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Abstract

The protein C (PC) system conveys beneficial anticoagulant and cytoprotective effects in 

numerous in vivo disease models. The endothelial protein C receptor (EPCR) plays a central role 

in these pathways as cofactor for PC activation and by enhancing activated protein C (APC)-

mediated protease-activated receptor (PAR) activation. During inflammatory disease, expression of 

EPCR on cell membranes is often diminished thereby limiting PC activation and APC’s effects on 

cells. Here a caveolae-targeting glycosylphosphatidylinositol (GPI)-anchored EPCR (EPCR-GPI) 

was engineered to restore EPCR’s bioavailability via “cell painting.” The painting efficiency of 

EPCR-GPI on EPCR-depleted endothelial cells was time- and dose-dependent. The EPCR-GPI 

bioavailability after painting was long lasting since EPCR surface levels reached 400% of wild-

type cells after 2 hours and remained >200% for 24 hours. EPCR-GPI painting conveyed APC 

binding to EPCR-depleted endothelial cells where EPCR was lost due to shedding or shRNA. 

EPCR painting normalized PC activation on EPCR-depleted cells indicating that EPCR-GPI is 

functional active on painted cells. Caveolin-1 lipid rafts were enriched in EPCR after painting due 

to the GPI-anchor targeting caveolae. Accordingly, EPCR painting supported PAR1 and PAR3 

cleavage by APC and augmented PAR1-dependent Akt phosphorylation by APC. Thus, EPCR-

GPI painting achieved physiological relevant surface levels on endothelial cells, restored APC 

binding to EPCR-depleted cells, supported PC activation, and enhanced APC-mediated PAR 

cleavage and cytoprotective signaling. Therefore, EPCR-GPI provides a novel tool to restore the 

bioavailability and functionality of EPCR on EPCR-depleted and deficient cells.
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INTRODUCTION

The protein C system conveys multiple important functions to maintain a regulated balance 

between hemostasis and host defense systems in response to vascular and inflammatory 

injury. The anticoagulant protein C pathway regulates coagulation, maintains blood fluidity 

within the vasculature, and prevents thrombosis, whereas the cytoprotective protein C 

pathway provides anti-inflammatory and cytoprotective activities to prevent vascular damage 

and stress (1–3). In vivo injury and disease models have attributed important beneficial 

protective effects to APC’s anticoagulant and cytoprotective activities when APC was 

generated endogenously or administered therapeutically (4–11). EPCR plays a central role in 

the protein C system as a cofactor for APC generation and by facilitating APC’s effects on 

cells (12–14).

Activation of PC by the thrombin-thrombomodulin complex is greatly augmented by 

binding of PC to EPCR and recruitment of PC to the endothelial cell surface (13, 15). After 

activation, APC can convey anticoagulant activity via proteolytic inactivation of the 

procoagulant cofactors Va and VIIIa, which effectively shuts down thrombin formation. 

EPCR is also critical for APC’s direct effects on cells mediated by PAR1 and PAR3 which, 

depending on cell type and cell stress, include anti-inflammatory and anti-apoptotic 

activities, alterations of gene expression profiles, and protection of the endothelial barrier 

function (12). According to the current paradigm, EPCR-dependent cytoprotective effects of 

APC occur when PAR1 and EPCR are co-localized in caveolin-1 enriched lipid rafts or 

caveolae, and APC-mediated cytoprotective cell signaling is initiated when EPCR-bound 

APC cleaves PAR1 at Arg46 or PAR3 at Arg41 (14, 16–19).

Functional EPCR is essential for optimal anticoagulant and cytoprotective effects of APC. 

However, EPCR’s functional bioavailability diminishes during prothrombotic and 

proinflammatory conditions by EPCR shedding and encryption (20–22). EPCR is 

particularly sensitive to shedding mediated by tumor necrosis factor (TNF)-alpha converting 

enzyme (TACE a.k.a. ADAM17) induced by inflammatory mediators (21). EPCR shedding 

results in increased levels of soluble EPCR in mice exposed to endotoxemia (23) and in 

plasma of patients with a prothrombotic and proinflammatory tendency (24–26). 

Alternatively, endothelial-derived secreted phospholipase A2 (sPLA2) can modify EPCR so 

that it loses the ability to bind APC (20). This EPCR encryption involves cleavage of the 

fatty-acid chain at the sn-2 position of the lipid embedded in the hydrophobic groove of 

EPCR by sPLA2. These studies suggest that under proinflammatory conditions cells become 

temporarily EPCR depleted due to shedding of EPCR from the cell membrane and/or EPCR 

encryption, and thus become refractory to EPCR-dependent functions such as PC activation 

and APC-mediated cytoprotective cell signaling. This is further supported by studies 

showing that EPCR inactivation in vivo, either genetically or induced by blocking 

antibodies, increases susceptibility to thrombotic and inflammatory disease (27). In addition, 

in vivo studies using genetically modified mice that differ in EPCR expression clearly 

demonstrate the important implication of EPCR availability for the efficacy of cytoprotective 

effects by APC. High EPCR expression reduces susceptibility for endotoxin-induced death 

in mice, while low EPCR expression increases endotoxin-induced death and aggravates the 

inflammatory response against endotoxin (28–30). Reduction in EPCR’s bioavailability has 
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been implicated to contribute to the pathogenesis of various diseases and has been 

demonstrated for example at the site of microvascular thrombosis in tissues of children with 

meningococcemia sepsis (31), in intestinal tissue of patients with inflammatory bowel 

diseases (32), and in brains of severe malaria patients infected with Plasmodium falciparum 
(33). In summary, abundant in vitro and in vivo data indicates that functional depletion of 

EPCR is directly related to the efficacy of protein C activation and APC’s cytoprotective 

effects on cells, and that inflammation compromises EPCR-dependent anti-inflammatory 

mechanisms thereby fueling the vicious cycle of EPCR shedding (20, 27–30, 34, 35). Thus 

providing a rationale for approaches to restore functional EPCR on cells affected by EPCR 

shedding and encryption.

Improving EPCR’s bioavailability via cell painting with a membrane-anchored EPCR 

derivate is a novel unexplored area. Here we explored the potential of 

glycosylphosphatidylinositol (GPI)-anchored EPCR as a novel tool to restore the EPCR 

bioavailability and functionality on EPCR-depleted cells. As EPCR’s cofactor activity in the 

protein C system requires EPCR to locate in caveolin-enriched lipid rafts, the caveolae-

targeting GPI-anchoring sequence originating from decay accelerating factor (DAF) was 

used (17, 18, 36). We show that GPI-anchored EPCR can be used to attain high surface 

EPCR levels, restore APC binding, improve PC activation, and augment PAR cleavage and 

APC-mediated cytoprotective signaling.

MATERIAL AND METHODS

Construction of EPCR-GPI

The downstream sequence from the pcDNA3.1(+) soluble EPCR intermediate construct with 

an AgeI cleavage site after Ser210 (37) was replaced with the glycosylphosphatidylinositol 

(GPI)-sequence from decay accelerating factor (DAF) (36, 38) using forward primer 5′-

CCGGTCCCAAATAAAGGAAGTGGAACCACTTCAGGTACTACCCGTCTTCTATCTG

GGCACACGTGTTTCACGTTGACAGGTTTGCTTGGGACGCTAGTAACCATGGGCTT

GCTGACTTAG-3′ and reverse primer 5′-

TCGACTAAGTCAGCAAGCCCATGGTTACTAGCGTCCCAAGCAAACCTGTCAACGT

GAAACACGTGTGCCCAGATAGAAGACGGGTAGTACCTGAAGTGGTTCCACTTCCT

TTATTTGGGA-3′. A BsrGI restriction site was introduced at the N-terminal sequence, 

followed by insertion of the His-tag using forward primer 5′-

GTACCCGGTCATCATCACCATCACCATGC-3′ and reverse primer 5′-

GTACGCATGGTGATGGTGATGATGACCGG-3′. The construct was sequenced and 

transfected into HEK-293 cells.

Stable EPCR knockdown in endothelial cells

A shRNA retroviral vector against EPCR’s 3′-untranslated region was constructed using 

forward primer 5′-

GATCGTGGTTTGCTAAGAACCTAATTCGAAAATTAGGTTCTTAGCAAACCATTTTT

TGAAGCT-3′ and reverse: primer 5′-

AGCTAGCTTCAAAAAATGGTTTGCTAAGAACCTAATTTTCGAATTAGGTTCTTAGC

AAACCAC-3′. Primers were ligated into fragment BamHI-HindIII from the pGFP-V-RS 
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cloning vector (Origene). Vectors encoding shRNA against EPCR were produced in 

GP2-293 cells (Invitrogen) according to manufacturer’s protocol (HuSH-29; Origene). Viral 

supernatant was concentrated on an Amicon Ultra centrifugal filter with a 3K cut-off 

(Millipore). EA.hy926 cells were transduced with retroviral vectors in the presence of 10 

μg/ml polybrene (Millipore) by spinoculating for 90 minutes at 1200 rpm. Complete 

medium supplemented with 0.5 μg/ml puromycin (Invitrogen) was added 24 hours after 

transduction. Stable knockdown of EPCR in the EA.hy926 EPCRKD cells was confirmed by 

Western blot.

Purified Proteins

Human protein C and APC was purified as described (10). Biotinylated APC was prepared 

by a 10-fold molar excess of biotinylated FPR-chloromethylketone (HTI) followed by 

dialysis against Tris buffered saline (TBS; 50 mM Tris, 150 mM NaCl, pH 7.4). Soluble 

EPCR was purified from HEK-293 cells as described (37). EPCR-GPI was purified from 

HEK-293 cells expressing N-terminal His-tagged EPCR-GPI. Cells were harvested with 

citric saline (15 mM sodium citrate, 135 mM KCl) and cell pellets were lysed with 0.3% 

saponin, 50 mM Tris pH 8.0 supplemented with EDTA-free protease inhibitor cocktail 

(Thermo Scientific) for 30 minutes on ice (39). Cell lysates were cleared by centrifugation 

for 30 minutes at 14,000g at 4°C, diluted 1:10 in TBS, and EPCR-GPI was purified using 

Ni-NTA Sepharose (Invitrogen). Bound EPCR-GPI was washed with TBS, and eluted in 0.5 

ml fractions with 250 mM imidazole in TBS, followed by extensive dialysis against TBS.

Detection of soluble EPCR in medium from HEK-293 cells

To confirm the attachment of the GPI-anchor to EPCR, HEK-293 cells expressing EPCR-

GPI were treated with 0–0.25 U/ml phosphatidylinositol-specific phospholipase C (PI-PLC)

(Sigma-Aldrich) for 90 minutes at 37°C in serum-free medium media. Soluble EPCR in the 

supernatant was measured by sandwich-ELISA using goat anti-EPCR (R&D Systems) as 

capture antibody (1 μg/ml ), TBS-3%BSA as blocking, rabbit anti-EPCR (EPCR-III) as 

detecting antibody (1:1000), and HRP-labelled anti-rabbit antibodies (DAKO) for 

development (1:600).

Analysis of APC binding to EPCR-GPI

Soluble EPCR and EPCR-GPI were coated on Maxisorp 96-wells plates (Nunc) at 10 μg/ml 

in coating buffer (15 mM Na2CO3, 35 mM NaHCO3, 0.02% NaN3, pH 9.5). Plates were 

blocked with TBS, 3% BSA for 2 hours, and incubated with 0–200 nM biotinylated APC in 

HMM2 (Hank’s balanced salt solution containing 1.3 mM CaCl2, 0.6 mM MgCl2, and 0.1% 

(w/v) endotoxin-free BSA) for 1 hour at room temperature. Plates were washed, fixed with 

4% paraformaldehyde (Thermo Scientific), blocked for 2 hours with TBS, 3% BSA, and 

developed with streptavidin-HRP (Thermo Scientific) diluted 1:4000 in TBS, 1.5% BSA.

Detection of EPCR shedding in the medium of EA.hy926 cells

Shedding of EPCR was detected by immunoprecipitation. Confluent EA.hy926 cells were 

labeled with 0.5 mg/ml Sulfo-NHS-LC-biotin (Thermo Scientific) in PBS for 10 minutes, 

washed, and incubated with 0.2 μM phorbol myristate acetate (PMA) for 1.5 hours at 37°C. 
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Shed EPCR was immunoprecipitated from the medium with 10 μg rabbit anti-EPCR (EPCR-

III) or 10 μg normal rabbit IgG (Santa Cruz). EPCR was eluted in non-reducing SDS sample 

buffer and analyzed on Western blot using goat anti-EPCR (R&D Systems) 1:2000 with 

IRDye 680 donkey anti-goat (Licor) and IRDye CW800 streptavidin. Fluorescent signals 

were quantified on the Odyssey Imaging System using Image Studio v2.0 and normalized to 

vehicle-treated controls.

Painting of EPCRKD cells with EPCR-GPI

Confluent EA.hy926 EPCRKD cells were painted with 0–80 μg/ml EPCR-GPI in serum-free 

DMEM high glucose (Invitrogen) supplemented with 25 mM Hepes (Invitrogen) for 1.5 

hours at 37°C. Cells were washed with PBS before analysis. Wild type EA.hy926 cells were 

used as positive controls in all experiments.

Determination of EPCR cell surface levels

EPCR on the cell surface of EA.hy926 or EPCRKD EA.hy926 cells was determined with an 

on-cell Western. Cells were fixed with 4% methanol-free paraformaldehyde (Thermo 

Scientific) on ice, blocked with Odyssey Blocking buffer (Licor) supplemented with 3% 

bovine serum albumin (Sigma-Aldrich) for 2 hours, and incubated for 1 hour with 3 μg/ml 

goat anti-human EPCR antibody (R&D Systems). IRDye CW800 donkey anti-goat (Licor) 

was used 1:600 and DRAQ5 (Biostatus) diluted 1:100,000 for cell number normalization.

Fractionation of cellular membranes

Detergent-free lipid rafts of EA.hy926 EPCRKD cells painted with 20 μg/ml EPCR-GPI or 

vehicle-treated wild type EA.hy926 cells were prepared as described (40). Fractions were 

analyzed on Western blot using goat anti-EPCR (R&D Systems) 1:2000 with IRDye CW800 

donkey anti-goat (Licor) and rabbit anti-cav-1 (N-20, Santa Cruz) 1:2000 with IRDye 680 

donkey anti-rabbit (Licor).

Cellular APC binding assay

Binding of APC to the cell surface of EA.hy926 or EPCRKD EA.hy926 cells was studied by 

on-cell Western. Cells were incubated on ice with 200 nM biotinylated APC in HMM2 for 1 

hour, fixed with 4% methanol-free paraformaldehyde (Thermo Scientific), and blocked for 2 

hours with Odyssey Blocking buffer (Licor). Bound biotinylated APC was detected with 

IRDye 800CW streptavidin (Licor) diluted 1:4000 in blocking buffer and DRAQ5 

(Biostatus) was used for cell number normalization. Plates were scanned using the Odyssey 

Imaging System, and analyzed with Image Studio Software v2.0 (Licor). Fluorescent signals 

were corrected for background and cell number, and normalized to vehicle-treated controls.

PC activation on cell surfaces

Painted or untreated EA.hy926 EPCRKD and wild type cells were incubated with 100 nM 

PC and 1 nM thrombin in HMM2 for 90 minutes at 37°C. Supernatant was supplemented 

with 25 U/ml hirudin and the amidolytic activity of APC was measured at 405nm with 

Pefachrome PCa (Pentapharm). Data were corrected for PC activation in the absence of 

cells.
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PAR cleavage by EPCR-GPI-bound APC

APC-mediated PAR cleavage on HEK-293 cells expressing SEAP-PAR1 or SEAP-PAR3 

with EPCR-GPI was measured as described (19, 37). To determine APC-mediated PAR 

cleavage on EPCR-GPI painted HEK-293 cells, cells were incubated with 50 nM APC in 

HMM2 for 3 hours (PAR3) or 400 nM APC in HMM2 for 1 hour (PAR1) at 37°C. SEAP 

released in the supernatant was determined using 1-step p-nitrophenyl phosphate (Thermo 

Scientific). Values were corrected for SEAP released in the absence of APC.

Cell signaling

Induction of Akt phosphorylation on EA.hy926 EPCRKD was performed as described with 

minor modifications (19). EA.hy926 EPCRKD cells were grown to confluence in 12-well 

dishes followed by incubation with 20 μg/mL EPCR-GPI in serum-free medium (SFM) for 2 

hours. After incubation, cells were washed once with SFM and cells were starved over-night 

in 2% serum containing medium. After treatment with APC (50 nM) cell lysates were made 

with 100 μL of 1.5% NP-40 lysis buffer containing 1× protease inhibitor cocktail (Pierce) 

and 1× phosphatase inhibitor cocktail (Invitrogen). Lysates were centrifuged (30 min, 14000 

rpm), mixed with SDS sample buffer (LI-COR) and separated on 4–12% SDS Nu-PAGE 

(Invitrogen). Proteins were transferred to Nitrocellulose membrane (Thermo Scientific), 

blocked with Odyssey Blocking Buffer (LI-COR) and incubated with primary antibodies 

(1/2000) against Akt and phospho-Ser473 Akt (Cell Signaling). Blots were developed with 

donkey anti-mouse IRDye 680 (total Akt) and donkey anti-rabbit IRDye 800CW (phospho-

Akt) secondary antibodies (LI-COR) and scanned on the Odyssey Imager (LI-COR). 

Quantification of integrated fluorescence intensity (K counts) was done using Odyssey 

Application Software v3.0 (LI-COR).

Statistical analysis

Data was analyzed using the Student’s t-test or ANOVA with a multiple comparison test as 

appropriate. P-values <0.05 were considered statistically significant. Statistical analyses 

were performed using GraphPad Prism software, v5.04 (GraphPad).

RESULTS

Characterization of GPI-anchored EPCR

EPCR shedding may limit the efficacy of protein C’s anticoagulant and cytoprotective 

pathways. A GPI-anchored derivative of EPCR was engineered to restore EPCR’s 

bioavailability via “cell painting” with membrane-anchored EPCR. The GPI recognition 

sequence of decay accelerating factor (DAF) was fused to the C-terminus of soluble EPCR 

truncated at the beginning of the transmembrane sequence. The DAF hydrophobic domain is 

recognized by the GPI attachment machinery in the endoplasmic reticulum, which results in 

cleavage of the GPI recognition sequence and attachment of the GPI anchor to the newly 

created C-terminal serine (38)(Fig. 1).

Attachment of the GPI anchor to EPCR was confirmed by treating HEK-293 cells 

expressing EPCR-GPI with phosphatidylinositol-specific phospholipase C (PI-PLC). EPCR 

in the supernatant of EPCR-GPI expressing cells increased upon cleavage of the GPI-anchor 
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by PI-PLC, whereas PI-PLC had no effect on the amount of EPCR in the supernatant of 

empty or wt-EPCR expressing cells (Fig. 2A). Accordingly, binding of APC to EPCR-GPI 

on the cell surface decreased upon PI-PLC treatment, while APC binding to wt-EPCR 

expressing cells was unaffected (Fig. 2B).

To validate EPCR-GPI’s functional equivalence to wt-EPCR, APC-mediated PAR cleavage 

on HEK-293 cells expressing EPCR-GPI with PAR1 was studied. Expression of EPCR-GPI 

enhanced APC-mediated PAR1 cleavage similar to expression of wt-EPCR, whereas 

expression of E86A-EPCR defective in APC binding did not (Fig 2C). In addition, the 

decrease in PAR1 cleavage upon PI-PLC treatment confirmed that EPCR-GPI was 

responsible for PAR cleavage (Fig. 2D). Similar results were obtained for PAR3 (Fig. 2E, F). 

This shows that EPCR-GPI supports APC-mediated PAR cleavage similar to wt-EPCR.

Purified EPCR-GPI binds APC with normal affinity

To facilitate purification, EPCR-GPI was expressed on HEK-293 cells with an N-terminal 

His-tag. EPCR-GPI was purified from HEK-293 lysate to >70% homogeneity (Fig. 3A). As 

expected, EPCR-GPI migrated slightly slower on SDS-PAGE (50 kDa) compared to soluble 

EPCR (ca. 46 kDa) because of the 11 additional amino acids and the GPI-anchor attached to 

the C-terminus of soluble EPCR (Fig. 3B). Most importantly, soluble EPCR and purified 

EPCR-GPI bound APC with a very similar apparent KD of 24±4 nM and 24±3 nM, 

respectively (Fig. 3C). Specificity of APC binding to EPCR-GPI was confirmed using the 

non-blocking (rcr-2) (41) control anti-EPCR antibody and blocking (rcr-252) (42) that 

reduced APC binding to EPCR-GPI >75% (Fig. 3D). This illustrates that EPCR-GPI can be 

readily purified from HEK-293 cells and remains functional after purification. Moreover, the 

N-terminal His-tag does not interfere with APC binding since APC binds equally well to 

His-tagged EPCR-GPI as to soluble EPCR. Finally, the ability of the GPI anchor to direct 

EPCR-GPI to lipid rafts was confirmed by fractionation of transfected HEK-293 cell 

membranes on a density gradient. EPCR-GPI localized almost exclusively in the buoyant 

lipid raft fractions, whereas wt-EPCR in transfected HEK-293 cells was predominantly 

associated with the denser non-lipid raft fractions (Fig. 3E).

Long-lasting cell paint with GPI-anchored EPCR

To develop a model system for cellular EPCR depletion such as induced by inflammatory 

mediators, a stable EPCR knockdown in immortalized endothelial cells (EA.hy926 cells) 

was engineered. EA.hy926 cells were transduced with a retroviral vector encoding shRNA 

against the 3′-UTR of EPCR. EPCR protein expression on EA.hy926 EPCRKD cells was 

reduced by 80% compared to wild type EA.hy926 cells, while EPCR expression was 

unchanged in cells expressing scramble shRNA (Fig. 4A). The 80% reduction in total EPCR 

expression corresponded well with a 75% decrease in surface EPCR staining (Fig. 4B).

Painting EPCRKD cells with EPCR-GPI dose-dependently increased cell surface EPCR 

levels (Fig. 4C) with EPCR levels increasing up to 3-fold of normal endothelial levels (Fig. 

4D). The painting efficiency for EPCR-GPI was time-dependent, and reached a plateau after 

180 minutes (Fig. 4E). EPCR levels on painted EPCRKD cells stabilized at 2.5-fold the 

amount of EPCR on normal cells and remained on the cell surface for at least 24 hours after 
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the medium was replaced (Fig. 4F). Interestingly, wild type EA.hy926 cells could also be 

painted with EPCR-GPI (Fig. 4G) indicating that EPCR-GPI can be employed to increase 

EPCR levels on normal cells. Thus, cell painting with GPI-anchored EPCR provides a long-

lasting method to restore the bioavailability of EPCR on the endothelial cell surface.

EPCR-GPI colocalizes with caveolin-1 in lipid rafts

The localization of EPCR-GPI on the cell surface was examined in more detail as 

localization of EPCR in caveolin-1 enriched lipid rafts is required for APC-mediated 

cytoprotective signaling (12, 17, 43). Most endogenous EPCR and EPCR-GPI was detected 

in the heavier membrane fractions, although some could also be detected in caveolin-1 

enriched fractions (Fig. 5A). About 20% of total EPCR-GPI on painted EPCRKD cells 

colocalized with caveolin-1 in lipid rafts, whereas 7% of total endogenous EPCR present in 

wild type EA.hy926 cells was detected in caveolin-enriched lipid rafts (Fig. 5B). 

Interestingly, the relative distribution of residual endogenous EPCR on EPCRKD cells was 

similar to endogenous EPCR on normal cells (Fig. 5A, quantification not shown), which 

suggests that a pronounced reduction in the absolute amount of EPCR does not influence the 

distribution of EPCR across the cellular membranes. Thus as predicted by the localization of 

DAF in lipid rafts (36), the DAF-derived GPI anchor localized EPCR-GPI to caveolin-

enriched lipid rafts at least as efficient as endogenous EPCR.

GPI-anchored EPCR enhances PC activation and APC binding on EPCR-depleted cells

EPCR-GPI’s ability to improve APC binding on EPCR-depleted cells was determined. APC 

binding to the cell surface of EA.hy926 EPCRKD cells was reduced by 90% (Fig. 6A), 

consistent with depletion of EPCR and loss of EPCR functional effects on these cells. 

EPCR-GPI painting dose-dependently restored APC binding to EPCRKD cells (Fig. 6B, C). 

Knockdown of EPCR also reduced PC activation on the endothelial cell surface by 

approximately 45% (Fig. 6D), but did not interfere with PC activation mediated by the 

thrombin-thrombomodulin complex independently of EPCR as evident by the residual PC 

activation on EPCRKD cells. EPCR-GPI painting improved PC activation on EPCRKD cells 

to roughly 100%, the level of PC activation observed on wild type EA.hy926 cells. Thus, 

GPI-anchored EPCR can support both APC binding on painted cells and enhance EPCR-

mediated PC activation.

EPCR-GPI restores APC binding to PMA-treated cells

To confirm that EPCR-GPI also restores APC binding on EPCR-depleted cells, EPCR 

shedding was induced with PMA, a compound well known for its ability to induce shedding 

(21). Soluble EPCR levels increased 6-fold upon PMA-induced EPCR shedding (Fig. 7A). 

PMA-induced shedding resulted in a 35% decrease in APC binding to the cell surface (Fig. 

7B), whereas APC binding completely normalized when PMA-treated EA.hy926 cells were 

painted with EPCR-GPI (Fig. 7B). To determine the sensitivity of EPCR-GPI to shedding, 

HEK-293 cells transfected with EPCR-GPI or wt-EPCR were incubated with inducers of 

shedding (TNFα, PMA, or thrombin) (21, 34). Neither TNFα nor PMA induced EPCR 

shedding on EPCR-GPI cells whereas inflammatory mediator-induced shedding was evident 

from the appearance of sEPCR in the medium of wt-EPCR cells (Fig 7C). In contrast, PI-

PLC induced shedding of EPCR-GPI, indicating that EPCR-GPI is relatively resistant to 
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TNFα- or PMA-induced shedding. Thus, EPCR-GPI provides a novel tool to counteract 

cellular APC resistance resulting from EPCR shedding.

EPCR-GPI supports APC-mediated PAR1 and PAR3 cleavage

To determine whether painted EPCR-GPI could stimulate PAR cleavage by APC, HEK-293 

cells expressing PAR1 or PAR3 were painted with EPCR-GPI. APC-mediated PAR1 

cleavage increased 3-fold after cells were painted with EPCR-GPI (Fig. 8A). In contrast, 

cleavage of PAR1 on untreated EPCR-negative cells was almost absent as only 2% of total 

PAR1 was cleaved. The increase in PAR cleavage due to cell painting with EPCR-GPI was 

identical on PAR3-expressing cells as PAR3 cleavage also increased 3-fold after painting 

(Fig. 8B). Accordingly, EPCR-GPI painting of EPCRKD EAhy926 cells augmented APC-

mediated induction of PAR1-dependent cell signaling as evident by the phosphorylation of 

Akt (Fig. 8C). This shows that cell painting with EPCR-GPI not only restored EPCR’s 

bioavailability but also supported APC-mediated PAR1 and PAR3 cleavage and induction of 

cytoprotective cell signaling pathways.

DISCUSSION

The protein C system conveys important beneficial effects in various models of sepsis, 

stroke, and other vascular-inflammatory diseases that require functional EPCR (6, 8, 9, 11). 

Since EPCR’s functions are directly related to its localization on the cell surface and its 

ability to recruit PC and APC to the cell surface, EPCR restoration approaches need to 

encompass localization on or in the cell membrane, something that is not accomplished by 

the soluble ectodomain alone. Although gene transfer approaches would allow EPCR to be 

expressed with its transmembrane domain, the acute and transient need to restore EPCR on 

the cell membrane for conditions such as sepsis and stroke make such an approach 

undesirable.

Numerous examples exist for targeting proteins and small molecules to the cell surface 

based on fusion with antibody fragments or binding domains of cell surface molecules. 

Accordingly, fusions of hemostatic proteins to cellular targets have been successfully 

employed to reconstitute these proteins on cell surfaces (44–46). Thrombomodulin fused to 

a single chain fragment of an antibody that targets red blood cells was successfully used to 

prevent thrombosis in animal models (44). In addition, tissue factor fused to annexin V to 

target sites of vascular injury had both procoagulant and anticoagulant properties depending 

on its concentration (45). Important considerations for EPCR are that functionality is not 

only determined by binding and recruiting (A)PC to the cell surface, but also by presenting 

PC to the thrombomodulin-thrombin complex and presenting APC to PAR1 in caveolin-1 

rich microdomains. Efficient presentation of (A)PC to these macromolecular complexes by 

EPCR is unlikely to be compatible with binding of a bulky EPCR fusion protein to a cell 

surface protein. Therefore, this study pursued a membrane-anchored EPCR derivate that 

allowed for on-demand cell painting.

Cell painting has been successfully used to insert glycosylphosphatidylinositol (GPI)-

anchored proteins into cell membranes to function as tumor homing ligand (47), cancer 

vaccine (48), and antigenic complex (49). GPI anchors on endogenous proteins are generally 
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characterized by a C-terminal hydrophobic region of about 20 amino acids (38). Recognition 

of the hydrophobic region in the ER results in proteolytic processing at 10–12 residues from 

the N-terminal of the hydrophobic region, and attachment of a GPI anchor. Fusion of the 

minimal GPI recognition sequence to EPCR’s C-terminus, truncated at the beginning of its 

transmembrane domain (Ser210), allowed for genetic encoding of a lipid anchor at the cost 

of an 11 amino acid insertion. As EPCR’s cofactor activity in the protein C system requires 

EPCR to locate in caveolin-enriched lipid rafts, the caveolae-targeting GPI-anchoring 

sequence originating from decay accelerating factor (DAF) was used (17, 18, 36). As 

projected, EPCR-GPI painting resulted in co-localization of EPCR-GPI with caveolin-1 in 

lipid rafts at least as efficient as endogenous EPCR. Moreover, EPCR-GPI painting resulted 

in long lasting EPCR incorporation in the cell surface, while supporting EPCR’s important 

cofactor functions by improving PC activation and PAR cleavage.

An added benefit of the GPI anchor on EPCR is that it conveys resistance to shedding 

induced by PMA or TNFα. Presumably, the additional 11 amino acid spacer between EPCR 

and the GPI attachment and potentially a slightly altered orientation on the cell membrane 

prevents the interaction of TACE with the metalloproteinase-sensitive region in EPCR 

(residues Lys192-Lys200) (21). Thus, applications of EPCR-GPI painting may comprise 

situations where EPCR’s functional bioavailability is diminished due to shedding of EPCR 

by inflammatory mediators, such as during sepsis. Our data indicate that EPCR-GPI painting 

increased EPCR surface levels on both EPCR-depleted cells as well as on cells expressing 

normal levels of EPCR, suggesting that the presence of endogenous (encrypted) EPCR does 

not interfere with the incorporation of EPCR-GPI. In addition to on-demand delivery, 

EPCR-GPI cell painting also facilitates administration of engineered EPCR. Proof-of-

principle studies for GPI-fused proteins targeting diseases include multiple examples of ex 

vivo cell painting (47).

EPCR-GPI cell painting would be well suited for ex vivo cell therapies aimed at improving 

survival and engraftment of transplants. Both APC and liposomal thrombomodulin improved 

the outcome of pancreatic islets transplantation for type I diabetes (50–53), and APC’s 

cytoprotective effects have been shown to reduce graft-related injury (54, 55). Furthermore, 

overexpression of EPCR on murine transplant tissue protected against transplantation-related 

thrombotic and inflammatory injury (56). Although the feasibility of EPCR over-expression 

on human tissues is unlikely, painting donor tissue with EPCR-GPI during transport or prior 

to transplantation could potentially improve cytoprotective effects of APC that were 

demonstrated to reduce graft-related injury (54, 55). Alternatively, EPCR-GPI painting of 

CD8+ dendritic cells may enhance efficacy of APC’s anti-sepsis therapy, since these cells 

were shown to convey susceptibility to APC-mediated mortality reduction in experimental 

murine sepsis models (4). EPCR-GPI painting of erythrocytes and making use of their 

unique ability to transfer GPI-anchored proteins to the endothelium in vivo as was shown for 

DAF (CD55) may provide a specific targeting approach of EPCR-GPI for endothelial cells 

(57, 58) presenting opportunities for EPCR-GPI to promote vascular integrity, such as when 

endogenous EPCR is rendered inactive during severe malaria by Plasmodium falciparum 
infected erythrocytes (59).
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In summary, controlling the EPCR content in cellular membranes using EPCR-GPI provides 

a novel tool for alterations of the efficacy of PC activation and APC’s direct effects on cells. 

However, additional in vivo experiments are necessary to provide proof for the utility of 

EPCR-based cell painting in diseases states.
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WHAT IS KNOWN ABOUT THIS TOPIC?

• APC conveys beneficial anticoagulant and cytoprotective effects in 

numerous in vivo disease models.

• EPCR is required for efficient PC activation and for APC-mediated 

PAR activation.

• During inflammatory disease, expression of EPCR on cell membranes 

is often diminished thereby limiting PC activation and APC’s effects on 

cells.

WHAT DOES THIS PAPER ADD

• A caveolae-targeting glycosylphosphatidylinositol (GPI)-anchored 

EPCR (EPCR-GPI) restored EPCR’s bioavailability via “cell painting”

• EPCR-GPI cell painting improved the efficacy of the protein C system 

without a need for gene transfer.

• EPCR-GPI painting achieved physiological relevant surface levels on 

endothelial cells, restored APC binding to EPCR-depleted cells, 

supported PC activation, and enhanced APC-mediated PAR cleavage 

and cytoprotective signaling.
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Figure 1. Schematics of the EPCR-GPI anchor attachment
The glycophosphatidylinositol (GPI) recognition sequence of decay accelerating factor 

(DAF) was fused to the C-terminus of soluble EPCR truncated at the beginning of the 

transmembrane sequence (Ser210). Two amino acids (PV) were introduced behind Ser210 

for cloning purposes. Recognition of the DAF hydrophobic domain by the GPI attachment 

machinery in the endoplasmic reticulum (ER) results processing of the GPI recognition 

sequence, proteolytic cleavage of the hydrophobic region, and attachment of a 

glycophosphatidylinositol moiety to the newly created C-terminal serine.
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Figure 2. Functional analysis of cell surface expressed EPCR-GPI
To confirm attachment of the GPI anchor to EPCR, HEK-293 cells expressing EPCR-GPI 

(square), wild type EPCR (circle) or no EPCR (diamond) were treated with PI-PLC. (A) 

EPCR released in the supernatant upon PI-PLC treatment was determined by ELISA and (B) 

APC binding on PI-PLC treated cells was analyzed by on-cell Western. To determine 

whether EPCR-GPI supports PAR cleavage, APC-mediated PAR cleavage on HEK-293 cells 

expressing SEAP-PAR1 (C), or SEAP-PAR3 (E) with wild type EPCR (circle), EPCR-GPI 

(square), E86A-EPCR (diamond), or no EPCR (X) was compared. (D, F) The role of EPCR-

GPI in PAR1 (D) and PAR3 (F) cleavage was confirmed by incubating the cells with PI-PLC 

prior to addition of APC (50 nM). SEAP-PAR1 (D) and SEAP-PAR3 (F) cleavage by APC 

in the absence of PI-PLC is set to 100%. Total PAR1 (D) and total PAR3 (F) is the control 

for SEAP-PAR1 (D) or SEAP PAR3 (F) expression on the cell surface in the presence of 

increasing concentrations of PI-PLC, measured as the SEAP activity directly on the cell 

surface in the absence of APC. Shown are mean ± SEM of three independent experiments.
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Figure 3. Purification and APC binding to EPCR-GPI
EPCR-GPI expressed in HEK-293 cells was purified from cell lysates. (A) Coomassie stain 

and (B) Western blot of purified EPCR-GPI under non-reducing conditions. (C) APC 

binding to recombinant soluble EPCR (sEPCR; circle) and EPCR-GPI (square). Signals 

were corrected for aspecific binding of APC to wells without EPCR. Data was fitted to a 

non-linear regression curve for one-site specific binding to calculate the Bmax and apparent 

KD, followed by normalized of the data to the corresponding Bmax. (D) Specificity of APC 

binding to EPCR-GPI using the blocking (rcr-252) and non-blocking (rcr-2) control anti-

EPCR antibodies (both used at 20 μg/ml). (C-D) Shown are mean ± SD of at least three 

independent experiments. (E) Representative experiment of cell membrane fractionation on 

a density gradient of EPCR-GPI or wt-EPCR transfected HEK-293 cells. TfR denotes the 

transferrin receptor.
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Figure 4. Analysis of EPCR-GPI cell painting efficiency
The painting efficiency for EPCR-GPI was determined on EA.hy926 EPCRKD cells. (A) 

Knockdown of EPCR was quantified by Western blot of cell lysates and normalized to wild 

type EA.hy926 cells (ctrl) and β-actin. A representative blot is shown in the inset. (B) Cell 

surface EPCR expression on EPCRKD cells was measured with an on-cell Western assay and 

normalized to wild type EA.hy926 cells (ctrl cells). (C) EPCR-GPI painted EPCRKD cells 

were analyzed for surface EPCR levels by on-cell Western. Painted EPCRKD cells (EPCR-

GPI) and untreated wild type EA.hy926 cells (wt) were stained for EPCR (green) and cell 

number using Draq5 (red). Shown is a representative image of three independent 

experiments. Note that wt cells did not receive paint. (D) Quantification of EPCR cell 

surface levels after painting EPCRKD cells with EPCR-GPI. EPCR levels were corrected for 

background signal (no Ab) and normalized for cell number. Surface EPCR levels on wild 

type EA.hy926 cells were set at 100%. (E) EPCRKD cells were painted with 80 μg/ml 
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EPCR-GPI for 0–180 minutes to determine the optimal time for painting. Loss of EPCR-

GPI from the cell surface on (F) painted EPCRKD cells or (G) painted wild type EA.hy926 

cells was analyzed in time. Cells were painted with 40 μg/ml EPCR-GPI for 90 minutes, 

washed in PBS (t=0) and fresh media was added to the cells to determine the stability of 

EPCR-GPI incorporation in the cell membrane in time. EPCR levels on untreated wild type 

cells were used as 100%. For all experiments mean ± SD of three independent experiments 

are shown. *** P < 0.001, **** P < 0.0001.
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Figure 5. Localization of painted EPCR-GPI in lipid rafts
To determine the localization of painted EPCR-GPI on cells, cell membranes were 

fractionated on a density gradient. (A) Distribution of endogenous EPCR and painted EPCR-

GPI in membrane fractions of wild type EA.hy926 cells or EA.hy926 EPCRKD cells painted 

with 20 μg/ml EPCR-GPI. Caveolin-1 (cav-1) was used as a marker for lipid rafts. 

Representative blots of three independent experiments are shown. (B) Quantification of 

endogenous EPCR or EPCR-GPI in caveolin-enriched lipid raft (fractions 1–8) for wild type 

EA.hy926 cells (EPCR) and painted EA.hy926 EPCRKD cells (EPCR-GPI). Shown are 

mean ± SD of three independent experiments. *** P < 0.001.
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Figure 6. Improvement of APC binding and protein C activation by EPCR-GPI painting
EPCR-GPI’s ability to support APC binding and PC activation on EPCRKD cells was 

determined. (A) APC binding to the surface of EA.hy926 EPCRKD cells was detected by on-

cell Western and normalized to wild type EA.hy926 cells (ctrl cells). (B) Binding of APC to 

EPCRKD cells painted with 0–80 μg/ml EPCR-GPI for 90 minutes. Painted EPCRKD cells 

(paint) and untreated wild type EA.hy926 cells (wt) were stained for APC (green) and cell 

number (red). Shown is a representative image of three independent experiments. Note that 

wild type EA.hy926 cells did not receive paint. (C) Quantification of APC binding to 

painted EPCRKD cells. APC levels were corrected for background signal (no APC) and 

normalized for cell number. APC binding to untreated wild type EA.hy926 cells was set at 

100%. (D) PC activation on EPCRKD cells painted with 80 μg/ml EPCR-GPI 

(EPCRKD+EPCR-GPI), untreated EPCRKD (EPCRKD), and wild type EA.hy926 cells (ctrl 

cells). PC activated by thrombin in the absence of cells was subtracted as background. For 

all experiments mean ± SD of three independent experiments are shown. *** P < 0.001, 

**** P < 0.0001.
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Figure 7. EPCR-GPI-mediated reconstitution of APC binding after PMA-induced EPCR 
shedding
The ability of EPCR-GPI to restore APC binding after EPCR shedding was determined. (A) 

Shedding of EPCR was induced by treating wild type EA.hy926 cells with 0.2 μM PMA, 

and soluble EPCR (sEPCR) shed in the supernatant was measured by immunoprecipitation. 

Spontaneous shedding from untreated wild type cells was set to 100% (ctrl) (B) 

Reconstitution of APC binding by EPCR-GPI to the cell surface of PMA-treated cells was 

quantified using an on-cell Western assay. PMA-treated cells were incubation with 80 μg/ml 

EPCR-GPI (+PMA+EPCR-GPI) or left untreated (+PMA) before addition of APC. APC 

binding to non-treated wild type cells (ctrl) was used as 100%. Shown are mean ± SD of 

three independent experiments. * P < 0.05, **** P < 0.0001. (C) Sensitivity of EPCR-GPI to 

inflammatory mediator-induced shedding. HEK-293 cells transfected with EPCR-GPI or wt-

EPCR were incubated with TNFα (10 ng/ml) for 12 hours or PMA (100 nM), thrombin (20 

nM), or PI-PLC (0.5 U/ml) for 2 hours. Cell lysate (L) and conditioned medium (M) were 
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analyzed for cellular and soluble shed EPCR by Western Blot using a goat anti-EPCR 

antibody. Shown is a representative example of two independent experiments.
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Figure 8. Stimulation of PAR cleavage by EPCR-GPI painting
To determine whether EPCR-GPI painting supports APC-mediated PAR cleavage, N-

terminal cleavage of PAR by APC was analyzed on HEK-293 cells expressing SEAP-PAR1 

(A) or SEAP-PAR3 (B) that were painted with 80 μg/ml EPCR-GPI (+EPCR-GPI) or left 

untreated (-EPCR-GPI). APC-mediated PAR cleavage was expressed as the percentage of 

total PAR on the cell surface. (C) Induction of Akt phosphorylation at Ser473 by APC (50 

nM) at 45 min on EPCRKD EA.hy926 cells in the presence and absence of EPCR-GPI 

painting (20 μg/ml). Shown are mean ± SD of a representative experiment of three 

independent experiments. * P < 0.05, ** P < 0.01, *** P < 0.001, ns = not significant.
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