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Abstract

Neutrophil proteases, proteinase-3 (PR3) and elastase play key roles in glomerular endothelial cell (GEC) injury during
glomerulonephritis. Endothelial protease-activated receptors (PARs) are potential serine protease targets in glomerulone-
phritis. We investigated whether PAR1/2 are required for alterations in GEC phenotype that are mediated by PR3 or elastase
during active glomerulonephritis. Endothelial PARs were assessed by flow cytometry. Thrombin, trypsin and agonist
peptides for PAR1 and PAR2, TFLLR-NH2 and SLIGKV-NH2, respectively, were used to assess alterations in PAR activation
induced by PR3 or elastase. Endothelial von Willebrand Factor (vWF)release and calcium signaling were used as PAR
activation markers. Both PR3 and elastase induced endothelial vWF release, with elastase inducing the highest response.
PAR1 peptide induced GEC vWF release to the same extent as PR3. However, knockdown of PARs by small interfering RNA
showed that neither PAR1 nor PAR2 activation caused PR3 or elastase-mediated vWF release. Both proteases interacted with
and disarmed surface GEC PAR1, but there was no detectable interaction with cellular PAR2. Neither protease induced a
calcium response in GEC. Therefore, PAR signaling and serine protease-induced alterations in endothelial function modulate
glomerular inflammation via parallel but independent pathways.
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Introduction

Human neutrophils engulf, digest and promote extracellular

killing of invading microorganisms. This function is aided by the

release of the serine proteases, PR3 and elastase, and by the

formation of serine protease-containing neutrophil extracellular

traps (NETS) [1]. Clinical and experimental findings also indicate

a key role for these released serine proteases during inflammation.

Elevated plasma levels of PR3 and elastase are detected during the

active inflammatory phase of several chronic diseases [2,3]. Within

the kidney, PR3 and elastase containing NETs have been detected

in human glomeruli, affected by inflammatory processes [4] with

inefficient NET dismantling implicated in renal damage [5]. At

the cellular level, the release of serine proteases potentially induces

injury and/or modulates cell responses via cleavage of soluble,

cell-surface [6] or intracellular proteins [7]. Indeed, infusion of

neutrophil serine proteases, such as elastase, through renal arteries

leads to localization of the enzyme on the glomerular capillaries

and transient proteinuria [8]. Both PR3 and elastase have been

specifically implicated in the glomerular endothelial cell (GEC)

activation/injury that occurs during vasculitic glomerulonephritis.

In this disorder, autoantibodies develop that target neutrophil PR3

or myeloperoxidase. Binding of target autoantigens at the

neutrophil surface leads to enhanced neutrophil-endothelial

adhesion [9] and protease release [4]. In-vitro treatment of

endothelial cells with serine proteases (1–5 mg/ml) has been shown

to induce a behavioral shift towards to a more pro-adhesive and

proinflammatory phenotype within endothelial cells and HUVEC

[10]. Taken together, these findings suggest a direct link between

serine protease release and renal disease, regulated at the

endothelial level.

The purpose of this study was to evaluate the role of protease

activated receptors (PARs) in serine protease mediated responses,

including release of endothelial von Willebrand factor (vWF), in

the context of glomerular inflammation. PARs are seven-trans-

membrane G-protein coupled signaling proteins that are activated

by proteolytic cleavage, producing a tethered binding ligand [11].

The original search for PAR1 and PAR2 receptors was driven by

investigating the cellular actions of thrombin [11,12] and the

PAR1-independent action of trypsin respectively [13]. Thrombin

and trypsin, via PAR activation, have a variety of cellular effects

[14,15], including endothelial stimulation with up-regulated tissue

factor expression and Weibel Palade body mobilization resulting

in surface P-selectin expression and vWF release [16–18]. PAR
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signaling induces this Weibel Palade body exocytosis via a calcium

and cdc42-dependent mechanism [19]. PAR1 protein is expressed

by renal tissue [20] while elevated PAR2 has been detected in

inflamed renal tissue [21]. PAR2 activation can also induce

human proximal tubular cell [22] and mesangial cell proliferation

[23], with the latter implicated in the development of mesangio-

proliferative glomerulonephritis [24]. In-vivo models of crescentic

glomerulonephritis indicate that both PAR1 (2/2) and PAR2

(2/2) deficient mice have reduced crescent formation and serum

creatinine concentrations [25,26].

PAR1 signaling in the context of pro-inflammatory role of

thrombin-mediated effects has been extensively studied. However,

recent studies have demonstrated important roles in resolution

such that anti-inflammatory, antithrombotic and renoprotective

activity results from an association of activated protein C (APC), its

endothelial-bound receptor (EPCR) and surface PAR1 [27–29]).

PR3 has been shown to inactivate, endothelial-bound EPCR [30],

but the exact nature of any direct interaction of PR3 or elastase

with surface PAR1 on glomerular endothelial cells has not been

clearly defined. Thus, this study investigated the influence of PR3

and elastase on proteolytic cleavage of glomerular endothelial

PAR-mediated vWF release.

Materials and Methods

Ethics Statement
The protocol used for this study was approved by South

Birmingham Research Ethics Committee and Walsall Local

Research Ethics Committee.

Materials
Specific PAR agonist peptides for (i) PAR1 (TFLLR-NH2) or (ii)

PAR2 (SLIGKV-NH2) were supplied by Peptide International.

The serine proteases used were PR3, elastase, thrombin and

trypsin. PR3 was used at concentrations between 1–5 mg/ml

(RMM = 29 kd, 34.5–172.4 nM), Athens Research and Technol-

ogy Cat. no. 16-14-161820. The specific activity of PR3 was

16 mmol of p-nitrophenol/mg of PR3/min at room temperature

using t-butyloxy carbonyl p-nitrophenylester (Boc-Ala-OPhNO2)

as a substrate. Human neutrophil elastase was also used at

concentrations between 1–5 mg/ml (RMM = 29.5 kd, 33.9–

169.5 nM), Calbiochem Cat. no. 324681. The specific activity

was 20 units/mg of elastase, where one unit is defined as the

amount of enzyme that will hydrolyze 1 mmol of MeO-Suc-Ala-

Ala-Pro-Val-pNA (Cat. no. 454454) per min at 25uC, pH 8. The

same concentration range of PR3 and elastase stated above was

used in a parallel study [10]. Thrombin from human plasma was

used at <10 or 100 nM (RMM = 37.4 kd, 10 units/ml, therefore

1 unit/ml <10 nM), Sigma Cat. no. T6884. Thrombin concen-

tration was determined using platelet P-Selectin expression and

EC vWF release. The specific activity for thrombin was

2,000 NIH units/mg of protein. Trypsin was used at 50 nM

(RMM = 23.8 kd, <23.8 units/ml, therefore 1 unit/ml

<2.1 nM), Sigma Cat. no. T0303. 50 nM produced a rapid,

detectable, reproducible and sub-maximal response and was

therefore chosen for subsequent experiments. The specific activity

of trypsin-1G Type IX-S was between 13,000–20,000 BAEE

units/mg of protein. One BAEE unit will produce a DA253 of

0.001 per min at pH 7.6 at 25uC using BAEE as substrate.

Antibodies used were PE-labeled SPAN12 (Cat. no. IM2583)

and WEDE15 (Cat. no. IM2584) monoclonal antibodies (Im-

munotech, Beckman Coulter ‘CoulterFlow’), anti-PAR2 antibody,

SAM11 (Santa Cruz) and rabbit anti-human vWF polyclonal

antibodies (DAKO). StealthTM RNAi used were PAR1 (F2R code:

HSS103468) and/or PAR2 (F2RL1 code: HSS103471) or

negative control non-silencing StealthTM RNAi (siRNA control).

All siRNA reagents were supplied by Invitrogen.

Cells
Umbilical cords were obtained with informed consent from

Birmingham Women’s Hospital. Human umbilical vein endothe-

lial cells (HUVEC) were then isolated and cultured as described

[31]. Conditionally immortalized human glomerular endothelial

cells (GEC) were maintained in supplemented endothelial basal

medium-2 (Lonza) (a gift from Dr S. Satchell, Bristol, UK) [32].

Human embryonic kidney cells, HEK-293 were an established cell

line [33]. These cells were maintained in 10% FBS (Sigma), 2 mM

glutamine and 100 U/ml penicillin and 100 mg/ml streptomycin

(Invitrogen). HEK-293 were used because they constitutively

express both PAR2 and PAR1 and produce a PAR agonist-

mediated calcium signal, then rapidly (,10 min) replenish their

intracellular calcium stores [34].

Real Time RT-PCR
RNA was isolated from cells using a Qiagen RNeasy Mini Kit

50 (Qiagen) and real-time RT-PCR was performed using a

QuantiTect probe RT-PCR kit according to the manufacturer’s

recommendations (Qiagen). Briefly, RNA (10 ng) was added to:

QuantiTectTM probe and reverse transcriptase master-mixes; b-

actin VIC-labeled primers/probes (Applied Biosystems); with

either PAR1 (Assay ID: Hs00169258_ml) or PAR2 FAM labeled

primers/probes (Assay ID: Hs00608346_ml Applied Biosystems).

Samples were amplified for 35 cycles and analyzed using a 7500

Real-Time PCR machine (Applied Biosystems). The relative

expression units (REU) were determined using b-actin as a control.

Changes in mRNA expression in treated cells relative to their

controls (Relative quantity, RQ) were also determined.

PAR1 or PAR2 Knockdown by siRNA Treatment
Confluent EC were incubated for 4 hr in: (i) Optimem medium

alone or Optimem medium containing (ii) 0.2% Lipofectamine

RNAiMax (LF control) plus 20 nM of StealthTM RNAi for

silencing (iii) PAR1 and/or (iv) PAR2 or (v) non-silencing

StealthTM RNAi. After siRNA treatment, the medium was

replenished with an equal volume of supplemented Medium 199

without antibiotics. Cells were then incubated in this medium for

48–72 hr before use in subsequent assays.

Endothelial Cell vWF Expression
Isolated or cultured EC were shown to express von Willebrand

Factor (vWF) [35]. VWF release was assessed by sandwich ELISA

using anti-vWF antibodies for both capture (unconjugated) and

detection (HP-conjugated).

Calcium Measurement by Fluorescent Microscopy
GEC were seeded into gelatin-coated 8-well borosilicate

chambered coverglass wells (Thermo Fisher Scientific) at 46104

GEC/well. Confluent cells were labeled with 40 mM fura-2-AM

ester for 40 min and then washed with HBSS with 1% HEPES

buffer (HBH). Pairs of fluorescence images at two excitation

wavelengths (high calcium-380 nm) and (no calcium-340 nm)

produced a fluorescence ratio image as a direct measure of

cytoplasmic calcium changes. Pairs of images were recorded at 3 s

intervals for 60 s before the addition of a stimulus to produce a

baseline value, then recorded every 1–3 s for a further 6 min.

Mean fluorescence ratios for 30 adherent cells per treatment were

calculated from the 340/380 nm ratio after outlining of each cell.

Neutrophil Serine Proteases Interact with GEC PARs
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Peak rise data for each cell were calculated by subtracting a

baseline value for each ratio. Mean peak rise values for all 30 cells

were calculated to produce peak rise per condition. The calcium

concentration (nM) was then determined from the peak rise values.

Fluorescent images were captured and analyzed using a fluores-

cent inverted microscope (Leica) and SimplePCI software

(Hamamatsu Corp.).

Calcium Measurement by Spectrofluorimetry
Adherent EC were incubated for 2 hr in Medium 199+0.15%

BSA alone or 5 mg/ml of PR3 or elastase. Cells were loaded with

1 mM Indo-1 AM ester (Invitrogen) for 40 min and then harvested

and resuspended at 16106 cells/ml in Ca2+ Hanks’ balanced salt

solution (HBSS Sigma) +25 mM HEPES buffer (Sigma). The ratio

of the fluorescent intensity at the two emission wavelengths

(495 nm (Ca2+ free) and 405 nm (Ca2+) was observed for 120 s

producing a stable baseline, and then a stimulus was added

through a stopper in the top of the fluorimeter. After addition of

the stimulus, the trace was observed until a stable plateau response

was achieved. The ratio of fluorescence intensity for maximum

and minimum calcium response was determined using ionomycin

(5.6 mM) and EGTA (3 mM), respectively, allowing the generation

of individual calibration files for each experiment to calculate Ca2+

mobilization as previously described [36]. The change in

intracellular calcium levels induced by a particular stimulus was

determined by subtracting the baseline value (mean calcium value

over first 110 s) from all calcium values. Data were recorded using

a luminescence spectrofluorimeter and FL Winlab software (Perkin

Elmer). Note: Calcium data were expressed as either calcium

concentration in nM in cells in suspension or as fluorescence ratio

(340/380 nm) peak rise data or as a percentage of the fluorescence

ratio produced by a positive control.

Flow Cytometry
Cells were harvested with cell dissociation buffer (Sigma) and

resuspended at 16106 cells in PBS with 5% FBS. Surface PAR1

protein expression was assessed using PE-labeled SPAN12 and

WEDE15 mouse monoclonal antibodies with an appropriate PE-

labeled isotype control. The SPAN12 monoclonal antibody

recognized amino acid residues 35NATLDPR41/42SFLLR46,

spanning the PAR1 thrombin cleavage site [37]. SPAN12

therefore detected only uncleaved PAR1 receptors. WEDE15

monoclonal antibody recognized the site 51KYEPFWE-

DEEKNES64 where thrombin binds to PAR1 [38]. Reduced

WEDE binding indicates removal of either (i) the thrombin

binding site or (ii) the entire receptor from the cell surface.

PAR2 protein expression was determined by using a Fixation/

Permeabilization buffer (eBioscience), followed by (i) SAM11, a

mouse anti-PAR2 monoclonal antibody, raised against

37SLIGKVDGTSHVTG50 or (ii) an isotype control antibody,

diluted in a permeabilization buffer (eBioscience). 10,000 events

were acquired using a BD FACS Calibur. Data were analyzed

using Cell Quest software (BD biosciences).

Detection of PAR1 Internalization Using Flow Cytometry
Adherent HUVEC were pre-incubated in Medium 199 with

0.15% BSA for 30 min with 0.02%v/v DMSO (vehicle) or with an

internalization inhibitor: Dynasore (50 mM, Sigma). http://www.

ncbi.nlm.nih.gov/pubmed/16740485Dynasore inhibits endocyto-

sis by acting on a small GTPase called dynamin, which normally

releases endocytic vesicles from the cell membrane [39].

Internalization was also inhibited by maintaining cells at 4uC.

HUVEC were then incubated in the presence of Dynasore (37uC)

or on ice with 5 mg/ml of either PR3 (172 nM) or elastase

(169.5 nM) for 2 hr. Thrombin (10 U/ml) induced PAR1

internalization was used as a positive control. The extent to which

PR3 and elastase removed surface PAR1 by internalization was

detected by WEDE antibody binding using flow cytometry (see

above), under these inhibitory conditions.

Statistical Analysis
Graphs were produced and statistical analysis performed using

GraphPad Prism software. Paired T-tests were used to compare

two matched variables. Differences among groups were analyzed

using one-way analysis of variance, followed by Dunnett post tests

and, where appropriate, two-way analysis of variance was also

used. A probability of 0.05 or less was considered significant. Data

were expressed as means 6 standard error of the mean for at least

three independent experiments.

Results

Endothelial vWF Release Induced by PR3, Elastase or
Specific PAR-ap’s

Using endothelial vWF release from viable cells as a read-out,

we determined whether the cleavage of PAR by serine proteases

directly activated GEC. Both PR3 (1 mg/ml) and the PAR1

agonist peptide (PAR1ap; TFLLR-NH2; 100 mM), induced vWF

release that was more than double the release observed with

controls, (n = 4; paired t–tests p = 0.0073 for PR3 and p = 0.0338

for PAR1ap (Fig. 1A)). PAR2 agonist peptide (PAR2ap; SLIGKV-

NH2; 100 mM) induced vWF but this was not statistically

significant.

Despite the equivalent GEC responses to PAR1ap and PR3 as

shown in Fig. 1A, siRNA knock-down of PAR1, PAR2 or both

PAR1 and PAR2 did not alter either PR3-or elastase-induced

vWF release (Fig. 1B). There was no detectable effect of siRNA

treatment on endothelial monolayer integrity (Fig. S1A). Success-

ful PAR1 and PAR2 knockdown was confirmed at the transcrip-

tional levels by RT-PCR (Fig. S1B) and translational levels by flow

cytometry (Fig. S1C for PAR1 and Fig. S1D for PAR2). PAR

knockdown was also confirmed by loss of PAR agonist peptide

activity (Fig. S1E). PAR-ap-induced vWF release was also reduced

after PAR knockdown (data not shown). Elastase-and PR3-

induced vWF release was abolished in the presence of the serine

protease inhibitor, alpha-1 anti-trypsin (Fig. S2) indicating that

serine protease induced vWF is solely dependent on proteolytic

activity. These data indicate that both PAR agonists and leukocyte

proteases induced vWF release, but via independent mechanisms.

PAR1 Cleavage from the Endothelial Surface by PR3 or
Elastase

After detecting PR3-or elastase-mediated endothelial vWF

release which was independent of PAR1 (and PAR2) signaling,

we investigated whether these proteases were (as predicted) directly

interacting with glomerular endothelial PAR1. Cleavage of PAR1

by PR3 and elastase on the surface of GEC was assessed by flow

cytometry. Elastase (tested at 1–5 mg/ml) directly interacted with

and cleaved GEC PAR1 resulting in a loss of SPAN antibody

binding (the thrombin cleavage site), and also a loss of downstream

WEDE antibody binding (Fig. 2A and 2B). This reached

significance at 2.5 mg/ml (n = 3, one-way ANOVA with Dunnett’s

post test p,0.05 for cleavage and p,0.001 for total surface

expression). GEC were also sensitive to cleavage by PR3 (tested at

1–5 mg/ml) causing a predominantly ‘thrombin-like’ PAR1

cleavage with loss of SPAN binding that was significant at 5 mg/

ml (n = 3, one-way ANOVA, p = 0.0012 with Dunnett’s post test

p,0.001 for cleavage 5 mg/ml vs. control; Figs. 2A and 2B). Using

Neutrophil Serine Proteases Interact with GEC PARs
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this flow cytometric methodology, thrombin (10 U/ml, ,100 nM)

produced a similar pattern of SPAN and WEDE antibody binding

as PR3 (5 mg/ml, 172 nM; Fig. 2A and 2B).

To determine whether any loss in WEDE antibody binding to

surface PAR1 was due to receptor internalization or extensive

cleavage, PAR1 internalization was inhibited (i) under cold

conditions at 4uC or (ii) with a 30 min pre-incubation with

Dynasore (50 mM, an inhibitor of dynamin-regulated endocytosis

[40,41]). Inhibiting internalisation with temperature (4uC) abol-

ished the PR3-induced loss in WEDE antibody binding to surface

PAR1. This indicates that PR3 (5 mg/ml, 172 nM) treatment

induced cleavage of surface PAR1 and internalisation of the

Figure 1. PR3 and elastase induce vWF release via a PAR-independent mechanism. vWF release from untreated GEC in medium alone and
endothelial cells after exposure for 2 hr to 100 mM PAR1ap (TFLLR-NH2) or 100 mM PAR2ap (SLIGKV-NH2) or 1 mg/ml (34.5 nM) PR3 was measured
(Fig. 1A). Data were expressed as mean 6 SEM, n = 4. Statistic tests used for Fig. 1A were paired T-tests. For the siRNA knockdown experiments of
Fig. 1B, confluent GEC were incubated for 4 hr. Three controls were used (1) Optimem medium (Medium alone; open bars) or (2) Optimem medium
containing 0.2% Lipofectamine RNAiMax without siRNA (Control LF; diagonal line bars) or with (3) 20 nM non-silencing scrambled StealthTM RNAi
(Control siRNA; horizontal line bars). PAR expression was silenced by using 20 nM of StealthTM RNAi against PAR1 (PAR1 siRNA; black bars), or PAR2
(PAR2 siRNA; cross-hatched bars), or both PAR1 and PAR2 (PAR1+2 siRNA; vertical line bars). The vWF release induced by 1 mg/ml PR3 (34.5 nM) or
elastase (33.9 nM) were assessed 48 hr after siRNA treatment (Fig. 1B). Statistic test used for Fig. 1B was a Two-way ANOVA p = 0.0001 comparing
vWF release from untreated cells vs. cells treated with PR3 and elastase under all four siRNA conditions.
doi:10.1371/journal.pone.0043916.g001
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receptor (Fig. 3A). In contrast, elastase (5 mg/ml, 169.5 nM) was

able to reduce WEDE binding even under conditions where the

internalization process was impaired. This suggests that elastase

treatment also induced internalisation of the PAR1 receptor but a

component of elastase-mediated removal of WEDE binding was

due to extensive cleavage (Fig. S3A). Dynasore, an inhibitor of a

later stage of the internalisation, partially inhibited protease-

induced loss in WEDE binding to surface PAR1 (Fig. S3B).

Effect of PAR Peptides or Leukocyte Proteases on EC
Calcium Signaling

To determine whether PR3 or elastase induced downstream

signaling processes, we measured changes in cytoplasmic calcium

in response to the proteases in unstimulated ECs. In addition we

assessed the ability of these proteases to alter subsequent PAR1 or

PAR2 receptor activation with cells in suspension and adhered to a

surface using spectrofluorimetry and fluorescent microscopy.

Neither PR3 nor elastase induced downstream calcium signaling

in either GEC (Fig. 3A) or HUVEC (Fig. 3B) in suspension or in

adherent GEC (Fig. 3C). The inability of PR3 or elastase to induce

a calcium signal was not restricted to EC, as they were also unable

to provoke a calcium response in human kidney cells, HEK-293

(data not shown).

Both endothelial types, HUVEC and GEC, produced compa-

rable calcium signals, when stimulated by PAR1ap and PAR2ap

(Fig. 3A and 3B). The magnitude of EC response induced by

specific PAR1ap was greater than that induced by PAR2ap

(Fig. 3A and 3B). Using EGTA to remove extracellular calcium

indicated that these PAR1/2ap-induced signals were partly due to

mobilization of intracellular calcium stores (data not shown).

Pre-treatment of GEC with either PR3 or elastase (1–5 mg/ml

for 10 min) induced a concentration-dependent inhibition of

thrombin-mediated PAR1 receptor activation (Fig. 4A). Elastase

induced a greater inhibition of subsequent thrombin activation

than PR3 at 5 mg/ml, after 10 min (Fig. 4A). However, elastase, at

this early time point, did not alter PAR1ap-mediated PAR1

receptor activation (Fig. 4B), indicating that elastase induced early

removal of the thrombin cleavage site, without affecting the

agonist peptide binding site. Neither PR3 nor elastase caused

immediate inhibition of trypsin-mediated PAR2 receptor signaling

indicating that trypsin cleavage site of PAR2 was unaffected by

these proteases (Fig. 4C).

Persistent exposure to either PR3 or elastase (5 mg/ml for 2 hr)

resulted in partial inhibition of PAR1ap-induced GEC PAR1

receptor signaling (Fig. 5A and 5C), indicating that both proteases

(over longer periods) were able not only to remove the thrombin

cleavage site but also to reduce agonist peptide binding, consistent

with the flow cytometry observations using antibody detection of

SPAN and WEDE binding sites. Conversely, neither PR3 nor

elastase, over a 2 hr period, inhibited GEC PAR2ap-induced

PAR2 receptor activation (Fig. 5B and 5C).

Discussion

PR3 and Elastase Disarm Glomerular Endothelial PAR1
Receptor

In the kidney, activation of PAR1 is known to either induce

cellular injury via pro-inflammatory signaling or cytoprotection by

promoting an anti-inflammatory pathway [26–28]. Here we have

demonstrated PR3-and elastase-induced vWF release which was

independent of PAR activation. This was shown by siRNA

knockdown experiments. As observed in other cell types [34],

these proteases also negatively regulated glomerular endothelial

PAR1 signaling. This was demonstrated by their failure to elicit

calcium signals in GEC and also by their ability to block PAR1

activation by its agonists, thrombin and activating peptide. The

cleavage and inactivation of PAR1 by elastase and PR3 were both

time-and concentration-dependent. The inability of PR3 or

elastase to induce vWF release via PAR cleavage may be due to

the absence of a calcium signaling. This is supported the

Klarenbach 2003 study which demonstrated that PAR1ap-and

PAR2ap-induced vWF release is calcium dependant [19].

The region of the PAR1 extracellular domain that was close to

the thrombin cleavage site was most susceptible to cleavage by

elastase and PR3; this was demonstrated by initial inhibition of the

thrombin response, followed by inhibition of the peptide agonist

response. However, we do not anticipate cleavage of the thrombin

Figure 2. PAR1 cleavage from the endothelial surface by PR3 or
elastase. Cleavage of GEC surface PAR1 was detected using two
specific antibodies SPAN (Fig. 2A) and WEDE (Fig. 2B) on cells harvested
after 2 hr exposure to thrombin (1 U/ml, <10 nM) or 1–5 mg/ml (34.5–
172 nM) of PR3 or 1–5 mg/ml elastase (33.9–169.5 nM). Data were
expressed as mean 6 SEM, n = 3. One-way ANOVAs with Dunnett’s post
tests were employed to assess statistical significance.
doi:10.1371/journal.pone.0043916.g002
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activation site (R40S41) by these proteases as this cleavage would

release a new tethered ligand, starting with SFLLR, that would

result in receptor activation [42]. Identification of the precise

cleavage site(s) would require a site-directed mutagenesis ap-

proach, similar to the one used for PAR2, to elucidate this [43].

Both PR3 and PAR1ap triggered equivalent levels of vWF

release, which compliments previous observations by Steppich

et al (2008) in which PAR1ap appeared to mimic the effect of PR3

in triggering tissue factor mRNA expression [4]; comparable levels

of PR3 and elastase mediated cleavage of endothelial PAR1

receptors were also obtained [4]. Serine proteases bind to their

target protein and cause either cleavage at a specific site resulting

in activation or, alternatively, inappropriate or multiple site

cleavage resulting in disarming of the receptor [44]. Steppich

et al (2008) and our current findings could, therefore, be

interpreted in three ways: (i) PR3, but not elastase, resulted in

activatory PAR1 receptor cleavage; (ii) PR3, but not elastase-

mediated PAR1 cleavage produced a free activating peptide,

capable of activating other PAR1 receptors or (iii) both PR3 and

elastase caused inhibition of subsequent receptor signaling, in the

absence of an initial signal, (i.e. receptor disarming (Fig. S4)).

Using calcium signaling, we have clearly demonstrated that the

cleavage of glomerular endothelial PAR1 receptors by both PR3

and elastase resulted in PAR1 receptor disarming that was both

time-and concentration-dependent. Short term exposure of GEC

to either protease (1–5 mg/ml, (#172 nM), 10 min) caused the

removal of the PAR1 activating peptide sequence for a minority of

cells without affecting the binding site of that activating peptide.

Long term exposure to elastase and PR3 (5 mg/ml, (#172 nM),

2 hr), resulted in reduced PAR1ap-mediated signaling, indicating

that after more prolonged exposure the proteases affected not only

the thrombin cleavage site of the PAR1 receptor but also affected

the binding of the free activating peptide. It is important to put

these observations in context and not over emphasis our findings.

Recent studies have suggested that the regulation of PARs is not

straightforward and is both agonist-dependent and cell type–

specific [45]. PARs have the ability to regulate opposite effects

dependent on their agonist, location (i.e. within caveolae) and

associated binding partners (Biased signaling) [46]. Others have

shown serine protease-induced apoptosis potentially triggered by

PAR1 signaling [47]. These findings may therefore imply the

inhibition of one major calcium dependent PAR1 signaling

pathway but not the destruction of all potential PAR1 signaling

routes.

In a wider context, PR3 and elastase appear not only to directly

affect PAR1 activity, but also increase coagulation in-vivo [48] by

Figure 3. Effect of PR3 or elastase on EC Ca2+ signaling. Fig. 3 shows the inability of 5 mg/ml of PR3 (172 nM) or elastase (169.5 nM) to induce
a calcium signal in endothelial cells in suspension whether GEC (Fig. 3A), HUVEC (Fig. 3B) or adherent GEC (Fig. 3C). The presence of functional PAR
receptors on the surface of these cells was confirmed using PAR1ap and PAR2ap were used as positive controls (Fig. 3A–C). Fig. 3A& B show
representative traces from a single experiment. Fig. 3C shows data from 7–10 independent experiments (mean 6 SEM).
doi:10.1371/journal.pone.0043916.g003
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removing cell-surface tissue factor pathway inhibitor (TFPI) [49].

PR3 can also cleave endothelial surface-bound EPCR, reducing

APC generation. This targeting of both PAR1 and its anti-

inflammatory regulators, EPCR and APC, would abrogate the

PAR 1-dependent barrier-protective response in endothelial cells

[50], potentially resulting in a shift away from resolution and

towards persistent inflammation.

In this study, the neutrophil serine proteases PR3 and elastase

did not regulate PAR2 calcium mobilization within GEC that

express functional PAR2, as indicated by the failure of these

proteases to either activate or disarm PAR2. Elegantly designed

studies by Ramachandran and colleagues indicated an alternative

route of PAR2 activation, circumventing calcium signaling but

activating MAP kinase signaling [51,52]. They observed both

PAR2 disarming and the capacity of elastase (but not PR3) to

activate this alternative pathway [51]. PAR surface expression,

cleavage and regulation of signaling (e.g. protease-induced

disarming) can also be affected by the factors such as N-linked

glycosylation [53,54]. Those studies are comparable with our

present study, because the same source of trypsin was used;

however, the sources of both PR3 and elastase were different.

Unlike PAR1, we were unable to detect any glomerular

endothelial PAR2 disarming. Initially, we considered that these

observed differences in PAR2 cleavage were due to the use of

synthetic or recombinant polypeptides instead of an intact cell

expression system to study this phenomenon. Further, Al-Ani and

Hollenberg (2003) observed that cellular PAR2 was resistant to

extensive downstream cleavage by serine proteases [43]. However,

cell surface PAR2 disarming has been detected elsewhere. PAR2

inhibition by elastase has been previously reported in epithelial

cells [55], while retracted reports support a role for PR3 in PAR2

receptor signaling in both epithelial [56] and non-epithelial cells

[57]. Epithelial cells express functional PAR1, PAR2 and PAR-4,

with PAR2 acting as the dominant PAR, inducing the strongest

cellular response with respect to cytokine production [58]. In

contrast, we observed that GECs have a higher cellular response to

Figure 4. The immediate effect of PR3 or elastase on PAR signaling induced by other stimuli. Fig. 4A–C show the effect of a 10 min pre-
treatment of GEC with PR3 (34.5 nM = 1 mg/ml PR3(1) or 172 nM = 5 mg/ml PR3(5)) or elastase (33.9 nM = 1 mg/ml HNE(1), or 169.5 nM = 5 mg/ml
HNE(5)), on subsequent PAR1 calcium signaling induced by either thrombin (Fig. 4A) or PAR1ap (Fig. 4B) and on subsequent trypsin activation of
PAR2 (Fig. 4C). Baseline calcium levels in untreated cells were recorded (control). The bars marked ‘HBH’ show responses after addition of buffer alone
(Hanks balanced salt solution +20 mM HEPES) in the absence of any protease during a 10 min pre-treatment period, followed by stimulation of the
cells with either thrombin (Fig. 4A) or PAR1ap (Fig. 4B) or PAR2 (Fig. 4C) were used as positive controls for each experiment. Fig. 4A–C show data
from 3–4 independent experiments (mean 6 SEM).
doi:10.1371/journal.pone.0043916.g004
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PAR1 activation than PAR2. Findings of another study in human

and mouse leukocytes also discount a role for PR3 in PAR2

activity [59]. The apparent differences in the outcome of these

studies may be due to the cell types employed.

In conclusion, neutrophil-derived serine proteases PR3 and

elastase bind to, and directly modulate, multiple protein targets on

the surface of GEC including PAR1, with no inhibitory effect on

PAR2, the member of the PAR family upregulated during

inflammation. Calcium signaling-independent modulation of

endothelial function leads to the pro-inflammatory, pro-throm-

botic release of proteins such as vWF, while the disarming of the

glomerular endothelial PAR1 receptor may abrogate any anti-

inflammatory, protective effects that could be supported by this

receptor. Modulation of serine protease activity, rather than direct

modulation of PAR receptors, could be tissue protective during the

acute phase of some glomerulonephritides, such as vasculitic

diseases where neutrophil activation and protease release is

prominent.

Supporting Information

Figure S1 PAR1 and PAR2 mRNA and protein knock-
down by siRNA. Fig. S1A shows phase contrast photomicro-

graphs of (i) untreated HUVEC and cells exposed to (ii) non-

targeting siRNA (Control siRNA) and (iii) PAR1 siRNA and (iv)

PAR2 siRNA. PAR1 (black) and PAR2 (grey) of GEC mRNA

levels were abolished by siRNA treatment. This silencing of PAR

mRNA was detected, 48 hr after a 4 hr siRNA treatment. Data

were expressed as relative expression compared to lipofectamine

treated cells (Fig. S1B n = 5–6). The reduction in PAR1 (Fig. S1C

n = 3) and PAR2 (Fig. S1D n = 3) protein levels induced by siRNA

treatment was detected by flow cytometry using WEDE (anti-

PAR1) and SAM11 (anti-PAR2) antibodies. The reduction in

glomerular endothelial cell PAR1 (Fig. S1E) and PAR2 (Fig. S1F)

calcium signal due to siRNA knockdown was also assessed. These

are representative calcium traces (n = 3, for PAR1 p = 0.0493*, for

PAR2 p = 0.0081**).

(TIF)

Figure 5. The chronic effect of PR3 or elastase on PAR signaling induced by other stimuli. Fig. 5A–C show the effect of a 2 hr pre-
treatment of GEC with 5 mg/ml of PR3 (172 nM) or elastase (169.5 nM, HNE), on subsequent PAR1ap mediated PAR1 signaling (Fig. 5A,C) and PAR2ap
mediated PAR2 signaling (Fig. 5B,C). Fig. 5A& B show representative traces for a single experiment. Fig. 5C shows data from 4 independent
experiments (mean 6 SEM).
doi:10.1371/journal.pone.0043916.g005
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Figure S2 PR3 or elastase induced GEC vWF release in
the presence of alpha anti-trypsin. Fig. S2 shows that GEC

vWF release in response to PR3 or elastase. This is abolished in the

presence of alpha anti-trypsin (+a1AT). The statistical symbols

indicated significant difference either compared to *untreated

controls (Cont.) or +compared to protease treatment only (PR3 or

elastase). A similar result was obtained in HUVEC (data not

shown).

(TIF)

Figure S3 Detecting internalization of PAR1 induced by
either PR3 or elastase. Internalization of PAR1 of surface of

adherent HUVEC was inhibited by temperature (performed on

ice, 4uC), or by pre-incubated cells in Medium 199 containing a

specific inhibitor, Dynasore (50 mM). All experimental conditions

contained 0.02% DMSO (the vehicle for Dynasore). HUVEC

were then treated with 1 or 5 mg/ml PR3 (34.5–172 nM) or 1 or

5 mg/ml elastase (33.9–169.5 nM) or 10 U/ml thrombin. The

extent to which PR3 and elastase removed surface PAR1 by

internalization was detected using a WEDE antibody under these

inhibitory conditions. Fig. S3A shows data from cells maintained

on ice throughout the experiment. Fig. S3B compares the effect of

temperature/chemical inhibition. The statistical symbols indicated

significant difference between *protease treatment compared to

the non-protease treated control or between +protease treatment

in the presence of an inhibitor of internalization i.e. either cold

(4uC) or Dynasore (50 mM) compared to protease treatment at

37uC in the absence of an inhibitor.

(TIF)

Figure S4 Antibody binding sites in the PAR1 and PAR2
sequences, and PR3-or elastase-induced modulation of
receptor structure. Fig. S4 firstly shows the binding sites of

specific anti-PAR1 and anti-PAR2 antibodies and then illustrates

non-activatory proteolysis by serine proteases leading to inactiva-

tion of PAR1 (disarming). There was no associated glomerular

endothelial cell PAR2 activation or disarming (under the same

conditions).

(TIF)

Acknowledgments

The authors thank Michael Tomlinson, University of Birmingham, for his

advice on siRNA reagents and methodology.

Author Contributions

Conceived and designed the experiments: SPT C0SS BA GER. Performed

the experiments: SPT AB. Analyzed the data: SPT AB. Contributed

reagents/materials/analysis tools: SPY SCS JW LH SJK. Wrote the paper:

SPT C0SS AB.

References

1. Brinkmann V, Reichard U, Goosmann C, Fauler B, Uhlemann Y, et al (2004)

Neutrophil extracellular traps kill bacteria. Science 303: 1532–1535.

2. Henshaw TJ, Malone CC, Gabay JE, Williams RC Jr (1994) Elevations of

neutrophil proteinase 3 in serum of patients with Wegener’s granulomatosis and

polyarteritis nodosa. Arthritis Rheum 37: 104–112.

3. Haubitz M, Schulzeck P, Schellong S, Schulze M, Koch KM, et al. (1997)

Complexed plasma elastase as an in vivo marker for leukocyte activation in

antineutrophil cytoplasmic antibody-associated vasculitis. Arthritis Rheum 40:

1680–1684.

4. Kessenbrock K, Krumbholz M, Schonermarck U, Back W, Gross WL, et al.

(2009) Netting neutrophils in autoimmune small-vessel vasculitis. Nat Med 15:

623–625.

5. Hakkim A, Furnrohr BG, Amann K, Laube B, Abed UA, et al. (2010)

Impairment of neutrophil extracellular trap degradation is associated with lupus

nephritis. Proc Natl Acad Sci U S A 107: 9813–9818.

6. Boehme MW, Galle P, Stremmel W (2002) Kinetics of thrombomodulin release

and endothelial cell injury by neutrophil-derived proteases and oxygen radicals.

Immunology 107: 340–349.

7. Preston GA, Zarella CS, Pendergraft WF III, Rudolph EH, Yang JJ, et al. (2002)

Novel effects of neutrophil-derived proteinase 3 and elastase on the vascular

endothelium involve in vivo cleavage of NF-kappaB and proapoptotic changes in

JNK, ERK, and p38 MAPK signaling pathways. J Am Soc Nephrol 13: 2840–

2849.

8. Johnson RJ, Couser WG, Alpers CE, Vissers M, Schulze M, et al. (1988) The

human neutrophil serine proteinases, elastase and cathepsin G, can mediate

glomerular injury in vivo. J Exp Med 168: 1169–1174.

9. Calderwood JW, Williams JM, Morgan MD, Nash GB, Savage CO (2005)

ANCA induces beta2 integrin and CXC chemokine-dependent neutrophil-

endothelial cell interactions that mimic those of highly cytokine-activated

endothelium. J Leukoc Biol 77: 33–43.

10. Kuravi SJ, Bevins A, Satchell SC, Harper L, Williams JM, et al. (2012)

Neutrophil serine protease mediate inflammatory cell recruitment by glomerular

endothelium and progression towards dysfunction. Nephrol Dial Transplant (in

press).

11. Vu TK, Hung DT, Wheaton VI, Coughlin SR (1991) Molecular cloning of a

functional thrombin receptor reveals a novel proteolytic mechanism of receptor

activation. Cell 64: 1057–1068.

12. Rasmussen UB, Vouret-Craviari V, Jallat S, Schlesinger Y, Pages G, et al. (1991)

cDNA cloning and expression of a hamster [alpha]-thrombin receptor coupled

to Ca2+ mobilization. FEBS Letters 288: 123–128.

13. Levine L (1994) Alpha-thrombin and trypsin use different receptors to stimulate

arachidonic acid metabolism. Prostaglandins 47: 437–449.

14. Coughlin SR (2005) Protease-activated receptors in hemostasis, thrombosis and

vascular biology. J Thromb Haemost 3: 1800–1814.

15. Cirino G, Vergnolle N (2006) Proteinase-activated receptors (PARs): crossroads

between innate immunity and coagulation. Current Opinion in Pharmacology 6:

428–434.

16. Langer F, Morys-Wortmann C, Kusters B, Storck J (1999) Endothelial protease-

activated receptor-2 induces tissue factor expression and von Willebrand factor

release. Br J Haematol 105: 542–550.

17. Storck J, Kusters B, Zimmermann ER (1995) The tethered ligand receptor is the

responsible receptor for the thrombin induced release of von Willebrand factor

from endothelial cells (HUVEC). Thromb Res 77: 249–258.

18. Collins PW, Macey MG, Cahill MR, Newland AC (1993) von Willebrand factor

release and P-selectin expression is stimulated by thrombin and trypsin but not

IL-1 in cultured human endothelial cells. Thromb Haemost 70: 346–350.

19. Klarenbach SW, Chipiuk A, Nelson RC, Hollenberg MD, Murray AG (2003)

Differential actions of PAR2 and PAR1 in stimulating human endothelial cell

exocytosis and permeability: the role of Rho-GTPases. Circ Res 92: 272–278.

20. Xu Y, Zacharias U, Peraldi MN, He CJ, Lu C, et al. (1995) Constitutive

expression and modulation of the functional thrombin receptor in the human

kidney. Am J Pathol 146: 101–110.

21. Grandaliano G, Pontrelli P, Cerullo G, Monno R, Ranieri E, et al. (2003)

Protease-Activated Receptor-2 Expression in IgA Nephropathy: A Potential

Role in the Pathogenesis of Interstitial Fibrosis. J Am Soc Nephrol 14: 2072–

2083.

22. Vesey DA, Kruger WA, Poronnik P, Gobe GC, Johnson DW (2007)

Proinflammatory and proliferative responses of human proximal tubule cells

to PAR-2 activation. Am J Physiol Renal Physiol 293: F1441–F1449.

23. Tanaka M, Arai H, Liu N, Nogaki F, Nomura K, et al. (2005) Role of

coagulation factor Xa and protease-activated receptor 2 in human mesangial cell

proliferation. Kidney Int 67: 2123–2133.

24. Nomura K, Liu N, Nagai K, Hasegawa T, Kobayashi I, et al. (2006) Roles of

coagulation pathway and factor Xa in rat mesangioproliferative glomerulone-

phritis. Lab Invest 87: 150–160.

25. Cunningham MA, Rondeau E, Chen X, Coughlin SR, Holdsworth SR, et al.

(2000) Protease-Activated Receptor 1 Mediates Thrombin-Dependent, Cell-

Mediated Renal Inflammation in Crescentic Glomerulonephritis. J Exp Med

191: 455–462.

26. Moussa L, Apostolopoulos J, Davenport P, Tchongue J, Tipping PG (2007)

Protease-Activated Receptor-2 Augments Experimental Crescentic Glomerulo-

nephritis. Am J Pathol 171: 800–808.

27. Sarangi PP, Lee HW, Kim M (2010) Activated protein C action in

inflammation. Br J Haematol 148: 817–833.

28. Stearns-Kurosawa DJ, Kurosawa S, Mollica JS, Ferrell GL, Esmon CT (1996)

The endothelial cell protein C receptor augments protein C activation by the

thrombin-thrombomodulin complex. Proc Natl Acad Sci U S A 93: 10212–

10216.

29. Gupta A, Williams MD, Macias WL, Molitoris BA, Grinnell BW (2009)

Activated Protein C and Acute Kidney Injury: Selective Targeting of PAR-1.

Curr Drug Targets.

30. Villegas-Mendez A, Montes R, Ambrose LR, Warrens AN, Laffan M, et al.

(2007) Proteolysis of the endothelial cell protein C receptor by neutrophil

proteinase 3. J Thromb Haemost 5: 980–988.

Neutrophil Serine Proteases Interact with GEC PARs

PLOS ONE | www.plosone.org 9 August 2012 | Volume 7 | Issue 8 | e43916



31. Cooke BM, Usami S, Perry I, Nash GB (1993) A Simplified Method for Culture

of Endothelial Cells and Analysis of Adhesion of Blood Cells under Conditions of

Flow. Microvascular Research 45: 33–45.

32. Satchell SC, Tasman CH, Singh A, Ni L, Geelen J, et al. (2006) Conditionally

immortalized human glomerular endothelial cells expressing fenestrations in

response to VEGF. Kidney Int 69: 1633–1640.

33. Graham FL, Smiley J, Russell WC, Nairn R (1977) Characteristics of a Human

Cell Line Transformed by DNA from Human Adenovirus Type 5. J Gen Virol

36: 59–72.

34. Kawabata A, Saifeddine M, Al Ani B, Leblond L, Hollenberg MD (1999)

Evaluation of proteinase-activated receptor-1 (PAR1) agonists and antagonists

using a cultured cell receptor desensitization assay: activation of PAR2 by PAR1-

targeted ligands. J Pharmacol Exp Ther 288: 358–370.

35. Tull SP, Anderson SI, Hughan SC, Watson SP, Nash GB, et al. (2006) Cellular

Pathology of Atherosclerosis: Smooth Muscle Cells Promote Adhesion of

Platelets to Cocultured Endothelial Cells. Circ Res 98: 98–104.

36. Carruthers DM, Naylor WG, Allen ME, Kitas GD, Bacon PA, et al. (1996)

Characterization of altered calcium signalling in T lymphocytes from patients

with rheumatoid arthritis (RA). Clin Exp Immunol 105: 291–296.

37. Brass LF, Pizarro S, Ahuja M, Belmonte E, Blanchard N, et al. (1994) Changes

in the structure and function of the human thrombin receptor during receptor

activation, internalization, and recycling. J Biol Chem 269: 2943–2952.

38. Hoxie JA, Ahuja M, Belmonte E, Pizarro S, Parton R, et al. (1993)

Internalization and recycling of activated thrombin receptors. J Biol Chem

268: 13756–13763.

39. Macia E, Ehrlich M, Massol R, Boucrot E, Brunner C, et al. (2006) Dynasore, a

cell-permeable inhibitor of dynamin. Dev Cell 10: 839–850.

40. Kawamoto T, Ohga N, Akiyama K, Hirata N, Kitahara S, et al. (2012) Tumor-

Derived Microvesicles Induce Proangiogenic Phenotype in Endothelial Cells via

Endocytosis. PLoS One 7: e34045.

41. Oh P, Horner T, Witkiewicz H, Schnitzer JE (2012) Endothelin Induces Rapid,

Dynamin-mediated Budding of Endothelial Caveolae Rich in ET-B. J Biol

Chem 287: 17353–17362.

42. Hung DT, Vu TK, Wheaton VI, Ishii K, Coughlin SR (1992) Cloned platelet

thrombin receptor is necessary for thrombin-induced platelet activation. J Clin

Invest 89: 1350–1353.

43. Al Ani B, Hollenberg MD (2003) Selective tryptic cleavage at the tethered ligand

site of the amino terminal domain of proteinase-activated receptor-2 in intact

cells. J Pharmacol Exp Ther 304: 1120–1128.

44. Loew D, Perrault C, Morales M, Moog S, Ravanat C, et al. (2000) Proteolysis of

the exodomain of recombinant protease-activated receptors: prediction of

receptor activation or inactivation by MALDI mass spectrometry. Biochemistry

39: 10812–10822.

45. Russo A, Soh UJ, Trejo J (2009) Proteases display biased agonism at protease-

activated receptors: location matters! Mol Interv 9: 87–96.

46. Russo A, Soh UJ, Paing MM, Arora P, Trejo J (2009) Caveolae are required for

protease-selective signaling by protease-activated receptor-1. Proc Natl Acad
Sci U S A 106: 6393–6397.

47. Suzuki T, Yamashita C, Zemans RL, Briones N, Van Linden A, et al. (2009)

Leukocyte elastase induces lung epithelial apoptosis via a PAR-1-, NF-kappaB-,
and p53-dependent pathway. Am J Respir Cell Mol Biol 41: 742–755.

48. Massberg S, Grahl L, von Bruehl ML, Manukyan D, Pfeiler S, et al. (2010)
Reciprocal coupling of coagulation and innate immunity via neutrophil serine

proteases. Nat Med.

49. Steppich BA, Seitz I, Busch G, Stein A, Ott I (2008) Modulation of tissue factor
and tissue factor pathway inhibitor-1 by neutrophil proteases. Thromb Haemost

100: 1068–1075.
50. Bae JS, Yang L, Manithody C, Rezaie AR (2007) The ligand occupancy of

endothelial protein C receptor switches the protease-activated receptor 1-
dependent signaling specificity of thrombin from a permeability-enhancing to a

barrier-protective response in endothelial cells. Blood 110: 3909–3916.

51. Ramachandran R, Mihara K, Chung H, Renaux B, Lau CS, et al. (2011)
Neutrophil elastase acts as a biased agonist for proteinase-activated receptor-2

(PAR2). J Biol Chem 286: 24638–24648.
52. Ramachandran R, Mihara K, Mathur M, Rochdi MD, Bouvier M, et al. (2009)

Agonist-biased signaling via proteinase activated receptor-2: differential

activation of calcium and mitogen-activated protein kinase pathways. Mol
Pharmacol 76: 791–801.

53. Xiao YP, Morice AH, Compton SJ, Sadofsky L (2011) N-linked glycosylation
regulates human proteinase-activated receptor-1 cell surface expression and

disarming via neutrophil proteinases and thermolysin. J Biol Chem 286: 22991–
23002.

54. Compton SJ, Sandhu S, Wijesuriya SJ, Hollenberg MD (2002) Glycosylation of

human proteinase-activated receptor-2 (hPAR2): role in cell surface expression
and signalling. Biochem J 368: 495–505.

55. Dulon S, Cande C, Bunnett NW, Hollenberg MD, Chignard M, et al. (2003)
Proteinase-Activated Receptor-2 and Human Lung Epithelial Cells: Disarming

by Neutrophil Serine Proteinases. Am J Respir Cell Mol Biol 28: 339–346.

56. Uehara A, Sugawara S, Muramoto K, Takada H (2002) Activation of human
oral epithelial cells by neutrophil proteinase 3 through protease-activated

receptor-2. J Immunol 169: 4594–4603.
57. Uehara A, Muramoto K, Takada H, Sugawara S (2003) Neutrophil Serine

Proteinases Activate Human Nonepithelial Cells to Produce Inflammatory
Cytokines Through Protease-Activated Receptor 2. J Immunol 170: 5690–5696.

58. Asokananthan N, Graham PT, Fink J, Knight DA, Bakker AJ, et al. (2002)

Activation of Protease-Activated Receptor (PAR)-1, PAR-2, and PAR-4
Stimulates IL-6, IL-8, and Prostaglandin E2 Release from Human Respiratory

Epithelial Cells. J Immunol 168: 3577–3585.
59. Jiang B, Grage-Griebenow E, Csernok E, Butherus K, Ehlers S, et al. (2010) The

role of proteinase 3 (PR3) and the protease-activated receptor-2 (PAR-2)

pathway in dendritic cell (DC) maturation of human-DC-like monocytes and
murine DC. Clin Exp Rheumatol 28: 56–61.

Neutrophil Serine Proteases Interact with GEC PARs

PLOS ONE | www.plosone.org 10 August 2012 | Volume 7 | Issue 8 | e43916


