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Abstract t 

Thee receptor for urokinase-type plasminogen activator (uPAR, CD87) plays 

ann important role in leukocyte adhesion and migration. To assess the effect of 

endotoxinn on cellular uPAR, uPAR expression was determined on leukocytes by 

FACSS analysis in seven healthy subjects following intravenous injection of 

endotoxinn (lot G, 4 ng/kg). Endotoxin induced a transient increase in monocyte 

uPAR,, reaching a 92  46 percent increase over baseline expression after 6 hours (P 

<< .05). Endotoxin did not influence granulocyte uPAR, while uPAR remained 

undetectablee on lymphocytes. Endotoxin also increased plasma soluble uPAR levels 

(PP < .05). Stimulation of human whole blood with endotoxin or gram-postive stimuli 

inn vitro also resulted in an upregulation of monocyte uPAR. Although tumor necrosis 

factor-aa (TNF) upregulated monocyte uPAR, anti-TNF did not influence the LPS-

inducedd increase in monocyte uPAR. These data suggest that infectious stimuli may 

influencee monocyte function in vivo by enhancing the expresssion of uPAR. 
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Introductio n n 

Transendotheliall  migration of leukocytes can be seen as a three-step process 

thatt includes rolling of cells along the luminal side of the vascular endothelium (a 

processs mediated by selectins), firm adherence to the endothelium (mediated by p2 

integrins),, and subsequent transmigration across the endothelial monolayer, 

presumablyy over a chemotactic gradient generated by chemokines [1]. The urokinase 

plasminogenn activator receptor (uPAR, CD87), which is widely expressed on many 

differentt cell types including hematopoietic cells, has been implicated as an 

importantt factor in the regulation of leukocyte trafficking [2]. Although uPAR is a 

glycosylphosphatidylinositoll  (GPI)-iinked membrane protein, and therefore lacks the 

transmembranee and cytoplasmatic sequences to induce signal transduction, it has an 

obligatee function in chemotaxis of monocytes and neutrophils. The capacity of uPAR 

too act as an adhesion receptor depends on a functional and physical association with 

integrins.. Indeed, uPAR can form complexes with complement receptor type 3 (CR3, 

CDllb/CD18),, an integrin adhesion protein, on the surface of monocytes and 

neutrophils,, thereby facilitating the adhesive capacity of the latter [3-9], Furthermore, 

studiess with uPAR deficient mice have demonstrated that [3 integnn-mediated 

leukocytee recruitment to inflamed areas in vivo requires the presence of uPAR [10]. 

Relativelyy littl e is known about the regulation of uPAR expression. 

Lipopolysacchandee (LPS), the toxic moiety of the gram-negative bacterial cell 

membrane,, can enhance uPAR expression on monocytes [11]. Although tumor 

necrosiss factor-oc (TNF) is capable of increasing uPAR mRNA levels in monocytic 

cellss and colon cancer cell lines [12,13], reports on the ability of this pro-

inflammatoryy cytokine to induce uPAR expression on the surface of monocytic cells 

aree conflicting [12,14]. After LPS administration to mice, increased uPAR mRNA 

levelss were detected in most tissues examined [15]. 

Intravenouss administration of low dose LPS to healthy subjects is a widely adopted 

humann model of acute inflammation [16]. Experimental human endotoxemia is 

characterizedd by systemic release of cytokines, endothelial cell activation, and 
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activationn of leukocytes with sequestration of granulocytes in the lungs [17-19]. 

Furthermore,, LPS administration to humans is associated with enhanced expression 

off  CDl l b on circulating granulocytes [19], and with a transient monocytopenia, 

presumablyy related to enhanced adhesion of these cells to the vascular wall [16-19]. 

Inn the present study we used this model to determine the in vivo effect of LPS on the 

expressionn of uPAR on different leukocyte subsets in the circulation. 

Methods s 

Humann endotoxemia model 

Sevenn males (mean age: 22 years, range: 20-25 years) were admitted to the 

Clinicall  Research Unit of the Academic Medical Center. They received an 

intravenouss injection with Escherichia coli LPS, lot G (United States Pharmacopeial 

Convention,, Rockville, MD), over one minute in an antecubital vein at a dose of 4 

ng/kgg bodyweight. All subjects were in good health, as documented by history, 

physicall  examination, and hematological and biochemical screening. Blood for 

solublee uPAR measurement was obtained directly before LPS administration (t =0 h) 

andd at 1, 2, 4, 6, 8, 12 and 24 hours thereafter. Blood was drawn in K3-EDTA 

containingg tubes, centrifuged at 2000 g for 20 minutes at 4° C, after which plasma 

wass stored at -20° C until the assay was performed. Soluble uPAR was measured by 

ELISAA (American Diagnostica Inc., Greenwich, CT; detection limit : 0.25 ng/ml), 

accordingg to the instructions of the manufacturer. The assay detects the domain 2/3 

fragmentt of uPAR, and measures total uPAR, i.e. free uPAR, uPAR-uPA and 

uPAR-uPA-PAI-11 complexes (information provided by American Diagnostica Inc.). 

Wholee blood stimulation 

Wholee blood was stimulated as described previously [20,21]. Blood was 

collectedd aseptically from healthy subjects using a sterile collecting system 
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consistingg of a butterfly needle connected to a syringe (Becton Dickinson & Co, 

Rutherford,, NJ). For anticoagulation sterile heparin (LEO Pharmaceutical, Weesp, 

Thee Netherlands; final concentration 10 L7ml blood) was used. Whole blood, diluted 

1:11 in sterile RPMI-1640 (GibcoBRL, Lif e Technologies Inc, Grand Island, NY) was 

stimulatedd for 4, 8 or 24 hours at 37°C with different stimuli in sterile polypropylene 

tubess (Becton Dickinson & Co, Rutherford, NJ). For these experiments, 

polypropylenee tubes were prefilled with 1 ml RPMI containing the appropriate 

concentrationss of the stimuli, after which 1 ml heparinized blood was added. Tubes 

weree gently mixed and placed in the incubator. Each test was performed at least four 

timess with blood from different healthy donors. The stimuli used were LPS (from 

EscherichiaEscherichia colt serotype 0111: B4; Sigma. St Louis, MO; 1-1000 ng/ml), 

staphylococcall  enterotoxin B (SEB, Sigma. St Louis; 1 and 10 ng/ml), heat killed 

StaphylococcusStaphylococcus aureus (106 and 107cfu/ml) and recombinant human TNF (1-100 

ng/ml).. In some experiments a neutralizing anti-TNF monoclonal antibody (MAK 

195F,, 10 |ig/ml)[22], was used. Recombinant TNF and anti-TNF were kindly 

providedd by Knoll, Ludwigshafen, Germany. After incubation blood was 

immediatelyy put on ice and processed for FACS-analysis as described below. 

Measurementt  of cell associated uPAR 

Bloodd for FACScan analysis was obtained directly before LPS administration 

(tt =0 h) and at 1, 2, 4, 6 and 24 hours thereafter. These blood samples were drawn in 

heparinn containing vacutainer tubes and immediately put on ice. For FACS analysis 

erythrocytess were lysed with ice-cold isotonic NH4C1 solution (155 mMol/l NH4C1, 

100 mMol/l KHC03, 0.1 mMol/l EDTA, pH 7.4) for 10 minutes. Cells were 

centnfugedd at 600 g for 5 minutes at 4°C. The remaining cells were brought to a 

concentrationn of 4xl06 cells/ml in FACS buffer (PBS supplement with 0.5 % BSA, 

0.011 °/( NaN3 and lOOmM EDTA). Expression of cell bound uPAR was determined 

usingg a mouse anti4iuman uPAR mAb (clone V1M-5; Instruchemie, Hilversum. The 

Netherlands)[23]]  in concentrations as recommended by the manufacturer. To correct 

forr aspecific staining an appropriate control antibody (murine IgGj; Becton 
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Dickinsonn & Co, Rutherford, NJ) was used. For each test 10""1 cells, and at least 10'% 

(inn vivo studies) or 104 (in vitro studies) monocytes, were counted. Mean cell 

fluorescencee (MCF) at >570 nm of forward and side angle scatter-gated 

granulocytes,, monocytes and lymphocytes was assessed. Data are presented as the 

differencee between MCF intensities of specifically and nonspecifically stained cells. 

Stimulationn of isolated leukocyte fractions 

Heparinizedd blood was put on an equal volume of Polymorphrep (Nycomed 

Pharmaa AS; Oslo, Norway) and centrifuged at 500g for 30 minutes at 20°C. The 

differentt cell subsets were diluted 1:2 in 0.5 N RPMI 1640. Erythrocytes were lysed 

withh ice-cold isotonic NH4C1 solution (155 mMol/1 NH4C1, 10 mMol/1 KHC03, 0.1 

mMol/11 EDTA, pH 7.4 ) for 10 minutes. Cells were centrifuged at 400 g for 10 

minutess at 4°C. The remaining cells were resuspended in equal volumes RPMI (101 

cells/ml)) in combination with 5% heat inactivated human serum (Bio Wittaker) in 

combinationn with the different stimuli and put at 37°C for 8 hours. After centnfuging 

thee samples for 10 minutes at 2000 g/min the cell pellet was resuspended in 1 ml 

RPMII  and directly stored at -80°C til l further analysis. 

Statisticall  analysis 

Dataa are presented as mean  SE or as individual values. Changes in time 

weree analysed by one-way analysis of variance. P<.05 was considered significant. 

Results s 

Endotoxemiaa in healthy subjects 

Injectionn of LPS induced a decrease in peripheral blood monocyte counts 

(tablee 1). Granulocyte numbers showed an initial decrease followed by an increase 

fromm 2 hours and onward (data not shown). 
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hours s 

0 0 

109/L L 

0.555 4 

11 0.05 1 

2 2 

4 4 

6 6 

24 4 

0.044 1 

0.066 1 

0.299  0.05 

0.799 7 

TableTable 1: Effect of LPS administration on 

monocytemonocyte count Values are mean  SE oj 

77 healthy subjects who received an 

intravenousintravenous injection with LPS (4 ng/kg) 

atat t - 0 hours. LPS induced a significant 

decreasedecrease in monocyte counts (P < .05 by 

one-wayone-way analysis of variance). 

Att baseline. uPAR was detectable at the surface of peripheral blood monocytes and 

granulocytes,, but not on lymphocytes. LPS administration was associated with a rise 

inn the surface expression of uPAR on monocytes, reaching a 92  46 percent increase 

overr baseline expression after 6 hours (P < .05; figure 1). 

66 8 10 12 

timee (in hours) 

44 6 

timee (in hours) 

THH i r-
100 12 24 

Figuree 1: Monocyte uPAR (right) and plasma soluble uPAR (left) after intravenous injection of LPS 

(lott G, 4 ng/kg) into 7 healthy subjects (P < 0.005). Monocyte uPAR expression was determined by 

FACSS analysis as described in the Methods section. Results are expressed as the difference between 

specificc mean channel fluorescense (MCF) and nonspecific MCF (mean  SE). P < .05 for changes in 

timee by one-way analysis of variance. 
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Inn contrast, granulocyte uPAR expression did not change after LPS injection, while 

uPARR remained undetectable on lymphocytes throughout (data not shown). 

Solublee uPAR was detectable in plasma of all seven volunteers at baseline (0.65

0.144 ng/ml). LPS induced a sustained increase in soluble uPAR concentrations, 

reachingg a plateau between 8 and 12 hours (8 hours: 1.71  0.18; figure 1, P < .005). 

Att 24 hours post LPS administration, soluble uPAR levels were still elevated. 

Effectt  of different bacterial stimuli on monocyte uPAR expression in whole 

bloodd in vitr o 

Nextt we determined whether the effect of LPS on monocyte uPAR 

expressionn could be reproduced in whole blood in vitro. LPS was found to enhance 

monocytee uPAR expression, with maximum effects detected after 4 or 8 hour 

incubationss (figure 2). 

ïm. ïm. 
mm comrol f=l LPSiOng-mi r ^ rq LPS 1000 ng/m 

C DD LPS 1 ng/ml [ - 7 ^ LPS 100 ng/ml 

Figuree 2: LPS upregulates monocyte 

uPARR expression in whole blood in vitro. 

Wholee blood was incubated for 4. 8 or 24 

hourss in the presence or absence of 

increasingg concentrations of LPS. Bars 

representt the difference between specific 

meann channel fluorescense (MCF) and 

nonspecificc MCF of four different donors. 
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Afterr stimulation with LPS for 24 hours monocyte uPAR expression hud 

returnedd to control levels in 3 of 4 subjects tested. In the LPS concentration range 

fromm 1 - 1000 ng/ml. no clear dose dependency was found. LPS did not have a 

consistentt effect on granulocyte uPAR expression (data not shown). LPS stimulation 

off  whole blood, isolated neutrophils or peripheral blood mononuclear cells did not 

influencee soluble uPAR levels (data not shown). Besides LPS, gram-positive stimuli 

alsoo increased monocyte uPAR expression in whole blood in vitro. Indeed, both heat-

killedd S.aureus and the superantigen SEB enhanced uPAR on monocytes (figure 3). 

Figuree 3: Upregulation of monocyte uPAR expression by LPS, heat-killed Staphylococcus 

aureusaureus or staphylococcal enterotoxin B (SEB). Whole blood was incubated for 8 hours with or 

withoutt LPS (1 ng/mL). SEB (1 ug/mL) or heat-killed S.aureus (10' CFU/mL). Data are from 

onee representative experiment from a total of four experiments with four different donors. 

Rolee of TNF in monocyte uPAR expression 

TNFF has been implicated as an important mediator of LPS-induced effects in 

vitroo and in vivo [18, 24, 25]. Since TNF has been reported to enhance uPAR 

expressionn on colon cancer cell lines and monocytes [12.13], we considered it of 

interestt to determine the role of TNF in the LPS-induced increase in monocyte 

uPAR.. First, we confirmed in our whole blood system that recombinant TNF is 

capablee of increasing monocyte uPAR levels, although this TNF effect clearly was 

lesss potent than that of LPS. The effect of TNF (100 ng/ml) was specific, since it 
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couldd be prevented by a neutralizing anti-TNF mAb (10 fig/ml) (figure 4). Incubation 

withh TNF did not alter soluble uPAR levels (data not shown). 

[_^]] TNK 1 ng/ml \ ^ \ TNF 100 ng/ml 

Figuree 4: TNF enhances monocyte uPAR 

expressionn in whole blood. Whole blood was 

incubatedd for 4 hours in [he presence or 

absencee of increasing concentrations of 

recombinantt human TNF. Bars represent the 

differencee between specific mean channel 

fluorescensee (MCF) and nonspecific MCF of 

fourr different donors. 

Wee next assessed the effect of anti-TNF (10 u.g/ml) in whole blood cultures 

stimulatedd with LPS (10 or 100 ng/ml). For these experiments, blood was cultured 

withh LPS for 8 hours, since (a) this was associated with consistent increases in 

monocytee uPAR expression and (b) this incubation period allows endogenous TNF 

too reach peak levels in whole blood [25,26]. It was found that anti-TNF did not 

influencee LPS-induced rise in monocyte uPAR levels (figure 5). 

^ || control 

|| LPS 10 

# "

\\ LPS 10 * i 

LPSS 100 

Figuree 5: Anti-TNF mAb does not influence 

LPS-inducedd upregulation of monocyte uPAR 

expressionn in whole blood. Whole blood was 

incubatedd for 8 hours in the presence or 

absencee of LPS (10 or 100 ng/mL) with or 

withoutt anti-TNF mAb (10 )ig/mL). Bars 

representt the difference between specific mean 

channell  fluorescense (MCF) and nonspecific 

MCFF of four different donors. 
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Discussion n 

Thee involvement of uPAR in leukocyte invasion through extracellular 

matricess is suggested by its expression on a variety of migratory cells and its 

polarizationn at the leading edge of migrating monocytes [4, 8, 27]. In vitro studies 

havee further indicated that uPAR is crucial for chemotaxis of neutrophils and 

monocytes,, suggesting that uPAR plays an important role in the orchestration of 

inflammatoryy reactions [2, 4, 6, 8]. However, knowledge of the regulation of uPAR 

expressionn during inflammation in vivo is highly limited. We demonstrate here that a 

singlee intravenous injection of low dose LPS induced a transient upregulation of 

uPARR expression on circulating monocytes in healthy humans. This monocyte 

responsee to LPS and to other bacterial stimuli may be a good representative for an 

adequatee innate immunity. This LPS effect could be reproduced in whole blood in 

vitro.. Gram-positive stimuli also enhanced monocyte uPAR expression in whole 

bloodd cultures. Although TNF was capable of upregulating uPAR expression at the 

surfacee of monocytes in whole blood, anti-TNF did not influence the LPS-induced 

increasee in monocyte uPAR expression. These data show for the first time that LPS 

andd presumably other infectious stimuli may directly influence the migratory 

capacityy of monocytes in vivo by an effect on uPAR expression. 

Thee LPS-induced upregulation of monocyte uPAR in vivo coincided with a decrease 

inn monocyte counts. We consider our measurements of uPAR on the surface of 

monocytess reliable, since at each time point at least 10J cells were analyzed. It should 

bee noted that our FACS results only apply for cells that remain in the circulation after 

LPSS injection. In our opinion, it is likely, however, that monocytes adhering to 

endotheliumm (and thereby disappearing from the circulating pool) also display 

enhancedd uPAR expression after LPS administration, since they presumably reflect 

cellss that have become even more activated than monocytes that do not adhere. 

Inn the present study, FACS analysis was performed on unseparated leukocytes 

obtainedd from lysed human whole blood. In accordance with earlier studies using 

isolatedd leukocyte subsets, uPAR was expressed on the surface of resting monocytes 
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andd granulocytes, but not on resting lymphocytes [11, 12, 28-30]. Previous evidence 

thatt LPS can upreguiate uPAR expression on monocytes is derived from experiments 

inn which isolated human monocytes and monocytic U-937 cells were incubated with 

variouss concentrations of LPS for up to 24 hours [11]. In these studies, LPS 

concentrationss in excess of 1 ng/mL stimulated maximal degrees of uPAR expression 

onn cells stimulated for 20 to 24 hours. Only a modest increase in uPAR expression 

wass detected after incubations of 6 hours [11]. Although we also observed no clear 

dosee dependency of the LPS effect in whole blood in vitro at LPS concentrations 

exceedingg 1 ng/mL, uPAR expression peaked after incubations of 4 to 8 hours, 

presumablyy reflecting differences in culture conditions (whole blood versus isolated 

cells).. The kinetics of LPS-stimulated monocyte uPAR expression in whole blood in 

vitroo closely mimicked the kinetics of monocyte uPAR upregulation after 

intravenouss injection of LPS to humans in vivo, which reached maximal values 6 

hourss postinjection. 

Too the best of our knowledge, only one earlier study evaluated LPS effects on uPAR 

inn vivo [15]. Intraperitoneal administration of LPS to mice was found to increase 

steady-statee levels of uPAR mRNA in most tissues examined, the greatest induction 

beingg detected after 1 to 3 hours. Although uPAR protein levels were not measured, 

thesee data are in line with our findings in normal humans exposed to LPS. 

Remarkably,, in mice the increase in uPAR mRNA was primarily located in tissue 

macrophagess and lymphocytes [15]. We were unable to detect uPAR protein at the 

surfacee of circulating lymphocytes at any time point during the study. One 

explanationn for the apparent discrepancy with the mouse study may be that the 

increasedd uPAR mRNA concentrations do not lead to enhanced expression of uPAR 

att the cell surface. In addition, differences in body compartments (tissue versus 

peripherall  blood lymphocytes) and differences in LPS dose used (relatively high in 

thee mouse study) may play a role. In this respect, it should be noted that human 

lymphocytess are capable of upregulating uPAR expression upon activation in vitro 

[28,29]. . 
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Inn granulocytes, uPAR is stored in secretory vesicles distinct from primary and 

specificc granules, and in specific granules [31]. Stimulation of isolated granulocytes 

withh phorbol myristate actetate, FMLP or TNF in vitro resulted in enhanced 

expressionn of uPAR [31]. We did not find any effect of LPS on granulocyte uPAR 

expression,, neither in vivo nor in vitro. In addition, gram-positive stimuli also had an 

inconsistentt effect on granulocyte uPAR expression in whole blood in vitro. 

Therefore,, our data suggest that, in the presence of all leukocyte subsets in peripheral 

blood,, monocytes are the most sensitive cell type in terms of uPAR upregulation in 

responsee to infectious stimuli. Further studies are needed to determine whether 

granulocytess and/or lymphocytes do respond to infectious stimuli with upregulation 

uPARR expression in an inflammatory environment in tissues (which is not mimicked 

inn our studies using blood cells). 

TNFF did not play a major role in the LPS effect on monocyte uPAR expression in 

wholee blood in vitro, as indicated by the finding that saturating concentrations of a 

neutralizingg anti-TNF mAb did not alter the upregulation of monocyte uPAR after 

stimulationn with LPS. Conceivably, LPS is able to directly stimulate uPAR 

expression.. It should be noted that although anti-TNF is strongly protective in 

modelss of endotoxemia and gram-negative sepsis [32, 33], TNF is not required for a 

numberr of LPS-induced inflammatory responses in healthy humans, including 

activationn of the coagulation system and downmodulation of monocyte and 

granulocytee TNF and IL-1 receptors [18, 21]. 

UPARR belongs to the family of GPI-anchored proteins, of which several members 

existt in both a membrane-associated form and a soluble form. We have previously 

foundd that intravenous LPS induces an increase in soluble CD 16, a protein known to 

bee iinked to cell membranes by a GPI anchor [34]. We demonstrate now that LPS 

administrationn also is associated with a rise in the plasma concentrations of soluble 

uPAR,, which is in line with the finding of elevated plasma levels of soluble uPAR in 

patientss with sepsis syndrome [35], Other investigators also have reported elevated 

plasmaa soluble uPAR concentrations in patients with paroxysmal nocturnal 

hemoglobinuriaa or advanced malignancies [36-39]. The source of soluble uPAR in 
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thesee patients and in subjects exposed to LPS is unknown, although besides 

leukocytes,, endothelial cells are likely candidates [40]. LPS stimulation of whole 

blood,, isolated neutrophils or peripheral blood mononuclear cells did not induce 

detectablee soluble uPAR release. In a previous in vitro study, human umbilical vein 

endotheliall  cells released considerable amounts of soluble uPAR after stimulation 

withh phorbol myristate acetate, while the monocytic cell lines U937 and HL-60 

secretedd modest quantities of this soluble receptor [40]. The exact function of soluble 

uPARR remains to be established. Soluble uPAR may facilitate the (32 integrin-

dependentt adhesion of cells and/or vitronectin-mediated binding of uPA. especially 

whenn cells lack membrane-bound uPAR [10, 40]. An "enhancing" role for soluble 

uPARR is not undisputed in the literature, however [9]. Indeed, soluble uPAR has 

beenn found to inhibit uPA binding to uPAR expressing cells, conceivably by 

competingg with cell-associated uPARforthe binding of free uPA [40,41]. 

UPARR plays an important role in leukocyte biology by influencing ceil adhesion, 

chemotaxis,, receptor clustering and changes in cell shape [2]. We found that 

intravenouss administration of low dose LPS induces a transient increase in uPAR 

expressionn at the surface of monocytes in peripheral blood. The capacity of LPS to 

enhancee monocyte uPAR expression was shared with gram-positive stimuli in whole 

bloodd in vitro. These data suggest that bacteria and bacterial products can influence 

monocytee function in vivo by a stimulating effect on uPAR expression. 
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