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Abstract 

Background: 

Protease-activated receptor 2 (PAR-2) is a G protein-coupled receptor (GPCR) involved in 

angiogenesis. Autoantibodies targeting certain membrane receptors can influence angiogenesis 

and cancer development after transplantation. The presence of autoantibodies directed against 

PAR-2 (PAR-2+-IgG) in kidney transplant (KTx) patients and its angiogenic function have not 

been studied so far. 

Methods: 

IgGs were isolated from serum of healthy individuals and KTx patients by HiTrap Protein G 

columns and PAR-2 (PAR-2+-IgG) levels were confirmed by ELISA. PAR-2 signaling in response 

to natural activator trypsin, PAR-2 activating peptide (PAR-2 AP) and PAR-2+-IgG was studied in 

wild-type and PAR-2 overexpressing HMEC-1 by western blots and luciferase reporter assays. 

Real time PCR and ELISA were performed to study the effect of PAR-2 agonists and IgG on 

VEGFA production. The effect of PAR-2+-IgG on angiogenesis was studied using matrigel 

angiogenesis assay with endothelial cells. 

Results: 

PAR-2 levels from KTx patients (PAR-2--IgG) were lower than those from healthy controls (PAR-

2+-IgG). Trypsin and PAR-2 AP activated Gα12/13, Gq11 and ERK1/2 signaling in PAR-2 

overexpressing HMEC-1 cells in a dose-dependent manner. This resulted in increased promotor 

activity, mRNA and protein levels of VEGFA. PAR-2+-IgG activated Gα12/13, Gq11 and ERK 

significantly more strongly than PAR-2--IgG. PAR-2+-IgG increased VEGFA at both mRNA and 

protein level, which could be partially blocked by a PAR-2 specific blocker. Angiogenesis assay 

showed that PAR-2--IgG reduced vascular endothelial tube formation. 

Conclusion: 

The results here confirmed that PAR-2 couples with multiple G proteins, including Gα12/13 and Gq11, 

activates ERK, and leads to increased VEGFA in endothelial cells by the natural activator trypsin. 

PAR-2 autoantibodies present in healthy individuals activated same signaling cascades as trypsin 

and PAR-2 AP and were proangiogenic. In contrast, PAR-2--IgG from KTx patients were anti-

angiogenic. The clinical relevance of this reduced in vitro angiogenesis of PAR-2--IgG from KTx 
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patients has to be investigated in larger cohort studies in the future. It will be of interest whether 

these low PAR-2 antibody levels can be used as biomarkers, e.g. for cancer development, as 

demonstrated for PAR-1 autoantibodies. 
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Abstrakt 

Hintergrund: 

Protease-aktivierter Rezeptor 2 (PAR-2) ist ein G Protein gekoppelter Rezeptor (GPCR), der bei 

Angiogenese eine wichtige Rolle spielt. Autoantikörper, die gegen bestimmte Membranrezeptoren 

gerichtet sind, können Angiogenese und auch die Entwicklung von Krebs nach Transplantation 

beeinflussen. Das Vorkommen von Autoantikörpern gegen PAR-2 bei 

Nierentransplantationspatienten (KTx) und deren potentiell proangiogene Funktion wurden 

bislang noch nicht untersucht. 

Methoden: 

Mittels HiTrap Protein G Säulen wurde IgG aus dem Serum von gesunden Kontrollpersonen und 

nierentransplanierten Patienten isoliert und PAR-2 Autoantikörpertiter durch ELISA bestimmt. In 

Wildtyp und PAR-2 überexprimierenden HMEC-1 wurden PAR-2 abhängige Signalwege nach 

Aktivierung durch Trypsin, PAR-2 aktivierendes Peptid (PAR-2 AP) und PAR-2+-IgG wurden 

mittels Westernblots und Luziferase Reporter Assays untersucht. Real time PCR und ELISA 

wurden verwendet, um die Effekte der PAR-2 Agonisten und IgG auf die VEGF Freisetzung zu 

bestimmen. Der Einfluss von PAR-2+-IgG auf die Angiogenese wurde durch Matrigel- 

Angiogeneseassays mit Endothelzellen analysiert. 

Ergebnisse: 

PAR-2 Autoantikörpertiter von nierentransplantierten (PAR-2--IgG) Patienten waren niedriger als 

in gesunden Kontrollen. In PAR-2 überexprimierenden HMEC-1 wurde durch Trypsin und PAR-

2 AP der Gα12/13-, Gq11- und ERK1/2-Signalweg konzentrationsabhängig aktiviert. Dies führte zu 

einer erhöhten Promotoraktiviät, mRNA- und Proteinspiegel von VEGFA. PAR-2+-IgG aktivierte 

den Gα12/13-, Gq11- und ERK1/2-Signalweg signifikant stärker als PAR-2--IgG. PAR-2+-IgG erhöhte 

VEGFA sowohl auf mRNA, als auch auf Proteinebe, welches partiell durch PAR-2 spezifische 

Blocker gehemmt werden konnte. Angiogenesisassays zeigten, dass PAR-2--IgG zu einer 

verminderten endothelialen Netzwerkbildung führt. 

Schlussfolgerung: 

Die Ergebnisse dieser Arbeit bestätigen, dass PAR-2 an mehrere G Proteine koppelt, darunter 

Gα12/13 und Gq11, den ERK-Signalweg aktiviert und zu erhöhtem VEGFA in Endothelzellen durch 
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natürlichen Aktivator Trypsin führt. PAR-2 Autoantikörper von gesunden Personen aktivierten die 

gleichen Signalkaskaden wie Trypsin und PAR-2-AP und waren proangiogen. Dagegen wirkten 

PAR-2--IgG von KTx Patienten antiangiogen. Die klinische Bedeutung dieser verminderten in 

vitro Angiogenese von PAR-2--IgG von KTx Patienten sollte in zukünftigen größeren 

Kohortenstudien untersucht werden. Es wäre interessant, inwieweit niedrige PAR-2-

Antikörperspiegel z.B. analog zu PAR-1 Autoantikörperspiegeln als Biomarker für ein erhöhtes 

Krebsrisiko eingesetzt werden könnten.    
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1 Introduction 

1.1 Clinical background 

Kidney transplantation is considered to be the optimal therapy for patients with end-stage renal 

disease (ESKD).(1) After kidney transplantation, antibody-mediated rejection and increased 

incidence of cancer affect the life span and quality of life of the recipients.(2, 3) Autoantibody-

mediated receptor activation has been recognized as a factor that contributes to various diseases.(4) 

Stimulatory autoantibodies that recognize the angiotensin II type 1 receptor (AT1R) can lead to 

severe vascular rejection in kidney transplant recipients.(5) Autoantibodies against protease-

activated receptor 1 (PAR-1) in kidney transplant recipients negatively correlated with the 

development of metastatic cancer and the survival of those patients post renal transplantation due 

to the anti-angiogenic effect of those autoantibodies.(6) The presence of autoantibodies directed 

against another membrane receptor, protease-activated receptor 2 (PAR-2) has never been reported 

before, and their functions remain unexplored. Angiogenesis is known to contribute to the 

development of various complications after transplantation. Thus, this thesis is focused on the 

investigation of the potential proangiogenic effect of autoantibodies directed against PAR-2, 

extending current knowledge about PARs in proangiogenic pathomechanisms. 

1.2 PAR-2 

1.2.1 PAR-2, receptor of proteases 

PAR-1 and PAR-2 are members of the protease-activated receptors (PARs) family, which currently 

comprises four members, namely PAR-1, PAR-2, PAR-3 and PAR-4.(7) PAR-2, also known as 

coagulation factor II receptor-like 1, G-protein coupled receptor 11, or thrombin receptor-like 1, is 

the second member of the PARs family. Natural PAR-2 agonists include trypsin, tryptase, Factor 

VIIa and Factor Xa.(7)  

1.2.2 PAR-2 gene and protein 

The human PAR-2 gene is located in chromosome region 5q13 near the PAR-1 gene, and consists 

of 2 exons.(8) The PAR-2 protein contains 687 amino acids, with a molecular mass predicted to 
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be about 44kDa. Human PAR-2 is glycosylated on two N-linked glycosylation sites located at 

Asn30 within the N-terminus, and at Asn222 within extracellular loop 2 (ECL2).(9) N-linked 

glycosylation not only facilitates cell surface expression of the receptor, but also affects receptor 

signaling.(9) 

PAR-2 displays a wide tissue and cell expression pattern. It is abundantly distributed in skin, lung, 

brain, prostate, vasculature, colon and uterus.(10) It is highly expressed in vascular endothelial 

cells (EC), epithelial cells, neuronal cells, keratinocytes and fibroblast cells.(10)  

1.2.3 PAR-2 activating mechanism 

Proteases activate PAR-2 via a unique mechanism of proteolysis. The protease cleaves the receptor 

after recognizing a specific enzymatic site located at the extracellular N-terminus, 

SKGR34↓S35LIGKV in humans.(11) This irreversible cleavage generates a new N-terminus that in 

turn serves as a tethered ligand, binding to the extracellular domain of the same receptor and 

initiating receptor activation.(11) (Figure 1) Furthermore, receptor site-directed mutation 

experiments revealed that amino acids within ECL2 (residues Val212–Leu235) are essential for 

tethered ligand-mediated receptor activation.(12)  

 
Figure 1. Mechanism of PARs activation and their agonists. (13) 
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1.2.4 PAR-2 cellular signaling pathways 

Compared with PAR-1, the signaling mechanism of PAR-2 is still largely unknown. However, 

there are several lines of evidence suggesting that PAR-2, like other GPCRs, couples with various 

G proteins and β-arrestins.(14, 15) PAR-2 couples to Gq/11 and Gα12/13 in COS-7 cells.(14) PAR-2 

activation triggers the coupling of Gα12 and β-arrestin 1.(15) Both β-arrestin 1 and 2 are critical for 

the desensitization and internalization of PAR-2 after receptor activation.(16) 

The cellular events upon PAR-2 activation include cell proliferation, migration, survival and 

release of multiple cytokines.(17) These events are mediated by the activation of multiple 

downstream signaling pathways.(Figure 2) Stimulated PAR-2 can activate multiple mitogen-

activated protein kinase (MAPKs) signaling pathways, including extracellular signal-regulated 

kinase (ERK1/2), p38, and c-Jun NH2-terminal kinase (JNK).(18) Downstream of the 

phosphoinositide phospholipase C (PLC) activation, phosphorylation of IκB kinase-α (IKK-α) and 

IKK-β causes the activation and nuclear translocation of nuclear factor-kappa B (NF-κB), inducing 

the transcription of NF-κB dependent genes, such as intercellular adhesion molecule 1 (ICAM-1), 

interleukin 6 (IL-6), and interleukin 8 (IL-8).(18)  

 

Figure 2. The canonical G-protein signaling and β-arrestin-dependent signaling induced by PAR-2 activation. (18)  
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1.2.5 PAR-2 in human pathology 

PAR-2 modulates of a wide range of physiological and pathological processes. Abnormal PAR-2 

levels have been related to the development and progression of various diseases, like cancer, 

atherosclerosis, IgA nephropathy, lung fibrosis, and cardiac hypertrophy.(19-23) Both PAR-2 

mRNA and protein levels were elevated in biopsies from IgA nephropathy patients.(19) The 

protein level of PAR-2 and its ligand factor VIIa was elevated in idiopathic pulmonary fibrosis 

patients.(20) PAR-2 was essential for Factor VIIa and Xa–induced migration, and invasion of 

highly invasive breast cancer cells.(21) Systemic deletion or hematopoietic deletion of PAR-2 

attenuated vascular inflammation and atherogenesis in the atherosclerotic mouse model.(22) In 

mice, overexpression of PAR-2 in cardiomyocyte led to heart hypertrophy, while cardiomyocyte-

specific knockout of PAR-2 attenuated heart remodeling and improved heart function in a 

myocardial infarction model.(23)  

1.3 Autoantibodies targeting GPCRs 

1.3.1 Autoantibodies directed against GPCRs 

Naturally occurring autoantibodies of the IgM, IgG and IgA classes, reactive with various serum 

proteins, cell surface structures and intracellular structures, have been identified in normal 

individuals.(24) Naturally occurring autoantibodies targeting G protein-coupled receptors (GPCRs) 

can also be detected in the serum of normal individuals, who never develop autoimmune 

disorders.(25) GPCRs, most of which signal via the interaction between intracellular domains and 

heterotrimeric G proteins, transduce multiple extracellular signals into intracellular signals, and 

regulate a wide range of physiological process.(26) If autoantibodies directed against GPCRs can 

agonize or antagonize the receptor after binding to the receptor, these autoantibodies will be of 

pathogenic and clinical significance. Indeed, autoantibodies directed against several GPCRs, 

including AT1R, β1- and α1-adrenoceptor (β1 and α1 AR), and thyroid-stimulating hormone 

receptor (TSHR), have been characterized and related to diseases.(4) (Figure 3) 
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Figure 3. Contribution of cardiovascular receptor-agonistic autoantibodies to cardiovascular diseases. (4) 

1.3.2 Autoantibodies targeting GPCRs in human pathology 

Graves' patients have higher TSHR IgG levels compared to healthy controls. Mice injected with 

cDNA or adenoviruse encoding TSHR produced anti-TSHR autoantibodies and developed 

Graves’-like hyperthyroidism, proving the pathological role of TSHR autoantibodies in Graves’ 

disease.(27, 28) 

Autoantibodies directed against α1 AR and β1 AR are frequently present in serum from patients 

with hypertension and idiopathic dilated cardiomyopathy, respectively. β1 AR IgG recognizing the 

first or second ECL of the receptor activate the β1 AR signaling cascade, and its level is associated 

with cardiac function.(29) α1-AR IgG enhances the beating rate of neonatal rat 

cardiomyocytes.(30) Removal of α1-AR IgG by immune-adsorption could reduce blood pressure, 

suggesting the contribution of these autoantibodies to the development of refractory 

hypertension.(31) 

AT1R is the receptor for the small peptide Angiotensin II. AT1R-agonistic, AT1R IgG 

autoantibodies were initially demonstrated to contribute to the pathogenesis of preeclampsia.(32) 

Later, Dragun linked AT1R IgG to the pathogenesis of vascular rejection.(5) AT1R IgG present in 
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patients with systemic sclerosis (SSc) might contribute to the pathogenesis of SSc.(33)  

1.4 VEGF: master regulator of angiogenesis 

1.4.1 VEGF and angiogenesis  

Angiogenesis, the sprouting of new capillaries from pre-existing blood vessels, is essential for 

vascular development and maintenance.(34) It occurs during diverse normal physiological 

processes, such as embryonic development, pregnancy, and wound healing.(34) Multiple growth 

factors, chemokines, cytokines and enzymes regulate angiogenesis directly or indirectly.(35) 

Vascular endothelial growth factor A (VEGFA) is considered to be a master regulator. 

VEGFA is the key member of VEGF protein family which currently consists of five members, 

placental growth factor (PLGF), VEGFA, VEGFB, VEGFC and VEGFD. In heterozygous VEGF-

deficient (Vegfa+/-) embryos, blood vessel formation is impaired, but not abolished, and 

homozygous VEGFA-deficiency (Vefga-/-) leads to embryonic lethality at mid-gestation due to 

significantly impaired vessel formation.(36) Adenoviral vector-mediated VEGFA delivery results 

in robust lymphangiogenesis and angiogenesis in mice in vivo.(37) In physiological processes, 

VEGFA signaling is a rate-limiting step and tightly controlled. The VEGFA level increases at the 

initiation step of angiogenesis, and declines at the resolution step of angiogenesis.(38)(Figure 4). 

 

Figure 4. Physiological angiogenesis process. (38)  

1.4.2 Regulation of VEGFA expression 

Human VEGFA gene localizes to the chromosome 6p12 and is organized as eight exons.(39) 
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Alternative splicing of VEGFA mRNA, signal sequence cleavage, and proteolytic processing result 

in the generation of five major isoforms (VEGF121, VEGF145, VEGF165, VEGF189, and 

VEGF206), with VEGF165 being the most important isoform.(40)  

Oxygen tension, growth factors and oncogenes are the main regulators of VEGF expression. 

Hypoxia induces VEGFA mRNA transcription via enhancement of hypoxia-inducible factor 1 α 

(HIF-1 α) binding to the hypoxia response element within the proximal promoter region.(41) 

Multiple growth factors, inflammatory cytokines and sex hormones, like TGF-β, IL-6, estrogen or 

androgen, can greatly induce VEGFA secretion.(42) Mutation of Ras oncogene or p53 tumor 

suppressor gene, or overexpression of SRC oncogene, can lead to abnormal VEGFA 

production.(43) 

1.4.3 Physiological and pathological functions of VEGFA 

The biological effects of VEGFA on endothelial cells are diverse. It is well-known that VEGFA 

can induce proliferation, sprouting, and migration of vascular EC derived from veins, arteries, and 

lymphatics in vitro.(43) VEGFA can also affect non-endothelial cells. VEGFA induces the 

activation and migration of human monocytes.(44) VEGFA exerts chemoattractive effect on 

human mesenchymal progenitor cells.(45) Cancer cell line-derived VEGFA inhibits the generation 

of dendritic cells from precursors, without any effect on relatively mature dendritic cells.(46) 

Excessive or insufficient angiogenesis due to abnormal VEGFA signaling has been implicated in 

various pathologic conditions, including cancer, intraocular neovascular syndromes, and 

preeclampsia.(47-49) In preeclampsia patients, excess circulating placental soluble VEGFR-1 

(sVEGFR-1) decreases levels of free VEGFA, resulting in endothelial dysfunction, hypertension, 

and proteinuria.(47) Hypoxia-induced VEGFA governs pathological retinal neovascularization 

and causes retinal neovascular diseases.(48) Inhibition of VEGF using soluble VEGFR chimeric 

proteins suppresses retinal neovascularization in vivo.(48) VEGFA is frequently upregulated in 

cancer patients.(49)Avastin®(bevacizumab), a humanized monoclonal antibody against VEGF, has 

been approved to treat various types of cancer.(49)  
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2 Hypothesis and Objectives 

2.1 Hypothesis 

Autoantibodies directed against various GPCRs have been detected in kidney transplant patients. 

These autoantibodies have been shown to influence renal function after transplantation by directly 

affecting endothelial cells. PAR-2 is a GPCR expressed in endothelial cells, whose activation 

influences inflammation, fibrosis and angiogenesis. Hence, it is hypothesized that kidney 

transplant patients present PAR-2 IgG, and that these IgG can activate PAR-2 and induce the 

expression of VEGF, thereby contributing to angiogenesis. 

2.2 Objectives 

In order to validate the hypothesis, it was necessary to clarify the intracellular signaling following 

PAR-2 activation, to investigate whether there are differences between kidney transplant patients 

and healthy individuals regarding PAR-2-IgG level and to assess the effects of PAR-2-IgG on 

VEGF and angiogenesis. Therefore, the objectives of this work were: 

1. To quantify the level of PAR-2-IgG in healthy individuals and kidney transplant patients.  

2. To establish a cell culture model in human microvascular endothelial cells 1 (HMEC-1) which 

allows the investigation of PAR-2 signaling. 

3. To investigate G-protein signaling pathways activated by PAR-2, and to study the effect of 

PAR-2 activation on VEGF levels.  

4. To characterize and compare G-protein signaling of PAR-2+-IgG isolated from healthy 

individuals and kidney transplant patients.  

5. To investigate the effect of PAR-2+-IgG on VEGF expression in cultured HMEC-1 cells and on 

angiogenesis. 
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3 Materials and methods  

3.1 Materials 

3.1.1 Chemical substances 

Reagents  Manufacturer  

1 kb DNA ladder NEB 

10X Trypsin-EDTA PAA 

2-Propanol Carl Roth 

5X Passive Lysis Buffer (PLB) Promega 

50 bp DNA ladder Thermo Fisher 

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

Agarose Carl Roth 

Ampicillin Alkom 

BSA Carl Roth 

Chloroform Carl Roth 

Diethylpyro-carbonate (DEPC) Sigma Aldrich 

Dimethyl sulphoxide (DMSO) Sigma Aldrich 

Dithiothreitol (DTT) AppliChem 

DMEM Low glucose medium  Biowest 

DNA Gel Loading Dye (6X) Thermo Fisher 

dNTP Mix  Thermo Fisher 

Ethylenediamintetra-acetic acid (EDTA) Carl Roth 

ENMD-1068 hydrochloride Sigma Aldrich 

Ethanol 99.8% Carl Roth 

FastStart Universal SYBR Green Master (Rox) Roche 

Fetal Bovine Serum (FBS) Gibco 

Gelatine Sigma  

hEGF Sigma Aldrich 

Hydrocortisone Sigma Aldrich 
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Reagents  Manufacturer  

M-MuLV Reverse Transcriptase  NEB 

Nonfat dried milk powder  AppliChem 

NaF (Sodium Fluoride) AppliChem 

MCDB-131 medium c.c.pro GmbH 

Midori Green Direct  NIPPON Genetics Europe 

MOPS Applichem 

PD 184352 Sigma Aldrich 

Penicillin-Streptomycin Solution 100X Biowest 

Protease Inhibitor Tablets, Complete Mini Roche Applied Science 

Protein Marker VI (10-245) prestained AppliChem 

Ponceau S  Carl Roth 

PVDF (polyvinylidene difluoride) GE Healthcare  

Oligo d(T)16 (50 µM) Invitrogen 

RNase inhibitor ABI 

Roche complete inhibitor Roche Diagnostics GmbH 

SB 203580 Calbiochem 

Sodium azide Sigma Aldrich 

Sodium chloride Carl Roth 

Sodium hydroxide Sigma Aldrich 

Sodium orthovanadate (Na3VO4) Roth 

Sodium pyrophosphate Applichem 

Sodium dodecyl sulfat (SDS) Pellets Carl Roth 

SuperSignal West Pico Thermo Scientific 

SuperSignal West Dura Thermo Scientific 

Thrombin Sigma Aldrich 

Tri-Sodium citrate dihydrate Carl Roth 

Trypan blue Sigma Aldrich 

Trypsin-EDTA 10X Biowest 
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Reagents  Manufacturer  

Trypsin from bovine pancreas  Sigma Aldrich 

Valsartan  Sigma Aldrich 

WesternBright Sirius HRP substrate Advansta 

3.1.2 Antibodies 

Antibodies Company dilution 

Akt antibody (# 9272) Cell signaling  1:1000 

Alpha-Tubulin antibody  Sigma Aldrich 1:1000 

GAPDH antibody (# 6C5CC) HyTest 1:10000 

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

PAR-2 antibody (#sc-13504) Santa Cruz  1:200 

Peroxidase-conjugated AffiniPure Donkey 

Anti-Mouse IgG 
Dianova 

1:20000 

Peroxidase-conjugated AffiniPure Donkey 

Anti-Rabbit IgG 
Dianova 

1:20000 

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

Phospho-Akt (Thr308) antibody (# 9275) Cell signaling  1:1000 

Phospho-p38 MAPK antibody (#4511) Cell signaling  1:1000 

Phospho-p44/42 MAPK (Erk1/2) 

(Thr202/Tyr204) antibody (#9106) 
Cell signaling  

1:1000 

3.1.3 Kits  

Kit Manufacturer 

Buffer Kit for Antibody Pairs Invitrogen 

DC™ Protein Assay Bio-Rad 

Dual-Luciferase® Reporter Assay System. Promega 

GeneJET Plasmid Miniprep Kit   Thermo Fisher 

Human VEGF Standard TMB ELISA Kit PeproTech 
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Kit Manufacturer 

In-Fusion® HD Cloning Kit Takara 

Luciferase Assay System Promega 

NucleoBond®Xtra Midi/Maxi MACHEREY-NAGEL  

PeqGOLD MicroSpin Cycle pure Kit VWR 

Xfect Transfection Reagent Takara 

3.1.4 Equipment 

Equipment Manufacturer 

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

Axiovert 40 CFL Microscope Carl Zeiss 

Digital Heatblock II  VWR 

Duomax 1030 Platform Shaker Heidolph Instruments 

Electrophoresis Power Supply Model EPS-3500 Pharmacia Biotech 

FLUOstar OPTIMA Microplate Reader BMG LABTECH 

FRESCO 21 Centrifuge  Thermo Electron Corporation 

Gel documentation system, Syngene G:BOX  

Chemi XRQ 
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 

Rotor RS-TR05 Phoenix Instrument 

SUB Waterbath Grant 

T Professional BASIC XL 96 Thermocycler Biometra 

UV-transilluminator Gene Flash SYNGENE 
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3.1.5 Plasmids, bacteria, cell lines and enzymes 

Plasmid Company 

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 

 

Cells  Company 

Stellar™ Competent Cells Clontech 

Human Microvascular Endothelial Cells  

(HMEC-1) 

Kindly provided by Dr. 

Orzechowski 

 

Enzyme Company 

BamHI-HF NEB 

EcoRI-HF NEB 

HindIII-HF NEB 

XhoI NEB 

3.1.6 Buffers 

Buffer Reagent Final Conc. 

Blocking buffer (WB) Nonfat dried milk powder 5% m/v 

 BSA 1% m/v 

 add 1x TBS-T  

   

Blocking buffer (ELISA)  1% BSA 1% 

 add 1x PBS  

 Na2HPO4 0.02 mol/L 
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Buffer Reagent Final Conc. 

 sterile by filter  

   

BICIN transfer buffer 1x  BICIN 25 mM 

 Bis-Tris 25 mM 

 EDTA, pH 8.0 1 mM 

 Ethanol 10% v/v 

Dilution buffer  Tween 20 0.05% 

BSA 0.1% 

Add 1x PBS  

   

Elution buffer, pH 2.7 Glycin-HCl 0.1 mol/L 

   

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

   

Glycin stripping buffer 

pH 2.0 

Glycin 25 mM 

 SDS 1% m/v 

  

Laemmli buffer 5x 

 

 

 

Tris-HCl, pH 7.5 250 mM 

DTT 500 mM 

Glycerol 30% v/v 

SDS 5% m/v 

Bromphenol blue 0.25% m/v 

 

MOPS running buffer 1x, 

pH 7.7 

 

MOPS 

 

50 mM 

Tris 50 mM 

EDTA, pH 8.0 1 mM 

SDS 0.1% m/v 

   

Neutralization buffer,  

pH 9.0 
Tris 1 M 

   

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

pH 7.3 

NaCl 137 mM 

KCl 2.7 mM 

Na2HPO4 9 mM 

KH2PO4 2.3 mM 
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Buffer Reagent Final Conc. 

TBE buffer 1x,  

pH 8.0 

Tris 89 mM 

Boric acid 89 mM 

EDTA 2 mM 

   

TBS-T buffer 1x,  

pH 7.6-8.0 

Tris  50 mM 

NaCl 150 mM 

 Tween 20 0.1% v/v 

TE buffer 10x Tris-HCl, pH 7.5 0.1 M 

EDTA 0.01 M 

   

TST lysis buffer 

 

 

TST lysis buffer 

Tris-HCl, pH 8.0 100 mM 

SDS 0.2% m/v 

TritonX-100 1% v/v 

Roche Complete 0.1% v/v 

 β-Glycerolphosphate 10 nM 

NaF 10 nM 

Na3VO4 1 nM 

Sodium pyrophosphate 10 nM 

   

Wash buffer (ELISA) Tween 20 0.05% 

 Add 1x PBS  

3.1.7 Media 

Media Reagent Final Conc. 

LB medium Bacto tryptone 1% m/v 

Bacto yeast extract 0.5% m/v 

NaCl 1% m/v 

 sterilized by autoclaving 

 
 

LB agar plate Bacto tryptone 1% m/v 

Bacto yeast extract 0.5% m/v 

NaCl 1% m/v 

Bacto agar 1.5% m/v 

sterilized by autoclaving  

   

HMEC-1 complete medium L-glutamine 10 mM 

hEGF  10 ng/mL 

Hydrocortisone 10 nM 

FCS 5%v/v 

Penicillin 100 U/mL 

Streptomycin 100 µg/mL 

http://www.dict.cc/englisch-deutsch/boric+acid.html
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Media Reagent Final Conc. 

HMEC-1 starvation 

Medium 

L-glutamine 10 mM 

hEGF  10 ng/mL 

Hydrocortisone 10 nM 

FCS 0.5% v/v 

Penicillin 100 U/mL 

 Streptomycin 100 µg/mL 

3.1.8 Primers 

All primers were synthesized by TIB Molbiol (Germany) and dissolved in water with a final 

concentration of 100 µM.  

The sequence of primers used for amplifying PAR-2 cDNA was 5'-

TACCGAGCTCGGATCCATGCGGAGCCCCAGCGCG-3' (Forward), and 5'-

GATATCTGCAGAATTCCTAATAGGAGGTCTTAACAG-3' (Reverse). The sequence of the 

primer used for DNA sequencing was 5'-CGCAAATGGGCGGTAGGCGTG-3'. The sequence of 

the primers used for RT-qPCR are listed below in Table 1. All the primers were diluted at a 

concentration of 10 µM with ddH2O before use. 

 

Primer Name 5'→3' 

B2M forward GTGCTCGCGCTACTCTCTCT 

B2M reverse CGGCAGGCATACTCATCTTT 

GAPDH forward CCATCTTCCAGGAGCGAGAT 

GAPDH reverse GATGACCTTGCCCACAGCCT 

PAR-2 forward TGCTAGCAGCCTCTCTCTCC 

PAR-2 reverse CCAGTGAGGACAGATGCAGA 

VEGFA forward CCTTGCTGCTCTACCTCCAC 

VEGFA reverse CACACAGGATGGCTTGAAGA 

Table 1. Primers for qRT-PCR 

3.2 Methods 

3.2.1 RNA extraction, cDNA production and qPCR 

3.2.1.1 RNA extraction and cDNA production 

Total RNA was extracted from cultured endothelial cells using Qiazol according to the 

manufacturer’s protocol. RNA pellets were dissolved in diethyl pyrocarbonate (DEPC) water and 
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the concentration was measured by NanoDrop® Spectrophotometer. Absence of genomic DNA 

contamination in isolated RNA samples was confirmed by agarose gel electrophoresis.  

1µg of total RNA was reverse-transcribed to cDNA by M-MuLV Reverse Transcriptase using 

Oligo dT primer. Reverse transcription components are shown in Table 2, and reverse transcription 

reaction conditions in Table 3.  

 

Content   Final concentration 

10X M-MuLV Reverse transcriptase Buffer  1X 

dNTP mix (10 mM)  1.6 mM 

RNase inhibitor (20 U/µL)  0.4 U/µL 

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

Oligo(dT)16 Primer (50 µM)  1 µM 

RNA  0.02 µg/µL 

ddH2O  -- 

Total  -- 

Table 2. cDNA synthesis system 

 

Temperature (℃.) Time 

25 10 min 

40 1 hr 

90  5 min 

Table 3. Reverse transcription reaction conditions 

3.2.1.2 qPCR  

Quantitative PCR was performed to quantify the level of gene expression of a gene of interest with 

the Applied Biosystems® 7500 qRT-PCR System under the cycling conditions listed in Table 4. 

Quantitative PCR components are listed below in Table 5. To show the expression of B2M and 

PAR-2 in HMEC-1 cells, qPCR products were collected and checked on TBE agarose gel. 

 

Temperature (℃.) Time 

90 10 min 

40 1 hr 

90  5 min 

4 -- 

Table 4. qPCR cycling condition 
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Content Volume (1X) Final concentration 

SYBR Green 4 µL 1x 

Forward Primer (10 µM) 0.5 µL 0,4 µM 

Reverse Primer (10 µM) 0.5 µL 0,4 µM 

ddH2O 7 µL -- 

cDNA 1 µL -- 

Total 13 µL -- 

Table 5. qPCR components 

3.2.1.3 Agarose gel electrophoresis 

1% TBE agarose gel was used for gel electrophoresis. Solidified agarose gel was placed into the 

gel box (electrophoresis unit) in TBE buffer. Samples were mixed with 6X DNA loading buffer 

and 1/50 Midori green direct DNA dye. Samples and DNA ladders were loaded into the wells and 

electrophoresed at 100 V for one hour before visualizing the bands under a UV-transilluminator. 

3.2.2 Generation of PAR-2 expression constructs 

3.2.2.1 PAR-2 amplification  

PAR-2 was amplified using the CloneAmp HiFi PCR Premix using HMEC-1 cDNA as the 

template. PCR components are listed below in Table 6, and the cycling conditions are listed below 

in Table 7. Agarose gel electrophoresis was performed to confirm that a single DNA fragment 

with the expected size had been obtained. 

 

Reagent Volume/Quantity Final Conc. 

CloneAmp HiFi PCR Premix 12.5 µL 1X 

10 µMForward Primer 5 pmol 0.2 µmol/L 

10 µMReverse Primer 5 pmol 0.2 µmol/L 

cDNA 2 µL  

Sterilized distilled water up to 25 µL  

Table 6. PCR master mix 

 

Temperature (℃) Time (sec.) Amplification cycles 

98  60  -- 

98 10  35 

60 10  35 

72 15  35 

72 60  -- 

Table 7. PCR cycling conditions 
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3.2.2.2 Vector linearization and purification  

1μg of the pcDNA3.1 plasmid was linearized using 20 units of BamHI-HF and 20 units of EcoRI-

HF restriction enzymes in CutSmart buffer provided by the manufacturer. Samples were incubated 

at 37°C for six hours and digestion was verified on a TBE agarose gel. 

Linearized plasmid was purified using a PeqGOLD MicroSpin Cycle-pure kit according to the 

manufacturer’s instructions. The concentration of purified vector was measured using a 

NanoDrop® Spectrophotometer. 

3.2.2.3 PAR-2 cDNA insertion 

An In-Fusion HD Cloning kit was used to insert PAR-2 into the pcDNA3.1 linearized vector 

according to manufacturer’s instructions. In brief, previously generated PAR-2 cDNA generated 

previously was treated with the Cloning Enhancer according to the manufacturer’s instructions. 

In-Fusion cloning reaction was set up as listed below in Table 8. 

 

Component Volume/quantity 

5X In-Fusion HD Enzyme Premix 2 µL 

Linearized Vector 100 ng 

Enhancer-treated PAR-2 cDNA 2 µL 

ddH2O up to 10 µL 

Table 8. In-Fusion cloning reaction 

3.2.2.4 Bacterial transformation 

Stellar™ competent cells were used as the host cells for generating multiple copies of plasmid 

DNA. Heat-shock transformation was used to introduce the foreign plasmid into the host cells. 

Transformation was performed according to the manufacturer’s instructions. Transformed bacteria 

were plated onto a 10cm LB agar plate containing 100 µg/mL ampicillin for selection, and allowed 

to grow overnight in a 37°C incubator before picking bacteria colonies. 

3.2.2.5 Recombinant plasmid isolation, verification and expansion 

Colonies growing on the agar plate were picked and pre-cultivated into LB liquid medium 

containing ampicillin (100 µg/mL) overnight. 2 mL of every pre-culture were used for plasmid 

preparation. Plasmid preparation was carried out using the GeneJET Plasmid Miniprep Kit 

according to manufacturer ś instructions. The concentration of the isolated plasmids was measured 
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by NanoDrop® Spectrophotometer.  

To assert PAR-2 cDNA presence, isolated plasmids were digested with HindIII-HF and XhoI 

restriction enzymes at 37°C for three hours, and then checked by TBE agarose gel electrophoresis. 

Plasmids showing two bands corresponding to the size of the vector and the PAR-2 cDNA were 

considered to be positive. The positive plasmids were sent to LGC Genomics GmbH for 

sequencing. The resulting sequences were analyzed using the NCBI standard nucleotide BLAST 

tool. 

In order to obtain a large amount of plasmid, plasmid preparation was performed using the 

NucleoBond® Xtra Midi kit, following the protocol provided by the manufacturer. The plasmids 

were stored at -20°C prior to use. 

3.2.3 PAR-2 IgG level measurement and IgG isolation  

Measurement of the levels of autoantibodies against PAR-2 in serum from kidney transplant 

patients and healthy controls was performed by CellTrend GmbH, using a solid-phase based 

ELISA (ethical approval for serum samples: EA2/068/07). The CellTrend PAR-2 antibody ELISA 

is an antibody screening test. Human PAR-2 is pre-coated onto a microtiter plate, serving as 

antigen. During the first incubation the anti-PAR-2 antibodies of the samples are immobilised on 

the plate. The auto-antibodies are detected with a POD labeled anti-human IgG antibody. In the 

following enzymatic substrate reaction, the intensity of the colour correlates with the concentration 

and/ or avidity of anti-PAR-2 antibody. 

Immunoglobulins (IgG) were purified by affinity chromatography using HiTrap Protein G 

columns. The serum was centrifuged at 5,000rpm for 15min, and filtered with 0.45µm PVDF 

syringe filters to remove the remaining cell debris, before diluting with the same volume of binding 

buffer. HiTrap Protein G column was equilibrated with binding buffer before loading samples into 

the column. To increase the recovery rate, flow through was collected and loaded again. After 

washing the column with binding buffer, captured IgG were eluted with elution buffer, and the 

collected IgG was neutralized immediately using neutralization buffer.  

Purified IgG was dialyzed against DMEM low glucose medium overnight under constant stirring 

at 4°C. After dialysis, the concentration of IgG was determined by Labor Berlin. 
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3.2.4 Cell experiments  

3.2.4.1 HMEC-1 cell culture 

HMEC-1 were grown on gelatin pre-coated flask or plates in HMEC-1 complete medium in a 

humidified incubator at 37℃ with 5% CO2 and were used between passage 21 and 30. Cells at 90% 

confluence were trypsinized with Trypsin-EDTA solution. After centrifugation and resuspension 

in complete medium, the harvested cells were counted with a Neubauer cell chamber in the 

presence of Trypan blue to assess their viability. 50,000 cells or 200,000 cells in HMEC-1 

complete medium were seeded per well, in 24 well plates or 6 well plates, respectively. 1,000,000 

cells in HMEC-1 complete medium were seeded in a 75 cm2 flask. 500,000 cells HMEC-1 cells 

were seeded in complete medium into 6 cm2 dishes. 

3.2.4.2 Cell stimulation  

Cells at 70 to 80% confluence were serum-starved overnight prior to stimulation. For the VEGF 

ELISA experiment, cells were stimulated with 100 nM trypsin or 1 mg/mL IgG for 24 hours, and 

then medium was collected. For mRNA expression experiments, cells were stimulated for the 

indicated time period using appropriate stimuli. For receptor blocking experiments, cells were pre-

incubated with specific receptor blocker(s) for one hour before addition of stimuli. 

3.2.4.3 Luciferase reporter assay 

Cells were allowed to grow for 3 days to reach a confluence of 80-90% before transfection. Cells 

were transiently transfected with 100 ng serum response element (SRE), or 100 ng serum response 

factor (SRF), or 200 ng nuclear factor of activated T-cells (NFAT) reporter plasmid per well, in 

24 well plates using Xfect transfection reagent according to manufacturer’s instructions. To 

overexpress PAR-2, rising amounts of pcDNA-PAR-2 plasmid were co-transfected. Four hours 

after transfection, the medium was changed to HMEC-1 starvation medium, and cells were further 

cultured in the incubator. After 24 hours of transfection, cells were stimulated with isolated IgG, 

trypsin or DMEM low glucose as a control. After 6 hours stimulation, cells were washed twice 

thoroughly with PBS, and then lysed with 100µL of 1X PLB at room temperature for 15min under 

constant shaking. Luciferase activity in the cell lysates was detected using the Luciferase Assay 
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System from Promega according to manufacturer’s instructions with a FLUOstar microplate 

reader. 

3.2.4.4 Dual luciferase reporter assay 

For dual reporter assay, 100 ng of VEGF2068 promoter-luciferase plasmid and 2 ng of Renilla 

control vector were transfected per well in 24 well plates using Xfect transfection reagent. To 

overexpress PAR-2, 100 ng of pcDNA-PAR-2 plasmid were co-transfected. Four hours after 

transfection, the medium was changed to HMEC-1 starvation medium, and cells were further 

cultured in the incubator. 24 hours after transfection, cells were stimulated for 6 hours. Then, cells 

were washed twice thoroughly with PBS, and lysed with 100 µL of 1X PLB. Luciferase activity 

in the cell lysates was detected using the Dual-Luciferase® Reporter (DLR™) Assay System from 

Promega according to manufacturer’s instructions with a FLUOstar microplate reader.  

3.2.4.5 Matrigel angiogenesis assay 

Frozen basement membrane extract gels were placed in a refrigerator at 4°C and allowed to thaw 

overnight. A pre-cooled 96-well cell culture plate was coated with 50 µL thawed matrigel each 

well using chilled 200 µL pipette tips. The 96-well plate was put into the cell culture incubator 

and incubated at 37°C for 30 min. 

80%-90% confluent HMEC-1 cells from the 75-cm2 flask were harvested and resuspended in 

HMEC-1 starvation medium. Cell number was determined using the tryptan blue exclusion 

method. Cells were furthered diluted with HMEC-1 starvation medium to get a concentration of 

2.0×105 cells per mL.  

IgG was diluted with DMEM low glucose medium to reach a concentration of 2.0 mg/mL. 100 µL 

of IgG solution and 100 µL of cell suspension was then mixed gently by pipetting up and down a 

few times. Cells were then added on top of gelled basement membrane extract to begin the assay, 

and the 96-well plate was placed back into the incubator to allow the formation of capillary-like 

tubes. 

After 16 h incubation, tubular formation of HMEC-1 was photographed using a camera, and was 

analyzed using the "Angiogenesis Analyzer" tool from Image J software. Total master segments 

length, which means the sum of the length of the detected master segments in the analyzed area, 
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was chosen as the parameter to represent the formation of the vascular structure. 

3.2.5 VEGF ELISA 

The concentration of VEGF in the supernatants was measured with the Human VEGF 165 

Standard TMB ELISA Development Kit according to manufacturer ś instructions. The TMB and 

stop solution used were from the Antibody Pair Buffer Kit and prepared as recommended. Capture 

antibody was coated onto F16 Maxisorp loose Nunc-Immuno Modules overnight at room 

temperature. Samples were measured in duplicate, and 100 µL of supernatant was used for each 

measurement. After stopping the enzyme activity with sulfuric acid, absorbance at 450 nm 

(reference absorbance: 650 nm) was measured using a Thermo Multiskan Ascent 96 plate reader. 

The standard curve was plotted, linear regression was applied, and then the concentration of 

samples was calculated. 

3.2.6 Western blot 

After washing with PBS twice, cells were collected by scraping and lysed with TST lysis buffer 

for 30 min on ice. Supernatants containing total proteins were collected by centrifugation. Protein 

concentration determination was performed using Bio-Rad Protein Assay according to the 

manufacturer's guidelines. 30 μg protein/lane were subjected to Bicine/Tris gels and run with 

MOPS buffer under reducing conditions in a mini PROTEAN® Tetra cell. Proteins were 

transferred to a PVDF membrane in a Trans-Blot® cell with BICIN transfer buffer. After 

transferring, the membranes were blocked. The membranes were incubated with the respective 

primary antibody dissolved in 3% BSA TBS-T buffer overnight at 4°C. After washing, membranes 

were incubated with a secondary antibody. After additional washing steps, the bands were 

visualized with an enhanced chemiluminescence substrate according to the manufacturer's 

instructions on Syngene's automated gel documentation systems. In order to reuse the membranes 

for subsequent protein probing, membranes were rinsed and then incubated with stripping buffer. 

After further washing steps and a blocking step, the membranes could be re-used.  

3.2.7 Statistical analysis 

Data are expressed as mean ± SEM, n stands for the number of independent experiments. 
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Comparisons were performed by t-test. Differences were considered significant when the p value 

was smaller than 0.05. GraphPad Prism software version 7.01 was used for graphs and statistical 

analyses. 
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4 Results 

4.1 Level of PAR-2-IgG in healthy individuals and renal transplant 

patients 

The presence of autoantibodies directed against PAR-2 in healthy individuals and kidney 

transplantation patients (KTx patients) was detected by ELISA. The mean level of PAR-2-IgG was 

17.68 units, and median value was 15.24 units/mL among 197 serum samples from healthy 

controls. The titer of PAR-2-IgG in KTx patients (n=6) was lower, with a mean value of 4.5 U/mL 

(Figure 5).  

For PAR-2 autoantibodies, no cut-off values are available so far from the literature like for PAR-

1 or other GPCR autoantibodies. In this study, the variation of PAR-2 levels was much less from 

KTx patients compared to healthy controls, and the mean values separated clearly. To keep 

experiments as representative as much as possible, PAR-2- and PAR-2+-IgG were used which were 

close to the median. 

 

Figure 5. Measurement of the titers of PAR-2-IgG in healthy individuals and KTx patients. The 197 serum samples 

from healthy individuals were provided by the Celltrend Company. Kidney transplantation patients were patients who 

received at least one kidney transplant before sample collection. PAR-2-IgG levels were detected using Celltrend 

PAR-2 auto-antibodies ELISA kit. 

4.2 Generation of PAR-2 overexpression HMEC-1 cells  
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4.2.1 Expression of PAR-2 in HMEC-1 cells 

Although the expression of PAR-2 in endothelium in various organs and primary endothelial cells 

has been assessed, the presence of PAR-2 in HMEC-1 has not been reported yet. Using qRT-PCR, 

the expression of PAR-2 mRNA in HMEC-1 was detected (Figure 6). Western blot showed the 

presence of PAR-2 (Figure 7). 

 

Figure 6. RT-PCR analysis of PAR-2 expression in HMEC-1. Lane 1, 50bp Generuler DNA ladder; lane 2, B2M 

fragment (272 bp); lane 3, PAR-2 fragment (184 bp).  

 

Figure 7. Western blot analysis of PAR-2 expression in HMEC-1. Lane 1, PageRuler prestained protein marker; lane 

2, PAR-2 (50kDa); lane 3, GAPDH (36 kDa) used as reference protein.  
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4.2.2 Generation of pcDNA-PAR-2 construct 

The pcDNA3.1 plasmid containing a CMV promoter (Figure 8) was used to overexpress the 

human PAR-2 in HMEC-1. The ampicillin resistance gene within the plasmid allows antibiotic 

selection in E. coli.  

 
Figure 8. Map of the pcDNA3.1 plasmid (5446 base pairs). (50) 

BamHI and EcoRI restriction enzymes were used for plasmid linearization. As shown in Figure 9, 

full-length PAR-2 cDNA was successfully amplified from HMEC-1 cDNA using PCR primers 

designed with 5’ 15-bp extensions homologous to the ends of the linearized vector, facilitating the 

ligation between insert and linearized vector. PAR-2 cDNA was ligated in the linearized vector, 

and plasmid DNA product was transformed into competent bacteria. 
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Figure 9. Agarose gel electrophoresis of full length PAR-2 cDNA from HMEC-1 cDNA. Lane 1, 1kb DNA ladder; 

lane 2, PAR-2 PCR product. 

To verify the insertion of PAR-2 into the pcDNA3.1 vector, plasmids were digested with HindIII-

HF and XhoI restriction enzymes. As shown in Figure 10, a recombinant plasmid, representative 

of the PAR-2 containing plasmids, (lane 4) migrated more slowly than the wild-type plasmid (lane 

2), indicating a bigger size. After restriction, the wild-type pcDNA3.1 plasmid (lane 3) showed a 

single band of the expected size (5446 bp), while the plasmid with PAR-2 cDNA (lane 5) showed 

two bands, with a smaller band between 1000 bp and 1500 bp corresponding to the PAR-2 insert 

(1191 bp). 

 

Figure 10. Agarose gel electrophoresis of digested or undigested plasmid. Lane 1, 1kb DNA ladder; lane 2, undigested 

wild-type pcDNA plasmid; lane 3, digested wild-type pcDNA plasmid; lane 4, undigested pcDNA-PAR-2 plasmid; 

lane 5, digested pcDNA-PAR-2 plasmid.  
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4.2.3 Confirmation of PAR-2 overexpression after transient transfection  

To confirm PAR-2 overexpression after pcDNA-PAR-2 plasmid transient transfection in HMEC-

1, the PAR-2 mRNA level of transiently transfected cells was analyzed by qRT-PCR. PAR-2 

mRNA was expressed around 75-fold more in transiently transfected cells in comparison to cells 

transfected with wild-type pcDNA 3.1 alone. (Figure 11). 

 
Figure 11. Effect of pcDNA-PAR-2 plasmid transfection on PAR-2 mRNA level. Cell were lyzed and total RNA was 

extracted 24 hours after plasmid transfection. qRT-PCR was performed to measure the level of PAR-2 mRNA. Data 

are presented as mean ± SEM. ** p < 0.01 vs. pcDNA control, n=3. 

4.3 Activation of G-protein signaling and MAPKs signaling by stimulated 

PAR-2 

4.3.1 Increased G-protein activity upon PAR-2 activation 

Upon activation of GPCRs, activation of G protein α subunit initiates a cascade of downstream 

second messenger pathways and eventually induces gene transcription by various response 

elements.(51) Thus, activation of response elements can reflect the activation of a certain G protein 

α subunit pathway. Luciferase reporter assay using reporter vectors with different response 

elements built in upstream of luciferase gene can be applied to monitor GPCR signaling events.(51) 

(Figure 12). 



 

43 
 

 

Figure 12. Schematic diagram showing major GPCR signaling pathways, and the activation of various response 

elements. (51) 

In order to show that PAR-2 in HMEC-1 was functional, a luciferase reporter assay was performed. 

Activation of ERK1/2 signaling pathway, Gα12/13, and Gq protein pathways by PAR-2 has been 

reported. To assess the activation of these pathways, HMEC-1 were transiently transfected with 

SRE, SRF or NFAT luciferase reporter plasmids, which can be used to monitor ERK1/2, Gα12/13 

or Gq signaling pathway, respectively. 

4.3.1.1 Increased G-protein activity by trypsin treatment   

First, we investigated the activation of SRE, SRF and NFAT reporter plasmids by trypsin. Trypsin 

increased both SRE and SRF reporter plasmid activity in a dose dependent manner, indicating 

ERK1/2 and Gα12/13 activation (Figure 13). Activation of NFAT luciferase activity (Gq11 activation) 

could not be detected at the tested concentration (data not shown). However, when the pcDNA-

PAR-2 plasmid was co-transfected, 100nM trypsin stimulation increased the NFAT luciferase 

activity (Gq11 signaling activation) by 72%. (Figure 14) 
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Figure 13. Activation of ERK1/2 (A) and Gα12/13 (B) by increasing doses of trypsin. ERK1/2 activation (RLU) is 

depicted as the activity of SRE luciferase in cells treated with trypsin relative to SRE luciferase activity without 

stimulation. Gα12/13 activation (RLU) is depicted as the activity of SRF luciferase in cells treated with trypsin relative 

to SRF luciferase activity without stimulation. Data are presented as mean ± SEM. * p < 0.05, ** p < 0.01, *** p < 

0.001 vs. con, n=6 in (A) and n=3 in (B). 

 

Figure 14. Effect of trypsin on Gq11 signaling activation. Gq11 activation (RLU) is depicted as the activity of NFAT 

luciferase in cells treated with trypsin relative to NFAT luciferase activity without stimulation. Data are presented as 

mean ± SEM. * p < 0.05, ** p < 0.01, *** p < 0.001 vs. con, n=6. 

pcDNA-PAR-2 transfection increased the mRNA level of PAR-2. We analyzed the consequence 

of PAR-2 overexpression on basal G-protein activity and the signaling activity in response to 

trypsin.  

PAR-2 overexpression itself slightly elevated the basal SRE activity. The fold change of SRE 

luciferase activity on trypsin stimulation increased from 1.7-fold to 7.6-fold when 50ng of pcDNA-

PAR-2 plasmid were co-transfected. The fold change was 9.3 when 150ng of pcDNA-PAR-2 
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plasmid were co-transfected with SRE plasmid. Thus, PAR-2 overexpression may facilitate the 

recruitment of G protein, consequently leading to a more potent G-protein signaling pathway 

activation upon ligand binding to PAR-2. (Figure 15) 

 

Figure 15. Effect of PAR-2 overexpression on ERK1/2 signal activation. Cells were transfected with different 

amounts of wild-type pcDNA and pcDNA-PAR-2 plasmid. ERK1/2 activation (RLU) is depicted as relative to SRE 

luciferase activity from cells transfected with 150ng pcDNA plasmid in the absence of trypsin stimulation. Data are 

presented as mean ± SEM. * p < 0.05, ** p < 0.01, *** p < 0.001 vs. con, n=3. 

PAR-2 overexpression had no effect on the basal SRF luciferase activity, indicating that PAR-2 

overexpression itself did not lead to constitutive Gα12/13 activation. However, the relative fold 

change increased from 2.1-fold to 14-fold when 50ng of pcDNA-PAR-2 plasmid was co-

transfected. The fold change was 47.0 when 150ng of pcDNA-PAR-2 plasmid were co-transfected 

along with SRF luciferase plasmid. Thus, PAR-2 overexpression may facilitate the recruitment of 

Gɑ12/13 protein, therefore more potently activating the G-protein signaling pathway upon receptor 

activation. (Figure 16) 
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Figure 16. Effect of PAR-2 overexpression on Gɑ12/13 activation signal activation. Cells were transfected with different 

amounts of pcDNA and pcDNA-PAR-2 plasmid. Gɑ12/13 activation (RLU) is depicted as relative to SRF luciferase 

activity from cells transfected with 150ng pcDNA plasmid in the absence of trypsin stimulation. Data are presented 

as mean ± SEM. * p < 0.05, ** p < 0.01, *** p < 0.001 vs. con, n=3. 

4.3.1.2 Increased G-protein activity by PAR-2 AP treatment 

To avoid the possibility that trypsin may lead to activation of other cell membrane receptors, we 

chose PAR-2 AP as agonist and investigated its effect on G protein activation. PAR-2 AP activated 

both the ERK1/2 and Gɑ12/13 signaling pathways, and this regulation was dose-dependent (Figures 

17 and 18). It led to an ERK1/2 activity increase by 1.3-fold without PAR-2 overexpression (Figure 

17A).100µM of PAR-2 AP increased ERK1/2 activity by 7.2-fold when PAR-2 was overexpressed 

(Figure 17B). 50µM of PAR-2 AP increased Gɑ12/13 signaling activity by 8-fold when cells were 

transfected with 100 ng of pcDNA-PAR-2 plasmid (Figure 18B). It also led to Gɑ12/13 activation 

by 1.3-fold when PAR-2 was not overexpressed (Figure 18A).  
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Figure 17. Effect of PAR-2 AP on ERK1/2 signal activity. A: effect of 100 µM PAR-2 AP on ERK1/2 activation 

(RLU). PAR-2 was not overexpressed in these cells. B: dose dependent effect of PAR-2 AP on ERK1/2 activation 

(RLU). PAR-2 was overexpressed in these cells. ERK1/2 activation (RLU) is depicted as relative to SRE luciferase 

activity of cells in the absence of PAR-2 AP stimulation. Data are presented as mean ± SEM. * p < 0.05, ** p < 0.01, 

*** p < 0.001, n=3 in (A) and (B). 

 

Figure 18. Effect of PAR-2 AP on Gɑ12/13 signal activity. A: effect of 50 µM PAR-2 AP on Gɑ12/13 activation (RLU). 

PAR-2 was not overexpressed in these cells. B: dose dependent effect of PAR-2 AP on Gɑ12/13 activation (RLU). PAR-

2 was overexpressed in these cells. Gɑ12/13 activation (RLU) is depicted as relative to SRF luciferase activity of cells 

in the absence of PAR-2 AP stimulation. Data are presented as mean ± SEM. * p < 0.05, ** p < 0.01, *** p < 0.001, 

n=3 in (A) and (B). 

4.3.2 Activation of MAKPs and Akt signaling pathways by stimulated 

PAR-2 

PAR-2 is reported to activate MAPKs and Akt signaling pathways in various cell lines. As shown 

in Figure 19, 100 nM of trypsin led to activation of the ERK1/2, p38 and Akt pathways. 

Phosphorylation of ERK1/2 was significantly increased at 5min, and decreased thereafter. 

Phosphorylation of p38 could be seen at 5 min, and remained at a high level after 1 hour. 



 

48 
 

Phosphorylation of Akt at Thr 308 and Ser 473 was evident at 5min, and dropped gradually until 

15min to basal level. It increased again after 30min, and remained higher than the untreated group 

until one hour had elapsed 

 

Figure 19. Effect of 100nM Trypsin treatment on MAPKs and Akt phosphorylation. Cells grown in serum-free 

medium were treated without 100nM trypsin for the indicated time point; untreated cells were used for time point 0 

min. Lysates from treated or untreated cells were tested for ERK1/2, p38, or Akt phosphorylation. 

The results from this section showed that PAR-2 activation by trypsin and PAR-2 AP triggered 

the activation of various G-protein signaling, including Gα12/13 and Gq proteins. The ERK1/2, p38 

and Akt signaling pathways were all activated by trypsin treatment. 

4.4 Regulation of VEGF expression at mRNA and protein levels by trypsin 

To investigate the effect of PAR-2 activation on VEGF synthesis and release, the effect of trypsin 

on the VEGF protein level was first studied. The VEGF level in the supernatant from trypsin 

treated cells was 280 pg/mL, which was significantly higher than with untreated cells (210 pg/mL) 

(Figure 20). 
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Figure 20. Effect of trypsin on VEGF release. Cells were starved overnight before stimulation with 100nM trypsin. 

Supernatants were collected 24 hours later and the VEGFA level was measured by ELISA. Data are presented as mean 

± SEM. ** p < 0.01 vs. con, n=3. 

qRT-PCR was performed to investigate whether trypsin treatment could elevate the VEGF mRNA 

level. 20nM trypsin was sufficient to increase the VEGF mRNA level after six hours. The 

maximum stimulatory effect was seen with 50nM, where the VEGF mRNA level increased to 

1150% (Figure 21). The effect of trypsin on VEGF mRNA was blocked by ENMD 1068, a PAR-

2 antagonist (Figure 22).   

 

Figure 21. Effect of different doses of trypsin on the VEGF mRNA level. VEGF mRNA expression was calculated 

using GAPDH mRNA as reference; the relative VEGF mRNA level of untreated group was set as 1.0. Data are 

presented as mean ± SEM. * p < 0.05, ** p < 0.01, *** p < 0.001 vs. con, n=3. 
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Figure 22. Effect of PAR-2 blocker on trypsin-induced VEGF mRNA level. Cells were stimulated with 100nM trypsin. 

PAR-2 blocker (50 μg/mL) was added 1 hour prior to trypsin stimulation. Total mRNA was extracted three hours after 

stimulation. Data are presented as mean ± SEM. ** p < 0.01 trypsin vs. con, # p < 0.05 trypsin plus PAR-2 blocker 

vs. trypsin, n=3. 

Results from this section showed that trypsin increased the mRNA and protein level of VEGF, and 

this elevation was partially blocked by PAR-2 antagonist, ENMD 1068. 

4.5 Functional characterization of PAR-2+-IgG 

4.5.1 Activation of GPCR signaling pathways by PAR-2+-IgG 

PAR-2-IgG levels differed between healthy individuals and KTx patients; whether these two IgG 

levels could activate the GPCR signaling pathway differently was unknown. As shown below in 

Figure 23, HC-IgG (PAR-2+-IgG) strongly increased SRE, SRF and NFAT activity, while KTx-

IgG (PAR-2--IgG) only activated SRF. The effect of PAR-2+-IgG was also dose-dependent (Figure 

24). 

 

Figure 23. Effect of PAR-2+-IgG and PAR-2--IgG on ERK1/2 (A), Gɑ12/13 (B) or Gq11(C) luciferase activity. IgG were 

used at a final concentration of 1mg/mL, control cells were treated with DMEM low glucose. Relative luciferase unit 

(RLU) is depicted as relative to luciferase activity from cells treated with DMEM low glucose. Data are presented as 

mean ± SEM. * p < 0.05, ** p < 0.01, *** p < 0.001vs con, n=4 in (A), (B) and (C). 
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Figure 24. Effect of different doses of PAR-2+-IgG on ERK1/2 and Gɑ12/13 signal activity. ERK1/2 activation (RLU) 

is depicted as relative to SRE luciferase activity from cells treated with DMEM low glucose. Gɑ12/13 activation is 

depicted as relative to SRF luciferase activity from cells treated with DMEM low glucose. Data are presented as mean 

± SEM. * p < 0.05, ** p < 0.01, *** p < 0.001 vs con, n=3 in (A) and (B). 

4.5.2 Activation of MAPKs and Akt signaling pathways by PAR-2+-IgG 

As the levels of PAR-2-IgG were more elevated in HC than in KTx patients, the effect of PAR-2+-

IgG on the ERK1/2, p38 and Akt signaling pathways was then investigated. As shown in Figure 

25, PAR-2+-IgG stimulation induced the phosphorylation of ERK1/2, Akt and p38 after 5 and 10 

min. 

 

Figure 25. Effect of PAR-2+-IgG on the ERK1/2, Akt and p38 signaling pathways. Cells grown in starvation medium 

were stimulated with DMEM low glucose medium or PAR-2+-IgG (1mg/mL), and cells were lysed 5 min or 10 min 

after PAR-2+-IgG or DMEM low glucose treatment. Lysates from treated or untreated cells were tested for ERK1/2, 

p38, or Akt phosphorylation. 
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4.6 Upregulation of VEGF mRNA and protein levels by PAR-2- IgG 

4.6.1 Increase of VEGF protein level by PAR-2-IgG 

The effect of IgG treatment on the VEGF protein level was analyzed. Incubation of the cells with 

1 mg/mL PAR-2+-IgG for 24 hours significantly increased the VEGF protein concentration in the 

medium, while PAR-2--IgG had no effect (Figure 26). Pre-incubation with PAR-2 blocker 

decreased the VEGF protein level. The effect of PAR-2+-IgG on VEGF release was dose-

dependent (Figure 27). 

 

Figure 26. Effect of PAR-2+-IgG and PAR-2--IgG on VEGF release. Cells were stimulated with 1mg/mL IgG or 

DMEM low glucose as control. 50µg/mL ENMD1068, the PAR-2 blocker, was added one hour prior to IgG 

stimulation. Supernatants were collected 24 hours later. Data are presented as mean ± SEM. *** p < 0.005 vs. con, # 

p < 0.01 PAR-2+-IgG plus PAR-2 blocker vs PAR-2+-IgG, n=3. 

 

Figure 27. Effect of different doses of PAR-2+-IgG on VEGF release. Supernatants were collected 24 hours after 

PAR-2+-IgG stimulation and used for ELISA. Data are presented as mean ± SEM. *** p < 0.005 vs. con, n=3. 
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4.6.2 Increase of VEGF mRNA by PAR-2+-IgG   

Given that fact that PAR-2-IgG increased the VEGF protein level and that trypsin increased the 

VEGF mRNA level, PAR-2-IgG might upregulate the VEGF mRNA level. The effect of PAR-2+-

IgG on the VEGF mRNA level was measured. As shown in Figure 28, PAR-2+-IgG stimulation 

led to a 17.6-fold increase in VEGF mRNA. Pre-incubation with the PAR-2 blocker significantly 

decreased the VEGF mRNA level compared to cells treated with IgG alone, indicating that PAR-

2-IgG could increase VEGF mRNA in HMEC-1. 

 

Figure 28. Effect of PAR-2+-IgG treatment on the VEGF mRNA level. Cells were stimulated with 1mg/mL PAR-2+-

IgG. PAR-2 blocker was added one hour prior to stimulation. mRNA was isolated six hours post stimulation. Data 

were presented as mean ± SEM. *** p < 0.001 PAR-2+-IgG group vs con, # p < 0.05 PAR-2+-IgG plus PAR-2 blocker 

group vs PAR-2+-IgG group, n=3 

4.6.3 Upregulation of VEGF mRNA by PAR-2+-IgG via p38 and ERK1/2 

signaling pathways 

PAR-2+-IgG treatment activated both the p38 and ERK1/2 signaling pathways, thus these two 

signaling pathways might have critical effects on VEGF mRNA levels. As shown in Figure 29, 

both p38 and ERK1/2 inhibitors decreased PAR-2+-IgG induced VEGF mRNA, indicating that 

both signaling pathways were involved in VEGF mRNA upregulation. 
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Figure 29. Effect of ERK1/2 inhibitor and p38 inhibitor on PAR-2+-IgG induced VEGF mRNA upregulation. Cells 

were pre-incubated with ERK1/2 inhibitor (1.5 µM PD 184352) or p38 inhibitor (10 µM SB230580) before PAR-2+-

IgG stimulation. Total RNA was extracted three hours after stimulation. The VEGF mRNA level from DMSO treated 

cells was set to 1.0. Data are presented as mean ± SEM. *** p < 0.001 vs. con, # p < 0.01 vs PAR-2+-IgG, ## p < 

0.001 vs PAR-2+-IgG, n=4. 

4.7 Activation of VEGF promoter by trypsin  

The previous results showed that trypsin increased the VEGF mRNA level. The messenger RNA 

level increase could have been caused by increased transcription or enhanced mRNA stability. A 

reporter plasmid containing the luciferase coding gene under the control of the 2.1 kb (region 

−2018 to +50 relative to the transcription start site) VEGF full-length proximal promoter was used.  

As shown in Figure 30, after 6 hours of stimulation, trypsin significantly increased VEGF-

promoter luciferase activity by 14%. When PAR-2 was overexpressed by transfecting 100ng 

pcDNA-PAR-2 plasmid in HMEC-1 cells, the VEGF-promoter luciferase activity was increased 

by 38% after trypsin treatment (Figure 30). 
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Figure 30. Effect of trypsin on VEGF promoter activity. Luciferase activity of the samples was calculated with the 

ratio firefly luciferase activity/renilla luciferase activity, the luciferase activity of pcDNA control vector was 

transfected, and untreated cells was set as 1.0. Data are presented as mean ± SEM. * p < 0.05, ** p < 0.01, *** p < 

0.001, n=6. 

4.8 Effect of different IgG on endothelial angiogenesis in vitro  

PAR-2+-IgG increased VEGF release while PAR-2--IgG did not; whether they could differently 

affect angiogenesis was unknown. Matrigel angiogenesis assay was performed to investigate the 

effect of IgG on angiogenesis in vitro. As shown in Figure 31, PAR-2+-IgG significantly increased 

the formation of vascular tube compared to DMEM (p < 0.01). Compared to PAR-2+-IgG treated 

cells, cells treated with PAR-2--IgG demonstrated impaired vascular network formation (p < 0.05). 

Though the PAR-2 blocker could slightly reduce tube formation, this effect was not significant.  
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Figure 31. Effect of PAR-2+-IgG and PAR-2--IgG on tube formation in an in vitro matrigel angiogenesis assay. A, 

tube formation of cells treated with DMEM low glucose medium; B, tube formation of cells treated with PAR-2+-IgG; 

C, tube formation of cells treated with PAR-2+-IgG plus PAR-2 blocker; D, tube formation of cells treated with PAR-

2--IgG; E, tube formation of cells treated with PAR-2--IgG plus PAR-2 blocker; F, analysis of total master segments 

length of tube formation of cells using Image J Software. Data are presented as mean ± SEM. * p < 0.05, ** p < 0.01, 

ns, not significant, n=6.  
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5 Discussion 

Donor endothelial cells are in direct contact with the recipient immune system and cause 

alloimmune responses which damage the microvasculature.(52)Angiogenesis, which is 

essential for renal microvascular integrity, is frequently deregulated in kidney transplant 

patients, leading to acute and chronic vascular rejection. Abnormal angiogenesis can cause 

various complications post kidney transplantation, such as impaired wound healing and 

proteinuria. (53, 54) Anti-GPCR autoantibodies, which are natural components of the immune 

system, play a role in immune homeostasis, and can trigger the development of autoimmune 

diseases when dysregulated.(55) PAR-2-IgG levels are dysregulated in several autoimmune 

diseases, and strongly correlate with the levels of autoantibodies targeting other GPCRs, growth 

factors and growth factor receptors in healthy individuals and patients.(55) HLA-antibodies and 

autoantibodies targeting GPCRs contribute to early and late graft losses; however, the role of 

angiogenesis-regulating autoantibodies like PAR-1 and PAR-2 haven´t been investigated to 

date.(56) Thus, investigating the effect of PAR-2-IgG on endothelial cells and endothelial 

angiogenesis is of great interest. 

In this work, the function of PAR-2 and the effects of autoantibodies targeting this receptor, 

isolated from kidney transplant patients and healthy individuals, were investigated in the 

endothelial cell line HMEC-1. Results showed that in HMEC-1 PAR-2 couples with various G 

proteins, and its activation by natural agonist triggers the activation of multiple intracellular 

signaling pathways, resulting in the upregulation of VEGFA levels. Isolated PAR-2-IgG, whose 

levels were higher in healthy individuals compared to relatively low levels in KTx patients, 

upregulated the mRNA and protein levels of VEGF, and potentially contributed to the 

proangiogenic effect of IgG isolated from healthy individuals. Thus, PAR-2-IgG exerted both 

agonistic and proangiogenic activities in endothelial cells. 

5.1 G-protein coupling of PAR-2 

In this project, a luciferase-based reporter assay was used to investigate the G-protein signaling 

pathway activated by trypsin or PAR-2 AP or IgG. Using this luciferase reporter assay system, the 

coupling and activation of Gi or Gq, and Gα12 on PAR-2 activation by both natural ligand and 
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activating peptide in HMEC-1 was confirmed. 

A number of other functional assay platforms have been developed for GPCR signaling pathway 

deciphering or GPCR target screening, including Guanine nucleotide binding assays, cAMP assays, 

and intracellular calcium assays.(57) The coupling of Gαi1, Gαo and Gα12 was also demonstrated by 

M. A. Ayoubl, who applied the bioluminescence resonance energy transfer system to reveal the G 

protein coupling profile and β-arrestin interaction of PAR-2 in the COS7 cell line.(14) Using that 

real-time approach, they found that binding between Gα proteins and PAR-2 had different kinetics 

and potencies: Gαi1 and Gαo coupling was ligand-independent and could be activated robustly after 

ligand stimulation within a few seconds, while it started to decline after 5min.(14) On the other 

hand, Gα12 coupling completely depended on agonist stimulation and required a longer time for 

full activation (around 30 min).(14) 

Using both ectopic cellular systems expressing recombinant proteins (COS-7 kidney cells lacking 

functional PAR measures) and cells of neuronal origin that natively express PARs (Neu7 astroglia), 

Kelly L. McCoy showed that PAR-2 couples to Gq/11 family members (Gq, G11, and G14), Gα12/13 

family members (Gα12 and G13), and to the downstream signaling pathways activated by these G 

proteins.(15)  

Using the luciferase reporter assay and western blot, the activation of ERK1/2, which could 

have resulted from Gi, Gq or β-arrestin activation, was shown. One limitation of this work was 

that the coupling between PAR-2 and β-arrestins was not investigated. β-arrestin-mediated 

ERK1/2 activation leads to distinct signaling pathway and cellular function changes. β-arrestin-

dependent endocytosis of PAR-2 leads to the activation of cytosolic-retained ERK1/2, which 

neither translocates to the nucleus nor causes cell proliferation.(58) In comparison, mutant 

PAR-2, which does not interact with β-arrestin 1, causes ERK1/2 nucleus translocation and cell 

proliferation when activated. In MDA MB-231 breast cancer cells, β-arrestin 1 and 2 mediated 

ERK1/2 was indispensable for PAR-2 mediated cancer cell migration.(59) Prolonged ERK1/2 

activation mediated by β-arrestin-dependent scaffolding complex was retained at the plasma 

membrane and was critical for PAR-2-induced chemotaxis in pseudopodia.(60) Here, in terms 

of  HMEC-1, although a prolonged ERK1/2 activation was not seen, it will be interesting to 

investigate the contribution of β-arrestin to trypsin-induced signaling in the future. 
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5.2 PAR-2 and VEGF/VEGFR signaling  

Various GPCRs have recently emerged as key regulators of survival, growth, angiogenesis and 

metastasis of tumor, which is due to the cross-talk between these GPCRs and the VEGF/VEGFR 

system.(61) According to the results of this work, trypsin and PAR-2+-IgG stimulation could 

increase the VEGF mRNA level and VEGF protein secretion. 

Findings from other researchers show that PAR-2 activation can upregulate the expression of 

VEGFA and is proangiogenic both in vivo and in vitro. PAR-2 promotes retinal neovascularization 

through inducing tumor necrosis factor-alpha (TNF-α).(62) PAR-2, abundantly expressing in 

retinal ganglion cells, is associated with new blood vessel formation during retinal development, 

and in ischemic retinopathy in mice.(63) Injection of trypsin or PAR-2 AP improves hemodynamic 

recovery and enhances limb salvage, due to the enhancement of reparative angiogenesis in mice, 

demonstrating the proangiogenic effect of PAR-2 stimulation in vivo.(64)  

The results showed that trypsin stimulation led to p38, ERK1/2, and PI3K/Akt signaling pathway 

activation. Activation of these signaling pathways may account for VEGF production induced by 

trypsin treatment. Y. Liu reported that PAR-2 AP, trypsin or tissue factor (factor VIIa) treatment 

could result in a robust increase in VEGF mRNA and protein levels via ERK1/2 and p38 pathways 

in the MDA-MB-231 cells.(65) In pancreatic cancer cells, activated PAR-2 enhances tumor 

angiogenesis through the induction of the synthesis of VEGFA via the ERK1/2 pathway, 

independent of HIF1-α pathways.(66) The PAR-2/MAPK signaling axis, but not the PI3K/Akt 

pathway, accounted for the induction of VEGF production in two human glioblastoma cell lines, 

A172 and U87-MG.(67) However, in human adipose stem cells, both MEK/ERK and PI3-

kinase/Akt pathway activation were involved in the induction of VEGF secretion evoked by 

trypsin stimulation.(68) It will be interesting to investigate the contribution of these pathways to 

VEGF protein secretion in HMEC-1 in the future. 

One finding from this work was that trypsin greatly increased the VEGF mRNA and protein levels, 

but only slightly increased the transcription activity of 2.1kb VEGF gene proximal promoter. The 

transcription of the VEGF mRNA is regulated by several transcription factors, including activator 

protein 1, HIF-1 α, specificity protein 1, and β-catenin.(69) In HEK293 cells, nuclear PAR-2 

recruited Sp1 to bind the VEGF promoter and induced the transcription of VEGF.(63) In BxPC-3, 
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a pancreatic cancer cell line, HIF-1 α and HIF-2 α were not responsible for the induction of VEGF, 

although their protein level was upregulated by PAR-2 AP or tissue factor-factor VIIa treatment.(66) 

PAR-2 activation may elevate the VEGF mRNA level via mRNA stabilization without altering 

VEGF gene transcription in certain cell types. PAR-2 may increase VEGF mRNA, via 

downregulating microRNAs (miRNA) that degrade VEGF mRNA. PAR-2 activation 

downregulated the level of miRNA-34a in colonic cancer cells.(70) MiR-34a exerted an anti-tumor 

effect in colorectal cancer via inhibiting VEGF expression in vivo.(71) Further work needs to be 

done to investigate the mechanism of VEGF mRNA induction by trypsin in endothelial cells. 

5.3 Agonistic and proangiogenic PAR-2-IgG 

Antiendothelial cell antibodies (AECA) have been identified and shown to be abnormally 

elevated in a variety of human diseases, including SSc, systemic lupus erythematosus and 

idiopathic pulmonary fibrosis.(72-74) AECA in SSc patients induce the apoptosis of endothelial 

cells and lead to vascular injury.(75, 76) These AECA may be pathogenic and can serve as an 

important marker for disease severity. The effect of AECA (including autoantibodies directed 

against GPCRs) on inflammation and fibrosis has been extensively studied; their effect 

(especially autoantibodies targeting GPCRs) on vascular angiogenesis, which is also 

dysregulated in various human diseases and in patients after organ transplantation, has been 

studied less.(33, 77-80) 

The work in this thesis studied the effect of PAR-2-IgG on endothelial angiogenesis. The results 

show that PAR-2-IgG partially contributed to the increased VEGF release induced by IgG 

isolated from healthy individuals. As trypsin, a PAR-2 natural agonist, increased VEGF 

production in HMEC-1 cells, PAR-2-IgG acted as agonistic autoantibodies and were 

proangiogenic. 

The result that PAR-2-IgG was proangiogenic might be consistent with an exploratory study by 

Kjartan Moe et al.(81) Their work showed that preeclamptic pregnancies had lower levels of 

autoantibodies against PAR-1, PAR-2, VEGF, VEGFB, PlGF, VEGFR-1 and VEGFR-2 than 

normotensive pregnancies. Clinical features associated with augmented risk for the preeclampsia 

syndrome were associated with lower levels of the autoantibodies, indicating a protective role of 

these autoantibodies in the development of preeclampsia.(81) As preeclampsia is caused by 
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deficient angiogenesis, autoantibodies targeting PAR-2 may promote angiogenesis.(82) 

The PAR-2-IgG investigated in this study were proangiogenic; autoantibodies targeting other 

GPCRs can also influence angiogenesis, being either proangiogenic or anti-angiogenic. 

Autoantibodies against muscarinic acetylcholine receptors (mAchR) can be detected in the sera 

of breast cancer patients.(83) Purified IgG from breast cancer patients in T1N0Mx stage 

stimulates the secretion of VEGF and increases tumor neovascularization.(83) These effects can 

be significantly blocked by atropine, a muscarinic antagonist, demonstrating the participation 

of mAchR autoantibodies in tumor vascular angiogenesis.(83) A recent study shows that AT1R 

IgG can enhance the migration of ovarian cancer cells, and AT1R IgG-treated chorioallantoic 

membrane shows increased vascular density, indicating the proangiogenic effect of AT1R 

IgG.(84) But autoantibody-mediated complement C3a receptor (C3aR) is anti-angiogenic. 

Activation of C3aR by C3aR IgG induces the release of sVEGFR-1 and decreases 

angiogenesis.(85) AT1R IgG in preeclamptic women can induce the secretion of soluble 

endoglin, sVEGFR-1, and endothelin 1.(32) sVEGFR-1 antagonizes membrane VEGFR-

mediated signaling, causing hypertension and renal dysfunction.(32) Soluble endoglin inhibited 

VEGF mediated capillary tube formation in vitro and induced vascular permeability in vivo in 

vasculature.(82) Therefore, AT1R IgG contributes to the anti-angiogenic state, which is 

characteristic of preeclampsia. 

Although the autoantibodies targeting PAR-2 detected here were agonistic, the possibility of the 

presence of antagonistic or neutralizing autoantibodies against PAR-2 could not be excluded. 

Autoantibodies directed against GPCR are biased ligands for the receptor, they may bind to the 

receptor, trigger different signaling pathways and induce different cellular responses, that differ 

from the natural ligands. For example, human monoclonal autoantibody M22 is a thyroid-

stimulating autoantibody, whereas another TSHR monoclonal antibody CS-17 reduces the 

constitutive cAMP activity induced by TSHR overexpression in COS-7 cells and suppresses gain-

of-function TSHR mutations, displaying inverse agonist activity.(86) Both agonistic and 

antagonistic autoantibodies directed against M3-muscarinic receptors have been characterized in 

Sjögren's syndrome patients.(87) The different action of these autoantibodies is probably due to 

the difference in the extracellular domains that the antibodies recognized.(87) Autoantibodies 

recognizing the B cell epitopes within the second ECL inhibited the increase of calcium induced 
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by cevimeline, a muscarinic agonist, whereas autoantibodies recognizing B cell epitopes within 

the N terminal loop or the first ECL induced intracellular calcium influx.(87) Autoantibodies to 

the third ECL had no effect on calcium influx.(87)  

5.4 Reduced PAR-2-IgG level and dysregulated angiogenesis after kidney 

transplant 

In this work, the level of PAR-2-IgG in healthy subjects and kidney transplant patients was 

measured, and the effect of IgG on endothelial VEGF secretion was also investigated. The PAR-

2-IgG ELISA result showed that the PAR-2-IgG level was relatively lower in kidney transplant 

patients compared to healthy individuals, and VEGF ELISA showed that IgG from healthy subjects 

increased endothelial VEGF secretion, while IgG from KTx patients did not. Though the exact 

reason for this phenomenon was unknown, the use of immune-suppressive drug therapy after 

kidney transplants may account for that. 

Kidney transplantation provides a higher quality of life, a better survival, and a lower morbidity 

for ESRD patients than hemodialysis or peritoneal dialysis treatment do.(88) In order to modulate 

the response of transplant recipient’s immune system to the donor organ, lifelong 

immunosuppressive agents are administered to the recipients.(89) Immunosuppressive agents, 

including intravenous immunoglobulin, anti-CD20 monoclonal antibody, and Campath-1H 

compromise the immune system and reduce the production of antidonor antibodies post-

transplantation.(90) These immunosuppressive drugs may also reduce the generation of 

autoantibodies directed against GPCR, including PAR-2-IgG. 

VEGF signaling is related to both acute and chronic renal allograft rejection, as well as the 

development of various complications. Higher VEGF production, encoded by −1154*G and 

−2578*C containing genotypes, is strongly associated with acute renal allograft rejection.(91) A 

markedly increased expression of Fractalkine and VEGF protein can be detected in the interstitium 

of chronic rejection patients compared with non-chronic rejection patients, indicating a role for 

them in chronic renal allograft rejection.(92) The use of immune-suppressive drug therapy post 

kidney transplantation has been shown to lead to undesired consequences of immunodeficiency, 

like wound healing complications, increased cancer incidence and proteinuria. Those 



 

63 
 

complications are caused by dysregulated vascular angiogenesis.  

The use of rapamycin (sirolimus) as immunosuppressant after kidney transplantation has been 

associated with an increased risk of wound-healing complications.(54) The inhibition of VEGFA 

function and nitric oxide by sirolimus contributes to impaired would healing.(93) Proteinuria, a 

dose-related side effect due to the inhibition of VEGF signaling, is a common complication caused 

by long-term immunosuppressive drug usage.(53) VEGF121 treatment ameliorates the 

development of hypertension and nephropathy caused by the administration of cyclosporine A 

(CsA) in mice.(94) The overall incidence of cancer is markedly increased after kidney 

transplantation.(3) Immunosuppressive drug therapy after renal transplantation is thought to be the 

main cause of increased cancer incidence.(3) Different immunosuppressive drugs have differing 

effects on VEGFA signaling, thus they affect cancer incidence differently after transplantation. 

CsA treatment increases the risk of cancer via directly promoting the production of VEGFA and 

inducing the growth of established cancer cells.(95) In contrast to CsA, rapamycin has a potent 

anti-cancer effect and can reduce the occurrence of cancer after kidney transplantation due to its 

inhibitory effect on VEGF production and VEGF signaling.(96) Switching to sirolimus-based 

therapy after CsA withdrawal at month 3 significantly reduced the risk for both skin and non-skin 

malignancies at 5 years after renal transplantation.(97) Thus, the inability of IgG from KTx 

patients to induce endothelial VEGF production and reduced proangiogenic PAR-2-IgG may 

contribute to the impaired VEGF signaling and development of complications post kidney 

transplant. 

5.5 Perspective 

In the present work, the presence of autoantibodies targeting PAR-2 was detected in both healthy 

individuals and kidney transplant patients. Kidney transplant patients had lower PAR-2-IgG levels 

than healthy individuals. PAR-2-IgG present in healthy individuals were shown to be agonistic and 

proangiogenic. Furthermore, total IgG from healthy individuals increased VEGF protein level, 

while total IgG from kidney transplant patients did not. Future work could focus on the following 

aspects: 

1) A large cohort study investigating a correlation of PAR-1 levels and cancer development in 

kidney transplant patients showed that low PAR-1 antibody levels were associated with higher 
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cancer incidence and lower angiogenic potency in vitro.(6) Whether low PAR-2 antibody 

levels in transplant patients have a similar correlation or not still has to be investigated, as well 

as distinctive cut-off values. 

2) Investigating epitopes recognized by PAR-2-IgG. The majority of the functional 

autoantibodies against GPCR recognize the extracellular loop of the GPCR. For example, 

AT1R IgG recognized two epitopes located within the ECL2 of the AT1R.(5) Affinity-purified 

antibodies to the amino-terminal portion of ECL2 transiently increased intracellular free Ca2+ 

concentration and were agonistic.(98) Characterizing the epitopes could give insight into the 

activating mechanism of the receptor by PAR-2-IgG. 

3) Analyzing the level of PAR-2-IgG in human diseases, and its correlation with disease 

progression. PAR-2 level is elevated in various diseases, and activation of PAR-2 leads to 

disease development and progression. As mentioned previously, the level of autoantibodies 

directed against GPCR may be used as a prognostic marker in certain diseases. Agonistic PAR-

2-IgG might be of prognostic value for certain diseases, like preeclampsia syndrome, cancer, 

diabetic nephropathy, and systemic sclerosis. Indeed, an increased PAR-2-IgG level has been 

detected in patients with systemic lupus erythematosus and systemic sclerosis, while 

reduced PAR-2-IgG level was detected in patients with the disease of granulomatosis with 

polyangiitis.(55) But the value of the PAR-2-IgG level as disease biomarker needs further 

investigation. 
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