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Abstract

Background: Antibodies targeting endothelial G protein-coupled receptors (GPCRs), such as
Protease-activated receptor 2 (PAR2), bridge antibody-mediated rejection through endothelial
pathology. Previous results from Prof. Dragun’s lab show that antibodies targeting PAR2 (KTx-
IgG) can regulate vascular formation in kidney transplant recipients, indicating that PAR2
antibodies might be involved in transplant rejections. However, the structural basis of antibodies
interacting with PAR2 in endothelial cells and the specific signaling pathways involved are still
unknown.

Methods: The three extracellular loops (ECL) of PAR2 were mutated respectively to study their
involvement in trypsin and KTx-IgG-induced PAR2 activation and downstream signaling. Two
systems were adopted for the functional analyses. The MMY system is based on engineered yeasts,
in which the activation of G-proteins can be observed by monitoring the yeast growth. Another
system applied in human endothelial cells (HMEC-1) is the luciferase reporter system, which
makes the autoantibody-induced transcription detectable.

Results: KTx-IgG partially activated PAR2. Trypsin and KTx-IgG activated Gqi2, but not Geq in
the MMY system. In contrast, in HMEC-1 both Guq and Gq12 were activated by trypsin and KTx-
IgG. Mutation of ECL1 eliminated the trypsin-induced Gqq activation and lowered the KTx-IgG-
induced Ggq activation. ECL2 was also shown to be also important in trypsin-induced Goq activation.
However, mutation of ECL2 enhanced the KTx-IgG-induced Gqi2 and ERK activation. ECL3
mutation attenuated trypsin-induced Ggq activation and the baseline activation of Gq12, but had only
small effects on KTx-IgG-induced PAR2 activation. PAR2-activating peptide and KTx-IgG also
activated G; in the yeast system. Inhibition of G; downregulated trypsin-induced Gq activation.
Conclusion: The study explored autoantibodies and natural agonist-induced PAR2 downstream
signaling and the extracellular binding loops involved in the MMY system and mammalian
endothelial cells. The results provide a rationale for further development of drugs targeting specific
ECLs of PAR2 or PAR2 downstream signaling to improve the prognosis and life expectancy of

kidney transplantation patients.



Abstrakt

Hintergrund: Autoantikorper, die endotheliale G Protein gekoppelte Rezeptoren (GPCRs), wie
den Protease aktivierten Rezeptor 2 (PAR2) aktivieren, konnen iiber endotheliale Stérungen zur
Transplantatrejektion fithren. Frithere Ergebnisse der AG Prof. Dragun zeigten, dass Autoantikorper,
die PAR2 (NTx-IgG) aktivieren, die Gefdbildung in Nierentransplantat-empfangern regulieren
und damit an einer Transplantatrejektion beteiligt sein konnten. Jedoch war es bisher vollig
unbekannt, welche strukturellen Interaktionen zwischen den Autoantikérpern und PAR2 und
welche spezifischen Signalwege dabei in den Endothelzellen eine Rolle spielen.

Methoden: Um die durch den natiirlichen Liganden von PAR2 Trypsin und die NTx-IgG induzierte
Aktivierung von PAR2, sowie nachfolgende Signalwege zu untersuchen, wurden die drei
extrazelluliren Loops (ECL) von PAR2 mutiert. Zur Bestimmung der funktionellen Bedeutung
dieser Mutationen wurden zwei unterschiedliche Assays eingesetzt. Zum einen wurde das MM Y-
Hefesystem verwendet, das auf gentechnisch verdnderten Hefen beruht und bei dem die
Aktivierung eines G-Proteins direkt anhand des Wachstums der Hefen gemessen werden kann. Die
zweite Methode, die in humanen Endothelzellen (HMEC-1) etabliert wurde, ist das Luziferase
Reporter System, womit eine autoantikdrperinduzierte Transkription detektiert werden kann.
Ergebnisse: NTx-IgG aktivierte PAR2. Im MMY-Hefesystem kam es durch Trypsin und NTx-IgG
zu einer Aktivierung von G2, nicht jedoch von Ggg. Im Gegensatz dazu wurden in HMEC-1
sowohl Gag, als auch Gal2 durch Trypsin und NTx-IgG aktiviert. Die Mutation des ECLI
verhinderte die Gag-Aktivierung durch Trypsin und reduzierte diejenige durch NTx-IgG.
Dariiberhinaus zeigte sich, dass fiir die Gaq-Aktivierung durch Trypsin auch der ECL2 wichtig ist.
Jedoch fiihrte die ECL2 Mutation zu einer verstirkten Aktivierung von Gal2 and ERK bei der
Zellstimulation durch NTx-IgG. Die Mutation des ECL3 verminderte sowohl die trypsininduzierte
Gag-Aktivierung als auch die basale Aktivierung von Ga12, hatte aber nur einen geringen Einfluss
auf die NTx-IgG induzierte PAR2 Aktivierung. Weiterhin konnte gezeigt werden, dass das PAR2
aktivierende Peptid und NTx-IgG im Hefesystem G;j aktivieren. Die Hemmung von G; reduzierte
die Gag-Aktivierung durch Trypsin.

Zusammenfassung: In dieser Studie wurden sowohl die Aktivierung von Signalwegen als auch

die Bindung an extrazelluldre Loops von PAR2 durch Autoantikdrper und natiirliche Aktivatoren
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im MMY Hefesystem und in humanen Endothelzellen untersucht. Die Ergebnisse dieser Arbeit
liefern erste Erkenntnisse fiir potenzielle drug targets, die spezifisch gegen die ECLs von PAR2
und PAR2 abhéngige Signalwege gerichtet sind. Dies konnte die Prognose und Lebenserwartung

fiir nierentransplantierte Patienten verbessern.
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1 Introduction

1.1 Clinical background

Kidney transplantation is the best available therapy for chronic kidney failure patients. However,
organ rejection still remains a clinical / critical problem in transplantation [1]. Within different
pathogenic mechanisms of rejection, antibody (Ab)- mediated rejection (ABMR) is the leading
cause of renal allograft loss [2]. It has been illustrated that non-HLA Abs targeting allograft
endothelial targets, such as angiotensin II type I receptor (AT1R) and endothelin-1 type A receptor
(ETaR), play essential roles in ABMR [3, 4]. These anti-endothelium Abs are involved in allograft
vascular pathology through mediating injuries to the endothelial barrier, and they disturb the
cardiovascular system of the recipients [5]. Protease-activated receptor 2 (PAR2), as a typical G
protein-coupled receptor (GPCR), is expressed on human endothelium and acts as a target for
autoantibodies which participate in microvascular damage [6]. Antibodies targeting PAR2 are
capable of regulating vascular functions in kidney transplantation, yet their titers have been found
to be lower in kidney transplant recipients than in healthy individuals [7]. PAR2 Abs might be
involved in kidney transplant rejection through regulating endothelial physiological and
pathophysiological functions. However, the autoimmune activating mechanisms of PAR2 in this

process remain largely unknown.

1.2 Protease-activated receptor family and PAR2

GPCRs comprise a family of receptors which are localized in cellular and endosomal membranes.
With almost 1000 members, GPCRs constitute the biggest protein superfamily[8]. The identical
structural element of GPCRs is the seven trans-membrane domains which transduce signals
through GTP-binding proteins (Fig.1). Drugs targeting GPCRs make up more than 40% of all
marketed drugs and GPCR-based drugs have made great contribution to medical development.
The most famous of these drugs are antihistamines, angiotensin receptor inhibitors, beta adrenergic

blockers, dopamine agonists, neuroleptics, opioids, and triptanes [9].
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Figure 1. Schematic diagram of a GPCR. ECL, extracellular loop, TM, transmembrane domain, ICL, intracellular loop.
Since the recognition in the 1960s of hormone-like effects of proteases , many proteases have been
studied [10]. Among these proteases, thrombin, which functions mainly in the coagulation system,
drew attention. In addition to cleaving fibrinogen, thrombin also acts as an agonist of some
receptors through a unique proteolytic mechanism. These receptors were named thrombin-activated
receptors [11]. Since then, other proteases have also been found to be capable of activating these
receptors. Thus, thrombin-activated receptors are now referred to as protease-activated receptors
(PARs) [12].

PARSs belong to the GPCR protein family, and all members of the PAR family share the cleavage
activating mechanism by proteases. In detail, those proteases cleave PARs at a specific site on the
N-terminus to expose a new N-terminus, which then functions as a tethered ligand and binds
intramolecularly to activate the receptor (Fig.2). There are four members of the PAR family: PARI,
PAR2, PAR3 and PAR4. All of them are activated by thrombin except for PAR2. Like the other
GPCRs, PARs exhibit an extracellular N-terminus, an intracellular C-terminus, seven
transmembrane helices connected by three extracellular and three intracellular loops, and a small
helix within the intracellular C-terminus. PAR1 and PAR3 also contain a negatively charged

hirudin-like region on the N-terminus that binds to the exosite I of thrombin. PAR4, which does not
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contain a hirudin-like region, interacts with the active site of thrombin [13].

Protease

Tethered ligand

/N

C C C

Inactive receptor ———p  Proteolysisof

: Active receptor
N-terminus P

cytoplasm

Figure 2. Activation process of the PAR family (aquired and modified from [14]).

1.2.1 PAR2

Protease-activated receptor 2 (PAR2), also known as coagulation factor II receptor-like 1 (FeRL1)
or G protein 11, is the second member of the PAR family (Fig.3). It is encoded by the G2RLI gene.
Unlike other members of the PAR family, PAR2 is not activated by thrombin, but cleaved by
trypsin, tryptase, factor Xa/VIla, matriptase, granzyme A, kallikreins (KLK 2/3/5/6/14), matrix
metalloproteinase-1(MMP-1), cathepsin S, elastase, acrosin, transmembrane protease serine 2
(TMPRSS2), chitinase, bacterial gingpains and testisin [15]. Canonically, PAR2 is cleaved by
trypsin, tryptase or some other proteases at position R*¢/S?’, which reveals the tethered ligand

SLIGKV(human) or SLIGRL(mouse) [13].
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Figure 3. Schematic diagram of PAR2.

1.2.2 Physiological and pathological functions of PAR2

PAR?2 is widely expressed through the human body in different systems and organs, including the
lung, gastrointestinal tract, skin, kidney, pancreas, liver, heart, smooth muscle cells, fibroblasts,
nerves, and immune and inflammatory cells (T-cells, monocytes, macrophages, neutrophils, mast
cells, and eosinophils). It is expressed on numerous cell types, especially epithelial and endothelial
cells. Thus, it has a role in many physiological processes associated with respiratory and
gastrointestinal functions, tissue metabolism, immunity, and neuronal signaling [12, 13]. In the
cardiovascular system, PAR2 is widely expressed on endothelial and smooth muscle cells of
arteries and veins, and regulates vascular tone and proliferation [16]. In the gastrointestinal tract,
PAR?2 is also prominently expressed, especially in the small intestine, colon, liver and pancreas,
mediating fluid and electrolyte secretion, and it controls gastrointestinal motility and exocrine

secretion [17]. Furthermore, PAR2 is involved in transmission of nociceptive messages in the

nervous system [18] and in many other physiological processes [19].

Moreover, PAR2 activation and up-regulation have been associated with a number of
pathophysiologic conditions, such as metabolic dysfunction, arthritis and multiple sclerosis. PAR2
also plays important roles in modulating inflammatory, gastrointestinal, cardiovascular, respiratory,

15



and metabolic diseases, and in asthma and cancers [20]. A study by Huesa C. et al. showed that
PAR2 deficiency regulated pain, cartilage damage and bone pathology in experimental
osteoarthritis [21]. In other studies, PAR2 was also found to be involved in interstitial fibrosis in
IgA nephropathy[22]. Systemic PAR2 deletion in ApoE(-/-) mice significantly decreased the
expression of inflammatory molecules in the aorta in an atherosclerosis model, indicating the
important role of PAR2 in vascular inflammation [6]. In human endothelial cells, PAR2 was
activated by autoantibodies from kidney transplantation patient plasma and induced an anti-
angiogenic effect, which linked PAR2 to endothelial non-human leukocyte antigens-induced
vascular events [7]. Besides, PAR2 plays important role in cancer progression in multiple systems.
In breast cancer experimental models, inhibition of tumor growth and angiogenesis was observed
after blocking the signaling function of TF but not its coagulation activity, and after inhibition of
PAR2 [23]. A similar phenotype was observed in glioblastoma [24]. The PAR2 involved

inflammation also plays a role in cancer, especially in nervous system [25].

1.2.3 Classical downstream signaling pathways of PAR2

After activation, PAR2 signals through G proteins Goq, Gi , Ga12 or B-arrestin 1 and 2 to induce
downstream signaling (Fig.4) [26]. Gyq is the most commonly activated G-protein, which induces
production of inositol triphosphate and diacylglycerol, resulting in downstream activation of
protein kinase C and mobilization of calcium ions. In contrast, the G; pathway inhibits cAMP via
inhibition of adenylyl cyclase while also activating the mitogen-activated protein kinase (MAPK)
pathways. The Gqi2 pathway activates the c-Jun N-terminus kinases (JNK) and RhoA thereby
promoting cell migration, differentiation and growth, ERK phosphorylation, and subsequent

receptor internalization and degradation. Finally, it recruits B-arrestins (Fig.4) [27].
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Figure 4. Activation mechanism and classical downstream signaling pathways of PAR2. Protein RhoGEFs, Rho, Rac.
MAP kinase mitogen-activated protein kinase, DAG diacylglycerol, PI3 inositol (1,4,5)-trisphosphate, GRKs G-
protein-coupled receptor kinases. Rho means Ras homologous family, GEF means guanine nucleotide exchange factor,
Rac is a subfamily of the Rho family of GTPase, PI3 stands for phosphatidylinositol-3, DAG stands for diacylglycerol,

GRKSs stands for G protein-coupled receptor kinases (aquired and modified from [14]).

1.2.4 Biased signaling of PAR2

Apart from the classical agonists, non-canonical agonists such as neutrophil elastase, proteinase-3,
and cathepsin G (Fig.5) cleave PAR?2 at distinct sites and induce biased signaling [28]. Some of
them only induce parts of the pathways. Elastase does not induce Ca*" signals, but triggers PAR2-
ERK phosphorylation. It does not trigger p-arrestin recruitment nor receptor-dependent
internalization after activating PAR2. Cathepsin G or proteinase-3 does not stimulate PAR2-
dependent Ca*" signals or activate ERK phosphorylation or receptor internalization [29]. Some
agonists cannot be as efficient as natural ligands. The synthetic peptides of PAR2-tethered ligand,

SLIGRL-NH2 (human) and SLIGKV-NH2 (mouse), show lower potency than canonical agonists
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[28, 30, 31]. The potency of small molecules, such as AC-98170, is even lower [32]. Small
molecule can even activate parts of the PAR2 pathways while suppressing other parts of the
pathway. For instance, GB88 is a competitive antagonist for both trypsin and AP-induced Ca2+

signaling, but it can still selectively activate other PAR2-dependent pathways at the same time [15].

Agonist Effector Response

conventional

agonist 6q Ca++
\4 4 Gi —> Cyclase inhibition
GPCR |Z”__} | Gum —> ERk/p38 MAPKinase
LY i‘ Gs — A-cyclase
.
signal-biased i,ﬁ:,::ﬁtzlzd —> Mitogenesis
agonist Scaffold

a signal-biased agonist selectively
activates a "biased" response

Figure 5. Scheme of PAR2-signaling (aquired and modified from [33]).

1.3 Autoantibodies against GPCRs in Kidney graft rejection

1.3.1 Kidney transplantation

Since 1933, when the first kidney transplantation surgery was performed by a Soviet Union surgeon
[34], many attempts have been made to improve the prognosis of patients with end-stage renal
disease (ESRD). However, the first successful transplantation was not performed until 1950, when
a 44-year-old woman with polycystic kidney disease received a kidney graft, and lived another five
years with the new organ. In 1964, with rejection prevention therapy, the success rate of
transplantation increased dramatically. This therapy then became routine practice after
transplantation [35]. Nowadays, kidney transplantation has become the most beneficial treatment
for patients who need kidney replacement therapy. Compared to dialysis, it gives ESRD patients a
better prognosis and longer life expectancy [36, 37]. However, allograft loss due to rejection still
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remains an issue after transplantation. Moreover, complications such as cardiovascular disease and
cancer rank in first and second place as the most common causes of mortality and morbidity in

kidney transplant recipients [38].

1.3.2 Kidney graft rejection

Rejection has always been a major drawback in transplantation. Once a kidney allograft is
transplanted to a recipient, it acts as an alloantigen. This allograft induces an immune response in
the recipient which is directed against itself. This whole process is called allograft rejection and if
not controlled, it will destroy the graft [1].

Depending on the histopathology and immunological characteristics, renal transplantation
rejections can be broadly classified into five categories: hyperacute rejection; acute rejection,
divided into antibody-mediated rejection and acute T-cell mediated rejection; chronic rejection; and
a mixture of acute rejection superimposed on chronic rejection [39].

The etiology of rejection is complicated and not fully clarified. However, risk factors include: prior
sensitization-high panel reactive antibodies; type of transplants, grafts from deceased donors have
higher rejection risks than a living donation; advanced age of the donor; prolonged cold ischemia
time; HLA (human leukocyte antigen) mismatch; positive B cell crossmatch; and ABO
incompatibility [39, 40]. Apart from the classical risk factors, recent studies have illustrated that
HLA mismatches between donors and recipients, as well as antibodies targeting non-HLA antigens,
such as ATR antibodies, participating in acute rejection and long-term kidney allograft survival [4,

41].

1.3.3 GPCR-Abs in kidney graft rejection

1.3.3.1 Autoantibodies against GPCRs

Autoantibodies are able to bind to GPCRs [42]. These antibodies targeting GPCRs activate specific
cellular pathways which contribute to various diseases, including organ graft rejection, graft versus
host disease, systemic sclerosis, pre-eclampsia, chronic fatigue syndrome, cardiovascular diseases,

Alzheimer’s disease, and cancer [43-50].
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Pathophysiologic GPCR-Abs were initially described in 1956 in Grave’s disease. These antibodies
are directed against the thyroid-stimulating hormone (TSH) receptor and stimulate the proliferation
of the thyroid gland and the absorption of iodine [51]. Later, the pathophysiologic role of anti-beta
adrenergic antibodies was found in Chagas disease, idiopathic dilated cardiomyopathy and allergic

asthma, successively [52-54].

1.3.3.2 AT:iR-Abs and ETAR-Abs in kidney transplantation

Many non-HLA antigens have been recently discovered, such as the bioactive C-terminal fragment
of perlecan (LG3), Fms-like tyrosine kinase-3 (FLT3) and intercellular adhesion molecule 4
(ICAM4) [55]. Among all the endothelial antigens, two GPCRs, angiotensin type 1 receptor (AT R)
and endothelin-1 type A receptor (ETaR), have been studied most frequently [56, 57]. AT1R is a
typical GPCR and mediates mostly the physiologic and pathophysiologic effects of angiotensin II
(Ang II) by promoting vasoconstriction, inflammation, proliferation, and fibrosis. Similar actions
of endothelin-1 are exerted via ETaR. [56, 57] On quiescent kidney allograft endothelium, low
expression levels of both ATiR and ETAR can be detected [3, 58, 59]. However, in activated
endothelium, the expression of both receptors is increased, showing their potential to be endothelial
antigens [4].

Different from HLA -Abs that need to interact with integrins in order to induce signal transduction,
AT1R-Abs and ETAR-Abs can interact directly with the receptors and increase downstream GPCR
signaling [5]. After activating the receptors, ATiR-Abs and ETaAR-Abs initiate a common
pathologic process, starting with vascular hyperreactivity and microvascular inflammation
culminating finally in vascular remodeling, obliterative vasculopathy and progressive tissue
fibrosis. Although the two receptors are involved in many different pathologic processes, they
induce downstream signaling in a disease-specific manner [60]. For instance, vasoconstrictive
mechanisms induced by AT1R-Abs and ETAR-Abs in systemic sclerosis and in renal transplantation
are G protein-dependent, while ATiR-Abs induced adrenocortical pathway is G protein-
independent [61, 62]. These two GPCRs participate in ABMR mainly through regulating vascular

pathology.
1.3.3.3 Antibodies targeting PAR2 in kidney transplantation

PAR?2 is expressed on endothelium and involved in the regulation of different vascular functions
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and dysfunctions, such as vasodilation and vascular inflammation [6, 63]. Antibodies targeting
PAR?2 have been proven to regulate angiogenesis in renal transplantation [7]. However, whether
PAR2-Abs participate in further pathomechanisms in the transplant, such as endothelial injury, is

still largely unknown.
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2 Hypothesis and objectives

2.1 Hypothesis

Antibodies against endothelial G protein-coupled receptors (GPCRs) bridge antibody-mediated
rejection with vasculopathy. Protease-activated receptor 2 (PAR2) is a GPCR expressed on
endothelium. It is involved in vascular physiological and pathophysiological processes, such as
vasodilation [63] and vascular inflammation [6]. The levels of antibodies targeting PAR2 seem to
be lower in kidney transplant recipients than in healthy people, and these antibodies might be
involved in transplant rejection through disturbing the physiological function of the endothelium
[7]. However, the structural basis of the antibodies interacting with PAR2 in endothelium is still
unknown. We hypothesized that antibodies activating PAR2 by interacting with one of the three
extracellular loops induce the activation of the Gqq, Gi and Gai2 pathways differently from PAR2

natural (peptide) agonists, which initiate PAR2 signaling through the second extracellular loop.

2.2 Objectives

In order to test the hypothesis, it was necessary to study each extracellular loop separately. Thus,
the objectives of this work were:
1. To test the binding of antibodies with PAR2 extracellular loops (ECLs):
The three ECLs were mutated to alanine stretches respectively, and subcloned into suitable vectors
to enable tests in endothelium or yeast.
2. To study kidney transplantation antibodies induced PAR2 intracellular signals in the endothelium
system:
PAR?2 and its mutants were transfected into human microvascular endothelial cells (HMEC-1) and
tested for involved downstream signals.
3. To investigate kidney transplantation antibodies induced PAR2 signals without disturbance from
other GPCR signals:

Wild-type and mutated PAR2 were transformed to MMY yeast strains and GPCR activation assays

were performed.
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3 Materials and methods

3.1 Materials

3.1.1 Chemicals and solutions

Chemicals and solutions

Manufacturer

1 kb DNA ladder

Thermo Fisher Scientific

2-Propanol Carl Roth
3-amino-1,2,4-triazole (3-AT) Sigma

5X Passive Lysis Buffer Promega

10X MuLV Reverse Transcriptase Buftfer New England BioLabs
10X Trypsin-EDTA PAA

Agarose Serva

Ampicillin Alkom

Bacto Agar BD

Bacto Peptone BD

Bacto Trypton BD

Bacto Yeast Extract BD

Bis-Tris AppliChem
Blasticidin S InvivoGen

Dimethyl sulphoxide Sigma Aldrich

dNTP mix Thermo Fisher Scientific
Dulbecco's Modified Eagle Medium 4.5g/LGlucose BioWest

Dulbecco's Modified Eagle Medium 1.5 g/L Glucose BioWest

Dulbecco’s Phosphate-buffered saline Biochrom



Chemicals and solutions Manufacturer
Dextrose (D(+)-Glucose) Applichem
EDTA Carl Roth
Ethanol 99.8% Carl Roth
Ethanol 96% (methyl ethyl ketone denaturated) Herbeta Arzneimittel
FastStart Universal SYBR Green Master Roche

Fetal calf serum (FCS) Gibco
Fluorescein-D-glucopyranoside Invitrogen
Gelatin Sigma
Glycerin Carl Roth
hEGF Sigma Aldrich
Hydrocortisone Sigma Aldrich
L-Glutamine PAA
L-arginine Applichem
L-aspartic acid Applichem
L-glutamic acid (monosodium) Applichem
L-lysine monohydrate Applichem
L-methionine Applichem
L-phenylalanine Applichem
L-serine Applichem
L-threonine Applichem
L-tyrosine Applichem
L-valine Applichem

24



Chemicals and solutions Manufacturer
L-histidine Applichem

Lithium acetate Applichem
MCDB-131 c.c. pro GmbH

Midori Green Advance DNA Stain NIPPON Genetics
M-MuLV Reverse Transcriptase New England BioLabs
NaCl Solution Lonza

Oligo d(T) 16 Invitrogen

PEG 3350 Sigma Aldrich
Penicillin/Streptomycin PAA

Pertussis toxin Enzo

Q5® High-Fidelity DNA Polymerase New England BioLabs

RNase inhibitor Thermo Fisher Scientific
single-stranded DNA Sigma Aldrich
SOC Medium Clontech
Sodium chloride Carl Roth
Sodium hydroxide Sigma Aldrich
Trypan blue Sigma Aldrich
Tris Carl Roth
Tris-HC1 Sigma Aldrich
Yeast nitrogen base without amino acids Sigma Aldrich
3.1.1 Equipment
Equipment Manufacturer
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Applied Biosystems® 7500 Real-Time PCR System

Axiovert 40 CFL Microscope

Biofuge primo R

FLUOstar OPTIMA Microplate Reader
HERA cell 240 Incubator

HERA safe Microbiological Safety Cabinet

Heraeus / BB 6220 CU O»

Thermo Fisher Scientific
Carl Zeiss

Thermo Fisher Scientific
BMG LABTECH

Thermo Electron Corporation
Thermo Electron Corporation

Thermo Fisher Scientific

Incubator B28 BINDER

Incubating Orbital Shaker professional 3500 VWR

ND-1000 Spectrophotometer VWR

Perfusor secura FT Braun

Polymax 1040 T Platform Shaker Heidolph

T Professional BASIC XL 96 Thermocycler Biometra

UV-transilluminator Gene Flash SYNGENE
3.1.2 Kits

Kits Manufacturer

Direct-zol™ RNA MiniPrep
GeneJET Plasmid Miniprep Kit
HiTrap Protein G HP

In-Fusion ® HD Cloning Kit
Luciferase Assay System
NucleoBond®Xtra Midi/Maxi EF

NucleoBond®Xtra Mini
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Thermo Fisher Scientific
GE Healthcare

Takara

Promega
Macherey-Nagel

Macherey-Nagel



PeqGOLD MicroSpin Cycle pure Kit PEQLAB
Q5® Site-Directed Mutagenesis Kit New England BioLabs

Xfect Transfection Reagent Takara

3.1.3 Plasmid, bacteria, cell line, yeast strains and enzymes

Plasmid Manufacturer
p426 GPD GlaxoSmithKline
pcDNA3.1(+) Thermo Fisher Scientific
Bacteria Manufacturer
NEB 5-alpha Competent E.coli cells New England BioLabs
Stellar competent cells Takara
Cell line Manufacturer

Kindly offered by

Human Microvascular Endothelial Cells (HMEC-1)
Dr. H.D. Orzechowski

Yeast strains Manufacturer
MMY 14 GlaxoSmithKline
MMY 19 GlaxoSmithKline
MMY 23 GlaxoSmithKline
MMY 24 GlaxoSmithKline
Enzymes and provided buffer Manufacturer
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HindllI-HF New England BioLabs

Xhol New England BioLabs

CutSmart Buffer New England BioLabs

3.1.4 Agonist
Agonist Manufacturer
PAR2-activating peptide (SLIGRL-NH2) Abcam
3.1.5 Buffer recipes

Buffer Reagent Final conc.

3-AT 3-amino-1,2,4-triazole 1M
In H2O

50% PEG PEG3350 50% m/v
In H2O
Filtered (0.45 pm)

Ampicillin stock solution Ampicillin powder 100 mg/ml
In H2O

Binding buffer, pH 7.0 NaxHPOq4 20 mM
In H2O
Filtered (0.45 pm)

BU salts 10X, pH 7.0 Na,HP047H20 7% m/v
NaH;PO4 3% m/v
In H2O

Sterilized by autoclaving
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Buffer Reagent Final conc.

DNA sample loading buffer 6x Glycerol 30% v/v
Xylene cyanole 0.25% v/v
Bromphenolblue 0.25% m/v
In H2O

Elution buffer, pH 2.7 Glycin-HCI 0.1M
In H2O
Filtered (0.45 pm)

Gelatin stock solution gelatin 2% m/v
In PBS
Sterilized by autoclaving

Histidine 100X L-histidine 2 mg/mL
In H2O
Filter sterilized (0.22 um)

LiAc Lithium acetate IM
In H2O
Filter sterilized (0.22 um)

LiAc-TE LiAc 0.1M
TE 10x 10%v/v
In H2O

LiAc-PEG-TE LiAc 0.1 M
TE 10x 10%v/v
50% PEG 80% v/v
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Buffer Reagent Final conc.

Neutralization buffer, pH 9.0 Tris-HC1 IM
In H2O
Filtered (0.45 pm)

PBS (Ca?*- /Mg*" -free),pH 7.3  NaCl 137 mM
KCl 2.7 mM
NaHPOq4 9 mM
KH>PO4 2.3 mM
In H2O
Sterilized by autoclaving

PLB 1X PLB 5X 20%v/v
In ddH20

TBE buffer 1X, pH 8.0 Tris 89 mM
Boric acid 89 mM
EDTA 2 mM
In H2O

TE buffer 10X Tris-HCI, pH 7.5 0.1 M
EDTA 0.01 M
In H2O

3.1.6 Media

Cell culture media

Complete medium

Conc.
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L-glutamine
hEGF
Hydrocortisone
FCS

Penicillin/Streptomycin

10 mM
10 ng/mL
10 nM
5% viv

100 U/mL/100 pg/mL

in MCDB-131
Starvation medium Conc.
L-glutamine 10 mM
hEGF 10 ng/mL
Hydrocortisone 10 nM
FCS 0.5% v/v

Penicillin/Streptomycin

100 U/mL/100 pg/mL

in MCDB-131
Bacteria media
Lysogeny broth (LB) medium Conc.
Bacto tryptone 1% m/v
Bacto yeast extract 0.5% m/v
NaCl 1% m/v

Sterilize by autoclaving

add Milli-Q water




LB agar Conc.

Bacto tryptone 1% m/v
Bacto yeast extract 0.5% m/v
NaCl 1% m/v
Bacto agar 1.5% m/v

add Milli-Q water

Sterilize by autoclaving

Yeast media

WHAUL powder Mass
L-arginine (HCI) 12¢g
L-aspartic acid 60¢g
L-glutamic acid (monosodium) 60g
L-lysine 1.8¢g
L-methionine 12¢g
L-phenylalanine 30g
L-serine 225¢g
L-threonine 12¢g
L-tyrosine 1.8¢g
L-valine 90¢g
40% Glucose Conc.
Dextrose 40% m/v
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Filtered (0.45 pm)

YNB 10X Conc.

yeast nitrogen base without AA 6.7% m/v

Filter sterilized (0.22 um)

WHAUL medium, pH 7.0 Conc.

WHAUL powder l.lg
Milli-Q water 850 mL

Adjust pH to 7.0

Sterilize by autoclaving

Supplemented with
YNB 10X 10%v/v
40% glucose 5%v/v
WHAUL-His agar, pH 7.0 Conc.
WHAUL powder l.lg
Bacto agar 20g
Milli-Q water 850 mL
Adjust pH to 7.0

Sterilize by autoclaving

Supplemented with
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Histidine 100X 10% v/v

YNB 10X 10% v/v
40% glucose 5% viv
FDGlu assay medium, pH 7.0 Conc.
BU salts 10X 10%v/v
FDGlu 10 uM
3-AT 2 mM
add WHAUL medium

YPD medium Conc.
Bacto peptone 2% m/v
Bacto yeast extract 1% m/v
dextrose 2% m/v

add Milli-Q water

Sterilize by autoclaving

YPD agar Conc.

Bacto peptone 2% m/v
Bacto yeast extract 1% m/v
Dextrose 2% m/v
Bacto agar 2% m/v

add Milli-Q water
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Sterilize by autoclaving

3.1.7 Primers

Primers for mutagenesis experiments were designed with the NEBaseChanger™ software online.
All primers were provided by Biolegio. Primers used to mutate PAR-2 are listed in Table 1, primers

for subcloning in Table 2, primers for sequencing in Table 3 and primers for quantitative Real Time-

PCR (qRT-PCR) in Table 4.
Constructs name 5'-to -3'
PAR2 ECLI1 Ala F: GCCTATCACATACATGCCGCCGCCGCGGCTGCTGCGGCAG

(from nucleotides 412 to 447) | R: GGCTGCTGCGGCAGCTGCTGCTGCTGTGCTTATTGGCTTTT

F:GTCACCATCCCTTTGTATGTCGTGAAGCAGACCATCTTCATTCCTGCCCTGA

PAR2 ECL2Ala
R: CTGAACATCACGACCTGTCATGATGTTTTGCCTGAGCAGC

(from nucleotides 634 to 705)
TCTTGGTGGG

PAR2 ECL3 Ala F: TTCTGATTAAGAGCCAGGGCCAGAGCCAT

(from nucleotides 952 to 969) | R: GCCATGTCTATGCCCTGTACATTGTA

Table 1. Primers for mutagenesis.

Subcloning

5'- to -3'
primer

F: AGGGAGACCCAAGCTTATGGAAACCCTTTGCCTCA
PAR2 pcDNA3

R: TAGATGCATGCTCGAGTCAGTTCATGCTGTCCTTAT

Table 2. Primers for subcloning from Flag-plasmid to pcDNA3-plasmid.

Sequencing primers 5'- to -3'

p426GPD
Forward: TTGACCCACGCATGTATCTATC
from nucleotides 4025 to 4046)
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pcDNA CMV
Forward: CGCAAATGGGCGGTAGGCGTG
(from nucleotides 769 to 789)

Table 3. Primers for sequencing.

Primers for qRT-PCR Sequence

Human se gATAgCCAgTCTTgCCCTTg
Human ase CAgAggTTgAggACggTgAT
Yeast GAPDH se AGACTGTTGACGGTCCATCC
Yeast GAPDH ase CAACAGCGTCTTCGGTGTAA

Table 4. Primers for quantitative Real Time-PCR.

3.2 Methods

3.2.1 Subcloning of PAR2

3.2.1.1 Total RNA isolation from HMEC-1 cells
HMEC-1 cells were cultured to 90% confluence in a 6-well plate. RNA extraction was performed
using Qiazol reagent (Qiagen) following manufacturer’s instructions. RNA pellets were dissolved

in DEPC water and concentrations were determined with a NanoDrop® spectrophotometer.

3.2.1.2 Reverse transcription
1ug of total RNA was reverse transcribed to cDNA by M-MuLV Reverse transcriptase in the system

described in Table 5, and the reaction conditions are shown in Table 6.

Content Volume/Quantity | Final Conc.
10X M-MuLV Reverse Transcriptase Buffer SuL 1X

dNTP mix 10 mM 8uL 1.6mM
RNase inhibitor 40U/ul e 0.8U/uL
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M-MuLV Reverse Transcriptase 200,000U/ml 0.25uL 1U/uL
Oligo IuL 1uM
RNA 500ng 10ng/mL
Total 50uL

Table 5. Reverse-transcription reaction.

Temperature (°C) Duration (min)
25 10

40 60

90 5

4 -

Table 6. Reverse-transcription reaction conditions.

3.2.1.3 PCR amplification of target fragments
PAR2 fragments has previously been amplified in the laboratory and described in a thesis [7]

performed in the laboratory. PAR2 was amplified using the CloneAmp HiFi PCR Premix with

HMEC-1 cDNA as a template. Agarose gel electrophoresis was performed to confirm that a single

DNA fragment with the expected size had been obtained.

3.2.2 Site-directed mutagenesis PCR

The wild-type PAR2 plasmids (pcDNA 3.1-PAR2 WT and p426 GPD-PAR2 WT) obtained
previously [7] were used as templates to generate mutated constructs for mammalian cell and yeast
experiments. Briefly, the components in Table 7 were mixed according to the Q5 site-directed

mutagenesis kit instructions and the reaction followed the cycling conditions shown in Table 8 and

Table 9.
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Component 25puL RXN Final conc./Quantity
Q5 Hot Start High-Fidelity 2X | 12.5pL
1X
Master Mix
10 uM Forward Primer 1.25uL 0.5 uM
10 uM Reverse Primer 1.25uL 0.5 uM
Template DNA IpuL 1-25 ng
Nuclease-free water 9.0uL
Table 7. Exponential amplification (PCR) components.

STEP TEMP (°C) TIME (sec)
Initial Denaturation 98 30

98 10

50-72 (annealing temp

was  explored  with
25 Cycles 30

gradient PCR and shown

in Table 8)

72 180
Final extension 72 120
Hold 4 --

Table 8. Thermocycling conditions for PCR.

Construct Annealing
PAR2 ECLI Ala 67.6°C30s
PAR2 ECL2 Ala 60°C 30's
PAR2 ECL3 Ala 70°C 30's
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Table 9. Annealing conditions for the different mutagenesis primers in mutagenesis experiments.

3.2.3 KLD reaction

Next, KLD (Kinase, Ligase & Dpni) treatment was performed (Table 10).

Components Volume Final conc.
PCR Product 1 uL --

2X KLD Reaction Buffer | 5 uL 1X

10X KLD Enzyme Mix 1 uL 1X
Nuclease-free Water 3ulL -

Table 10. KLD components.

3.2.4 Bacteria transformation

The KLD product was then transformed in chemically competent NEB 5-alpha Competent E.coli

(Table 11).
Bacteria Provider | Genotype
NEB 5-alpha
fhuAd2, A(argF-lacZ) U169, phod, ginV44, ®80A(lacZ)MI5,
Competent NEB
gyrA96, recAl, relAl, endAl, thi-1, hsdR17
E.coli

Table 11. Profile of NEB 5-alpha Competent E.coli.

Briefly, a tube of NEB 5-alpha Competent E. coli cells (Table 11) was thawed on ice. SuL of the
KLD product was added to the tube of thawed cells and mixed by flicking. The mixture was placed
on ice for 30 minutes before being heat-shocked at 42°C for 30 seconds. Then the mixture was
placed on ice for five minutes. 950 pL of room temperature SOC was pipetted into the mixture and
incubated at 37°C for 60 minutes under shaking. The cells were mixed thoroughly by flicking the

tube and inverting, and 50 to 100 uL were spread onto a 10cm LB agar plate containing 100 pg/mL
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of ampicillin for selection and were incubated overnight at 37°C.

3.2.4.1 Mini-prep

The next step was to purify the plasmid DNA. The day after bacterial transformation, individual
isolated colonies were picked from the LB plates and plasmid DNA isolation was performed with
the GenelJet kit (Thermo Fisher) according to the manufacturer’s instructions. The concentrations

were determined with a NanoDrop® spectrophotometer.

3.2.4.2 Verification
These plasmids were then sent for sequencing by LGC Genomics GmbH to verify the sequence of
the plasmids with the primers described above (Table 3). The resulting sequences were analyzed

using the NCBI standard nucleotide BLAST tool to confirm the absence of mutation.

3.2.4.3 Midi-prep and Bacterial Glycerol Stocks
To obtain a larger amount of plasmid, a midi-prep was performed with the NucleoBond® Xtra Midi

endotoxin-free kit, following the high-copy protocol.

3.2.5 IgG isolation from kidney transplant patients

Autoantibody levels against PAR2 from plasma of kidney transplant patients (KTx) and healthy
individuals were measured by CellTrend GmbH using a solid-phase ELISA (ethical approval for
serum samples: EA2/068/07).

Isolation of immunoglobulin G (IgG) was performed with HiTrap Protein G columns (GE
Healthcare). Plasma was thawed overnight at 4 °C and was centrifuged at 5000 rpm for 15 minutes.
Supernatant was then filtered with 0.45 pm PVDF syringe filters to remove the remaining cell
debris. Filtered liquid was diluted with equal volume of binding buffer and ready to be loaded to

columns.

The isolation started by equilibrating the HiTrap Protein G column with binding buffer (50mL).

Next, samples were loaded on the column. Flow-through was loaded three times to increase the
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efficiency of IgG binding. The column was then washed with binding buffer and captured IgG was
eluted with elution buffer before being neutralized with neutralization buffer.
Isolated IgG was then dialyzed at 4 °C against DMEM low glucose for cell experiments, or

WHAUL medium for yeast assay, and stirred constantly. The final concentration of IgG was

determined by Labor Berlin.

3.2.6 PAR2-IgG levels detection

The PAR-2 autoantibody levels were determined in healthy controls (healthy con) and kidney
transplantation patients (KTx Pat) by ELISA. 197 healthy controls were involved and their mean
serum PAR2-IgG level was 17.68 units with a median value of 15.24 units. However, the PAR2-

IgG level of the KTx Pats was much lower, with a mean value of 4.5 U/mL (Fig. 6) [7].
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Figure 6. Measurement of the titers of PAR2-IgG in healthy individuals and kidney transplantation patients. The 197
serum samples from healthy individuals were provided by Celltrend Company. Kidney transplantation patients were
patients who had received at least one kidney transplant before sample collection. PAR2-IgG levels were detected

using Celltrend PAR2 autoantibodies ELISA kit [7].

3.2.7 PAR2 activation assay in yeasts

The GPCR activation assay in yeast is based on the functional coupling of heterologous G proteins
to the pheromone response pathway of budding yeast Saccharomyces cerevisiae. It has been
established as an experimental system for the detection of GPCR activation [64]. The MMY yeast
strains were been modified to express chimeric G proteins in which the five C-terminal residues of
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Gpalp were replaced by the corresponding sequence of the human Ga subunits (Table12). In these
strains, the heterologous G protein-coupled receptor are functionally coupled to the pheromone-
response pathway of the budding yeast Saccharomyces cerevisiae[64]. Further modifications were

introduced to this system to analyze mammalian heterologous GPCR [64].

Strain Genotype
MATa his3 leu? trpl ura3 canl gpalA::ADE2 farlA::ura3 sst2A::ura3A
MM fusl::FUSI-HIS3 LEU2::FUSI-lacZ ste2A::G418%
MMY 19 MMY 11 TRPI::Gpal/Gq"”’
MMY23 MMY 11 TRP1::Gpal/Gi'®
MMY?24 MMY 11 TRP1::Gpal/Gi*®

Table 12. Profiles of yeast strains.

3.2.7.1 Yeast culture

A yeast strain was spread on a YPD plate. After two days of incubation at 30°C, a single colony
was picked and pre-cultured in 3mL of YPD media overnight. The yeasts were then expanded by
inoculating 1.5mL of the pre-culture into 100mL of YPD media and cultivated under shaking at
30°C for three hours.

3.2.7.2 Yeast transformation

Transformation was performed using the lithium acetate (LiAc)/ single-stranded DNA (ssDNA)/
polyethylene glycol (PEG) method and PAR-2 plasmid was transformed into the yeast strains.
Finally, yeast cells were plated on WHAUL-His plates and incubated for three days.

3.2.7.3 Working stock

Colonies of transformed yeast strains were reinoculated on a new WHAUL-His plate as a working

stock which could be stored in 4°C fridge for a few months.

3.2.7.4 mRNA level quantification

Yeasts were picked from each colony with toothpicks and pre-cultured in 3mL of YPD media at
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30°C under shaking. The next day, total RNA was isolated from these pre-cultures with the Direct-
zol™ RNA MiniPrep kit (Company) according to the manufacturer’s protocol. The RNA
concentration was then measured by NanoDrop® spectrophotometer. Reverse Transcription was
performed to obtain cDNA, as previously described, related components are shown in Table 13.
Quantitative Real Time-PCR (qRT-PCR) was performed with Applied Biosystems® 7500 qRT-
PCR System according to the manufacturer’s protocol (Table 14). The amount of fluorescence

released during an amplification cycle is proportional to the relative quantity of mRNA initially

present.
Content Volume Final Conc.
10X M-MuLV Reverse transcriptase Buffer SuL 1X
dNTP mix 10 mM 8uL 1.6mM
RNase inhibitor 40U/ul e 0.8U/uL
M-MuLV Reverse transcriptase 200,000U/ml 0.25uL 1U/uL
Oligo IuL 1uM
RNA 500ng 10ng/mL
Total 50uL

Tablel3. Reverse transcription reaction.

Content Volume Final Conc.
SYBR Green 4uL --

Primer se 10 uM 0.5uL 0.39uM
Primer ase 10 uM 0.5uL 0.39uM
ddH20 7uL -

cDNA 1uL -

Total 13ul
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Table 14. qRT-PCR reaction.

3.2.7.5 Yeast G protein activation assay

Yeast colonies from working stock were picked and transferred individually into WHAUL medium
containing histidine and incubated overnight at 30°C under shaking. These cultures were then
added to the FDGlu assay medium containing different stimulants. Plates were protected from light
and incubated 20 hours at 30°C under shaking. After incubation, fluorescent measurement was
performed with FLUOstar OPTIMA Microplate Reader at an excitation of 485 nm and emission of
535 nm.

3.2.8 Luciferase assay

HMEC-1 cells were grown in 24-well plates with complete growth medium in 37 °C, 5% CO2
incubator. After reaching 90% confluency, cells were transfected with luciferase reporter plasmids
with the Xfect transfection kit. Transfected cells were then grown in 0.5% FCS medium and
incubated for 4 hours before changing back to complete growth medium. After overnight incubation,
cells were stimulated with trypsin or KTx-IgG. 6 hours after stimulation, cells were washed three
times with PBS and lysed with 1X PLB for 15 minutes under shaking. Luciferase quantity was
assessed with the Luciferase Reporter Kit according to the manufacturer’s instructions and

measured in a FLUOstar microplate reader using the OPTIMA software.

3.2.9 Gi o subunit inhibition

Bordetella pertussis toxin (PTX) was applied one hour prior to other stimulations at a concentration

of Sng/uL.
3.2.10 Statistical analysis

Data are expressed as mean + SEM, n stands for the number of independent experiments.
Comparison between two groups were performed by student t-test. While one-way-ANOVA with

tukey’s post-hoc test was used when comparisons were made among three or more groups.

44



Differences were considered significant when p value was smaller than 0.05. GraphPad Prism

software version 5.01 was used for the calculations.
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4 Results

4.1 Levels of PAR2-IgG in healthy individuals and renal transplant

patients

As mentioned in the Method part, PAR2-1gG levels were detected in the laboratory before this study.
In this work, healthy individuals showed a much higher PAR2-IgG level than kidney transplant

patients, whose mean value was 4.5 U/mL (Fig. 6)[7].

4.2 Activation of PAR2 pathways in HMEC-1 cells and yeast

PAR?2 is widely expressed in mammalian endothelium and plays a role in vascular disease. [6] The
expression and activation of PAR2 has been detected in primary human endothelial cells, as well
as in the endothelial cell line HMEC-1 [7] [13]. In this study, PAR2-activating mechanisms and

downstream pathways were explored in yeast and HMEC-1 cells.

4.2.1 Activation of PAR2 pathways in yeasts

The MMY yeast assay system is a G protein-activating assay system. It is based on the functional
coupling of a human GPCR with the pheromone response pathway of budding yeast
Saccharomyces cerevisiae. Modifications were made to make it possible for this yeast system to
detect specific G proteins activation individually [64]. As most GPCRs interact inefficiently with
Gpal and mammalian G, subunits have low affinity for the yeast Ggy, a series of Gpal—Gq chimeras
has been developed to incorporate receptor-binding properties of mammalian subunits into a Gpal
subunit that interacts with the yeast signaling machinery. The endogenous receptor (Ste2) was
removed by gene disruption to prevent sequestering G-proteins into inactive complexes. Readouts
of growth (His3) or color (LacZ) were achieved by coupling expression of the reporter genes to the

pheromone response element (PRE) of the Fus/ promoter [65].

4.2.1.1 Optimization of the GPCR activation assay
To investigate the G protein activation induced by PAR2 natural agonist trypsin and KTx-IgG,

PAR2 was transformed into the strains MMY 14 (Goq) and MMY 19 (Ga12).

The following experiment was performed to optimize plasmid concentrations to achieve a better
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PAR?2 expression level for further experiments. An amount of 0, 0.5, 1 or 3 pg of p426GPD PAR2
WT plasmid was transformed into MMY 14 and MMY 19 yeast strains individually. RNA was
extracted for measurement of the PAR2 mRNA level. For MMY 14, transformation with 0.5ug
plasmid increased the PAR2 transcription level (around 15000-fold), and higher effects could also
be seen in the 1pg and 3 pg transformed yeasts (Fig. 7A). For MMY 19, 3 ng increased the PAR2

transcription level by 280-fold (Fig.7B).Thus, 3ug was chosen for both yeast strains.
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Figure 7. Wild-type PAR2 (PAR2 WT) transcription levels in two yeast strains. MMY 14 (Gaq) (A) and MMY 19 (Gg12)
(B) yeasts were transformed with different amounts of plasmid and incubated for three days. Values are from three

colonies and are presented as mean + SEM.

4.2.1.2 Trypsin selectively activates PAR2 in yeasts
To explore the G alpha subunits involved in trypsin-induced PAR2 activation in yeasts, MMY 14

and 19 strains transformed with PAR2 WT were treated with different concentrations of trypsin and
incubated for 20 hours. As shown in Figure 8A, Goq Was not activated by trypsin. However, Gai2
was significantly activated with 1nM trypsin (p <0.0001) (Fig. 8B). In conclusion, Gq12 is involved

in the trypsin-induced PAR2 activation.
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Figure 8. Trypsin selectively activates PAR2 in yeasts. Yeast strains MMY 14 (A)or MMY 19 (B) were stimulated with
different concentrations of trypsin and incubated for 20 hours. Data are presented as mean + SEM. *** or#***

compares to the unstimulated group, *** p < 0.001, **** p <0.0001, n=9.

4.2.1.3 KTx-IgGs activate PAR2 in yeasts

Further, the effect of kidney transplantation IgGs (KTx-IgG) activating PAR2 was explored in
MMY 14 and MMY 19 strains. These IgGs were isolated from the plasma of seven kidney
transplantation patients, with a mean PAR2-IgG level of 4.5 U/mL. MMY14 or MMY19
transformed with PAR2 WT was stimulated with 0, 0.5, lor 1.5 mg/mL of KTx-IgG for 20 hours.
The fluorescence intensity was then detected to assess yeast growth. In MMY14, only a
concentration of 1.5 mg/mL of KTx-IgGs significantly activated Goq (*p<0.05) (Fig.9A). In
MMY 19, KTx-IgGs activated Gqi2 (Fig.9B). Thus, KTx-IgG activate both Gugq and Gai2, but Gai2

was more sensitive to KTx-IgG.
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Figure 9. KTx-IgGs activate PAR2 in yeasts. Yeast strains MMY 14(A) or MMY 19(B) were stimulated with different
concentrations and incubated for 20 hours. Data are presented as mean + SEM. *, ** or *** compare to the unstimulated

group, * p <0.05, ** p<0.01, *** p <0.001, n=18.

In conclusion, the results of the yeast experiments showed that KTx-IgG activated both Gq and

Gq12, whereas trypsin only activated Ggiz.

4.2.2 Function of PAR2 extracellular loops in downstream signaling in HMEC-

1 cells

Consistent with all GPCRs, PAR2 has three extracellular loops which are potentially accessible for
binding of extracellular ligands. However, the detailed binding mechanisms between PAR2 and its
agonists still need to be understood. Moreover, the specific pathways involved in each activation
model are not clarified.

Wild-type PAR2 was manipulated by mutating its three extracellular loops to alanine to generate
three mutations, PAR2 ECL1-Ala, PAR2 ECL2-Ala and PAR2 ECL3-Ala in order to investigate
the functions of the individual extracellular loops in downstream signaling. Along with wild-type
PAR?2, these mutants were inserted in pcDNA 3.1, and overexpressed in HMEC-1 cells. Luciferase
reporters SRF (Gqi2), SRE (ERK) or NFAT (Gyq) were used in HMEC-1 to monitor the activation

of the different G alpha subunits and related downstream signaling.
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4.2.2.1 Optimization of trypsin concentration in HMEC-1

To optimize the concentration of trypsin in further experiments, different concentrations of trypsin
(1InM, 10nM and 100nM) were used to stimulate PAR2 WT expressing HMEC-1 cells (Fig.10).
Luciferase reporter assays for NFAT, SRF and SRE were performed to detect the activation of PAR2
signaling pathways mediated by = Gug, Gai2 and ERK, respectively. Figure 10A shows that Gogq is
activated by trypsin with the highest effect observed with 100nM, so that this concentration was
chosen for later experiments. Gq12 was more strongly activated than Ggg, so that 10nM was chosen
to keep the effects comparable (Fig. 10B). Finally, for the ERK pathway, significant activation was
already seen with 1nM and 10nM, so that 10nM was kept for further experiments (Fig. 10C). These

concentrations were applied for all experiments.
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Figure 10. Trypsin activation of Goq (A), Ga12 (B) and ERK (C). HMEC-1 were transfected with PAR2 WT (100ng per
well in 24-well plates) and reporter plasmids (NFAT 200ng, SRF 100ng or SRE 100ng per well in 24-well plates);
luciferase activity was detected six hours later. Data are presented as mean £ SEM. * p < 0.05, ** p < 0.01, *** p <

0.001, n=12.

4.2.2.2 Involvement of PAR?2 extracellular loops in Gqq activation in HMEC-1
Trypsin-induced Gqq activation was detected by an NFAT luciferase reporter assay in HMEC-1

transfected with PAR2 WT or one of the ECL mutants, PAR2 ECL1-Ala, PAR2 ECL2-Ala, or PAR2
ECL3-Ala.
After stimulation with 100nM trypsin, PAR2 WT induced Gq significant activation (p < 0.0001).
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Conversely, Goq Was not activated in any of the three mutations after stimulation (Fig.11).
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Figure 11. Trypsin-induced Geq activation in wild-type or mutated PAR2-expressing HMEC-1 cells.
NFAT activity is depicted relative to NFAT activity in absence of stimulation. * , **, *** or **** compares to the
unstimulated group with the same PAR2 genotype, while #, ##, ###, or #### compares between genotypes. Data is

presented as mean + SEM, * or # p < 0.05, ** or ## p < 0.01, *** or ### p < 0.001,**** or ####p < 0.0001, n=21.

KTx-IgG-induced Gqq activation was observed with an NFAT luciferase reporter assay in HMEC-
1 transfected with PAR2 WT or one of the mutants PAR2 ECL1-Ala, PAR2 ECL2-Ala, or PAR2
ECL3-Ala. IgGs isolated from the plasma of seven kidney transplantation patients were used to
stimulate HMEC-1 at a concentration of 1mg/mL which had been confirmed in a previous doctoral
work to be the optimal concentration [7]. In contrast to trypsin, KTx-IgGs did not activate Ggq in
HMEC-1 expressing PAR2 WT. However, mutation of PAR2 ECLI1, but none of the other

extracellular loops, induced Gqq activation after KTx-IgG stimulation (Fig.12).
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Figure 12. KTx-IgG-activated Goq in wild-type or mutated PAR2-transfected HMEC-1 cells.
NFAT activity is depicted relative to NFAT activity in absence of stimulation.** compares to the unstimulated group
with the same PAR2 genotype, ## compares between genotypes. Data is presented as mean £SEM, ** or ## p < 0.01,

n=15.

The results show that trypsin activation depends on the three extracellular loops. Conversely, Gogq
is normally not activated by KTx-IgG, but gets activated when the first extracellular loop is mutated.

Thus, ECL1 is involved in KTx-IgG regulation of Ggg.

4.2.2.3 Involvement of PAR?2 extracellular loops in Gq12 activation in HMEC-1

Trypsin-induced Gq12 activation was studied using an SRF luciferase reporter assay in HMEC-1
transfected with PAR2 WT or one of the mutants, PAR2 ECL1-Ala, PAR2 ECL2-Ala, or PAR2
ECL3-Ala.

After stimulation with 10nM trypsin, WT PAR?2 significantly activated Gq12 (p < 0.001) (Fig. 13).
Gq12 was also significantly activated in PAR2 mutants, PAR2 ECL1-Ala and ECL2-Ala albeit at
lower levels (Fig. 13 A and B). However, PAR2 ECL3-Ala triggered Gq12 even without stimulation

(Fig. 13 C), which indicated a constitutive activation.
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Figure 13. Trypsin-induced Gu12 activation in wild-type or mutated PAR2-expressing HMEC-1 cells.
SRF activity is depicted relative to SRF activity in absence of stimulation. * , ** or *** compares to the unstimulated
group with the same PAR2 genotype,# or ## compares between genotypes. Data is presented as mean £SEM, # p <

0.05, ** or ## p < 0.01, *** p <0.001, n=21.

An SRF luciferase reporter assay was used to detect KTx-IgG-induced Gqi2 activation in HMEC-1
transfected with plasmids of PAR2 WT, PAR2 ECL1-Ala, PAR2 ECL2-Ala or PAR2 ECL3-Ala.
Gq12 was activated by PAR2 WT (Fig. 14). Mutation of the first or second extracellular loops
induced a significantly higher activation of Gq12 than with WT PAR2 (Fig. 14 A and B). However,
PAR2 ECL3-Ala induced G2 activation similar to that with PAR2 WT (Fig. 14).
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Figure 14. KTx-IgG- induced Gq12 activation in wildOtype or mutated PAR2-expressing HMEC-1 cells.
SRF activity is depicted relative to SRF activity in absence of stimulation. **, *** or **** compares to the unstimulated
group with the same PAR2 genotype, # or #### compares between genotypes. Data is presented as mean + SEM, # p

<0.05, #*p < 0.01, *** p < 0.001,**** or #HHp < 0.0001,n=15.
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In this section, results show that trypsin and KTx-IgG activate Gq12 in HMEC-1 regardless of the
replacement of the three ECLs. Mutation of ECL3 even increased the baseline level of Gqi2
activation when stimulated with trypsin, which suggests a constitutive activation. When stimulated
with KTx-IgG, there is an increased activation when mutating ECL1 or 2. In conclusion, changing
the structure of ECLI1 or 2 facilitates the activation of PAR2 by KTx-IgG perhaps because the

epitope where the IgG bind becomes more accessible.

4.2.2.4 Involvement of PAR?2 extracellular loops in ERK1/2 pathway activation in HMEC-
1

Trypsin-induced ERK1/2 pathway activation in HMEC-1 transfected with PAR2 or one of its three
mutants was assessed by an SRE luciferase reporter assay. In HMEC-1 transfected with PAR2 WT,
10nM trypsin significantly activated ERK (p < 0.01). Mutating ECLs of PAR2 changed ERK1/2
baseline activity. PAR2 ECL1-Ala showed a trend to increase the baseline activity of the ERK1/2
pathway (Fig.15 A), while ECL2-Ala and ECL3-Ala showed decreases (Fig.15 B and C). The
ERK1/2 pathway was activated in all three mutants, but at a lower level than in PAR2 WT (Fig.15).
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Figure 15. Trypsin-induced ERK1/2 pathway activation in wild-type or mutated PAR-expressing HMEC-1 cells. SRE
activity is depicted relative to SRE activity in absence of stimulation. * or** compares to the unstimulated group with
the same PAR2 genotype, #, ##, or #### compares between genotypes. Data is presented as mean =SEM, * or # p <

0.05, ** or ## p < 0.01, ###Hp < 0.000,1, n=21.
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In HMEC-1 transfected with wild-type PAR2 or one of its three mutations, an SRE luciferase
reporter assay was used to detect KTx-IgG-induced ERK1/2 pathway activation. After KTx-IgG
stimulation, the ERK1/2 pathway was significantly activated in HMEC-1 expressing PAR2 WT
(Fig. 16). Mutated PAR?2 also activated the ERK1/2 pathway. In PAR2 ECL1-Ala and ECL3-Ala,
the ERK1/2 pathway was activated at almost the same level as with PAR2 WT (Fig. 16 A and C),
while PAR2 ECL2-Ala induced a higher activation (Fig.16 B).
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Figure 16. KTx-IgG-induced ERK1/2 pathway activation in wild-type or mutated PAR2-expressing HMEC-1 cells.
SRE activity is depicted relative to SRE activity in absence of stimulation. **** compares to the unstimulated group
with the same PAR2 genotype, ### or #### compares between genotypes. Data is presented as mean + SEM, ### p <

0.001,**** or #H#Hp < 0.0001, n=15.

This indicates that 10 nM trypsin or KTx-IgGs were able to activate the ERK1/2 pathway in PAR2
WT and ECL mutants. Mutations decreased the activation induced by trypsin, and PAR2 ECL2-
Ala increased the activation induced by KTx-IgGs. Moreover, all three mutations changed the
baseline activation of ERK when stimulated with trypsin. Taken together, we demonstrate here that
mutating the extracellular loop impairs the activation of the ERKI1/2 pathway by trypsin.
Concerning the IgG, mutating ECL2 increased ERK1/2 activation, meaning that KTx-IgGs bind

more efficiently to PAR2 without an intact ECL2 and improve ERK1/2 activation.
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4.2.3 G; participates in PAR2 activation in yeast and HMEC-1

Gyq 1s one of the PAR2-coupled G-proteins. Results presented in 4.2.2.2 showed that KTx-IgG did
not activate Goq in HMEC-1, which conflicted with the results in yeast experiments. Since NFAT
might also be regulated by G alpha subunit i (G;), Gi was studied in the yeast system and mammalian
cells [66]. The yeast strain MM Y24, in which human GPCR couples with G, was used. In HMEC-
1, a Gi inhibitor, pertussis toxin (PTX), was used to explore the involvement of G; in PAR2-

mediated NFAT activation.

4.2.3.1 PAR2 AP and KTx-IgG activate G; in yeast system
The effect of different PAR2 modulators on G;j was tested in the yeast system. PAR2-activating

peptide (AP) was able to activate G; (Fig. 17 A), while trypsin showed almost no effect (Fig. 17 B).
A variation between different KTx-IgGs was observed: some of the IgGs (Pat.2, Fig. 17C) were
able to activate Gj, albeit not significantly, while others (Pat.3 and Pat.4, Fig. 17 E and F) could not.
To understand these differences, PAR2 levels from the serum samples of kidney transplantation

patients were measured (Fig. 17 G). KTx-IgGs with higher PAR2-1gG levels were more likely to

activate Gi.
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Figure 17. Gi activation in PAR2-expressing yeasts and PAR2-IgG levels. Yeast strain MMY 24 was transformed
with PAR2 WT and stimulated with PAR2 AP (A), trypsin (B) , KTx-IgGs (C, D, E, and F) and incubated for 20

hours, PAR2-IgG levels were shown in G. Pat. patient.

4.2.3.2 G;inhibition of PAR2 in HMEC-1
NFAT activity in PAR2 WT expressing HMEC-1 was detected with or without G;j inhibitor. Trypsin

induced a higher NFAT activation than KTx-IgGs (Fig. 18). PTX decreased NFAT activation
induced by trypsin. However, PTX had almost no effect on the activation of NFAT by KTx-IgGs
(Fig.18).
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Figure 18. NFAT activity with or without Gi inhibitor in HMEC-1 expressing PAR2 WT.

NFAT activity is depicted relative to NFAT activity in absence of stimulation. HMEC-1 cells expressing PAR2 WT
were incubated with or without Sng/ul PTX before being stimulated with or without trypsin (100nM) or KTx-IgGs

Img/mL) for six hours. *compares to trypsin-stimulated group without PTX treatment, #or #### compares to control
g p ryp

group. Data is presented as Mean + SEM, * or # p < 0.05, #### p <0.0001, n=15.

These results indicate that PAR2 AP, but not trypsin, was able to activate G;j in yeasts. KTx-IgGs
with higher PAR2-IgG levels were more likely to activate Gi. In HMEC-1, G; inhibition decreased
the activation of NFAT induced by trypsin, but not by KTx-IgGs. This result indicates that Gi is

also involved in trypsin-induced NFAT activation in PAR2.
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In summary, trypsin was able to activate all three intracellular pathways, Goq, Ga12 and ERK. All
extracellular loops were involved in the Guq and ERK pathways. On the other hand, KTx-IgG
activated Gq12 and ERK, but not Goq. ECL1 was involved in Goq and Gq12 activation, while ECL2
was only involved in Gq12 activation, and ECL3 participated in ERK activation. Moreover, mutation

of ECL3 even increased the baseline activity of Gai2.

58



5 Discussion

Kidney transplantation is the optimal therapy for patients who need renal replacement treatment.
However, allograft rejection is an obstacle and increases graft loss after transplantation [1]. The
pathophysiology of rejection is mainly an inflammation induced by the immune response in the
recipient against the kidney allograft [67]. In this immune response, antigens such as HLA antigens
and non-HLA antigens, play important roles as targets [68]. The immune response differs,
depending on the type of rejection. In hyperacute rejection, the pre-existing circulating antibodies
in the recipient directed against the foreign antigens (usually the ABO blood group and HLA) cause
rejection in minutes or hours after transplantation. With acute T-cell mediated rejection, T cells are
activated by antigen-presenting cells recognizing foreign antigens and infiltrate the allograft
causing damage. In antibody-mediated rejection, antibodies against donor antigens (HLA or non-
HLA) lead to damage through activation of complement-dependent or -independent pathways

which recruit NK cells and other immune cells to attack the allograft[1].

The treatment plan depends on multiple factors, including the type of rejection, the severity of the
histological lesions, the chronicity score, and the recipient comorbidity [35]. For hyperacute
rejection, prevention, such as determining ABO-compatibility and pre-transplant crossmatch is key.
For antibody-mediated rejection (ABMR), plasma exchange is needed to remove the high-level
antibodies. Moreover, high-dose intravenous immunoglobulin and Bortezomib, which is a
proteasome inhibitor, are also used. In addition, Rituximab, which is a chimeric monoclonal
antibody against the CD20 antigen and induces B cell lysis via complement-dependent cytotoxicity
and antibody-mediated cellular cytotoxicity, is also used [69]. For T-cell mediated rejection,
immune suppressants are used. In chronic rejections, ABMR is the main cause and can be addressed

as described above [70, 71].

Antibodies targeting G protein-coupled receptors (GPCR-Abs), constituting the majority of the
non-HLA antibodies, participate in ABMR and contribute to acute or chronic graft loss. The
corresponding antigens are mainly expressed in the endothelium and binding of the antibodies

results in activation of the targeted receptor, contributing to or inducing vasculopathy [2]. PAR2

59



belongs to the GPCR family, is located in the endothelium and has been associated with vascular
events in previous studies [6]. Lower titer PAR2-Abs of kidney transplantation patients have

previously been detected compared to healthy individuals [7].

In this work, the structural basis of PAR2-IgG binding to PAR2 and the activation of downstream
intracellular pathways were studied in human endothelial cells and yeasts. The results showed that
PAR2 coupled with different G proteins and induced specific pathways when activated by its
natural ligand trypsin or IgG isolated from patients after kidney transplantation. In the yeast GPCR-
activating system, KTx-IgGs triggered activation of both the Gu12 and Guq pathways, while trypsin
selectively activated Gu12. In HMEC-1, trypsin stimulating PAR2-WT activated the Gag, Ga12 and
ERK pathways, while KTx-IgGs only activated Gq12. Furthermore, 3 ECL mutants of the receptor
were investigated. ECL2 mutation induced KTx-IgGs-dependent Gqq activation and a higher
baseline activation of the ERK pathway. Moreover, ECL3 mutation induced a constitutive
activation of Gq12. Further, all 3 mutants eliminated trypsin-induced Gqq activation and decreased
the ERK activation induced by trypsin. In the Gj yeast activation assay, PAR2-activating peptide
and KTx-IgGs with higher PAR2-IgG titers induced G; activation. In HMEC-1, G;j inhibition

attenuated the activation of NFAT induced by trypsin, but not by KTx-IgGs.

5.1 GPCR activation assays

In this study, the function and downstream pathways of PAR2 G-proteins were measured in a yeast
GPCR activation assay. As described in the Methods section, the yeast strains were engineered to
increase their sensitivity and specificity in detecting GPCR signals [64]. Many studies support the
power of this system. A. P. [jzerman et.al [72] described a few constitutively active and gain of
function mutations for the human adenosine Az receptor. Furthermore, a second-site mutation was
found to restore the function to a mutant deficient M3 muscarinic receptor [73]. Glucose and
sucrose were reported to act as agonists and mannose as antagonist ligands of Gprl [74]. An attempt
has also been made to improve the yeast systems. A refined yeast-based GPCR biosensor employing
a high-sensitivity strain that incorporated both a G protein alpha subunit engineered receptor and a

fluorescent reporter (ZsGreen) was reported [75]. The efficiency of this new system was tested in
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the HTR1A receptor with site-directed mutations. However, some GPCRs were reported to fail to
couple to the yeast pheromone response system. In some cases, the yeast cell wall can provide a

barrier for some ligands and prevent access to GPCR at the cell surface [64, 65, 76].

Apart from the yeast GPCR activating assay system used in this study, other methods are available
to make up for the drawbacks of yeast system. Multiple models have been developed to assess
GPCR signaling pathways in mammalian cells, such as guanine nucleotide-binding assays, cAMP
assays, and intracellular calcium assays [77]. These models are based on different mechanisms and

have advantages in detecting specific pathways in different systems. GPCR-mediated guanine

nucleotide exchange is monitored by measuring [*>*S]GTPyS binding to plasma membranes

prepared from cells expressing GPCRs of interest [78]. This method is attractive because guanine
nucleotide exchange is a proximal event to receptor activation and not easily disturbed by other
cellular processes. Unfortunately, this assay is generally limited to Gi-coupled receptors [78]. Yet,

focus of this study was the investigation of Guq and G2 in addition to Gi.

cAMP assays detect cAMP in whole cells or adenylyl cyclase activity in membranes to sense the
activation of upstream GPCRs. Screening Gs-coupled receptors is generally straightforward,
whereas screening Gi-coupled receptors in cAMP assays can be considerably more difficult [79,
80]. Intracellular calcium assay for GPCR signaling detection is based on the concept that activation
of GPCRs can lead to increases in calcium in cells. Measuring intracellular calcium has advantages
due to the availability of calcium-sensitive fluorescent dyes and automated real- time charge-
coupled device-based fluorescence plate readers, which make this method sensitive and amenable
to automation [81, 82]. In the present study, the yeast assay system was adopted since yeasts express
a single human GPCR, so there is no interference from other receptors There is only a single
pathway regulated by this GPCR and these yeasts also only express one G protein. The yeasts are
thus a tightly regulated model which enables preliminary studies before a more complex

environment is introduced.

61



5.2 PAR2-mediated signaling pathways activation is ligand-

dependent

Trypsin is the natural agonist of PAR2; it cleaves PAR2 in its N-terminus, revealing the tethered
ligand, which then interacts with the second extracellular loop to activate multiple G-protein-
dependent and -independent pathways [13].The results of this study show that trypsin stimulated
PAR2-WT-triggered Gag, Gu12 and ERK pathway activation in HMEC-1, which is in agreement
with previous findings in other cell types [33]. Trypsin has shown potential in regulating endothelial
functions, especially vasorelaxation [83]. Moreover, PAR2 has also been found to be involved in
endothelial physiology and pathophysiology through activating the Gug, Go12 and ERK pathways.
A study in glioblastoma showed that PAR2 induced VEGF production , which is an important
proangiogenic component, through the ERK pathway [84].Gqq also contributes critically to VEGF-
A-dependent permeability control and angiogenic behavior in endothelium [85]. A previous
doctoral work on PAR2 also showed that trypsin increased the promoter activity of VEGF [7]. In
combination with those studies on trypsin and PAR2 downstream pathways, it suggests that trypsin
has a potential in regulating endothelial functions, especially angiogenesis, through PAR2 in the
HMEC-1 system. However, other physiological or pathophysiological functions of trypsin-induced
PAR?2 activation in HMEC-1 still need to be explored.

Results with KTx-IgG showed a different signaling pattern compared to trypsin. KTx-IgG binding
to PAR2 activated the Gq12and ERK pathways, but not the Goq pathway. These data are in agreement
with other studies. Unlike the conventional agonists, GPCR-Abs usually bind to other sites of the
receptor, triggering different activations [2]. Moreover, compared to the natural agonist Ang II,
AT R-Abs induced prolonged stimulating activity of AT R in endothelium of kidney transplantation
recipients [2, 5]. Antibodies binding to ETAR triggered a stronger signal than the natural agonist
ET-1 in systemic sclerosis [86]. As shown in the Results section, PAR2 Ab titers are higher in
healthy individuals than in kidney transplant patients. A previous doctoral work also found that
PAR-2-IgG exerted both agonistic and proangiogenic activities in endothelial cells in kidney
transplantation patients[7]. KTx-IgG inducing specific signals might be involved in the vascular
events leading to kidney graft rejection. For instance, in a previous doctoral work performed in the

laboratory, the ERK and P38 pathways have been identified as being involved in the upregulation
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of the VEGF (vascular endothelial growth factor) level in endothelial cells when stimulated with

PAR?2 autoantibodies and sd participating in the antiangiogenic effect [7].

5.3 Involvement of extracellular loops in PAR?2 signaling

In this work, the role of the three extracellular loops in the activation of PAR2 was studied. In the
past decades, the less conserved extracellular loops have received increasing interest, particularly
after the publication of several GPCR crystal structures that clearly showed the extracellular loops
to be involved in ligand binding [87, 88].

Previous research regarding the ECL1 role in GPCR is limited. Nevertheless, it has been shown
that mutation to alanine of six conserved amino acids in ECL1 of neurotensin receptor 1 resulted
in an agonist-specific loss of maximal binding capacity, leading to the remodeling of this receptor
[89]. In the case of the human cannabinoid receptor 1, ECL1 mutation exhibited a loss of affinity
for its agonist CP 55940, revealing that ECL1 has a crucial role for CP 55940-induced receptor
activation [90]. Moreover, a single glycine in ECL1 was found to be the critical determinant for the
pharmacological specificity of dopamine D2 and D3 receptors. In this study, ECLI also
demonstrated an important role, predominantly in Guq activation

ECL2 is the longest loop of the three, not only in PAR2, but also in many other GPCRs. Futhermore,
it was found to be crucial for the activation of many GPCRs. Previous studies from Prof. Dragun’s
laboratory regarding AT1R and ETAR also clarified the importance of ECL2 in the activation of the
receptors [91]. In 2017, the crystal structure of PAR2 in complex with two distinct antagonists and
a blocking antibody was reported, and ECL2 was found to be involved in these three interactions
[92]. Decades ago, the importance of ECL2 in PAR2 activation was reported by Hollenberg M. D.
et al., who showed that site-directed mutagenesis of ECL2 decreased the potency of trypsin and
synthesized ligands by various extents [93]. Another study also identified ECL2 to be the primary
determinant of agonist specificity [94]. In this study, ECL2 was involved in Gug, Gai2 and ERK
pathway activation after stimulation with trypsin or ECL2 agonist peptide. Moreover, the results in
this study show that replacement of ECL2 increased the sensitivity of the Gui2 and ERK1/2
pathways to KTx-IgG stimulation. These results show both the multiple and important role of ECL2

in PAR2 activation.
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The results of this study additionally shows an important role of ECL3 at least for the downstream
signaling of PAR2 by trypsin and for an inhibitory function on the basal receptor activation status.
Mutation of ECL3 eliminated the activation of Gq and enhanced the activation of ERK induced by
trypsin. The change of ECL3 also induced a G2 activation without stimulation. Nevertheless,
ECL3 is less involved in KTx-IgG PAR2 activation. ECL3 is the shortest extracellular loop and the
least studied. Apart from simply passive linking between transmembrane domains, it also
participates in agonist recognition [94, 95]. Substitutions of ECL3 in the FSH receptor increased
FSH-induced receptor internalization, while another mutation exert impaired ERKI1/2
phosphorylation [96]. Moreover, the noradrenaline transporter ECL3 contributed to substrate and

inhibitor selectivity [97].

5.4 PAR2 and G;i

As described in the Results section, PTX, an inhibitor of Gj, decreased the activation of NFAT
induced by trypsin in endothelial cells. However, PTX was not able to reduce KTx-IgG-induced
NFAT activation, which indicated a lesser involvement of G; in this process.

Gi and G, proteins are both substrates for pertussis toxin produced by Bordetella pertussis, the
infectious agent in whooping cough [98]. Pertussis toxin is an ADP-ribosylase enzyme that adds an
ADP-ribose moiety on one particular cysteine residue in Gj and G, proteins, preventing their
coupling to and activation by GPCRs, thus turning off G; and G, cell signaling pathways [99, 100].
PAR?2 is believed to couple to Gj [15]. It has been reported that regulators of G-protein-mediated
signaling, RGS16 and RGS18, inhibit PAR2/Gi-mediated signaling [101]. In contrast, the study of
McCoy et al. showed opposite results in COS-7 cells, that PAR1 but not PAR2 coupled to G; [102].
This evidence indicates that PAR2 might couple to Gi in some specific cells, and G; was only

activated by certain agonists in special environments.

Further, the G; yeast assay system was used to test the participation of Gj in PAR2 activation. In
MMY 24, trypsin was not able to induce G; activation, while PAR2 AP could activate this G protein.
PAR2 AP activates the receptor by binding directly on the ECL2, while trypsin activates PAR2 by

cleaving the receptor on its N- terminus to expose the agonist which binds on the ECL2 [19]. The
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difference in activating mechanism might contribute to the different results of PAR2 AP and trypsin.
Moreover, there was a variation between different KTx-IgGs: some of them could activate Gi, while
some could not. In spite of the differences between modulators and their biased signaling, these

results suggest that Giis able to be activated by PAR2 in the yeast system.

G;i alpha subunit, namely G protein i (Gi), is one of the heterotrimeric G protein alpha subunits.
Like other G alpha subunits, G;j is also capable of activating intracellular signaling pathways in
response to activation of cell surface G protein-coupled receptors (GPCRs) [103]. Gi proteins
primarily inhibit the cAMP-dependent pathways by inhibiting adenylyl cyclase activity, decreasing
the production of cAMP from ATP, which, in turn, results in decreased activity of cAMP-dependent
protein kinase [104]. Therefore, additional measurements of cAMP generation might have

strengthened the functional Gj coupling of PAR2.

6 Future Prospects

PAR2 plays a crucial role in regulating multiple cell functions in vascular inflammation. The
present study illustrated that PAR2 autoantibodies modulate PAR2 activation and downstream
signaling most probably by binding to specific ECLs These antibodies also activate specific G
proteins which are partly different from those induced by the natural ligand trypsin and which might
regulate specific cellular functions such as cellular metabolism, proliferation angiogenesis and
wound healing processes involved in the pathophysiology of graft failures. Specific identified
targets should be addressed in further studies for drug development to treat antibody-mediated

rejection.
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