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Abstract

Background:

Protease-activated receptor 2 (PAR2) is broadly expressed on endothelial cells

contributing to inflammatory processes and angiogenesis. Autoantibodies against

PAR2 can regulate these functions in health and disease. Recently, a collaboration

group discovered in a prospective observational cohort study that stroke patients with

a higher concentration (highest quartile Q4) of PAR2-IgG presented a poor clinical

outcome compared to others (lower quartiles Q1-3). However, the biological

functions and molecular mechanism remain unclear. Therefore this study aims to

explore the possible function of PAR2-IgG on endothelial-based angiogenesis which

might have an essential impact on clinical outcome after stroke.

Methods:

IgGs were isolated from the sera of stroke patients (Q1-3 and Q4), then Matrigel

angiogenesis assay was used to study vascular tube formation by IgGs and the natural

PAR2 agonist trypsin in vascular endothelial cells (HMEC-1 and hCMEC/D3, a

blood-brain barrier human endothelial cell line). Additionally, qRT-PCR, western blot,

and ELISA were used to investigate the angiogenic signaling pathways. The

activation of G-protein subunits was examined by the Luciferase reporter assay, based

on mutations of wild-type PAR2 and extracellular loops (ECLs). The receptor

internalization was studied by Nano-Glo®HiBiT detection assay. The main inductor of

angiogenesis VEGF was examined in detail by promoter assay with regard to the

activation of the promoter and potential binding fragments of transcription factors.

Results:

The PAR2 agonist trypsin was involved in the regulation of mRNA synthesis and

protein release of VEGF, IL-6, IL-8, CXCL1 and ANG2 through the ERK1/2

signaling pathway, which promoted vascular tube formation of HMEC-1. Q1-3

PAR2-IgG enhanced angiogenesis via PAR2-ERK1/2-induced angiogenic cytokines

and receptor internalization when compared to Q4 PAR2-IgG. Q1-3 PAR2-IgG
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triggered Gq/11 activation -, but not G12/13 -, and the mutation of ECL1-3 did not alter

the activation. As for Q4, the ECL3 mutation increased the Gq/11 activation and

ERK1/2 activation. Different truncations of the VEGF promoter assay confirmed the

binding sites of transcription factors located in the VEGF promoter sequence -1339 to

-839 bp, and the inhibition of AP-1 completely blocked the promoter activation. To

summarize, in contrast to the Q4 group, Q1-3 PAR2-IgG induced greater receptor

internalization, Gq/11 activation, ERK1/2 activation, and angiogenic gene production,

which resulted in increased formation of vascular tubes.

Conclusion:

The present work elucidated new PAR2 signaling pathways that are induced by

PAR2-IgG in human endothelial cells and identified contrary functional consequences

on the angiogenesis of PAR2-IgGs from two different stroke patient cohorts classified

by different PAR2-IgG titer ranges. Novel therapeutics modulating PAR2-IgGs in

stroke patients might thereby already limit stroke progression at an early stage and

lead to improved clinical outcome.
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Abstrakt

Hintergrund:

Protease-aktivierter Rezeptor 2 (PAR2) ist auf Endothelzellen hoch exprimiert und

reguliert inflammatorische Prozesse und Angiogenese. Autoantikörper gegen PAR2

können diese Funktionen physiologisch und pathophysiologisch beeinflussen. Vor

kurzem entdeckten Kollaborationspartner in einer prospektiven Kohortenstudie, dass

Schlaganfallpatienten mit hohen PAR2-Spiegeln (höchstes Quartil Q4) einen

schlechteren klinischen Outcome hatten als Patienten mit niedrigeren Spiegeln

(Quartile Q1-3). Die molekularen Mechanismen dafür waren allerdings ungeklärt. Es

war daher das Ziel dieser Studie, eine mögliche Bedeutung dieser PAR2-IgGs auf

endotheliale Angiogenese zu untersuchen, die sich positiv auf den klinischen

Outcome auswirken könnten.

Methoden:

IgGs wurden von Schlaganfallpatienten (Q1-3 und Q4) isoliert und dann der Matrigel

Angiogenese Assay benutzt, um Gefäßbildungen von Endothelzellen (HMEC-1 und

hCMEC/D3, einer humanen Bluthirnschranken-Endothelzelllinie) durch die IgGs und

den natürlichen Agonisten von PAR2, Trypsin, zu untersuchen. Weiterhin dienten

qRT-PCR, Westernblots und ELISA zur Erforschung angiogenetischer Signalwege.

Luziferase-Reporter-Assays wurden durchgeführt, um die Aktivierung von

G-Protein-Untereinheiten mithilfe von Mutationen von Wildtyp-PAR2 und der

extrazellulären Schleifen (ECLs) zu untersuchen. Die Internalisierung des Rezeptors

wurde visualisiert mit dem Nano-Glo®HiBiT Detektionsassay. Der Hauptaktivator der

Angiogenese, VEGF, wurde detailliert untersucht mithilfe von

Promotoraktivierungsstudien und Bindungsfragmente.

Ergebnisse:

Der PAR2 Agonist Trypsin beeinflusste die mRNA Synthese und Proteinfreisetzung

von VEGF, IL-6, IL-8, CXCL1 und ANG2 über den ERK1/2 Signalweg und förderte

die Ausbildung vaskulärer Gefäßschläuche in HMEC-1. Im Vergleich zu Q4

PAR2-IgG erhöhte Q1-3 PAR2-IgG Angiogenese durch Freisetzung von
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angiogentischer Zytokine über PAR2-ERK1/2-Aktivierung und

Rezeptorinternalisierung. Q1-3 PAR2-IgG triggerte die Aktivierung von Gq/11, aber

nicht von G12/13, und Mutationen von ECL1-3 hatten keinen Einfluss auf die

Aktivierung. VEGF Promotorassays bestätigten die Bindungsstelle des

Transkriptionsfaktors AP-1 an der VEGF-Promotorsequenz -1339 bis -839 bp.

Zusammenfassend induzierte Q1-3 PAR2-IgG im Gegensatz zu Q4 PAR2-IgG eine

verstärkte Rezeptorinternalisierung, Gq/11 – und ERK1/2-Aktivierung und Induktion

angiogenetischer Gene, was in einer verstärkten Netzwerkbildung resultierte.

Schlussfolgerung:

Die hier dargestellte Arbeit beschreibt neue Signalwege von PAR2 in humanen

Endothelzellen, die durch PAR2-IgG aktiviert werden und identifizierte

gegensätzliche Auswirkungen auf Angiogenese durch PAR2-IgG von zwei

unterschiedlichen Schlaganfallkohorten mit besonders hohen (Q4) oder

niedrig-mäßigen (Q1-3) PAR2-IgG-Spiegeln. Die Modulation von PAR2-IgGs könnte

eine neue Therapieform bei Schlaganfall darstellen, um die Progression im Verlauf zu

verhindern und zu verbessertem klinischem Outcome zu führen.
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1. Introduction

1.1 Clinical background

Stroke is one of the leading causes of mortality and of disability globally [1]. Acute

ischemic stroke (AIS) emanates from the sudden blockade of an arterial supply to

parts of the brain [2]. Thrombolysis is currently the preferred treatment option for

AIS. Pharmacological (intravenous recombinant tissue plasminogen activator,

IV-rtPA) or mechanical (endovascular treatment, EVT) interventions can recanalize

the occlusion and reperfuse the brain tissues [3]. Although therapies for AIS have

improved significantly, more than 50% of patients do not recover completely or die

[4]. Post-stroke, cerebral endothelium dysfunction takes center stage in injury and

repair by promoting oxidative stress, release of angiogenic and inflammatory factors,

and regulating blood-brain barrier function [5]. Notably, a lot of evidence points to

enhancement of microvessel density as one of the therapeutic strategies to promote

functional recovery after ischemic stroke [6-8] and angiogenesis has been suggested

to be the target for post-stroke recovery [9]. Hence, the focus of this work lies on

endothelium-based angiogenesis.

1.2 Angiogenesis

Angiogenesis refers to the formation of new blood vessels based on the pre-existing

vessels, which results from the association of endothelial cells into stable tubes in a

complex process of endothelial cell differentiation, proliferation, migration, and

rearrangement [10]. Under conditions of vascular injury, hypoxia and inflammation,

the production or release of pro-angiogenic factors or inflammatory factors can

activate angiogenic signals of quiescent endothelial cells to promote vascular repair

and recovery [11]. Angiogenesis is involved in human physiology such as embryonic

development and wound-healing, but is also critical in several diseases such as
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ischemic stroke, tumor growth, and retinopathies [12]. Following ischemic stroke, it

has been shown that angiogenesis occurs in the peri-infarct regions with beneficial

impacts on the recovery of blood flow, neuronal metabolism and survival of patients

as well as animals [13, 14]. Endothelium, as an inner lining of blood vessels, can

respond to various angiogenic factors which are responsible for the angiogenesis

regulation [15]. Vascular endothelial growth factor (VEGF), as a major player in

angiogenesis, has been verified in multiple relevant researches [16]. There are also

several other factors such as Interleukin 6 (IL-6), Chemokine (C-X-C motif) ligand 1

(CXCL1), and Interleukin 8 (IL-8) taking pro-angiogenic effects [17-19]. In addition,

Angiopoietin 2 (ANG2), as an antagonist of Angiopoietin 1 (Ang1), has been

reported to lead to endothelial destabilization, increased vascular permeability, and

pathological angiogenesis via inactivation of TEK receptor tyrosine kinase (Tie2)

downstream signals [20].

1.3 VEGF as the main regulator of angiogenesis

1.3.1 VEGF

VEGF was isolated over 30 years ago [21]. The VEGF family is composed of five

members, namely: VEGFA, VEGFB, VEGFC, VEGFD, placental growth factor

(PLGF). VEGFA, generally named VEGF, is the main regulator of angiogenesis in

vascular homeostasis and pathologies [22]. Human VEGFA is located on

chromosome 6p12 and has 8 exons [23]. There are five major isoforms of VEGFA

including VEGF121, VEGF145, VEGF165, VEGF189, and VEGF206 due to mRNA

alternative splicing and proteolytic processing. VEGF165 is the most important

isoform of VEGFA [24].

1.3.2 VEGF in health and different diseases
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The primary role of VEGF in angiogenesis is appreciated in several physiological

and pathological settings [22].

Angiogenesis via VEGF participates in physiological conditions such as pregnancy,

embryonic development, endochondral bone formation, skeletal growth, and

endocrine gland development [16, 25-27]. Cerebral angiogenesis via VEGF also

contributes to neurogenesis [28].

Dysregulation of the VEGF pathway is implicated in several vasculopathies

including ischemic stroke and general brain injuries. Cerebral angiogenesis via

VEGF is therefore a pathophysiological target in post-ischemic vascular repair,

neuroprotection, and post-ischemic brain injury [28]. Interestingly, multiple in vivo

experimental studies have demonstrated that VEGF is beneficial to ischemic stroke

outcome [29-31]. Intraventricular injection of VEGF produces endothelial

angiogenesis and neuronal protective effects by lessening infarct size and brain

edema formation in mice models with ischemic stroke [29, 30]. Moreover, single

intracerebroventricular infusion of VEGF protects the brain against ischemic stroke

without increasing blood-brain barrier permeability [31]. Furthermore, VEGF

involves a variety of diseases such as inflammatory disorders, cancers, and

intraocular neovascular syndromes [16].

1.3.3 Regulation of VEGF

In physiological processes, the levels of VEGF are tightly controlled by rate limiting

and potentially negative feedback mechanisms. Insufficient or excess levels of VEGF

occur in several pathological processes, such as hypoxic conditions, endocrine

diseases, inflammation, and tumorigenesis [16]. Hypoxia, for instance, enhances the

transcriptional activity and protein level of hypoxia-inducible factor 1 (HIF-1), which
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can up-regulate VEGF via binding to the hypoxia response element of VEGF [32].

Growth factors including epidermal growth factor (EGF) and tumor growth factor

(TGF), and inflammatory cytokines including IL-1α and IL-6 can promote the

secretion of VEGF [16, 33]. Mutation of (Rat sarcoma virus) Ras oncogene, or PTEN

tumor suppressor gene can up-regulate VEGF through the genes Wingless and

Int-1(Wnt) and/or the phosphoinositide 3 kinase (PI3K)/Protein kinase B (Akt)

pathways [34, 35]. In addition, accumulated evidence has confirmed that

down-regulated activity of extracellular signal-regulated kinase 1/2 (ERK1/2) results

in a significant reduction in VEGF secretion by myeloma cells, and that hyperbaric

oxygen promotes gene transcription of VEGF through the ERK1/2-activating

protein-1 (AP-1) pathway [36, 37]. Activation of protease-activated receptor 2 (PAR2)

on the membrane of glioblastoma cell lines can produce VEGF through the ERK1/2

pathways [38].

1.4 Protease-activated receptor 2 (PAR2)

1.4.1 Protease-activated receptor family (PAR)

PARs are members of the G-protein-coupled receptors (GPCR) family that are

switched on by serine proteases. These proteases activate the receptors by cleaving

them at the N-terminal domain. After cleavage, the exposed tethered ligand binds

intra-molecularly to activate downstream signals with resultant functional

significance (Figure.1) [39].
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Figure 1. Cleavage and activation process of PARs. (This figure is drawn by the author using

Inkscape software). ECL, extracellular loop; TM, transmembrane domain; ICL, intracellular loop.

Protease-activated receptors are classified based on specific ligand characterization.

The predominant subtype, PAR1, which is activated by thrombin, trypsin and other

serine proteases, was first discovered thirty years ago [40]. Subsequently, three other

sub-types, i.e., PAR2, PAR3 and PAR4, were identified through complementary DNA

screening. It is known that thrombin can cleave all the subtypes of PAR except PAR2

[40]. PARs are implicated in a plethora of pathophysiological processes, such as

vasculopathies, inflammation and tumorigenesis [41]. Therapeutic antibodies and

allosteric modulators have been developed to neutralize or inhibit pathological

effects of PARs [42, 43].

1.4.2 PAR2

PAR2, also named coagulation factor II receptor-like 1 (F2RL1), G-protein-coupled

receptor 11, and PAR1 (FR2) like trypsin receptor 1, was the second member

discovered in the PAR family [44]. The encoded gene of human PAR2 locates on

chromosome 5q13. The PAR2 protein, constituted of 687 amino acids, is predicted to

weigh about 44 kD [45]. PAR2 is abundantly expressed in various tissues including

vasculature, brain, skin, lung, colon, uterus and prostate as well as in epithelial cells,



19

vascular endothelial cells (EC), fibroblasts, neuronal cells and keratinocytes [46].

The principal natural agonists of PAR2 are trypsin, tryptase, and factor Xa/VIIa [44].

1.4.3 PAR2 activating mechanism

PAR2 is a typical GPCR with an extracellular N-terminus domain, three extracellular

loops (ECLs), seven transmembrane domains (TMs), three intracellular loops (ICLs),

and an intracellular C terminus (Figure.1). Canonically, irreversible cleavage at the

enzymatic site SKGR36↓S37LIGKV of the N-terminus by trypsin or another protease

can generate a new N-terminus, which binds to extracellular loops (ECLs), especially

ECL2 as a tethered ligand [44, 47]. Upon activation by the new ligand, the

C-terminus of the receptor binds to a partner G-protein and promotes a

transformation from guanosine triphosphate (GTP) to diphosphate (GDP), triggering

the dissociation of the Gα from Gβγ subunits, initiating downstream signaling [48].

The TM regions of PAR2 have also been identified as interacting with synthetic

agonists (GB110) and antagonists (GB88) [49]. Non-canonical agonists including

neutrophil elastase, cathepsin G and proteinase-3 also interact at distinct sites of

PAR2 to produce biased G-protein subunits activation [50]. Biased signaling could

provide a tough task in comprehending the signaling mechanisms of biological

receptors and the development of therapeutic agents. Studies have also demonstrated

that biased signaling profiles such as Ca2+ and mitogen-activated protein kinase

(MAPK) are specific to the type of ligand, as well as the cell type expressing the

receptor and the assays used in monitoring the G-protein activation [51-54].

1.4.4 PAR2 intracellular signaling pathways

Ligand activation of PAR2 sets off a network of signaling mechanisms involving

cognate G-protein subtypes like Gq/11, Gα12/13, Gαs, Gi or Gβγ (Figure.2) [55, 56].
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Figure 2. Classical downstream signaling pathways of PAR2. (This figure is drawn by the author

using Inkscape software). AC, Adenylyl cyclase; cAMP, Cyclic adenosine 3’,5’-monophosphate; PKA,

protein kinase A; PKC, protein kinase C; PLC, phospholipase C; GRKs stands for G-protein-coupled

receptor kinases; CREB, Cyclic AMP (cAMP)-response element-binding protein 1; RhoGEFs, Ras

homologue guanine-nucleotide exchange factors; RhoA, Ras homologue A; IP3, inositol

(1,4,5)-trisphosphate; DAG, diacylglycerol.

Gq/11 mainly produces and synthesizes the diacylglycerol (DAG) and the inositol

triphosphate (IP3), which facilitates efficient production of protein kinase C (PKC),

mobilization of calcium ions, and MAPKs like ERK1/2, resulting in the alteration of

cell differentiation, adhesion, secretion, growth, and migration. G12/13 is the major

pathway for the activation of Ras homologue (Rho). Gi and Gαs are the two main

regulators of cAMP (cyclic adenosine monophosphate). The Gi pathway inhibits the

production of cAMP via inhibition of adenylyl cyclase (AC), while Gαs has the

opposite effect on the production of cAMP. Gβγ is involved in the regulation of GRKs,
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K+ channels, and Raf, which is also a key regulator of ERK activation [55, 56].

Except for G-Protein mediating signal transduction, which we have mainly focused

on, β-arrestins can also be recruited for the desensitization and internalization of

PAR2 [57].

1.4.5 Physiological and pathological roles of PAR2

PAR2 is abundantly distributed in human tissues and cells as mentioned above. It

plays critical physiological roles in various systems including the cardiovascular,

nervous, immune, respiratory and gastrointestinal systems [41]. In the arteries and

veins, membrane-expressed PAR2 on the endothelial and smooth muscle cells

contributes to cell proliferation and regulation of vascular tone [58]. In the nervous

system, PAR2 is associated with the delivery of nociceptive messages [59]. In the

immune system, activation of PAR2 on monocytes may lead to the inflammatory

cytokine secretion of IL1β, IL-6, and IL-8 [60]. In the gastrointestinal tract, PAR2 is

involved in the processes of fluid and electrolyte secretion, and the regulation of

gastrointestinal motility [61].

Additionally, aberrant activation of PAR2 is relevant in the pathophysiology of

several diseases such as metabolic syndrome, cardiovascular disease, arthritis,

Immunoglobulin class A (IgA) nephropathy, and cancers [62-69]. Systemic deletion

of PAR2 can reduce vascular inflammation in Apolipoprotein E (ApoE) (-/-) mice

[62]. In an in vitro experiment, the activation of PAR2 on endothelial cells can impair

cellular metabolism and lead to insulin resistance due to its pro-inflammatory effect

[63]. Inflammatory pathways induced by PAR2 can also be involved in autoimmune

diseases including rheumatoid arthritis and IgA nephropathy [64, 65].

Notably, accumulating evidence also strongly suggests a major role of PAR2 in the
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angiogenesis of cancers and other conditions [68, 69]. Deletion of PAR2 can delay

the appearance of vascularized and invasive carcinoma in an immune competent and

spontaneous breast cancer mouse model [68]. And activation of PAR2 can enhance

reparative angiogenesis, which results in accelerated hemodynamic recovery and

limb salvage in mice [69]. Furthermore, PAR2 is also critical in the development of

ischemic stroke. It has been reported that in a murine acute focal cerebral ischemic

model, enhanced infarct volume and cell apoptosis were observed at 24 hours of

reperfusion when the PAR2 gene had been knocked out [66].

1.5 Autoantibodies targeting GPCR

Natural autoantibodies (NAA) are certain antibodies that react with a wide range of

endogenous antigens (e.g., serum proteins, cell surface substances) under

physiological or disease conditions [70]. Autoantibodies consist of different classes

such as Immunoglobulin class A (IgA), G (IgG), and M (IgM), which differ in their

individual levels and antigenic specificity in both normal and pathological conditions

[71].

1.5.1 Autoantibodies targeting GPCR in human pathology

Autoantibodies targeting GPCRs have received a lot of attention regarding their role

in human pathology. In 1956, autoantibodies targeting the receptor of

thyroid-stimulating hormones (TSH) were discovered to be involved in the

pathophysiology of Graves’ disease [72]. It was reported that neutral or blocking

antibodies against TSH receptor, unlike classical stimulating TSHR-Abs, could

regulate biased signals in Graves’ disease [73]. Subsequently, several other

autoantibodies were discovered in other diseases including autoantibodies targeting

vascular GPCRs, namely: Angiotensin II type 1 receptor (AT1R) and Endothelin-1

type A receptor (ETAR). In 2005, Dragun D. et al. provided novel mechanistic
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insights into the essential contribution of agonistic AT1R-Abs targeting AT1R in

antibody-mediated transplant rejection. The group demonstrated that AT1R-Abs

induce the activation of inflammatory cytokine nuclear factor kappa light chain

enhancer of activated B cells (NF-κB) via initiating the transcription factor AP-1 [74].

The abnormal presence of AT1R-Abs and ETAR-Abs in the serum of patients with

systemic sclerosis (SSc) can induce wound repair, chemotaxis, cell proliferation,

angiogenesis, thrombosis, and fibrosis through the production of IL-6, IL-8 as well as

growth factors [75]. Autoantibodies targeting cardiac β1-adrenergic receptor (β1AR)

and α1-adrenergic receptor (α1AR) are highly associated with cardiomyopathy and

refractory hypertension [76].

1.5.2 Autoantibodies against PAR2

PAR2 autoantibodies (PAR2-Abs) isolated from the serum of patients with kidney

transplantation could regulate angiogenesis through the production of VEGF [77].

Preliminary clinical data from a collaborative group (PD. Dr. Thomas G. Liman,

Department of Neurology, Charité-Universitätsmedizin Berlin, Germany) predicted

that PAR2-Abs might function as an independent prognostic factor in ischemic stroke.

The group reported that high titers of PAR2-Abs negatively correlate with patient

outcome (unpublished data from the group leader, PD. Dr. Thomas G. Liman).

However, the mechanistic role of PAR2-Abs in ischemic stroke relative to vascular

pathophysiology is unknown.

2. Hypothesis and Objectives

2.1 Hypothesis

PAR2, widely expressed on the membrane of endothelial cells, can regulate the

process of angiogenesis, inflammation, and fibrosis. Autoantibodies against PAR2
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can modulate PAR2 functions in health and disease. Unpublished clinical data from a

collaborative group proved that in patients with ischemic stroke, lower titer

PAR2-Abs (quartile 1-3, Q1-3) correlated with a better outcome compared to those in

quartile top group (Q4). The hypothesis of this thesis work was that PAR2 IgG

isolated from patients with ischemic stroke could affect the production of VEGF by

activation of PAR2 and downstream signaling pathways. This work built on previous

studies from our laboratory done by Lei Chen and Qing Li [77, 78].

2.2 Objectives
To verify this hypothesis, it was essential to clarify the angiogenesis, G-protein

activation and intracellular signaling followed by PAR2-IgG-induced PAR2 activation,

and to explore the effects of extracellular loops on G-protein activation as well as the

regulatory mechanism of VEGF production. The human endothelial cell line HMEC-1

and human blood-brain barrier cells (hCMEC/D3) were used as model systems to

address the following objectives:

1. To study the effects of trypsin and PAR2-IgG on angiogenesis.

2. To detect the G-protein activation, intracellular signaling, extracellular loop

functions and PAR2 receptor internalization induced by trypsin and PAR2-IgG.

3. To test the PAR2/ERK-dependent angiogenesis and angiogenic factors.

4. To explore the transcriptional regulatory mechanisms of VEGF triggered by

trypsin and PAR2-IgG.

5. To further validate the effect of Q1-3 and Q4 PAR2-IgG on angiogenesis in brain

microvascular endothelial cells.
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3. Materials and Methods

3.1 Materials

3.1.1 Chemical substances

Reagents Manufacturer

1 kb DNA ladder Thermo Fisher Scientific

2-Propanol Carl Roth

5X Passive Lysis Buffer (PLB) Promega

10X M-MuLV Reverse Transcriptase Buffer NEB

10X Trypsin-EDTA PAA

Acrylamide (37.5:1) Rotiphorese® Gel 30 Carl Roth

Agarose Serva

Ampicillin Alkom

Bacto Agar BD

Bacto Trypton BD

Bacto Yeast Extract BD

Bis-Tris AppliChem

BSA Carl Roth

Chloroform Carl Roth

Diethyl pyrocarbonate (DEPC) Sigma Aldrich

Dimethyl sulfoxide (DMSO) Sigma Aldrich

Dithiothreitol (DTT) AppliChem

DMEM Low glucose medium Biowest

DNAGel Loading Dye (6X) Thermo Fisher
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Reagents Manufacturer

dNTP mix Thermo Fisher Scientific

Dulbecco’s Phosphate Buffered Saline (PBS) Biochrom

Ethanol 99.8% Carl Roth

Ethylenediamintetra-acetic acid (EDTA) Carl Roth

FastStart Universal SYBR Green Master Roche

Fetal calf serum (FCS) Gibco

FSLLRY-NH2 trifluoroacetate salt Sigma Aldrich

Gelatin Sigma

Glycerin Carl Roth

hEGF Sigma Aldrich

Hydrocortisone Sigma Aldrich

L-Glutamine PAA

MCDB-131 c.c. pro GmbH

Midori Green Advance DNA Stain NIPPON Genetics

M-MuLV Reverse transcriptase (200,000 U/mL) NEB

MOPS AppliChem

NaF (Sodium Fluoride) AppliChem

Nonfat dried milk powder AppliChem

Oligo d(T) 16 Invitrogen

PD 184352 Sigma Aldrich

Penicillin-Streptomycin Solution 100X Biowest

Ponceau S Carl Roth
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Reagents Manufacturer

Protease Inhibitor Tablets, Complete Mini Roche Applied Science

Protein Marker VI (10-245) prestained AppliChem

PVDF (polyvinylidene difluoride) GE Healthcare

RNase inhibitor Thermo Fisher Scientific

Roche complete inhibitor Roche Diagnostics GmbH

SOC Medium Clontech

Sodium azide Sigma Aldrich

Sodium chloride Carl Roth

Sodium dodecyl sulfate (SDS) Pellets Carl Roth

Sodium hydroxide Sigma Aldrich

Sodium orthovanadate (Na3VO4) Roth

Sodium pyrophosphate AppliChem

SuperSignal West Dura Thermo Scientific

SuperSignal West Pico Thermo Scientific

Tris Carl Roth

Tris-HCl Sigma Aldrich

TritonX-100 Sigma Aldrich

Trypan blue Sigma Aldrich

Trypsin from bovine pancreas Sigma Aldrich

Tween 20 Sigma Aldrich

WesternBright Sirius HRP substrate Advansta
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3.1.2 Equipment

Equipment Manufacturer

Applied Biosystems® 7500 Real-Time PCR System Thermo Fisher Scientific

Axiovert 40 CFL Microscope Carl Zeiss

Biofuge primo R Thermo Fisher Scientific

Digital Heatblock II VWR

Duomax 1030 Platform Shaker Heidolph Instruments

Electrophoresis Power Supply Model EPS-3500 Pharmacia Biotech

FLUOstar OPTIMAMicroplate Reader BMG LABTECH

FRESCO 21 Centrifuge Thermo Electron Corporation

Gel documentation system VWR

HERA cell 240 Incubator Thermo Electron Corporation

HERA safe Microbiological Safety Cabinet Thermo Electron Corporation

Heraeus / BB 6220 CU O2 Thermo Fisher Scientific

Incubating Orbital Shaker professional 3500 VWR

Model 200/2.0 POWER SUPPLY Bio-Rad

Multiskan Ascent 354 Microplate Reader Thermo Fisher Scientific

ND-1000 Spectrophotometer VWR

Perfusor secura FT Braun

Polymax 1040 T Platform Shaker Heidolph

Rotor RS-TR05 Phoenix Instrument

SUB Waterbath Grant

T Professional BASIC XL 96 Thermocycler Biometra
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UV-transilluminator Gene Flash SYNGENE

3.1.3 Kits

Kits Manufacturer

Direct-zolTM RNAMiniPrep Zymo Research

Buffer Kit for Antibody Pairs Invitrogen

DC™ Protein Assay Bio-Rad

Dual-Luciferase® Reporter Assay System Promega

Nano-GLO® HiBiT Extracellular Detection System Promega

GeneJET Plasmid Miniprep Kit Thermo Fisher Scientific

HiTrap Protain G HP GE Healthcare

In-Fusion® HD Cloning Kit Takara

Luciferase Assay System Promega

IL-6 Human ELISA Kit Invitrogen

IL-8 Human ELISA Kit Invitrogen

Angiopoietin 2 Human ELISA Kit Invitrogen

Human GROα Uncoated ELISA Kit Invitrogen

Human VEGF Standard TMB ELISA Kit PeproTech

NucleoBond®Xtra Midi/Maxi Takara

NucleoBond®Xtra Midi/Maxi EF Takara

PeqGOLD MicroSpin Cycle pure Kit PEQLAB

Q5® Site-Directed Mutagenesis Kit New England BioLabs

EndoGROTM-MV-VEGF Complete Media Kit Merck Millipore

Xfect Transfection Reagent Takara
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3.1.4 Plasmid, bacteria, cell lines and enzymes

Plasmid Manufacturer

pcDNA3.1+ vector Invitrogen

pGL4.33(luc2P/SRE/Hygro) vector Promega

pGL4.34(luc2P/SRF-RE/Hygro) vector Promega

pGL4.30(luc2P/NFAT-RE/Hygro) vector Promega

pRL Renilla Luciferase Control Reporter Vector Promega

pcDNA-PAR2 Taken from Lei Chen [77]

pcDNA-PAR2 ECL1 Ala Taken from Qing Li [78]

pcDNA-PAR2 ECL2 Ala Taken from Qing Li [78]

pcDNA-PAR2 ECL3 Ala Taken from Qing Li [78]

VEGF 5′-deletion luciferase plasmids

(pLuc 2068, pLuc 1340, pLuc 840, pLuc 435, and pLuc 102)
Provided by A. Scholz

Bacteria Manufacturer

NEB 5-alpha Competent E.coli Cells New England BioLabs

Stellar competent Cells Takara

Cell lines Provider

Human microvascular endothelial cells (HMEC-1) ATCC

Human cerebral endothelial cells (HCMEC/D3) Sigma Aldrich
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Enzymes and provided buffer Manufacturer

HindIII-HF

New England BioLabs

BamHI-HF

EcoRI-HF

XhoI

CutSmart Buffer

3.1.5 Antibodies

Antibodies Company Dilution

Akt antibody (# 9272) Cell signaling 1:1000

GAPDH antibody (# 6C5CC) HyTest 1:10000

p44/42 MAPK (Erk1/2) antibody (# 9102) Cell signaling 1:1000

Peroxidase-conjugated AffiniPure Donkey

Anti-Mouse IgG
Dianova

1:15000

Peroxidase-conjugated AffiniPure Donkey

Anti-Rabbit IgG
Dianova

1:15000

Phospho-Akt (Ser473) antibody (# 9271) Cell signaling 1:1000

Phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204)

antibody (#9106)
Cell signaling

1:1000

3.1.6 Buffer recipes

Buffer Reagent Final conc.

BICIN transfer buffer 1x

BICIN

Bis-Tris

EDTA, pH 8.0

Ethanol

25 mM

25 mM

1 mM

10% v/v
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Buffer Reagent Final conc.

Blocking buffer (WB)
Nonfat dried milk powder

BSA

Add 1x TBS-T

5% m/v

1% m/v

Gel buffer 3.5x, pH 6.5-6.8 Bis-Tris 1.25 M

Gelatin stock solution

Gelatin

In PBS

Sterilized by autoclaving

2% m/v

Laemmli buffer 5x

Tris-HCl, pH 7.5

DTT

Glycerol

SDS

Bromphenol blue

250 mM

500 mM

30% v/v

5% m/v

0.25% m/v

MOPS running buffer 1x,

pH 7.7 MOPS

Tris

EDTA, pH 8.0

SDS

50 mM

50 mM

1 mM

0.1% m/v

PBS (Ca2+-/Mg2+-free),

pH 7.3

NaCl

KCl

Na2HPO4

KH2PO4

137 mM

2.7 mM

9 mM

2.3 mM

Striping buffer (WB)，

pH 6.7

Tris

SDS

62.5 mM

2% m/v

TBE buffer 1x,

pH 8.0

Tris

Boric acid

89 mM

89 mM
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Buffer Reagent Final conc.

EDTA 2 mM

TBS-T buffer 1x,

pH 7.6-8.0

Tris

NaCl

Tween 20

50 mM

150 mM

0.1% v/v

TE buffer 10X Tris-HCl, pH 7.5

EDTA

0.1 M

0.01 M

TST buffer
Tris-HCl, pH 8.0

SDS

TritonX-100

100 mM

0.2% m/v

1% v/v

TST lysis buffer (WB)

TST buffer

100x Complete with EDTA ®Roche

100 mM NaOrV (Sodium ortho vanadate)

1 Mβ-Glycerophosphate

500 mM NaF

0.1 M Natriumpyrophosphate

1X

1 mM

10 mM

5 mM

1 mM

Wash buffer (ELISA) Tween 20

Add 1x PBS

0.05%

3.1.7 Media

Buffer Reagent Final conc.

HCMEC/D3 complete medium
EndoGROTM-MV-VEGF Complete Media

Kit
5% FBS

HCMEC/D3 starvation medium
EndoGROTM-MV-VEGF Complete Media

Kit
0.5% FBS

HMEC-1 complete medium L-glutamine 10 mM
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Buffer Reagent Final conc.

hEGF

Hydrocortisone

FCS

Penicillin

Streptomycin

10 ng/mL

10 nM

5% v/v

100 U/mL

100 μg/mL

HMEC-1 starvation medium

L-glutamine

hEGF

Hydrocortisone

FCS

Penicillin

Streptomycin

10 mM

10 ng/mL

10 nM

0.5% v/v

100 U/mL

100 μg/mL

HMEC-1 serum-free medium

L-glutamine

hEGF

Hydrocortisone

Penicillin

Streptomycin

10 mM

10 ng/mL

10 nM

100 U/mL

100 μg/mL

LB agar plate

Bacto tryptone

Bacto yeast extract

NaCl

Bacto agar

sterilized by autoclaving

1% m/v

0.5% m/v

1% m/v

1.5% m/v

LB medium
Bacto tryptone

Bacto yeast extract

NaCl

1% m/v

0.5% m/v

1% m/v
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Buffer Reagent Final conc.

sterilized by autoclaving

3.1.8 Primers

Mutagenic primers were designed and analyzed using the NEBaseChangerTM

software online. Primers (Biolegio company) for mutant generation, sequencing and

quantitative real-time PCR (qRT-PCR) are listed in Tables 1, 2 and 3, respectively.

Constructs name 5'- to -3'

pcDNA-PAR2-HiBiT-Tag

Forward: GAAGATTAGCGGAAGTTCAGGTGATGGCACATCCCACGTC

Reverse:TTGAACAGCCGCCAGCCGCTCACAACCTTACCAATAAGGC

TTCTTC

Table 1. Primers for mutant generation

Sequencing primers 5'- to -3'

pcDNA cmv (from nucleotides from 769 to 789) Forward: CGCAAATGGGCGGTAGGCGTG

Table 2. Primers for sequencing

Primers for qRT-PCR 5'- to -3'

Human GAPDH se CATCACCATCTTCCAGGAGCG

Human GAPDH ase TGACCTTGCCCACAGCCTTG

Human B2M se GTGCTCGCGCTACTCTCTCT

Human B2M ase CGGCAGGCATACTCATCTTT

Human PAR2 se CGTCCAGTGGAGCTCTGAGT

Human PAR2 ase GGGATGTGCCATCAACCTTA

Human VEGFA se CCTTGCTGCTCTACCTCCAC

Human VEGFA ase CACACAGGATGGCTTGAAGA
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Human CXCL1 se AGGGAATTCACCCCAAGAAC

Human CXCL1 ase TAACTATGGGGGATGCAGGA

Human IL-6 se TACCCCCAGGAGAAGATTCC

Human IL-6 ase AGTGCCTCTTTGCTGCTTTC

Human IL-8 se GTGCAGTTTTGCCAAGGAGT

Human IL-8 ase CTCTGCACCCAGTTTTCCTT

Human ANG2 se GCAAGTGCTGGAGAACATCA

Human ANG2 ase CACAGCCGTCGTGTTCTGTA

Table 3. Primers for quantitative real-time PCR

3.2 Methods

3.2.1 RNA extraction, cDNA production and qRT-PCR

3.2.1.1 RNA extraction

Briefly, RNA extraction from HMEC-1 in the exponential growth phase was

performed using the Qiazol Lysis Reagent according to the manufacturer’s protocol.

Other procedures were performed as detailed previously [77].

3.2.1.2 Agarose gel electrophoresis

TBE agarose gel (1%) was prepared and placed into TBE buffer for agarose gel

electrophoresis. Samples were mixed with 1:50 Midori green Advance DNA Stain and

6X DNA loading buffer. DNA ladder and RNA samples were loaded into wells and

electrophoresed for one hour at 100V, followed by bands imaging under a

UV-transilluminator.

3.2.1.3 cDNA production

500 ng of RNA template was used to synthesize cDNA by reverse transcription

polymerase chain reaction (RT-PCR) with reverse transcriptase and primers. The
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RT-PCR components are listed in Table 4, and the reaction conditions in Table 5.

Content Final conc.

10X M-MuLV Reverse transcriptase Buffer 1X

dNTP mix 10 mM 1.6 mM

RNase inhibitor 0.8 U/µL

M-MuLV Reverse transcriptase 200,000 U/mL 1 U/µL

Oligo 1 µM

RNA 0.01 µg/µL

Total 50 µL

Table 4. cDNA synthesis components

Temperature (℃.) Time

25 10 min

42 45 min

95 5 min

4 indefinite

Table 5. RT-PCR reaction conditions

3.2.1.4 qRT-PCR

The expression of the targeted genes was quantified by qRT-PCR with the Applied

Biosystems® 7500 System under the two-step cycling program listed in Table 6.

qRT-PCR components are shown in Table 7.

Temperature (℃.) Time

90 10 min
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60 1 hour

90 5 min 40 cycles

4 indefinite

Table 6. qRT-PCR program

Content Volume (1X) Final conc.

SYBR Green 6.5 µL 1X

Primer se 10 µM 0.5 µL 0.4 µM

Primer ase 10 µM 0.5 µL 0.4 µM

ddH2O 4.5 µL --

cDNA 1 µL --

Total 13 µL --

Table 7. qRT-PCR components

3.2.2 Generation of PAR2-HiBiT constructs

3.2.2.1 Site-directed mutagenesis

The HiBiT tag was cloned into the N-terminus of PAR2 using the Q5® Site-Directed

Mutagenesis Kit following the instructions. Briefly, the pcDNA3-PAR2-HiBiT

cDNA fragment was amplified using High-Fidelity DNA Polymerase and the specific

primers shown in Table 1. The reaction components and conditions of the PCR are

shown in Tables 8 and 9, respectively.

Component Volume Final conc.

Q5 Hot Start High-Fidelity 2X Master Mix 12.5µL 1X

10 µM Forward Primer 1.25µL 0.5 µM
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Component Volume Final conc.

10 µM Reverse Primer 1.25µL 0.5 µM

Template cDNA (PAR2) 1µL 10 ng

Nuclease-free Water 9.0µL --

Table 8. Mutagenesis reaction components

Step Temperature (℃.) Time

Initial Denaturation 98 30 s

Second Denaturation 98 10 s

Annealing 68 30 s 35 cycles

Elongation Step 72 6 min

Final Extension 72 5 min

Hold 4

Table 9. Mutagenesis PCR reaction conditions

The second step involved incubation with the KLD enzyme mix provided in this kit.

Together, these enzymes of the reaction system participate in the rapid circularization

of PCR products and excision of DNA template (Table 10).

Components Volume Final conc.

PCR Product 1 µL --

2X KLD Reaction Buffer 5 µL 1X

10X KLD Enzyme Mix 1 µL 1X

Nuclease-free Water 3 µL --

Table 10. KLD reaction system



40

3.2.2.2 Bacterial transformation

In brief, the mixture of KLD product (5 µL) and 5-α-Competent E .coli (50 µL) was

incubated under the following three steps: 1) on ice for 30 minutes; 2) heat shock at

42°C for 45 seconds; 3) 5 minutes incubation on ice. The other procedure was

performed as detailed previously [77].

3.2.2.3 Plasmid isolation and sequencing

A single colony was picked and cultured for further plasmid isolation. The procedure

was performed as detailed previously [77]. A suitable quantity of plasmids was then

sequenced using the primers listed in Table 2 at the LGC Genomics GmbH company.

The results were analyzed using the NCBI nucleotide BLAST tool.

3.2.2.4 Bacterial glycerol stock

250μl of the above-mentioned pre-cultured bacterial mixture was mixed thoroughly

with 750μl of 60% glycerol and frozen at -80°C.

3.2.3 Patient IgG isolation

In this study, IgG was isolated from frozen sera of patients in the ‘PROSpective

Cohort with Incident Stroke Berlin’ (PROSCIS-B; NCT01363856), a prospective

observational hospital-based cohort of patients after their first-ever stroke. Each

patient, or their legal representative, give written informed consent to participate in

the study. The PROSCIS-B study was approved by the Ethics Committee of the

Charité–Universitätsmedizin Berlin (EA1/218/09) and was conducted according to

ethical principles within the framework of the Declaration of Helsinki. Blood samples

from patients with ischemic stroke were collected once at any time within seven days

after admission. 489 ischemic stroke patients with clinical information on baseline,

PAR2-IgG levels and functional outcome at one year were included. Levels of PAR2

autoantibodies in the serum were measured with a sandwich Elisa by CellTrend

GmbH. Unpublished clinical data analyzed by the group (PD. Dr. Thomas G Liman)
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we collaborated with showed that patients with levels of PAR2-IgG in the top quartile

(above 14 U/mL, Q4), when compared to all other patients with a PAR2-IgG level

below 14 U/mL (Q1-3), were at increased risk of poor outcome after adjusting by age,

sex, etiological subtypes, stroke severity, pre-stroke dependency, and vascular risk

factors (OR 2.0, 95%CI 1.2-3.4). The serum was divided into 2 groups (Q1-3, Q4),

and 2 individual sera in each group were pooled for IgG isolation. Briefly, IgGs were

isolated from serum by affinity chromatography with HiTrap Protein G columns,

which was detailed previously [77].

3.2.4 Cell culture and stimulation

3.2.4.1 HMEC-1 and Blood-Brain Barrier hCMEC/D3 culture

HMEC-1 and hCMEC/D3 frozen in liquid nitrogen were thawed rapidly in a 37℃

water bath, then added into 5 mL of complete medium and lastly centrifuged. After

resuspension in complete medium, cells were seeded into a 0.2% gelatin pre-coated

flask and cultured at 37℃.

Cells at about 80%-90% confluence were processed with 2 mL trypsin-EDTA

followed by neutralization with 10 mL complete medium. The number of live cells

was measured by the trypan blue dye exclusion test. The number of cells seeded per

well in different plates or flasks is shown in Table 11.

Container Type Number of HMEC-1 Number of hCMEC/D3

96-well plate 5,000 5,000

24-well plate 50,000 50,000

12-well plate 100,000 100,000

6-well plate 200,000 200,000

6 cm2 flask 500,000 500,000

75 cm2 flask 1,000,000 1,000,000

Table 11. Initial number of cells in different cell culture vessels



42

3.2.4.2 Cell stimulation

Cells at 70% confluence were treated with starvation medium overnight before

addition of stimuli. For ELISA, cells were stimulated with trypsin (100 nM, 6 hours)

or IgG (1 mg/mL, 6 hours), and then the supernatant was collected. For mRNA

expression analysis, cells were stimulated for different times depending on the target

genes. For pathway blocking assays, cells were pre-incubated with PAR2-blocker

(FSLLRY-NH2 trifluoroacetate salt, 100nM), as well as ERK-blocker (PD184352,

0.1µM, 1.0µM, 10µM) for one hour followed by stimulation as previously described.

3.2.5 Matrigel angiogenesis assay

HMEC-1 or hCMEC/D3 at 80%-90% confluence were processed as detailed in

section 3.2.4.1, and prepared for further use. The cells were diluted and adjusted to a

concentration of 2.0x105/mL with serum-free medium.

IgG samples were diluted with 5% FCS DMEM medium to a concentration of 2.0

mg/mL. 100μL of cell suspension was mixed thoroughly with 100 μL of IgG solution.

The final 200μL were then added on top of the matrigel uniformly. The formation of

capillary-like tubes of endothelial cells was observed and photographed under the

microscope after 16 hours of incubation. The images (magnification 100X) were

analyzed with the "Angiogenesis Analyzer" add-on from Image J [79]. Total

length/Field, i.e., the total length of the detected master segments adjusted by the field

area, was the main indicator to represent the capacity of endothelial cells to form

tubes.

3.2.6 Luciferase reporter assay

Cells at 70% confluency were transfected with appropriate plasmids using the Xfect

transfection reagent under the manufacturer’s instructions. In a 24-well plate,

HMEC-1 was transiently co-transfected with Nucleated Factor of Activated T-Cells

(NFAT, 200 ng), Serum Response Element (SRE, 100 ng), or Serum Response Factor

(SRF, 100 ng) reporter plasmid together with 200 ng of pcDNA-PAR2 plasmid per
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well, and then cultured with starvation medium for 4 hours, followed by complete

medium for 24 hours. After 6 hours of stimulation with trypsin, PAR2-IgG, or DMEM

low glucose, cells were washed with PBS twice prior to a 15 minute lysis with 1X

PLB under constant shaking. The Luciferase Assay System (LAS) from Promega was

used to assess luciferase activity of cell lysates, using a FLUOstar microplate reader

under the manufacturer’s instructions.

3.2.7 Nano-GLO®HiBiT Extracellular Detection assay

HMEC-1 was seeded into each well of a 96-well plate, and was cultured for 3 days.

After transfection with 50 ng pcDNA-PAR2-HiBiT plasmid, the cells were stimulated

with trypsin for 20 minutes and PAR2-IgG for 6 hours. After stimulation, cells were

washed twice. Finally, each well was incubated with 100µL of Nano-Glo®HiBiT

Extracellular Reagent mixture for 10 minutes before measuring luminescence with a

FLUOstar microplate reader under the manufacturer’s instructions.

3.2.8 Dual luciferase reporter assay

Here, 400 ng of VEGF2068 promoter-luciferase plasmid or truncated VEFG promoter

plasmids [80] and 20 ng of Renilla reference vector were co-transfected in 12-well

plates with Xfect transfection reagent following the manufacturer’s instructions. After

4 hours of transfection in starvation medium, the medium was changed to complete

medium for 24 hours. Following 6 hours of stimulation with trypsin, PAR2-IgG, or

DMEM low glucose (control), cells were washed twice before beingn lysed with 1X

PLB for 15 minutes under constant shaking. The Luciferase activity of lysates was

assessed using the LAS from Promega with a FLUOstar microplate reader. After the

addition of stop solution into cell lysates, the Renilla reference activity was assessed.

3.2.9 Western blot

HMEC-1 was stimulated with trypsin and IgG for 15 minutes and scraped off. Next,

the procedure of protein isolation and western blot was done, as detailed previously
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[77]. All antibodies we applied in this section are shown in the Antibodies section

above.

3.2.10 ELISA

The concentration of IL-6, IL-8, VEGF, CXCL1, and ANG2 in the cell supernatants

were measured with ELISA Kits from Invitrogen under the manufacturer´s

instructions. Briefly, various capture antibodies were coated onto each well provided

in ELISA Kits at 4°C overnight. 100 μL of standards, control, and supernatant

samples were measured in duplicate. Detection antibodies and Streptavidin-HRP

solution were used to conjugate with antigens. Reaction systems were incubated with

Stabilized Chromogen for 30 minutes until the solution turned blue, and were then

stopped with stop solution. Absorbance of targeted proteins at 450 nm (reference

absorbance: IL-6, IL-8, VEGF, ANG2 630 or CXCL1 570 nm) was measured in 5

minutes with the Thermo Multiskan Ascent 96 plate reader. The standard curve was

plotted, and then the concentration of samples was calculated according to linear

regression.

3.2.11 Statistical analysis

Data are expressed as mean ± SEM, n stands for the number of independent

experiments in each group. Comparisons of two groups were performed by t-test or

Wilcoxon test, comparisons between more than 3 groups were performed by one-way

ANOVA (normal distribution) or Kruskal-Wallis test, and two-way ANOVA including

Turkey’s multiple comparison test was used to compare groups with two different

independent variables. Differences were considered to be significant when the p-value

of a one-tailed test was less than 0.05. GraphPad Prism software (version 8.0) was

used for the statistics.
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4. Results

4.1 Trypsin- and PAR2-IgG-induced angiogenesis in

HMEC-1
As mentioned in Methods section 3.2.3, unpublished clinical data from PD. Dr.

Thomas G. Liman demonstrated that PAR2-IgG was related to the outcome of stroke

patients. However, the functions and mechanisms for this observation are unclear. To

determine the effects of PAR2-IgG in modulating PAR2 signaling, and thus the

resulting angiogenesis, PAR2-IgG stimulation was compared with the PAR2 natural

agonist trypsin [44]. Human microvascular endothelial cells, HMEC-1, which highly

express PAR2, were used in this study [77].

4.1.1 Trypsin and Q1-3 PAR2-IgG increased angiogenesis in

HMEC-1

Angiogenesis is an important process that influences the outcome in the acute phase

of ischemic stroke [10]. Thus, matrigel tube formation assay was applied to explore

the in vitro effects of trypsin and PAR2-IgG on angiogenesis. As depicted in Figure

3A, there was an up-regulation of endothelial angiogenesis in vitro after trypsin

stimulation in a dose-dependent manner. 100nM demonstrated statistically significant

effects and this concentration was thus used in the following experiments. In Figure

3B, cells treated with Q1-3 PAR2-IgG (1mg/mL) show significant higher tube

formation, and hence increased angiogenesis, when compared to DMEM (p<0.05) and

Q4 PAR2-IgG (1mg/mL) (p<0.01).
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Figure 3. Effects of trypsin and PAR2-IgG on endothelial cell tube formation. HMEC-1 were

stimulated with (A) 1nM, 10nM, 100nM trypsin (n=4) or (B) Q1-3- and Q4-PAR2-IgG (1mg/mL)

(n=5). Representative phase-contrast images (magnification 100X) are presented in the upper panels.

The graphs below show quantifications of 4 or 5 independently performed experiments. The capacity

of tube formation was assessed by a main indicator of total length of the detected master segments

adjusted by field area after 16 hours. *p<0.05 and **p<0.01 compare between treated groups, #p<0.05

compares to control group. Values are presented as individual data points together with bars with mean

± SEM.

4.1.2 Angiogenic genes involved in trypsin-induced tube formation

Having established that Q1-3 PAR2-IgG and trypsin promote angiogenesis,

angiogenic genes were explored, which might be involved in vascular tube formation,

such as VEGF, IL-6, IL-8, CXCL1 and ANG2 [16-20].

4.1.2.1 Optimization of trypsin stimulating time on angiogenic genes

100nM trypsin was used to assess the transcriptional regulation of the selected genes

in a time-dependent manner. As shown in Figure 4, there was a significant
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transcription up-regulation of VEGF, IL-6, IL-8, and CXCL1 after 1 hour, which did

not last. ANG2 showed an increase in mRNA levels only after 3 hours, with a peak at

6 hours.

Figure 4. Time-dependent increase of endothelial angiogenic gene expressions in response to

trypsin. HMEC-1 were stimulated with 100nM trypsin for different time periods and then the

angiogenic genes (A) VEGF, (B) IL-6, (C) IL-8, (D) CXCL1, and (E) ANG2 were quantitatively

measured by qRT-PCR. *P<0.05, **P<0.01, ***P<0.001 vs unstimulated control group, n=3. Data are

presented as bars with mean ± SEM.

4.1.2.2 Trypsin increased dose-dependent angiogenic gene transcription

Increases in gene transcription were further investigated using different doses of

trypsin at the previously explored peak expression times. Concordantly to the matrigel

experiment, 100 nM trypsin produced a significant up-regulation in the examined

angiogenic gene expression compared to other concentrations of trypsin. Trypsin

concentrations of 1 and 10nM had no to minimal effect on these angiogenic gene

expression levels (Figure 5).
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Figure 5. Trypsin increased dose-dependent angiogenic genes transcription. HMEC-1 were

stimulated with 1, 10 or 100nM trypsin, and the angiogenic genes including (A) VEGF, (B) IL-6, (C)

IL-8, and (D) CXCL1 were assessed after 1 hour, or in the case of (E) ANG2 6 hours. **p<0.01,

***p<0.001 compare between treated groups; #p<0.05, ##p<0.01, ###p<0.001 compare to control

group, n=3. Data are presented as individual data points together with bars with mean ± SEM.

4.1.2.3 Trypsin increased dose-dependent angiogenic cytokine release

Further analyses were performed to assess how trypsin influenced angiogenic

cytokine release. Protein levels in cell supernatants were determined and showed

dose-dependent releases when compared with unstimulated controls. Protein levels of

VEGF, IL-6, IL-8, CXCL1, and ANG2 in the supernatants from HMEC-1 treated with

100nM trypsin were significantly higher than those from unstimulated cells (Control),

and 1 or 10 nM doses of trypsin treated cells (except for VEGF). 1 and 10 nM doses

of trypsin had no to minimal effect on protein release (Figure 6).
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Figure 6. Trypsin increased dose-dependent angiogenic cytokine release. Cell supernatants were

collected after 6 hours stimulation with 1, 10 and 100nM trypsin and then the angiogenic cytokine

release including (A) VEGF, (B) IL-6, (C) IL-8, (D) CXCL1, and (E) ANG2 were measured by ELISA.

*p<0.05, **p<0.01, ***p<0.001 compare between treated groups; #p<0.05, ##p<0.01, ###p<0.001

compare to control group, n=4. Data are presented as individual data points together with bars with

mean ± SEM.

In conclusion, trypsin increased angiogenic gene transcription after 1 hour, except for

ANG2 with a somewhat later peak, and the respective protein releases after 6 hours.

4.2 PAR2 induced G-protein activation and intracellular

ERK1/2 signaling
Next, the angiogenic signaling and molecular mechanisms of PAR2 activation

induced by PAR2-IgG were explored.

4.2.1 G-protein activation of PAR2 by Q1-3 and Q4 PAR2-IgG

Activation of G-protein α subunits is crucial for initiating various downstream

pathways and regulating gene transcription. Our group has previously reported that
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trypsin could activate Gq/11, Gα12/13 and ERK1/2 [77]. However, the effects of

PAR2-IgG on G-protein subtypes are still unknown. Luciferase reporter assay, which

incorporates transcriptional factors specific to cognate Gα, is widely used to monitor

G-protein activation, as shown in Figure 7 [81]. This assay system was used to

monitor the activation of G-protein subtypes Gq/11 (NFAT), Gα12/13 (SRF) and ERK1/2

(SRE) in mammalian cells when stimulated with trypsin or PAR2-IgG.

Figure 7. Schematic overview of major GPCR signaling pathways and relevant response elements.

(Modified from Fig.1, [81]). AC, Adenylyl cyclase; cAMP, Cyclic adenosine 3’,5’-monophosphate;

PKA, protein kinase A; PKC, protein kinase C; PLC, phospholipase C; RhoGEF, Ras homologue

guanine-nucleotide exchange factor; RhoA, Ras homologue A; IP3, inositol (1,4,5)-trisphosphate;

DAG, diacylglycerol; CRE, Cyclic AMP (cAMP)-response element; SRE, Serum Response Element;

NFAT, Nucleated Factor of Activated T-Cells; SRF, Serum Response Factor.

As shown in Figure 8, Q1-3 PAR2-IgG significantly increased (A) Gq/11 and (B)

ERK1/2 activity by 122.0% (p<0.01) and 103.0% (p<0.01), respectively, when

compared with the control group. Upon stimulation with Q4 PAR2-IgG, (A) Gq/11 and

(B) ERK1/2 activity showed nonsignificant increases by 34.5% and 36.1%,

respectively. Conversely, (C) no Gα12/13 activation was observed when stimulated with
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either Q1-3 or Q4 PAR2-IgG.

Figure 8. Effects of PAR2-IgG on Gq/11 or Gα12/13 and ERK1/2 activation. HMEC-1 were

stimulated with Q1-3- or Q4-PAR2-IgG (1mg/mL). Endothelial (A) Gq/11, (B) ERK1/2, or (C) Gα12/13

(n=3) activation was assessed after 6 hours. *p<0.05 compares between treated groups; ##p<0.001

compares to control group, n=5. Values are presented as individual data points together with bars with

mean ± SEM.

4.2.2 Trypsin time- and dose-dependently induced endothelial

ERK1/2 and Akt signaling

Additionally, the signaling dynamics of PAR2 following trypsin activation were

investigated. Our laboratory has previously shown that trypsin activated ERK1/2 [77].

PAR2 also activates the Akt signaling pathway in various cell lines [82]. The

activation of ERK1/2 and Akt were investigated using western blotting in a time- and

dose-dependent manner. As shown in Figure 9, the phosphorylation of (A) ERK1/2

and (C) Akt at Ser 473 position showed an increase at 5 minutes, reached a peak at 15

minutes, and then decreased sharply to a level comparable to that of 5 minutes. At 15

minutes, there was a higher activation of ERK1/2 (Figure 9B) and Akt (Figure 9D),

with a mean value of 3.3-fold and 11.1-fold (p<0.05), respectively, in response to

100nM trypsin when compared to control group.
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Figure 9. Time- and dose-dependent trypsin-induced endothelial ERK1/2 and Akt activation. (A,

C). HMEC-1 were treated with 100nM trypsin for 0 to 40 minutes for time-dependent analysis of

ERK1/2 and Akt activation. (B) Endothelial ERK1/2 and (D) Akt activation were assessed after 15

minutes stimulation with doses of 1, 10 and 100nM trypsin. ERK1/2 and Akt activation were

normalized to GAPDH. *p<0.05 vs control group, n=3. Values are presented as individual data points

together with bars with mean ± SEM.

4.2.3 Q1-3 PAR2-IgG induced stronger endothelial ERK1/2 and Akt

signaling

The previous results have shown that trypsin induced increased activation of ERK1/2

and Akt. The effects of PAR2-IgG on these signaling pathways were then investigated.

As depicted in Figure 10, Q1-3 PAR2-IgG stimulation resulted in about 1.8-fold and

5.4-fold (p<0.05) activation of ERK1/2 (A) and Akt (B), respectively, when compared

to DMEM treated cells (control). However, there was no significant increase of

ERK1/2 activation and only about 2.2-fold activation of Akt in the Q4 group when

compared to control (Figure 10A-B).

Furthermore, addition of PAR2 peptide blocker (FSLLRY-NH2 trifluoroacetate salt)

showed a significant reduction of ERK1/2 and Akt activation upon either Q1-3 or Q4

PAR2-IgG stimulation (Figure 10A-B). In conclusion, HMEC-1 treated with Q1-3

PAR2-IgG presented stronger activation of ERK1/2 and Akt when compared with the

Q4 group, and that activation could be inhibited by PAR2 peptide blocker.
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Figure 10. Q1-3 PAR2-IgG induced stronger endothelial ERK1/2 and Akt activation via PAR2.

HMEC-1 were pre-incubated for 1 hour with PAR2 peptide blocker (PAR2B) (100nM), and then the

effects of Q1-3- or Q4-PAR2-IgG (1mg/mL) on endothelial induction of (A) ERK1/2 and (B) Akt

activation were assessed after 15 minutes of stimulation with the indicated IgGs. Values are presented

as individual data points together with bars with mean ± SEM.

4.2.4 Function of PAR2 extracellular loops in G-protein activation in

HMEC-1

Analogously to all GPCRs, 3 extracellular loops (ECLs) of PAR2 are potential

binding sites of extracellular ligands. Amino acids of individual PAR2 ECL were

mutated to alanine constructs named PAR2 ECL1-Ala, PAR2 ECL2-Ala, and PAR2

ECL3-Ala Our laboratory has optimized these plasmids for G-protein activation [78].

Gq/11 activation was found to be inhibited by mutation of any ECL, while ERK1/2

activation was inhibited by ECL1 and ECL2 mutation upon trypsin stimulation [78].

The role of ECLs in intracellular signal transduction induced by PAR2-IgG from

stroke patients remained unknown. According to the results depicted in Figure 8, the

focus was set on Gq/11 and ERK/2 activation for PAR2-IgG.
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Thus, the NFAT and SRE reporter assays were performed to monitor the Gq/11 and

ERK1/2 activation by PAR2-IgG in HMEC-1 over-expressing the wild-type or mutant

PAR2.

4.2.4.1 Role of PAR2 ECLs in endothelial Gq/11 activation induced by PAR2-IgG

Upon Q1-3 PAR2-IgG stimulation, PAR2 wild-type (WT) led to significant activation

of Gq/11 (p<0.001). Gq/11 activation was also observed in all PAR2 mutants and it

showed no obvious alterations when compared to the WT group (Figure 11).

Furthermore, there was no significant Gq/11 constitutive activation due to mutation of

ECL1, ECL2, or ECL3, respectively, without stimulation (Figure 11).

Figure 11. Q1-3 PAR2-IgG-activated Gq/11 in wild-type or mutated ECLs of PAR2-expressing

HMEC-1. (A to C, respectively) HMEC-1 were transfected with WT-PAR2 or different Alanin mutants

of ECL1 to 3, and the effects of Q1-3 PAR2-IgG (1mg/mL) on Gq/11 activation were assessed after 6

hours. ***p<0.001 compares to the unstimulated group in the same PAR2 genotype. ###p<0.001

compares between genotypes. n=10. Values are presented as individual data points together with bars

with mean ± SEM.

By contrast, upon Q4 PAR2-IgG stimulation, PAR2 WT showed no significant

activation of Gq/11 (Figure 12). However, ECL1-Ala presented increased Gq/11

activation compared to the unstimulated group for either ECL1-Ala (p<0.01) or WT

(p<0.05) genotypes (Figure 12A). Furthermore, ECL2-Ala had no Gq/11 activation

compared to WT or unstimulated cells (Figure 12B). Interestingly, upon Q4

stimulation, ECL3-Ala resulted in a significant activation of Gq/11 compared with WT
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genotype (p<0.001), unstimulated WT (p<0.001), and unstimulated ECL3-Ala

(p<0.001) (Figure 12C).

Figure 12. Q4 PAR2-IgG-activated Gq/11 in wild-type or mutated ECLs of PAR2-expressing

HMEC-1. HMEC-1 were transfected with WT-PAR2 or different Alanin mutants of (A) ECL1, (B)

ECL2, (C) ECL3, and the effects of Q4 PAR2-IgG (1mg/mL) on Gq/11 activation were assessed after 6

hours. **p<0.01, ***p<0.001 compare to the unstimulated group in the same PAR2 genotype. #p<0.05,

###p<0.001 compare between genotypes. n=10. Values are presented as individual data points together

with bars with mean ± SEM.

4.2.4.2 Role of PAR2 ECLs in endothelial ERK1/2 activation induced by

PAR2-IgG

Upon Q1-3 PAR2-IgG stimulation, PAR2 WT led to significant ERK1/2 activation

(p<0.001). PAR2 mutants also induced ERK1/2 activation and showed no obvious

alterations when compared to the WT group with stimulation (Figure 13). However, in

absence of stimulation, ECL3-Ala reduced ERK1/2 activation significantly when

compared with WT genotype, implying a constitutive inhibition of activation (p<0.05)

(Figure 13C).
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Figure 13. Q1-3 PAR2-IgG-activated ERK1/2 in wild-type or mutated ECLs of PAR2-expressing

HMEC-1. (A to C, respectively) HMEC-1 were transfected with WT-PAR2 or different Alanin mutants

of ECL1 to 3, and the effects of Q1-3 PAR2-IgG (1mg/mL) on ERK1/2 activation were assessed after 6

hours. ***p<0.001 compares to the unstimulated group in the same PAR2 genotype. #p<0.05

###p<0.001 compares between genotypes. n=10. Values are presented as individual data points

together with bars with mean ± SEM.

Meanwhile, there was also significant ERK1/2 activation in the WT genotype upon

Q4 PAR2-IgG stimulation (p<0.001). Simultaneously, ECL1-Ala (p<0.05) and

ECL2-Ala (p<0.001) showed similar effects on ERK1/2 activation when compared

with unstimulated control (Figure 14A-B). Notably, ERK1/2 activation showed a

significant up-regulation in ECL3-Ala cells when compared to wild-type upon Q4

PAR2-IgG stimulation (p<0.001) (Figure 14C).
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Figure 14. Q4 PAR2-IgG-activated ERK1/2 in wild-type or mutated ECLs of PAR2-expressing

HMEC-1. (A to C, respectively) HMEC-1 were transfected with WT-PAR2 or different Alanin mutants

of ECL1 to 3, and the effects of Q4 PAR2-IgG (1mg/mL) on ERK1/2 activation were assessed after 6

hours. *p<0.05, ***p<0.001 compare to the unstimulated group in the same PAR2 genotype. #p<0.05,

###p<0.001 compare between genotypes. n=10. Values are presented as individual data points together

with bars with mean ± SEM.

In summary, Q1-3 PAR2-IgG presented a higher level of Gq/11 and ERK1/2 activation

when compared to Q4 PAR2-IgG. Upon Q1-3 stimulation, the Gq/11 and ERK1/2

activation were not affected by the mutation of extracellular loops. Concerning Q4

PAR2-IgG, the ECL3-Ala mutant produced a Q4 PAR2-IgG-dependent enhanced

effect on both Gq/11 and ERK1/2 activation when compared to wild-type.

4.2.5 Trypsin and PAR2-IgG induced PAR2 internalization in

HMEC-1

Receptor internalization is essential for receptor signal transduction, receptor

desensitization and endocytosis [83]. Therefore, it was of great interest whether

trypsin and PAR2-IgG were able to regulate the surface localization of PAR2.

NanoGlo signal, produced by the HiBiT tag following the Nano-GLO®HiBiT

Extracellular Detection system, reflects the presence of HiBiT-tagged receptor on the

cell membrane. Decreased signal reflects the relative proportion of receptor

internalization when compared to the control group [84]. Hence, HiBiT tag was
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introduced into the SLIGKV42↓D43GTSHV of the PAR2 receptor in order to measure

its membrane expression and internalization.

As shown in Figure 15, trypsin induced a significant reduction of PAR2 membrane

expression, indicating that the receptor was internalized in response to the ligand

binding. Stimulation with Q1-3 PAR2-IgG also triggered PAR2 internalization, which

was much less when compared to trypsin, but still significantly more than Q4

PAR2-IgG (p<0.01) (Figure 15).

Figure 15. PAR2 expression at the plasma membrane. HMEC-1 were transfected with

WT-PAR2-HiBiT plasmid and the effects of trypsin (100nM, stimulation of 20 minutes) or Q1-3- or

Q4-PAR2-IgG (1mg/mL, stimulation for 6 hours) on the HiBiT signal were assessed. **p<0.01,

***p<0.001 compare between treated groups; ##p<0.01, ###p<0.001 compare to control group, n=4.

Values are presented as individual data points together with bars with mean ± SEM.

4.3 Role of PAR2 in PAR2-IgG-induced G-protein and

ERK1/2 activations
As previously shown, Gq/11, ERK1/2, Akt signaling and PAR2 receptor internalization

were promoted by trypsin and Q1-3 PAR2-IgG. To further investigate the effects of

PAR2 activation on G-protein activation and intracellular signals including the

ERK1/2 pathway, and the effects of the PAR2-ERK1/2 axis on angiogenic genes

production, PAR2 peptide blocker (FSLLRY-NH2 trifluoroacetate salt) and ERK1/2
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blocker (PD 184352) were used.

4.3.1 PAR2 mediates Q1-3 PAR2-IgG-induced Gq/11 and ERK1/2

activations

Upon Q1-3 PAR2-IgG stimulation, administration of PAR2 peptide blocker partially,

but significantly blocked Gq/11 and ERK1/2 activation with a 24.8% and 51.7%

reduction in luciferase activity compared to the Q1-3 group without inhibition (Figure

16A and B). The addition of PAR2 blocker also had a limited inhibitory effect on Gq/11

and ERK activation after stimulation with Q4-PAR2-IgG (Figure 16A and B).

Figure 16. PAR2 inhibition reduced Gq/11 and ERK1/2 activation by PAR2-IgG in HMEC-1.

HMEC-1 were pre-incubated for 1 hour with PAR2 peptide blocker (FSLLRY-NH2 trifluoroacetate salt,

100nM) and then the effects of Q1-3- or Q4-PAR2-IgG (1mg/mL) on endothelial (A) Gq/11 and (B)

ERK1/2 activation were assessed after 6 hours. *p<0.05, ***p<0.001 compare between treated groups;

###p<0.001 compares to control group, n=6. Values are presented as individual data points together

with bars with mean ± SEM.

4.3.2 Trypsin-induced expression of angiogenic genes and released

respective proteins is ERK1/2 dependent

As trypsin regulated ERK1/2 activation, it was investigated if ERK1/2 inhibition

influenced the expression of the previously studied angiogenic genes. The results
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(Figures 17 and 18) confirmed that ERK1/2 was involved in the regulation of the

genes induced by trypsin. ERK1/2 specific blocker decreased dose dependently

trypsin induced angiogenic gene transcription. Upon trypsin stimulation, inhibition of

ERK1/2 dose-dependently with ERK1/2 specific blocker (PD184352) decreased

VEGF, IL-6, IL-8, CXCL1, and ANG2 gene expressions (Figure 17). 10µM ERK1/2

blocker demonstrated the most effective suppression, completely blocking the

trypsin-induced gene expressions (Figure 17). 0.1µM and 1µM ERK1/2 blocker had

similar inhibitory effects on VEGF and IL-6 genes (Figure 17A-B). The concentration

of 0.1µM had slight inhibitory effects for all genes except for ANG2 (Figure 17C).

Figure 17. Trypsin-induced expression of angiogenic genes is ERK1/2-dependent. HMEC-1 were

pre-incubated for 1 hour with different concentrations of ERK1/2 specific blocker (PD184352, ERKB)

(0.1µM, 1.0µM, 10µM) and the effects of trypsin on endothelial proangiogenic gene expressions

including (A) VEGF, (B) IL-6, (C) IL-8, and (D) CXCL1, were assessed after 1 hour, or for (E) ANG2

after 6 hours *p<0.05, **p<0.01, ***p<0.001 compare between treated groups; #p<0.05 ##p<0.01

compares to control group, n=4. Values are presented as individual data points together with bars with

mean ± SEM.
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We performed further analysis of cytokine release by ELISA. Consistently with the

results depicted in Figure 17, ERK1/2 inhibition decreased the cytokine release in a

concentration-dependent manner (Figure 18). There was an approximately 18%

reduction of VEGF release when treated with 10µM ERK1/2 blocker when compared

to trypsin stimulation alone (p<0.05). There were already statistically significant

reductions of IL-6, IL-8, CXCL1, and ANG2 cytokine releases at ERK1/2 blocker

concentrations of 1µM (p<0.01) or 10µM (p<0.001). However, 0.1µM ERK1/2

blocker only presented significant inhibition of trypsin-induced ANG2 cytokine

release (P<0.001).

Figure 18. Trypsin-induced release of angiogenic cytokines is ERK1/2-dependent. HMEC-1 were

pre-incubated for 1 hour with different concentrations of ERK1/2 specific blocker (PD184352, ERKB)

(0.1µM, 1.0µM, 10µM) and the effects of trypsin on endothelial proangiogenic cytokine release

including (A) VEGF, (B) IL-6, (C) IL-8, (D) CXCL1, and (E) ANG2 were assessed after 6 hours.

*p<0.05, **p<0.01, ***p<0.001 compare between treated groups; ##p<0.01, ###p<0.001 compare to

control group, n=4. Values are presented as individual data points together with bars with mean ± SEM.
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In conclusion, angiogenic gene expressions and their respective protein secretions

were inhibited by ERK1/2 blocker in a concentration-dependent manner, and most

effectively with 10µM, which was hence used in the following experiments.

4.3.3 Involvement of PAR2 and ERK1/2 signaling in the regulation of

angiogenic genes and protein releases by PAR2-IgG

As described previously, trypsin induced the production and secretion of angiogenic

cytokines through ERK1/2 signaling. Thus, the effects of ERK1/2 and additionally

PAR2 blockers were further investigated on angiogenic gene expressions and protein

secretions induced by PAR2-IgG.

4.3.3.1 Effects of PAR2 and ERK1/2 blockers on PAR2-IgG-induced angiogenic

gene expressions

As shown in Figure 19, Q1-3 PAR2-IgG significantly increased mRNA levels of (A)

VEGF, (B) IL-6, (C) IL-8, and (D) CXCL1 when compared with those in unstimulated

and Q4 PAR2-IgG stimulated endothelial cells. Notably, Q1-3 and Q4 promoted the

mRNA production of ANG2 when compared with the unstimulated group (p<0.001)

(Figure 19E).

In addition, administration of PAR2 and ERK1/2 blockers completely inhibited VEGF

mRNA expression (Figure 19A), and partially blocked the mRNA expression of IL-6,

IL-8, and CXLC1 upon Q1-3 PAR2-IgG (Figure 19B-D). This demonstrated that

PAR2-IgG-induced mRNA expression of VEGF was completely mediated by PAR2

whereas for the other cytokines alternate signaling pathways might have contributed

to their increased gene expression in response to PAR2-IgG.

Upon Q4 PAR2-IgG stimulation, there were no significant alterations of VEGF, IL-6,

IL-8 and CXCL1 mRNA levels, as well as no effects of cell pretreatments with PAR2

or ERK1/2 blockers.

Interestingly, ERK1/2 blocker presented stronger inhibitory effects on CXCL1 and

ANG2 transcription than PAR2 blocker in response to Q1-3- or Q4-PAR2-IgG

stimulation. This suggested that Q1-3- or Q4-PAR2-IgG induced ANG2 expressions
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by ERK1/2, but not solely by PAR2. Alternative ERK1/2 upstream signaling

pathways might contribute to PAR2-IgG-induced ANG2 expressions.

Figure 19. PAR2- and ERK1/2-dependence of PAR2-IgG induced expressions of endothelial

angiogenic genes. HMEC-1 were pre-incubated for 1 hour either with PAR2 peptide blocker

(FSLLRY-NH2 trifluoroacetate salt, PAR2B) (100nM) or ERK1/2 specific blocker (PD184352, ERKB)

(10µM) and then the effects of Q1-3 or Q4-PAR2-IgG (1mg/mL) on endothelial proangiogenic gene

expressions including (A) VEGF, (B) IL-6, (C) IL-8, and (D) CXCL1 were assessed after 1 or (E)

ANG2 after 6 hours. *p<0.05, ***p<0.001 compare between treated groups; ###p<0.001 compares to

control group, n=4. Values are presented as individual data points together with bars with mean ± SEM.

4.3.3.2 Effects of PAR2 or ERK1/2 blockers on PAR2-IgG-induced angiogenic

cytokine secretions

Next, the cytokine secretions were assessed. As shown in the Figure 20, Q1-3

PAR2-IgG contributed to about 2.4-, 2.9-, 2.7-, and 2.2-fold increase in protein release

of (A) VEGF, (B) IL-6, (C) IL-8, and (D) CXCL1, respectively (p<0.001), while there

were also significant protein releases of VEGF (about 1.6 fold, p<0.05) and CXCL1
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(about 1.6 fold, p<0.001) when stimulated with Q4 PAR2-IgG compared to the

control group. Q1-3 PAR2-IgG presented higher activation of the above-mentioned

protein releases than those in the Q4 group (Figure 20A-D, p<0.05).

Q1-3 and Q4 PAR2-IgG promoted a similar protein release of ANG2 (E) when

compared to control group (p<0.001).

Moreover, administration of PAR2 peptide blocker or ERK1/2 blocker partially

inhibited the protein release of all the angiogenesis cytokines induced by Q1-3

PAR2-IgG. ERK1/2 blocker demonstrated the most effective inhibition. This implied

that alternative ERK1/2 upstream signaling pathways might contribute to the

angiogenic cytokine release induced by Q1-3 PAR2-IgG.

Figure 20. PAR2-IgG induces endothelial angiogenic cytokine release via PAR2 and ERK1/2

signaling. HMEC-1 were pre-incubated for 1h either with PAR2 peptide blocker (FSLLRY-NH2

trifluoroacetate salt, PAR2B) (100nM) or ERK1/2 specific blocker (PD184352, ERKB) (10µM), and

then the effects of Q1-3- or Q4-PAR2-IgG (1mg/ml) on endothelial angiogenic cytokines release

including (A) VEGF, (B) IL-6, (C) IL-8, (D) CXCL1, and (E) ANG2 were assessed after 6 hours.
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*p<0.05, **p<0.01, ***p<0.001 compare between treated groups; #p<0.05, ###p<0.001 compare to

control group, n≥4. Values are presented as individual data points together with bars with mean ± SEM.

In conclusion, PAR2-IgG and trypsin regulated angiogenic gene transcription and

protein release through the PAR2-ERK1/2 signaling pathway. Notably, Q1-3

PAR2-IgG presented a much higher activation of pro-angiogenic gene expressions

than Q4 PAR2-IgG.

4.4 Regulatory mechanism of trypsin and PAR2-IgG-

induced VEGF transcription

4.4.1 Detection of transcription factor binding sites regulating VEGF

promoter activity induced by trypsin and PAR2-IgG

As shown previously, VEGF could be regulated by trypsin and Q1-3 PAR2-IgG at the

transcription level. To investigate potential sequences on the VEGF promoter, which

might respond to trypsin and PAR2-IgG in HMEC-1, different truncations of VEGF

promoter were used.

As shown in Figure 21, the deletion of the VEGF promoter sequence between -2068

to -1340bp led to a slight reduction of VEGF promoter activation, while deleting the

VEGF promoter sequence between -1339 to -839 bp led to significant reduced

activation of VEGF upon trypsin (Figure 21A) and Q1-3 PAR2-IgG (Figure 21B)

stimulation.

Notably, it has been reported that two AP-1 binding sites locating at the -1227 to

-1215 bp and -937 to -925 bp regions of the VEGF promoter responded to hyperbaric

oxygen in human umbilical vein endothelial cells [37]. Therefore, the response

sequences locating on the VEGF promoter sequence from -1339 to -839 were most

likely to be AP-1 binding sites. Therefore, AP-1 inhibitor was used to verify the

effects of AP-1 on VEGF promoter activation.
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Figure 21. Detection of transcription factor binding sites regulating VEGF promoter activity

induced by trypsin and PAR2-IgG. HMEC-1 were transiently transfected with full length (2068) or

truncated VEGF promoter constructs and stimulated with 100nM trypsin (A) or Q1-3 PAR2-IgG

(1mg/mL) (B) for 6 hours. Luciferase activity was determined and expressed as relative light units

(RLU). **p<0.01, ***p<0.001 compare to control with same promoter construct, n=4. Values are

presented as individual data points together with bars with mean ± SEM.

4.4.2 Involvement of AP-1 in VEGF promoter activation in HMEC-1

Transcriptional regulatory mechanisms leading to VEGF induction are complex. AP-1

has been shown to be involved in VEGF induction, thereby promoting angiogenesis

[37, 85]. ERK1/2 is involved in a plethora of transcriptional mechanisms including

the regulation of AP-1, which in turn promoted VEGF transcription [37]. Therefore,

the role of AP-1 in the transcription of VEGF following PAR2 activation by trypsin

and PAR2-IgG was investigated using an AP-1 inhibitor. As shown in Figure 22, the
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transcription of VEGF was significantly reduced when compared to the control when

cells stimulated with trypsin and Q1-3 PAR2-IgG were under AP-1 inhibition. This

implied that AP-1 was involved in the VEGF promoter activation induced by trypsin

and Q1-3 PAR2-IgG.

Figure 22. Effect of AP-1 inhibitor on human VEGF promoter in response to trypsin and

PAR2-IgG. HMEC-1 were transiently transfected with VEGF promoter 2068 construct and

pre-incubated for 1 hour with AP-1 inhibitor (100 nM) before stimulation with 100nM trypsin or Q1-3

PAR2-IgG (1mg/mL) for 6 hours. Luciferase activity was determined and expressed as relative light

units (RLU). ***p<0.001 compares between treated groups; ###p<0.001 compares to control group,

n=4. Values are presented as individual data points together with bars with mean ± SEM.

4.5 PAR2/ERK1/2 signaling were involved in

PAR2-IgG-induced endothelial angiogenesis
Cells treated with PAR2 or ERK blocker showed a obvious reduction in the release of

pro-angiogenic cytokines upon activation of either Q1-3 PAR2-IgG or Q4 PAR2-IgG.

However, the involvement of PAR2 and ERK1/2 in the IgG-induced angiogenesis

regulation was unknown. As demonstrated in Figure 23A, PAR2 peptide blocker

significantly reduced the vascular tube formation induced by Q1-3 PAR2-IgG.

Furthermore, ERK1/2 specific blocker presented a more potent inhibitory effect on
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vascular tube formation upon either Q1-3 or Q4 PAR2-IgG (Figure 23A and B).

Figure 23. PAR2-IgG regulated endothelial cell tube formation via PAR2/ERK1/2 signaling

pathway. HMEC-1 were pre-incubated for 1 hour with specific blockers (PAR2 peptide blocker and

ERK1/2 specific blocker) and then the effect of (A) Q1-3- or (B) Q4-PAR2-IgG (1mg/mL) on

endothelial cell tube formation was assessed after 16 hours. **p<0.01, ***p<0.001 compare between

treated groups; ###p<0.001 compares to control group. Values are presented as individual data points

together with bars with mean ± SEM. Representative phase contrast images (magnification 100X) are

demonstrated in order corresponding to the experimental groups depicted in the graph at the bottom.

4.6 Effect of PAR2-IgG on angiogenesis in brain

microvascular endothelial cells
The above results demonstrated that PAR2 activation induced by trypsin and

PAR2-IgG promoted angiogenesis through the ERK1/2 pathway in HMEC-1.

However, HMEC-1 are not a physiological model for stroke. Thus, the effect of

PAR2-IgG on tube formation was additionally assessed in brain microvascular

endothelial cells (hCMEC/D3). As shown in Figure 24, Q1-3 PAR2-IgG presented
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enhanced capacities of tube formation when compared with unstimulated or with Q4

PAR2-IgG-stimulated cells. Consistently with the angiogenesis function in HMEC-1,

these results confirmed that PAR2-IgG are physiologically relevant in brain

endothelial cells.

Figure 24. Effect of PAR2-IgG on hCMEC/D3 tube formation. Cells were stimulated with IgG

isolated from the plasma of stroke patients with Q1-3 or Q4-PAR2-IgG (1mg/mL). Endothelial cell tube

formation was assessed after 16 hours. Representative phase-contrast images (magnification 100X) are

presented in the upper panel. Below, quantifications of the tube formations under the different

conditions as indicated are shown. Values are presented as individual data points together with bars

with mean ± SEM. **p<0.01 compares between treated groups; #p<0.05 compares to control group,

n=4.
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5. Discussion
In the management of acute ischemic stroke, rapid recovery by the re-establishment of

blood flow is the preferred therapeutic strategy. Several studies have found that

angiogenesis and its enhancement are relevant in the pathophysiology and recovery

process of cerebral ischemia [7, 10].

A doctoral thesis demonstrated that PAR2-IgG isolated from kidney transplant

patients showed a reduced effect on VEGF expression compared to healthy

individuals [77]. Intriguingly, unpublished clinical data from the group leader PD. Dr.

Thomas G. Liman demonstrated that patients with PAR2-IgG levels in the top quartile

were at increased risk of poor outcome one year after stroke onset. However, the

functions and mechanisms of PAR2-IgG in ischemic stroke remain unclear.

In this study, the G-protein activation and regulatory mechanisms of VEGF release in

angiogenesis induced by trypsin and PAR2-IgG were investigated. The results

demonstrated that the PAR2 natural agonist trypsin generated the activation of

different G-protein subunits and ERK1/2 pathway mediating angiogenic gene

expression. Importantly, low level PAR2-Ab (Q1-3 PAR2-IgG) triggered the Gq/11 and

intracellular ERK1/2 signaling pathways leading to enhanced protein release and

transcription of VEGF, IL-6, IL-8, CXCL1 when compared to the highest level

PAR2-Ab (Q4 PAR2-IgG). These effects were inhibited by PAR2 and ERK1/2

specific blockers. In addition, the activation of the VEGF promoter by PAR2-IgG was

down-regulated by AP-1 inhibition. Effective response sequences on the VEGF

promoter might be located in the -1339 to -839 bp region. Furthermore, endothelial

angiogenesis in HMEC-1 and hCMEC/D3 cells was up-regulated by PAR2-IgG in

Q1-3 individuals when compared to that in Q4 individuals. Thus, PAR2-IgG in Q1-3

presented pro-angiogenic activities and agonistic function in vitro. However, the

complexity of Q4 PAR2-IgG needs to be further verified.

5.1 Characteristics of PAR2-IgG isolated from stroke
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patients
As previously mentioned , PAR2-IgG isolated from the plasma of stroke patients was

classified into Q1-3 (<14 unit/mL) and Q4 (>14 unit/mL); Q4 patients had a poor

outcome after being adjusted by age, sex, etiological subtypes, stroke severity,

pre-stroke dependency, and vascular risk factors. Our preliminary results

demonstrated that the Q1-3 PAR2-IgG with stimulating effects showed more PAR2

internalization, G-protein signal activation, production of angiogenic factors and

enhanced new vessel formation than those in the Q4 PAR2-IgG with weak stimulating

or neutral effects.

In recent years, studies have provided evidence that autoantibodies function

differently, for example, the classical TSH receptor autoantibodies with different

functional capabilities (stimulating, blocking, and cleavage) have been verified in

Graves' disease [86, 87]. In addition, IgG subclasses (with different functions) are

normally named in descending order of frequency, e.g., IgG1, IgG2, IgG3, and IgG4

[88]. Normally, IgG4 accounts for 5% of total IgG in human plasma [88]. IgG4 seems

to prevent the harmful effects (e.g., inflammatory response) of other antibody

subclasses by competition for antigen to block the binding of other IgG subclasses

without exerting an effector function [89, 90]. In this study, Q4 with higher titer

PAR2-IgG demonstrated a more inefficient G-protein activation than Q1-3 PAR2-IgG

with lower titer, which might be due to the presence of more blocking antibodies in

PAR2-IgG in Q4. Furthermore, based on the severity of the stroke, the functions, and

subclasses of PAR2-IgG might be not completely the same in the Q1-3 and Q4 groups.

In addition, it has been reported that autoantibodies against oxidized low-density

lipoprotein could contribute to a cascade of events characterized as

immunoinflammatory reactions of ischemic stroke [91]. There might be other IgGs

co-isolated by IgG purification in the Q1-3 and Q4 groups which contribute to the

pathological functions in stroke despite PAR2 specific blocker having been used to

test the specificity of PAR2 signaling. Therefore, the differences between, and

characteristics of Q1-3 and Q4 PAR2-IgG certainly need to be further investigated
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based on monoclonal PAR2-IgG in the near future.

5.2 G-protein coupling of PAR2
Luciferase reporter assay was applied to detect G-protein activation induced by

trypsin and PAR2-IgG. In this detection system, increased activities of NFAT, SRF,

and SRE reflected Gq/11, Gα12/13, and ERK1/2 activation following PAR2 activation

[81].

In this case, unlike the G-protein subunits activated by trypsin, PAR2-IgG isolated

from stroke patients activated Gq/11, and ERK1/2 but not Gα12/13. One study

demonstrated that PAR2 is a typical receptor of Gq/11 coupling which mediates

intracellular calcium via the PLC/IP3 pathway, and Gα12 coupling presented kinetics

with a very slow and sustained activation by trypsin until about 30 minutes [92].

Another study carried out by Kelly L. McCoy in PAR-null COS7 cells showed that

ectopically expressed PAR2 can couple to Gq/11 family members as well as Gα12/13

family members to activate the downstream signaling pathways, but not to Go and Gi

family members by PAR2-activating peptides (APs) [93].

In other contexts, ERK1/2 has been shown to be activated by other G-protein

signaling such as Gq/11, Gs, Gβγ, and β-arrestins [94]. Gq/11 coupling induces production

of DAG and PKC, which regulates ERK1/2 activation thorough Raf [55].

Accumulated cAMP generated by Gs activation and inhibited by Gi activation can

activate ERK1/2 via the Epac/Rap-1/B-Raf pathway or indirectly via PKA [95].

Additionally, specific modulation of ERK1/2 results from elevated cAMP or PKA

activation, while Gβγ subunits released from activating coupled Gs can activate the

MAPKs pathway [95]. Endocytosis of PAR2 mediated by β-arrestin leads to cytosolic

ERK1/2 activation, which does not translocate to the nucleus. Conversely, a point

mutant of PAR2 (δST363/6A) is independent of β-arrestin interaction and causes

ERK1/2 activation by a Ras-dependent pathway [96]. Prolonged ERK1/2 activation in

the status of a scaffolding complex mediated by β-arrestin is required for localized

actin assembly and chemotaxis in pseudopodia [97]. It was not possible to include
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tests for all possible G-proteins known to activate ERK1/2 within this thesis work. Its

additional focus was set to the downstream consequences induced by Gq/11 and

ERK1/2 activation initiated signaling cascade.

5.3 PAR2 and VEGF/VEGFR signaling
PAR2 has been involved in angiogenesis via the cross-talk between PAR2 and the

VEGF/VEGFR system [77]. The results of this study demonstrated that PAR2

activation induced by trypsin and Q1-3 PAR2-IgG promoted transcription and protein

secretion of VEGF via the ERK1/2-AP-1 signaling pathway.

Other researchers have also demonstrated that PAR2 activation triggers a

proangiogenic effect by increasing VEGF expression in vivo and in vitro. A.F. Milia et

al. reported that injection of PAR2-AP or trypsin enhanced reparative angiogenesis,

which resulted in accelerated hemodynamic recovery and limb salvage in mice [69].

PAR2, which is abundantly distributed in retinal ganglion cells, can promote

neovascularization through activating the transcription of VEGF promoter via Sp1

during retinal development, as well as ischemic retinopathy [98].

In this study, trypsin or Q1-3 PAR2-IgG stimulation facilitated the activation of

ERK1/2 and Akt. Inhibition of PAR2 or ERK1/2 signal decreased the expression of

VEGF and angiogenesis in vitro. LH. Chang et al. reported that PAR2 activation

promoted pancreatic cancer angiogenesis through enhanced VEGF secretion via the

ERK1/2 signaling, independently of the ILK/HIFs-α pathways [99]. In human adipose

stem cells, the MEK/ERK1/2 and PI3k/Akt pathways are involved in the production

and release of VEGF upon trypsin stimulation [100]. However, in glioblastoma (GBM)

cell lines, ERK1/2, not the PI3k/Akt pathway induced by PAR2-AP, was able to

modulate VEGF production [38]. Thus, the production of VEGF and other angiogenic

factors seems to be differently regulated depending on cell type and physiological or

pathological context.

Given the fact that trypsin and Q1-3 PAR2-IgG stimulation led to VEGF induction at

transcription and translation levels, the VEGF promoter assay was applied to
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investigate whether PAR2 activation regulated the promoter activation of VEGF. The

specific sequences on the VEGF promoter which respond to trypsin and PAR2-IgG

stimulation were explored by taking advantage of different truncations of VEGF

promoter fragments. The results showed that response sequences could be located in

the VEGF promoter sequence from -1339 to -839 bp. It was reported that AP-1

binding sites are located between -1227 to -1215 bp and between -937 to -925 bp,

respectively [37]. Subsequently, AP-1 inhibitor was applied and assessed its effects on

VEGF promoter activation. The specificity of the AP-1 binding site remains to be

confirmed by Electrophoretic mobility shift assay (EMSA).

Further ways to regulate VEGF expression have been reported in the literature. In

HEK293 cells, PAR2 translocated to the nucleus and facilitated the recruitment of Sp1

to trigger VEGF expression [98]. PAR2 activation induced the production of VEGF

via HIF-independent pathways, despite the fact that PAR2 activation altered the

protein levels of HIF-1α and HIF-2α [99]. In addition, post-transcriptional regulation

including mRNA stabilization enriched mRNA expression rather than activating the

promoter of genes. A contribution of these mechanisms of VEGF mRNA induction by

trypsin or PAR2-IgG should be investigated in further studies.

5.4 PAR2 and angiogenesis signaling
In addition to VEGF release, this thesis work detected that activation of PAR2

induced mRNA and protein release of IL-6, IL-8, and CXCL1 via the ERK1/2

pathway. Several studies have indicated that enhanced secretion of these angiogenic

cytokines could lead to VEGF production. IL-6 in synergy with sIL-6R enhanced

VEGF production and secretion in human peritoneal mesothelial cells (HPMCs)

through STAT3 and SP4 activating the VEGF promoter [101]. The addition of

recombinant IL-8 stimulated VEGF production and secretion in non-tumorigenic

SBcl2 primary melanoma cells and promoted angiogenesis [102]. It was reported that

overexpression of CXCL1 promoted xenograft local gastric tumor growth through

increased levels of p-STAT3, VEGF, and microvessel density [103]. Thus, a thorough
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understanding of the cross-talk between these cytokines and VEGF is of significance

upon PAR2 activation by trypsin or PAR2 IgG in endothelial cells.

Notably, in this study, angiogenic factor ANG2 was up-regulated upon PAR2

activation induced by trypsin, Q1-3, and Q4 PAR2-IgG. The role of ANG2 in

angiogenesis is mainly involved in destabilizing blood vessels, pathological

angiogenesis, enhanced vascular permeability, and vascular inflammation. Several

experimental data have found that ANG2 destabilizes blood vessels by counteracting

the Ang1-Tie2 signals and interaction within endothelial-periendothelial cells [104]. C.

Peter et al. reported that ANG2 was a natural antagonist for Tie2 to disrupt

angiogenesis in vivo [105]. Notably, endothelial ANG2 in synergy with VEGF was

reported to promote the sprouting of new vessels, while in the absence of VEGF, new

vessels would undergo regression by endothelial cell apoptosis induced by ANG2

[106]. Q1-3 PAR2-IgG promoted endothelial angiogenesis through the production of

more of the above-mentioned angiogenic cytokines than those in the Q4 PAR2-IgG

group, except for ANG2. Secreted ANG2 in the Q4 group might exhibit inhibitory

effects on angiogenesis due to a shortage of VEGF.

However, the regulatory molecular mechanisms of ANG2 activated by Q4 PAR2-IgG

remain unclear. In this regard, further exploration of ANG2 as a context-dependent

mediator of angiogenesis may be required.

5.5 ECLs and PAR2 activation
In addition to PAR2 downstream signaling, this work investigated the involvement of

ECLs in PAR2 activation upon trypsin and PAR2-IgG stimulation. More attention has

been paid to the role of ECLs over the past few years, especially after several

publications revealed that ECLs are involved in ligand binding.

It was reported that the substitution of six conserved amino acids with alanine in the

ECL1 of neurotensin receptor 1 led to a maximal loss of the agonist-specific binding

capacity [107]. ECL1 was a critical determinant for CP 55940-induced human

cannabinoid receptor 1 activation, which resulted from a loss of affinity for CP 55940
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agonist in ECL1 mutation [108]. In this study, mutation of ECL1 of PAR2 to alanine

decreased Gq11 and ERK1/2 activation upon trypsin stimulation, while ECL1 had no

significant effects upon PAR2-IgG activation.

ECL2 is the longest loop among all ECLs of PAR2. Previous research regarding AT1R

and ETAR in our laboratory revealed the significance of ECL2 in ligand binding and

receptor activation [109]. B. Al-Ani reported that site-directed mutagenesis of ECL2

in rat PAR2 reduced the potency of trypsin and other agonistic peptides (e.g.

SLIGRL-NH2) on calcium signaling [47].

Within this thesis work, the mutation of ECL2 down-regulated the potency of trypsin

on Gq11 and ERK1/2 activation, while ECL2 displayed no significant effects on

PAR2-IgG-induced ERK1/2 and Gq/11 activation.

Intriguingly, additional results displayed that mutation of ECL3 was able to increase

the Gq/11 and ERK1/2 activation induced by Q4 PAR2-IgG, which implied that ECL3

might be a binding site for antagonistic PAR2 autoantibodies. Simultaneously, the

substitution of ECL3, however, had no obvious alterations for Gq/11 and ERK1/2

activation by trypsin and Q1-3 PAR2-IgG. To date, other studies regarding the

functions of ECL3 have been limited. ECL3 mutations of the FSH receptor induced

higher receptor internalization by FSH, but simultaneously contributed to impaired

phosphorylation of ERK1/2 [110]. Additionally, the ECL3 of noradrenaline

transporter contributes to the binding selectivity of substrates and inhibitors [111].

ECLs might play a fundamental role in receptor internalization. In this study, the Q1-3

PAR2-IgG promoted wild-type PAR2 internalization when compared to Q4

PAR2-IgG. Further investigation for ECL-mediated receptor internalization and IgG

subclass binding sites will be of extreme importance in the future to regulate receptor

functions.

6. Future Prospects
The present work elucidated new PAR2 signaling pathways induced by PAR2-IgG in

human endothelial cells (ECs). In brief, Q1-3 PAR2-IgG led to increased receptor
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internalization, G-protein activation of PAR2, ERK1/2 activation, and angiogenic

gene production, finally leading to up-regulation of angiogenesis. Low PAR2-IgG in

the Q1-3 group led to an increase in the pro-angiogenic genes and angiogenesis when

compared to the high PAR2-IgG levels of Q4 group. This may offer new therapeutic

avenues to ameliorate or even halt stroke progression at an early stage.

Based on the thesis results, the following aspects may need to be explored in the

future:

1) Purified monoclonal autoantibodies could be purified and used to investigate the

potential binding sites on PAR2, its G-protein subunit activation and possible

ECL-mediated receptor internalization.

2) Furthermore, one could explore whether independent coupling of Gs, Gi, or

β-arrestins regulates the activation of ERK1/2 when stimulated with trypsin and

PAR2-IgG.

3) It is also important to look for the contribution of the PI3k/Akt pathway to the

regulation of the ERK pathway, the production of VEGF, and other angiogenic

factors.
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