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Abstract

Background: Activated protein C (APC) has anticoagulant and cytoprotective cell signaling 

activities which often require protease-activated receptor (PAR)1 and PAR3 and PAR cleavages 

at noncanonical sites (R46-N47 and R41-G42, respectively). Some PAR1-derived peptides(P1) 

and PAR3-derived peptides(P3), e.g., P1-47-66 and P3-42-65, mimic APC’s cell signaling. In anti-

inflammatory assays, these two peptides at low concentrations synergistically attenuate cellular 

inflammation.

Objective: To determine whether a P1 peptide covalently linked to a P3 peptide mimics APC’s 

anti-inflammatory and endothelial barrier stabilization activities.

Methods: Anti-inflammatory assays employed stimulated THP-1 cells and caspase-1 

measurements. Cultured human EAhy926 or murine aortic endothelial cells (EC) exposed to 

thrombin were monitored for transendothelial electrical resistance (TEER). Bivalent covalently-

linked P1:P3 peptides were studied for APC-like activities.

Results: In anti-inflammatory assays, P1-47-55 was as active as P1-47-66 and some P3 

peptides (e.g., P3-44-54 and P3-51-65) were as active as P3-42-65. The bivalent P1:P3 peptide 

comprising P1-47-55-[Gly(10 residues)]-P3-51-65 (designated “G10 peptide”) was more potently 

anti-inflammatory than the P1 or P3 peptide alone. In TEER studies of thrombin-challenged EC’s, 

P1-47-55 and the G10 peptide mimicked APC’s protective actions. In dose-response studies, 

the G10 peptide was more potent than the P1-47-55 peptide. In murine EC studies, the murine 

PAR-sequence-derived G10 peptide mimicked murine APC’s activity. Anti-PAR1 and anti-PAR3 

antibodies, but not anti-EPCR antibodies, abated G10’s cytoprotection, showing G10’s actions 

involve PAR1:PAR3. G10 significantly increased survival in murine endotoxemia.
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Conclusions: The PAR-sequence-derived G10 peptide is a bivalent agonist that mimics APC’s 

cytoprotective anti-inflammatory and endothelial barrier stabilizing actions and APC’s protection 

against endotoxemic mortality.

Visual Abstract

Keywords

endothelial cell; inflammasome; protein C; thrombin; proteinase-activated receptor

1 INTRODUCTION

The human and murine family of protease activated receptors (PARs) comprise four G 

protein coupled receptors (GPCRs) that enable proteases to initiate cell signaling and 

thereby modify cell behavior [1–4]. Proteases activate PARs by cleaving the extracellular 

N-terminal tail to form a new N-terminus which is a tethered agonist ligand that can bind 

and selectively activate the parent GPCR via its many typical GPCR transducers, namely G 

proteins, G protein kinases, and arrestins [1–3]. Synthetic peptides containing the sequence 

of the N-terminal tethered ligand can also activate their respective PAR, although the 

synthetic peptide’s signaling effects can sometimes vary from those of the PAR’s N-terminal 

tethered ligand [1–4].

Activated protein C (APC) is a plasma protease that manifests a broad spectrum of activities 

that includes its traditional anticoagulant functions as well as multiple cytoprotective effects 

on a multitude of cell types [5, 6]. The list of cytoprotective actions include anti-apoptotic 

and anti-inflammatory activities, endothelial barrier stabilization, and favorable alterations 

of gene expression profiles. The mechanisms for APC’s direct signaling effects in vitro 

on cells and for APC’s beneficial effects in vivo in preclinical injury models appear to be 

primarily mediated, at least in part, by PAR1 and PAR3 [5, 6]. Activation by APC of these 
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two GPCRs, PAR1 and PAR3, is based on biased GPCR activation [2–4, 7, 8] due to APC’s 

cleavages at non-canonical cleavage sites in the PAR1 or PAR3 extracellular N-terminal tail 

[9–11]. Among the four PARs, PAR1 is the most often studied and exhibits a wide diversity 

of molecular interactions that underlie its signaling whereas PAR3 is the least studied PAR 

[2–6, 9–12].

A major insight into mechanisms contributing to APC’s anti-inflammatory actions came 

from the discovery that APC and the recombinant 3K3A-APC mutant can avert NOD-

like receptor protein 3 (NLRP3) inflammasome-induced ischemia-reperfusion that causes 

cardiac and renal injury in mice [13, 14]. The abilities of the recombinant 3K3A-APC 

mutant to reduce ocular inflammation in mice [14] and to reduce subarachnoid hemorrhage 

in rats [15] were related to its ability to suppress NLRP3 inflammasomes. Inflammasomes 

play a central role in innate immune system-driven inflammation, and the canonical NLRP3 

inflammasome is key for innate immune system-driven inflammation [3, 5–7, 16–19]. This 

inflammasome comprises a large, intracellular cytosomal multiprotein complex that enables 

the maturation and release of the pro-inflammatory cytokines, interleukin (IL)-1β and IL-18 

[7–9, 19–21]. Inflammasome formation involves multiple steps that result in activation of 

one of its key effectors, the cysteine protease caspase-1, that enables the generation of IL-1β 
and IL-18 from their precursors [3, 5–7, 10, 13, 16–19, 22]. Bioassays for caspase-1 were 

useful to monitor the in vitro suppression of NLRP3 inflammasome development by APC in 

human macrophages [23].

The anti-inflammatory in vivo suppression of the NLRP3 inflammasome in mice by APC 

requires PAR1 [13], and the in vitro suppression of NLRP3 inflammasome development 

in human macrophages by APC requires both PAR1 and PAR3 [23]. PAR1-derived and 

PAR3-derived agonist peptides each mimic this anti-inflammatory action of APC on human 

macrophages, and, remarkably, the combination of low dose PAR1-derived and PAR3-

derived agonist peptides synergistically exerts anti-inflammatory activity [23]. PAR1-derived 

and PAR3-derived peptides also stabilize endothelial barrier function in vitro and in vivo 

[5, 6, 9–11]. Many studies showed that PAR1 and PAR3 are required for human or murine 

APC’s therapeutically protective effects when studied using murine in vivo injury models [5, 

6, 9–15, 24–37].

In this report, we extend the studies of PAR1-derived and PAR3-derived peptides that mimic 

APC’s actions to explore PAR peptide structure-function relationships in anti-inflammatory 

assays. Here we also show that covalently coupling of a P1 peptide to a P3 peptide yields a 

novel bivalent PAR1/PAR3-derived peptide that can mimic APC’s in vitro anti-inflammatory 

and endothelial barrier stabilizing activities and APC’s in vivo ability to increase survival in 

murine endotoxemic sepsis. We suggest that such orthosteric/allosteric bivalent PAR-derived 

agonist peptides may be valuable candidates for translation to therapies where APC or APC 

signaling-selective mutants have been shown to provide therapeutic benefits.
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2 METHODS

2.1 Reagents

THP-1 null cells, THP1-defNLRP3 cells, LPS-B5 Ultrapure, PMA, MCC950, Ac-YVAD-

CMK, Z-VAD-FMK and Normocin were all purchased from Invivogen (San Diego, CA). 

The term “THP-1 null” refers to control cells (Invivogen) which manifest very well typical 

NLRP3 inflammasome activation following appropriate simulation, and hereafter are simply 

referred to as THP-1 cells [23]. EA.hy926 cells were purchased from ATCC (Atlanta, 

GA), immortalized mouse primary aortic endothelial cells from Cell Biologics, (Chicago, 

IL). FAM-FLICA Caspase-1 assay kit from Immunochemistry Technologies (Bloomington, 

MN), ATP from Biopioneer (San Diego, CA), purified human plasma APC from Enzyme 

Research Labs (South Bend, IN), and Caspase-1 activity assay from Promega (Madison, 

WI). Peptides listed in Table 1 were synthesized by Synthetic Biomolecules (San Diego, 

CA) or by Anaspec (Fremont, CA). Biochemical analyses showed that the G10 peptide was 

> 95% pure. All other reagents, unless otherwise indicated below, were purchased from 

Fisher Scientific (Hampton, NH). Recombinant murine APC was purified as described [38]. 

Murine monoclonal antibodies against endothelial protein C receptor (EPCR) (RCR-252), 

PAR1 (WEDE-15), and PAR3 (clone 19b) were prepared by the Scripps Research antibody 

Core facility from hybridoma cell lines (kindly provided by Dr. K. Fukudome (Saga Medical 

School, Saga, Japan) and Dr. L. Brass (University of Pennsylvania, Philadelphia, PA)).

2.2 Cell culture conditions

THP-1 cells were maintained in RPMI 1640 containing 10% heat inactivated fetal bovine 

serum, Pen-strep (100 U/mL- 100 μg/mL), 2 mM L-glutamate and 100 μg/mL Normocin 

at 37°C with 5% CO2. Selection pressure was maintained by addition of 200 μg/mL of 

Hygromycin B Gold to growth medium every other passage. Cell count did not exceed 2 × 

106/mL and cells were not passaged beyond 20 times. EA.hy926 and immortalized mouse 

aortic endothelial cells were grown at 2.5 x 104 cells/500 μL per well to confluence in 8-well 

E-plate L8 (Agilent Technologies, Santa Clara, CA). For cell impedance measurements, 

DMEM (Invitrogen) containing 10% fetal calf serum was replaced with serum-free media 

containing 3% BSA before addition of APC or peptides.

2.3 Cell treatments with APC or peptides and caspase-1 assays

THP-1 cells were plated at a final concentration of 1 x 106/mL in 96 well plates (200 μL 

cell solution per well) and incubated with PMA (0.5 μM) for 3 hours 37°C in supplemented 

RPMI as previously described [23]. Media was subsequently changed every 24 hours for 3 

days. Various subsets of wells were selected and cells were treated for 60 min at 37°C in 

serum-free RPMI with various concentrations of APC or peptides [17,18]. Following DPBS 

wash, cells were incubated with LPS-B5 Ultrapure (lipopolysaccharide) (1 μg/mL) for 3 

hours at 37°C in serum-free RPMI to prime the inflammasome. After a DPBS wash, in order 

to fully activate caspase-1 activity, cells were incubated with ATP (5 mM), in the presence 

or absence of 10 μM YVAD (caspase-1 inhibitor), or in the presence or absence of 2.5 μM 

ZVAD (pan-caspase inhibitor) for 45 minutes at 37°C, prior to using the caspase-1 activity 

assay following the manufacturer’s (Promega) directions. Caspase activity was monitored 

as luminescence changes due to substrate hydrolysis and reported as relative luminescent 
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units (RLU) [23]. For some data presentations, RLU values were obtained by subtraction 

of the caspase activity value (RLU) observed for addition of YVAD (caspase-1 inhibitor) 

and the result is presented as adjusted net caspase-1 activity. Luminescence was measured 

using the Tecan Genios Pro plate reader. Active caspase-1 was measured by incubating 

cells with the fluorescent inhibitor probe FAM-YVAD-FMK to label active caspase-1 

fluorescently. Fluorescence at excitation 488 nm and emission at 430 nm and reported as 

relative fluorescent units (RFU) using the Tecan Genios Pro plate reader.

2.4 Transendothelial electrical resistance (TEER) assay

Integrity of EA.hy926 human endothelial cells monolayers was measured using an electric 

cell-substrate impedance sensing system (iCelligence, Acea Biosciences, San Diego, CA). 

An increase or decline in transendothelial electrical resistance (TEER) across the cell 

monolayers indicated, accordingly, a decrease or increase of endothelial paracellular 

permeability. EA.hy926 cells were plated at 2.5 x 104 cells/500 μL per well of a E-plate 

L8 (Agilent Technologies, Santa Clara, CA) using complete DMEM media in presence of 

10% FBS. The sensor plates were placed on the iCelligence machine inside a CO2 incubator 

at 37 °C and allowed to reach confluence to form an endothelial monolayer which produced 

a plateau on the TEER measurements. Then, the EA.hy926 cells were washed with DPBS 

buffer and the media was exchanged to DMEM, 3% BSA without FBS. Human or murine 

APC’s or peptides (Table 1) at varying concentrations or control buffer were added to each 

well and then incubated for 30 min in the CO2 incubator followed by thrombin addition 

(0.25 nM final) which produced a sharp decrease of TEER in control wells. Alternatively, 

mouse primary aortic endothelial cells in place of EAhy926 cells were used and subjected to 

treatments of thrombin, APC or G10 peptide.

2.5 Murine Endotoxin-induced Sepsis

All animal protocols were approved by the Institutional Animal Care and Use Committee 

of The Scripps Research Institute, La Jolla, CA. C57BL/6J male mice were obtained from 

the Scripps Research Institute’s rodent breeding colony. 8-11 weeks old mice received 

an intraperitoneal injection of lipopolysaccharides (LPS) (30 mg/kg) from Escherichia 
Coli O55:B5 (Sigma-Aldrich). Four hours after LPS injection, mice were anesthetized via 

isofluorane inhalation and injected intravenously in the retroorbital plexus with 2 mg/kg 

human G10 peptide dissolved in sterile saline. Mice were followed for survival over 10 days. 

The husbandry and handling of mice conformed to guidelines set by the Institutional Animal 

Care Committees, following the National Institutes of Health Guide for the Care and Use of 

Laboratory Animals.

2.6 Statistical analysis

Data were analyzed using GraphPad Prism 6. For caspase-1 assays a two-way analysis 

of variance with Tukey’s post hoc correction or one-way analysis of variance with 

Welch’s post hoc correction was used to assess statistical significance among parameter 

across multiple normally distributed cell parameters. Survival curves for the murine sepsis 

study were analyzed by Kaplan-Meyer Mantel-Cox test. P values of 0.05 or less were 

considered statistically significant. Each treatment condition was tested in duplicate and 

caspase measurements were performed at minimum in triplicate. All values are reported as 
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mean ± S.E. of the mean unless otherwise stated. For TEER assays, significant values 

were calculated using unpaired T-test with non-parametric distributions. ** p< 0.001, 

***p<0.0001.

3 RESULTS

3.1 PAR1-derived and PAR3-derived peptides reduce caspase-1 activity

The PAR1-derived peptide comprising residues 47-66, designated P1-47-66 (see Table 1), 

and the PAR3-derived peptide comprising residues 42-65, designated P3-42-65 (Table 1), 

each mimics the anti-inflammatory action of APC on human macrophages and on stimulated 

THP-1 cells to reduce NLRP3-dependent elaboration of caspase-1 [23]. To gain further 

insights into structural requirements for the anti-inflammatory actions of these peptides, 

several analogs of each peptide (Table 1) were studied using previously described methods 

[23] for their ability to reduce caspase-1 activity in stimulated THP-1 cells (Figure 1) 

similarly to the ability of APC to reduce caspase-1 activity. When the PAR1 peptide 

sequence was shortened from 47-66 to 47-55, the anti-inflammatory activity was retained 

(Figure 1A), leading us to further studies using this shortened PAR1 sequence (see below). 

However, when the PAR1 sequences were shortened in various analogs. i.e., to 47-54, 47-52, 

48-66, 49-66, 52-66, or 48-54, there was a significant reduction of the peptide‘s ability to 

reduce caspase-1 activity (Figure 1A). Replacement of the N-terminal Asn47 residue with 

Gln in the P1-47-66 peptide had no significant effect but the Ala47 replacement reduced but 

did not eliminate the peptide’s inhibitory activity under the assay conditions. Replacement 

of Asn47 with Asp ablated the observed anti-inflammatory activity of P1-47-66. Acetylation 

of the N-terminal alpha amino group on Asn47 in P1-47-66, designated Ac-P1-47-66, 

eliminated P1-47-66’s observed activity (Figure 1A). These data show that maintaining the 

intact N-terminal sequence of PAR1-derived peptides is important for good activity while 

the C-terminus of the peptide can be shortened until residue 55 but not further. Thus, for 

further studies, we focused on P1-47-55 or P1-47-66.

When the PAR3 peptide sequence was shortened from residues 42-65 to 42-54 or 51-65 and 

screened for ability to inhibit caspase-1 elaboration, there was no significant decrease in the 

peptide’s ability to reduce caspase-1 activity relative to the inhibitory activity of APC under 

the conditions employed (Figure 1B). Thus, it was possible to delete the N-terminal residues 

42-50 and maintain activity. Remarkably, this is a striking example for a PAR-agonist 

peptide that does not require a native-like sequence equivalent to or nearly equivalent to the 

PAR N-terminus that is created by PAR proteolysis to agonize the PAR response.

Previous studies showed that the 24-mer P3-42-65 peptide reduces caspase-1 activity 

synergistically when in combination with the 20-mer P1-47-66 peptide [23], as seen in 

Figure 2A. New studies show that the shortened P3-51-65 peptide that lacks 9 residues of 

the canonical N-terminal sequence which includes residue-42 similarly showed synergism 

when tested with P1-47-66 for reducing caspase-1 activity (Figure 2A). Thus, the greatly 

shortened P3-51-65 peptide, like the canonical P3-42-65, mimics APC anti-inflammatory 

activity and it also shows greatly enhanced activity when combined with P1-47-66.
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3.2 Covalent linkage of the P1-47-55 peptide to the P3-51-65 peptide yields a PAR-derived 
heterobivalent peptide, G10, that potently reduces caspase-1 activity.

When the shortened P1-47-55 was covalently linked to the shortened P3-51-65 peptide using 

a 10-mer oligo-Gly peptide to yield the heterobivalent PAR1:PAR3-derived peptide that is 

labeled the “G10” peptide (Table 1), the bivalent G10 peptide potently reduced caspase-1 

activity when compared to either the P1-47-55 or P3-51-65 peptide components alone 

(Figure 2B). Dose-response data showed that the G10 peptide was at least 10-fold more 

potent than the P1-47-55 peptide alone and at least 50-fold more potent than the P3-51-65 

alone (Figure 2B).

3.3 A PAR1-derived peptide, a PAR3-derived peptide, and a PAR-derived bivalent peptide, 
G10, inhibit thrombin-induced decrease of endothelial resistance in TEER assays.

An important cytoprotective activity of APC involves its ability to blunt the ability of 

thrombin (IIa) to disrupt endothelial barrier stability [5, 6]. Studies of various P1 and P3 

peptides and of the G10 peptide to blunt thrombin’s endothelial barrier disruption using 

human EAhy926 cells were made. Peptide dose response studies of peptides ranging from 

0 to 50 nM (Figure 3) showed that P1-47-66 at ≤ 50 nM moderately protected endothelial 

cells (Figure 3A) while P3-42-65 at ≤ 50 nM had almost no effect (Figure 3B). However, 

G10 at 5 to 50 nM potently blunted thrombin’s barrier disruption effect on endothelial cells 

(Figure 3C). Additional dose-response studies for the peptide components of G10 ranging 

from 30 to 300 nM were made (Figure 4). The G10 peptide was significantly more effective 

than the P1-47-55 alone (Figure 4A) or the oligo-Gly-P1-47-55 peptide alone (Figure 4B). 

The P3-51-65 alone and the P3-51-65-oligo-Gly peptide alone were much less effective than 

G10 (compare Figures 4A and 4C). Data from multiple repetitions were used to calculate 

these peptides’ endothelial protective effects as decrease of area under the curves (AUC) 

for normalized cell index (NCI) relative to the large effect of thrombin alone. AUC was 

calculated for NCI values for 0 to 60 min and expressed as relative units of AUC. Dose 

response data for G10 showed 50% AUC decrease at 30 nM whereas ≥ 300 nM of the 

P1 or P3 peptides, with or without the 10-mer-oligo-Gly peptide attachment, was needed 

for 50 % reduction of AUC (Figure 4D). Thus, the attachment of the 10-mer oligo-Gly 

peptide to P1-47-55 alone or to P3-51-65 alone caused no significant alterations of activity 

of the P1-47-55 or P3-51-65 peptides alone (Figure 4). Importantly, the bivalent G10 was 

significantly more potent for endothelial stabilization than G10’s component P1 or P3 

peptides.

3.4 PAR1 and PAR3 are required for the endothelial barrier protective effects of the G10 
peptide.

To evaluate the receptor requirements for the G10 peptide’s protective effects on thrombin-

challenged endothelial cells, monoclonal antibodies against EPCR, PAR1, and PAR3 were 

tested for their ability to ablate G10’s and APC’s protective effects. As expected for 

APC’s actions, each antibody significantly reduced APC’s endothelial barrier stabilization 

(Figures 4E, 4F). For G10’s protective actions, anti-PAR1 or its combination with anti-PAR3 

significantly ablated G10’a protection while other antibodies had no significant effect 
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(Figures 4G, 4H). This indicates that PAR1 is required for G10’s normal level of protective 

effects on endothelial cells.

3.5 The length of the oligo-Gly linker in bivalent G10 peptide analogs influences G10 
bioactivities.

To assess the influence of the length of the oligo-Gly linker component of G10 analogs 

on their activities, G10 analogs were made that contained 4, 8 or 12 Gly residues (Table 

1). Studies of the peptides’ ability to initiate reduction of capase-1 in stimulated THP-1 

cells showed that G10 analogs with 8 or 12 Gly residues were similar to G10 (Figure 

5A) while the analog with 4 Gly residues for the linker showed essentially no substantial 

activity at up to 200 nM, a concentration where neither P1-47-55 nor P3-51-65 peptides 

showed substantial activity (Figure 2B). G10 peptides containing oligo-Gly linker sequences 

of varying lengths were tested at 300 nM for ability to reduce thrombin-induced disruption 

of endothelial barriers using EAhy926 cells. As described above. time course plots for the 

protective effects of each peptide were used to calculate AUC values (Figure 5C). G10 

analogs with 8, 10 or 12 Gly residues were more active than the P1-47-55-(10-mer-oligo-

Gly) peptide, and G10 containing the 10-mer oligo-Gly linker was the most active. As seen 

above for suppression of inflammasome generation, the oligo-Gly linker with 4 Gly residues 

totally failed to achieve the activity gain observed for covalently coupling the P1 and P3 

peptides with the 10-mer oligo-Gly linker. Consequently, for a bivalent PAR-derived peptide 

agonists that mimic APC’s anti-inflammatory and endothelial barrier protective activities, 

the 10-mer oligo-Gly linker is the optimal linker length.

3.6 A murine G10 peptide, like the human G10 peptide, mimics APC endothelial cell 
barrier protection.

Murine recombinant APC’s mimicked multiple cytoprotective activities of human APC 

both in vitro and in vivo, and many studies showed that PAR1 and PAR3 enabled murine 

APC’s protective effects [5, 6, 9–15, 24–37]. Since it’s desirable to be aware of potential 

species-based differences in a compound’s bioactivity, studies of mouse (m)G10, an analog 

of human (h)G10 (Table 1), were made using murine aortic endothelial cells (Figure 6). 

Both mAPC and hAPC dose-dependently reduced thrombin-induced disruption of murine 

endothelial barrier function, and mAPC appeared 3-fold to 5-fold more potent than hAPC 

on these murine cells based on semi-quantitative estimates, including AUC data comparisons 

(Figure 6B) for time course data (Figure 6A). Similar to murine and human APC’s, 

both mG10 and hG10 peptides blunted thrombin-induced endothelial barrier disruption in 

murine endothelial cells (Figure 6C, 6D). Similar to mAPC versus hAPC, mG10 appeared 

approximately 3-fold to 5-fold more potent than hG10 on these murine cells.

3.7 The G10 peptide improves survival in murine endotoxemic sepsis.

To evaluate the ability of peptide G10 to mimic APC’s ability to improve survival in 

endotoxin-treated mice, animals that had been treated with E.coli-derived LPS received an 

intravenous injection of 2 mg/kg of human G10 peptide at 4 hours after LPS. Animals were 

then followed for survival over ten days (Figure 7). The G10 peptide significantly increased 

the survival rate from 31% seen for untreated mice to 53% seen for the G10 peptide-treated 
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group (p=0.018). Thus, peptide G10’s in vivo treatment mimics sigmaling-selective APC’s 

in vivo survival effects in murine endotoxin-treated mice.[39, 40].

4 DISCUSSION

Agonism of PARs following proteolysis of the extracellular N-terminal tail is driven by 

the newly revealed N-terminal or related synthetic peptides, e.g., for APC, PAR1 peptides 

(P1) beginning with N47 or PAR3 peptides (P3) beginning with G42. This report extends 

previous studies that showed that the P1-47-66 and P3-42-65 peptides each can mimic APC 

in that each is anti-inflammatory by reducing NLRP3-driven caspase-1 activity in stimulated 

human THP-1 cells [23]. Structure-activity relationship studies here show that shorter P1 

and P3 peptides, namely P1-47-55 and P3-51-65, each mimics APC’s anti-inflammatory 

activity on THP-1 cells. For anti-inflammatory activity, the P1 peptide required a native 

Asn47 or the very similar Gln47 residue, consistent with this P1-47-65 being an orthosteric 

agonist for biased PAR1 signaling, resembling the effect caused by APC’s cleavage of 

PAR1 at Arg46. Remarkably, the P3-51-65 lacks the 10 N-terminal G42-E50 sequence, 

indicating it cannot function as a typical PAR orthosteric agonist. This suggests that the 

ability of P3-51-65 to agonize cell signaling is based on its ability to function as an allosteric 

factor that influences PAR signaling. The endothelial cell study that discovered the existence 

of PAR1:PAR3 heterodimers concluded that PAR3 functions as an allosteric modulator 

of PAR1 signaling [41]. Since the anti-inflammatory activity of P3-42-65 required both 

PAR1 and PAR3, the P3 N-terminal peptides, in particular P3-51-65 which here exerts anti-

inflammatory activity like P3-42-65 but which lacks the canonical N-terminal orthostatic 

agonist sequence beginning with G42, are presumed to function as allosteric activators of the 

PAR1:PAR3 heterodimer. The potent G10 peptide is the first example of covalent linkage 

of two PAR peptide agonists that target two PARs; notably, in this case, one agonist targets 

an orthosteric site on PAR1 for peptides that begin with N47 while the other is an allosteric 

PAR3-related agonist that targets sites on one or more receptors that remain unidentified. 

In contrast to beneficial agonists, antagonists may be useful, and a PAR-targeting bivalent 

antagonizing compound was described which involved linking two non-peptide antagonists 

that target PAR1 and PAR2 [42]. G10 is an orthosteric/allosteric bivalent agonist, a type 

of GPCR bivalent ligand that was identified and highlighted for other GPCRs more than a 

decade ago but that has not previously been identified for PARs until now [43, 44].

The bivalent PAR1:PAR3-derived G10 peptide formed by covalent linkage of P1-47-55 to 

P3-51-65 via a 10-mer oligo-Gly peptide mimics APC’s anti-inflammatory activity with a 

potency that is an order of magnitude more potent than either of the constituent P1 or P3 

peptides alone. Optimization of the length of the oligo-Gly linker for G10 analogs showed 

that an optimal linkage length involved 10 Gly residues that is approximately 35 Å long and 

that when the linker was only 4 Gly residues that is approximately 12 Å long, the benefits 

of bivalency for G10 were ablated. In endothelial barrier stabilization assays, attachment of 

a 10-mer oligo-Gly peptide to either P1-47-55 alone or P3-51-65 alone had no effect. Thus, 

it’s the linkage per se, not the Gly residues, that improves activity of G10.

To gain insights into whether the G10 peptide requires PAR1, PAR3, or EPCR for its 

beneficial actions on endothelial cells, anti-receptor antibodies were tested for their ability 
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to reduce G10’s activity. Anti-PAR1 antibodies and the combination of anti-PAR1 and anti-

PAR3 antibodies; however, neither anti-EPCR nor anti-PAR3 antibodies alone significantly 

ablated G10’s actions. Previous studies of individual P1-47-66 and P3-42-65 peptides using 

the same anti-receptor antibodies previously showed that anti-PAR1 antibodies reduced 

the anti-inflammatory activity of both of those isolated P1 and the P3 peptides while 

anti-EPCR showed no inhibition [23]. Thus, like the isolated P1 peptide, G10 requires PAR1 

for induction of its normal level of cell signaling. Nonetheless, one cannot exclude the 

possibility that G10 might also act on other receptors that are not PAR’s to contribute to 

some of its actions, and such effects might involve either the P1 or the P3 components of 

G10. In summary, PAR1 appears to be central for G10’s mechanism of action.

In a wide variety of preclinical injury model studies, wild type APC and signaling-selective 

APC mutants have very beneficial effects [5, 6]. For an initial test of G10’s ability to 

mimic APC’s in vivo beneficial actions, endotoxin-treated mice were treated with G10 

and monitored for survival. The G10 peptide significantly increased the survival rate from 

31% to 53%. Thus, G10 mimicked APC’s enhanced survival in this murine sepsis model 

[39, 40]. Several murine endotoxemia issues merit further studies including exploration 

of different G10 doses and modes of its administration (e.g., multiple doses, continuous 

infusion, intraperitoneal administration, etc.) as more information is needed to paint a more 

complete picture for G10’s efficacy in this preclinical murine injury model.

What are the mechanisms by which G10, an orthosteric/allosteric bivalent PAR ligand, 

mimics APC’s activities? First, PAR1 and PAR3 are broadly found in cells and tissues 

where APC exerts cytoprotective activities, and, second, PAR1 and PAR3 form heterodimers 

[41]. Influenced by the law of parsimony (Occam’s razor), we speculate that G10 binds 

to the PAR1:PAR3 heterodimer and stabilizes and/or engenders one or more active PAR1 

conformations and one or more active PAR3 conformations that exert the cytoprotective 

biased activities which follow APC’s cleavages of PAR1 and PAR3. Although murine PAR3 

lacks the Arg41 residue where APC cleaves human PAR3 [11], we know that for many 

murine in vitro and in vivo studies, murine PAR1 and PAR3 are essential for normal APC 

cytoprotective actions [5, 6, 9–15, 24–37]. Therefore, for murine endothelial cells studied 

here, we speculate that the allosteric P3 peptide component of G10, like human P3-42-65 

alone which mimicked APC’s in vivo endothelial barrier stabilization in mice [10, 11], 

employs both the orthosteric P1-derived and the allosteric P3-derived components to achieve 

effective cell signaling.

Understanding G10’s mechanisms from a broad perspective requires a deconvolution of 

the signaling mechanisms initiated by PAR-derived N-terminal peptides, e.g., for biased 

signaling by P1-47-66 and P1-47-55, and of how P3-42-65 and P3-51-65 alter signaling. 

It’s noteworthy that P3-42-65 is an allosteric activator, not simply an allosteric modulator, 

when it is given in vivo to mice to reduce vascular leakage in the absence of APC or any 

P1 peptide [10, 11]. The discovery of biased signaling for GPCR’s [3, 8], including for 

PAR1 and PAR3 [9, 10], emphasizes the roles for multiple conformational states for PAR1 

and PAR3. Each GPCR’s interactome may include multiple cellular proteins, including other 

GPCRs in heterodimer or homodimer complexes, different G proteins, arrestins, G protein-

coupled kinases, or other membrane components (e.g., EPCR, apoER2, Tie 2, integrins, 
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etc [2–6, 12, 24, 45–49]. Allosteric interactions involving one or more of these types of 

proteins may stabilize a given GPCR, e.g., PAR1 or PAR3, in different conformations [2–

8, 11,24, 50–53]. Notably, there are multiple heterodimer and homodimer combinations 

for each of the 4 PARs in addition to the PAR1:PAR3 [2–4, 24, 45, 46, 54]. Thus, the 

potential sites for modulations of cell signaling by the PAR1-derived and/or PAR3-derived 

components of G10 may very well extend beyond the PAR1:PAR3 heterodimer to include 

intermolecular partners of either PAR1 or PAR3. One remarkable example for how reactions 

centered around certain receptors, e.g., PAR1 and EPCR, can have different signaling 

outcomes is the discovery that when a recombinant enzymatically inactive protein C is 

present, the signaling initiated by thrombin resembles that of APC, not of thrombin [55, 

56]. Given the complexities of GPCR allostery, at this point, there are no data and no 

reasonable speculations to support hypothesizing that G10’s mechanisms extend beyond the 

PAR1:PAR3 heterodimer, although it is most likely that they do.

The fact that the orthosteric/allosteric bivalent G10 functions as a PAR agonist that 

mimics APC’s in vitro and in vivo beneficial activities implies a potentially strong 

translational value for G10 or similar PAR1:PAR3-derived bitopic peptides. Peptides and 

peptidomimetics that agonize or antagonize GPCRs currently include many approved drugs 

as well as drugs currently in clinical trials [52, 57–60]. Thus, G10 or similar orthosteric/

allosteric bitopic peptides that mimic APC’s cytoprotective cell signaling activities could fit 

into current major trends for drug development.

In summary, covalent linkage of a PAR1 agonist peptide to a PAR3 allosteric peptide yielded 

the first orthosteric/allosteric bivalent PAR-derived compound that mimics APC’s beneficial 

cell signaling activities and APC’s in vivo improvement of survival in endotoxemic sepsis. 

This G10 peptide and similar PAR-derived bitopic agonist peptides point towards a path to 

future peptide drugs that mimic APC’s multiple beneficial therapeutic actions.
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Figure 1. PAR1-derived and PAR3-derived peptides of differing sequences vary in their ability to 
reduce caspase-1 activity in activated THP-1 cells.
(A) The ability of PAR1-derived peptides (50 μM) and (B) PAR3-derived peptides (50 μM) 

to inhibit elaboration of caspase-1 activity in activated THP-1 cells was measured using 

previously described methods [23]. APC (4 μg/ml) is shown for comparison. Data points 

represent mean ± SEM of at least 3 independent experiments. #P < 0.005, *P < 0.05 (vs. LPS 

+ ATP).
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Figure 2. The PAR3-derived peptide, P3-51-65, reduces caspase-1 activity synergistically in the 
presence of P1-47-66 or when it is covalently linked to P1-47-55 in the bivalent G10 peptide.
THP-1 cells were plated at a final concentration of 1 x 106/mL in 96 well plates and 

incubated with PMA (0.5 μM) for 3 hours 37°C in supplemented RPMI. Media was 

subsequently changed every 24 hours for 3 days. (A) Selected wells were treated with 

P3-42-65 alone or P3-51-65 alone or with each P3 peptide in the presence of P1-47-66 (1.0 

nM). (B) Alternatively, selected wells were treated with P1-47-55 alone or P3-51-65 alone 

or G10 peptide (0 – 500 nM) (□), as indicated, Then for (A) and (B), cells were washed 

with DPBS and then incubated with LPS (1 μg/mL) for 3 hours at 37°C in serum-free 

RPMI. Cells were washed with DPBS and incubated with ATP (5 mM) in the presence or 

absence of 10 μM YVAD (caspase-1 inhibitor) for 45 minutes at 37°C, prior to performing 

the caspase-1 activity assay following manufacturer’s directions measuring luminescence 

(relative units and expressed as relative Caspase-1 activity (RLU). Data points represent 

mean ± S.D. of at least 3 independent experiments. *P < 0.05, **P<0.005 (vs. LPS + ATP).
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Figure 3. The PAR1-derived peptide, P1-47-66, the PAR3-derived peptide, P3-42-65, and the 
PAR1:PAR3-derived bivalent peptide, G10 inhibit thrombin-induced disruption of endothelial 
barrier integrity.
EA.hy926 human endothelial cells were used to collect TEER data as described in Methods 

and in [30]. Barrier disruption was promoted by addition of thrombin (IIa) (0.25 nM final) 

in each well except the baseline control. Each peptide (final concentration indicated next 

to each curve) was added 30 min prior the addition of thrombin. Cell index values were 

normalized to the value observed at the time of the thrombin addition that was defined as 
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1.0 on the x-axis and are shown beginning for the time at which thrombin was added and for 

treatments using (A) P1-47-66 peptide, (B) P3-42-65 peptide, or C) the G10 peptide.
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Figure 4. G10 inhibits thrombin-induced disruption of endothelial barrier integrity much better 
than its individual component P1-47-55 or P3-51-65 peptides.
Endothelial barrier integrity assays used EA.hy926 endothelial cells as described above. 

Cell index values were normalized (NCI on y-axis) to the value observed at the time of 

the thrombin addition that was defined as 1.0 on the x-axis and are shown beginning for 

the time at which thrombin was added. Panels A, B and C show data for the individual G10-

component peptides, P1-47-55 and P3-51-65 with and without a 10-mer-oligoGly attached, 

and for G10 at 30, 100, and 300 nM (as indicated) for their ability to inhibit thrombin’s 
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disruption of endothelial barrier integrity. Data are for (A) G10 peptide and P1-47-55, (B) 

G10 and P1-47-55(Gly) (P1 peptide with C-terminal 10-mer oligo-Gly sequence), and (C) 

P3-51-65 and (Gly)P3-51-65 (P3 peptide with N-terminal 10-meroligo-Gly sequence). (D) 

The calculated area between the baseline curve and each peptide’s curve was calculated 

and defined as Area under the Curve (AUC) in arbitrary relative units for each peptide and 

plotted to show the relative potency for endothelial barrier stabilization. Data in (D) show 

average values for duplicate experiments. Statistical values were obtained by using unpaired 

T-test with non-parametric distributions, the P value for G10 differing from each of the other 

4 peptides at each concentration was P< 0.001. For (A), (B), and (C), the “Baseline” control 

curves are for only buffer additions and the red curves are for thrombin (IIa) addition. 

(E,F,G,H) For studies to determine whether antibodies against PAR1, PAR3, and EPCR 

suppress the endothelial barrier protection by APC or G10 peptide, EA.hy926 cells were 

processed as above, and cells were incubated with antibodies (20 μg/mL final) that were 

added 30 min prior to treatment with APC (4 μg/mL) or G10 (300 nM). AUC data were 

generated as described above. **p<0.01; *p<0.05. ns indicates not significant.
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Figure 5. The length of the oligo-Gly linker in G10 peptide analogs can alter the anti-
inflammatory activity and the endothelial protective activity of the bivalent PAR1:PAR3-derived 
bivalent peptides.
G10 analogs that contained 4, 8 or 12 Gly residues (Table 1) were tested (A, B) for ability 

to suppress caspase-1 generation in stimulated THP-1 cells, as previously done [23] and as 

above (Figures 1, 2), and tested (C) for endothelial barrier stabilization using EAhy926 

human cells, as above (Figure 4). (A) Anti-inflammatory dose-response data for G10 

analogs are seen for those containing 8, 10, or 12 oligo-Gly linkers, designated G8, G10, or 

G12, in the low dose concentration range where each showed a similar potency. (B) Data 
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for the G10 analog containing only 4 Gly residues, designated G4, showed no detectable 

reduction of caspase-1 activity at up to 200 nM compared to the positive control of APC (4 

ug/ml). Data represent mean ± S.D. of at least 3 independent experiments and * indicates P 

value < 0.05 vs. positive (pos.) control. (C) G10 analogs were tested at 300 nM for ability 

to reduce thrombin-induced disruption of endothelial integrity as above (Figure 4). From 

time course plots for this activity of each peptide at 300 nM, the diminished area under the 

curve (AUC) was calculated and is shown. The AUC value designated “Control” was for 

no peptide addition. The P1-47-57-oligo-10-Gly peptide (designated P1-47-55(10Gly)) (300 

nM final) was a positive reference control. Statistical values were obtained using unpaired 

T-test with non-parametric distributions. ** p< 0.01, ***p<0.001.
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Figure 6. Using mouse sequence PAR1-derived peptide, a mouse PAR3-derived peptide, and a 
mouse PAR-derived bivalent peptide, G10, inhibits thrombin-induced decrease of endothelial 
resistance in TEER assays.
Endothelial cell barrier integrity was monitored following disruption by addition of thrombin 

(0.25 nM final) to cultured murine aortic endothelial cells as described above for human 

EA.hy926 cells and in Methods. The ability of mouse (m) APC, human (h) APC, mG10, 

and hG10 to counteract thrombin-induced endothelial barrier disruption was determined. 

Cell index values were normalized (NCI) to a value defined as 1.0 for the time of the 

thrombin addition, as above. (A) mAPC and hAPC were evaluated at 72, 36, and 18 nM 

(values indicated in figure) for reduction of thrombin-induced barrier disruption. (B) AUC 

data for mAPC and hAPC were calculated from data in panel A. (C) Peptides of mG10 

sequence and hG10 sequence (Table 1) were tested at 600, 300, and 100 nM for reduction 

of thrombin-induced barrier disruption. Curves are shown for mAPC and hAPC (72 nM). 

(D) AUC data for G10’s were calculated from data in panel C. For (A) and (C), the 

“Baseline” control curves are for only buffer additions and the red curves are for thrombin 

(IIa) addition.
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Figure 7. Human G10 peptide treatment improves survival in a mouse model of bacterial 
endotoxemia.
C57BL/6J mice were injected intraperitoneally with 30 mg/kg of LPS. Four hours after the 

LPS injection, mice were left untreated or injected intravenously with human G10 peptide 

(2 mg/kg) and followed for survival. The G10 peptide treatment increased the survival rate 

from 31% of untreated mice to 53% of the G10-treated group. Cumulative results were 

derived from three independent experiments. (Total n = 50 mice for each group). p=0.018.
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