limits). Myeloperoxi-
dase (MPO; HyCult Biotechnology, Uden, The Netherlands), thrombin-antithrombin complexes 
(TATc; Siemens Healthcare Diagnostics, Marburg, Germany), plasminogen activator inhibitor-1 
(PAI-1; Molecular Innovations, Novi, MI) and tissue-type plasminogen activator (tPA; Molecular 
Innovations, Novi, MI) were measured with commercially available ELISA kits. For TATc the lower 
limit of detection was 8.8 ng/mL, reference ranges for lung homogenates and plasma of uninfected 
WT mice were: 16.6 ng/mL and ‘below detection limits’ respectively. C3a and C5a in lung homog-
enates and BALF were quantified by ELISA as described3. Protein levels in BALF were measured 
using a Bradford-based protein assay (Bio-Rad Laboratories, Hercules, CA). Lactate dehydroge-
nase (LDH), aspartate aminotranspherase (ASAT), alanine aminotranspherase (ALAT) and urea 
were determined with commercially available kits (Sigma-Aldrich, St. Louis, MO), using a Hitachi 
analyzer (Boehringer Mannheim, Mannheim, Germany) according to the manufacturers’ instructions. 
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Western blot on HMGB1
HMGB1-expression was visualized by Sodium Dodecyl Sulphate (SDS) – polyacrylamide 
gel electrophoresis (PAGE). BALF samples were mixed with SDS sample buffer containing 6% 
β-mercaptoethanol in a 2:1 ratio. A positive control was prepared by lysing 106 RAW cells with 
SDS sample buffer containing 2% 2-mercaptoethanol. All samples were denatured for 5 minutes 
at 95°C. Fifteen microliters of each sample was separated on a 15% polyacrylamide gel and subse-
quently transferred to a polyvinylidene fluoride (PVDF) membrane (Pharmacia, Piscataway, NJ). 
After blocking with 5% nonfat dry milk proteins (Nutricia, Zoetermeer, The Netherlands) in 0.1% 
Tween-20 phosphate buffered saline (PBS-T), the membranes were incubated overnight at 4°C 
with a rabbit-antiHMGB1 polyclonal antibody (1 µg/mL, Abcam, Cambridge, UK) in 1% nonfat 
dry milk in PBS-T. Then, the membrane was incubated with HRP-labeled goat-anti-rabbit poly-
clonal IgG secondary antibody (Cell Signalling Technology, Danvers, MA) in 1% bovine serum 
albumin (BSA) and developed using Lumilight plus Western Blotting substrate (Roche, Mijdrecht, 
The Netherlands). Positive bands were detected using a LAS3000 Luminescent image Analyzer 
dark box (Fujifilm, Tokyo, Japan) and were analyzed using ImageJ (version 2006.02.01, US National 
Institutes of Health, Bethesda, MD).

Western Blot on fibrin degradation products
Fibrin degradation products (including fragment X and D-dimer) were visualized by SDS-PAGE 
as described previously4, 5. In brief, after dilution with SDS sample buffer lung homogenate samples 
were heated for 5 minutes at 95°C, run on 6% SDS-PAGE gels under non-reducing conditions 
and subsequently transferred to a blotting membrane. Following blocking with 5% BSA in Tris-
buffered saline containing 0.1% Tween-80 (TBS-T), the membrane was incubated overnight in 
1:1000 polyclonal goat-anti-mouse-fibrinogen (Kordia, Leiden, the Netherlands) in 1% skimmed 
milk (Sigma-Aldrich). Then, the membrane was incubated in 1:3000 polyclonal donkey-anti-goat 
IgG-HRP secondary antibody (Abcam) in 1% BSA and imaged on a LAS3000 dark box (Fuji-
film, Tokyo, Japan). Anti-fibrin(ogen) reactive bands of fibrin degradation products (including 
fragment-X and D-dimer) were analyzed using ImageJ (version 2006.02.01, US National Institutes 
of Health, Bethesda, MD). Densities were expressed as -fold increase compared to the mean density 
of the WT-group.   

Cell counts and flow cytometry
Total counts of paraformaldehyde (4%)-fixed BALF cells were measured using a Coulter Counter 
(Beckman Coulter Inc. Brea, CA). Neutrophil counts were determined by FACS analysis (FACS-
Calibur, Becton Dickson, San Jose, CA) using directly labeled antibodies against Gr-1 (Gr-1 FITC; 
BD Pharmingen, San Diego, CA) and F4/80 (F4/80 APC; AbD Serotec, Oxford, UK). Neutro-
philic granulocytes were defined according to their scatter pattern and Gr-1 positivity, macrophages 
according to their scatter-pattern and F4/80 positivity. All antibodies were used in concentrations 
recommended by the manufacturer. 
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Histology and immunohistology
All slides were coded and scored by a pathologist blinded for the experimental groups. Lung tissues 
were scored for the following parameters: interstitial inflammation, necrosis, endothelialitis, bron-
chitis, edema, pleuritis, presence of thrombi and percentage of lung surface with pneumonia. Spleen 
tissues were scored for splenitis, necrosis and presence of thrombi. All parameters were rated sepa-
rately from 0 (condition absent) to 4 (most severe condition). The total histopathological score 
was expressed as the sum of the scores of the individual parameters, with a maximum of 24 for 
lungs and 12 for spleen. For granulocyte staining, slides were deparaffinized and rehydrated using 
standard procedures. Endogenous peroxidase activity was quenched by a solution of 0.3% H2O2 
in Methanol. Slides were then digested by a solution of pepsin 0.025% (Sigma-Aldrich, St. Louis, 
MO) in 0.1 M HCl. After being rinsed, the sections were incubated in Ultra V Block (Thermo 
Scientific, Fremont, CA) and then exposed to FITC-labeled anti-mouse Gr-1 monoclonal antibody 
(BD PharMingen, San Diego, CA). After washes, slides were incubated with a rabbit anti-FITC 
antibody (Nuclilab, Ede, the Netherlands) followed by further incubation with Brightvision poly-
horseradish peroxidase anti Rabbit IgG (Immunologic, Duiven, the Netherlands), rinsed again and 
developed using Bright DAB (Immunologic, Duiven, the Netherlands). The sections were counter-
stained with methyl green (Sigma Aldrich, St. Louis, MO), hydrated and mounted in Pertex (His-
tolab, Gothenburg, Sweden).  The total tissue area of these Ly-6G-stained slides was scanned with 
a slide scanner (Olympus dotSlide, Tokyo, Japan) and the obtained scans were exported in TIFF 
format for digital image analysis. The digital images were analyzed with ImageJ (version 2006.02.01, 
National Institutes of Health, Bethesda, MD) and the immunopositive (Ly6G+) area was expressed 
as the percentage of the total lung surface area.   

REFERENCES

1.  Hoogendijk AJ, Pinhancos SS, van der Poll T, Wieland CW. Intrapulmonary administration of a p38 mitogen  
 activated protein kinase inhibitor partially prevents pulmonary inflammation. Immunobiology 2013;218(4):435-442.

2.  Van Den Boogaard FE, Brands X, Schultz MJ et al. Recombinant human tissue factor pathway inhibitor exerts  
 anticoagulant, anti-inflammatory and antimicrobial effects in murine pneumococcal pneumonia. J Thromb   
 Haemost 2011;9(1):122-132.

3.  de Boer JD, Roelofs JJ, de Vos AF et al. Lipopolysaccharide inhibits th2 lung inflammation induced by house dust  
 mite allergens in mice. Am J Respir Cell Mol Biol 2013;48(3):382-389.

4.  Kager LM, Wiersinga WJ, Roelofs JJ et al. Plasminogen activator inhibitor type I contributes to protective im  
 munity during experimental Gram-negative sepsis (melioidosis). J Thromb Haemost 2011;9(10):2020-2028.

5.  Kager LM, Wiersinga WJ, Roelofs JJ et al. Endogenous tissue-type plasminogen activator impairs host defense  
 during severe experimental gram-negative sepsis (melioidosis). Crit Care Med 2012;40(7):2168-2175.



12C
ha

pt
er

Endogenous tissue-type plasminogen  
activator impairs host defense during  

severe experimental Gram-negative sepsis 
(melioidosis)

Liesbeth M. Kager 
W. Joost Wiersinga 

Joris J. T. H. Roelofs 
Joost C. M. Meijers 

Marcel Levi 
Cornelis van ’t Veer 

Tom van der Poll

Crit Care Med 2012;40(7):2168-75



206

Chapter 12

ABSTRACT

Objective
Melioidosis is a frequent cause of severe sepsis in Southeast-Asia caused by the Gram-negative 
bacterium Burkholderia (B.) pseudomallei. Patients with melioidosis have elevated circulating 
levels of tissue type plasminogen activator (tPA), an important regulator of fibrinolysis. In this study 
we aimed to investigate the role of tPA during melioidosis. 

Design and Setting
Animal study, University research laboratory

Subjects and Interventions 
Wildtype (WT) and tPA deficient (tPA-/-) C57BL/6 mice. Mice were intranasally infected with 
viable B. pseudomallei and sacrificed after 24, 48 or 72 hours for harvesting of lungs, liver and blood. 
Additionally, survival studies were performed.

Measurements and Main Results
Experimentally induced melioidosis was associated with elevated levels of tPA in lungs of infected 
WT mice. During infection with B. pseudomallei tPA-/- mice were protected when compared to 
WT mice as demonstrated by a strongly decreased mortality (62% versus 100% amongst WT mice, 
P <0.0001), together with decreased pulmonary bacterial loads, less severe histopathological scores 
and decreased fibrinolysis. These results were accompanied with an early increase in cytokine levels in 
tPA-/- mice.

Conclusions
During severe Gram-negative sepsis caused by B. pseudomallei endogenous tPA has harmful effects 
with respect to survival and pulmonary bacterial growth. These effects are related to tPA-associated 
plasmin-induced fibrinolysis and/or a tPA-associated decrease in pro-inflammatory cytokine production.  
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INTRODUCTION

During severe bacterial infection a range of host defense mechanisms becomes activated, resulting 
in a strong inflammatory response together with increased procoagulant activity and suppression 
of anticoagulant mechanisms and fibrinolysis1, 2. As a consequence, increased fibrin depositions are 
found in the microvasculature and extravascularly in various tissues, which is considered to contribute to 
organ damage during sepsis. An imbalance between coagulation and fibrinolysis during infection 
has especially been well documented in the lung3-5. 

Tissue-type plasminogen activator (tPA) is one of the main activators of the fibrinolytic system by 
virtue of its capacity to convert plasminogen into plasmin, the main fibrin-degrading enzyme. The 
pro-fibrinolytic effects of tPA are counteracted by plasminogen activator inhibitor type 1 (PAI-1). Levels 
of tPA and PAI-1 are upregulated during clinical pneumonia and sepsis3-7, although for tPA results 
are less consistent4, 5. Interestingly, accumulating evidence shows that mediators of fibrinolysis have 
functions that go beyond their “classic” role in fibrin degradation2, 8. Our laboratory recently 
demonstrated a protective role for endogenous tPA in a murine model of abdominal sepsis 
induced by intraperitoneal injection of Escherichia coli, as reflected by enhanced mortality and 
increased bacterial dissemination in tPA deficient (tPA-/-) mice9.  In contrast, endogenous tPA did 
not influence host defense in respiratory tract infection caused by Klebsiella pneumoniae10. 

Melioidosis, caused by the Gram-negative bacterium Burkholderia (B.) pseudomallei, is a disease 
associated with pneumonia and bacterial dissemination to distant sites, often proceeding to severe 
sepsis11-13. This potential bioterroristic agent is one of the most important causes of community 
acquired sepsis in Southeast Asia and Northern Australia with mortalities up to 40% despite 
appropriate antibiotic therapy11-13. Our group recently reported that patients with culture confirmed 
melioidosis display enhanced coagulation activation, accompanied by upregulation of fibrinolytic 
proteins, including tPA14. In this study we sought to unravel the functional role of endogenous tPA 
in the host response to melioidosis, using our well-established mouse model of lethal B. pseu-
domallei infection. 

METHODS

Mice
Pathogen-free 10-week old male wild type (WT) C57BL/6 mice and tPA-/- mice on a C57BL/6 
genetic background were obtained from Jackson Laboratories (Bar Harbour, ME) and maintained 
at the animal care facility of the Academic Medical Center (University of Amsterdam), according 
to national guidelines with free access to food and water. The Animal Care and Use of Committee 
of the University of Amsterdam approved all experiments.

12
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Experimental infection and determination of bacterial growth
Experimental melioidosis was induced by intranasal inoculation with B. pseudomallei strain 1026b 
(500 colony forming units (CFU)/50 µL 0.9% NaCl) as previously described15-17. For survival 
experiments mice were followed for 28 days, during the first 12 days of which they were checked 
every 6 hours until death occurred. Sample harvesting, processing and determination of bacterial 
growth were performed as described15-17. For details see the Supplementary Material. 

Assays
Lung homogenates were diluted 1:2 in lysis buffer containing 300 mM NaCl, 30 mM Tris, 2 mM 
MgCl2, 2 mM CaCl2, 1% Triton X-100 [pH 7.4] and protease inhibitor mix (AEBSF [4-(2-ami-
noethyl) benzenesulfonfluoride], EDTA-Na2, pepstatin and leupeptin (all from MP Biomedical, 
Santa Ana, CA) and incubated at 4°C for 30 min. Homogenates were centrifuged at 1730 x g at 4°C 
for 10 min. Supernatants were sterilized using 0.22 μm pore-size filters (Millipore, Billerica, MA) 
and stored at -20°C until analysis. Assays and Western blotting are described in the Supplementary 
Material. 

Histology and immunohistology
Paraffin-embedded 4 µm lung sections were stained with haematoxylin and eosin (H&E) and 
analyzed for inflammation and tissue damage, as described previously15-17. For details, see the 
Supplementary Material. Staining for granulocytes, using fluorescein isothiocyanate-labeled 
rat-anti-mouse Ly-6G mAb (BD Pharmingen, San Diego, CA) as well as staining for fibrin(ogen) 
were performed as described previously10, 18, 19. Slides were slightly counterstained with methyl green. 
Fibrin(ogen) and Ly-6G stained slides were photographed with a microscope equipped with a digital 
camera (Leica CTR500, Leica Microsystems, Wetzal, Germany). Stained areas were analyzed with 
ImageJ (version 2006.02.01, US National Institutes of Health, Bethesda, MD) and expressed as the 
percentage of the total lung surface area.  

Statistical analysis
Data are expressed as box and whisker plots showing the smallest observation, lower quartile, 
median, upper quartile and largest observation or as medians with interquartile ranges. All variables 
were rank transformed prior to analyses. Comparisons between groups were conducted using a non-
parametric ANOVA or Kruskal-Wallis test followed by pairwise Mann-Whitney U tests or Mann-
Whitney tests only where appropriate. For survival studies Kaplan-Meier analyses followed by log 
rank test were performed. All analyses were done using SPSS (SPSS Inc, version 18). P-values < 0.05 
were considered statistically significant.
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RESULTS

tPA is upregulated during murine melioidosis, while the net effect is inhibition of fibrinolysis
Endogenous tPA was detected at levels 0.3-0.8 ng/mL in lung homogenates of uninfected mice. 
Experimental melioidosis was associated with a significant increase in lung tPA levels at 24, 48, and 
72 hours after inoculation (overall P < 0.0001; P < 0.01 versus control for all time points; Figure 1A). En-
dogenous pulmonary PA activity, reflecting the net effect on fibrinolysis, in uninfected mice ranged 
from 97-105%. Upon infection with B. pseudomallei PA activity levels decreased significantly (over-
all P < 0.001; P < 0.01 versus control for all time points), indicating a net inhibitory effect on 
fibrinolysis (Figure 1B). 

tPA-/- mice show a strongly reduced mortality during experimental melioidosis
To investigate whether tPA deficiency impacts on mortality during murine melioidosis we intra-
nasally infected WT and tPA-/- mice with 500 CFU of B. pseudomallei and observed them during 
the following 4 weeks (Figure 2). Amongst WT mice the first deaths occurred after 4.5 days and all 
WT mice had succumbed by day 6. In sharp contrast, tPA-/- mice showed a markedly delayed and 

Figure 1. Increased pulmonary tPA levels during experimental melioidosis. Wild type mice were 
sacrificed before (0h) and 24, 48 and 72 hours after intranasal inoculation with 500 CFU of B. pseu-
domallei to induce experimental melioidosis. Endogenous tPA protein concentrations (A) and PA activity 
(B) were measured in lung homogenates by ELISA and an amidolytic assay respectively, n = 5 (t = 0) or 
8 (t = 24, 48 and 72) mice per group at each time point. Data are expressed as box and whisker plots 
showing the smallest observation, lower quartile, median, upper quartile and largest observation. **P < 
0.01 for all time points versus 0h (Mann-Whitney U test). 

Figure 2. tPA-deficient mice show a strongly reduced 
mortality during experimental melioidosis.
Wildtype (WT, black dots) and tPA-/- mice (white dots) were 
infected intranasally with 500 CFU of B. pseudomallei and 
mortality was assessed every 6 hours during the first 12 days, 
n = 12 in the WT and n = 13 in the tPA-/- group. Comparison 
between groups was done by using Kaplan-Meier analysis 
followed by log rank tests. 

12
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reduced lethality; at the end of the 28-day observation period, 38% of all tPA-/- mice was still alive 
(P < 0.0001 versus WT mice). Three out of 5 surviving mice still had bacteria in their lungs (median 
6x103 CFU/mL, data not shown).

tPA deficiency inhibits early bacterial growth at the primary site of infection
To determine whether the reduced mortality of tPA-/- mice was accompanied by alterations in the 
local and systemic growth of B. pseudomallei, we examined bacterial loads in the lungs, liver and 
blood harvested from tPA-/- and WT mice 24, 48 and 72 hours after infection. In accordance with 
their protected phenotype in the survival study, tPA-/- mice demonstrated reduced bacterial burdens 
in their lungs at 24 and 48 hours after infection (both P < 0.01); at 72 hours pulmonary bacterial 
loads were similar in tPA-/- and WT mice (Figure 3A). Bacterial loads at distant body sites (liver and 
blood) were similar (overall P-values 0.76 and 0.67, respectively) in tPA-/- and WT mice at all three 
time points examined (Figure 3B-C). These data suggest that endogenous tPA impairs antibacterial 
defense at the primary site of infection, but not at distant body sites. 

tPA-/- mice demonstrate an enhanced cytokine response in the lungs early after infection 
with B. pseudomallei
Cytokines are important regulators of the host immune response during melioidosis11. To obtain a 
first insight into the mechanism by which tPA deficiency impacts on the growth of B. pseudomallei in 
the lungs, we measured pulmonary expression of TNF-α, IL-6, IL-10, IL-12p70, IFN-γ (Table 1). 
At 24 hours after infection, when bacterial loads were lower in tPA-/- mice, lung levels of TNF-α, 
IL-6 and IFN-γ were significantly higher in tPA-/- mice (all P<0.05 versus WT mice). At later time 
points, lung cytokine concentrations were similar in tPA-/- and WT mice, except for TNF-α and 
IFN-γ. Levels of TNF-α at 48 hours were still higher in the former mouse strain (P < 0.05 versus 
WT mice), while levels of IFN-γ were lower in tPA-/- mice after both 48 and 72 hours (Table 1).
 

Figure 3. tPA deficiency hampers pulmonary bacterial growth. Mice were inoculated with 500 CFU 
of B. pseudomallei and sacrificed after 24, 48 and 72 hours. Bacterial loads were determined in lung 
homogenates (A), liver homogenates (B) and blood (C). Data are expressed as box and whisker plots 
showing the smallest observation, lower quartile, median, upper quartile and largest observation. Grey 
boxes represent WT mice, white boxes represent tPA-/- mice (n = 8 mice per group for each time point). 
**P < 0.01 for the difference between WT and tPA-/- mice (Mann-Whitney U test).
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tPA deficiency attenuates lung pathology after infection with B. pseudomallei
Our model of melioidosis is associated with profound lung pathology15-17. Both tPA-/- and WT mice 
infected with B. pseudomallei showed extensive inflammatory infiltrates in the lungs characterized 
by interstitial inflammation together with necrosis, endothelialitis, bronchitis, edema, thrombi and 
pleuritis (Figure 4A-C). Tissue damage was most prominent 72 hours after inoculation, in particular 

12

Table 1. Cytokine concentrations in lung homogenates and plasma of wildtype and tPA-deficient mice 
during experimental melioidosis.

Pulmonary and plasma cytokine levels after intranasal infection with 500 CFU of B. pseudomallei. Wild 
type (WT) and tPA-/- mice were sacrificed 24, 48 and 72h after infection. Data are expressed as median 
(interquartile range) of n = 8 mice per group per time point. IL interleukin, TNF-α tumor necrosis factor-α, 
IFN-γ interferon-γ, MPC-1 monocyte chemotactic protein-1. *P < 0.05 and **P < 0.01 for WT versus tPA-/- 
mice (Mann-Whitney U test). $ indicates data above detection limits.
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in WT mice; only at this late time point, tPA-/- mice displayed significantly reduced lung pathology 
as reflected by the semi-quantitative scoring system outlined in the Methods section (P < 0.05 
versus WT mice). tPA did not influence neutrophil recruitment during B. pseudomallei infection, as 
measured by MPO concentrations in lung homogenates and semi-quantitative Ly6 staining of lung 
tissue slides (data not shown). 

Figure 4. tPA-deficient mice demonstrate lower histopathology scores. Seventy-two hours after 
induction of infection lower mean histological scores as described in the Methods section of the Supple-
mental digital content were seen in tPA-/- mice when compared to WT mice (A). Representative photo-
graphs of WT (B) and tPA-/- (C) mice infected with 500 CFU of B. pseudomallei showed inflammatory infil-
trates in the lungs characterized by interstitial inflammation together with necrosis, endothelialitis, bron-
chitis, edema, thrombi and pleuritis 72 hours after inoculation (H&E staining x100). Data are expressed as 
box and whisker plots showing the smallest observation, lower quartile, median, upper quartile and largest 
observation. Grey boxes represent WT mice, white boxes represent tPA-/- mice (n = 8 mice per group for 
each time point). **P < 0.01 for WT versus tPA-/- mice (Mann-Whitney U test). 

Table 2. Parameters of renal function and hepatocellular injury in wildtype and tPA-deficient mice during 
experimental melioidosis.

Parameters of renal and hepatocellular injury after intranasal infection with 500 CFU of B. pseudomallei. 
Wild type (WT) and tPA-/- mice were sacrificed 24, 48 and 72h after infection. Data are expressed as 
median (interquartile range) of n = 8 mice per group per time point. ASAT aspartate aminotranspherase, 
ALAT alanine aminotranspherase. *P < 0.05 for WT versus tPA-/- mice (Mann-Whitney U test).
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tPA deficiency preserves renal function, but does not impact on liver injury
The melioidosis model used here is accompanied by marked distant organ injury as reflected 
by elevated plasma markers of renal failure (urea, creatinine) and liver injury (ASAT, ALAT), 
especially shortly before mortality occurs15, 20. Our data show that 48 hours post-infection tPA de-
ficiency is associated with a moderately preserved renal function as urea levels in tPA-/- mice were 
lower compared to WT mice (P < 0.05, Table 2). ALAT and ASAT did not differ between tPA-/- 
and WT mice at 24, 48 and 72 hours post infection, indicating that tPA did not influence the extent 
liver injury (Table 2). 

tPA deficiency reduces fibrinolysis but does not influence coagulation during infection 
with B. pseudomallei
Considering its central role in fibrinolysis we evaluated the role of tPA in fibrinolysis and coagula-
tion in the lungs during experimental melioidosis. Increased fibrin(ogen) depositions were seen in 
lungs of tPA-/- mice compared to WT mice 48 hours after infection (Figure 5A-C). As expected, 
tPA-/- mice demonstrated strongly reduced PA activity in lung homogenates (P < 0.01 versus WT 
mice, Figure 5D). In line with a reduced fibrinolytic activity in tPA-/- mice, these animals showed 
undetectable lung D-dimer levels as determined by ELISA, whereas in WT mice D-dimer was read-
ily detectable (P < 0.01, Figure 5E). In accordance, western blotting on fibrin-degradation products 
revealed strongly reduced amounts of fragment X (another fibrin degradation product) and 
D-dimer in tPA-/- mice (D-dimer: 103% vs 39%; P<0.01, fragment X: 110% vs 44%; P < 0.05; 
Figure 5G-J). tPA deficiency did not impact coagulation activation, as indicated by similar TATc 
concentrations in tPA-/- and WT mice (Figure 5F). During the early time points decreased levels 
of uPA were measured in tPA-/- mice, while after 72 hours no differences were seen between groups 
(Figure 5J). No differences in PAI-1 levels were observed in lung homogenates (Figure 5K) or 
plasma (Figure 5L).

DISCUSSION

Melioidosis is a severe disease associated with pneumonia and severe sepsis 11-13, 21. Understanding 
of non-specific host-defense mechanisms, such as the coagulation and fibrinolytic system, may 
reveal new possible therapeutic targets in melioidosis. We here aimed to study the functional role 
of endogenous tPA during melioidosis using our established mouse model15-17. A marked survival 
advantage was seen in tPA-/- mice after infection with B. pseudomallei when compared to WT mice, 
which was accompanied by significantly decreased pulmonary bacterial growth during the early 
stages of infection. Furthermore, tPA-/- mice had decreased pulmonary inflammation after histo-
pathologic analysis, less renal failure and decreased net fibrinolytic activity, while no differences 
in TATc were seen. Interestingly, at early stages tPA-/- mice had higher pro-inflammatory cytokine 
levels. These data indicate that endogenous tPA plays a detrimental role during the early phase of a 
Gram-negative pneumonia-derived sepsis caused by B. pseudomallei.

12



214

Chapter 12

Many studies have demonstrated that during pulmonary inflammation and sepsis a shift towards 
pro-coagulant activity and inhibition of fibrinolysis occurs2-6, changes that are thought to contain 
the infection and thereby protect the host against the detrimental effects of infection and subsequent 
inflammation1, 2. Although the net effect on fibrinolysis is inhibitory (primarily due to increased 

Figure 5. tPA-deficient mice show decreased fibrin(ogen) degradation during melioidosis. Mice 
were infected intranasally with 500 CFU of B. pseudomallei. Mice showed increased fibrin depositions 
in lung tissue 48 hours after inoculation (A). Representative photographs of fibrin staining of WT (B) and 
tPA-/- mice (C), 48 hours after inoculation (original magnification x 400). Measurement of parameters 
for fibrinolysis (PA activity, D; D-dimer, E) and coagulation activation (TATc, F) in lung homogenates 72 
hours after inoculation with B. pseudomallei. Western blotting on fibrin(ogen) degradation products in 
lung homogenates 72 hours after infection, showing  decreased fibrin(ogen) degradation products in tPA-/- 
mice compared to WT (G). Quantification of western blotting on fibrin(ogen) products shows significantly 
decreased levels of fragment X (FX; H) and D-dimer (Dd; I) in tPA-/- mice 72 hours after infection. tPA 
deficiency was accompanied by a significant downregulation of uPA (J), while tPA deficiency did not lead 
to a compensatory upregulation of PAI-1 in lung homogenates (K) or plasma (L). B.D.: below detection 
limits, C: positive control sample (normal mouse plasma, uninfected, dilution 1:50), Fmm: fibrin-multimers, 
ND not determined. Data are expressed as box and whisker plots showing the smallest observation, lower 
quartile, median, upper quartile and largest observation. Grey boxes represent WT mice, white boxes 
represent tPA-/- mice (n = 8 mice per group for each time point). **P < 0.01 for WT versus tPA-/- mice 
(Mann-Whitney U test).
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production of PAI-1), upregulation of pro-fibrinolytic proteins, including tPA and uPA, has been 
described3, 5, 7, 22, suggesting that severe infection is accompanied by enhanced synthesis and/or 
release of both agonistic and antagonistic mediators of fibrinolysis. In accordance, a recent study 
performed by our laboratory demonstrated elevated plasma concentrations of both PAI-1 and tPA 
in patients with culture proven melioidosis14. In these patients the ratio between activation of 
coagulation and fibrinolysis (TATc/PAPc (plasmin-α2-antiplasmin complexes) ratio) was increased 
in patients compared to healthy controls, indicating a state of decreased fibrinolysis14. Moreover, 
increased TATc/PAPc ratios were associated with a worse survival14, suggesting a role for the 
fibrinolytic system in the host defense against B. pseudomallei. Our present results are in line with 
these clinical data as we also show upregulation of tPA during experimental melioidosis concurrent 
with a net suppression of fibrinolysis, as reflected by decreased PA activity and increased pulmonary 
fibrin(ogen) deposition 48 hours after infection. We previously showed strongly elevated PAI-1 
levels in lungs of mice infected with B. pseudomallei17, which likely explains the reduced PA activity 
in the presence of elevated tPA protein levels. Altogether, our mouse model of melioidosis closely 
resembles the human situation with regard to changes in the fibrinolytic system. 

Our study sought to unravel the role of endogenous tPA during severe Gram-negative sepsis 
caused by B. pseudomallei. We demonstrated that deficiency of tPA is beneficial for the host with 
respect to survival, bacterial growth and pulmonary histopathology scores. Apparently, fibrin is an 
important player in the host defense against B. pseudomallei. Interestingly, our data are in contrast 
with previous studies performed on Gram-negative sepsis by our laboratory and others. During 
E. coli-induced abdominal sepsis our group demonstrated a protective role for endogenous tPA: 
tPA-/- mice had an impaired host defense, as indicated by higher bacterial loads at the primary site 
of infection, enhanced bacterial dissemination and a reduced survival9. In addition, tPA-/- mice 
displayed an impaired neutrophil influx into the peritoneal cavity, while adenoviral overexpression 
of tPA resulted in an increase in neutrophil recruitment9. Similarly, endogenous tPA also proved 
to be protective during E. coli-induced pyelonephritis, as reflected by increased bacterial loads in 
tPA-/- mice23. Finally, tPA-/- mice had an unremarkable host defense in a model of severe pneumonia 
induced by Klebsiella pneumoniae, as illustrated by an unaltered survival and similar bacterial 
burdens when compared to WT mice, indicating that endogenous tPA played an insignificant role 
in the immune response during this infection10. Interestingly, in this study tPA levels were decreased 
during the course of the infection10. A possible explanation for these differences may be caused by 
variations in characteristics of the different bacteria, as B. pseudomallei mainly is an intracellular 
bacterium11, 12, while E. coli and K. pneumoniae preferentially reside and replicate outside the cell. 
Our data show that the observed phenotype of tPA-/- mice is not related to alterations in uPA or 
PAI-1 levels.

tPA is an important plasmin-activating serine protease, responsible for intravascular thrombolysis 
as tPA is mainly found in the vascular compartment24. In contrast to uPA and PAI-1 little is known 
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about other properties of tPA that extend beyond its role in cleaving plasminogen into plasmin. 
Studies involving the brain show that increased tPA-activity levels have been linked to neural 
damage and tPA is also believed to contribute to normal learning and synaptic plasticity (reviewed in25).  
Also during E. coli peritonitis the observed protective effects of tPA, including a stronger neutrophil 
influx in tPA overexpressing mice, are thought to be independent of tPA-induced plasminogen 
activation, as plasminogen-deficient mice did not show any differences compared to WT mice in 
the same model9. Earlier studies performed by our laboratory also supported the notion that tPA 
may stimulate neutrophil migration9, 18 and the generation of an oxidative burst by neutro-
phils. In the present study however, it is conceivable that the observed detrimental effect of tPA is 
mainly related to its role in fibrinolysis. We did not find any significant differences in neutrophil 
influx or activation at the primary site of infection, as indicated by equal results in Ly-6G staining 
and MPO levels respectively in tPA-/- and WT mice. One could expect more neutrophils to migrate 
to the lungs of tPA-/- mice as a consequence of enhanced local fibrin deposition; however, 
neutrophil recruitment occurred prior to peak fibrin generation in our model, differences between 
tPA-/- and WT mice were only present at 48 hours and many other mechanisms contribute to 
neutrophil recruitment during pneumonia, including chemokines, complement factor and adhe-
sion molecules26. tPA-/- mice showed decreased fibrinolytic activity, as reflected by decreased levels of 
PA activity, D-dimer and other fibrin degradation products. tPA-/- mice also had decreased lung levels 
of uPA at early time points. Although the underlying mechanism remains speculative, this finding 
may be explained by enhanced consumption and suggest that relatively decreased uPA concentra-
tions may further contribute to a reduced fibrinolysis in tPA-/- mice. Interestingly, deficiency of tPA 
and decreased levels of uPA did not affect PAI-1 levels, suggesting that presence and production 
of PAI-1 is independent of the amounts of the proteins that it inhibits: tPA and uPA. In addi-
tion tPA-/- mice demonstrated increased pulmonary fibrin depositions; although consistent with 
the hypo-fibrinolytic phenotype of these mice, it should be noted that the antibody used for tissue 
staining also detects fibrinogen. Limitation of fibrinolysis may have caused the beneficial phenotype 
in tPA-/- mice in our model, considering that a certain amount of fibrin likely assists in containment 
of B. pseudomallei bacteria to the primary site of infection and, possibly, facilitates clearance of 
these bacteria. Inhibition of fibrinolysis already is a component of the host response to infection1, 

2; tPA-/- mice, having even less fibrinolysis, are even more protected. Of note, absence of tPA did 
not impact on bacterial dissemination, as no differences in bacterial loads in liver homogenates and 
blood were seen, suggesting that the beneficial effect of tPA deficiency is limited to the primary 
site of infection. In addition, our data indicate that tPA deficiency is associated with an improved 
antibacterial response in the lungs during early phase of the infection (when bacterial burdens are 
still relatively low), but is eventually not able to prevent outgrowth of B.pseudomallei to a maxi-
mal extent during late stage infection, considering that pulmonary bacterial burdens were similar in 
tPA-/- and WT mice 72 hours post infection. Notably, tPA deficiency did not result in enhanced 
activation of coagulation, as indicated by equal TATc concentrations between groups. In future 
studies it could be of interest to study the effects of exogenous (recombinant) tPA administration 
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in experimental melioidosis. It should be noted, however, that such studies are difficult to perform 
in mice considering the short half-life of tPA. In addition, clinical implementation of recombinant 
tPA infusion in melioidosis seems unlikely considering the bleeding risk associated with this 
therapy. Our findings are in line with our recent studies in PAI-1-/- mice during experimental 
melioidosis, showing that PAI-1 deficiency is associated with a worse disease outcome, reflected by 
a worse survival, increased bacterial loads in lungs, liver and blood, increased distant organ failure 
and enhanced activation of fibrinolysis17. Of interest, mice with a complete fibrinogen deficiency 
showed a markedly increased mortality after infection with group A streptococci27, also pointing to 
an increased host susceptibility to a bacterial infection when clot formation is impaired. Altogether, 
these data suggest that a net anti-fibrinolytic state during melioidosis may improve the anti-bacterial 
response and disease outcome. Whether these investigations, which sought to obtain insight into 
host defense during melioidosis, can be of use for clinical practice remains to be established. It could 
be of interest to study whether inhibition of fibrinolysis could be a new strategy in the treatment of 
melioidosis patients.

Cytokine release is an important component of the host response to B. pseudomallei 11. Clinical 
studies in melioidosis patients showed elevated serum levels of TNF-α, IL-6 and IFN-γ28, 29. It is 
known that the pro-inflammatory cytokine TNF-α is likely to be an important element of the 
early immune response to B. pseudomallei, as passive immunization against this mainly macrophage 
derived-cytokine increased mortality in experimental murine melioidosis30. In addition, the pro-in-
flammatory cytokine IFN-γ, produced by cytotoxic T-cells and natural killer cells, has an important 
protective role as well in early resistance against B. pseudomallei infection30:  administration 
of a neutralizing monoclonal antibody against IFN-γ lowered the LD50 from > 5 · 105 CFU to 
~2 CFU, and was associated with marked increases in bacterial loads in the liver and spleen30. It 
was concluded by the authors that the rapid production of IFN-γ within the first day of infection 
determined whether the infection proceeds to an acute lethal outcome or becomes chronic30. Like-
wise, inhibition of the production of IL-12, one of the predominant inducers of IFN-γ, resulted in 
increased mortality in the same model30. Interestingly, in our study tPA deficiency resulted in early 
increased levels of pulmonary and systemic TNF-α and pulmonary IL-6 and IFN-γ. It might well 
be possible that these early rises in pro-inflammatory cytokines may have at least partially contrib-
uted to the protective phenotype observed in tPA-/- mice at later time points. Notably, at 48 hours 
post infection plasma IFN-γ levels were decreased in tPA-/- mice; this is unlikely to influence 
protective innate immunity, which is considered to be initiated very early after infection11. How tPA 
deficiency is related to increased early cytokine release remains a subject for further research. tPA 
deficiency did not influence IL-10 or MCP-1 levels, mediators of which the significance for host 
defense mechanisms in melioidosis has not been directly studied. 

The current study is the first to report on the role of endogenous tPA in melioidosis. Mice deficient 
for tPA were protected during infection with B. pseudomallei, with respect to survival, pulmonary 
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bacterial loads, pulmonary histopathological scores and to a transient decrease in renal function. In 
addition they demonstrated increased pulmonary fibrin depositions; although consistent with the 
hypo-fibrinolytic phenotype of these mice, it should be noted that the antibody used for tissue 
staining also detects fibrinogen. A possible explanation for the observed protective effects of tPA 
deficiency may be related to the fact that a certain amount of fibrin is necessary to protect the host 
from growth and dissemination of B. pseudomallei. However, increased pro-inflammatory cytokine 
production in tPA-/- mice early during infection may contribute to the protective phenotype as well. 
Altogether, this study clearly shows that endogenous tissue-type plasminogen activator impairs host 
defense during severe experimental Gram-negative sepsis caused by B. pseudomallei (melioidosis). 

ACKNOWLEDGEMENTS
The authors thank M. ten Brink and J. B. Daalhuisen for their technical assistance during the 
animal experiments, R. de Beer for performing histopathological stainings and M. W. T. Tanck for 
his independent statistical comments to the manuscript.



219

tPA in melioidosis

REFERENCES

1.  Levi M, van der Poll T. Inflammation and coagulation. Crit Care Med 2010;38(2 Suppl):S26-S34.

2.  Delvaeye M, Conway EM. Coagulation and innate immune responses: can we view them separately? Blood   
 2009;114(12):2367-2374.

3.  Choi G, Schultz MJ, van Till JW et al. Disturbed alveolar fibrin turnover during pneumonia is restricted to the  
 site of infection. Eur Respir J 2004;24(5):786-789.

4.  Gunther A, Mosavi P, Heinemann S et al. Alveolar fibrin formation caused by enhanced procoagulant and  
 depressed fibrinolytic capacities in severe pneumonia. Comparison with the acute respiratory distress syndrome.  
 Am J Respir Crit Care Med 2000;161(2 Pt 1):454-462.

5.  Schultz MJ, Millo J, Levi M et al. Local activation of coagulation and inhibition of fibrinolysis in the lung during  
 ventilator associated pneumonia. Thorax 2004;59(2):130-135.

6.  Iba T, Kidokoro A, Fukunaga M, Sugiyama K, Sawada T, Kato H. Association between the severity of sepsis and  
 the changes in hemostatic molecular markers and vascular endothelial damage markers. Shock 2005;23(1):25-29.

7.  Raaphorst J, Johan Groeneveld AB, Bossink AW, Erik HC. Early inhibition of activated fibrinolysis predicts   
 microbial infection, shock and mortality in febrile medical patients. Thromb Haemost 2001;86(2):543-549.

8.  Bergmann S, Hammerschmidt S. Fibrinolysis and host response in bacterial infections. Thromb Haemost   
 2007;98(3):512-520.

9.  Renckens R, Roelofs JJ, Florquin S et al. Endogenous tissue-type plasminogen activator is protective during   
 Escherichia coli-induced abdominal sepsis in mice. J Immunol 2006;177(2):1189-1196.

10.  Renckens R, Roelofs JJ, Stegenga ME et al. Transgenic tissue-type plasminogen activator expression improves   
 host defense during Klebsiella pneumonia. J Thromb Haemost 2008;6(4):660-668.

11.  Wiersinga WJ, van der Poll T, White NJ, Day NP, Peacock SJ. Melioidosis: insights into the pathogenicity of   
 Burkholderia pseudomallei. Nat Rev Microbiol 2006;4(4):272-282.

12.  Cheng AC, Currie BJ. Melioidosis: epidemiology, pathophysiology, and management. Clin Microbiol Rev   
 2005;18(2):383-416.

13.  Currie BJ, Ward L, Cheng AC. The epidemiology and clinical spectrum of melioidosis: 540 cases from the 20   
 year darwin prospective study. PLoS Negl Trop Dis 2010;4(11):e900.

14.  Wiersinga WJ, Meijers JC, Levi M et al. Activation of coagulation with concurrent impairment of anticoagulant  
 mechanisms correlates with a poor outcome in severe melioidosis. J Thromb Haemost 2008;6(1):32-39.

15.  Wiersinga WJ, Wieland CW, Dessing MC et al. Toll-like receptor 2 impairs host defense in gram-negative sepsis  
 caused by Burkholderia pseudomallei (Melioidosis). PLoS Med 2007;4(7):e248.

16.  Wiersinga WJ, de Vos AF, Wieland CW, Leendertse M, Roelofs JJ, van der Poll T. CD14 impairs host defense   
 against gram-negative sepsis caused by Burkholderia pseudomallei in mice. J Infect Dis 2008;198(9):1388-1397.

17.  Kager LM, Wiersinga WJ, Roelofs JJ et al. Plasminogen activator inhibitor type I contributes to protective   
 immunity during experimental Gram-negative sepsis (melioidosis). J Thromb Haemost 2011;9(10):2020-2028.

18.  Rijneveld AW, Levi M, Florquin S, Speelman P, Carmeliet P, van Der PT. Urokinase receptor is necessary for   
 adequate host defense against pneumococcal pneumonia. J Immunol 2002;168(7):3507-3511.

19.  Weijer S, Wieland CW, Florquin S, van der Poll T. A thrombomodulin mutation that impairs activated protein  
 C generation results in uncontrolled lung inflammation during murine tuberculosis. Blood 2005;106(8):2761-2768.

12



220

Chapter 12

20.  Wiersinga WJ, Wieland CW, van der Windt GJ et al. Endogenous interleukin-18 improves the early antimicro 
 bial host response in severe melioidosis. Infect Immun 2007;75(8):3739-3746.

21.  Meumann EM, Cheng AC, Ward L, Currie BJ. Clinical Features and Epidemiology of Melioidosis Pneumonia:  
 Results From a 21-Year Study and Review of the Literature. Clin Infect Dis 2011.

22.  Hoogerwerf JJ, de Vos AF, Levi M et al. Activation of coagulation and inhibition of fibrinolysis in the human   
 lung on bronchial instillation of lipoteichoic acid and lipopolysaccharide. Crit Care Med 2009;37(2):619-625.

23.  Roelofs JJ, Rouschop KM, Teske GJ et al. Endogenous tissue-type plasminogen activator is protective during   
 ascending urinary tract infection. Nephrol Dial Transplant 2009;24(3):801-808.

24.  Collen D, Lijnen HR. Basic and clinical aspects of fibrinolysis and thrombolysis. Blood 1991;78(12):3114-3124.

25.  Yepes M, Roussel BD, Ali C, Vivien D. Tissue-type plasminogen activator in the ischemic brain: more than a   
 thrombolytic. Trends Neurosci 2009;32(1):48-55.

26.  Craig A, Mai J, Cai S, Jeyaseelan S. Neutrophil recruitment to the lungs during bacterial pneumonia. Infect Immun  
 2009;77(2):568-575.

27.  Sun H, Wang X, Degen JL, Ginsburg D. Reduced thrombin generation increases host susceptibility to group A  
 streptococcal infection. Blood 2009;113(6):1358-1364.

28.  Lauw FN, Simpson AJ, Prins JM et al. Elevated plasma concentrations of interferon (IFN)-gamma and the  
 IFN-gamma-inducing cytokines interleukin (IL)-18, IL-12, and IL-15 in severe melioidosis. J Infect Dis   
 1999;180(6):1878-1885.

29.  Simpson AJ, Smith MD, Weverling GJ et al. Prognostic value of cytokine concentrations (tumor necrosis factor-  
 alpha, interleukin-6, and interleukin-10) and clinical parameters in severe melioidosis. J Infect Dis    
 2000;181(2):621-625.

30.  Santanirand P, Harley VS, Dance DA, Drasar BS, Bancroft GJ. Obligatory role of gamma interferon for host   
 survival in a murine model of infection with Burkholderia pseudomallei. Infect Immun 1999;67(7):3593-3600.



221

tPA in melioidosis

SUPPLEMENTARY MATERIAL

MATERIAL AND METHODS

Sample harvesting, processing and determination of bacterial growth. 
Twenty-four, 48 and 72 hours after induction of infection mice were sacrificed under intra-
peritoneal anesthesia containing ketamin (Eurovet Animal Health, Bladel, The Netherlands) and 
medetomidin (Pfizer Animal Health Care, Capelle aan den IJssel, The Netherlands). Blood was 
drawn into syringes containing sodium citrate (4:1 vol/vol). Lungs and liver were harvested and 
homogenized at 4°C in 4 volumes of sterile saline using a tissue homogenizer (Biospec Products, 
Bartlesville, OK). CFU were determined from serial dilutions of organ homogenates and blood that 
were plated on blood agar plates and incubated at 37°C 5% CO2 for 20h before colonies were counted.

Assays
Tumor necrosis factor (TNF)-α, interleukin (IL)-6, IL-10, IL-12p70, interferon (IFN)-γ and 
monocyte chemotactic protein (MCP)-1 were measured by cytometric bead array (CBA) multiplex 
assay (BD Biosciences, San Jose, CA) in accordance with the manufacturers’ recommendations. My-
eloperoxidase concentrations (MPO; HyCult Biotechnology, Uden, The Netherlands), mouse tPA 
(Molecular Innovations, Southfield, MI), D-dimer (Asserachrom D-dimer, Roche, Woerden, the 
Netherlands; lower limit of detection 10 ng/mL), thrombin-antithrombin complexes (TATc; Siemens 
Healthcare Diagnostics, Marburg, Germany), mouse plasminogen activator inhibitor (PAI)-1 (Molec-
ular Innovations, Novi, MI) and mouse urokinase plasminogen activator (uPA) (Molecular Innova-
tions, Novi, MI) were measured with commercially available ELISA kits. Plasminogen activator 
(PA) activity was measured by an amidolytic assay as described previously 1, 2. Plasma urea, creatinine, 
alanine aminotranspherase (ALAT) and aspartate aminotranspherase (ASAT) were determined 
with commercial available kits (Sigma-Aldrich, St. Louis, MO), using a Hitachi analyzer (Boehringer 
Mannheim, Mannheim, Germany) according to the manufacturers’ instructions. 

Western Blot
After dilution with SDS sample buffer lung homogenate samples were heated for 5 minutes at 
95°C, run on 6% SDS-PAGE gels under non-reducing conditions and subsequently transferred to 
a blotting membrane. Following blocking with 5% BSA in Tris-buffered saline containing 0.1% 
Tween-80 (TBS-T), the membrane was incubated overnight in 1:1000 polyclonal goat-anti-mouse-
fibrinogen (Kordia, Leiden, the Netherlands) in 1% skimmed milk (Sigma-Aldrich, St. Louis, MO). 
Then, the membrane was incubated in 1:3000 polyclonal donkey-anti-goat IgG-HRP secondary 
antibody (Abcam, Cambridge, UK) in 1% BSA and imaged on a LAS3000 dark box (Fujifilm, 
Tokyo, Japan). Anti-fibrin(ogen) reactive bands were analyzed using ImageJ (version 2006.02.01, 
US National Institutes of Health, Bethesda, MD) and expressed as the percentage of intensity 
compared to WT mice.  
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Histology and immunohistology
All slides were scored in a blinded fashion by a pathologist for the following parameters: inter-
stitial inflammation, necrosis, endothelialitis, bronchitis, edema, pleuritis, presence of thrombi and 
percentage of lung surface with pneumonia. All parameters were rated separately from 0 (condition 
absent) to 4 (most severe condition). The total histopathological score was expressed as the sum of 
the scores of the individual parameters, with a maximum of 24.
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ABSTRACT

Background
Melioidosis is a frequent cause of sepsis in Southeast-Asia caused by the Gram-negative bacterium 
Burkholderia (B.) pseudomallei. Patients with melioidosis have elevated circulating levels of plasmi-
nogen activator inhibitor type-1 (PAI-1), an important regulator of inflammation and fibrinolysis. In 
this study we aimed to investigate the role of PAI-1 during melioidosis. 

Methods
Wildtype (WT) and PAI-1 deficient (PAI-1-/-) mice were intranasally infected with B. pseudomallei. 
Mice were sacrificed after 24, 48 or 72 hours. Lungs, liver and blood were harvested to measure 
bacterial loads, cytokines, clinical chemistry, histopathology and coagulation parameters. Addi-
tionally, survival studies were performed.

Results
PAI-1-/- mice demonstrated enhanced susceptibility to B. pseudomallei infection as evidenced by 
a strongly increased mortality (100% versus 58% amongst WT mice, P < 0.001), associated with 
enhanced bacterial loads in lungs, liver and blood. Additionally, PAI-1-/- mice showed elevated levels 
of pro-inflammatory cytokines in lungs and plasma, accompanied by enhanced local and systemic 
coagulation activation (thrombin-antithrombin complexes, D-dimer), increased hepatocellular 
injury (plasma ASAT and ALAT) and renal failure (plasma creatinine and urea).

Conclusions
PAI-1 serves a protective role during severe Gram-negative sepsis caused by B. pseudomallei by 
limiting bacterial growth, inflammation and coagulation, and likely as a consequence thereof, 
distant organ injury. 
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INTRODUCTION

Melioidosis is an infectious disease caused by the soil-dwelling bacterium Burkholderia 
(B.) pseudomallei. This potential bioterrorism threat agent is an important cause of community 
acquired sepsis in Southeast Asia and Northern Australia with mortalities up to 40% despite 
appropriate antibiotic therapy1-3. Melioidosis is often associated with pneumonia and bacterial 
dissemination to distant sites, with many possible disease manifestations, septic shock being the 
most severe1. The high mortality and relatively poor responsiveness of B. pseudomallei to antibiotics 
emphasize the importance of understanding non-specific host defense mechanisms. Such knowledge 
may ultimately pave the way for new treatment options.

During severe infection a range of host defense mechanisms becomes activated, resulting in 
a strong inflammatory response together with increased procoagulant activity and suppression of 
the fibrinolytic system4-6. The interplay between inflammation and blood coagulation is considered 
to be an essential part of the host defense against infectious agents. The strong pro-inflammatory 
response observed during severe sepsis may lead to disseminated intravascular coagulation, which 
contributes to multi-organ failure and high mortality rates7, 8. Plasminogen activator inhibitor 
type 1 (PAI-1) is considered to be one of the main inhibitors of the fibrinolytic system, together 
with alpha-2-antiplasmin. By inactivating both urokinase-type plasminogen activator (uPA) and 
tissue-type plasminogen activator (tPA), PAI-1 inhibits generation of the key-enzyme plasmin and 
subsequent fibrin degradation. Besides its role in maintaining normal hemostasis by regulating the 
fibrinolytic system, PAI-1 has also been implicated in other processes and diseases that are not or 
only partially related to its capacity to inhibit plasminogen generation, including wound healing, 
atherosclerosis, metabolic diseases and tumor angiogenesis9. These processes may depend on the 
antiproteolytic activity of PAI-1 and is associated with its interference in cellular migration and 
cellular matrix binding9. Indeed, previous studies showed that the role of PAI-1 as a chemotactic 
factor promoting the migration of lymphocytes and neutrophils into inflammatory sites contri-
buted to its inflammatory effects10, 11. 

Elevated levels of PAI-1 have been found both in plasma and bronchoalveolar lavage fluid (BALF) 
in patients with acute lung injury, severe pneumonia and sepsis and increased PAI-1 levels were as-
sociated with unfavorable outcomes and enhanced mortality4, 5, 12-16. Especially in sepsis patients, PAI-1 
concentrations quite accurately predict mortality17, 18. We and others performed several studies to 
unravel the functional role of PAI-1 during pneumonia and sepsis. Intriguingly, PAI-1 improved 
host defense during Klebsiella pneumonia, as indicated by reciprocal experiments with PAI-1 defi-
cient (-/-) and PAI-1 overexpressing mice19. It was suggested that, during this infection, the protective 
role of PAI-1 was due to the promotion of neutrophil recruitment to the pulmonary compartment. 
PAI-1 may have a similar protective effect during Gram-positive pneumonia caused by Streptococcus 
(S.) pneumoniae, although the results presented are inconsistent13, 20. Our laboratory recently 
reported marked coagulation activation in patients with culture proven melioidosis together 
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with downregulation of anticoagulant pathways and alterations in fibrinolytic parameters21. Specifi-
cally, plasma concentrations of PAI-1 were strongly increased21. In the present study we aimed to 
characterize the role of PAI-1 during severe pneumonia-derived sepsis caused by B. pseudomallei 
using our established mouse model of melioidosis22, 23. We here show that endogenous PAI-1 is 
beneficial in the host defense against experimentally induced melioidosis.

METHODS

Mice
Pathogen-free 10-week old male wild type (WT) C57BL/6 mice were purchased from Charles 
River (Maastricht, The Netherlands) and maintained at the animal care facility of the Academic 
Medical Center (University of Amsterdam), according to national guidelines with free access to 
food and water. PAI-1-/- mice on a C57BL/6 genetic background were obtained from Jackson Labo-
ratories (Bar Harbour, ME). The Animal Care and Use Committee of the University of Amsterdam 
approved all experiments.

Experimental infection and determination of bacterial growth
Experimental melioidosis was induced by intranasal inoculation with B. pseudomallei strain 1026b 
(500 colony forming units (CFU)/ 50 µL 0.9% NaCl) as previously described22, 23. For survival 
experiments mice were checked every 6 hours until death occurred. Sample harvesting and 
processing and determination of bacterial growth were done as described22, 23. Briefly, 24, 48 and 72 
hours after induction of infection mice were sacrificed under intraperitoneal anesthesia containing keta-
min (Eurovet Animal Health, Bladel, The Netherlands) and medetomidin (Pfizer Animal Health 
Care, Capelle aan den IJssel, The Netherlands). Blood was drawn into syringes containing sodium 
citrate (4:1 vol/vol). Lungs and liver were harvested and homogenized at 4°C in 4 volumes of sterile 
saline using a tissue homogenizer (Biospec Products, Bartlesville, OK). CFU were determined from 
serial dilutions of organ homogenates and blood that were plated on blood agar plates and incu-
bated at 37°C 5% CO2 for 20 h before colonies were counted.

Assays
Assays were done in citrated plasma and lung homogenates as described22, 23. Lung homogen-
ates were diluted 1:2 in lysis buffer containing 300 mM NaCl, 30 mM Tris, 2 mM MgCl2, 2 mM 
CaCl2, 1% Triton X-100 [pH 7.4] and protease inhibitor mix (AEBSF [4-(2-aminoethyl) benze-
nesulfonfluoride], EDTA-Na2, pepstatin and leupeptin (all from MP Biomedical, Santa Ana, CA) 
and incubated at 4°C for 30 min. Homogenates were centrifuged at 1730 g at 4°C for 10 min. 
Supernatants were sterilized using 0.22 µm pore-size filters (SLGVT13 NL, Millex®-GV, Millipore, 
Billerica, MA) and stored at -20°C until analysis. Interleukin (IL)-6, IL-10, IL-12p70, interferon 
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(IFN)-γ and tumor necrosis factor (TNF)-α were measured by cytometric bead array (CBA) 
multiplex assay (BD Biosciences, San Jose, CA) in accordance with the manufacturers’ recommen-
dations. Mouse PAI-1 (Kordia, Leiden, the Netherlands), D-dimer (Asserachrom D-dimer, Roche 
Woerden, the Netherlands) and thrombin-antithrombin complexes (TATc; Affinity Biologicals, 
Ancaster, Ontario, Canada) were measured with commercially available ELISA kits. Plasminogen 
activator activity (PAA) was measured by an amidolytic assay as described previously 24, 25. Plasma 
lactate dehydrogenase (LDH), aspartate aminotranspherase (ASAT), alanine aminotranspherase 
(ALAT), urea and creatinine were determined with commercial available kits (Sigma-Aldrich, St. 
Louis, MO), using a Hitachi analyzer (Boehringer Mannheim, Mannheim, Germany) according to 
the manufacturers’ instructions. 

Western Blot
After heating for 5 minutes at 95°C, lung homogenate samples were run on a 6% SDS-PAGE gel 
and subsequently transferred to a blotting membrane. Following blocking with 5% BSA in Tris 
buffered saline containing 0.1% Tween-80 (TBS-T), the membrane was incubated overnight in 
1:1000 polyclonal goat-anti-mouse-fibrinogen (Kordia, Leiden, the Netherlands) in 1% skimmed 
milk (Sigma-Aldrich, St. Louis, MO). Then, the membrane was incubated in 1:3000 polyclonal 
donkey-anti-goat IgG-HRP secondary antibody (Abcam, Cambridge, UK) in 1% BSA and imaged 
on a LAS3000 dark box (Fujifilm, Tokyo, Japan). Lung protein contents were analyzed using ImageJ 
(version 2006.02.01, US National Institutes of Health, Bethesda, MD) and expressed as the 
percentage of increase in intensity compared to WT.  

Histology and immunohistology
Paraffin-embedded 4 µm lung sections were stained with haematoxylin and eosin (H&E) and 
analyzed for inflammation and tissue damage, as described22, 23. All slides were coded and scored 
blinded by a pathologist for the following parameters: interstitial inflammation, necrosis, endothe-
lialitis, bronchitis, edema, pleuritis, presence of thrombi and percentage of lung surface with pneu-
monia. All parameters were rated separately from 0 (condition absent) to 4 (most severe condi-
tion). The total histopathological score was expressed as the sum of the scores of the individual 
parameters. Granulocyte stainings, using fluorescein isothiocyanate-labeled rat-anti-mouse Ly-6G 
mAb (BD Pharmingen, San Diego, CA) as well as staining for fibrin(ogen) were performed 
as described previously13, 26, 27. Ly-6G and fibrin(ogen) stained slides were photographed with 
a microscope equipped with a digital camera (Leica CTR500, Leica Microsystems, Wetzal, 
Germany). Stained areas were analyzed with ImageJ (version 2006.02.01, US National Institutes of 
Health, Bethesda, MD) and expressed as the percentage of the total lung surface area.  

Statistical analysis
Data are expressed as box and whisker plots showing the smallest observation, lower quar-
tile, median, upper quartile and largest observation or as medians with interquartile ranges. 
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Comparisons between groups were conducted using the Mann-Whitney U test. For survival 
studies Kaplan-Meier analyses followed by log rank test were performed. All analyses were done 
using GraphPad Prism version 5.01 (GraphPad Software, San Diego, CA). P-values less than 0.05 
were considered statistically significant.

RESULTS

PAI-1 is upregulated during murine melioidosis
To obtain insight in local pulmonary concentrations of PAI-1 during experimentally induced 
melioidosis we measured PAI-1 protein levels in lung homogenates of uninfected WT mice and 
in WT mice infected with B. pseudomallei. PAI-1 was detected at levels 0.9 - 1.5 ng/mL in lung 
homogenates of uninfected mice. Infection with B. pseudomallei was associated with a significant 
increase in lung PAI-1 levels at 24, 48, and 72 hours after inoculation (P < 0.01 versus control for 
all time points; Figure 1). 

PAI-1-/- mice show an accelerated mortality during experimental melioidosis
To investigate whether PAI-1 deficiency impacts on mortality during murine melioidosis we 
intranasally infected WT and PAI-1-/- mice with 500 CFU of B. pseudomallei and observed them 
during the following 40 days (Figure 2). PAI-1-/- mice showed a clear survival disadvantage when 
compared to WT (P < 0.0001) indicating that endogenous PAI-1 is protective during experi-
mental melioidosis.

Figure 1. Increased pulmonary PAI-1 levels during 
experimental melioidosis. Wild type mice were sacrificed 
before (0h) and 24, 48 and 72 hours after intranasal inocu-
lation with 500 CFU of B. pseudomallei to induce experi-
mental melioidosis. PAI-1 protein concentrations were 
measured in lung homogenates by ELISA, n = 5-8 mice 
per group at each time point. Data are expressed as box 
and whisker plots showing the smallest observation, lower 
quartile, median, upper quartile and largest observation. **P 
< 0.01 for all time points versus 0h (Mann-Whitney U test). 

Figure 2. PAI-1-/- mice show an accelerated mortality 
during experimental melioidosis. Wildtype (WT) and 
PAI-1-/- mice were infected intranasally with 500 CFU of B. 
pseudomallei and mortality was assessed every 6 hours, n 
= 9-12 mice per group. Comparison between groups was 
done by using Kaplan-Meier analysis followed by log rank 
tests. 
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PAI-1 deficiency facilitates bacterial growth and dissemination
To determine whether the increased mortality of PAI-1-/- mice was associated with changes in bacterial 
growth, we evaluated bacterial loads in the lungs of WT mice 24, 48 and 72 hours after intranasal 
inoculation and compared these with bacterial loads in PAI-1-/- mice. Whereas during the first 48 
hours after infection pulmonary bacterial counts were similar in PAI-1-/- and WT mice, at 72 hours 
PAI-1-/- mice demonstrated markedly elevated bacterial loads in their lungs  (P < 0.001; Figure 3A). 
To investigate the impact of PAI-1 on the dissemination of the infection we evaluated bacterial 
numbers in liver homogenates and blood. PAI-1-/- mice clearly showed increased bacterial loads 
in both liver homogenates and blood 72 hours after induction of infection (Figure 3B-C). Thus, PAI-1 
deficiency facilitates both pulmonary and systemic growth of the B. pseudomallei bacterium, in par-
ticular at later time points.

PAI-1-/- mice demonstrate a reduced cytokine response early after infection with 
B. pseudomallei
Since cytokines are important regulators of the host immune response during melioidosis1, 28 we 
measured pulmonary and systemic levels of TNF-α, IL-6, IL-10, IL-12p70 and IFN-g (Table 1). At 
24 hours after infection, when bacterial loads were still similar in both mouse strains, lung levels of 
TNF-α, IL-12p70 and IFN-g were decreased in PAI-1-/- mice. In contrast, at 72 hours, pulmonary 
cytokine concentrations were higher in PAI-1-/- mice, significantly for TNF-α and IL-6 (P < 0.001). 
Similarly, at 24 hours post infection PAI-1-/- mice displayed lower plasma concentrations of TNF-α, 
IL-12p70 and IFN-g when compared with WT mice, whereas at 72 hours the plasma levels of all 
cytokines measured were higher in PAI-1-/- mice.  

Figure 3. PAI-1 deficiency facilitates bacterial growth and dissemination. Mice were inoculated with 
500 CFU of B. pseudomallei and sacrificed after 24, 48 and 72 hours. Bacterial loads were determined 
in lung homogenates (A), liver homogenates (B) and blood (C). Data are expressed as box and whisker 
plots showing the smallest observation, lower quartile, median, upper quartile and largest observation. 
Grey boxes represent WT mice, white boxes represent PAI-1-/- mice (n = 8 mice per group for each time 
point). **P < 0.01 and ***P < 0.001 for the difference between WT and PAI-1-/- mice (Mann-Whitney U test).
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PAI-1 deficiency does not impact on lung pathology after infection with B. pseudomallei 
but is associated with enhanced neutrophil influx
Our model of melioidosis is associated with profound lung pathology22, 23. Both WT and PAI-1-/- mice 
infected with B. pseudomallei showed inflammatory infiltrates in the lungs characterized by interstitial 
inflammation together with necrosis, endothelialitis, bronchitis, edema, thrombi and pleuritis 
(Figure 4A-C). Tissue damage was most prominent 72 hours after inoculation; however no signifi-
cant differences in histological scores of the lungs between WT and PAI-1-/- mice were observed. 
On the contrary, in PAI-1-/- mice significantly increased Ly-6 staining, a marker of neutrophil 
influx was observed 48 hours (P < 0.01) and 72 hours after infection (P < 0.05) (Figure 4D-F).  

Table 1. Cytokine concentrations in lung homogenates and plasma of WT and PAI-1-/- mice during 
experimental melioidosis.

Pulmonary and plasma cytokine levels after intranasal infection with 500 CFU of B. pseudomallei. Wild 
type (WT) and PAI-1-/- mice were sacrificed 24, 48 and 72h after infection. Data are expressed as median 
(interquartile range) of n = 8 mice per group per time point. IL interleukin, TNF-α tumor necrosis factor-α, 
IFN-γ interferon-γ. *P < 0.05, **P < 0.01 and ***P < 0.001 for WT versus PAI-1-/- mice (Mann-Whitney U test). 
< indicates data below detection limits. $ indicates that some data are above detection limits.
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PAI-1 deficiency results in increased distant organ injury
As PAI-1-/- mice showed a markedly increased mortality and enhanced bacterial loads at multiple 
body sites, we wondered whether PAI-1 deficiency would affect the extent of distant organ injury. 
Relative to WT mice, PAI-1-/- mice showed a strong increase in plasma LDH levels (Figure 5A), a 
general parameter for tissue damage, as well as marked rises in plasma creatinine and urea concen-
trations 72 hours after induction of infection, indicative for renal failure (Figure 5B-C). Moreover, 
in PAI-1-/- mice plasma levels of ASAT and ALAT, both parameters for hepatocellular injury, were 
substantially increased after 72 hours (Figure 5D-E). Hence, PAI-1 seems to play a protective role in 
the development of distant organ injury during experimental melioidosis.

PAI-1 deficiency leads to activation of coagulation and fibrinolysis during infection 
with B. pseudomallei
Having established that endogenous PAI-1 plays a protective role during infection with B. pseudomallei, 

Figure 4. Lung pathology. No significant differences in mean histological scores as described in the 
Methods section were seen in PAI-1-/- mice 24, 48 and 72 hours after induction of infection when compared 
to WT mice (A). Both WT (B) and PAI-1-/- (C) mice infected with 500 CFU of B. pseudomallei showed inflam-
matory infiltrates in the lungs characterized by interstitial inflammation together with necrosis, endotheli-
alitis, bronchitis, edema, thrombi and pleuritis 72 hours after inoculation (H&E staining x100). Increased 
granulocyte migration in PAI-1-/- mice infected with B. pseudomallei was seen 48 and 72 hours after infection 
(D). Representative photographs of Ly-6G-immunostaining (original magnification x400) for granulocytes 
of WT (E) and PAI-1-/- (F) mice showing significantly increased neutrophil influx at 72h post inoculation. 
Data are expressed as box and whisker plots showing the smallest observation, lower quartile, median, 
upper quartile and largest observation. Number of granulocytes are expressed as the percentage of the 
total lung surface area. Grey boxes represent WT mice, white boxes represent PAI-1-/- mice (n = 8 mice 
per group for each time point). *P < 0.05 and **P < 0.01 for WT versus PAI-1-/- mice (Mann-Whitney U test). 
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we next wondered whether this would impact activation of coagulation and fibrinolysis. There-
fore TATc, a parameter of coagulation-induction, was measured in lung homogenates of WT and 
PAI-1-/- mice 24, 48 and 72 hours after inoculation of B. pseudomallei. PAI-1-/- mice demonstrated 
increased TATc when compared to WT (P < 0.01; Figure 6A). Additionally, immunohistological 
staining of fibrin showed increased fibrin depositions 48 hours after infection in PAI-1-/- mice 
(P < 0.01), while early during the infection no fibrin staining was detectable (Figure 6B-D). To 
obtain insight in the net fibrinolytic activity during experimental melioidosis we measured PAA. 
Lung PAA was markedly increased in PAI-1-/- mice when compared to WT mice (P < 0.001; 
Figure 6E), indicating a net pro-fibrinolytic state. To obtain insight in activation of fibrin degra-
dation during infection with B. pseudomallei, fibrin degradation products were measured in lung 
homogenates by western blotting 72 hours after infection, and in PAI-1-/- they were markedly 
increased: D-dimer levels demonstrated an almost 2-fold increase (188% in PAI-1-/- mice versus 
100% in WT, P < 0.05) and fragment X levels were 2.5-fold increased (247% in PAI-1-/- mice 
versus 100% in WT, P < 0.05) (Figure 6F-G). Hence, both parameters for coagulation and  
fibrinolysis were upregulated during infection with B. pseudomallei, which was further enhanced in 
the PAI-1 deficient animals.

Figure 5. PAI-1-/- mice show increased distant organ injury. Mice were intranasally inoculated with 
500 CFU of B. pseudomallei and sacrificed after 24, 48 and 72 hours. PAI-1-/- mice showed enhanced 
generalized distant organ injury as reflected by elevated plasma lactate dehydrogenase (LDH) levels (A). 
PAI-1-/- mice also showed increased renal failure when compared to WT mice as reflected by elevated 
plasma creatinine (B) and urea levels (C). Finally, PAI-1-/- mice showed increased liver injury, as reflected 
by elevated plasma concentrations of ASAT (D) and ALAT (E). Data are expressed as box and whisker 
plots showing the smallest observation, lower quartile, median, upper quartile and largest observation. 
Grey boxes represent WT mice, white boxes represent PAI-1-/- mice (n = 8 mice per group for each time 
point).  *P < 0.05, **P < 0.01 and ***P < 0.001 for WT versus PAI-1-/- mice (Mann-Whitney U test). 
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Figure 6. PAI-1-/- mice show increased activation of coagulation and fibrinolysis during melioi-
dosis. Mice were infected intranasally with 500 CFU of B. pseudomallei. After 24, 48 and 72 hours 
coagulation activation (TATc; A) was measured in lung homogenates. Increased fibrin depositions were 
seen in lungs of PAI-1-/- mice compared to WT mice 48 hours after infection (Figure 6B). Figure C and D 
show representative photographs of fibrin-staining of lung tissue 48 hours after infection (original magni-
fication x400). As expected, PAI-1-/- mice demonstrated enhanced PA activity in lung homogenates (P 
< 0.001 versus WT mice, Figure 6E). In line with an increased fibrinolytic activity in PAI-1-/- mice, these 
animals showed increased amounts of fibrin degradation products when compared to WT as measured 
by western blotting on lung homogenates 72 hours after infection: in particular amounts of Fragment 
X (FX; F) and D-dimer (Dd; G) were significantly increased in PAI-1-/- mice. C: positive control sample 
(normal mouse plasma, uninfected, dilution 1:50). Fmm: fibrin-multimers. Data are expressed as box and 
whisker plots showing the smallest observation, lower quartile, median, upper quartile and largest obser-
vation. Grey boxes represent WT mice, white boxes represent PAI-1-/- mice (n = 8 mice per group for each time 
point). *P < 0.05, **P < 0.01, ***P < 0.001 for WT versus PAI-1-/- mice (Mann-Whitney U test).
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DISCUSSION

Our laboratory recently reported markedly elevated circulating levels of PAI-1 in patients with culture 
proven melioidosis21. We here aimed to study the functional role of endogenous PAI-1 during this 
infection using our established mouse model of melioidosis. We found that PAI-1 production 
is enhanced during experimental melioidosis. Strikingly, PAI-1-/- mice showed a strongly reduced 
survival after infection with B. pseudomallei, which was accompanied by significantly increased 
bacterial growth and dissemination when compared to WT mice. Furthermore, PAI-1-/- mice had 
increased pulmonary inflammation, coagulation and fibrinolysis and more severe distant organ 
injury. These data indicate that endogenous PAI-1 has a protective role during Gram-negative pneu-
monia-derived sepsis caused by B. pseudomallei.

Several studies have documented that elevated PAI-1 concentrations are associated with a poor 
outcome in patients with sepsis17, 18. In accordance, we recently reported higher PAI-1 levels in meli-
oidosis patients who subsequently died, although the difference with survivors was not significant21. 
Although these clinical data may suggest a detrimental role for PAI-1 in the pathogenesis of 
sepsis and melioidosis, our current results demonstrate experimental evidence for a protective role 
of PAI-1 during infection with B. pseudomallei. These findings are in line with earlier studies showing 
that PAI-1-/- mice have an impaired host defense during Klebsiella or pneumococcal pneumonia, 
although in the latter model published results are inconsistent13, 19, 20.

PAI-1 can impact on host defense mechanisms in multiple ways. PAI-1 is one of the main 
inhibitors of fibrinolysis by virtue of its capacity to inhibit the plasminogen activators uPA and 
tPA. Inhibition of uPA and tPA results in a strongly reduced generation of plasmin, the protease 
responsible for fibrin degradation. In line, uninfected PAI-1-/- mice display a mild hyperfibrinolytic 
state and have a faster whole-blood clot lysis than WT mice29. In the present study, PAI-1-/- mice 
demonstrated a pro-fibrinolytic state at the primary site of infection, especially at later time points, 
as reflected by elevated levels of PAA, D-dimer and other fibrin degradation products in lung 
homogenates. This anti-fibrinolytic function of PAI-1 may play a role in the host defense against 
B. pseudomallei considering that a certain amount of fibrin, in particular fibrin-multimers, likely 
assist in containment of the bacteria to the primary site of infection and consequently the 
prevention of bacterial dissemination to distant body sites. Indeed, our data show that the 
enhanced fibrinolysis in PAI-1-/- mice was associated with increased bacterial loads in lungs, liver 
and blood. We only measured PA activity at 72 hours after infection. Previous studies have shown 
that PAI-1-/- mice display enhanced fibrinolytic activity at baseline29; in addition, PAI-1-/- mice 
demonstrated enhanced fibrinolytic activity in lungs after infection with Klebsiella at time points 
where bacterial loads were similar to those in WT mice19. Notably, PAI-1 deficiency also resulted 
in enhanced activation of coagulation, as indicated by elevated TATc concentrations. Considering 
that PAI-1 does not impact on thrombin generation, this finding is most likely explained by the 
strongly elevated bacterial loads in PAI-1-/- mice, providing a more potent stimulus for activation of 
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the coagulation system. Earlier studies already showed a role for coagulation in protection against 
bacterial infections30, 31. Subcutaneous injection with surface-protease deficient plasmids of Yesinia 
pestis, the causative agent of plague, increased the median lethal dose of bacteria by a millionfold, 
when compared to injection with non-deficient plasmids31, indicating that inhibition of protease 
activity limits bacterial growth and dissemination. Furthermore, mice with a deficiency in Factor V 
or with a complete fibrinogen deficiency showed a markedly increased mortality after infection with 
group A streptococci30, again pointing to an increased host susceptibility to a bacterial infection 
when thrombin generation is impaired. Notably, at later stages of disease progression clotting likely 
contributes to organ failure and mortality7, 8. In order to elucidate this late role of coagulation, studies 
with genetically modified mice are less suitable; investigations in which anticoagulant treatment 
is given to WT mice together with antibiotics hours or days after induction of infection would be 
more appropriate to address this issue32.  

Cytokine release is an important component of the host response to B. pseudomallei 1. Clinical 
studies in melioidosis patients showed elevated serum levels of TNF-α, IL-12 and IFN-γ33, 34. It is 
known that the pro-inflammatory cytokine IFN-γ, produced by cytotoxic T-cells and natural killer 
cells, has an important protective role in early resistance against B. pseudomallei infection. Inhibi-
tion of IFN-γ lowered the LD50 from >5*105 CFU to ~2 CFU and was associated with marked in-
creases in bacterial loads in the liver and spleen35. Likewise, inhibition of IL-12, one of the predomi-
nant inducers of IFN-γ, resulted in increased mortality in the same model35. The pro-inflammatory 
cytokine TNF-α is also likely to be an important element of the early immune response to 
B. pseudomallei, as passive immunization against this mainly macrophage derived-cytokine increased 
mortality in experimental murine melioidosis35. Interestingly, in our study PAI-1 deficiency resulted in 
decreased local and circulating levels of TNF-α, IL-12 and IFN-γ early after infection  Although a 
clear explanation for this observation is lacking, the reduced early production of these three protec-
tive cytokines likely at least in part contributed to the enhanced bacterial growth and dissemination 
in PAI-1-/- mice at later time points.

PAI-1 may play an important role in neutrophil migration during experimental melioidosis. 
First, by inhibiting plasmin, PAI-1 inhibits plasmin-mediated proteolytic degradation of various ex-
tracellular matrix components, thereby diminishing plasmin-mediated leukocyte migration10, 

11. Secondly, PAI-1 can inhibit cell adhesion and migration by competing with the uPA receptor 
(uPAR) for binding to vitronectin, a ligand for integrins36, 37. During critical illness, uPAR has been 
shown to be important in the recruitment of leukocytes towards the primary site of infection, as 
was described for pneumonia caused by Pseudomonas aeruginosa or S. pneumoniae26, 38. Our labo-
ratory previously demonstrated increased uPAR expression on circulating neutrophils of patients 
with melioidosis25. Furthermore, uPAR-/-  mice infected with B. pseudomallei showed diminished 
neutrophil recruitment towards the pulmonary compartment, which was accompanied by enhanced 
bacterial growth and dissemination. Our present data suggest that endogenous PAI-1 inhibits uPAR 
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mediated neutrophil recruitment during melioidosis, as indicated by elevated neutrophil numbers in 
infected lung tissue of PAI-1-/- mice. Notably, such an inhibitory function for PAI-1 on neutro-
phil influx into the lungs could not be demonstrated during murine pneumonia caused by either 
K. pneumoniae or S. pneumoniae13, 19. In line with the present results, PAI-1-/- mice had greatly 
enhanced influx of neutrophils to the site of inflammation in a model of turpentine-induced tissue 
injury, which was associated by increased edema and necrosis39. As such, PAI-1 can have different 
effects on neutrophil recruitment dependent on the model used. 

At late stage infection, shortly before the first deaths occurred, PAI-1-/- mice displayed strongly 
increased bacterial loads in distant body sites and likely as a consequence thereof markedly increased 
end organ damage and failure, as reflected by elevated plasma levels of creatinine and urea (indi-
cating renal failure), transaminases (indicating hepatocellular injury) and LDH (reflective of 
cell injury in general). Moreover, high bacterial loads at later time points were accompanied by 
markedly increased pro-inflammatory cytokine concentrations in particular in plasma. The extent 
of lung pathology did not differ between groups according to the semi-quantitative histopathology 
score used, in spite of increased neutrophil influx in PAI-1-/- mice.  Possibly, however, this score may 
be not sensitive enough to detect enhanced lung injury, especially in the context of already exten-
sive lung pathology in WT mice. Together these data suggest that PAI-1 primarily protects mice 
against melioidosis induced death by limiting infection and systemic inflammation and multiple organ 
failure.  The current study is the first to report on the role of endogenous PAI-1 in melioidosis. The 
absence of PAI-1 led to strongly enhanced bacterial growth and dissemination relatively late in the 
course of B. pseudomallei infection, which was accompanied with overwhelming systemic inflamma-
tion, multiple organ failure and increased mortality. Since we only used one infectious dose, caution 
is warranted with regard to generalization of the data presented here. Nonetheless, the current data 
suggest that PAI-1 serves a protective role during melioidosis. 
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ABSTRACT

Rationale
Alpha-2-antiplasmin (A2AP) is a major inhibitor of fibrinolysis by virtue of its capacity to inhibit 
plasmin. Although the fibrinolytic system is strongly affected by infection, the functional role of 
A2AP in the host response to sepsis is unknown. 

Objectives 
To study the role of A2AP in melioidosis, a common form of community-acquired sepsis in 
Southeast-Asia and Northern-Australia caused by the Gram-negative bacterium Burkholderia (B.) 
pseudomallei. 

Methods
In a single-center observational study A2AP was measured in patients with culture-proven septic 
melioidosis. WT and A2AP-deficient (A2AP-/-) mice were intranasally infected with B. pseudomallei to 
induce severe pneumosepsis (melioidosis). Parameters of inflammation and coagulation were meas-
ured and survival studies were performed.

Measurements and Main Results
Melioidosis patients showed elevated A2AP plasma levels. Likewise, A2AP-levels in plasma 
and lung homogenates were elevated in mice infected with B. pseudomallei. A2AP-deficient (A2AP-

/--) mice had a strongly disturbed host response during experimental melioidosis as reflected by 
enhanced bacterial growth at the primary site of infection accompanied by increased dissemina-
tion to distant organs. In addition, A2AP-/-- mice showed more severe lung pathology and injury 
together with an increased accumulation of neutrophils and higher cytokine levels in lung tissue. 
A2AP-deficiency further was associated with exaggerated systemic inflammation and coagulation, 
increased distant organ injury and enhanced lethality. 

Conclusions 
This study is the first to identify A2AP as a protective mediator during Gram-negative (pneumo)
sepsis by limiting bacterial growth, inflammation, tissue injury and coagulation.
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INTRODUCTION

During severe infection and sepsis a range of host defense mechanisms becomes activated, resulting in a 
strong pro-inflammatory response together with hemostatic alterations1-3. These changes, character-
ized by activation of coagulation and inhibition of fibrinolysis, can be regarded as host-protective 
in containing the causative microorganisms and the associated inflammation to the site of the infec-
tion, rendering this relationship physiologically effective1, 3. Too much procoagulant activity, 
however, can also be disadvantageous due to excess fibrin formation, which may block capillary 
flow and consequently induce organ failure, and by influencing inflammatory activity, leading to 
disproportionate inflammation  in for example the alveolar compartment during pneumonia1. 
Increased inflammation and the accompanying disseminated intravascular coagulation are impor-
tant causes of multi-organ failure and mortality during sepsis1, 2, 4. 

The serpin alpha-2-antiplasmin (A2AP) is considered one of the main inhibitors of fibrinolysis5, 6. 
The regulatory role of A2AP in fibrinolysis consists of formation of irreversible complexes with 
plasmin (PAP-complexes (PAPc)), formation of reversible complexes with plasminogen that 
inhibit adsorption of plasminogen to fibrin, and making fibrin more resistant to local plasmin activity 
through cross-linking via factor XIIIa (FXIIIa)7. Besides its role in fibrinolysis, no other clear 
functions for A2AP are known. Plasma A2AP levels were found elevated in patients with acute 
stroke, myocardial infarction, unstable angina and atrial fibrillation, suggesting a self-defense system 
against complications of ischemic events8. Patients with severe sepsis showed unaltered, elevated 
or decreased plasma A2AP concentrations when compared with healthy controls9-12. Several 
studies have consistently documented elevated circulating PAPc levels in sepsis patients, suggestive 
for a functional role of A2AP in inhibiting fibrinolysis during severe infection12-14. Notably, 
the plasma levels of plasminogen activator inhibitor type I (PAI-1), the other main inhibitor of 
fibrinolysis, were elevated in patients with severe pneumonia and sepsis15-19, which in experimental 
pneumosepsis models in mice contributed to protective immunity20-22 by mechanisms that at least 
in part were unrelated to its inhibitory effects on fibrinolysis20-23. In contrast, to the best of our 
knowledge the functional role of A2AP in sepsis has not been studied previously. 

In the present study we sought to identify the role of A2AP during melioidosis, a severe septic 
disease caused by the Gram-negative bacillus Burkholderia (B.) pseudomallei. Melioidosis is char-
acterized by pneumonia and rapid bacterial dissemination to distant body sites, with many pos-
sible disease manifestations, septic shock being the most severe24-26. Melioidosis is an important 
cause of community-acquired sepsis in Southeast-Asia and Northern-Australia with mortalities up 
to 40% despite appropriate antibiotic therapy24-26. Additionally, B. pseudomallei is recently classified 
as a ‘Tier 1’ disease agent considered to be an exceptional threat to security27. Recently, we revealed 
that during melioidosis fibrinolysis might hamper the antibacterial host response: tissue-type plas-
minogen activator (tPA)-deficiency was associated with host protective effects28, while PAI-1-defi-
ciency led to a detrimental phenotype22. We here identify A2AP as a possible protective mediator 
during Gram-negative (pneumo)sepsis caused by B. pseudomallei.

14



242

Chapter 14

MATERIALS AND METHODS

Patients
Thirty-four patients (mean age 52 y; range 18-86 y) with sepsis caused by B. pseudomallei and 32 
healthy controls (mean age 41 y; range 21-59 y) from the same area were studied. All subjects were 
recruited prospectively at Sapprasithiprasong Hospital, Ubon Ratchathani, Thailand. Sepsis due 
to melioidosis was defined as culture-positivity for B. pseudomallei from any clinical sample plus 
a systemic inflammatory response syndrome2, 29. Study design and subjects have been described in 
detail29. The study was approved by the Ministry of Public Health, Royal Government of Thailand 
and the Oxford Tropical Research Ethics Committee, University of Oxford, Oxford, UK. Written 
informed consent was obtained from all subjects before the study.

Mice
Pathogen-free 10-week old male wild-type (WT) C57BL/6 mice were purchased from Charles 
River (Maastricht, The Netherlands) and maintained at the animal care facility of the Academic 
Medical Center (University of Amsterdam), according to national guidelines with free access to 
food and water. A2AP-/--mice30 were a kind gift from Dr. H. R. Lijnen (Center for Molecular and 
Vascular Biology, KU Leuven, Belgium) and were backcrossed for at least 8 times on a C57BL/6 
genetic background. All experiments were approved by the Animal Care and Use Committee of 
the Academic Medical Center, Amsterdam, the Netherlands. 

Experimental infection and determination of bacterial growth
Experimental melioidosis was induced by intranasal inoculation with B. pseudomallei strain 1026b 
(300 colony forming units (CFU)/ 50 µL 0.9%NaCl) as previously described22, 28, 29. For survival 
experiments mice were checked every 6 hours until death occurred. Sample harvesting, determination 
of bacterial growth and assays including western blot were described in the online data supplement. 

Statistical analysis
Human data are expressed as scatter dot plots with medians. Data of mice experiments are expressed as 
box and whisker plots showing the smallest observation, lower quartile, median, upper quartile and 
largest observation or as medians with interquartile ranges. Comparisons between groups were 
tested using the Mann-Whitney U test. For survival studies Kaplan-Meier analyses followed by 
log-rank test were performed. All analyses were done using GraphPad Prism version 5.01 (Graph-
Pad Software, San Diego, CA). P-values < 0.05 were considered statistically significant.
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RESULTS

Elevated plasma A2AP concentrations in patients with severe melioidosis. 
To obtain insight into A2AP expression during melioidosis, we measured A2AP protein levels in 
plasma from 34 septic patients with culture proven B. pseudomallei infection and 32 local healthy 
controls. Fourteen (41%) patients with melioidosis died in-hospital. A2AP was elevated in melioi-
dosis patients with median plasma concentrations approximately 1.4-fold higher than in healthy 
subjects (Figure 1A; median 81% in controls versus 113% in patients, P < 0.0001). No differences 
in A2AP were found between survivors and non-survivors (data not shown).

A2AP is upregulated during murine melioidosis. 
To study the role of A2AP during melioidosis at tissue level, mice were intranasally inoculated 
with live B. pseudomallei to induce pneumonia-derived melioidosis22, 28, 29 and sacrificed after 
24, 48 and 72 hours. Infection with B. pseudomallei was associated with a significant increase in 
plasma A2AP levels at 24, 48, and 72 hours after inoculation (P < 0.05 versus baseline 24 and 48 
hours after inoculation, P < 0.01 72 hours after inoculation; Figure 1B) and a significant increase in 
lung A2AP levels 24 and 48 hours after inoculation (P < 0.05 at 24 hours and P < 0.001 at 48 hours 
after inoculation; Figure 1C). 

A2AP-deficiency is associated with increased pulmonary bacterial loads and enhanced 
bacterial dissemination during experimental melioidosis. 
To investigate whether A2AP-deficiency impacts on pulmonary bacterial growth, we determined 
bacterial loads in lung homogenates. Whereas during the early stage of infection pulmonary bacterial 
counts were similar in A2AP-/-- and WT mice, 48 and 72 hours after inoculation A2AP-/--mice 
demonstrated markedly elevated bacterial loads in their lungs  (P < 0.01 after 48 hours, P < 0.001 

Figure 1. A2AP concentrations during clinical and experimental melioidosis. Plasma A2AP levels in 
patients with culture proven melioidosis (A). Increased levels of plasma A2AP in septic patients (n 
= 34, open squares) compared to healthy controls (n = 32, black squares). Data are expressed as scatter 
dot plots showing all observations and the median. ***P < 0.0001 for patients versus controls (Mann-
Whitney U test). Endogenous A2AP levels during experimental melioidosis. Wild type (WT) mice were 
sacrificed before (uninfected), 24, 48 and 72 hours after intranasal inoculation with B. pseudomallei. A2AP 
protein concentrations were measured in plasma (B) and lung homogenates (C), n = 8 mice per group at 
each time point. Data are expressed as box and whisker plots showing the smallest observation, lower 
quartile, median, upper quartile and largest observation. *P < 0.05, **P < 0.01 and ***P < 0.001 
versus uninfected (Mann-Whitney U test). 
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after 72 hours; Figure 2A). In order to determine whether A2AP-deficiency impacts on bacterial 
dissemination, we measured bacterial loads in liver and spleen homogenates and blood in A2AP-/--mice 
and compared them to WT mice (Figure 2B-D). While after 24 hours bacterial loads were simi-
lar at distant body sites of A2AP-/-- and WT mice, after 48 and 72 hours an increased number 
of A2AP-/--mice had become bacteremic when compared to WT mice: after 48 hours 100% of 
A2AP-/--mice versus 50% of WT mice had positive blood cultures, while after 72 hours 88% of 
A2AP-/--mice versus 50% of WT mice had positive blood cultures. When compared to WT mice, 
bacterial loads in blood were higher as well of the A2AP-/--mice (P < 0.05 and P < 0.01 after 48 
and 72 hours respectively; Figure 2B). Bacterial loads in liver and spleen homogenates were reflective 
of those in blood: A2AP-/--mice displayed an increased bacterial dissemination to liver and spleen 
when compared to WT mice (P < 0.05 and P < 0.001 for bacterial loads in both liver and spleen homoge-
nates after 48 and 72 hours respectively; Figure 2C-D). Thus, A2AP-deficiency facilitates growth 
(at the primary site of infection) and dissemination of B. pseudomallei, in particular at later time points.

Figure 2. A2AP-deficiency is associated with increased pulmonary bacterial growth and  dissemi-
nation. Mice were inoculated with 300 CFU of B. pseudomallei and sacrificed after 24, 48 or 72 hours. 
Colony forming units (CFU) were determined in lung homogenates (A), blood (B), liver (C) and spleen 
(D) homogenates. Data are expressed as box and whisker plots showing the smallest observation, lower 
quartile, median, upper quartile and largest observation. Grey boxes represent WT mice, white boxes 
represent A2AP-/- mice (n = 8 mice per group for each time point). *P < 0.05, **P < 0.01 and ***P < 0.001 for the 
difference between WT and A2AP-/- mice (Mann-Whitney U test). BC+ number of positive blood cultures.
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A2AP-deficiency is associated with increased lung inflammation. 
Both WT and A2AP-/--mice infected with B. pseudomallei showed inflammatory infiltrates in the 
lungs characterized by interstitial inflammation together with necrosis, endothelialitis, bronchitis, 
edema, thrombi and pleuritis (Figure 3A-C). At all time points, the extent of lung inflammation was 
significantly greater in A2AP-/--mice when compared to controls (P < 0.01 for 24 and 72 hours after 
infection; P < 0.05 48 hours after infection; Figure 3A). Additionally, 24 and 48 hours after infec-
tion A2AP-/--mice displayed significantly higher granulocyte counts in their lungs when compared 
to WT mice (P < 0.05 at 24 hours post-infection; P < 0.001 at 48 hours post-infection; Figure 3D-F). Enhanced 
neutrophil influx into lung tissue of A2AP-/--mice was confirmed by elevated lung MPO levels in 
A2AP-/--mice (Figure 3G). In accordance with enhanced pulmonary inflammation, A2AP-/--mice 
displayed strongly elevated concentrations of cytokines (TNF-α, IL-6, IL-10, IFN-γ) and the 
CXC chemokine KC in whole lung homogenates (Table 1), especially at later time points after 
infection. As in vitro studies have shown that A2AP induces TGF-β1

31
 

Figure 3. A2AP-deficiency exaggerates lung pathology 
and neutrophil accumulation after infection with B. pseu-
domallei. A2AP-/- mice infected with B. pseudomallei showed 
increased histopathology scores at 24, 48 and 72h characterized 
by interstitial inflammation together with necrosis, endothelialitis, 
bronchitis, edema, thrombi and pleuritis (A). Representative 
photographs of lungs at 72 hours post-inoculation from WT (B) 
and A2AP-/- mice (C) (H&E staining x100). Increased granulocyte 
influx, as reflected by the intensity of Ly-6G immunostaining of 

histopathological slides, after 24 and 48 hours in A2AP-/- mice infected with B. pseudomallei (D).  
The intensity of the Ly-6G staining is expressed as the percentage of the total lung surface area. Repre-
sentative photographs of Ly-6G immunostaining (original magnification x100) for granulocytes of 
WT (E) and A2AP-/- (F) mice showing significantly increased neutrophil influx 48 hours post-inoc-
ulation. Increased levels of pulmonary MPO (G), reflecting the total pulmonary neutrophil content, 
were seen 48 and 72 hours after infection in the lungs of A2AP-/- mice compared to WT mice. Data are 
expressed as box and whisker plots showing the smallest observation, lower quartile, median, upper 
quartile and largest observation. Grey boxes represent WT mice, white boxes represent A2AP-/- mice  
(n = 8 mice per group for each time point). *P < 0.05, **P < 0.01 and ***P < 0.001 for WT versus A2AP-/- 
mice (Mann-Whitney U test).
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$Data are expressed as median (interquartile range) of n = 8 mice per group per time point.
A2AP-/- alpha-2-antiplasmin knockout, IFN-γ interferon-γ, IL interleukin, KC keratinocyte-derived 
chemokine, ND not determined, aTGF-β1 active transforming growth factor-β1, TNF-α tumor necrosis 
factor-α, WT wild-type. *P < 0.05, **P < 0.01 and ***P < 0.001 for WT versus A2AP-/- mice (Mann-Whitney 
U test). < indicates data below detection limits.

Table 1. Cytokine concentrations in lung homogenates and plasma of WT and A2AP-/- mice
during melioidosis.
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we wondered how A2AP-deficiency would impact on aTGF-β1 levels during infection with 
B. pseudomallei. Therefore, we determined aTGF-β1 levels in lung homogenates 24, 48 and 72 hours 
after infection. Clearly, after 24 and 72 hours of infection significantly lower aTGF-β1 levels were 
measured in A2AP-/-- mice compared to WT (P < 0.05 and < 0.01 respectively; Table 1). 
Since the most prominent differences between mouse strains were seen after 72 hours of infection, 
we performed a bronchoalveolar lavage (BAL) at this time point in an independent experiment, in 
order to determine whether the proinflammatory and lung injurious effects could also be detected 
in the alveolar compartment. Indeed, our data showed a similar increase in bacterial loads in BALF 
of A2AP-/--mice when compared to WT mice (P < 0.001; Figure 4A), which was accompanied by 
elevated protein levels, reflecting protein leakage across the bronchoalveolar barrier (P < 0.001; 
Figure 4B) and higher levels of LDH, a general parameter for cell damage (P < 0.001; Figure 4C). 
In accordance, BALF cytokine and KC levels were higher in A2AP-/--mice compared to WT mice 
(Supplemental Table 1). 

Figure 4. A2AP-deficiency induces increased bacterial growth in the intra-alveolar compartment 
accompanied by lung injury. Bacterial loads in bronchoalveolar lavage fluid (BALF) (A) and levels of total 
protein (B) and LDH (C) and KC (D) were increased in BALF 72 hours after intranasal inoculation with 300 
CFU of B. pseudomallei in A2AP-/- mice compared to WT mice. Data are expressed as box and whisker 
plots showing the smallest observation, lower quartile, median, upper quartile and largest observation. 
Grey boxes represent WT mice, white boxes represent A2AP-/- mice (n = 8 mice per group for each 
time point). ***P < 0.001 for WT versus A2AP-/- mice (Mann-Whitney U test). 
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Figure 5. A2AP-deficiency does not influence bacterial killing or cytokine release from 
macrophages. Bacterial killing by bone marrow-derived macrophages (BMDM). No differences between 
WT (grey dots; n = 4) and A2AP-/- mice (white dots; n = 4) in bacterial killing 1 and 6 hours after infection 
(A). Data are expressed as medians with interquartile ranges. TNF-α release from alveolar macrophages 
(B) and BMDM (C) after stimulation with heat-killed B. pseudomallei (1*107/mL) while exogenous A2AP 
(70 μg/mL) or RPMI1640 was added. After 20h of stimulation, no differences in TNF-α release were 
observed between macrophages of WT mice (grey boxes), WT mice to which exogenous A2AP was 
added (grey striped boxes) and A2AP-/- mice (white boxes). Data are expressed as box and whisker plots 
with medians, n = 8 mice per strain.  

Figure 6. A2AP-deficiency is associated with increased systemic inflammation, (hepato)cellular 
injury and lethality during melioidosis. Mice were intranasally inoculated with 300 CFU of B. pseu-
domallei and sacrificed after 24, 48 or 72 hours. When compared to WT mice, A2AP-/- mice showed 
enhanced distant organ injury as reflected by increased levels of aspartate aminotransferase (ASAT; 
C), alanine aminotransferase (ALAT; D). No significant differences in plasma creatinine, a parameter 
for renal insufficiency, were seen in A2AP-/- mice when compared to WT mice (B). Data are expressed 
as box and whisker plots showing the smallest observation, lower quartile, median, upper quartile and 
largest observation. Grey boxes represent WT mice, white boxes represent A2AP-/- mice (n = 8 mice per 
group for each time point). **P < 0.01 and ***P < 0.001 for the difference between WT and A2AP-/- mice 
(Mann-Whitney U test). A2AP-/- mice showed an accelerated and increased mortality during experi-
mental melioidosis (E). Mortality was assessed every 6 hours, n = 15-16 mice per group. Comparison 
between groups was done by Kaplan-Meier analysis followed by log rank tests. 
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A2AP-deficiency does not influence bacterial killing or cytokine release from macrophages. 
Despite their robust inflammatory response (Table 1 and Figures 3 and 4) A2AP-/- mice exhibited 
increased bacteremia. Therefore, we performed a killing assay to find out whether defects in bacte-
rial killing by infected macrophages would be responsible for these observations. Our results show 
no differences in bacterial killing by A2AP-/- and WT macrophages (Figure 5A). In accordance, 
recombinant A2AP did not have a direct growth inhibitory effect on B. pseudomallei in vitro (data 
not shown). Since cytokine data suggest that deficiency or the presence of A2AP might have an 
effect on inflammatory mediator generation by lung immune cells, we stimulated A2AP-/- and WT 
lung and bone marrow-derived macrophages ex vivo with heat-killed B. pseudomallei and in addition 
determined the impact of recombinant A2AP (Figure 5B-C). Our data show that neither defi-
ciency nor addition of A2AP influenced TNF-α release by macrophages.

A2AP-deficiency results in increased systemic inflammation and is associated with a 
worse survival. 
As A2AP-/--mice showed increased bacterial dissemination to blood, liver and spleen, we wondered 
whether this would result in increased systemic inflammation and distant organ injury. Indeed, 
plasma levels of cytokines were much higher in A2AP-/- than in WT mice (Table 1). In addition, 
the plasma levels of LDH, a marker for general cellular injury, were elevated in A2AP-/--mice relative 
to WT mice at 72 hours after infection with B. pseudomallei (P < 0.001; Figure 6A). At this stage of 
severe sepsis, A2AP-/--mice also showed increased plasma levels of aspartate aminotranspherase (ASAT) 
and alanine aminotranspherase (ALAT), markers of hepatocellular injury (P < 0.001 for ASAT, 
P < 0.01 for ALAT; Figure 6C and D respectively). No differences in creatinine (Figure 6B) or urea 
(data not shown), markers for renal failure, were seen between A2AP-/-- and WT mice at any of 
the time points. Taken together, A2AP seems to play a protective role in the development of distant 
organ injury during experimental melioidosis. Finally, as A2AP-/--mice showed a markedly increased 
pulmonary and distant bacterial growth and tissue damage, we investigated whether this would 
influence mortality during murine melioidosis. Clearly, A2AP-/--mice demonstrated an accelerated 
and enhanced mortality when compared to WT mice (P < 0.01) indicating that endogenous 
A2AP is protective during experimental melioidosis (Figure 6E).

A2AP-deficiency leads to activation of coagulation and fibrinolysis during infection 
with B. pseudomallei. 
TATc, a parameter of coagulation-induction, was measured in plasma, lung homogenates and 
BALF of WT and A2AP-/--mice 24, 48 and 72 hours after inoculation of B. pseudomallei. At the 
later time points, A2AP-/--mice demonstrated increased plasma TATc when compared to WT mice 
(P < 0.01 for both 48 and 72 hours after inoculation; Figure 7A). No differences were seen in TATc 
concentrations in lung homogenates (Figure 7B), however, in BALF 72 hours after infection TATc was 
markedly increased (P < 0.001; Figure 7C). To obtain insight in activation of fibrin degradation 
during infection with B. pseudomallei, fibrin degradation products (FDP), including D-dimer and 
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Figure 7. A2AP-deficiency results in enhanced coagulation and fibrinolysis during melioidosis. 
Mice were infected intranasally with 300 CFU B. pseudomallei to induce melioidosis. After 48 and 72 
hours coagulation activation as reflected by levels of TATc were significantly increased in A2AP-/- mice 
compared to WT mice in plasma (A) and BALF (C), but not in lung homogenates (B). Western blotting 
on fibrin(ogen) degradation products including fragment X (240-260 kD) and D-dimer (200 kD) in lung 
homogenates and BALF 24, 48 and 72 hours after infection (D-G). When compared to WT mice, increased 
fibrin(ogen) degradation products were seen in A2AP-/- mice in lung homogenates 48 (E) and 72 hours (F) 
after infection and in BALF 72 hours after infection (G). Semi-quantitative analysis of the blots showed 
that after 48 and 72 hours D-dimer levels were 2.7 and 2.8-fold increased respectively in lung homoge-
nates and 7.5-fold increased in BALF (H). Levels of fragment X in lung homogenates showed 2.8 and 
3.8-fold increases after 48 and 72 hours respectively and a 7-fold increase in BALF after 72 hours (I). 
C positive control sample (fully clotted mouse plasma, uninfected, dilution 1:50). Data are expressed as 
box and whisker plots (A-C) showing the smallest observation, lower quartile, median, upper quartile and 
largest observation and as bars (H-I), showing medians with interquartile ranges. Grey boxes and bars 
represent WT mice, white boxes and bars represent A2AP-/- mice (n = 8-9 mice per group for each time 
point). In panels D-G every lane represents one mouse sample (n = 6-7 mice per group for each time 
point). **P < 0.01 and ***P < 0.001 for the difference between WT and A2AP-/- mice (Mann-Whitney U test).
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fragment X levels were measured by western blotting. After 24 hours, no differences in FDP were 
seen between WT and A2AP-/--mice (Figure 7D). However, after 48 and 72 hours FDP were mark-
edly increased in A2AP-/--mice both in lung homogenates and in BALF (Figure 7E-G). At these time 
points, D-dimer levels in lung homogenates of A2AP-/--mice demonstrated a 2.6 and 2.7-fold 
increase respectively when compared to WT mice (Figure 7H; both P < 0.01), while fragment X 
levels demonstrated a 2.8 and 3.8-fold increase respectively (Figure 7I; both P < 0.01). In BALF, 72 
hours after infection D-dimer and fragment X levels showed a 7.5 and 7-fold increase in A2AP-/--mice 
respectively (Figure 7H-I; both P < 0.01). 

DISCUSSION

Although several studies have described altered circulating A2AP levels in patients with severe 
infection9-12, the functional role of this major fibrinolysis inhibitor in the host response to sepsis 
has not been investigated before. Our data clearly show that endogenous A2AP is protective during 
experimental Gram-negative (pneumo)sepsis caused by B. pseudomallei. 

A2AP is considered the principal inhibitor of plasmin and thereby one of the major inhibitors of 
fibrinolysis5-7. Patients with severe pneumonia, sepsis or acute respiratory distress syndrome were 
reported to have increased plasma concentrations of A2AP9, 15, which is in line with our data. 
Notably, however, some investigations failed to show higher A2AP levels in sepsis patients10-12, in 
spite of the fact that severe infection, including melioidosis, invariably is associated with elevated 
plasma levels of PAPc, in which A2AP is irreversibly bound to plasmin11, 12, 32, 33. Infection of WT 
mice with B. pseudomallei resulted in an increase in both plasma and lung A2AP levels, comparable 
to the human disease. While these observational data on plasma A2AP concentrations in patients 
and mice with Gram-negative sepsis provide a further rationale to study the involvement of A2AP 
in severe infection, they do not offer insight into a possible functional role, either protective or detri-
mental, in the host response. For this we used A2AP-/--mice. These animals have a normal pheno-
type, with no effect on fertility, growth, development or post-traumatic bleeding; as expected, they do 
exhibit enhanced endogenous fibrinolytic activity30. 

Ample evidence has demonstrated an altered hemostatic balance during severe (pneumo)sep-
sis both in the lungs and the circulation with increased procoagulant activity and inhibition of 
fibrinolysis1, 34. It is considered that a disturbed fibrin turnover may promote extravascular alveo-
lar fibrin deposition in the lung and contribute to disseminated intravascular coagulation and sub-
sequently to respiratory distress and multiorgan failure. Also in melioidosis patients concurrent 
activation and inhibition of fibrinolysis have been described, indicated by elevated plasma levels of 
tPA and PAI-1 respectively, with a net state of decreased fibrinolysis, as reflected by an increased 
ratio between coagulation and fibrinolysis (TATc/PAPc ratio)33. In these patients, increased TATc/
PAPc ratios were also associated with a higher mortality33, suggesting that fibrinolysis plays a role 
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in the host defense against B. pseudomallei. In addition to these clinical data, the protective 
effect of fibrin during melioidosis was supported by recently published data from our laboratory 
using the experimental model of infection with B. pseudomallei in mice. PAI-1-/--mice, which are 
expected to have decreased fibrin depositions, showed a pro-fibrinolytic state with increased bacterial 
growth and inflammation, and an increased lethality22, while tPA-/--mice, which are expected to 
have increased fibrin depositions, demonstrated lower FDP levels together with reduced bacterial growth 
and dissemination, less inflammation and a lower mortality28. Our present data are fully in line with 
these observations. We here demonstrate that during experimental melioidosis A2AP-deficiency is 
associated with a pro-fibrinolytic state, as reflected by increased levels of FDP, including D-dimer 
and fragment X. This pro-fibrinolytic state, which was most prominent after 48 and 72 hours of 
infection, was associated with increased release of pro-inflammatory cytokines, increased amounts 
of neutrophils in the lungs and increased organ failure. Clearly, all these results point to a protective 
role for fibrin in the host response against B. pseudomallei. Fibrin may serve to ‘wall off ’ the primary 
infection and to prevent bacterial dissemination which in turn may slow down progression 
of inflammation. In the absence of inhibitors of fibrinolysis, such as in A2AP-/-- or PAI-1-/--mice, 
bacteria are less limited in multiplication and dissemination, which consequently may aggravate the 
course of infection in terms of inflammation and injury. Interestingly, A2AP-deficiency also result-
ed in enhanced activation of coagulation, as reflected by increased levels of plasma and lung TATc. 
Taking into account that A2AP does not influence thrombin generation, these observations are 
most likely explained by the strongly increased bacterial loads in A2AP-/--mice, resulting in a more 
potent stimulus for the coagulation system. At later stages of infection progressive clotting might 
have further contributed to multi-organ failure and increased mortality, as has been described in 
sepsis patients1, 3.

Previous experiments with A2AP-/--mice focussed on the role of A2AP in production of TGF-β 
and fibrosis and systemic sclerosis31, 35. TGF-β, a pleiotropic cytokine, is regarded as a key regulator 
of the immune response36, but also as the major inducer of fibrosis37. In a model of bleomycin-
induced dermal fibrosis in mice, A2AP-deficiency attenuated TGF-β1 production, hampered the 
induction of myofibroblast differentiation and diminished fibrosis31, 35. Moreover, it was found that 
A2AP specifically induced the production of TGF-β1 in fibroblasts31, 35. Our data showing 
decreased levels of TGF-β1 in lung homogenates of A2AP-/--mice are in line with these observations. 
Interestingly, a recent study from our laboratory showed that mice infected with B. pseudomallei and 
treated with anti-TGF-β- antibodies displayed a subtle, but protective phenotype, with diminished 
bacterial loads in lungs and spleen and less distant organ failure; anti-TGF-β treatment did not 
impact on mortality38. Thus, the effect of A2AP on TGF-β levels is unlikely to contribute to its 
protective effect in experimental melioidosis.  

Once the immune system is activated during melioidosis neutrophils are recruited to the site of 
infection. Neutrophils play an important role in the host defense against B. pseudomallei as they are 
involved in early bacterial containment26, 39. On the other hand, exaggerated neutrophil recruit-
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ment and subsequent release of proinflammatory mediators may be detrimental, illustrating the 
‘double-edged sword’ character of innate immunity. Our data show that the early influx of neutro-
phils into lungs of A2AP-/--mice was similar to that in WT mice, arguing against a direct involve-
ment of A2AP herein. At later time points, A2AP-/--mice displayed higher neutrophil numbers, 
most likely as a consequence of the higher bacterial loads. In support of this notion, A2AP-/- ma-
crophages showed unaltered TNF-α release upon exposure to Burkholderia in vitro and recombi-
nant A2AP did not influence macrophage responsiveness, indicating that A2AP does not directly 
impact on inflammatory responses elicited by B. pseudomallei. This aggravated neutrophil influx, 
together with the release of neutrophil-derived proteases and proinflammatory cytokines, probably 
at least in part was responsible for the enhanced lung injury in A2AP-/--mice, as reflected by lung 
histopathology scores and elevated protein and LDH concentrations in BALF. A2AP-/--mice in 
addition showed increased distant organ damage, including hepatocellular injury, reflected 
by elevated plasma transaminase concentrations and cellular injury in general, indicated by elevated 
plasma LDH levels. The exaggerated pro-inflammatory and injurious response in A2AP-/--mice 
most likely explains their accelerated mortality.  

It remains to be determined whether the observed effects of A2AP-deficiency during infec-
tion with B. pseudomallei also apply to infections with other Gram-negative bacteria. Published 
studies from our group indicate that PAI-1 (like A2AP an inhibitor of fibrinolysis) has similar 
protective roles in pneumonia derived sepsis caused by either B. pseudomallei22 or Klebsiella pneu-
moniae21. Although these previous data cannot be directly extrapolated to A2AP-/--mice, they 
suggest that the current results may also be applicable to other Gram-negative pathogens. Clearly 
independent experiments are required to establish this. 

Caution is needed when extrapolating data from mouse experiments to human disease. Murine 
models like the one used here make use of a homogenous group of experimental animals with identi-
cal genotype, sex and (relatively young) age exposed to a well-controlled bacterial challenge, while 
patients form a heterogeneous group in which multiple factors modify disease outcome including 
extent of pathogen exposure, older age, co-morbidities, co-medication and genetic composition. 
Taking these precautions into mind, the present study is the first to describe the possible protec-
tive role of A2AP in a clinically relevant model of severe Gram-negative sepsis. 
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SUPPLEMENTARY MATERIAL

MATERIALS AND METHODS 

Experimental infection and determination of bacterial growth
Sample harvesting, processing and determination of bacterial growth were done as described1-3. 
Briefly, 24, 48 and 72 hours after infection mice were sacrificed under intraperitoneal anesthesia 
containing ketamin (Eurovet Animal Health, Bladel, The Netherlands) and medetomidin (Pfizer 
Animal Health Care, Capelle aan den IJssel, The Netherlands). Blood was drawn into syringes 
containing sodium citrate (4:1 vol/vol). Lungs, liver and spleen were harvested and homogenized 
at 4°C in 4 volumes of sterile saline using a tissue homogenizer (Biospec Products, Bartlesville, 
OK). Bilateral bronchoalveolar lavage fluid (BALF) was obtained by exposing the trachea through 
a midline incision followed by canulation with a sterile 22-gauge Abbocath-T catheter (Abott, 
Sligo, Ireland), instilling and retrieving of two 0.5 mL aliquots of sterile phosphate buffered saline 
(PBS). CFU were determined from serial dilutions of organ homogenates, blood and BALF that 
were plated on blood agar plates and incubated at 37°C 5% CO2 for 20 h before colonies were counted. 

Assays
Human and mouse A2AP were measured using an automated blood coagulation analyzer (BCS® 
XP, Siemens Health Care Diagnostics, Marburg, Germany) and expressed as percentages of the 
level in normal pooled human plasma (pool of more than 200 healthy volunteers). For cytokines 
and A2AP measurements, lung homogenates were diluted 1:2 in lysis buffer containing 300 mM 
NaCl, 30 mM Tris, 2 mM MgCl2, 2 mM CaCl2, 1% Triton X-100 and protease inhibitor cock-
tail (Roche, Indianapolis, IN) and incubated at 4°C for 30 min. Homogenates were centrifuged at 
1730 g at 4°C for 10 min. Supernatants were sterilized using 0.22 mm pore-size filters (Millipore, 
Billerica, MA) and stored at -20°C until analysis. Interleukin (IL)-6, IL-10, IL-12p70, interferon 
(IFN)-γ and tumor necrosis factor (TNF)-α were measured by cytometric bead array (CBA) multi-
plex assay (BD Biosciences, San Jose, CA) in accordance with the manufacturers’ recommendations. 
Myeloperoxidase (MPO; HyCult Biotechnology, Uden, The Netherlands), keratinocyte-derived 
chemokine (KC; R&D Systems, Minneapolis, MN), active transforming growth factor-β1 (aTGF-β1; 
R&D systems) and thrombin-antithrombin complexes (TATc; Siemens Healthcare Diagnostics, 
Marburg, Germany) were measured with commercially available ELISA kits. Protein levels in BALF 
were measured using a Bradford-based protein assay (Bio-Rad Laboratories, Hercules, CA). Lactate 
dehydrogenase (LDH), aspartate aminotranspherase (ASAT), alanine aminotranspherase (ALAT), 
urea and creatinine were determined with commercial available kits (Sigma-Aldrich, St. Louis, 
MO), using a Hitachi analyzer (Boehringer Mannheim, Mannheim, Germany) according to the 
manufacturers’ instructions. 
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Bacterial killing assay
Bacterial killing was determined as described elsewhere. In brief, bone marrow-derived macrophages 
(BMM) were harvested from WT and A2AP-/- mice (4 mice per strain) and were grown and 
differentiated in serum-free culture medium RPMI 1640 (Gibco, Life technologies, Bleiswijk, The 
Netherlands) containing 5% Panexin BMM® (Pan Biotech, Aidenbach, Germany), 1% L-glutamine 
(Gibco) and 2 ng/mL recombinant murine granulocyte macrophage colony stimulating factor 
(Invitrogen, Merelbeke, Belgium). One day before infection, BMM were seeded into 24-well plates 
at a density of 2*105/well (final concentration 4*105/mL) and pre-treated with 100 ng/mL E. coli 
lipopolysaccharide O111:B4 (LPS; Sigma-Aldrich, St. Louis, MO) for 16 hours as described 
before. B. pseudomallei strain 1026b was freshly thawed from a frozen stock and grown on blood 
agar for 20h at 37°C, harvested and diluted in cell culture medium. Prior to infection, each well 
was washed twice with PBS and infected with a multiplicity of infection (MOI) of 30 for 30 min 
at 37°C as indicated. The medium was then removed and exchanged for medium containing 
250 μg/mL kanamycin (Invitrogen) for 30 min (this point was taken as time zero), hereafter cells were 
incubated in medium containing 250 μg/mL kanamycin during further incubation to eliminate 
extracellular bacteria. To evaluate the number of intracellular bacteria at indicated time points, cells 
were washed twice with PBS and subsequently lysed using 500 μL PBS containing 0.1% Triton-X 
(Sigma-Aldrich) per well. Appropriate dilutions of these suspensions were plated onto blood agar 
plates and incubated at 37°C for 24h before colonies were counted. Bacterial killing was expressed 
as the percentage of killed bacteria in relation to t = 0.

Ex vivo stimulations
Alveolar macrophages (AM) and BMDM were harvested from WT and A2AP-/- mice by respectively 
bronchoalveolar lavage and by flushing tibia and femurs (n = 8/strain) as described1, 4. Adherent 
monolayer cells of AM and BMDM were stimulated with heat-killed B. pseudomallei (2*107/mL) 

for 20h, while mouse recombinant A2AP (70 µg/mL; R&D Systems, catalogue number 1239-PI) 
or RMPI1640 (control) was added. For the preparation of heat-killed B. pseudomallei, bacteria were 
incubated in a water bath of 70°C for 30 minutes. Supernatants were collected and stored at -20°C 
until assayed for TNF-α release. 

Measurement of the effect of A2AP on bacterial growth 
Human A2AP (Abcam, Cambridge, UK, catalogue number ab90921) was dissolved in sterile 
dH2O and assayed in doubling dilutions from 2.2 to 70 µg/mL. We chose for human A2AP as we 
considered this more relevant to the clinical situation. B. pseudomallei was grown to a final concen-
tration of 5*105 CFU/mL in LB medium. A2AP 50 µL/well or buffer control (200 mM NaCl, 
20 mM bis Tris, pH 7.4 ) 50 µL/well were pipetted into a flat-bottom 96-wells plate and at t = 0 
bacterial suspension 50 µL/well was added. Cultures were incubated at 37°C 5% CO2 for 6 and 24 
hours. Growth was defined both by turbidity and after plating serial dilutions on blood agar plates. 
Colonies were counted after incubation at 37°C for 24h. Data are expressed as % CFU of buffer control

14
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Western Blot
Western blotting was done as described previously2, 3. In brief, after dilution with SDS sample buffer 
lung homogenate samples were heated for 5 minutes at 95°C, run on 6% SDS-PAGE gels under 
non-reducing conditions and subsequently transferred to a blotting membrane. Following block-
ing with 5% BSA in Tris-buffered saline containing 0.1% Tween-80 (TBS-T), the membrane was 
incubated overnight in 1:1000 polyclonal goat-anti-mouse-fibrinogen (Kordia, Leiden, the Nether-
lands) in 1% skimmed milk (Sigma-Aldrich). Then, the membrane was incubated in 1:3000 poly-
clonal donkey-anti-goat IgG-HRP secondary antibody (Abcam) in 1% BSA and imaged on a 
LAS3000 dark box (Fujifilm, Tokyo, Japan). Anti-fibrin(ogen) reactive bands of fibrin degrada-
tion products (including fragment-X and D-dimer) were analyzed using ImageJ (version 2006.02.01, 
US National Institutes of Health, Bethesda, MD). Densities were expressed as -fold increase 
compared to the mean density of the WT-group.  

Histology and immunohistology
Paraffin-embedded 4 µm lung sections were stained with haematoxylin and eosin (H&E) and 
analyzed for inflammation and tissue damage as described1-3. All slides were coded and scored by 
a pathologist blinded for experimental groups for the following parameters: interstitial inflammation, 
necrosis, endothelialitis, bronchitis, edema, pleuritis, presence of thrombi and percentage of lung 
surface with pneumonia. All parameters were rated separately from 0 (condition absent) to 4 (most 
severe condition). The total histopathological score was expressed as the sum of the scores of the 
individual parameters, with a maximum of 32. Granulocyte stainings, using fluorescein isothiocy-
anate-labeled rat-anti-mouse Ly-6G mAb (BD Pharmingen, San Diego, CA) were done as described 
previously2, 3. Slides were counterstained with methylgreen (Sigma-Aldrich). The total tissue area of 
the Ly-6G-stained slides was scanned with a slide scanner (Olympus dotSlide, Tokyo, Japan) and 
the obtained scans were exported in TIFF format for digital image analysis. The digital images were 
analyzed with ImageJ (version 2006.02.01, National Institutes of Health, Bethesda, MD) and the 
immunopositive (Ly6G+) area was expressed as the percentage of the total lung surface area.    
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TABLES

$Data are expressed as median (interquartile range) of n = 8 mice per group per time point. A2AP-/- alpha-
2-antiplasmin knockout, BALF bronchoalveolar lavage fluid, IFN-γ interferon-γ, IL interleukin, TNF-α 
tumor necrosis factor-α, WT wildtype. *P < 0.05, **P < 0.01 and ***P < 0.001 for WT versus A2AP-/- mice 
(Mann-Whitney U test).

Supplemental Table E1. Cytokine concentrations in bronchoalveolar lavage fluid 72 hours after 
infection with B. pseudomallei.
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ABSTRACT

Background
Intravenous administration of activated protein C (APC) inhibits coagulation and inflammation 
in the lungs of humans and animals. Investigations in rodents demonstrated that direct intrapulmo-
nary delivery of APC also exerts anticoagulant and anti-inflammatory effects. The effect of intra-
bronchial administration of recombinant human (rh)APC on lipopolysaccharide (LPS)-induced 
hemostatic and inflammatory alterations in the bronchoalveolar space of humans was studied.

Methods
Eight subjects received rhAPC via intrabronchial instillation by bronchoscope, while in a 
contralateral subsegment subjects received saline; all subjects were challenged bilaterally with LPS 
in the same lung subsegments. Four additional subjects received rhAPC (75 µg), with saline as control 
in the contralateral subsegment, while they were bilaterally ‘challenged’ with saline. After 6 hours 
a bronchoalveolar lavage was performed and coagulation and inflammatory parameters were measured. 

Results
rhAPC enhanced LPS-induced coagulation activation in the bronchoalveolar space, when compared 
with control side. In addition, rhAPC amplified LPS-induced proinflammatory responses, as indi-
cated by higher concentrations of cytokines and chemokines. RhAPC alone did not have procoagu-
lant or proinflammatory effects.

Conclusions
Locally administered rhAPC has unexpected procoagulant and proinflammatory effects in 
LPS-challenged lung subsegments. These data argue against a role for intrapulmonary delivery of 
rhAPC as a treatment strategy for lung inflammatory disorders in humans. (ClinicalTrials.gov number: 
NCT00943267; Nederlands Trial register number: NTR1544).
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INTRODUCTION

The airways represent a body site in which procoagulant and anticoagulant mechanisms can be 
initiated and regulated locally1, 2. Activated protein C (APC), an important anticoagulant, has been 
shown to have a reduced activity in the bronchoalveolar space in various lung inflammatory diseases 
3-11. Diminished APC levels may contribute to the disturbed hemostatic equilibrium in the lungs of 
patients suffering from these conditions, shifting the physiological anticoagulant environment into 
a net procoagulant state. Besides its anticoagulant effects, APC has been implicated in a variety of anti-
inflammatory and/or cytoprotective effects, characterized by down-regulation of pro-inflammatory 
pathways, upregulation of anti-inflammatory pathways and inhibition of neutrophil activity12, 13. 

We recently demonstrated that intrabronchial instillation of lipopolysaccharide (LPS), a constituent 
of the cell wall of Gram-negative bacteria, can reproduce hemostatic alterations found in inflam-
matory lung disorders, including a reduction in APC levels in the lungs of healthy volunteers14, 15. 
This human model of intrabronchial LPS delivery also has been used to study the in vivo effects 
of intravenous recombinant human (rh)APC treatment on pulmonary inflammation and coagula-
tion15, 16. Intravenous rhAPC reduced LPS-induced neutrophil accumulation in the bronchoalveolar 
space16 and inhibited local activation of coagulation15. Concurrently, LPS-induced suppression of 
fibrinolysis was partially prevented by intravenous rhAPC15. 

When administered intravenously, the strong anticoagulant effects of rhAPC may contribute to 
serious systemic side effects such as intracranial hemorrhages17-20, which may be circumvented by 
local administration of rhAPC. Although preclinical animal studies have shown that administra-
tion of APC via the airways exerts local anti-inflammatory and anticoagulant effects21-24, no studies 
exist that evaluated the effects of direct rhAPC administration into the lungs of humans. The present 
study therefore sought to determine the feasibility of local, intrabronchial administration of rhAPC 
to inhibit LPS-induced lung inflammation and coagulation in humans. 

METHODS

Study subjects & materials
Twelve nonsmoking males (age, 23.2 ± 1.1 year) were enrolled. Screening, consisting of a ques-
tionnaire, physical examination, routine blood and urine investigation, electrocardiogram and 
spirometry did not reveal any abnormality. The protocol was approved by the institutional Medical 
Ethics Review Committee. All subjects provided written informed consent before enrollment. LPS 
was derived from Escherichia coli O:113 (Reference Endotoxin, CC-RE-Lot 3, National Insti-
tutes of Health, Bethesda, MD). RhAPC (drotrecogin alpha (activated), Eli Lilly, Indianapolis, IN) 
was purchased from a commercial supplier. 

15
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Study design
The study was set-up as a single blind intervention study with a dose-escalation and a follow-up 
phase. A bilateral challenge of two contralateral lung subsegments was performed by intrabronchial 
instillation of LPS (4 ng/kg) by bronchoscopy, diluted in 10 mL sterile saline. In one lung subseg-
ment the instillation of LPS was followed immediately by administration of rhAPC (in 10 mL) in 
the same lung subsegment, whereas in the contralateral lung subsegment LPS administration was 
followed by instillation of 10 mL saline alone. The subjects were randomized to left or right lungs 
for rhAPC instillation. In the dose-escalating phase of the study, 5-fold increases in the rhAPC 
dose were intended to be given in cohorts of four subjects per dose, starting at 15 µg. The prede-
fined primary end-point was to reach a 30% decrease in thrombin-antithrombin complex (TATc) 
concentrations in the rhAPC-treated lung 6 hours after intrabronchial LPS challenge relative to the 
contralateral LPS challenged side; this end-point was based on the capacity of intravenous rhAPC 
to inhibit the rise in LPS-induced TATc concentrations in bronchoalveolar lavage fluid (BALF) by 
approximately 30% in our previous study15. Per study design, the sample size of the rhAPC dose 
group that would reach this primary end-point would be increased to a total of 12 subjects in the 
follow-up phase of the study. After completion of the first two cohorts in the dose-escalation phase 
(15 and 75 µg; N = 4 for each dose), we decided to stop the study because it was considered highly 
unlikely that the primary study end-point could be reached. Instead, 4 additional subjects were 
included who received 75 µg rhAPC in one lung subsegment without previous intrabronchial LPS 
challenge; in these volunteers saline was given as a control in the contralateral lung subsegment. 

Methods
A bilateral bronchoalveolar lavage (BAL) was performed 6 hours post-challenge in a standardized 
fashion14, 25. Citrated and heparinised blood was taken by venipuncture before the first (t = 0) and 
the second (t = 6 hours) bronchoscopy. The assays used are described in the Supplementary Material. 

Statistical analysis
Values are expressed as means (± SEM). Paired t tests were used to establish significance between 
data sets. P-values < 0.05 were considered statistically significant.

RESULTS

Clinical signs and systemic inflammatory response
Instillation of LPS in two contralateral lung subsegments (combined with rhAPC in one lung 
segment) was well tolerated. A modest rise in body temperature was recorded 6 hours after instilla-
tion of LPS (from 36.0 ± 0.2ºC at T=0h to 36.6 ± 0.1ºC at T = 6h, P < 0.05). Intrabronchial LPS 
caused a rise in neutrophil counts in blood (from 2.3 ± 0.2 to 6.6 ± 0.8 x 109/L, P < 0.001), while 
in the saline challenged group no significant rises in neutrophils counts were seen (from 2.0 ± 0.2 
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to 4.1 ± 0.8 x 109/L). Finally, intrabronchial instillation of either LPS or saline, with addition of 
rhAPC in one lung subsegment, was not associated with changes in plasma concentrations of TATc, 
D-dimer, tumor necrosis factor (TNF)-α or interleukin (IL)-6 (data not shown).

Bronchoalveolar APC concentrations
Six hours after intrabronchial instillation of rhAPC, APC was measurable in all BAL fluid 
(BALF) samples obtained from the APC-treated side: APC levels were 0.33 ± 0.14 and 1.60 ± 0.57 
ng/mL in LPS-challenged subjects treated with 15 and 75 µg rhAPC, respectively (P = 0.07 and 
< 0.05 for lung subsegments treated with 15 and 75 µg rhAPC versus control lung subsegments; 
Figure 1A-B). In the saline-challenged group treated with 75 µg rhAPC, BALF APC levels were 3.2 
± 1.0 ng/mL (P < 0.05; Figure 1C). APC levels in the 75 µg rhAPC-challenged subsegments were 
not different between LPS-challenged and saline-challenged subjects. APC could not be detected 
in any of the control lung subsegments (i.e. not administered with rhAPC). 

Intrabronchial rhAPC enhances bronchoalveolar coagulation activation after LPS challenge
The intrabronchial concentrations of TATc have been used to determine the extent of bronchoalveolar 
coagulation activation in patients with acute lung injury and/or pneumonia 7, 8, 10. Intrabronchial 
instillation of LPS in healthy humans is also associated with a rise in TATc levels in BALF14, 15. An 
earlier study showed that intravenously administered rhAPC could reduce LPS-induced elevations 
in TATc-concentrations in BALF by approximately 30%15. The main objective of the current study 
was to determine whether intrabronchially instilled rhAPC was able to inhibit LPS-induced TATc 
elevation in BALF and if so whether this anticoagulant effect was accompanied by anti-inflamma-
tory effects. Considering the results of our previous investigation using intravenous rhAPC15, we 
here predefined the primary endpoint of the current study as establishing the intrabronchial rhAPC 
dose that induced a 30% reduction in LPS-induced TATc concentrations in BALF. We chose to 

Figure 1. Activated protein C (APC) concentrations in bronchoalveolar lavage samples. Healthy 
subjects (N = 4 per group) were challenged bilaterally in a lung subsegment via a bronchoscope with lipo-
polysaccharide (4 ng/kg body weight, A-B) or saline (C). Directly thereafter subjects received recombinant 
human (rh) APC 15 µg (A) or 75 µg (B-C) dissolved in 10 mL of saline in one subsegment and 10 mL of 
saline in the other lung subsegment. Bilateral bronchoalveolar lavage was done 6 hours after challenge. 
APC levels were undetectable in any of the control lung subsegments not administered with rhAPC. *P < 0.05.

15



268

Chapter 15

administer LPS in two contralateral lung subsegments, thereby eliminating inter-individual varia-
tion in LPS responsiveness and allowing every subject to serve as his own control with regard to 
rhAPC effects. Much to our surprise, intrabronchially instilled rhAPC, given at either 15 µg or 75 
µg, induced an increase rather than a reduction in BALF TATc concentrations after LPS-challenge 
when compared with the contralateral side not treated with rhAPC (rhAPC 15 µg: 13.5 ± 5.2 ver-
sus 9.8 ± 4.8 µg/L at the contralateral side, P < 0.01, Figure 2A; rhAPC 75 µg: 19.4 ± 4.2 versus 2.9 
± 0.8 µg/L at the contralateral side, P < 0.05, Figure 2B). As these results made it highly unlikely that 
we could reach our predefined endpoint, we decided not to proceed with another 5-fold increase in 
rhAPC dose, but instead, added an extra study group without LPS challenge, seeking to determine 
whether intrabronchial rhAPC per se elicited a procoagulant response. Thus, subjects received a bi-
lateral challenge with saline, combined with rhAPC (75 µg) on one side. These studies revealed no 
procoagulant effect of rhAPC: BALF TATc levels were similar in lung subsegments instilled with 
rhAPC (1.6 ± 1.4 µg/L) when compared with the contralateral side (2.4 ± 1.2 µg/L, Figure 2C). 
Protein C activity, total and free protein S, soluble thrombomodulin, protein C inhibitor and von 
Willebrand factor antigen concentrations were all below detection limits in BALF. 

Effect of intrabronchial rhAPC on fibrinolysis after LPS challenge
Evidence derived from in vitro investigations indicates that APC may stimulate fibrinolysis by 
inhibiting PAI-126. We measured levels of PAI-1, tissue-type plasminogen activator (tPA) and 
plasmin-α2-antiplasmin complexes. While intrabronchial rhAPC given at a dose of 15 µg did not 
influence LPS-induced PAI-1 release in BALF (P = 0.57, Figure 3A), rhAPC administered at 75 
µg increased LPS-induced PAI-1 BALF levels in 3 of 4 subjects (192.5 ± 42.1 versus 55.0 ± 17.1 
pg/mL at the contralateral side, P = 0.07, Figure 3B). Notably, intrabronchial rhAPC also tended 
to increase PAI-1 levels in BALF from subjects who did not receive LPS (70.0 ± 45.3 versus 7.5 
± 7.5 pg/mL at the contralateral side, P = 0.26, Figure 3C). Neither LPS nor rhAPC influenced 

Figure 2. Intrabronchial instillation of recombinant human activated protein C (rhAPC) augments 
lipopolysaccharide-induced coagulation in the bronchoalveolar space. Healthy subjects (N = 4 per 
group) were challenged bilaterally in a lung subsegment via a bronchoscope with lipopolysaccharide 
(4 ng/kg body weight, A-B) or saline (C). Directly thereafter subjects received recombinant human (rh) 
APC 15 µg (A) or 75 µg (B-C) dissolved in 10 mL of saline in one subsegment and 10 mL of saline in the 
other lung subsegment. Thrombin-antithrombin complex (TATc) levels were measured in bronchoalveolar 
lavage samples obtained 6 hours after challenge. *P < 0.05, **P < 0.01.
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BALF concentrations of plasmin-α2-antiplasmin complexes, whereas tPA levels were below detec-
tion limit in all BALF samples (data not shown). 

Intrabronchial rhAPC is associated with enhanced concentrations of tissue-factor 
pathway inhibitor (TFPI) after LPS challenge
Recent data suggest that APC can have a procoagulant effect by virtue of its proteolytic activity. 
APC was reported to shed the Kunitz-1 domain from TFPI, resulting in increased tissue factor 
activity and consequently, coagulation activation27. We measured levels of TFPI in BALF. While 
intrabronchial rhAPC given at a dose of 15 µg did not influence LPS-induced TFPI release in 
BALF (Figure 4A), rhAPC administered at 75 µg increased LPS-induced TFPI BALF levels in 
all 4 subjects (48.1 ± 9.9 versus 87.9 ± 14.8 pg/mL at the contralateral side, P < 0.05, Figure 4B). 
Intrabronchial rhAPC did not change levels of TFPI in BALF from subjects who did not receive 
LPS (Figure 4C). 

Intrabronchial rhAPC increases leukocyte recruitment after LPS administration
Intravenous rhAPC has been reported to reduce neutrophil recruitment into the bronchoalveolar 
space upon intrabronchial instillation of LPS in healthy humans16. In contrast, intrabronchial 
rhAPC treatment increased the total number of white blood cells in BALF 6 hours after bilateral 
LPS-challenge, although the differences with the contralateral control side did not reach statistical 
significance (APC 15 µg: 33.6 ± 14.6x104 versus 18.6 ± 4.1x104 cells/mL at the contralateral side, P 
= 0.25, Figure 5A; APC 75 µg: 52.0 ± 22.4x104 versus 11.1 ± 1.5x104 cells/mL at the contralateral 
side, P = 0.13, Figure 5B). The rhAPC induced increase in total cell number in lung subsegments 
challenged with LPS was due to a rise in the number of neutrophils (APC 15 µg: 16.8 ± 9.0 x 104 
versus 7.5±2.7 x 104 neutrophils/mL, P = 0.25, Figure 5D; APC 75 µg: 34.1 ± 15.8x104 versus 1.5 
± 0.6x104 neutrophils/mL, P = 0.13, Figure 5E). Intrabronchial rhAPC did not impact cell counts 
in lung subsegments not challenged with LPS (Figure 5C,F). 

Figure 3. Impact of intrabronchial recombinant human activated protein C (rhAPC) on lipopolysac-
charide-induced release of plasminogen activator inhibitor type I in the bronchoalveolar space. 
Healthy subjects (N = 4 per group) were challenged bilaterally in a lung subsegment via a bronchoscope 
with lipopolysaccharide (4 ng/kg body weight, A-B) or saline (C). Directly thereafter subjects received 
recombinant human (rh) APC 15 µg (A) or 75 µg (B-C) dissolved in 10 mL of saline in one subsegment 
and 10 mL of saline in the other lung subsegment. Plasminogen activator inhibitor type I (PAI-1) levels 
were measured in bronchoalveolar lavage samples obtained 6 hours after challenge. 
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Intrabronchial rhAPC enhances the local release of several cytokines and chemokines 
after LPS instillation
To investigate the effect of local rhAPC administration on LPS-induced inflammatory mediator re-
lease we measured BALF concentrations of 48 cytokines, chemokines and growth factors. The re-

Figure 4. Impact of intrabronchial recombinant human activated protein C (rhAPC) on lipopolysac-
charide-induced release of tissue-factor pathway inhibitor in the bronchoalveolar space. 
Healthy subjects (N = 4 per group) were challenged bilaterally in a lung subsegment via a bronchoscope 
with lipopolysaccharide (4 ng/kg body weight, A-B) or saline (C). Directly thereafter subjects received 
recombinant human (rh)APC 15 µg (A) or 75 µg (B-C) dissolved in 10 mL of saline in one subsegment 
and 10 mL of saline in the other lung subsegment. Tissue-factor pathway inhibitor (TFPI) levels were 
measured in bronchoalveolar lavage samples obtained 6 hours after challenge. *P < 0.05.

Figure 5. Impact of intrabronchial recombinant human activated protein C (rhAPC) on the lipopol-
ysaccharide-induced increase in total leukocyte and neutrophil counts in the bronchoalveolar 
space. Healthy subjects (N = 4 per group) were challenged bilaterally in a lung subsegment via a bron-
choscope with lipopolysaccharide (4 ng/kg body weight, A-B) or saline (C). Directly thereafter subjects 
received recombinant human (rh) APC 15 µg (A) or 75 µg (B-C) dissolved in 10 mL of saline in one 
subsegment and 10 mL of saline in the other lung subsegment. White blood cell counts (WBCs) and 
neutrophil counts were determined in bronchoalveolar lavage samples obtained 6 hours after challenge. 



271

Effects of intrabronchial APC after LPS challenge

sults of these analyses are shown in Supplementary Table 1 in the on-line data supplement. In the 
lower rhAPC dose cohort (15 µg), rhAPC significantly enhanced LPS-induced release of IL-6, 
CCL8 and CXCL6 while not influencing the levels of other mediators (Supplementary Table 1). 
In the rhAPC 75 µg cohort, rhAPC significantly enhanced LPS-induced TNF-α, CCL4, CCL8 
and TNF-related apoptosis-inducing ligand (TRAIL) concentrations (Supplementary Table 1, Figure 5). 
In addition, IL-1β, CCL14a, CCL20, CXCL7, CXCL9 and CXCL11 showed a strong trend to-
ward higher levels in this higher rhAPC dose cohort (P = 0.052, 0.081, 0.078, 0.075, 0.092 and 
0.074 respectively; Supplementary Table 1, Figure 6). RhAPC given at 75 µg without LPS did 
not induce the release of inflammatory mediators in the lung with the exception of a modest rise in 
CCL15 concentrations (Supplementary Table 1). Taken together these results show that intrabron-
chial instillation of rhAPC in LPS-challenged lung subsegments enhanced the release of multiple 
proinflammatory mediators.

Figure 6. Intrabronchial instillation of recombinant human activated protein C (rhAPC) augments 
lipopolysaccharide-induced release of inflammatory mediators in the bronchoalveolar space.
Healthy subjects (N = 4 per group) were challenged bilaterally in a lung subsegment via a bronchoscope 
with lipopolysaccharide (4 ng/kg body weight). Directly thereafter subjects received recombinant human 
(rh) APC 75 µg dissolved in 10 mL of saline in one subsegment and 10 mL of saline in the other lung 
subsegment. Mediator levels were measured in bronchoalveolar lavage samples obtained 6 hours after 
challenge. *P < 0.05, **P < 0.01.
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DISCUSSION

Several preclinical studies have shown that APC may protect the lung from injury caused by 
inflammation28. Moreover, intravenous administration of rhAPC was reported to exert anticoagu-
lant and anti-inflammatory effects in the bronchoalveolar space of healthy humans challenged with 
LPS in a lung subsegment by bronchoscope15, 16. Animal studies demonstrated that intrabronchi-
ally instilled APC exerts local anticoagulant and anti-inflammatory effects21-24, 29-32. Considering the 
bleeding risk associated with intravenous APC, we here for the first time investigated the potential 
of intrabronchial rhAPC administration to inhibit coagulation and inflammation in the human lung, 
arguing that this route of delivery would circumvent serious side effects 17-20. For this we used the 
established human model of lung inflammation induced by intrabronchial instillation of LPS via a 
bronchoscope14-16, 25. The main finding of our study was remarkable: intrabronchially administered 
rhAPC induced a procoagulant and proinflammatory response in lung subsegments challenged 
with LPS rather than the expected inhibitory effects on coagulation and inflammation. Our results 
from subjects not challenged with LPS via the airways further suggest that rhAPC augments 
LPS effects in the human lung, while not eliciting detectable inflammation or coagulation per se. 

Our study had a small sample-size. As a consequence, although rhAPC clearly enhanced the LPS-
induced release of biomarkers of coagulation and inflammation, the differences with the placebo 
control side often did not reach statistical significance. Of note, however, the current study was 
designed to demonstrate an inhibitory effect of rhAPC on bronchoalveolar coagulation and inflam-
mation. After completion of the rhAPC 75 µg cohort, we considered it unlikely that the predefined 
endpoint (i.e. a 30% reduction in BALF TATc levels) could be reached. Therefore, we decided to 
prematurely terminate the study. In addition, we considered it not ethical to enlarge the sample size 
of our cohorts in order to strengthen the statistical power of our study, arguing that procoagulant 
and proinflammatory effects of locally administered rhAPC would not be of clinical value for 
patient groups and not wishing to expose additional healthy subjects to invasive procedures. 

In the earlier study, in which intravenous rhAPC was found to inhibit coagulation and neutrophil 
influx in the same human LPS-induced lung inflammation model15, 16, APC concentrations in BALF 
were approximately 15 ng/mL as measured 2 hours after discontinuation of the rhAPC infusion (24 
µg/kg/hour)15. Although BALF APC levels detected after intravenous rhAPC infusion cannot be 
readily translated to a feasible rhAPC dose to be administered in the bronchoalveolar space, we con-
servatively started the dose-escalation study with 15 µg of intrabronchial rhAPC, taking into ac-
count the dilution caused by the BAL procedure and an estimated recovery of 50-60%. BALF 
APC levels measured in the current study, 6 hours after instillation, were considerably lower than 
in the previous study using intravenous APC administration15 (mean levels of 0.33 ng/mL and 1.60 
ng/mL in the rhAPC 15 µg and 75 µg cohorts respectively). Arguably, BALF APC concentrations 
were higher directly after rhAPC administration. Clearance of APC from the bronchoalveolar 
space is difficult to investigate in humans in light of the invasive procedure needed; nonetheless, 



273

Effects of intrabronchial APC after LPS challenge

evidence suggests that APC is slowly cleared from the alveolar compartment. Indeed, while the 
majority of patients with sepsis who are treated with intravenous rhAPC, do not have detectable 
APC in plasma 2 hours after discontinuation of the infusion33, APC could still be recovered from 
BALF of healthy humans in whom a similar rhAPC infusion was stopped 2 hours earlier15. Hence, 
although BALF APC concentrations measured in the present (intrabronchial rhAPC) and previous 
(intravenous rhAPC)15 investigation cannot be compared easily, these combined data suggest that 
the APC levels achieved in BALF here were likely within the same or lower range of those attained 
after intravenous rhAPC infusion.    

How can the apparently differential effects of intravenous rhAPC15 and intrabronchial rhAPC 
in LPS-induced human lung inflammation be explained? APC can exert anti-inflammatory, anti-
apoptotic and barrier protective signals in endothelial cells via protease activated receptor (PAR)-1 
by a mechanism that requires binding of APC to the endothelial cell protein C receptor (EPCR)34. 
Cytoprotective anti-inflammatory APC-PAR-1 signaling has also been demonstrated in other cell 
types, in particular dendritic cells (EPCR dependent35) and macrophages (CD11/CD18 dependent35, 36). 
Furthermore, APC directly binds to activated α3β1, α5β1, and αVβ3 integrins and this interaction was 
essential for APC-induced inhibition of neutrophil extravasation into the bronchoalveolar space 
of mice37. These “cytoprotective” and/or anti-inflammatory APC effects in vivo likely depend on 
which cell types are affected and thereby on the route of rhAPC administration. Furthermore, the 
distribution of receptors involved in these APC effects may vary in different body compartments. 
In addition, recent data suggest that APC can have a procoagulant effect by virtue of its proteolytic 
activity: APC was reported to shed the Kunitz-1 domain from TFPI, resulting in increased tissue 
factor activity and consequently, coagulation activation27. In this study we measured TFPI levels in 
BALF and showed that administration of rhAPC in the 75 µg cohort was associated with signifi-
cantly enhanced TFPI levels. We hypothesize that increased levels of TFPI may have been a result 
of the pro-inflammatory state due to hAPC administration. Of note, the TFPI assay used detects 
both full-length and cleaved TFPI. Hence, it is possible that the elevated TFPI levels were the result 
of cleavage of the intact protein by rhAPC, thereby contributing to a procoagulant effect.  We do 
not have a clear explanation for the discrepancy between our current findings and earlier reports on 
the effect of intrapulmonary delivery of APC in mice21-24, although differences in the exact way of 
administration, the dose and species studied may be involved.

Our study does not provide a clear mechanism underlying the unexpected proinflammatory and 
procoagulant effect of rhAPC in the human lung. We tried to reproduce the effects of APC using a 
mixed cell culture system using respiratory epithelial cells (A549) and either primary human 
alveolar macrophages or macrophage-like THP-1 cells but were unsuccessful (data not shown). 
In conclusion, this is the first study on the effects of intrabronchially administered rhAPC in a 
controlled lung inflammation model in humans. Our data show that locally administered rhAPC 
has procoagulant and proinflammatory effects in lung segments exposed to LPS. These data argue 
against a role for intrapulmonary delivery of rhAPC as a treatment strategy for lung inflammatory 
disorders in humans.
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SUPPLEMENTARY MATERIAL

METHODS

Assays
Cell differentials were determined in BAL fluid (BALF) on cytospins stained with a modi-
fied Giemsa stain (Diff-Quick; Siemens Healthcare Diagnostics, Marburg, Germany). For im-
mune assays, BALF was centrifuged at 300 g for 10 minutes. Blood was centrifuged at 1500 g for 10 
minutes. Supernatants were stored at -80ºC until analysis. RhAPC concentrations in BALF samples 
containing 90 mM (final concentration) benzamidine were measured using a chromogenic assay as 
described1. TATc (TAT Enzygnost, Siemens Healthcare Diagnostics, Marburg, Germany), soluble 
thrombomodulin (Diaclone, Gen-Probe, San Diego, CA), tissue-type plasminogen activator (tPA 
antigen; Hyphen BioMed, Andrésy, France) and plasmin-antiplasmin complexes (DRG Diagnos-
tics, Marburg, Germany) were measured using commercial available enzyme-linked immunosorbent 
(ELISA) kits according to the manufacturers’ instructions. Protein C activity was measured by 
a kinetic assay (Coamatic Protein C, Chromogenix, Mölndal, Sweden). Total protein S and von 
Willebrand factor antigen levels were determined with ELISAs developed in our laboratory using 
antibodies from Dako (Glostrup, Denmark). Free protein S was measured by precipitating the C4b-
binding protein-bound fraction with polyethylene glycol 8000 and measuring the concentration of 
free protein S in the supernatant. Antigen levels of protein C inhibitor and plasmin activator inhibitor 
type-1 (PAI-1) antigen were measured by ELISA as described earlier2-4. Rh-TFPI concentration was 
measured by an enzyme-linked immunosorbent assay (ELISA), using a mouse monoclonal antibody 
directed against the human TFPI Kunitz-2 domain (amino acids 88–160; Sanquin, Amsterdam, 
the Netherlands) as capture antibody, polyclonal rabbit anti-rh-TFPI (kind gift of Dr Walter Kisiel, 
University of New Mexico, NM) as detection antibody and rh-TFPI as standard. This assay detects 
both full-length and cleaved TFPI. Levels of the following cytokines, chemokines and other inflam-
matory markers were measured by a multiplex assay (Luminex, Austin, TX): chemokine (C-C 
motif ) ligand (CCL) 1, 2, 3, 4, 8, 13, 14a, 15, 17, 19, 20, 21, 24, 26, 27; chemokine (C-X-C motif ) 
ligand (CXCL) 1, 5, 6, 7, 9, 10, 11, 12a+b, 13;  chemokine (C-motif ) ligand (XCL) 1; inter-
leukin (IL)-11, -12p40, -16, -17, -20, -21, -23, -28A, -29, -33; leukemia inhibitory factor (LIF); 
granulocyte colony-stimulating factor (G-CSF); macrophage colony-stimulating factor (M-CSF); 
stem cell factor (SCF) ; thrombopoietin (TPO); thymic stromal lymphopoietin (TSLP) and TNF-
related apoptosis-inducing ligand (TRAIL). Tumor necrosis factor (TNF)-α, CXCL8, IL-1β, -6, 
-10 and -12p70 were measured using a cytometric bead array (CBA; BD Biosciences, San Jose, CA) 
in accordance with the manufacturers’ instructions. For the in vitro experiments human CXCL8 
and TNF-α were measured with a commercially available ELISA kit (R&D systems, Minneapolis, 
MN) according to the manufacturers’ instructions.
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RESULTS

Supplemental Table 1. 
Cytokines and chemokines in bronchoalveolar lavage fluid*

*IL-10, IL-11, IL-20, IL-23, IL-26A, IL-33, CCL1, CCL13, CCL26, CCL27, CXCL13, XCL1, LIF, TPO, 
TSLP and SCF were below detection limits in all BALF samples. **All values are in pg/mL.
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ABSTRACT

Musculoskeletal tuberculosis (TB) is a severe extrapulmonal manifestation of chronic Mycobac-
terium (M.) tuberculosis infection. Considering increasing incidence, multi-drug resistance and 
associated treatment difficulties, more preclinical research is needed. In this study we developed a 
murine model for musculoskeletal TB. Mice, intranasally infected with M. tuberculosis, were sacri-
ficed after ten months. Mycobacterial growth was detected in lung and femur homogenates. Ziehl-
Neelsen staining of paraffin-embedded femurs showed acid-fast rods in the myelum and Magnetic 
Resonance Imaging demonstrated osteomyelitis and macronodular tuberculomas. This new murine 
model of musculoskeletal TB might be of value to further investigate immunologic and radiologic 
responses.
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INTRODUCTION

Tuberculosis (TB) is one of the most devastating infectious diseases worldwide, with one-third of 
the world population being infected with the causative agent Mycobacterium (M.) tuberculosis1. In 
2012, 8.7 million new TB cases and 1.4 million deaths were registered1, 2. TB is characterized by 
well-known caseating lung lesions but might have extrapulmonal disease manifestations upon either 
lymphogenous or hematogenous dissemination of bacteria, which are present with a rising incidence 
in 20%-40% of all TB patients1-4. Musculoskeletal TB, representing approximately 11% of all 
extrapulmonary TB cases3-5, most frequently affects the spine, hip and knee resulting in osteomy-
elitis, paraspinal abscesses, TB arthritis and granulomas in the bone5. Spinal TB in particular, also 
referred to as Pott’s disease, represents approximately half of all cases of musculoskeletal TB6. Spinal 
TB is indolent, slow-growing and, if left untreated, may cause complications such as abscesses, spinal 
cord compression, spine deformations and neurological deficits, including radicular pain and even 
severe paraplegia6. Thus far, Magnetic Resonance Imaging (MRI) is the best modality to diagnose 
musculoskeletal involvement of TB, with a 100% sensitivity and 88% specificity6, 7. Due to 
the increasing incidence of HIV-associated and multi-drug resistant TB, the incidence of muscu-
loskeletal TB is also increasing3-5. Evidently, more research is needed to study the clinical and 
immunological features of this disease and mouse models of TB have proven to be of great value. No 
murine models of musculoskeletal TB have been described so far. Therefore, in this study we aimed 
to develop a mouse model suitable for investigation of immunologic and radiologic responses 
during musculoskeletal TB.

MATERIALS AND METHODS

Experimental infection and lung histology
Fourteen 8-week old female wild-type (WT) C57BL/6 mice (Charles River, Maastricht, The 
Netherlands) were inoculated intranasally with 150 colony forming units (CFU)  of M. tuberculosis 
(Erdman strain) in 50 µl NaCl0.9%, as previously described8. Five control mice were inoculated 
with 50 µl NaCl0.9% only. Mice were maintained at the animal care facility of the Academic Medi-
cal Center (University of Amsterdam), according to national guidelines with free access to food 
and water. The Committee on Use and Care of Animals of the University of Amsterdam approved 
all experiments. Ten months after instillation of M. tuberculosis or saline, 10 mice were sacrificed 
under intraperitoneal anesthesia containing ketamin (Eurovet Animal Health, Bladel, The Nether-
lands) and medetomidin (Pfizer Animal Health Care, Capelle aan den IJssel, The Netherlands). 
From these mice organs were processed as previously described8. Briefly, left lungs, liver, spleen and 
left femurs were removed aseptically and homogenized at 4°C in 4 volumes of sterile saline using a 
tissue homogenizer (Biospec Products, Bartlesville, OK). CFU were determined from serial dilu-
tions of organ homogenates that were plated in tenfold dilutions on Middlebrook 7H11 plates and 
incubated at 37°C 5% CO2 for 21 days before colonies were counted. Additionally, from these 10 

16



282

Chapter 16

infected and from 3 control mice right femurs and lumbar spines were removed and fixed in 4% 
formalin for 24 hours before embedding them in paraffin. Four μm-sections were stained for H&E 
and Ziehl-Neelsen (ZN) to detect acid-fast rods. Slides were scored by a well-qualified pathologist.

Assays
For cytokine measurements, organ homogenates were diluted 1:2 in lysis buffer containing 300 
mM NaCl, 30 mM Tris, 2 mM MgCl2, 2 mM CaCl2, 1% Triton X-100 and protease inhibitor 
cocktail (Roche, Indianapolis, IN). Homogenates were centrifuged at 1500g at 4°C for 15 min, 
supernatants were sterilized using a 0.22 µm pore-size filter (Corning Inc., Corning, NY) and stored 
at -20°C until analysis. Levels of interferon (IFN)-γ, tumor necrosis factor (TNF)-α, interleukin 
(IL)-4, IL-6, IL-10, keratinocyte-derived chemokine (KC) and macrophage inflammatory protein 
(MIP)-2 were measured by ELISA according to the manufacturer’s instructions (all from R&D 
Systems, Minneapolis, MO). 

MRI scanning
Ten months after instillation of M. tuberculosis (n = 4) or saline (n = 2) separate sets of mice were eu-
thanized by CO2 inhalation, placed in an airtight plastic bag to prevent contamination and im-
mediately thereafter scanned on a clinical, whole body 3 Tesla MRI-scanner (Intera, Philips Med-
ical Systems, Best, the Netherlands) using a circular receive-only surface radiofrequency-coil (ø 5 
cm) for signal reception. MRI consisted of localizers followed by a T2*-weighted sagittal fast gra-
dient echo (TR/TE1/ΔTE 1500/2.8/4 ms, FA 36°, slice thickness 1.6mm, voxel size 0.39x0.39mm) 
and a 3D T2-weighted sagittal turbo spin echo (TR/TE 2000/332ms, FA 90°, isotropic voxels of 
0.45x0.45x0.45mm) with coronal reconstructions. Mice were placed prone in the scanner, perpen-
dicular to the bore axis. Total acquisition time including positioning per mouse was 20 minutes. For 
each mouse a standardized set of items was evaluated including: presence of granuloma, infiltration 
and osteomyelitis for both femur and spinal column. With respect to the spinal column, collapse of 
vertebral bodies, paraspinal abscesses, herniation of intervertebral discs, erosions and angular kyfo-
sis were assessed. Presence of abscesses in the supraclavicular, gluteal, groin and psoas regions was 
noted. Additionally, the lungs were compared. The primary read was performed independently by 
2 research trainees. After a consensus reading, the combined results were (re-)evaluated by an expe-
rienced musculoskeletal radiologist and a MR physicist. Based on this meeting, a new set of coronal 
slices were reconstructed to improve evaluation of the spleen. In a second and final consensus meeting, 
the abovementioned items as well as lung and spleen were (re-)evaluated. Besides this qualita-
tive assessment, T2* times of femoral and spinal bone marrow and the spleen were assessed using a 
mono-exponential signal decay function. Regions-of-Interest (ROIs) were drawn on the first echo 
of the T2*-weighted dataset and copied to later echoes. Mean signal intensities inside the ROIs at 
each echo time (TE) were fit against the TE to obtain the T2* times in ms.
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Statistical analysis
Data are expressed as dots plots with medians. Comparisons between groups were conducted 
using the Mann-Whitney U test. For differences between T2*-times an unpaired t-test was used. 
All analyses were done using GraphPad Prism® version 5.01 (San Diego, CA). P-values <0.05 were 
considered statistically significant.

RESULTS

Mycobacterial growth, dissemination and cytokine responses
Ten months after infection M. tuberculosis could be cultured from lungs, spleen, liver and femur, 
indicating dissemination from the primary site of infection (Figure 1A). There was no significant 
correlation between bacterial loads in the lungs and femur, although a trend was seen (r = 0.512, 
P = 0.133; Figure 1B). Both in lung and femur homogenates, significantly increased IFN-γ and KC 
levels were measured after infection with M. tuberculosis when compared with uninfected controls 

Figure 1. Bacterial loads, interferon-γ levels and histopathology. Mycobacterial loads in femur, lung, 
spleen and liver 10 months after infection with M. tuberculosis via the airways (A). No significant corre-
lation could be detected between bacterial loads in femur and lungs, although a trend was seen (B). 
Interferon-γ was significantly increased in both lung (C) and femur (D) homogenates. Data are expressed as 
dot plots with medians (Mann-Whitney U test) of n = 3 (control) and 10 (TB-infected) mice per group. 
*P < 0.05. H&E stained 4 µm tissue sections of control (E, G) and TB-infected (F, H) femurs and lumbar 
vertebrae respectively (original magnification x100). Ziehl-Neelsen (ZN) stained tissue sections of control 
(I) and TB-infected (J) femurs (original magnification x100). Enlargement of ZN-stained TB-infected 
femurs (K, L) shows acid fast rods in the bone marrow (arrows; original magnification x 800).
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Figure 2. MRI of M. tuberculosis-infected mice. Spinal columns and femora (encircled) of control (A 
& C) and TB mice (B & D) show increased signal intensity (SI) in the bone marrow of the TB mice on 
T2*-weighted images, fitting TB osteomyelitis. 
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(Figure 1 C-D, Online Table 1; both P < 0.05). TB-infection was also associated with increased 
levels of IL-4, IL-6 and MIP-2 in lung homogenates when compared to uninfected controls. These 
significant differences could not be detected in femur homogenates (Supplementary Table 1).

Lung and bone histology
Cross-sections of right femurs and lumbar spines of TB-infected mice did not show an overt tissue 
reaction to infection with M. tuberculosis, as no granuloma, no osteomyelitis and no paraspinal 
abscesses could be detected (Figure 1E-J). Nonetheless, ZN-staining of these tissues showed acid-
fast rods in the myelum of femurs of TB-infected mice, fitting with mycobacterial infiltration of the 
bone (Figure 1K-L). 

MR features of osteomyelitis
MR features of TB-associated osteomyelitis, reflected as an increased signal intensity (SI)9, were seen 
in the vertebral bodies of all TB-infected mice and were absent in control mice (Figure 2A-B). 
Femurs showed increased SI in all TB-infected mice when compared to uninfected mice (Figure 
2C-D). Additionally, focal areas of increased spleen SI were seen on coronal reconstructions in all 
4 TB-infected mice. These were absent in the uninfected mice, whereas liver SI was comparable 
between both groups (data not shown). No other items of the evaluation set were noted in any of 
the mice. In addition, a clear SI difference between lung tissue of TB-infected and control mice 
was seen (not shown). Mean T2*-times of the spinal column and femur but not of spleen were 
lower in TB-infected compared with uninfected mice (Supplementary Table 2). This may reflect 
the replacement of fatty bone marrow (with longer T2*) by osteomyelitis-related water content, 
hence lowering T2*-times in the spine and femur. This explanation is consistent with the increase 
of the signal value for the first echo in the femur, since this reflects the increased tissue density in 
TB-osteomyelitis. MRI also showed the emaciated state of the TB-infected mice, with very little 
subcutaneous and intra-abdominal fat (data not shown).

DISCUSSION

In this report we describe a new murine model to study the immunologic and radiologic features 
associated with musculoskeletal TB. Musculoskeletal TB results from hematogenous spread of 
M. tuberculosis from other sites, most often the lungs. Once mycobacteria have infected the 
bone marrow, granulomatous lesions are formed that attract multiple inflammatory cells, including 
foamy macrophages and T-cells5, 10. As the lesion grows caseation occurs, with destruction of the 
bone trabeculae and, in a later stadium, the bone cortex7, 10. The predilection of mycobacteria for the 
spine and large joints may be explained by the rich vascular supply of vertebra and growth plates of 
the long bones5, 7. In spinal TB the infection is thought to spread from two adjacent vertebrae into 
the adjoining intervertebral space. When two vertebrae are affected, the disc, which is avascular 
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in adults, cannot receive nutrients and becomes necrotic which leads to vertebral narrowing 
and eventually to vertebral collapse and spinal damage. In combination with bone infection, soft 
tissue infection might occur with formation of paravertebral tuberculous abscesses and/or epidural 
involvement7, 10. 

Limited data exist about the exact mechanisms behind activation of the host immune response 
after bone infiltration with mycobacteria. However, it is known that musculoskeletal TB is more 
common in immunocompromised patients such as during infection with HIV, use of corticoster-
oids or organ transplantation and in patients with diabetes mellitus or chronic renal failure5. 
Additionally, chaperonin 10, one of the M. tuberculosis heat shock proteins, was show to be 
involved in bone TB pathogenesis, because of its osteoclastic activity, resulting in M. tuberculosis-
induced bone resorption and bone matrix degradation11. Our model may be used to further 
expand this knowledge. 

MRI is the imaging modality of choice for musculoskeletal TB. Typical TB-associated lesions 
are characterized by a low signal of the bone marrow of affected bones and/or vertebral bodies in 
T1-weighed images and a bright signal on T2-weighed images. Furthermore, bone destruction with 
a relative preservation of the intervertebral disc and presence of septated paravertebral or intra-
osseous abscesses may be detected6, 9, 10. In the current study, MRI features of TB-associated bone 
infiltration were seen in femurs of all TB-infected mice, while the vertebral bodies showed diffuse 
increased SI in all TB-infected mice when compared to uninfected mice. In addition, T2*-times 
were lower in the femur and spinal column of TB-infected mice, indicating increased water content. 
An alternative explanation for this pattern might be bone marrow hyperplasia in the axial skeleton 
in response to anemia, a condition also commonly seen in TB patients1. To assess this possibility, we 
evaluated spleen SI and morphologic appearance on coronal reconstructions. In all 4 TB-infected 
mice, focal areas of increased SI were seen in spleen that were absent in the uninfected mice. This 
finding - in combination with normal SI and appearance of the liver - fits splenic TB involvement 
with macronodular tuberculomas rather than anemia12, 13.

Our study has limitations. Despite the broad use of mouse models to study infectious diseases 
including TB, it is known that some host immune factors differ between humans and mice, such as 
well-formed granulomas that are absent in mice models of M. tuberculosis infection14. This might 
explain the absence of overt disease activity on histopathological examination, while we could 
show acid-fast rods in tissue sections of TB-infected bones. The severity of bone TB apparently 
is limited in mice at least in this model, yet severe enough to cause characteristic MRI changes. 
Further research is warranted to establish whether more extended bone TB can be induced in more 
susceptible mouse strains, for example mice deficient for CD4+ T-cells15. In conclusion, we here 
report a new murine model for musculoskeletal TB after infection with M. tuberculosis via the air-
ways. This model might be of value to further investigate immunologic and radiologic responses 
during musculoskeletal TB.
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SUPPLEMENTARY MATERIAL

16

Supplementary Table 1. Cytokines in lung and femur homogenates 10 months after infection with M. 
tuberculosis via the airways.

BD below detection limits; IL interleukin; KC keratinocyte-derived cytokine; MIP-2 macrophage inflam-
matory protein-2; TNF-α tumor necrosis factor-α. *P < 0.05 for uninfected versus TB-infected mice 
(Mann-Whitney U test). Data are expressed as median (interquartile ranges) of n = 3 (uninfected) and 10 
(TB-infected) mice per group.

Supplementary Table 2. MRI: T2*-times of various organs 10 months after infection with M. tubercu-
losis via the airways.

T2*-times in milliseconds as measured after MRI-analysis of spinal column, femur and spleen. *P < 0.05 
for uninfected versus TB-infected mice (unpaired t-test). Data are expressed as mean (SD) of n = 2 (unin-
fected) and 4 (TB-infected) mice per group.





17C
ha

pt
er

Summary, general discussion  
and conclusion



292

Chapter 17



293

Summary, general discussion and conclusion

SUMMARY

Tuberculosis (TB) is one of the most common causes of bacterial infection worldwide1 and 
melioidosis, caused by the Gram-negative bacterium Burkholderia (B.) pseudomallei, is a common 
cause of community-acquired sepsis in Northeast Thailand and Northern Australia2. During severe 
infections the coagulation system plays a central role as part of the host immune response3. 
Recent data have indicated that the coagulation system is also activated during TB and melioi-
dosis4-7, however, the exact role of the coagulation system during TB and melioidosis remains ill 
defined. Chapter 1 provides a general introduction on TB and melioidosis, with respect to epide-
miology, clinical presentation and pathogenesis. In addition, a brief overview of the coagulation and 
fibrinolytic system under physiological circumstances and during inflammatory conditions is 
presented, followed by a summary of the current knowledge on this topic with respect to TB and 
melioidosis. Data on TB and melioidosis are, however, limited and mainly descriptive. The aim of this 
thesis therefore was to provide more extensive and in-depth analyses of the effects of the separate 
proteins involved in coagulation and fibrinolysis on the host response during TB and melioidosis. 

In Part I of this thesis we evaluate the role of coagulation and fibrinolysis during pulmonary TB. 
Chapter 2 describes the involvement of coagulation, anticoagulation and fibrinolysis in patients 
infected with Mycobacterium (M.) tuberculosis, proven by positive Ziehl-Neelsen stained sputum 
samples. These studies were performed in Chittagong, Bangladesh, an area in which TB is highly 
prevalent. Relative to uninfected controls, primary and recurrent TB were associated with a systemic 
net procoagulant state, as indicated by enhanced activation of coagulation (elevated plasma levels 
of thrombin-antithrombin complexes (TATc), D-dimer and fibrinogen; prolonged clotting times), 
together with impaired anticoagulant mechanisms (reduced plasma levels of antithrombin, protein C 
(PC) activity, free protein S and PC inhibitor). Moreover, TB patients demonstrated clear evidence 
of endothelial cell activation. Activation of coagulation only correlated with plasma concentrations of 
established TB biomarkers to a limited extent. Coagulation activation could not be detected in 
broncho-alveolar lavage fluid obtained from the primary site of infection in a subset of TB patients, 
indicating that pulmonary TB is mainly associated with a systemic hypercoagulable state, with little 
effects on local coagulation. 

In the next chapters of Part I we investigated the role of coagulation and fibrinolysis during TB by 
using our well-established mouse model of pulmonary TB8, 9. Chapter 3 evaluates the role of the 
endothelial PC receptor (EPCR) and activated PC (APC) during experimental TB. After intra-
nasal inoculation with M. tuberculosis, mice demonstrated upregulation of lung EPCR expression. 
However, EPCR as well as APC only played a limited role in the host response during experimental 
pulmonary TB, as no significant differences in bacterial growth could be detected between wild 
type (WT) and EPCR-overexpressing mice. Nevertheless, EPCR overexpression was associated 
with decreased pulmonary coagulation activation and increased influx of macrophages in the early 
phase of infection. In EPCR-deficient mice coagulation activation was decreased as well 6 weeks 
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post-infection, with little impact on other inflammation markers. Finally, APC-overexpression or 
treatment with anti-(A)PC antibodies displayed minimal effects during experimental TB. Chapter 
4 focuses on the lectin-like domain of thrombomodulin (TM) during experimental TB. TM, a 
transmembrane vascular receptor, plays a pivotal role in coagulation and during inflammatory condi-
tions10. Its lectin-like domain on the NH2-terminal side is not involved in regulation of coagulation, 
but rather is responsible for a variety of anti-inflammatory properties of TM11, 12. We demonstrate, 
for the first time, downregulation of TM-expression in lung tissues of TB-positive patients, which 
was not related to changes in the amount of endothelium in infected lungs. To find out whether the 
lectin-like domain of TM would play a protective role in the host defense against TB, we infected 
mice lacking the lectin-like domain of TM (TMLeD/LeD mice). Upon infection with M. tuberculosis, 
they showed unaltered mycobacterial loads in lungs, liver and spleen as well as similar lung histopa-
thology and cytokine levels when compared to infected WT mice. We concluded that the lectin-
like domain of TM does not play an important role in the host response to M. tuberculosis infection 
in mice. In chapter 5 we investigated the role of plasminogen activator inhibitor (PAI)-1 during 
murine TB. We demonstrated that only 5 weeks post-infection, bacterial loads in lungs of PAI-1 deficient 
mice were significantly higher compared to WT mice, while no differences were seen at the other 
time points (2 and 29 weeks). Furthermore, only at 2 weeks post-infection increased influx of mac-
rophages and lymphocytes was observed. In conclusion, these data suggest that PAI-1 contributes to 
transient, non-specific changes in immunity during the early phase of murine tuberculosis.

Part II of this thesis focuses on coagulation and fibrinolysis during melioidosis. To unravel 
the effects of the different proteins involved in these processes we used our well-established mouse 
model of melioidosis, in which mice were intranasally infected with B. pseudomallei13. Additionally, 
we measured different proteins involved in coagulation and fibrinolysis in culture-proven melioi-
dosis patients, who had been admitted to the Sapprasithiprasong Hospital in Ubon Ratchathani, 
Thailand. We first focused on the proteins involved in the PC system. In chapter 6 we investigated 
the effects of endogenous PC on the host response against B. pseudomallei by using specific anti-
(A)PC antibodies14. Infected mice were treated with antibodies inhibiting both the anticoagu-
lant and cytoprotective functions of APC (MPC1609) or the anticoagulant functions of APC 
(MAPC1591) only. We demonstrated that MPC1609, but not MAPC1591 significantly wors-
ened survival, increased coagulation activation, facilitated bacterial growth and dissemination and 
enhanced the inflammatory response. The effects of MPC1609 could not be reversed by SEW2871, 
an agent stimulating the sphingosine-1-phosphate receptor 1 (S1P1)-pathway downstream from 
protease activated receptor (PAR)-1), suggesting that the S1P1-pathway does not play a major role 
in this model. From these data it can be concluded that the mere inhibition of the anticoagulant func-
tion of APC does not interfere with its protective role during melioidosis, which suggests a more 
prominent role for the cytoprotective effects of APC herein. Chapter 7 focuses on possible differ-
ences in the host response when generation of APC by the TM-thrombin complex is impaired by a 
mutation in the Tm gene. Mice with this mutation (TMpro/pro mice) displayed a worse survival upon 
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infection with B. pseudomallei when compared to control mice, accompanied by increased coagula-
tion activation, a temporarily increased bacterial growth, enhanced lung neutrophil influx, bron-
choalveolar inflammation at late time points and increased hepatocellular injury. Hence, it seems 
likely that impaired TM-mediated PC activation is detrimental in murine melioidosis. Chapter 8 
analyzes whether high APC levels would influence the host response during melioidosis, for which 
we used mice endogenously overexpressing APC (APChigh mice). Obviously, plasma APC concen-
trations in APChigh mice were elevated and approximately in the same range as previously measured 
in patients treated with recombinant human APC. Surprisingly, APChigh mice demonstrated en-
hanced susceptibility to B. pseudomallei infection compared to WT mice as evidenced by a strongly 
increased mortality accompanied by enhanced bacterial loads in the lungs, blood and distant organs 
48 hours after infection. Additionally, at this time point APChigh mice showed elevated levels of 
proinflammatory cytokines in lungs and plasma, together with increased pulmonary histopathology 
scores and neutrophil influx. At 72 hours post infection decreased levels of TATc, reflecting 
inhibition of coagulation, were measured in lungs of APChigh mice. We concluded that constitu-
tively enhanced expression of APC impairs host defense during melioidosis. Chapter 9 investigates 
the role of EPCR, capable of enhancing the efficiency of converting PC into APC, during 
melioidosis15. Soluble EPCR-levels were higher in plasma of melioidosis patients than in healthy 
controls and were associated with an increased mortality. Furthermore, EPCR-overexpressing mice 
demonstrated enhanced bacterial growth and dissemination to distant organs during experimental 
melioidosis, accompanied by increased lung damage, neutrophil influx and cytokine production 
and attenuated coagulation activation. Interestingly, EPCR-deficient mice had an unremarkable 
response to B. pseudomallei infection as compared to WT mice, except for a decreased coagulation 
activation in plasma. We concluded that overexpression of EPCR and possibly the associated 
attenuated coagulation activation might have aggravated the outcome during melioidosis. How-
ever, endogenous EPCR did not impact on the host response. Chapter 10 describes experiments 
investigating whether deficiency of PAR-1 influences the host response during melioidosis. We 
discovered that PAR-1 deficient mice showed decreased bacterial loads in lungs, BALF and liver. 
In addition, 72 hours after infection, PAR-1 mice displayed a decreased cell influx in the lungs, 
which was due to a lower number of neutrophils. On the other hand, no differences in levels of 
pro-inflammatory cytokines and lung histopathology were seen between WT and PAR-1 deficient 
mice, neither a difference in mortality could be observed between both groups. Therefore it can be 
concluded that PAR-1 only plays a limited role in the inflammatory response during experimental 
melioidosis. Finally, chapter 11 focuses on the lectin-like domain of TM during melioidosis. Following 
exposure to B. pseudomallei, TMLeD/LeD mice showed a survival advantage, accompanied by decreased 
bacterial loads in the blood, lungs, liver and spleen. While lung histopathology did not differ 
between groups, TMLeD/LeD mice displayed strongly attenuated systemic inflammation, as reflected 
by lower plasma cytokine levels, maintenance of normal kidney and liver function, histologic 
evidence of reduced organ damage and damage to the spleen. In conclusion, this study revealed a 
detrimental role for the TM lectin-like domain during melioidosis.
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Next, we focused on the influence of the fibrinolytic system on the host response during meli-
oidosis. In chapter 12 we first investigated the role of tissue-type plasminogen activator (tPA), a 
profibrinolytic protein. Infection with B. pseudomallei was associated with elevated levels of tPA 
in lungs of infected WT mice. During experimental melioidosis tPA deficient mice, expected to 
have increased fibrin depositions, were protected in comparison to WT mice as demonstrated by a 
strongly decreased mortality, together with decreased pulmonary bacterial loads, less severe histo-
pathological scores. These results point to a harmful effect of endogenous tPA during melioidosis, 
which might be related to tPA-associated plasmin-induced fibrinolysis and/or a tPA-associated 
decrease in pro-inflammatory cytokine production. These data suggest that tPA-induced decreased 
fibrin levels are harmful during murine melioidosis. Then, in chapter 13, we focused on the ef-
fects of PAI-1, one of the important fibrinolysis inhibitors that also can influence the inflammatory 
response16, 17. We found that, in contrast to tPA-deficient mice, PAI-1 deficient mice, which are ex-
pected to have decreased fibrin depositions, had an enhanced susceptibility to B. pseudomallei. This 
was evidenced by a strongly increased mortality, associated with enhanced bacterial loads in lungs, 
liver and blood in PAI-1 deficient mice. Additionally, PAI-1 deficiency was associated with elevated 
levels of pro-inflammatory cytokines in lungs and plasma, accompanied by enhanced local and sys-
temic coagulation activation, increased hepatocellular injury and renal failure. In addition to these 
data, in chapter 14, we analyzed the influence of the other important anti-fibrinolytic protein, 
alpha-2-antiplasmin (A2AP) during melioidosis. Culture-positive melioidosis patients showed 
elevated A2AP plasma levels in comparison healthy controls. Likewise, A2AP-levels in plasma and 
lung homogenates were elevated in mice infected with B. pseudomallei. In line with PAI-1 deficient 
mice, A2AP deficient mice had a strongly disturbed host response during experimental melioidosis 
as reflected by enhanced bacterial growth in the lungs and at distant sites. In addition, A2AP defi-
ciency was associated with more severe lung pathology, an increased accumulation of neutrophils, 
higher lung cytokine levels, exaggerated systemic inflammation and coagulation, increased distant 
organ injury and enhanced lethality. This study was the first to identify A2AP as a protective mediator 
during severe infection. Altogether these data suggest that the presence of fibrin has protective 
effects on the host immune response during murine melioidosis.

In Part III of this thesis two additional studies are presented. First, in chapter 15 we present the 
results of a clinical study investigating the effects of direct intrabronchial administration of APC 
during lipopolysaccharide (LPS)-induced pulmonary inflammation. As previous data had shown a 
favorable outcome of intravenous administration of APC during pulmonary infections18 and after 
local endotoxin challenge in the lungs19, 20 as was evidenced by inhibition of inflammation and coagu-
lation, in this study we aimed to find out whether direct intrabronchial administration of APC 
would have the same protective effects, while preventing severe side effects such as intracranial 
bleeding. Surprisingly, instead of being protective, we found that intrabronchially administered 
recombinant human (rh)APC had procoagulant and proinflammatory effects in LPS-challenged 
lung subsegments of healthy volunteers. These data argue against a role for intrapulmonary delivery 
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of rhAPC as a treatment strategy for lung inflammatory disorders in humans. Finally, in chapter 
16 we describe a new murine model to study musculoskeletal TB, a severe extrapulmonary mani-
festation of chronic M. tuberculosis infection21. Ten months after intranasal infection M. tuberculosis 
mycobacterial growth was detected in lung and femur homogenates, while Ziehl-Neelsen staining 
of paraffin-embedded femurs showed acid-fast rods in the myelum. Magnetic resonance imaging 
demonstrated osteomyelitis and macronodular tuberculomas. We concluded that this new murine 
model of musculoskeletal TB might be of value to further investigate immunologic and radiologic 
responses.

GENERAL DISCUSSION & FUTURE DIRECTIONS

Ample evidence has shown that infection-associated coagulation abnormalities mainly are associ-
ated with severe acute infections and occur concurrently with strong pro-inflammatory antibacte-
rial responses3. Limited data exist about coagulation activation during chronic infections. Our data 
showing overt activation of procoagulant factors, together with downregulation of anticoagulant 
mechanisms, during pulmonary TB therefore were remarkable. Moreover, although we were unable 
to calculate a full score for disseminated intravascular coagulation (DIC-score), because no data on 
platelet counts were available, our data almost met the DIC-criteria22. Like in DIC, in TB patients 
we also observed prolonged prothrombin times, increased D-dimer and TATc levels and decreased 
antithrombin and PC levels. The DIC-score is considered a marker for damage to the microvascula-
ture and associated organ failure and, apparently these processes also occur during TB. The clinical 
picture of TB, however, is not associated with fulminant organ failure. It seems likely that during 
this chronic disease a steady state is reached in which pro-and anticoagulant factors have reached 
an equilibrium during which further clinical deterioration of the host is prevented. Obviously this 
is area for further research. 

We further investigated whether the PC system and in particular APC play a role during TB. 
Despite earlier observations23, our current studies only demonstrated a limited role for EPCR and 
APC during murine TB. Moreover, the lectin-like domain of TM, known for its anti-inflammatory 
capacities10, did not play a major role either in mice infected with M. tuberculosis. In addition, the 
fibrinolytic system had limited effects on the host response during murine TB, as was shown by our 
results on inflammation in mycobacteria-infected PAI-1 deficient mice. The discrepancy between 
our patient data, in which strong activation of coagulation and fibrinolysis was observed, and our 
murine studies, that did not point to a prominent role for proteins involved in the PC or fibrinolytic 
system, may have different explanations. First, caution is warranted to extrapolate murine data to the 
human situation. Recent data showed that genomic responses in mouse models may poorly mimic 
those in human inflammatory diseases24. In murine models, the responses to proinflammatory stimuli 
are dependent on factors such as the mouse strain used, the route and dose of the challenge and the 
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(myco)bacterial strain used, whereas in humans the host is heterogeneous with regard to genetic 
background and comorbidity. Second, although we observed systemic coagulation disturbances in 
TB patients, we failed to show local, intrabronchial coagulation abnormalities. In our murine studies we 
mainly focused on the inflammatory host response in the lungs. However, possibly, when studied in 
a larger patient cohort, local abnormalities in coagulation and/or fibrinolysis do become apparent. 
Finally, during the chronic phase of pulmonary TB a steady state may be present, in which stimulating 
and inhibiting factors influencing inflammation and coagulation are delicately balanced and during 
which separate anticoagulant proteins have little direct immunomodulatory effects on the antimy-
cobacterial host response. In the past, some studies showed protective effects of APC during TB23, 25. 
However, strengthened by our murine data, we support the opinion that interfering in the coagula-
tion system by anticoagulants such as recombinant APC (which might also have anti-inflammatory 
effects) is of limited value during chronic pulmonary TB.

During experimental melioidosis APC and the PC system seem to play a bidirectional role. 
On the one hand, depletion of endogenous APC, either in mice with limited APC generation 
(TMpro/pro mice) or by using anti-APC antibodies, induced a detrimental phenotype, indicating 
that a minimal amount of APC is needed to mount a proper host response against B. pseudomallei. 
Moreover, by using selective anti-PC antibodies, it seemed that the cytoprotective effects of APC 
are responsible for the protective phenotype. On the other hand, however, overexpression of APC 
was associated with a harmful phenotype during murine melioidosis, as was demonstrated by APChigh 
mice and mice overexpressing EPCR, which are likely to have increased amounts of APC due to 
enhanced availability of this receptor. It could be hypothesized that the APC-enriched environ-
ment might have favored bacterial growth and dissemination due to its strong anti-inflammatory 
and anticoagulant effects, which might in this case have been ‘too strong’ to contain bacteria and to 
mount a proper antibacterial response. It is assumable that containment of bacteria can be secured by 
the presence of fibrin that may serve to ‘wall off ’ the primary infection thereby preventing bacte-
rial dissemination. In line, too much anti-coagulation may slow down clot formation and decrease 
fibrin deposition, facilitating bacterial dissemination throughout the body, which in turn may 
aggravate the inflammatory response. This hypothesis is in line with our observations in mice with 
mutations in the proteins involved in fibrinolysis: deficiency of fibrinolysis inhibiting proteins (such 
as in PAI-1 and A2AP deficient mice), which is expected to be associated with decreased fibrin 
depositions, showed increased bacterial growth during murine melioidosis, while deficiency of tPA, 
associated with enhanced fibrin depositions, demonstrated reduced bacterial growth and dissemi-
nation in this same model. In line with PAI-1, A2AP however might also have, yet undiscovered, 
distinct anti-inflammatory effects apart from its anti-fibrinolytic effects, although our data did not 
show direct evidence for this suggestion.

In patients with severe pneumonia and (pneumo)sepsis interfering in the coagulation system was 
thought to be a promising treatment strategy. Indeed, administration of rhAPC was demonstrated 
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to strongly reduce mortality and activation of inflammation18, especially in patients with lung 
sepsis26, although a confirmatory trial failed to show the same effects27. At first glance, treatment 
with rhAPC also seems to be attractive or at least worth investigating in patients with severe sepsis 
due to B. pseudomallei. However, caution should be taken as all previously mentioned trials were 
performed in developed countries in Western Europe and the United States making it difficult to 
extrapolate the observed effects to the South-East Asian situation. Moreover, although during 
experimental melioidosis intact endogenous PC activation seems to be protective, our murine data 
showed that an APC-enriched environment has harmful effects on disease outcome. Therefore, to 
our opinion, treatment with rhAPC in patients with severe melioidosis should not be encouraged 
or, at least, the dose of intravenously administered rhAPC should be carefully titrated. Interference 
in the fibrinolytic system, on the other hand, seems a more promising strategy in the development 
of new additional therapies for melioidosis. Although highly preliminary and only investigated in 
murine models, we showed that inhibition of fibrinolysis was protective. Therefore, inhibition of 
fibrinolysis by exogenous fibrinolysis inhibitors such as tranexamic acid could be an attractive new 
approach that is worthwhile investigating. Obviously, this is also area for further research.

Finally, it is interesting to speculate on the similarities between TB and melioidosis. Both diseases 
can have comparable clinical presentations (chronic suppurative lesions unresponsive to conventional 
antibiotics, primarily affecting the lungs) and similar risk profiles (corticosteroid use, diabetes). 
Moreover, recent gene expression studies revealed that both diseases have a similar anti-bacterial 
host response dominated by interferon-signaling events28, which is further supported by previous 
observations in IFN-γ deficient mice that displayed a strongly enhanced susceptibility for both 
M. tuberculosis29 and B. pseudomallei30. Most likely this is due to their shared intracellular lifestyles, 
in which intracellular killing is largely regulated by IFN-γ. Whether these comparable anti-bacterial 
host responses fully explain the similarities between both pathogens remains area for further study 
as well as the explanation of the differences between both diseases such as their high (TB) or rela-
tively low (melioidosis) prevalence in HIV-positive patients or the fact that melioidosis often 
presents as an acute fulminant sepsis whereas TB merely is a chronic pulmonary disease.

CONCLUSIONS 

The studies presented in this thesis significantly contribute to the current knowledge on the role 
of proteins involved in coagulation, anticoagulation and fibrinolysis during TB and melioidosis. 
We showed that during TB, although a chronic disease, the coagulation system becomes activated. 
The physiological significance of this activation, however, still is unclear and we failed to show a 
clear functional role for proteins involved in the PC system. With respect to melioidosis, we here 
demonstrated that some (components of ) proteins involved in coagulation and fibrinolysis signifi-
cantly contribute to the host defense against B. pseudomallei. This knowledge may add to further 
understanding of the pathophysiological processes during this severe septic disease and may serve as 
new targets for additional therapies. 

17



300

Chapter 17

REFERENCES 

1.  Zumla A, Raviglione M, Hafner R, von Reyn CF. Tuberculosis. N Engl J Med 2013;368(8):745-755.

2.  Wiersinga WJ, Currie BJ, Peacock SJ. Melioidosis. N Engl J Med 2012;367(11):1035-1044.

3.  Levi M, van der Poll T. Inflammation and coagulation. Crit Care Med 2010;38(2 Suppl):S26-S34.

4.  Robson SC, White NW, Aronson I, Woollgar R, Goodman H, Jacobs P. Acute-phase response and the hyperco- 
 agulable state in pulmonary tuberculosis. Br J Haematol 1996;93(4):943-949.

5.  Turken O, Kunter E, Sezer M et al. Hemostatic changes in active pulmonary tuberculosis. Int J Tuberc Lung Dis  
 2002;6(10):927-932.

6.  LaRosa SP, Opal SM, Utterback B et al. Decreased protein C, protein S, and antithrombin levels are predictive of  
 poor outcome in Gram-negative sepsis caused by Burkholderia pseudomallei. Int J Infect Dis 2006;10(1):25-31.

7.  Wiersinga WJ, Meijers JC, Levi M et al. Activation of coagulation with concurrent impairment of anticoagulant  
 mechanisms correlates with a poor outcome in severe melioidosis. J Thromb Haemost 2008;6(1):32-39.

8.  Wieland CW, van der Windt GJ, Florquin S, McKenzie AN, van der Poll T. ST2 deficient mice display a normal  
 host defense against pulmonary infection with Mycobacterium tuberculosis. Microbes Infect 2009;11(4):524-530.

9.  van der Windt GJ, Wieland CW, Wiersinga WJ, Florquin S, van der Poll T. Osteopontin is not crucial to protec- 
 tive immunity during murine tuberculosis. Immunology 2009;128(1 Suppl):e766-e776.

10.  Conway EM. Thrombomodulin and its role in inflammation. Semin Immunopathol 2012;34(1):107-125.

11.  Conway EM, Van de Wouwer M, Pollefeyt S et al. The lectin-like domain of thrombomodulin confers protection  
 from neutrophil-mediated tissue damage by suppressing adhesion molecule expression via nuclear factor kappaB  
 and mitogen-activated protein kinase pathways. J Exp Med 2002;196(5):565-577.

12.  Shi CS, Shi GY, Hsiao SM et al. Lectin-like domain of thrombomodulin binds to its specific ligand Lewis Y   
 antigen and neutralizes lipopolysaccharide-induced inflammatory response. Blood 2008;112(9):3661-3670.

13.  Wiersinga WJ, Wieland CW, Dessing MC et al. Toll-like receptor 2 impairs host defense in gram-negative sepsis  
 caused by Burkholderia pseudomallei (Melioidosis). PLoS Med 2007;4(7):e248.

14.  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(5):851-856.

15.  Stearns-Kurosawa DJ, Kurosawa S, Mollica JS, Ferrell GL, Esmon CT. The endothelial cell protein C receptor   
 augments protein C activation by the thrombin-thrombomodulin complex. Proc Natl Acad Sci U S A   
 1996;93(19):10212-10216.

16.  Lijnen HR. Pleiotropic functions of plasminogen activator inhibitor-1. J Thromb Haemost 2005;3(1):35-45.

17.  Collen D, Lijnen HR. Basic and clinical aspects of fibrinolysis and thrombolysis. Blood 1991;78(12):3114-3124.

18.  Bernard GR, Vincent JL, Laterre PF et al. Efficacy and safety of recombinant human activated protein C for   
 severe sepsis. N Engl J Med 2001;344(10):699-709.

19.  van der Poll T, Levi M, Nick JA, Abraham E. Activated protein C inhibits local coagulation after intrapulmonary  
 delivery of endotoxin in humans. Am J Respir Crit Care Med 2005;171(10):1125-1128.

20.  Nick JA, Coldren CD, Geraci MW et al. Recombinant human activated protein C reduces human endotoxin-  
 induced pulmonary inflammation via inhibition of neutrophil chemotaxis. Blood 2004;104(13):3878-3885.

21.  Pigrau-Serrallach C, Rodriguez-Pardo D. Bone and joint tuberculosis. Eur Spine J 2013;22 Suppl 4:556-566.

22.  Taylor FB, Jr., Toh CH, Hoots WK, Wada H, Levi M. Towards definition, clinical and laboratory criteria, and a  
 scoring system for disseminated intravascular coagulation. Thromb Haemost 2001;86(5):1327-1330.



301

Summary, general discussion and conclusion

23.  Weijer S, Wieland CW, Florquin S, van der Poll T. A thrombomodulin mutation that impairs activated protein  C generation  
 results in uncontrolled lung inflammation during murine tuberculosis. Blood 2005;106(8):2761-2768.

24.  Seok J, Warren HS, Cuenca AG et al. Genomic responses in mouse models poorly mimic human inflammatory  
 diseases. Proc Natl Acad Sci U S A 2013;110(9):3507-3512.

25.  Rubin ZA, Leonard MK, Martin GS. Brief report: tuberculosis sepsis and activated protein C. Am J Med Sci   
 2006;332(1):48-50.

26.  Ely EW, Laterre PF, Angus DC et al. Drotrecogin alfa (activated) administration across clinically important   
 subgroups of patients with severe sepsis. Crit Care Med 2003;31(1):12-19.

27.  Ranieri VM, Thompson BT, Barie PS et al. Drotrecogin alfa (activated) in adults with septic shock. N Engl J   
 Med 2012;366(22):2055-2064.

28.  Koh GC, Schreiber MF, Bautista R et al. Host responses to melioidosis and tuberculosis are both dominated by  
 interferon-mediated signaling. PLoS One 2013;8(1):e54961.

29.  Cooper AM, Dalton DK, Stewart TA, Griffin JP, Russell DG, Orme IM. Disseminated tuberculosis in interferon  
 gamma gene-disrupted mice. J Exp Med 1993;178(6):2243-2247.

30.  Santanirand P, Harley VS, Dance DA, Drasar BS, Bancroft GJ. Obligatory role of gamma interferon for host   
 survival in a murine model of infection with Burkholderia pseudomallei. Infect Immun 1999;67(7):3593-3600.

17





Addendum



304

Addendum



305

Samenvatting voor niet-ingewijden

SAMENVATTING VOOR NIET-INGEWIJDEN (DUTCH SUMMARY) 

Dit proefschrift richt zich op de rol van bloedstolling tijdens tuberculose (TB) en melioidose. Meer 
specifiek, in de studies hier beschreven worden de effecten onderzocht van de verschillende eiwitten 
die betrokken zijn bij de bloedstolling op de antibacteriële afweer tijdens TB en melioidose. TB is 
een chronische infectieziekte die wordt veroorzaakt door de intracellulaire bacterie Mycobacterium 
(M.) tuberculosis. TB uit zich vaak als een chronische longziekte, waarbij patiënten last hebben van 
chronische hoest, kortademigheid, koorts en algeheel ziek-zijn. TB kan zich ook op andere plaatsen 
in het lichaam manifesteren zoals in de lymfeklieren, de botten en gewrichten. Melioidose is, in 
tegenstelling tot TB, een meer acute, snel verlopende infectieziekte. Melioidose wordt veroorzaakt 
door de Gram-negatieve bacterie Burkholderia (B.) pseudomallei. Deze ziekte komt veel voor in 
Zuidoost-Azië en Noord-Australië. Aangezien B. pseudomallei in deze gebieden in de (vochtige) 
grond voorkomt, kunnen inwoners snel geïnfecteerd raken. Melioidose uit zich vaak als een ernstige 
longontsteking, waarbij patiënten snel kunnen verslechteren en bloedvergifitiging, ook wel sepsis 
genoemd, kunnen krijgen. Bij dergelijke patiënten kan dit leiden tot levensbedreigende situaties, 
zoals een septische shock, waarvan bekend is dat ongeveer 30% van de patiënten hieraan overlijdt, 
ondanks adequate behandeling met antibiotica. Door de hoge mortaliteit, makkelijke toegankelijkheid 
en makkelijke manier van verspreiden staat B. pseudomallei niet voor niets op de lijst van mogelijke 
bioterroristische wapens. 

De laatste jaren is veel onderzoek gedaan naar de rol van bloedstolling en de eiwitten die daarbij 
betrokken zijn tijdens ernstige infecties, zoals longontsteking en sepsis. Het is duidelijk geworden, 
dat het stollingssysteem geactiveerd raakt door de eiwitten betrokken bij de afweerreactie van de 
gastheer tijdens een infectie. Op deze manier is het stollingssysteem onderdeel van de afweerreactie 
tegen binnendringende bacteriën. Aan de andere kant kunnen tijdens een infectie stollingseiwitten op 
zichzelf ook ontstekingseiwitten activeren, wat kan leiden tot een cascade van activatie van stollings- 
en ontstekingseiwitten. Soms is dit gunstig en versterkt dit de antibacteriële afweer. In andere gevallen 
echter kan deze reactie ook zo hevig verlopen dat dit leidt tot zeer nadelige gevolgen voor de gastheer, 
door de aanwezigheid van teveel agressieve, schadelijke ontstekingseiwitten of teveel stollingsac-
tivatie, waardoor de organen niet meer goed kunnen functioneren. Lang bestaat de hypothese, 
dat door in te grijpen in het stollingssysteem en de activatie van verschillende stollingsfactoren te 
beïnvloeden, ook de afweerreactie van de gastheer tegen binnendringende bacteriën gunstig beïn-
vloed kan worden. Geactiveerd proteïne C (APC), een belangrijke remmer van de bloedstolling 
leek in dit geval een veelbelovend doelwit te zijn, aangezien dit eiwit naast antistollingsactiviteit ook 
ontstekingsremmende eigenschappen bezit. Het doel van de in dit proefschrift beschreven onder-
zoekslijnen is om meer inzicht te krijgen in het functioneren van bloedstolling en in het bijzonder 
het proteïne C systeem tijdens TB en melioidose. Verder is onderzocht welke invloed de eiwitten 
hebben die betrokken zijn bij de fibrinolyse, het opruimen van bloedstolsels, tijdens deze ziektes. De 
volgende samenvatting beschrijft kort wat de belangrijkste onderzoeksresultaten zijn zoals beschreven 
in dit proefschrift en geeft tevens een overzicht van de mogelijke toepassingen hiervan.
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Deel I

In het eerste deel van dit proefschrift wordt de rol van bloedstolling en fibrinolyse tijdens TB uitge-
diept. Hoofdstuk 2 beschrijft een klinische studie uitgevoerd in 2010 in Chittagong, Bangladesh, 
een gebied waar veel TB voorkomt. We hebben gevonden dat patiënten met bewezen infectie met 
M. tuberculosis duidelijk meer stollingsactivatie hebben in hun bloed dan lokale gezonde controles. 
Deze veranderingen waren echter slechts in beperkte mate gerelateerd aan activatie van ontstekingsei-
witten in het bloed van TB patiënten. Stollingsactivatie tijdens TB lijkt verder voornamelijk voor te 
komen in de bloedbaan, aangezien we na bronchoscopie, een soort kijkonderzoek in de longen, en 
spoelen van de longen geen activatie van stollingseiwitten konden vinden in de spoelvloeistof. In de 
volgende hoofdstukken werden de afzonderlijke eiwitten, betrokken bij proteïne C activatie en 
fibrinolyse, onderzocht door gebruik te maken van muizen die door genetische veranderingen één 
specifiek eiwit missen, zogeheten ‘knock-out muizen’, of van muizen die juist een eiwit tot overex-
pressie brengen, waardoor dat eiwit in verhoogde hoeveelheden aanwezig is. Hoofdstuk 3 richt 
zich op de rol van het proteïne C systeem tijdens TB. De resultaten laten zien dat het proteïne C sys-
teem nauwelijks een rol speelt bij muizen geïnfecteerd met M. tuberculosis: er konden geen verschil-
len aangetoond worden tussen ‘gewone’, wildtype muizen en muizen die de activerende receptor voor 
proteïne C, EPCR, missen of tot overexpressie brengen. Ook muizen die APC zelf tot overexpressie 
brengen en muizen die behandeld zijn met APC-blokkerende antistoffen lieten geen verschil zien met 
wildtype muizen tijdens TB. Hoofdstuk 4 richt zich op de rol van het lectine-achtige domein van 
het eiwit thrombomoduline. Dit domein bevindt zich aan het uiteinde van thrombomoduline, een 
transmembraan receptor betrokken bij stollingsactivatie en ontsteking. Het lectine-achtige domein 
is voornamelijk betrokken bij (regulatie van) de ontstekingsreactie. Wij toonden aan dat, vergeleken 
met controle patiënten, in de longen van TB patiënten het thrombomoduline eiwit tot verlaagde 
expressie komt. Tijdens TB in de muis echter bleek het lectine-achtige domein van thrombomod-
uline geen rol te spelen, aangezien we geen verschillen in activatie van ontsteking konden aantonen 
tussen wildtype muizen en muizen die deficiënt waren voor dit domein. In hoofdstuk 5 wordt de rol 
van plasminogeen activator inhibitor (PAI)-1 onderzocht tijdens TB in de muis. PAI-1 is een belan-
grijke remmer van de fibrinolyse. Deficiëntie van dit eiwit geeft een, verwachte, toegenomen fibrino-
lyse (afbraak van bloedstolsels). We vergeleken wildtype muizen met muizen knock-out voor PAI-1. 
Deze laatste lieten slechts beperkte verschillen zien ten opzicht van wildtype muizen: 2 weken na 
infectie was de influx van macrofagen (afweercellen) groter in PAI-1 knock-out muizen en na 5 weken 
was de bacterie uitgroei in de longen hoger in PAI-1 knock-out muizen. 

Deel II
Het tweede deel van dit proefschrift beschrijft de rol van bloedstolling en fibrinolyse tijdens melioi-
dose. In hoofdstuk 6 onderzochten we de effecten van remming van endogeen APC door gebruik 
van specifieke anti-(A)PC antistoffen, die in staat zijn zowel de antistollende als de ontstekingsrem-
mende functie van APC (MPC1609) of alleen de antistollende werking van APC (MAPC1591) te 
remmen. Remming van zowel de antistollende als de ontstekingsremmende eigenschappen van 
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APC met behulp van MPC1609 leidde tot een hogere mortaliteit, meer bacterie uitgroei, meer 
influx van ontstekingscellen en sterkere stollingsactivatie. Interessant genoeg bleek alleen remming 
van de antistollende eigenschappen van APC, door middel van toediening van MAPC1591, geen 
verschillen te induceren ten opzichte van behandeling met een controle antistof. Deze resultaten 
wijzen erop dat het samenspel van de antistollende en ontstekingsremmende eigenschappen van 
APC nodig is voor een goede afweer tegen B. pseudomallei, waarbij mogelijk de celbeschermende 
eigenschappen van APC de meest prominente rol spelen. Hoofstuk 7 focust op de rol van de APC-
activerende eigenschappen van thrombomoduline tijdens melioidose in de muis. Muizen, die door 
een genetische mutatie geen proteïne C meer kunnen activeren tot APC (TMpro/pro muizen) en die 
dus van zichzelf minder APC hebben, werden vergeleken met wildtype muizen. Resultaten laten zien 
dat deze TMpro/pro muizen vergeleken met wildtype muizen een minder goede overleving hebben na in-
fectie met B. pseudomallei, gepaard gaande met toegenomen stollingsactivatie en tijdelijk meer bac-
teriële uitgroei. Hoofdstuk 8 behandelt een tegenovergesteld model. Hier worden muizen die 
van zichzelf meer APC tot expressie brengen (APChigh-muizen ) vergeleken met wildtype muizen. 
In tegenstelling tot wat werd verwacht, APC zou immers beschermend moeten werken, vonden 
we dat deze APChigh-muizen ook een verhoogde gevoeligheid hadden voor infectie met B. pseu-
domallei, zich uitend in een tijdelijk hogere bacteriële uitgroei, hogere influx van ontstekingsmedia-
toren en een hogere mortaliteit vergeleken met wildtype muizen. Deze resultaten werden bevestigd in 
hoofdstuk 9. Hier beschrijven we experimenten met muizen die de receptor voor APC, EPCR, tot 
overexpressie brengen. Theoretisch hebben deze muizen ook een verhoogde activatie van proteïne 
C tot APC. Het bleek dat EPCR overexpressie ook schadelijke effecten had tijdens melioidose: 
vergeleken met wildtype controle muizen hadden deze muizen tijdelijk meer bacteriële uitgroei, een 
sterkere ontstekingsreactie en, tijdens de vroege fase van de infectie, een hogere sterftekans. Aanvullende 
bepalingen in een cohort van melioidose patiënten in Ubon Ratchathani, Thailand, toonden 
verhoogde EPCR concentraties tijdens melioidose, waarbij er ook een verband bleek te bestaan met 
een hogere sterftekans. Hoofdstuk 10 onderzoekt de effecten van deficiëntie van de receptor voor 
APC, de protease-geactiveerde recteptor-1, PAR-1, via welke de ontstekingsremmende, celbescher-
mende eigenschappen gereguleerd worden. Muizen knock-out voor PAR-1 werden geïnfecteerd 
met B. pseudomallei en vergeleken met WT muizen, waarbij bleek dat PAR-1 slechts een beperkte, 
beschermende rol speelt. Hoofdstuk 11, tenslotte, laat zien dat deficiëntie van het lectine-achtige 
domein van thrombomoduline schadelijk is tijdens melioidose, aangezien muizen die dit domein 
missen een betere overleving hadden, welke gepaard ging met verminderde bacteriële uitgroei in de 
diverse organen, minder activatie van ontstekingsmediatoren en minder nier- en leverschade. De 
volgende hoofdstukken richten zich op de rol van de diverse eiwitten betrokken bij de fibrinolyse 
in de afweerreactie tijdens melioidose. In hoofdstuk 12 worden de effecten van tissue-type plasmi-
nogen activator (tPA) tijdens melioidose in de muis onderzocht. tPA is de belangrijkste stimula-
tor van de fibrinolyse en muizen die dit eiwit missen hebben een basaal verminderde afbraak van 
fibrine, het hoofdbestanddeel van bloedstolsels, waardoor in deze muizen, theoretisch meer stolling 
aanwezig is. Het bleek dat deficiëntie van tPA gunstig is tijdens melioidose, aangezien muizen die 
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dit eiwit misten beschermd waren, zich uitend in een lagere mortaliteit, minder bacterie uitgroei en 
minder longschade. Aan de andere kant, toonden we aan dat deficiëntie van remmers van de fibrino-
lyse, waarbij er dus basaal meer fibrine afbraak en minder stolling is, schadelijk is tijdens melioidose: 
muizen die danwel PAI-1 (hoofdstuk 13), danwel alfa-2-antiplasmine (A2AP, hoofdstuk 14) mis-
ten, beide sterke remmers van fibrinolyse, hadden een hogere mortaliteit vergeleken met wildtype 
muizen, hetgeen eveneens gepaard ging met meer bacteriële uitgroei, meer stollingsactivatie en 
een sterkere ontstekingsrespons. Aanvullend toonden we aan dat patiënten met melioidose verhoogde 
concentraties A2AP in hun bloed hebben vergeleken met gezonde controles, wat wijst op een rol voor 
A2AP tijdens melioidose, ook in de humane situatie.

Deel III
In deel III van dit proefschrift worden twee aanvullende studies gepresenteerd. Hoofdstuk 15 laat 
de resultaten zien van een onderzoek naar het effect van lokaal toegediend APC tijdens long-inflam-
matie. Lokale inflammatie van de longen werd bij gezonde vrijwilligers geïnduceerd door toediening 
van endotoxine (lipopolysaccharide, LPS) in beide longen middels een bronchoscopie. Vervolgens 
werd aan één kant APC gegeven en aan de andere kant ‘normaal’ fysiologisch zout. Interessant 
genoeg bleek toediening van APC niet beschermend en ontstekingsremmend te werken maar, 
integendeel, stimuleerde het de activatie van stollingsfactoren en afgifte van cytokines, stoffen die een 
rol spelen bij de afweer tijdens ontsteking. Deze data suggereren sterk dat lokale toediening van APC 
geen plaats heeft in de behandeling van (ernstige) longontsteking. Hoofdstuk 16 tenslotte beschrijft 
een nieuw muismodel om TB van botten en gewrichten te bestuderen. Bot-TB, ook wel ‘Pott’s 
disease’ genoemd, ontstaat door verspreiding van tuberkelbacteriën via de lymfe of de bloedbaan 
naar de botten en kan leiden tot ernstige complicaties zoals wervelinzakkingen, deformiteiten en/ of 
abcessen van de wervelkolom en neurologische complicaties zoals uitvalsverschijselen en uitstral-
ende (rug)pijn. Het beschreven model toont invasie van mycobacteriën in de botten, 10 maanden 
na infectie, en aanvullende MRI-scans laten duidelijke ontsteking van de botten zien. Dit model 
kan gebruikt worden in de toekomst om immunologische en radiologische effecten tijdens bot-TB 
te onderzoeken. 

Tot slot
Samengevat laten de onderzoeken beschreven in dit proefschrift duidelijk zien dat tijdens TB 
het stollingssysteem duidelijk geactiveerd raakt. De klinische implicaties van deze inzichten zijn 
vooralsnog echter niet geheel duidelijk; muizenstudies laten geen duidelijke effecten op de afweer 
zien wanneer specifieke eiwitten betrokken bij de bloedstolling -in het bijzonder het proteïne C 
systeem en de fibrinolyse- uitgeschakeld worden. Met betrekking tot melioidose hebben we wel 
duidelijk kunnen aantonen dat bepaalde eiwitten betrokken bij de bloedstolling en fibrinolyse 
bijdragen aan de afweerrespons van de gastheer. Met name endogeen APC bleek van cruciaal 
belang tijdens infectie met B. pseudomallei. Een overdosis van dit eiwit, door overexpressie van APC 
of zijn activerende receptor, EPCR, bleek echter schadelijk. Hieruit wordt duidelijk dat juist de 
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balans in activatie en remming van de bloedstolling belangrijk lijkt te zijn in de afweer. Aanvullend 
lieten we zien dat fibrinolyse een belangrijke rol speelt tijdens melioidose, waarbij aanwezigheid van 
meer fibrine beschermend bleek te zijn. Aannemelijk is dat aanwezigheid van fibrine bacteriën kan 
‘afschermen’ waardoor verdere verspreiding voorkomen dan wel afgeremd wordt en waardoor de 
afweerrespons minder sterk is en zodoende minder schadelijke effecten heeft in de gastheer. De kennis, 
voortkomend uit dit proefschrift, kan bijdragen tot verder inzicht in de afweermechanismen van 
de gastheer tijdens infecties met M. tuberculosis en B. pseudomallei, wat uiteindelijk kan leiden tot 
het ontdekken van nieuwe aangrijpingspunten voor het ontwikkelen van nieuwe medicamenteuze 
behandelingen.
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COMMON ABBREVIATIONS

A2AP  alpha-2-antiplasmin
ADAMTS13 a disintegrin and metalloproteinase with a thrombospondin type 1 motif-13
ALAT  alanine aminotransferase
(r)(h)APC (recombinant) (human) activated protein C
aPTT  activated prothrombin time
ASAT  aspartate amniotransferase
AUC  area under the curve
BAL(F)  bronchoalveolar lavage (fluid)
C3(a)  (activated) complement factor 3
C4bBP  C4b-binding protein
C5(a)  (activated) complement factor 5
CFU  colony forming units
CRP  C-reactive protein
CXCL8  chemokine (C-X-C motif ) ligand 8
ELISA  enzyme-linked immunosorbent assay
ETP  endogenous thrombin potential
F  (coagulation) factor
FACS  fluorescence-activated cell sorting
HMGB-1  high mobility group box-1
IL  interleukin
IFN-γ  interferon-γ
KC  keratinocyte-derived chemokine
KO  knockout
LDH  lactate dehydrogenase
LPS  lipopolysaccharide
(m)EPCR  (membrane-bound) endothelial protein C receptor
MCP-1  monocyte chemotactic protein-1
MPO  myeloperoxidase
PAI-1  plasminogen activator inhibitor type-1
PAPc  plasmin-α2-antiplasmin complexes
PAR  protease activated receptor
PC  protein C
PCI  protein C inhibitor
PS  protein S
PT  prothrombin time
RAGE  receptor for advanced glycation endproducts
S1P1  sphingosine-1-phosphate receptor-1
SEM  standard error of the mean
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TATc  thrombin-antithrombin complexes
TB  tuberculosis
TF  tissue factor
TFPI  tissue factor pathway inhibitor
(s)EPCR  (soluble) endothelial protein C receptor
sICAM-1  soluble intercellular adhesion molecule-1
sIL-2RA  soluble interleukin-2 receptor subunit-α
(s)TM  (soluble) thrombomodulin
sTNFR  soluble tumor necrosis factor receptor
TNF-α  tumor necrosis factor-α
tPA  tissue-type plasminogen activator
uPA  urokinase-type plasminogen activator
uPAR  urokinase-type plasminogen activator receptor
vWF(Ag)  von Willebrand Factor (antigen)
WT  wildtype
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DANKWOORD (ACKNOWLEDGEMENTS)

Aangezien het dankwoord vaak het eerst en het meest frequent gelezen wordt zou ik u toch nog 
even willen meenemen naar de highlights van dit proefschrift, aangezien dit u wellicht uitnodigt 
tot verder lezen. Wij hebben immers aangetoond dat tijdens tuberculose vele eiwitten betroken bij 
het stollingssysteem en ook markers voor endotheel activatie geactiveerd raken, als onderdeel van de 
afweerreactie tegen deze ziekte. Verder blijken het proteine C systeem, evenals eiwitten betrokken bij 
de fibrinolyse, een duidelijke rol te spelen in de afweer tijdens melioidse. Uiterst interessante data, 
voelt u zich dus niet bezwaard stiekem even terug te bladeren... 
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paar jaar geleden, heb ik jouw inzicht, enthousiasme en gedrevenheid bewonderd. Vele, illustere, 
voorgangers zijn de revue gepasseerd en het is al vaker gezegd, maar ik sluit me hierbij volledig aan: 
ik had me echt geen betere promotor kunnen wensen! Van lange discussies met editors, doorzagende 
inspecteurs tot uitstapjes naar Lissabon, München of tropische rooftops, jij was erbij, ik kon op je 
rekenen, het was uiteindelijk allemaal erg nuttig en vooral gezellig! Cees van ’t Veer, co-promotor, 
wil ik ook graag hartelijk bedanken. Jouw inzicht in het stollingssysteem en hoe alles daarmee en 
met elkaar samenhangt is fenomenaal. Ook bedank ik met veel plezier Joost Wiersinga, mijn andere 
co-promotor. Joost, ik had de eer het stokje over te nemen wat betreft het melioidose muismodel. 
Na jouw promotie was wel duidelijk dat de lat hoog lag, hopelijk heb ik enigszins aan de verwachtingen 
kunnen voldoen en het melioidose onderzoek een stapje verder kunnen brengen. In ieder geval veel 
dank voor je grote enthousiasme!

Prof. dr. Gijs van den Brink, prof. dr. Arjen Dondorp, prof. dr. Marcel Levi, prof. dr. Marcus Schultz, 
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protein C system’, Naomi Esmon and Gary Ferrell of the Oklahoma Medical Research Foundation. 
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veel dank voor Joris Roelofs, Onno de Boer en Chris van der Loos van de afdeling Pathologie voor 
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voor een capuccinootje en later nespressootje, een uurtje meehelpen in het verre KIT, goede 
adviezen en uiteraard heel veel gezelligheid, van de Beurs van Berlage tot Kyoto, van Koudekerke tot 
Boston: Marcel, Floor, Rianne, Cathrien, Jolanda, Jacobien, Masja, Joppe, Arjen, Jan-Willem, Wytske, 
Miriam en later natuurlijk ook Dana, Tassili, Gavin, Tijmen, Daan, Achmed, Katja, Tim, Brendon, 
Anne-Jan, Lonneke, Sacha, Mischa, Maryse, Ingrid en Adam. Jullie waren top! Ook bedank ik Alex 
de Vos voor de vele hulp tijdens de tuberculose proeven en de goede aanvullende adviezen. Analisten 
Daniëlle, Regina, Jenny en ook Monique hartelijk dank voor jullie hulp, evenals Joost en Marieke, 
zonder jullie zou dit boekje nooit geschreven kunnen zijn!
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Behorende bij het proefschrift 
‘Coagulation	  and	  fibrinolysis	  in	  tuberculosis,	  melioidosis	  and	  beyond’	  	  

Liesbeth M. Kager 
	  
	  

1. Longtuberculose is geassocieerd met systemische stollingsactivatie, waarbij lokaal 
(intrabronchiaal) slechts beperkte effecten op de stolling worden gezien (Tuberculosis 
Research Project Chittagong, Bangladesh). (dit proefschrift) 
 

2. Het proteïne C system, waartoe geactiveerd protein C (APC), de endotheliale 
proteïne C receptor (EPCR) en thrombomoduline behoren, speelt een beperkte rol in 
de gastheer respons tijdens experimentele tuberculose. (dit proefschrift) 
 

3. Plasminogeen activator inhibitor type-1 (PAI-1) kan bijdragen aan passagère, niet-
specifieke veranderingen in de afweerrespons tijdens experimentele tuberculose. (dit 
proefschift) 
 

4. Tijdens experimentele melioidose speelt APC een tweeledige rol: enerzijds is een 
minimale hoeveelheid APC noodzakelijk om een adequate anti-bacteriële 
afweerrespons te ontwikkelen, anderzijds is overexpressie van APC geassocieerd 
met een ongunstige ziekte-uitkomst. (dit proefschrift)  
 

5. Fibrinevorming in de long werkt beschermend tijdens experimentele melioidose, 
waarschijnlijk door afscherming van bacteriële verspreiding, aangezien selectieve 
deficiëntie van fibrinolyse-remmende eiwitten leidt tot een nadeligere ziekte-uitkomst, 
terwijl afwezigheid van fibrinolyse-stimulerende eiwitten leid tot een gunstige ziekte-
uitkomst. (dit proefschrift) 
 

6. Intrabronchiale toediening van recombinant humaan (rh)APC heeft procoagulante en 
proinflammatoire effecten in endotoxine-geïnduceerde longinflammatie. Deze 
observatie pleit tegen het toedienen van rhAPC via de luchtwegen als behandeling 
van inflammatoire longaandoeningen. (dit proefschrift) 
 

7. Science cannot solve the ultimate mystery of nature and that is because, in the last 
analysis, we ourselves are a part of the mystery that we are trying to solve. (Max 
Planck) 

 
8. For the real detective every obstacle is a new inspiration (from ‘Searching for Sugar 

Man’); daarbij genomen dat het vaak niet gaat om het doel maar om de weg erheen, 
was het hebben van vele obstakels gedurende dit promotietraject eerder een zegen 
dan een vloek. 
 

9. Het dagelijks werken met de Mus musculus heeft een duidelijk positieve uitwerking 
op het humeur van de Felis catus subspp. calico. (persoonlijke observatie) 
 

10. Singulas horas, Singulas vitas puta. (vrij naar Seneca, Alkmaarse Waagtoren) 


