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Abstract

Pro-inflammatory activation of vascular endothelium leading to increased surface expression of 

adhesion molecules and neutrophil (PMN) sequestration and subsequent activation is paramount in 

the development of acute lung (ALI) and organ injury in injured patients. We hypothesize that α-

enolase, which accumulates in injured patients primes PMNs and causes pro-inflammatory 

activation of endothelial cells leading to PMN-mediated cytotoxicity.

Methods—Proteomic analyses of field plasma samples from injured vs. healthy patients was 

used for protein identification. Human pulmonary microvascular endothelial cells (HMVECs) 

were incubated with α-enolase or thrombin, and ICAM-1 surface expression was measured by 

flow cytometry. A two-event in vitro model of PMN cytotoxicity HMVECs activated with α-

enolase, thrombin, or buffer was used as targets for lysophosphatidylcholine-primed or buffer-

treated PMNs. The PMN priming activity of α-enolase was completed, and lysates from both 

PMNs and HMVECs were immunoblotted for protease activated receptor-1 (PAR-1) and PAR-2 

and co-precipitation of α-enolase with PAR-2 and plasminogen/plasmin.

Results—α-enolase increased 10.8-fold in injured patients (p<0.05). Thrombin and α-enolase 

significantly increased ICAM-1 surface expression on HMVECs, which was inhibited by anti-

proteases, induced PMN adherence, and served as the first event in the two-event model of PMN 

cytotoxicity. α-enolase co-precipitated with PAR-2 and plasminogen/plasmin on HMVECs and 
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PMNs and induced PMN priming, which was inhibited by tranexamic acid, and enzymatic activity 

was not required. We conclude that α-enolase increases post-injury and may activate pulmonary 

endothelial cells and prime PMNs through plasmin activity and PAR-2 activation. Such pro-

inflammatory endothelial activation may predispose to PMN-mediated organ injury.
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Introduction

Pro-inflammatory activation of vascular endothelium results in the release of chemokines 

and the increased surface expression of adhesion molecules including intercellular adhesion 

molecule-1 (ICAM-1) in the endothelial beds of end-organs, which may predispose 

individuals to PMN-mediated organ injury (1;2). Such endothelial pro-inflammatory 

activation results in PMN sequestration in the lung and in other organs, including the liver 

(1;2). Vascular chemokine release induces phenotypic alterations of neutrophils (PMNs) in 

the lung capillaries such that they become captured, via selectin-mediated interactions with 

the pulmonary endothelium, and then firmly adherent through binding of the PMN β2-

integrin CD11b/CD18 and ICAM-1 (2). These sequestered, primed PMNs are hyper-reactive 

such that mediators that normally do not induce activation of the microbicidal arsenal cause 

activation of the respiratory burst and release of proteins from granules leading to PMN-

mediated endothelial cell damage, capillary leak, and organ damage (3;4).

Although a life-saving intervention, the transfusion of stored red blood cells (RBCs) has 

been linked to increased morbidity and mortality in the critically ill (5;6). Injured patients, 

irrespective of the injury mechanism, are prone to ALI and multiple organ failure (MOF), 

which are thought to be the result of at least two clinical insults (5;6). In a prospective 

clinical study, controlled for the amount transfused, transfusion of stored RBCs, versus 

fresh, was an independent predictor for the development of ALI/MOF in injured patients 

(5;6). Although some of the pro-inflammatory mediators responsible for ALI/MOF have 

been identified, others have remained elusive and potential candidates include intracellular 

proteins that have protease activity similar to thrombin and accumulate during routine 

storage (7). Thrombin is a multifunctional serine protease involved in hemostasis, 

fibrinolysis, and pro-inflammatory activation of innate immunity through stimulation of 

proteinase-activated receptors (PARs), specifically PAR-1, PAR-3, and PAR-4, through 

cleavage of the N-terminal exodomain of the receptor, releasing the tethered ligand (8). 

Neutrophils (PMNs) and endothelial cells are reported to express PAR-2; however, thrombin 

does not activate the PAR-2 receptor, although other serine proteases, including plasmin, 

have this capacity (9;10).

α-enolase is an intracellular glycolytic lyase, phosphopyruvate hydratase, which converts 2-

phospho-D-glycerate to phosphoenolypyruvate (11;12). It is also ubiquitously expressed on 

the surface of many cells including neutrophils, T cells, B cells, monocytes, and vascular 

endothelium and serves as a plasminogen receptor as well as being involved in the 

conversion of plasminogen to plasmin (11–13). α-enolase has been implicated in many pro-
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inflammatory states including malignancy, vasculitis, inflammatory bowel disease, and anti-

centrosome/ANCA-related conditions (12). Furthermore, α-enolase-mediated increases in 

plasmin production on the surface of monocytes lead to migration and invasion of these cells 

into the inflamed lung (14). Because of its linkage to plasmin generation and its ability to 

activate intracellular signaling cascades, we hypothesize that α-enolase, which accumulates 

in injured patients, primes PMNs and causes pro-inflammatory activation of endothelial 

cells leading to PMN-mediated cytotoxicity.

Materials and Methods

All chemicals, unless otherwise specified, were obtained from Sigma-Aldrich (St. Louis, 

MO). All solutions and buffers were made from sterile water for human injection, United 

States Pharmacopeia (USP) purchased from Baxter Healthcare (Deerfield, NY), followed by 

sterile filtering with Nalgene MF75 series disposable sterilization filter units purchased from 

Fisher Scientific (Pittsburgh, PA). Human and yeast (enzymatically inactive) α-enolase were 

purchased from US Biological (Swampscott, MA) and Sigma-Aldrich. Antibodies to PAR-1 

and PAR-2 were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Human 

pulmonary microvascular endothelial cells, media, and all related reagents were obtained 

from Lonza Corporation (San Diego, CA). A fluorescein isothiocyanate-linked antibody 

(clone YN1/1.7.4) to ICAM-1/CD54 was purchased from Beckman Coulter (Brea, CA). 

Tranexamic acid was purchased from the Pharmacy at University of Colorado Hospital, 

Aurora, CO.

Proteomics

Proteomics on the field blood (plasma) from 2 patients with blunt trauma who later 

developed ALI/MOF and the plasma from 4 healthy control donors were completed using 2-

dimensional gel electrophoresis and mass spectroscopy with computer analyses of the 

resultant peptides specific for α-enolase (7).

ICAM-1 Surface Expression

Human pulmonary microvascular endothelial cells (HMVECs) activation was assessed as 

previously described (4). Briefly, HMVECs were grown to 90% confluence in 12-well 

plates. The cells were then incubated for 6 hours with α-enolase (0.1–50 μg/mL) ± 10% 

human plasma with 10 U/ml of heparin, thrombin (0.1–10 U/ml), or media control. The cells 

were then washed and incubated with a FITC-labeled monoclonal antibody to ICAM-1. 

ICAM-1 expression was measured by flow cytometry. Inhibition of thrombin-induced and 

α-enolase-induced ICAM-1 expression was determined via pre-incubation with leupeptin [1 

mM] and benzenesulfonyl fluoride hydrochloride (AEBSF) [2.5 mM].

A Two-Event in vitro model of PMN-Mediated Cytotoxicity

A two-event in vitro model of PMN-mediated pulmonary endothelial injury was performed 

as previously described (4). HMVECs were incubated with α-enolase (50 μg/mL) or 

thrombin (5 U/ml) for 6 hours followed by the addition of PMNs. PMN adherence to the 

activated HMVECS was measured by myeloperoxidase content in the lysate (% MPO) (4). 

An in vitro two-event model of ALI was demonstrated by the addition of 
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lysophosphatidylcholines (lyso-PCs) to activate the adherent PMNs and the number of 

viable HMVECs/mm2 was counted by microscopy as described (4).

PMN isolation and priming assays

PMNs were isolated from heparinized whole blood drawn after informed consent was 

obtained from healthy donors under a protocol approved by the Colorado Multiple 

Institutional Review Board at the University Of Colorado Denver School Of Medicine, as 

previously described (15). Briefly, isolated PMNs (3.75 × 106 cells) were incubated with 

buffer (Krebs-Ringers phosphate with 2% dextrose (KRPD) controls, thrombin (1–10 U/ml), 

α-enolase (1–50 μg/mL) ± 10% plasma and 10 U/ml of heparin, for 30 minutes at 37°C. 

PMNs were activated with 1 μM formyl-Met-Leu-Phe (fMLF), and the maximal rate of 

superoxide dismutase-inhibitable superoxide anion production was measured by the 

reduction of cytochrome c at 550 nm (15). Inhibition of PMN priming with α-enolase or 

thrombin was determined by the addition of 2.5 mM AEBSF, an antibody to plasminogen 

[1μg/ml], or 10–100 μg/ml of tranexamic acid to the reaction mixture in selected 

experiments.

PAR Immunoreactivity and co-precipitation with α-enolase

The proteins from HMVECs and PMNs were separated by SDS-PAGE and transferred to 

nitrocellulose. The membranes were then immunoblotted with antibodies to PAR-1 and 

PAR-2 as previously described (16).

Statistics

Statistics were calculated using the GB Stat 2.0. Repeat ANOVA was performed followed 

by Neuman-Keuls post-hoc analysis, which was dependent upon the equality of variance. 

Statistical significance was determined at the p<0.05 level (7).

Results

Proteomics

Proteins identified in two patients’ plasma drawn in the field prior to the initiation of 

resuscitation post blunt-trauma were compared to the plasma of healthy controls (4) 

employing the identical anticoagulant, ethylenediaminetetraacetic acid (EDTA). The two 

patients were female and suffered blunt trauma with injury severity scores (ISS) of 35 and 

43, base deficits of −10 and −6 mEq/L, and lysis at 30 minutes after achieving maximal 

amplitude (Ly30) of 0 on thromboelastography, respectively. Both patients developed 

multiple organ failure. α-enolase increased by 15.5±2.8-fold in the injured patients vs. 

healthy controls as well as a number of other proteins vs. healthy control plasmas (n=4; 

p<0.05) (Table 1). In addition, previously published data demonstrated that α-enolase 

increased in the supernatant of stored (day 42) vs. fresh (day 1) RBC units demonstrated an 

increase in α-enolase by 4.4-fold (n=5, p<0.005) as well as increasing to concentrations as 

high as 1.5 μg/ml in severely injured patients with ISS≥35 (7;17).
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ICAM-1 Surface Expression

As compared to media-treated controls, thrombin increased ICAM-1 surface expression on 

HMVECs by 2.1±0.3 fold and 1.8±0.4 fold at concentrations of 5 U/ml and 10 U/ml, 

respectively (n=5, p<0.05) (Fig. 1). At 50 μg/ml α-enolase also increased ICAM-1 surface 

expression by 2.8±0.2-fold vs. media-treated controls (n=5 p<0.05) (Fig. 1). The positive 

control LPS [2μg/ml] induced a 2.5±0.3-fold increase in ICAM-1 surface expression (n=5 

p<0.05) (Fig. 1). Both α-enolase- and thrombin-induced surface expression of ICAM-1 was 

inhibited by pretreatment with protease inhibitors: AEBSF and leupeptin (60±8% and 

73±7% for AEBSF and 54±5% and 62±8% for leupeptin, respectively). Furthermore, if FBS 

was excluded from the HMVEC media, α-enolase did not elicit an increase in ICAM-1 

surface expression vs. media-treated HMVECs: Media: 450±64 vs. α-enolase 462±81MFI 

(n=3). However, because these data rely on the recruitment of bovine plasminogen from 

FBS, analogous experiments were completed with the addition of 10% human plasma with 

10 U/ml of heparin. In these experiments α-enolase at 1 μg/ml elicited a 1.78±0.2-fold 

increase in ICAM-1 vs. media-treated control HMVECs (p<0.05, n=3).

Two-event Model of PMN-mediated HMVEC cytotoxicity

Along with increased ICAM-1 expression, α-enolase [50 μg/ml], thrombin [5 U/ml], and the 

positive control LPS [2 μg/ml] induced significant PMN adhesion compared to media 

control: Media: 3.1±1.5%, α-enolase [50 μg/ml]: 14.4±4.7%*, thrombin 5 U/ml: 

18.8±7.5%*, LPS [2 μg/ml]: 35.5±0.7* (n=5, *=p<0.05). When lysophosphatidylcholines 

(lyso-PCs), PMN priming agents shown to precipitate PMN cytotoxicity in vitro and in vivo, 

were added to HMVECs which were activated with α-enolase, thrombin or LPS and co-

cultured with PMNs the number of viable HMVEC was significantly reduced (Fig. 2 last bar 

in each groups) (3;4). Importantly, the addition of PMNs or lyso-PCs alone did not affect the 

number of viable HMVECs in any treatment group (Fig. 2 or for HMVECs activated with 

LPS and treated with lyso-PCs data not shown) (3;4).

PMN Priming with Thrombin and α-enolase

PMNs incubated with α-enolase [10–50 μg/ml] significantly primed the fMLF-activated 

respiratory burst when incubated with 10% plasma for 30 minutes at 37°C compared to 

PMNs incubated with 10% plasma alone (p<0.05, n=7) (Fig. 3, panel A). At lesser 

concentrations [1–5 μg/ml] α-enolase did not cause significant PMN priming nor did shorter 

incubation times of 5–10 min. Moreover, α-enolase priming of the PMN oxidase was 

abrogated when the plasma was omitted (buffer control 1.5±0.4 vs. α-enolase without 

plasma 1.5±0.6, n=4), by an antibody to plasminogen was included in the reaction mixture, 

or by pre-treatment with AEBSF [2.5 mM] by 64±7% (p<.05, n=5) without effecting the 

fMLF-activation of the respiratory burst. Pretreatment of PMNs with 10–100 μg/ml 

tranexamic acid also inhibited the α-enolase priming by 38±10–90±7%, respectively 

(p<0.05, n=7). Importantly, both enzymatically active and inactive α-enolase yielded 

identical priming activity (results not shown).

PMNs incubated for 30 min at 37° C with thrombin at a concentration of 1–10 U/ml 

significantly primed the fMLF-activated respiratory burst: buffer-treated controls (p<0.05, 

n=7) (Fig. 2, panel B). Lower concentrations [0.1–0.5 U/ml] of thrombin and shorter 
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incubation times did not induce PMN priming, and the exclusion of plasma did not affect the 

priming activity of thrombin (data not shown). Furthermore, pre-incubation of PMNs with 

AEBSF [2.5 mM] abrogated the thrombin-induced PMN priming by 100±8% (p<.05, n=5) 

without affecting fMLF-activation of the respiratory burst. Importantly, thrombin priming 

was identical whether 10% heparinized plasma [10 U/ml] was included or not (data not 

shown).

PAR Immunoreactivity in PMNs and HMVECs

Whole cell lysates immunoblotted for PAR-2 demonstrated that PMNs contained PAR-2 

receptors (Fig. 4, panel A). Identical experiments were performed on HMVECs, which 

demonstrated the presence of immunoreactivity for both PAR-1 and PAR-2 in HMVEC 

lysates (Fig. 4, panel B), similar to previous results (18).

Co-Precipitation of α-enolase and plasminogen/plasmin with the PAR-2 Receptor

HMVECs were incubated with α-enolase [50 μg/ml] for 5–30 min, the cells were lysed, and 

PAR-2 was immunoprecipitated as previously described (16). The immunoprecipitate was 

probed for α-enolase which co-precipitated with PAR-2 first beginning at 5 min with 

maximal at 15–30 min (Fig. 5, panel A). The PAR-2 immunoprecipitate was then probed for 

β-arrestin-1 which maximally co-precipitated with PAR-2 at 5 min (Fig. 5, panel B). Lastly, 

because α-enolase does not contain a protease domain and is a known cell surface receptor 

for plasminogen these PAR-2 immunoprecipitates were probed with an antibody that 

recognizes plasmin (13;19). Plasmin co-precipitated with α-enolase and PAR-2 in HMVECs 

beginning at 5 min and was still present at 15 min.

Discussion

The role of proteins, which accumulate during blood storage and circulate following 

traumatic injury, in the development of ALI or organ failure remains undefined. The 

presented data demonstrate that both α-enolase and thrombin cause PMN priming, pro-

inflammatory activation of pulmonary vascular endothelium, increased ICAM-1 surface 

expression leading to PMN adherence, and PMN-mediated cytotoxicity of endothelial cells 

indicating a possible role for these proteins in the development of ALI/organ injury. In 

addition, these cellular effects could be inhibited by protease antagonists and priming of 

PMNs and α-enolase induced pro-inflammatory activation of HMVECs occurred via 

activation of PAR-2 through plasmin for which α-enolase is a known cell surface receptor 

(13). α-enolase activated PAR-2 as demonstrated by co-precipitation with β-arrestin-1. The 

possible sources of plasminogen/plasmin in these experiments were fetal bovine serum 

[10%]FINAL in the media for HMVECs and plasma [10%]FINAL for the observed PMN 

priming. Importantly, both pro-inflammatory HMVEC activation and PMN priming were 

not present when plasma or FBS were deleted and priming occurred whether or not the α-

enolase was active. In addition, the concentration of α-enolase employed is these 

experiments may seem relatively high; however, recent data demonstrated that α-enolase 

was present at concentrations of 1.5 μg/ml in the field plasma of the upper quartile of injured 

patients with higher ISS, and identical concentrations of α-enolase with 10% human plasma 
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cause pro-inflammatory activation of HMVECs (17). Furthermore, recombinant proteins 

may not be as active as native proteins as demonstrated for CD40 ligand (20).

α-enolase does not contain protease activity, is a cellular receptor, and has an important role 

in plasmin activation and resistance to degradation (11;13). Furthermore, it is involved in 

monocyte-mediated lung injury through increased surface expression of α-enolase on the 

surface of monocytes leading to increased plasmin activity, monocyte transmigration into 

the acutely inflamed lung (14). Bacterial and fungal pathogens employ α-enolase to recruit 

plasminogen, which becomes activated upon the cell surface allowing for cellular invasion 

and infection; thus, α-enolase is a virulence factor in this context (21–24). Furthermore, the 

α-enolase:plasminogen interaction may be inhibited by monoclonal antibodies specific for 

α-enolase, as well as aminocaproic acid or traneexamic acid, the latter two inhibit by 

binding to the surface lysine groups or Kringle domains (14;21–25). Plasminogen becomes 

activated to plasmin on cellular surfaces due to recruitment of cellular proteases including 

the matrix metalloproteases, and plasmin has the capacity to cleave PAR receptors including 

PAR-2 (26).

Pro-inflammatory activation of pulmonary vascular endothelium by thrombin and its effects 

on PMN priming and margination have already been reported (27). The presented data has 

extended this work to demonstrate that thrombin-activated HMVECs may serve as the first 

event in an in vitro model of PMN-mediated cytotoxicity of endothelial cells. This modeling 

is dependent upon activation of the PMN oxidase, the second event, in PMNs that are 

adherent to activated endothelium, the first event as previously published (4).

Post-injury ALI, as well as MOF, is a pro-inflammatory condition that is the result of at least 

two, if not multiple, clinical events (1;28). The first event (injury) leads to activation of the 

pulmonary endothelium and PMN priming and PMN pulmonary sequestration (1;3;28). The 

second event may be due to infection or other pro-inflammatory mediators that serve to 

activate the sequestered PMNs leading to endothelial injury and the development of ALI or 

organ injury (1;3;28). Blood transfusion and more specifically the storage age RBC units are 

independent predictors of ALI and MOF development (6;29). Moreover, despite the 

decreasing incidence of post-injury MOF, which correlates with decreased RBC 

transfusions, a significant number of injured patients still succumb to post-injury ALI/ARDS 

in which agents which activate microvascular endothelium may play a role (29;30). Much of 

the data regarding the pro-inflammatory potential of RBC units has focused on lipid 

mediators, and with the ability to rapidly characterize the proteome of injured patients and 

the components used for resuscitation novel protein mediators are being recognized.

Proteomic analysis of plasma from patients who have suffered blunt trauma and 

subsequently developed ALI/MOF, has identified a number potential pro-inflammatory 

mediators responsible for lung injury, specifically α-enolase and thrombin as well as 

concomitant decreases in anti-proteases (31;32). Recently, identical proteomic analyses of 

the plasma from rats that underwent hemorrhagic shock demonstrated that α-enolase 

significantly increased; moreover, these identical proteins are also found in stored, but not 

fresh, PRBCs, which may be used to resuscitate these injured patients (7;31). The function 

of α-enolase in conjunction with plasminogen in PMN-mediated lung injury and organ 
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dysfunction is largely unexplored; while thrombin has been implicated in the activation of 

endothelial cells resulting in decreased barrier function and fibrin deposition, a hall mark of 

ALI/ARDS (33–35).

The presented data demonstrate a pro-inflammatory role of α-enolase in a complex with 

plasminogen in solution leading to plasmin activation and to pro-inflammatory activation of 

pulmonary endothelial cells resulting in PMN adherence as the first event in a two-event 

model of PMN cytotoxicity. This step is independent of a decrease in endothelial cell barrier 

function. Pre-incubation of HMVECs with protease inhibitors or tranexamic acid inhibited 

of thrombin- and α-enolase:plasmin-induced pro-inflammatory activation of HMVECs most 

likely on different PARs: PAR-2 for α-enolase:plasmin and PAR-1,-3, or -4 for thrombin 

(9).

In summary, many mediators have been implicated in the development of ALI/MOF post-

injury; however, the role of circulating proteins in the development of ALI or MOF has not 

been fully elucidated. α-enolase, which accumulates in the plasma of injured patients and in 

the supernatant of stored RBCs, binds plasminogen, activates plasmin, and elicits pro-

inflammatory endothelial activation. Such endothelial activation may predispose patients to 

PMN-mediated ALI and end organ damage. Thus, α-enolase represents a masquerading 

mediator: a protein with a well-described intracellular function which demonstrates 

extracellular pro-inflammatory activity.
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Figure 1. α-enolase increases the surface expression of ICAM-1 on HMVECs
The mean fluorescent intensity (MFI) of intercellular adhesion molecule-1 (ICAM-1) 

surface expression is depicted as a function of treatment group. As compared to media-

treated control HMVECs, the positive control endotoxin (LPS [2μg/ml]) caused significantly 

increased ICAM-1 surface expression on HMVECs on both panels. Panel A demonstrates 

the effect of α-enolase on ICAM-1 surface expression which was significantly increased at 

50 μg/ml (*=p<0.05 vs. media-treated HMVECs, n=5). Panel B shows the effect of 

thrombin stimulation on the surface expression of ICAM-1 on HMVECs. In comparison to 

media-treated controls thrombin significantly increased ICAM-1 surface expression at 5–10 

U/ml (*=p<0.05 vs. media treated HMVECs, n=5).
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Figure 2. Thrombin and α-enolase serve as the first event in a two-event model of PMN-
mediated HMVEC cytotoxicity
The number of viable HMVECs/mm2 is shown as a function of treatment group. Media 

treated controls are the solid bar in the left group. Treatment alone with endotoxin (LPS 

[2μg/ml]), thrombin, α-enolase, lysophosphatidylcholines (LPCs, a PMN priming agent), or 

PMNs did not cause significant HMVEC toxicity. In addition HMVECs activated with LPS, 

thrombin, or α-enolase and co-cultured with PMNs did not demonstrate a significant 

decrease in viable HMVECs. However, HMVECs activated with LPS, thrombin, or α-

enolase, co-cultured with PMNs and then incubated with LPCs demonstrated significant 

decrease in viable HMVECs (last bar on the right in each group) (*=p<0.05 vs. media-

treated HMVECs, n=5).
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Figure 3. α-enolase and thrombin prime the PMN oxidase
In both panels the maximal rate of superoxide anion production (O2

− nmol/min) is depicted 

as a function of treatment group. Panel A demonstrates that α-enolase at concentration of 

10–50 μg/ml caused significant priming of the formyl-Met-Leu-Phe (fMLF)-activated 

respiratory burst (*=p<0.05 vs. buffer-primed/fMLF-activated PMNs, n=6). Concentrations 

of α-enolase of 1 μg/ml did not cause PMN priming. Panel B shows that thrombin at 

concentrations of 1–10 U/ml significantly primed the fMLF-activated respiratory burst 

whereas lesser concentration of thrombin did not (*=p<0.05 vs. buffer primed/fMLF-

activated PMNs, n=6).
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Figure 4. PMNs and HMVECs contain PAR-2 immunoreactivity
To determine if both PMNs and HMVECs contain the PAR-2 receptor isolated PMNs (panel 

A) and HMVECs (panel B) were lysed, the proteins separated and immunoblotted for the 

PAR-2 receptor in PMNs and both PAR-1 and PAR2 in HMVECs. PMNs demonstrate 

immunoreactivity for PAR-2 (Panel A) and HMVECs contain immunoreactivity for both 

PAR-1 and PAR-2 (panel B). These data represent identical results for two separate 

experiments.
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Figure 5. α-enolase causes occupancy, activation, and co-precipitation of the PAR-2 receptor on 
HMVECs with β-arrestin-1 and plasmin
HMVECs were incubated with media or α-enolase [50 μg/ml] for 5–30 min, the cells were 

lysed, PAR-2 was immunoprecipitated, and the immunoprecipitate was blotted for α-

enolase, β-arrestin-1 or plasmin. For each panel a bar graph is included which illustrates the 

mean±SEM of the densitometry of the bands of interest. Panel A demonstrates that α-

enolase co-precipitated with the PAR-2 receptor beginning first at 5 min and continuing 

through 30 min. Panel B demonstrates the treatment of HMVEC with α-enolase induced co-

precipitation of β-arrestin-1 beginning at 1 min and persisting through 30 min. Panel C 
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depicts α-enolase elicited co-precipitation of plasmin with the PAR-2 receptor beginning at 

5 min and continuing through 15 min. This figure represents identical results from two 

separate experiments using cells from different donors.
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Table 1

Selected plasma proteins that increase with injury (field plasma) based on proteomic analysis

Protein Fold-increase over normal plasma (p<0.05)

Von Willebrand factor 19.9±4.6

Heparin Cofactor 2 2.0±0.1

Actin 21.9±6.9

α-enolase 15.5±2.8

Glyceraldehyde-3-phosphate dehydrogenase 17.5±0.5

Fetuin B 9.5±0.5

α-actinin-1 3.0±0.1
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