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Urokinase receptor is necessary for bacterial defense 
against pneumonia-derived septic melioidosis by 
facilitating phagocytosis
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ABSTRACT

Urokinase receptor (uPAR, CD87), a glycosylphosphatidylinositol-anchored protein, is considered 

to play an important role in fibrinolysis and inflammation. B. pseudomallei, a gram-negative 

bacillus that is able to survive and replicate within leukocytes, causes melioidosis, which is an 

important cause of community acquired sepsis in Southeast-Asia. We here investigated the 

expression and function of uPAR both in patients with septic melioidosis and in a murine model 

of experimental melioidosis.

uPAR mRNA and surface expression was increased in patients with septic melioidosis in/on both 

peripheral blood monocytes and granulocytes as well as in the pulmonary compartment during 

experimental pneumonia-derived melioidosis in mice.  uPAR deficient mice intranasally infected 

with B. pseudomallei showed an enhanced growth and dissemination of B. pseudomallei when 

compared to wild type mice, corresponding with increased pulmonary and hepatic inflammation. 

uPAR knock-out mice showed significantly reduced neutrophil migration towards the pulmonary 

compartment after inoculation with B. pseudomallei and uPAR deficient macrophages and 

granulocytes displayed a markedly impaired phagocytosis of B. pseudomallei. uPAR deficiency 

did not influence hemostatic and fibrinolytic responses during severe melioidosis.

In conclusion, uPAR is crucially involved in the host defense against sepsis caused by B. pseu-

domallei by facilitating the migration of neutrophils towards the primary site of infection and 

subsequently facilitating the phagocytosis of B. pseudomallei.

Proefschrift Wiersinga.indb   262 25-9-2008   11:18:54



uPAR in melioidosis

263

INTRODUCTION

Urokinase receptor (uPAR, CD87) is a glycosylphosphatidylinositol-anchored protein that func-

tions as the receptor for urokinase-type plasminogen activator (uPA) (1). Although uPAR lacks 

a cytosolic domain it has the ability to transmit intracellular signals through interaction with 

other transmembrane proteins such as integrins, caveolin and G-protein-coupled receptors (1, 

2). uPAR, which is expressed by a wide variety of cells, including monocytes, macrophages and 

neutrophils (1, 3), has important roles in both physiological and pathological processes: in addition 

to its regulatory role in fibrinolysis and inflammation, it has been implicated in tumor invasion, 

metastasis, urinary protein loss as well as the development of protective immunity in infections 

(1, 2, 4-6). Importantly, uPAR has been shown to contribute to activation and mobilisation of 

leukocytes (2, 7) and to play a protective role in murine pulmonary infection (7, 8) . In humans, 

intravenous injection of lipopolysaccharide (LPS) was associated with an upregulation of uPAR 

on circulating monocytes and granulocytes (9, 10). However, the precise role of uPAR in human 

sepsis is still largely undefined.  

Melioidosis, caused by the Gram-negative bacillus Burkholderia pseudomallei, is an important 

cause of community-acquired sepsis in Southeast-Asia and northern-Australia (11, 12). We recently 

reported that patients with melioidosis demonstrate evidence for both activation and inhibition 

of fibrinolysis, as reflected by concurrently elevated concentrations of tissue-type plasminogen 

activator (tPA) and plasminogen activator inhibitor type I (PAI-1), accompanied by a net increase 

in plasmin generation as indicated by elevated plasma concentrations of plasmin- 2-antiplasmin 

complexes and D-dimer (13). More than half of the cases of melioidosis habitually presents 

with pneumonia, frequently associated with bacterial dissemination to distant sites (12, 14). 

Pulmonary exposure to B. pseudomallei rapidly elicits the recruitment of activated neutrophils 

(15, 16). Neutrophils play a crucial role in the host defense against various pathogens, both by 

direct antimicrobial activity (17) and through the production of immunoregulatory cytokines 

and chemokines (18). Indeed, the depletion of neutrophils in a murine model of pneumonia-

derived melioidosis caused a marked exacerbation of infection (15). In vitro models indicate 

that B. pseudomallei survives and replicates within neutrophils and monocytes (12, 19-21). B.

pseudomallei is very capable of escaping from phagocytosis and consequent killing. On the one 

hand, the capsular polysaccharide of B. pseudomallei contributes to resistance to phagocytosis by 

reducing the deposition of complement factor C3b (22), while on the other hand B. pseudomallei 

is able to quickly escape from endocytic vesicles into the cytoplasm by lysing the endosome 

membranes (12, 23). There are no data yet however on ways used by the host to enable effective 

phagocytosis of invading B. pseudomallei.

With the aim of clarifying the role of uPAR in pneumonia-derived melioidosis, we here investigate 

the expression and function of uPAR in both patients with septic melioidosis and in a murine 

model of experimental melioidosis. Our results show that uPAR is upregulated in melioidosis 

and, while its in vivo role in fibrinolysis is limited, it does play a key role in bacterial clearance. 

This is explained by both in vitro and in vivo experiments in which we show that neutrophil 
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recruitment and phagocytosis are uPAR-dependent mechanisms in melioidosis. Activation 

of uPAR and its favourable effects on antibacterial host defense represent a new host defense 

mechanism in melioidosis. 

METHODS

Human subjects

34 patients with sepsis caused by B. pseudomallei and 32 healthy controls from the same area 

were studied. All subjects were recruited prospectively at Sapprasithiprasong Hospital, Ubon 

Ratchathani, Thailand in 2004. Sepsis due to melioidosis was defined as culture positivity for B.

pseudomallei from any clinical sample plus a systemic inflammatory response syndrome (SIRS) 

(24). Study design and subjects have been described in detail (25). The study was approved by both 

the Ministry of Public Health, Royal Government of Thailand and the Oxford Tropical Research 

Ethics Committee, University of Oxford, England. We obtained written informed consent from 

all subjects before the study.  

FACS-analysis

In humans, expression of uPAR and CD14 on monocytes and neutrophils in whole blood was 

determined with a FACSCalibur (BectonDickinson, San Jose, CA) using fluorochrome-conjugated 

mouse anti-human uPAR (Pharmingen, San Diego, CA) and CD14 antibodies (BDBiosciences, 

Mountain View, CA) in combination with the appropriate isotype control antibodies. Granulocytes 

were identified according to their scatter pattern and monocytes according to their scatter pattern 

and CD14 positivity. In mice, blood and whole lung cell suspensions were obtained as described 

previously (16, 25). Immunostaining was performed using directly labelled antibodies against GR-1 

(GR-1 Fitc; Pharmingen), F4/80 (Serotec, Oxfordshire, UK), and a biotin-labeled antibody against 

uPAR (R&D Systems, Minneapolis, MN) in combination with streptavidin conjugated peridinin 

chlorophyll protein (Strep-PerCP). After staining, cells were fixed in 2%-paraformaldehyde. uPAR 

mean fluorescence intensity (MFI) was measured in the Gr-1-high gate (granulocytes), sidescatter 

low and F4/80 positive (monocytes) and sidescatter high and F4/80 positive (macrophages) gated 

populations. Antibodies were used in concentrations recommended by the manufacturer. 

Quantitative real-time-PCR

Leukocytes were isolated from heparinised blood using erythrocyte lysis buffer. Monocyte and 

granulocyte enriched populations were isolated using Polymorphprep (Axis-Shield, Dundee, 

United Kingdom) as described (25). Monocyte and granulocyte fractions were > 98% pure as 

determined by their scatter pattern on flow cytometry. After isolation leukocytes, monocytes 

and granulocytes were dissolved in Trizol (Invitrogen, Carlsbad, CA) and stored at –80 C until 

used for RNA isolation. Real-time RT-PCR was performed using LightCycler (Roche, Woerden, the 

Netherlands) apparatus as described (16). Gene expression is presented as a ratio of the house-

keeping gene 2-microglobulin expression (hB2M) (26). Primers, purchased from Eurogentec, 
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Seraing, Belgium, used for human uPAR were S606 AATCCTGGAGCTTGAAAATCT and AS875 

CCACTTTTAGTACAGCAGGAGA.

Murine melioidosis

The Animal Care and Use of Committee of the University of Amsterdam approved all experiments. 

All mice were on a C57BL/6 background. Pathogen-free 8 to 10 week old wild-type mice were 

purchased from Harlan Sprague Dawley Inc. (Horst, The Netherlands). uPAR knock-out [KO] mice 

were purchased from Jackson Laboratories (Bar Harbor, ME) (27). Age- and sex-matched animals 

were used in each experiment. For the inoculum, B. pseudomallei strain 1026b, kindly provided by 

Dr. Don Woods (28, 29), was used and prepared as described (16, 25). Pneumonia was induced by 

intranasal inoculation of a 50 μl (5x102 colony forming units (CFU)/50 μl) bacterial suspension. 

24, 48 and 72 hrs after infection, mice were sacrificed by bleeding from the inferior vena cava. 

Pulmonary homogenates, cell suspensions, peritoneal lavage and bronchoalveolar lavage fluid 

(BALF) were obtained from infected mice as described previously (16, 25, 30). 

Assays

Tumor necrosis factor (TNF)- , interferon (IFN)- , interleukin (IL)-6, IL-10 and IL-12p70 were 

determined using a cytometric bead array (CBA) multiplex assay (BD Biosciences). Myeloperoxi-

dase (MPO; HyCult Biotechnology, Uden, the Netherlands), thrombin-antithrombin complexes 

(TATc; Dade Behring, Marburg, Germany) and D-dimer (Diagnostica Stago, Asnières-sur-Seine, 

France) were measured with commercially available ELISA kits. Plasminogen activator activity 

(PAA) was measured by an amidolytic assay. Briefly, diluted euglobulin-precipitated fractions of 

plasma were incubated with 0.30 mmol/l S-2251, 0.13 mol/l plasminogen and 0.12 mg/ml CNBr frag-

ments of fibrinogen (all obtained from Chromogenix, Sweden). Conversion of plasminogen to plasmin 

was detected by subsequent conversion of the chromogenic substrate S-2251 and was detected with 

a spectrophotometer. Results are expressed in percentage increase as compared to base-line values 

of normal plasma (31). Aspartate aminotransferase (ASAT), alanine aminotransferase (ALAT), 

BUN (urea) and creatinin were determined with commercially available kits (Sigma-Aldrich, St. 

Louis, MO) using a Hittachi analyzer (Boehringer Mannheim, Mannheim, Germany). 

Histologic examination

Organs were harvested at indicated time points, fixed in 10%-formalin and embedded in paraf-

fin. Four m sections were stained with hematoxylin and eosin and analyzed by a pathologist 

blinded for groups. To score inflammation and damage, the entire organ surface was analyzed 

regarding the presence of the following: necrosis/abscess formation, interstitial inflammation, 

endothelialitis, bronchitis, edema, thrombus formation and, when applicable, pleuritis (25, 32). 

Neutrophils were counted in 6 randomly chosen fields (x100 magnification) as described (33). 

Granulocyte staining was done as described earlier (8). Fibrin(ogen) stainings were performed 

as earlier described (34) after which digital images were captured of three non overlapping areas 

(20x objective) using a DFC500 digital camera mounted on a DM5000B microscope (both from 

Leica Microsystems, Wetzlar, Germany). The area for positive for fibrin(ogen) was determined with 

Image Pro Plus software (Media Cybernetics, Silver Spring, MD) and expressed as the percentage 

of the total surface area.  
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Cell culture and stimulation

Whole blood and peritoneal macrophages from untreated uPAR KO and WT mice (n = 5–8/strain) 

were harvested as described (16, 25, 30). Cells and heparinized whole blood were stimulated with 

lipopolysaccharide (LPS) from B. pseudomallei 1026b (25) (500 ng/ml), Mitomycin-C (0.2 mg/

ml) (Sigma-Aldrich, Zwijndrecht, the Netherlands) treated growth-arrested B. pseudomallei (5 x 

106 CFU/ml), or RPMI 1640 medium for 16h. Supernatants were collected and stored at –20°C

until assayed. 

Bacterial killing and phagocytosis

Bacterial killing was determined as described previously (30, 35). In brief, B. pseudomallei was 

spun onto a monolayer of peritoneal macrophages (derived from 5 different mice per group), 

after which plates were placed at 37˚C for 10 minutes. After washing 5 times with ice-cold PBS 

to remove extracellular bacteria, bacterial uptake after 10 minutes was determined by lysing the 

wells with sterile dH2O. This was designated as t=0. RPMI was added to remaining wells and plates 

were placed at 37˚C for 5 and 30 minutes after which cells were washed and lysed with dH2O. 

Cell-lysates were plated on blood agar plates and bacterial counts were enumerated after 16h. 

Bacterial killing was expressed as the percentage of killed bacteria in relation to t=0. Phagocytosis 

was evaluated essentially as described before (30, 36). Growth-arrested B. pseudomallei was 

labeled with carboxyfluorescein diacetate succinimidyl ester (CFSE dye, Invitrogen, Breda, The 

Netherlands). Peritoneal macrophages (derived from 5 different mice per group) were incubated 

with growth-arrested CFSE-labeled B. pseudomallei (2.5x107 CFU/ml) for 0, 15 and 60 minutes. 

Phagocytosis was stopped by placing cells on ice; thereafter cells were washed in PBS and 

suspended in Quenching solution (Orpegen, Heidelberg, Germany). To determine the neutrophil 

phagocytosis capacity, 50 μl of whole blood was incubated with bacteria after which cells were 

suspended in Quenching solution, incubated in FACS lysis/fix solution (BecktonDickinson) and 

neutrophils were labeled using anti-Gr-1-PE (Pharmingen). Phagocytosis was determined using 

FACS. Phagocytosis index of each sample was calculated: (mean fluorescence x % positive cells 

at 37ºC) minus (mean fluorescence x % positive cells at 4ºC).

Statistical analysis

Values are expressed as means ± standard error of the mean (SEM). Differences between groups 

were analyzed by Mann-Whitney U test or Kruskal-Wallis analysis with Dunn’s posthoc test 

where appropriate. These analyses were performed using GraphPad Prism version 4.03, GraphPad 

Software (San Diego, CA). Values of P < 0.05 were considered statistically significant.

RESULTS

Increased uPAR expression in patients with severe melioidosis

We quantified uPAR mRNA and surface expression on both peripheral blood monocytes and 

granulocytes in 34 individuals with culture-proven severe melioidosis and 32 healthy controls. 
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Patients showed profoundly elevated levels of both uPAR mRNA and cell surface expression 

compared to controls (Fig. 1). In addition, an overall increase in the percentage of monocytes 

expressing uPAR on their cell membranes was seen in patients compared to controls (97.7 % ± 

2.3 vs 80.1 % ± 3.1, P < 0.0001), together with a modest decline in the percentage of uPAR posi-

tive granulocytes (74.6 % ± 4.6 vs 89.9 % ± 2.3, P < 0.05).  In this cohort of patients, in which the 

mortality rate was 44%, the levels of either cell-associated uPAR or uPAR mRNA did not differ 

between survivors and non-survivors (data not shown).

Increased uPAR expression in the pulmonary compartment during experimental 

pneumonia-derived melioidosis

Since the majority of severe melioidosis cases present with pneumonia with bacterial dis-

semination to distant body sites (11, 12, 14) and considering the fact that it is not feasible to 

study uPAR expression at tissue level in patients with melioidosis, we used a murine model of 

pneumonia-derived melioidosis in which mice are intranasally infected with B. pseudomallei 

(16, 25, 37). In line with the data obtained in patients with melioidosis, 48 hours after infection 

mice showed an upregulation of uPAR expression on their granulocytes, monocytes (Fig. 2) 

and alveolar macrophages (data not shown). The increase in uPAR expression was much more 

pronounced at the primary site of infection, the pulmonary compartment, when compared 
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Figure 1. Urokinase receptor (uPAR) is upregulated in patients with severe melioidosis. Both uPAR 
mRNA (A,D) and uPAR cell surface (B,E) expression were strongly increased in/on both monocytes (A,B,C) and 
granulocytes (D,E,F) of patients (n=34) with sepsis caused by B. pseudomallei compared to healthy controls 
(n=32). Panel C en F show representative histograms of respectively monocyte and granulocyte uPAR expres-
sion in a healthy control (bold line) and in a patient (filled gray area). MFI, mean fluorescence intensity; PE, 
phycoerythrin; CD87 is synonymous for uPAR; hB2M: human 2-microglobulin. ** P < 0.01; *** P < 0.001.
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Figure 2. Urokinase receptor (uPAR) 
is upregulated in murine melioidosis. 
Cell-surface uPAR expression on blood 
monocytes (A), blood granulocytes (B) and 
pulmonary monocytes (C) and pulmonary 
granulocytes (D) 48 hours after intranasal 
inoculation with B. pseudomallei (gray bars) 
compared to saline treated control mice 
(white bars); n = 8 per group; MFI, mean 
fluorescence intensity;* P < 0.05. 

104

105

106

107

108

***

WT

uPAR KO

**

    24 h                48 h              72 h

Lu
ng

 C
FU

/m
l

101

102

103

104

105

106

**

WT

uPAR KO

**

    24 h                48 h              72 h

Li
ve

r 
C

FU
/m

l

101

102

103

104

105

**

*WT

uPAR KO

24 h                48 h              72 h

Bl
oo

d 
C

FU
/m

l

A

C

B

Figure 3. uPAR deficiency results in an enhanced 
growth and dissemination of B. pseudomallei in vivo. 
uPAR knock-out (KO) mice (gray bars) demonstrate strongly 
increased bacterial loads at 48 and 72 hours after infection 
in  their lungs (A), liver (B) and blood (C) compared to 
wildtype (WT) mice (white bars; n = 8 per group per time 
point). CFU: colony forming unit; * P < 0.05; ** P < 0.01; 
***P < 0.001. 
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to the systemic compartment where the observed increase in uPAR expression did not reach 

statistical significance (Fig. 2). 

uPAR deficient mice show an enhanced growth and dissemination of B. 

pseudomallei in vivo

To obtain insights into the functional role of uPAR in melioidosis, we infected uPAR KO and 

WT mice with B. pseudomallei and performed quantitative cultures of lung, liver and blood at 

various time points thereafter. Relative to WT mice, uPAR KO mice displayed strongly increased 

bacterial loads in the lungs, liver and blood at 48 and 72 hours after intranasal infection with a 

lethal dose of B. pseudomallei (Fig. 3). 

uPAR KO mice display increased late lung inflammation, but decreased early 

neutrophil migration during melioidosis

To further evaluate the role of uPAR in antibacterial defense against B. pseudomallei, pulmonary 

inflammation and granulocyte recruitment into lung tissue were assessed.  Consistent with the 

observed enhanced growth of B. pseudomallei in uPAR KO mice, uPAR KO mice showed increased 

late pulmonary inflammation, which was characterized by significantly more inflammation, 

pleuritis, peribronchial inflammation, oedema and endothelialitis when compared to control 

mice (Fig. 4). Strikingly however, early pulmonary neutrophil recruitment was impaired in uPAR 
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Figure 4. Increased late lung inflammation in 
urokinase receptor (uPAR) KO mice infected with 
B. pseudomallei. Representative lung histology of WT 
(A) and uPAR KO mice (B), showing significantly more 
inflammation, pleuritis, peribronchial inflammation, 
oedema and necrosis 72 hours after intranasal infec-
tion with 5x102 CFU B. pseudomallei in the uPAR KO 
mice compared to  compared to WT controls. Graph 
C shows the corresponding pathology scores (means ± 
SEM) calculated as described in the Methods section. 
Magnification, x100. White bars represent WT mice, 
gray bars represent uPAR KO mice (n=8 per group at 
each time point). * P < 0.05
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KO mice in response to intranasal infection with B. pseudomallei as visualized by Ly-6 staining 

and confirmed by lower MPO concentrations in lung homogenates at 24 hours after infection 

(Fig. 5). 

Limited effect of uPAR deficiency on cytokine response and distant organ injury

Because the localized production of cytokines is an important part of host defense against infec-

tion (38), we measured the concentrations of these mediators in the pulmonary and systemic 

compartment. Overall, uPAR deficiency did not have a major impact on cytokine concentrations 

after infection with B. pseudomallei (Table I). The most notable difference was a mean 50% reduc-

tion in TNF  levels in lung homogenates of uPAR KO mice at 24 hours after infection (P < 0.05 

versus WT mice), but not in plasma and/or later time points. At 72 hours post infection, most 

cytokine levels were higher in uPAR KO mice, most likely reflecting the increased bacterial loads 

and lung inflammation, but due to a relatively large interindividual variation the difference with 

WT mice only reached statistical significance for lung IL-6 and plasma IL-10 concentrations. 

Furthermore, in line with the observed increased bacterial loads in the liver, uPAR KO mice 

showed significantly more hepatic inflammation after 72 hours compared to WT mice after 

inoculation with B. pseudomallei (mean histological score 4.7 ± 0.5 vs 2.1 ± 0.4, P < 0.01). Consistent 
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Figure 5. Decreased early granulocyte migration in urokinase receptor (uPAR) KO mice infected 
with B. pseudomallei. Representative of Ly6G-immunostaining for granulocytes of WT (A) and 
uPAR KO mice (B) showing significantly less neutrophil influx at 24 hours post inoculation in uPAR  
KO mice when compared to WT mice (C), corresponding with decreased early MPO activity levels in lung tissues 
in uPAR KO mice (D). Magnification, x400. White bars represent WT mice, gray bars represent uPAR KO mice 
(n=8 per group at each time point). Number of granulocytes expressed as mean number of granulocytes per 
field ± SEM. MPO, myeloperoxidase. * P < 0.05; ** P < 0.01.
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Table 1. Cytokine response in lung homogenates and plasma of WT and urokinase receptor (uPAR) KO mice 
during melioidosis

T = 24 h T = 48 h T = 72 h

pg/ml WT uPAR KO WT uPAR KO WT uPAR KO

Lung homogenate

TNF- 850 ± 133 418 ± 107* 1326 ± 241 757 ± 83 538 ± 39 749 ± 191

IL-6 1472 ± 128 1484 ± 343 2269 ± 395 1738 ± 140 532 ± 138
4465 ± 

1078***

IL-10 77 ± 18 120 ± 25 102 ± 21 122 ± 12 159 ± 58 194 ± 60

IL-12p70 32 ± 7 26 ± 7 38 ± 10 47 ± 4 58 ± 11 25 ± 6*

IFN- ND ND ND ND 34 ± 2 54 ± 10

Plasma

TNF- 20 ± 3 13 ± 3 125 ± 32 137 ± 18 48 ± 7 65 ± 16

IL-6 410 ± 82 372 ± 72 2016 ± 524 2003 ± 188 285 ± 56 750 ± 370

IL-10 15 ± 7 16 ± 9 38 ± 15 28 ± 14 20 ± 6 56 ± 12**

IL-12p70 40 ± 10 25 ± 9 51 ± 10 22 ± 8* 25 ± 2 28 ± 6

IFN- ND ND 1389 ± 542 675 ± 168 127 ± 12 1431 ± 1082

Pulmonary and systemic cytokine levels after intranasal infection with 5 x 102 CFU B. pseudomallei. Wildtype 
(WT) and uPAR KO mice were sacrificed 24, 48 or 72 h after infection. Data are means ± SEM of eight mice 
per group per time point. TNF-  = Tumor necrosis factor- ; IL = Interleukin; IFN-  = Interferon- ; ND = not 
detectable. * P < 0.05; ** P < 0.01; *** P < 0.001.
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with these pathology data, the plasma levels of ASAT (1284 ± 457 vs 183 ± 45, P < 0.05) and ALAT 

(814 ± 351 vs 86 ± 21, P < 0.05) were higher in uPAR KO mice 72 hours post infection compared 

to WT mice, reflecting increased hepatocellular injury in these animals. Additionally, all mice 

showed evidence of renal failure, as indicated by elevated plasma concentrations of urea (12.5 

± 4.4 vs 7.5 ± 0.6, not significant) and creatinine (19.2 ± 9.3 vs 8.5 ± 0.5, not significant), however 

no differences were seen between uPAR KO and WT mice. 

uPAR does not contribute to cellular responsiveness to B. pseudomallei in 

vitro

To obtain additional insights into the function of uPAR in the host defense against B. pseudomal-

lei, we started to analyse the requirement of uPAR signaling upon first encounter between the 

bacterium and the host. Therefore, we tested the cytokine production capacity of macrophages 

and whole blood harvested from WT and uPAR KO mice upon stimulation with B. pseudomallei

LPS or growth-arrested B. pseudomallei (effector:target ratio 1:10). Whole blood and peritoneal 

macrophages obtained from uPAR KO mice released equal amounts of TNF-  IFN- , IL-6, IL-10 

and IL-12p70 upon stimulation with B. pseudomallei in vitro as compared to WT mice (data 

not shown). These data suggest that uPAR does not contribute to cellular responsiveness to B.

pseudomallei in vitro.
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uPAR deficiency does not influence hemostatic and fibrinolytic responses during 

severe melioidosis

Since uPAR is thought to play a regulatory role in fibrinolysis (1, 6), we measured pulmonary 

TATc, D-dimer, PAA and fibrin levels in both WT and uPAR KO mice after intranasal inoculation 

with B. pseudomallei. No differences in thrombin generation, as reflected by TATc plasma levels 

between WT and uPAR KO mice were seen (Fig. 6). To investigate whether the upregulated 

uPAR expression influenced the fibrinolytic activity, we measured D-dimer and PAA levels. No 

differences were observed in D-dimer and PAA levels between uPAR KO and WT mice (Fig. 6). 

Finally, measurement of the extent of fibrin deposition in lung tissue showed increased fibrin 

accumulation after infection but again no differences between uPAR KO and WT mice (Fig. 6). 

Together these data do not support a major role of uPAR in fibrinolysis and coagulation during 

melioidosis.

Impaired phagocytosis of B. pseudomallei in uPAR deficient macrophages and 

granulocytes

The experiments described above established that uPAR KO display a diminished antibacterial 

defense towards B. pseudomallei infection, characterized by increased bacterial loads, accompa-

nied by diminished early recruitment of neutrophils to the primary site of infection and reduced 
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Figure 6. Urokinase receptor (uPAR) deficiency does not influence pulmonary fibrinolytic activity during 
melioidosis. No differences were seen in pulmonary thrombin-antithrombin complex (TATc) (A), D-dimer (B) 
and plasminogen activator activity (PAA) (C) levels between WT (white bars) and uPAR KO (gray bars) mice 72 
hours after intranasal inoculation with 5x102 CFU B. pseudomallei. Representative fibrin(ogen) immunostaining 
of lung tissue of infected WT (D) and uPAR KO (E) mice. Original magnification x20. Graphical representation 
of the % of the total area with positive fibrin(ogen) staining (F) shows no difference between WT and uPAR 
KO mice. Data represent mean ± SEM, n=8 per group.
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neutrophil MPO levels. We next wished to determine whether uPAR contributes to phagocytosis 

and/or killing of B. pseudomallei. No difference in the killing capacity between WT and uPAR 

KO cell was observed (Fig. 7). However, both uPAR KO macrophages and uPAR KO granulocytes 

demonstrated a markedly diminished capacity to phagocytose B. pseudomallei (Fig. 7). Taken 

together, the observed impairment of bacterial clearance in uPAR KO mice can be explained 

by both a reduction of early neutrophil recruitment in addition to a diminished phagocytosis 

capacity of these recruited uPAR deficient immune cells. 

 DISCUSSION 

We here show that uPAR is upregulated in severe melioidosis and plays a major role in the 

antibacterial innate immune response. During melioidosis, uPAR contributes to the recruitment 

of neutrophils to the primary site of infection and the capacity of neutrophils to phagocytose B. 

pseudomallei. As a consequence, uPAR KO mice displayed a markedly impaired clearance of B. 

pseudomallei in the pulmonary and systemic compartment upon intranasal infection together 

with increased lung and liver inflammation. uPAR did not impact on the fibrinolytic response to 

infection with B. pseudomallei. These data are the first to describe a role for uPAR in melioidosis 

and further add to our understanding of how infection with this facultative intracellular organism 

can lead to a full blown septic illness.

 

Our study is the first to provide insights into the expression of both mRNA and protein cell 

surface uPAR expression in a cohort of patients with sepsis. In blood samples obtained from 

34 prospectively enrolled patients with sepsis caused by B. pseudomallei, we showed that the 

increased uPAR mRNA expression is accompanied by enhanced uPAR surface expression on both 

monocytes and granulocytes. Since we were also interested in uPAR expression at the primary 

infection site and given the fact that pneumonia with bacterial dissemination to distant body 

sites is a common presentation of human melioidosis (11, 12, 14), we made use of a mouse model 
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Figure 7. Impaired phagocytosis of B. pseudomallei in urokinase receptor (uPAR) deficient cells. (A) 
Killing capacity of macrophages are shown as percentage of killed B. pseudomallei compared to t = 0. Macro-
phages (B) and peripheral blood neutrophils (C) were incubated at 37ºC with CFSE-labeled growth-arrested B. 
pseudomallei (1x107 CFU/ml) after which time-dependent phagocytosis was quantified (see Method section). 
Data are mean ± SEM; n= 5 per mouse strain. Open rounds represent WT cells, black squares represent uPAR 
KO mice. * P < 0.05; ** P < 0.01.
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of melioidosis in which mice are intranasally infected with a lethal dose of B. pseudomallei (16, 25, 

37). By doing so we were able to demonstrate increased expression of uPAR on both monocytes 

and granulocytes at the primary place of infection. These data are in accordance with previous 

data showing an increased release of uPAR in both plasma and urine of patients with urosepsis 

(39) and increased uPAR cell surface expression on monocytes of healthy volunteers injected 

with endotoxin (9, 10).

Leukocyte trafficking into pulmonary tissue and airspaces is a critical component of an adequate 

host defense response (40) and uPAR has been shown to play a key role in both neutrophil 

migration and activation (2, 7, 41). uPAR can facilitate cell migration in two ways: first, after 

binding to uPA it facilitates the generation of plasmin at the cell surface, resulting in degradation 

of the extracellular matrix and the induction of cell migration (1, 2); second, uPAR causes the 

activation and mobilisation of leukocytes through interaction with 2-integrins, most notably 

CD11b/CD18 (2, 7). In the event of critical illness due to invasion of pathogens, uPAR has been 

shown to be important in the recruitment of leukocytes towards the primary site of infection in 

pneumococcal meningitis (42) and both Pseudomonas aeruginosa and pneumococcal pneumonia 

(7, 8). We now underwrite these earlier reports by showing that uPAR KO mice have an impaired 

host defense against B. pseudomallei as indicated by increased bacterial outgrowth and increased 

organ inflammation accompanied by a reduced early neutrophil migration towards the primary 

site of infection. This fully underscores the emerging insight that neutrophils play a vital role in 

host defense against B. pseudomallei  (15).

Our results showing a markedly impaired host defense in mice lacking uPAR after inoculation with 

B. pseudomallei can be explained not only by a diminished neutrophil recruitment towards the 

pulmonary compartment but also by the finding that uPAR is crucially involved in phagocytosis 

of B. pseudomallei. Since B. pseudomallei is a very virulent and facultative intracellular organism 

(12, 19-21) effective killing and phagocytosis are of paramount important during melioidosis. 

We and others have previously reported on the potential role of uPAR in the phagocytosis of E.

coli and P. aeruginosa (41, 43). We now extend these findings by showing that uPAR is necessary 

for effective phagocytosis of B. pseudomallei by both macrophages and neutrophils. This newly 

described mechanism provides new insights of how the immune system is capable of mounting 

an effective host response against B. pseudomallei. Interestingly, uPAR does not play a direct role 

in the killing of B. pseudomallei. Furthermore, in preliminary experiments we were not able to 

show a direct interaction between uPAR and B. pseudomallei (data not shown), suggesting the 

existence of additional important mediators in this uPAR phagocytosis pathway. 

Our study not only demonstrates the important role of uPAR in neutrophil migration and phago-

cytosis during melioidosis but also reveals the relative unimportance of uPAR in the fibrinolytic 

response during sepsis caused by B. pseudomallei. In patients with melioidosis we have recently 

shown that the fibrinolytic system is both activated and inhibited as reflected by elevated con-

centrations of tPA, PAI-1, PAPc and D-dimer (13). Our current data argue against a major role of 

uPAR in fibrinolysis since there were no differences in D-dimer and PAA expression levels between 

uPAR KO and WT mice during experimental melioidosis. Moreover, fibrin deposition was equal in 
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both mice strains after infection. Interestingly, these data are in line with previous investigations 

(2). For instance, fibrin deposits were only found in the livers of adult mice with a dual deficiency 

in uPAR and tPA but not in uPAR KO mice (44). In animal models of lung injury and septic shock 

reduced uPA-mediated proteolysis correlated with excessive fibrin deposition, suggesting that 

uPA facilitates fibrinolysis by an uPAR independent mechanism (2, 45, 46). Clearly, the role of the 

fibrinolytic system in the host defense against B. pseudomallei remains to be elucidated. Studies 

making use of uPA, tPA and PAI-1 deficient animal are underway in our laboratory. 

In conclusion, we here show that uPAR is crucially involved in the host defense against B. 

pseudomallei by facilitating the migration of neutrophils towards the primary site of infection 

and subsequently facilitating the phagocytosis of B. pseudomallei. Activation of uPAR and its 

favourable effects on antibacterial host defense represent a new host defense mechanism in 

melioidosis. Manipulation of uPAR expression or function may be a target for immunomodulation 

in septic melioidosis.
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