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Abstract

Aim: Protease-activated receptor 2 (PAR2), a G protein-coupled receptor (GPCR)
activated by endogenous proteases, plays a key role in inflammation and pain.
AZ8838, a potent small-molecule PAR2 antagonist, has shown strong inhibition of
PAR2-triggered intracellular signalling, although its comprehensive inhibitory profile
remains unclear. Chronic prostatitis/chronic pelvic pain syndrome (CP/CPPS) is a
common, yet poorly understood condition characterised by persistent pelvic pain and
prostate inflammation, with limited insight into the underlying molecular mechanisms.
This study aimed to characterize the PAR2 inhibitory effects of AZ8838 using in vitro
cellular assays and investigate the involvement of PAR2 in prostate inflammation and
pain using an in vivo carrageenan-induced prostatitis (CIP) model.

Methods: AZ8838 was characterised in vitro in NCTC2544-hPAR2/NF-xB-L,
DU145 and HEK293 cells. Assays included NF-kB luciferase reporter activity, p65
nuclear translocation (immunofluorescence), ERK phosphorylation (Western
blotting), intracellular Ca?** assay and IL-8 release (ELISA). Receptor internalisation
was assessed in DU145 cells transfected with PAR2-YFP. In the in vivo study,
localised prostate inflammation and pelvic pain were induced in male Wistar rats by
intraprostatic injection of 3% A-carrageenan. Histological and molecular analyses of
prostate and dorsal root ganglia (DRG) tissues were performed using haematoxylin
and eosin (H&E) staining, immunofluorescence, qRT-PCR, and Western blotting to
evaluate PAR2 expression and localisation. Pain behaviour was assessed using von
Frey filaments (mechanical allodynia) and the Hargreaves test (thermal hyperalgesia).
Results: In this project, AZ8838 showed significant inhibition of trypsin- and 2fLIG-

induced PAR2 cellular responses, including NF-xB reporter activity (ICso = 0.06 uM;
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95% CI10.002 — 0.136 for trypsin, and ICso = 0.38 uM; 95% CI 0.26 — 0.52 for 2fLIG),
p65 nuclear translocation, ERK phosphorylation activity (ICso = 15.54 uM; 95% CI
9.8 —29.74 for trypsin, and ICso = 9.83 uM; 95% CI 6.82 — 14.6 for 2fLIG), receptor
internalisation, intracellular calcium mobilisation activity (ICso = 0.78 uM; 95% CI
0.38 — 1.32 for 2fLIG), in a concentration-dependent manner in most experiments. In
NCTC2544-hPAR2/NF-kB-L, AZ8838 significantly inhibited 2fLIG-induced IL-8
release (ICso = 0.63 puM; 95% CI 0.15 — 1.0), whereas neither trypsin nor 2fLIG
stimulated IL-8 release in DU145 prostate cells. In case of TNF-a induced NF-xB
reporter activity, AZ8838 did not show the same inhibitory effect. For in vivo studies,
PAR?2 was significantly upregulated at the protein level in prostate tissue of CIP rats,
whereas its mRNA expression was paradoxically downregulated, suggesting potential
post-transcriptional regulation. Interestingly, no significant changes in PAR2
expression were observed in dorsal root ganglia (DRG), despite the pronounced pain
behaviours. AZ8838 pretreatment significantly attenuated mechanical allodynia and
thermal hyperalgesia. Histological analyses showed a weak reduction in prostate
inflammation and leukocyte infiltration.

Conclusion: Overall, both the in vitro and in vivo studies results presented in this thesis
provide a detailed PAR2 inhibition profile of AZ8838 and evidence for the
involvement of PAR2 in prostate inflammation and pain, suggesting the therapeutic
potential of PAR2 antagonism as a drug target in inflammatory pain conditions. Future
studies are warranted to explore the broader mechanistic implications of PAR2
antagonism and the interaction of PAR2 with other key inflammatory and pain

mediators relevant to CP/CPPS.
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Chapter 1

Introduction



1.1 Introduction

Inflammation is a fundamental defence mechanism against noxious stimuli that has
been well-studied since ancient times. The hallmark signs of inflammation; redness,
heat, swelling, pain, and in cases of persistent inflammation, loss of function, are the
well-documented physiological changes that occur regardless of the affected tissue
(Actor, 2019). Among these signs, pain is estimated to be the most common reason for
adults to seek medical care (Todd et al., 2007, Dahlhamer et al., 2018, Finley et al.,
2018). Pain affects not only physical health and work productivity, but is also
associated with adverse social, psychological and general quality of life outcomes
(Kawai et al., 2017, Landmark et al., 2024). Interestingly, while pain can negatively
impact psychosocial well-being, evidence also suggests that certain psychosocial
factors, like sleeplessness, depression, anxiety, tiredness, and a body mass index (BMI
greater than 30, can predict chronic pain incidence and spread across multiple body
sites as demonstrated by a recent data-driven prognostic model (Tanguay-Sabourin et
al., 2023). Advances in cell biology and microscopy in the 19" century raised a cell-
based definition of inflammation that was recognized by altered cellular populations
due to local vascular sources and tissue proliferation (Scott et al., 2004). The
progressive cellular and molecular research revealed a complex network of signals
exchanged between affected tissues and immune cells. Pain is a cardinal sign of
inflammation, but a complex interplay between psychological and biological factors.
One of the main triggers of inflammatory pain is the pro-inflammatory mediators such
as prostaglandins, cytokines, chemokines, neuropeptides, proteases and growth factors
that are liberated at sites of inflammation and capable of sensitising peripheral pain-

sensing neurons (Basbaum et al., 2009, Nagaraja et al., 2023). Nociception is the



process of detection of mechanical, thermal and chemical stimuli via these specialized
peripheral nerves known as nociceptors (Woolf and Ma, 2007, Basbaum et al., 2009).
The cell bodies of nociceptors in the human body are located in dorsal root ganglia
(DRG), while the cell bodies of face nociceptors lie in the trigeminal ganglion. During
inflammation, neural response to noxious stimuli is enhanced or prolonged, a
phenomenon known as hyperalgesia. Also, neurons may respond even to innocuous
stimuli (allodynia) or may trigger or enable pain to spread to tissues distinct from the
site of inflammation (secondary hyperalgesia). This hypersensitive state of nociceptors
could be explained as a result of neural plasticity, an adaptive state to chronic exposure

to nociceptive stimuli (Latremoliere and Woolf, 2009).

1.2 Pain as a biological alarm system

The International Association for the Study of Pain (IASP) defines pain as “an
unpleasant sensory and emotional experience associated with, or resembling that
associated with, actual or potential tissue damage” (Raja et al., 2020). While often
regarded as a negative experience, pain is essential for survival, preventing further
injury and promoting recovery. Acute pain serves as a biological alarm system, by
prompting immediate protective actions to prevent further injury by signalling
potential or actual tissue damage. Patients with congenital insensitivity to pain, who
lack the ability to perceive these warning signals, are at a high risk of self-hurt and
severe injuries due to their inability to detect harmful stimuli (Goodwin and McMahon,
2021). On the other hand, chronic pain persists beyond the normal healing process,
lasting more than three months (Treede et al., 2019), and mostly contributes to tissue
damage. Overall, pain can be categorised as nociceptive pain, neuropathic pain and

nociplastic pain (Cao et al., 2024). Nociceptive pain represents the physiological



protective system and is the pain associated with non-neural tissue damage and
mediated through the activation of nociceptors (IASP, 2021). Inflammatory pain is the
predominant representative of this pain category and occurs in response to tissue
damage and subsequent immune activation, encouraging rest and recovery by
discouraging movement that could exacerbate injury. It is induced through the release
of inflammatory molecules like prostaglandins, cytokines, and bradykinin, which
sensitise nociceptors (Cao et al., 2024). Neuropathic pain arises from direct damage to
the somatosensory nervous system, including central or peripheral fibres, often leading
to chronic pain conditions like diabetic neuropathy and postherpetic neuralgia (Treede
et al., 2008). Nociplastic pain is a distinct category of chronic pain, differentiated from
nociceptive and neuropathic pain, as it occurs without clear organic lesions, nociceptor
activation or identifiable neuropathic damage. However, it presents with clinical

features indicative of altered nociceptive function (Fitzcharles et al., 2021).

1.3 Mechanism of pain perception and pain pathways:

Nociception, or perception of pain, is the neural processing of noxious stimuli. Several
molecules, cells and neural tissue are involved in the process of pain perception,
transmission and modulation (Figure 1.1). Peripheral nociceptive neurons serve as the
primary initiators of pain sensation, detecting harmful stimuli and converting them into
electrical signals. Their nerve endings are distributed across various peripheral tissues,
including skin, muscles, joints, and internal organs, while their cell bodies reside in
dorsal root ganglia (DRG) and the trigeminal ganglion. IASP defines these neurons as
“high-threshold”, distinguishing them from other sensors to ensure that normal tactile
sensations are perceived without triggering pain (IASP, 2021). At the molecular level,

the nociceptive terminals express a wide range of ion channels and G-protein coupled



receptors (GPCRs) that perceive external stimuli and trigger neural excitability. Key
pain-transducing ion channels and receptors include transient receptor potential (TRP)
channels, purinergic receptor (P2X) channels and Acid-sensing ion channels (ASICs)
all of which detect and amplify pain signals (De Logu and Geppetti, 2019).
Additionally, voltage-gated sodium channels (VGSCs) and voltage-gated calcium
channels (VGCCs), respond to voltage changes induced by the ion current across the
membrane and propagate these signals as a series of action potentials (Park and Luo,
2010, Goodwin and McMahon, 2021). Alongside ion channels, GPCRs are essential
modulators of pain-related signalling and control pain transmission through p-, 8-, k-
opioid receptors, CB1 and CB2 cannabinoid receptors, the calcitonin gene-related
peptide (CGRP) receptor complex (CLR/RAMPI: calcitonin receptor-like receptor/
receptor activity-modifying protein 1), protease-activated receptor 2 (PAR2),
chemokine receptors such as CCR2/ CXCR4, and prostaglandin EP2 and EP4 (Uniyal
et al., 2023). These receptors exert a global effect on pain involving neuronal
excitability, inflammatory response, neurotransmitter release, and intercellular

communication (Doyen et al., 2020).

The detected pain signal is transmitted to the spinal cord via primary nociceptive fibres
of two main types: myelinated Ao fibres, conducting sharp, localised pain rapidly, and
unmyelinated C fibres, conducting slow, burning, diffuse pain. At the dorsal horn of
the spinal cord, the primary afferent neurons relay their signals to secondary afferent
neurons, which cross to the contralateral side of the spinal cord and ascend primarily
via the spinothalamic tract towards the brainstem and thalamus. The thalamus serves
as a relay centre, from which third-order central neurons transmit pain signals to the

primary somatosensory cortex. It represents the central hub for perception of pain, its



localisation and determining pain intensity, while the central amygdala and prefrontal
cortex contribute to the affective and cognitive aspects of pain perception. The
spinothalamic tract conveys pain signals from limbs and visceral organs, whereas the
trigeminothalamic tracts transmit pain from the head and face, making these two

fundamental pathways to pain transmission (Cao et al., 2024).
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Figure 1.1: Schematic illustration of pain perception and pathways.
Pain perception in skin and other organs is mediated through nociceptive neuronal terminals (in box,

right). The inset depicts represent the main ion channels and receptors involved in nociception, showing
the pain-processing ion channels (e.g., TRPV1, TRPMS, ASICs, P2X3), G-protein coupled receptors
(GPCRs) (e.g., opioid, cannabinoid, CGRP, PAR2, prostaglandin receptors), and voltage-gated ion
channels (e.g., VGSCs, VGCCs) in pain signal processing, transduction and modulation. Primary
afferent nociceptive fibres, including Ad-fibres (fast, sharp localised pain) and C-fibres (slow, burning
diffuse pain), detect noxious stimuli in peripheral tissues and relay signals to the dorsal root ganglion
(DRG). The signals propagated in the dorsal horn of the spinal cord, where secondary neurons cross to
the contralateral side and ascend mainly via the spinothalamic tract (STT) through the midbrain to the
ventral posterior lateral nucleus of the thalamus. From the thalamus, tertiary neurons project pain signals
to the primary somatosensory cortex, where pain perception, localisation, and intensity processing
occur. The ascending pathway is depicted as red neurons, while the descending regulatory (inhibition
or facilitation) pathways are depicted as blue neurons. Abbreviations: acid-sensing ion channels
(ASICs), purinergic P2X3 receptors, transient receptor potential vanilloid 1 (TRPV1), and melastatin 8
(TRPMS), G-protein coupled receptors (GPCRs), calcitonin gene-related peptide (CGRP), protease-
activated receptor 2 (PAR2), prostaglandin (PGs) receptors, voltage-gated sodium channels (VGSCs)
and voltage-gated calcium channels (VGCCs). This figure was created using Biorender.com.



In addition to ascending transmission, several brain areas engage in pain modulation
through descending inhibitory or facilitatory pathways, maintaining a balance under
normal conditions (blue tract in Figure 1.1). Structures like the periaqueductal gray
(PAG) and the rostral ventromedial medulla (RVM) participate in the inhibitory
descending system, suppressing nociceptive information through different
mechanisms, including the release of endogenous opioids like endorphins and
enkephalins that suppress pain signals (Huang et al., 2019). Conversely, the anterior
cingulate cortex (ACC), besides the RVM, also contributes to the facilitatory
descending system, which enhances responses to noxious stimuli by reducing pain
thresholds (Lockwood and Dickenson, 2020). This pain modulation mechanism
provides the scientific basis for analgesic treatments such as opioids, which mimic
endogenous pain inhibitors, and nonsteroidal anti-inflammatory drugs (NSAIDs),

which reduce inflammation-induced pain by blocking prostaglandin production.

14 Inflammatory pain

1.4.1 Overview of inflammatory pain

As discussed in Section 1.2, inflammatory pain is considered a representative of
nociceptive pain. While acute inflammatory pain serves as a critical physiological
response to prevent further damage, chronic inflammatory pain can become
maladaptive, pathological, constituting a major burden on societies (Cohen et al., 2021,
Schoenfeld et al., 2024). If pain persists typically beyond three months, as outlined by
the International Classification of Diseases, 11th edition (ICD-11), it is identified as
chronic and pathological (Treede et al., 2019). Inflammatory pain is characterised by

a general enhanced responsiveness of nociceptive neurons, presented as increased pain



intensity and duration due to noxious stimuli (hyperalgesia) and the pain perception
from normally non-painful stimuli (allodynia) (IASP, 2021). This occurs as a result of
direct activation or sensitisation (modulatory) of these neurons by inflammatory
mediators released by immune cells (e.g., prostaglandins, bradykinin, and cytokines
such as TNF-a and IL-1P) or by neuron itself (e.g., substance P and CGRP), leading
to a reduced excitability threshold and enhanced sensitivity, a state known as
peripheral sensitisation, which causes primary hyperalgesia. Secondary hyperalgesia,
which occurs in tissue surrounding but not directly affected by the noxious stimuli
(e.g., increased pain sensitivity in area of skin adjacent to a burn or around an inflamed
joint), and allodynia, where normally innocuous stimuli become painful (e.g. light
touch causing pain in nerve injury or post-herpetic neuralgia), arise from persistent
harmful stimuli that induce long-term changes within the CNS. These changes alter
the interpretation of sensory inputs, a state known as central sensitisation (Vardeh and

Naranjo, 2017).

1.4.2 Mechanisms of inflammatory pain: peripheral and central sensitisation

At the core of inflammatory pain is the release of pro-inflammatory mediators from
immune cells, damaged tissues, and activated neurons at the site of injury. These
mediators include cytokines (e.g., TNF-a, IL-1B, IL-6), chemokines (e.g., CCL2,
CXCL1, CXCLS), prostaglandins, bradykinin, proteases, neuropeptides, growth
factors and ATP, all of which contribute to peripheral sensitisation. The underlying
mechanism of peripheral sensitisation involves posttranslational modification, mainly
phosphorylation, of ion channels at nerve terminals and long-term transcriptional
changes of pain-processing ion channels, receptors, or other proteins within DRG

contained cell bodies (Vardeh and Naranjo, 2017). Certain inflammatory mediators



exert their effect by stimulating GPCRs, triggering intracellular signalling cascade that
leads to protein kinase A (PKA) and protein kinase C (PKC) mediated phosphorylation
of key ion channels involved in pain perception and transmission. Commonly involved
ion channels in this sensitisation include TRPV1, TRPV4, voltage-gated sodium
(VGSCs) and calcium channels (VGSCs), that become hyperexcitable upon
phosphorylation, leading to amplified pain signalling (Amadesi et al., 2006,

Laedermann et al., 2015, Huang and Zamponi, 2017).

Sustained pain signals mediate a state of central sensitisation that leads to enhanced
release of excitatory neurotransmitters, including glutamate and substance P, in the
spinal dorsal horn. Glutamate activates postsynaptic a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPA) and N-methyl-D-aspartate (NMDA) receptors,
leading to Ca?* influx and downstream activation of kinases like calcium/calmodulin-
dependent protein kinase II (CaMKII), PKC, and mitogen-activated protein kinase
(MAPK), leading to phosphorylation of ion channels and transcriptional changes that
increase neuronal excitability. Neurokinin-1 (NK1) receptors are activated by
substance P, further amplifying excitatory signalling by prolonging the depolarisation
state, and contribute to long-term synaptic plasticity (Salter and Woolf, 2005).
Collectively, these receptor-mediated events increase pain intensity and duration
(Matsuda et al., 2019). Repetitive C-fibre signals induce progressively increased dorsal
horn output, a phenomenon known as wind-up, which reflects short-term NMDA-
dependent temporal plasticity that does not outlast the duration of the prolonged
stimuli (Vardeh and Naranjo, 2017). Other mechanisms of central sensitisation include
heterosynaptic potentiation, where subthreshold non-painful stimuli, such as light

touch, activate pain pathways, causing allodynia. In addition, persistent pain signals



may induce glial cell activation or modulation in the spinal cord, particularly microglia
and astrocytes, contributing to maintenance of chronic inflammatory pain (Baral et al.,
2019). Activated glial cells can release pro-inflammatory cytokines (e.g., TNF-a, IL-
1B) and chemokines (e.g., CCL2, CXCL1), enhancing nociceptive signalling.
Prolonged peripheral inflammation also alters descending pain modulation pathways,
that typically function to suppress excessive nociceptive input. This system becomes
dysregulated, leading to a shift toward descending facilitation, where pain signals are
amplified rather than suppressed. This contributes to the transition from acute to
chronic pain, making pain persist even after the initial inflammatory insult has

resolved.

1.4.3 Neurogenic Inflammation

An important subtype of inflammatory pain conditions is neurogenic inflammation, in
which the activation of nociceptive sensory neurons drives the inflammatory process.
Peripheral terminals of C-fibres release neuropeptides such as substance P and CGRP
that act on endothelial cells, mast cells and immune cells, amplifying inflammation
through multiple receptor-mediated mechanisms. Substance P activates the NKI
receptors on mast cells and endothelial cells, leading to mast cell degranulation, plasma
extravasation, and leukocyte adhesion. CGRP, acting through CLR/RAMP1 receptor
complex, induces potent vasodilation and recruitment of immune cells to the site of
inflammation. Stimulation of TRPV1 and TRPAI1 ion channels on sensory neurons
further enhances neuropeptides release. Additionally, proteases liberated by mast cell
degranulation activates PAR2, triggering further release of SP and CGRP and

reinforcing the inflammatory loop (Marek-Jozefowicz et al., 2023). Neurogenic
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inflammation is implicated in conditions such as migraine, complex regional pain

syndrome (CRPS), atopic dermatitis and other chronic inflammatory diseases.

Several chronic inflammatory conditions are associated with persistent pain, including
arthritis, inflammatory bowel disease and chronic pelvic pain syndromes. Among
these, chronic pelvic pain syndromes constitute one of the common causes of chronic
pain in males. In the next section, prostatic inflammation will be explored, including
its classification, with a particular focus on chronic prostatitis/chronic pelvic pain
syndrome (CP/CPPS), examining its pathophysiology, nociceptive pathways, and

current therapeutic approaches.

1.5 Prostate gland and Prostatic inflammation (prostatitis)

The prostate is a walnut-sized gland in men that is part of the male reproductive
system. It is located just below the bladder, surrounding the urethra (Figure 1.2). Its
secretions are crucial for nourishment and transport of sperm. The gland is composed
of glandular tissue, that is the secretory acini, which produces the prostatic fluid. The
acini are supported with fibromuscular stroma that facilitate the expel of the fluids

through the ducts to urethra (Oelke, 2020).
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Figure 1.2: Schematic illustration of the anatomical localisation and histology of human prostate.
At illustrates the urinary system and the location of the prostate below the bladder. B: provides a close-
up of the prostate with the prostatic urethra highlighted in green. C: shows the histological structure of
the human prostate, displaying the secretory acini and fibromuscular stroma. This illustration was
created using Biorender.com, and the prostate section was adopted from (Shah and Zhou, 2019).

Prostatitis describes a group of painful inflammatory conditions affecting the prostate
gland, which may or may not involve bacterial infection. In some cases, inflammation
may extend to areas surrounding the prostate (Krieger et al., 2008, NIDDK, 2014).
Prostatic inflammatory conditions could be acute or chronic and are classified based
on their aetiology. In 1994, the National Institutes of Health (NIH) established a
consensus classification system to categorise different types of prostatitis based on
symptoms and underlying causes, creating four distinct clinical categories (Krieger et
al., 1999). Among these, acute and chronic bacterial prostatitis are the best understood,
though they account for only 5-10% of all symptomatic cases (Davis NG, 2025). The
majority of prostatitis cases are diagnosed as chronic prostatitis/chronic pelvic pain

syndrome (CP/CPPS), category III (Table 1.1), which is a painful condition without
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infectious origin (Murphy et al., 2009). According to a meta-analysis for the
prevalence of chronic pain in low and middle-income countries, chronic
pelvic/prostatitis pain accounts for 4% (95% CI 0-14) in the general population
(Jackson et al., 2016). It is estimated that up to 25% of men will be diagnosed with
prostatitis in their lifetime (Zhang et al., 2019). Several studies reported that 50% of
the male population experience CP/CPPS-related symptoms at some point of their
lives (Zhang et al., 2020a). A recent cross-sectional study found that the prevalence
of chronic prostatitis exceeded 35% of the study sample, accounting for over 89% of
all reported cases of prostatic inflammatory conditions documented over a 4-year study

period (Prince Kasongo et al., 2024).

Table 1.1: National Institutes of Health (NIH) consensus definition and classification of prostatitis
(Krieger, Nyberg and Nickel, 1999).

NIH classification Definition

Category I: acute bacterial prostatitis Acute infection of the prostate gland

Category II: chronic bacterial prostatitis | Recurrent infection of the prostate

Category ITIA: Inflammatory CPPS White cells .in semen/EPS/VB3 (VB3 or
post-prostatic massage)

Category I1IB: non-inflammatory CPPS | No white cells in semen/EPS/VB3

Abnormal semen analysis

Elevated PSA values

Incidental findings in the biopsied prostate

Abbreviations: CPPS': chronic pelvic pain syndrome; EPS: expressed prostatic secretions; VB3:

voided bladder urine culture 3; PSA: prostatic-specific antigen.

Category IV: asymptomatic
inflammatory prostatitis

CP/CPPS remains a complex and poorly understood condition with no clear aetiology.
It is still debatable whether it stems from an inflammatory process or is primarily a
neuromuscular pain disorder (Potts and Payne, 2007). Multiple factors, including
inflammation, neurogenic pain, and psychosocial influences, are all considered
potential contributors to the disease and research in this area remains ongoing (Ma et

al., 2025). The condition is characterized by chronic pelvic pain, testicular discomfort,
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painful ejaculation and voiding difficulties, often resulting in genitourinary symptoms

(Marszalek et al., 2007, Pontari, 2025).

Owing to the ambiguous nature of the disease, treatment has primarily focused on
symptomatic management rather than addressing an underlying cause. In response to
this gap, an expert panel developed the NIH-Chronic Prostatitis Symptom Index (NIH-
CPSI), a 13-item questionnaire based on scoring symptoms in three domains: pain,
urinary symptoms and quality of life (Litwin et al., 1999). This tool has been validated
as an outcome measure for monitoring treatment efficacy (Clemens et al., 2009,
Wagenlehner et al.,, 2013). A multicentred cohort study demonstrated that pain
frequency and severity, regardless of its location/type, have the greatest impact on
quality of life for CP/CPPS patients, which brings a huge burden to the patient and
society (Wagenlehner et al., 2013). Current management of CP/CPPS is multimodal
and tailored to the patient phenotype (Nickel and Shoskes, 2010). In the United
Kingdom (UK), clinical practice is guided primarily by the Prostate Cancer UK/
Prostatitis Expert Reference Group (PERG) consensus guideline published in 2015
(Rees et al., 2015). This guideline emphasises a multimodal approach, rather than a
single standard pathway, and discourages repeated antibiotic use in the absence of
documented infection. Pharmacological options include o-adrenergic receptor
blockers such as tamsulosin or alfuzosin in men with voiding symptoms, together with
non-steroidal anti-inflammatory drugs (NSAIDs) such as ibuprofen, naproxen or
celecoxib for pain relief. Short courses of antibiotics (e.g., ciprofloxacin, ofloxacin or
doxycycline) are reserved for patients with a clear clinical suspicion of bacterial
infection. In patients whose pain persists, second-line strategies may be considered,

including neuromodulators such as amitriptyline, gabapentin or pregabalin. In selected
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men with co-existing benign prostatic hyperplasia, 5-a-reductase inhibitors (like
finasteride or dutasteride) may be used. In agreement with other guidelines,
multidisciplinary care is recommended, including physical and cognitive therapy
(Polackwich and Shoskes, 2016, Pontari, 2025). Recent advancements in
understanding CP/CPPS have directed management goals towards a comprehensive,
individualised treatment approach. The UPOINT classification system—urinary,
psychosocial, organ-specific, infection, neurologic/systemic, and tenderness
domains—offers an all-inclusive approach for diagnosis and treatment, emphasising
the need to treat all contributing factors, including psychological stress and pelvic floor
dysfunction (Cai et al., 2024). This holistic approach, incorporating physical therapy,
medications, and psychological support, is a promising strategy, especially in complex

cases, leading to improved symptom management and quality of life.

1.6  An overview of G-protein Coupled Receptors (GPCRs)

GPCRs constitute the largest family of membrane proteins identified and serve as a
major drug target. This class of membrane receptors accounts for 4% of human genes
(Kooistra et al., 2021) and 13% of membrane proteins (Muratspahic¢ et al., 2019). From
over 800 identified GPCRs, at least 108 are targets of ~34% of FDA approved drugs
(Hauser et al., 2018). They are macromolecules that exhibit a seven-transmembrane a-
helical motif and are mainly situated in the cell-surface membrane. GPCRs are
engaged in cell communication recognizing large number of paracrine and endocrine
signals besides sensations including smell, taste and vision (Dalesio et al., 2018).
GPCRs are highly dynamic mediating multiple biological functions of signal
transduction, initiated by a wide range of extracellular stimuli, including photons, ions,

lipids, neurotransmitters, hormones, peptides, and odorants (Latorraca et al., 2017).
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1.6.1 General structure and classification of GPCRs

GPCRs share a conserved structural framework consisting of seven transmembrane
(7TM) helices, interconnected by three intra- (ICL1-3) and three extracellular loops
(ECLI1-3) besides an extracellular N-terminal and an intracellular C-terminal (Figure
1.3The extracellular part is responsible for ligand binding as a means of transmitting
extracellular signals, while the intracellular part is responsible for interacting with
heterotrimeric G-protein, arrestins and G protein-coupled receptor kinases (GRKs)
(Rosenbaum et al., 2009). G-protein (GTP-binding protein) is the principal switch
connecting the receptor with second messenger-generating enzymes (Letkowitz,
2013). It consists of three subunits (a, B, y) anchored to the inner membrane surface
by lipid modifications (Zhang et al., 2004). In its inactive (basal) state, G, binds a

guanosine diphosphate (GDP).
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Figure 1.3: Structure of a GPCR and its heterotrimeric G protein complex.

A schematic representation showing the typical structure of a GPCR, consisting of seven-
transmembrane (7TM) a-helical domains embedded within the cell membrane. The extracellular region
consists of an N-terminal extracellular domain, three extracellular loops (ECL1, ECL2, and ECL3),
while the intracellular domain consists of three intracellular loops (ICL1, ICL2, and ICL3), and a C-
terminal. The C-terminal region interacts with the heterotrimeric G protein complex, composed of Ga,
Gp, and Gy subunits linked to the inner membrane. In its inactive state, the Go, subunit is bound to
guanosine diphosphate (GDP). Upon receptor activation, GDP is exchanged for guanosine triphosphate
(GTP), leading to the dissociation of the Ga subunit from the Gfy dimer, initiating downstream
signalling cascades. (Visual created using Biorender.com).

GPCRs are divided into six families based on their sequence similarity: rhodopsin-like
(family A), secretin (family B), glutamate (family C), fungal mating pheromone
(family D), cyclic AMP (family E) and frizzled/smoothened (family F) receptors (Hu
et al., 2017). The rhodopsin-like family is the largest family of GPCRs and is
characterised by conserved sequence motifs that imply shared structural features and
activation mechanisms. Overall, the seven TM domains exhibit significant homology
among GPCRs, whereas the N-terminal region serves as the primary structural
variable. Despite these shared characteristics, each GPCR possesses unique

combinations of signal transduction activities, engaging multiple G-protein subtypes,
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G-protein-independent signalling pathways and complex regulatory mechanisms.
There are GPCRs that are known as “orphan” receptors, for which endogenous ligands

and exact functions are yet to be recognised (Jobe and Vijayan, 2024).

1.6.2 Activation mechanism of GPCRs

GPCRs can respond to a diverse range of extracellular activating ligands, including
neurotransmitters, hormones, lipids, ions, and peptides. Their activation follows a
well-characterised sequence of molecular events that trigger intracellular signalling
cascades (see Figure 1.4A). GPCRs initiate canonical (G protein-dependent) signalling
through ligand-induced conformational rearrangements within their seven-
transmembrane (7TM) helical bundle. This conformational transition allosterically
reduces the affinity of the Ga subunit for GDP, resulting in its release and rapid
replacement with GTP, as GPCRs are intrinsically guanine nucleotide exchange
factors (GEF) (Eichel and von Zastrow, 2018). GTP binding stabilises an active
conformation in the Ga subunit, leading to the dissociation of the Ga monomer and a
Gpy heterodimer. Both free molecules are now competent to interact with downstream
effectors (enzymes or channels), initiating signalling cascades, responsible for various

physiological and pathophysiological processes (Manning and Blumenthal, 2023).
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Figure 1.4: GPCR Activation Mechanism.

An illustration of the main steps of GPCR-mediated signal transduction. A: G-protein dependent
signalling: The process is triggered by ligand (green) binding to the extracellular domain of the GPCR
(Step 1), inducing a conformational change in its seven-transmembrane (7TM) helical structure. This
leads to G protein activation (Step 2), facilitating the exchange of GDP for GTP in the a-subunit of the
heterotrimeric G protein complex (o, B, y), thereby activating the G protein. This induces the
dissociation of the G protein (Step 3) into the Go subunit and the Gy heterodimer, allowing both
components to engage distinct intracellular effectors. These interactions turn on downstream signalling
cascades (Step 4), leading to cellular responses. B: G-protein independent signalling: GPCRs can
engage in G protein-independent pathways through p-arrestins. This process is initiated by
phosphorylation of intracellular receptor residues (Step 5) by GPCR kinases (GRKSs), facilitating [3-
arrestin recruitment. GPCR-fB-arrestin coupling facilitates receptor desensitisation and internalisation
(Step 6), for terminating GPCR signalling. B-arrestins also serve as scaffolding proteins, initiating the
activation of distinct intracellular signalling cascades (Step 7). (Visual created using Biorender.com).
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The specificity of GPCR signalling is imposed by the subtype of heterotrimeric G
proteins recruited upon ligand-mediated activation. Based on structural homology, Ga
proteins are sorted into four families, Gs, Gio, Gg/11, and Gi2/13, modulating distinct
intracellular pathways (introduced in subsection 1.6.3). The free Gy subunits also
participate in signal transduction, directly modulating the activity of ion channels,

phospholipases, and kinases (Campbell and Smrcka, 2018).

GPCR can initiate a non-canonical (G-protein independent) signalling mediated by
arrestins (Gurevich and Gurevich, 2019). Arrestins are classified into four subtypes:
arrestin-1 and arrestin-4, mainly expressed in the eye, besides arrestin-2 (B-arrestin 1)
and arrestin-3 (B-arrestin 2), which are widely expressed across various tissues. The
naming of these effectors originates from the initially recognised function in
“arresting” GPCR activity, facilitating desensitisation and internalisation of the
receptor. However, research findings indicate that arrestins act as scaffolding proteins
that engage distinct intracellular signalling networks, independent of G proteins (Jean-
Charles et al., 2017). Arrestin-GPCR coupling is triggered by the phosphorylation of
specific intracellular receptor residues by GPCR kinases (GRKs), leading to arrestin
recruitment and receptor internalisation (Figure 1.4B). Traditionally, this event was
thought to terminate receptor activity; however, emerging evidence suggests that this
internalisation can also redirect receptor signalling to intracellular effectors, thereby
modulating the dynamics of GPCR activity. MAPK pathway, including extracellular
signal-regulated kinases (ERKSs) is one of the signalling pathways that can be activated
in an arrestin-dependent fashion (Gurevich and Gurevich, 2019). Additionally, GPCR-
arrestin coupling mediates receptor trafficking, relocating the receptor within the

membrane (Thomsen et al., 2022). Furthermore, arrestins are involved in the biased
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signalling paradigm where specific ligands can selectively mediate either G protein-

or arrestin-mediated pathways, promoting functional selectivity in GPCR responses.

1.6.3 G proteins: subtype-specific signalling

GPCR function specificity and downstream target regulation are largely dependent on
the identity of the Ga subunit, that are classified into four main families comprising
more than 16 subunit isoforms (refer to Table 1.2). Additionally, a total of five Gff and
12 Gy isoforms were identified that contribute less to the specificity of the signalling
cascade yet complement or modulate Ga subunit activity (Manning and Blumenthal,
2023, Conflitti et al., 2025). Despite the importance of these G and Gy subunits for
physiology and fine-tuning GPCR activity, specific biochemical classification has not

yet been achieved.

Table 1.2: The four families of Ga-proteins subunit isoforms (Manning and Blumenthal, 2023).

Family Subunit isoform Effector protein/second messenger
Gas Ols short, Ols long Adenyl cyclase/ 1 cAMP
Ololf
Gai i1, iz, O3 Adenyl cyclase/ v cAMP
OoA, OoB
Olt1, Oi2
Og
Oz
Gagq/11 Oq PLCpB/ DAG/IP3
i1, 014, 15, Q16
Gal2/13 o2, 013 RhoGEFs/RhoA

Abbreviations: cAMP: cyclic adenosine monophosphate; PLC: Phospholipase Cf5; DAG:
Diacylglycerol; IP3: Inositol 1,4,5-trisphosphate; GEFs: Guanine nucleotide exchange factors

1.6.3.1 Gas family

The Gos family includes three isoforms, Gas short, G0s 1ong, and Goar, that exhibit
variable tissue expression but share a common function regulating cyclic adenosine
monophosphate (cAMP) (Wettschureck and Offermanns, 2005). Upon ligand binding
to GPCR, Gos exchanges GDP with GTP, leading to its dissociation and direct

activation of adenylyl cyclase (AC) (Figure 1.5A). AC in turn catalyses the conversion
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of adenosine triphosphate (ATP) to cAMP, the primary second messenger responsible
for initiating intracellular cascades. Several cAMP-dependent cytoplasmic effector
proteins are activated, including protein kinase A (PKA) and several exchange proteins
directly activated by cAMP (EPAC). Activated PKA results in the phosphorylation of
diverse target proteins involved in regulating energy utilisation, transcriptional
activity, and ion channel activity (Mellon et al., 1989, Zhao et al., 2015, Yang, 2018).
In contrast, EPAC proteins function as guanine nucleotide exchange factors that
regulate small GTPases, affecting cell adhesion, migration, and calcium signalling
(Holz et al.,, 2006, Raymond et al., 2007). cAMP signalling is stopped by
phosphodiesterases (PDEs), which hydrolyse cAMP into AMP, effectively
terminating the signal. The interplay between PKA and EPAC can be synergistic,
independent, or even antagonistic, depending on their cellular context. For instance, in
mouse fibroblasts (preadipocytes), PKA (by suppressing Rho/ROCK kinase) and
EPAC (through Ras-related protein 1 [Rapl]) cooperate synergistically to promote
adipocyte differentiation (Petersen et al., 2008). Meanwhile, PKA and EPAC were
reported to function independently in endothelial cells, regulating migration and
barrier function via distinct signalling routes (Lorenowicz et al., 2008). In contrast,
Menon et al. (2012) described antagonistic interactions in prostate cancer cells, where
EPAC/Rapl activation promoted vascular endothelial growth factor (VEGF)
expression under hypoxia, while PKA activation supresses Rap1 signalling reducing
VEGF output (Menon et al., 2012).

1.6.3.2 Gai family

The Gai family consists of multiple isoforms, including Gai1, Gaiz, Gais, Gao, Ga, and

Goy, which exhibit overlapping but distinct physiological functions (de Oliveira et al.,
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2019). Most Ga; family members, except Go,, are pertussis toxin (PTX)- sensitive,
allowing pharmacological inhibition and assessment of Gai-specific functions.
Dissociated Gai-GTP can inhibit most forms of AC, reducing cytoplasmic levels of
cAMP, providing a functional counterbalance to Gos-mediated signalling (Figure
1.5B) (Manning and Blumenthal, 2023). Additionally, Gai/, activity, along with its
GPy dimer, directly modulates ion channels, including the activation of G-protein-
dependent inwardly rectifying K* channels (GIRK) (Liischer and Slesinger, 2010), and
inhibition of several subtypes of voltage-gated Ca** channels (Thomas et al., 2025).
These mechanisms enable Gai, proteins to fine-tune synaptic transmission and
neuronal excitability. For instance, p opioid receptors activated by analgesics like
morphine couple via Gaio to open GIRK channels and inhibit voltage-gated Ca®*
channels, leading to reduced neural excitability and analgesia (Che and Roth, 2023).
Similarly, the GABABg receptors, when activated by drugs like baclofen, exert
presynaptic neurotransmitter release and postsynaptic hyperpolarisation through
Goi/o-mediated suppression of Ca** channels and activation of GIRK channels (Hleihil
et al., 2021). These examples illustrate how pharmacological modulation of Gai/o-
coupled receptors can regulate neural excitability, making them potential therapeutic

targets (Yudin and Rohacs, 2018).

1.6.3.3 Gag11 family

The Gog family includes Gog, Gour, Gaus and Goue (Gaus 1s the mouse ortholog of
Gaie). Gag11 monomer released upon ligand-mediated stimulation of GPCRs directly
activate an enzyme, phospholipase Cp (PLCp), that hydrolyses phosphatidylinositol
4,5-bisphosphate (PIP2), a membrane phospholipid. This hydrolysis generates two key

second messengers, diacylglycerol (DAG) and inositol 1,4,5-trisphosphate (IP3)

23



(Figure 1.5C). DAG can directly activate protein kinase C, which like PKA,
phosphorylates several effector protein targets involved in cellular proliferation,
differentiation, apoptosis and migration (Black and Black, 2012, Fogh et al., 2014,
Pieles and Morsczeck, 2024). For IP3, it binds to its specific receptors (IP3R) on the
sarcoplasmic and endoplasmic membranes, initiating intracellular Ca®* release. The
increased cytoplasmic Ca’" levels regulate several cellular processes, including gene
transcription, contraction and exocytosis (Domeier et al., 2008, Dewenter et al., 2017,

Predescu et al., 2019).

1.6.3.4 Gaiz/13 family

Finally, Gai2/13 directly interacts with Rho guanine nucleotide exchange factors
(RhoGEFs) (Figure 1.5D). These RhoGEFs facilitate the exchange of GDP with GTP
on RhoA, inducing its activation. RhoA, in turn, stimulates Rho-associated kinases
(ROCK) that govern cellular contractility, proliferation, survival and migration
(Coffield et al., 2004, Liu et al., 2009, Guo et al., 2022). This pathway is vital in the
nervous system, regulating cortical development, neuronal migration, axonal guidance
and neurotransmitter release, making it critical for neurodevelopmental processes

(Molliver, 2009, Suzuki et al., 2009).
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Figure 1.5: GPCR Distinct Ga-Mediated Signal Transduction Mechanisms.

An illustration of the four major GPCR signalling pathways mediated by different Ga subunits. (A)
Gos-mediated signalling: Upon ligand binding, the GPCR activates Gas, which in turn stimulates
adenylate cyclase, leading to the production of cyclic adenosine monophosphate (cAMP). cAMP
activates protein kinase A (PKA) and exchange proteins directly activated by cAMP (EPAC).
Phosphodiesterases (PDEs) regulate this pathway by degrading cAMP. (B) Gog-mediated signalling:
GPCR activation of Gag stimulates phospholipase Cp (PLCP), which hydrolyses phosphatidylinositol
4,5-bisphosphate (PIP2) to generate diacylglycerol (DAG) and inositol 1,4,5-trisphosphate (IP3). DAG
activates protein kinase C (PKC), while IP3 induces Ca?" mobilisation from intracellular stores. (C)
Goi-mediated signalling: Activation of Ga; leads to the inhibition of adenylate cyclase, thereby reducing
cAMP levels and counteracting Gas signalling. (D) Ga.izi3-mediated signalling: The Gaz/13 subunits
activate Rho guanine nucleotide exchange factors (RhoGEFs), which facilitate the exchange of GDP
for GTP on RhoA, leading to its activation. These signalling pathways activate distinct effectors and
second messengers, which in turn regulate various cellular processes, leading to the downstream
responses illustrated in the figure. Visual created by Biorender.com.

1.6.4 Inactivation and desensitisation of GPCR

Following activation, repeated agonist-mediated GPCR activation is minimised by a
process known as desensitisation. The main desensitisation mechanism occurs through
a group of enzymes known as GPCR kinases (GRKSs), which phosphorylate specific
C-terminal residues of the receptor. This initiates B-arrestin recruitment, preventing its
reassociation with G-protein and triggering receptor endocytosis, degradation
(receptor downregulation mainly after prolonged agonist exposure) or restored to cell
membrane (Rajagopal and Shenoy, 2018). Inside the cell, Ga-mediated signalling is

terminated by the intrinsic GTPase activity of the Ga subunit that hydrolyses GTP
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back to GDP, facilitating the reassociation of the inactive Gofy heterotrimer and

resetting the signalling state of the receptor (Manning and Blumenthal, 2023).
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Figure 1.6: Mechanisms of GPCR desensitisation.

Schematic representation of GPCR desensitisation, internalisation, and fate following activation. (1)
Following agonist-mediated activation, the receptor undergoes C-terminal phosphorylation by G
protein-coupled receptor kinases (GRKs). (2) This mediates the recruitment of B-arrestins, which
uncouple the receptor from G proteins. (3) The B-arrestin—bound receptor is then internalised via
clathrin-mediated endocytosis. (4) In endosomes, receptors are sorted either for (5) lysosomal
degradation and downregulation or for recycling back to the plasma membrane to allow receptor

resensitisation. Visual created by Biorender.com.
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Protease-activated receptors- a unique family of G protein-coupled receptors.

1.7 Discovery of the unique activation mechanism of PARs

Although the function and mitogenic actions of thrombin and trypsin were specified
since the early 1970s (Burger, 1970, Kaplan and Bona, 1974, Chen and Buchanan,
1975), the receptors responsible for mediating their actions, protease-activated
receptors (PAR) were initially recognised only in the 1990s. Although this group of
receptors has a wide range of functions in both physiological and pathological tissue
conditions, they have only recently gained appreciable consideration as potential
therapeutic targets for several disease conditions. In investigating the actions of
thrombin, which were independent of coagulation but still dependent upon serine
protease activity, PAR1 was the first member to be cloned directly using a Xenopus
oocyte expression system and mRNA detected in human platelets and vascular
endothelial cells (Vu et al., 1991). The other members of this group, PAR2 (Nystedt
et al., 1994, Nystedt et al., 1995a) (a thrombin-insensitive PAR), PAR3 (Ishihara et

al., 1997) and PAR4 (Xu et al., 1998), were characterised and cloned soon thereafter.

Activation of this unique class of receptors involves the proteolytic activity of enzymes
known as serine proteases. These enzymes function by hydrolysing peptides through
a catalytic triad composed of aspartate (Asp), histidine (His) and serine (Ser) (Blow et
al., 1969). Serine proteases are produced as inactive precursors (zymogens), which
require selective enzymatic cleavage at specific sites to produce physiologically active
forms. This is known as zymogen activation or “limited proteolysis” (Neurath and
Walsh, 1976, Walsh and Ahmad, 2002). This precise activation mechanism prevents

uncontrolled proteolysis while allowing rapid local responses when triggered. With
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the cloning of the PARs and other proteins regulated by serine-directed proteolysis,
these enzymes have emerged as critical signalling molecules, rather than merely
degradative enzymes. Serine proteases, such as trypsin, thrombin, elastase, and
kallikreins, are now recognised to act as extracellular signalling molecules that
modulate receptor activation, cytokine release, and tissue remodelling. These
proteases cleave and activate PARs on various cell types, triggering intracellular
responses that drive inflammation, vascular permeability, immune cell recruitment and
pain sensitisation (Hollenberg et al., 1997, Oikonomopoulou et al., 2006). For
example, kallikreins KLK6 and KLLK 14 have been shown to activate PAR2 and PAR4,
inducing oedema and enhancing pain responses (Oikonomopoulou et al., 2007);
neutrophil elastase cleaves PAR2, initiating inflammatory signals in vascular and
immune cells (Zhao et al., 2015); and trypsin stimulate cytokine release and immune

cells activation via PAR2 (Miike et al., 2001).

Classically, GPCRs couple reversibly the binding of small hydrophilic agonist
molecules at its extracellular domains to the activation of the heterotrimeric G proteins,
that lead the modulation of downstream signalling effector proteins (Wettschureck and
Offermanns, 2005, Rosenbaum et al., 2009). In this respect the PAR family displays
the typical basic structural features shared in all other GPCRs, having a central core
domain consisting of seven transmembrane helices connected by three extracellular
and three intracellular loops (refer to 1.6). However as indicated above they exhibit
proteolytic activation rather than simple agonist binding (Bockaert and Pin, 1999).
Endogenous serine proteases induce localized proteolysis at the N-terminus of their
receptors to unmask a ‘tethered ligand’ that represents an existing linked amino acid

sequence within N-terminus of the receptor. The unmasked tethered ligand
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(approximately six amino acid sequence) reacts with the specific sequence at
extracellular domains, mostly ECL2 (Han and Nieman, 2020), of the receptor inducing
conformational changes of the transmembrane domains and trigger receptor activity

(Vuetal., 1991, Nystedt et al., 1995a).

1.7.1 Mechanism of activation of PARs

Typically, PARSs are triggered upon proteolysis of their extracellular N-termini by non-
specific serine proteases. N-terminal structure contributes largely to specificity of
receptor selective response to specific agonists. Thrombin can efficiently activate
PARI1 and PAR3, while individual PAR2 are completely unresponsive with weak
responsiveness of PAR4. This has been linked to a structural motif within N-terminal,
a hirudin-like thrombin binding motif, present in both PAR1 and PAR3 (Macfarlane
etal., 2001), but absent in PAR2 and PAR4 (Jacques and Kuliopulos, 2003). Thrombin
and trypsin are serine proteases that can cleave PARs 1, 2 (only trypsin) and 4 at
localized recognition sites resulting in the unmasking of a motif that acts as ‘canonical’
tethered ligand binding to other extracellular loops of the receptors inducing receptor
activation and coupling of the intracellular Ga-protein subtypes, including Gog11,
Gai213, and Goij, initiating intracellular signalling cascades (Mackie et al., 2002,
Traynelis and Trejo, 2007, Chandrabalan and Ramachandran, 2021). For PARS3,
similar cleavage of its N-terminus occurs upon serine protease binding, but the
receptor’s ability to function on its own is not confirmed. It has been shown that PAR3
acts as a cofactor for the thrombin mediated activation of PAR4 in experiments
involving mice platelets expressing both receptors (Nakanishi-Matsui et al., 2000). In
these experiments, at low concentrations of thrombin, blocking mouse PAR3

(mPAR3) and knocking out the mPAR3 gene abolished thrombin signalling.
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Autonomous activity of PAR3 also was demonstrated upon thrombin exposure

resulting in IL-8 release in several human cell lines (Ostrowska and Reiser, 2008).
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Figure 1.7: Mechanisms of Protease-Activated Receptor (PAR) Activation.

Schematic representation of activation mechanisms of protease-activated receptors (PARs). (A) An
activating protease cleaves the receptor’s extracellular N-terminal domain, unmasking a tethered ligand,
which subsequently binds to the receptor’s extracellular loop 2 (ECL2), triggering intracellular
signalling. This activation involves the dissociation of heterotrimeric G proteins (Ga, GB, Gy), the Ga
monomer and GBy dimer. Ga: Gagi1, Gazis, or Goiye, initiates downstream signalling cascades that
regulate cellular responses. (B) Exogenous PAR-activating peptides (PAR-APs) can directly stimulate
PARs without requiring proteolytic cleavage. (C) A disarming protease cleaves the receptor at a distinct
site, disrupting the tethered ligand sequence and rendering the receptor unresponsive, thereby
preventing further signalling. Visual created by Biorender.com.

As an alternative, it was found later that PARs, PAR1 and PAR2, could be activated
via a G-protein-independent mechanism whereby the tethered ligand exposed by
proteases leads a B-arrestin-mediated signalling scaffold (DeFea, 2008). Furthermore,
the receptor-silencing serine proteases that cleave the N-terminus of the receptor,
distinct from the tethered ligand sequence, leading to thrombin or trypsin non-
responsive PARs (known as disarming of PAR), may induce receptor activation as
well. Recent data have indicated that some proteases, such as activated protein C or
APC (Mosnier et al., 2012) and neutrophil elastase (Ramachandran et al., 2011) can

cleave N-termini of PARs at sites downstream of the ‘canonical’ tethered ligand
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sequence, unmasking a ‘non-canonical’ ligand that can dock with the receptor and
trigger PAR activity by a mitogen-activated protein kinase (MAPK) pathway without
elevation of intracellular calcium levels that is induced by the canonical tethered
ligand-induced receptor activation. This ability of PARs to activate one pathway in
preference to another depending on the activating ligand is known as biased agonism

(Kenakin, 2011, Hollenberg et al., 2014).

The cloning of PAR1 and subsequent pharmacology demonstrated that the receptor
could be activated by short synthetic peptides derived from the ‘tethered ligand’
sequence in absence of thrombin-induced proteolytic activity (Vu et al., 1991,
Scarborough et al., 1992). This also applies to PAR2 and PAR4 although again, PAR3
appears to be an exception, as peptides typical to its thrombin-unmasked sequence at
N-terminus did not induce PAR3 signalling, but instead induced PAR1 and PAR2
activity (Hansen et al., 2004, Kaufmann et al., 2005). Such synthetic peptides, known
as PAR activating peptides (PAR-AP), are designed and employed as selective
receptor agonists when studying the physiological involvement and pharmacological
modulation of PARs, especially in settings where more than one subtype of PAR is
expressed (see table 1). It is relevant to note that PAR-AP selectivity is not absolute,
as higher concentrations of these peptides have been observed to activate other PAR
subtypes or off-target receptors (Blackhart et al., 1996, Hollenberg et al., 1997, Tsujii

et al., 2008).
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Table 1.3: PAR tethered ligands and PAR-selective agonist peptides (Ramachandran et al., 2012)

PAR Protease-revealed tethered ligand Selective agonist peptides
subtype | sequence
PAR1 | Ser-Phe-Leu-Leu-Arg-Asn (human) Thr-Phe-Leu-Leu-Arg-NH,
Ser-Phe-Phe-Leu-Arg-Asn (mouse, rat) | Ser-Phe-Leu-Leu-Arg-Asn-NH, (activates
PARI1 and PAR2)

PAR2 | Ser-Leu-Ile-Gly-Lys-Val (human) Ser-Leu-Ile-Gly-Lys-Val-NH»
Ser-Leu-Ile-Gly-Arg-Leu (mouse, rat) | Ser-Leu-Ile-Gly-Arg-Leu-NH,
PAR3 | Thr-Phe-Arg-Gly-Ala-Pro (human) None; PAR3 agonist peptide activates PAR1
and PAR2
PAR4 | Gly-Tyr-Pro-Gly-GIn-Val (human) Ala-Tyr-Pro-Gly-GlIn-Val-NH,
Gly-Tyr-Pro-Gly-Lys-Phe (mouse) Ala-Tyr-Pro-Gly-Lys-Phe-NH,

PAR, protease-activated receptor.

1.7.2 Termination of PARs activity

For the majority of GPCRs, effective desensitisation and downregulation events are
required to guard against acute supramaximal stimulation or chronic activation (see
section 1.6.4). Multiple mechanisms govern the termination of PAR signalling. In
this respect, PAR1 was extensively studied, followed by PAR2, with limited data
available regarding the termination of other PARs. Initial studies demonstrated that
subsequent to protease-unmasked tethered ligand activation, several GPCR kinases
(GRKSs) phosphorylate specific sites within the cytosolic C-terminal of the receptor
(Nanevicz et al., 1996), as in the case of PAR1 (Shapiro and Coughlin, 1998, Trejo,
2003). Reports have shown that GRKs involved in PAR1 phosphorylation include
GRK3 (earlier identified as B-adrenergic receptor kinase2 or BARK2 (Ishii et al.,
1994) and GRKS (Tiruppathi et al., 2000) leading to rapid desensitisation of thrombin-
induced activity of PARI. Interestingly, PAR1 mutated (substitution with alanine) at
these putative phosphorylation sites within the C-terminal still demonstrated some
responsiveness to thrombin (Ishii et al., 1994, Nanevicz et al., 1996), indicating
alternative termination mechanisms. Evidence indicates interaction of B-arrestin with

the cytosolic domains of the receptor, preventing binding of G-proteins, suggesting a
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crucial role in PAR1 desensitisation that appears to be independent of phosphorylation
events by GRKs (Chen et al., 2004), but not PAR1 internalisation or trafficking (Paing
et al., 2002). Evidence has shown that PARI, like many GPCRs, undergoes
internalisation and possible lysosomal degradation that is a clathrin-dynamin-
dependent process and involves deubiquitination of activated receptors (Wolfe et al.,
2007).

On the contrary, PAR2 activity induces multiple phosphorylation events of serine and
threonine residues within the cytosolic C-tail of the receptor (Ricks and Trejo, 2009a).
This event was found to be crucial for B-arrestin 1 and 2 recruitment and uncoupling
of G-protein, consequently, termination of receptor signalling (Bohm et al., 1996a,
Ricks and Trejo, 2009a). Moreover, PAR2 internalisation and lysosomal degradation
are also B-arrestin-dependent (DeFea et al., 2000b, Stalheim et al., 2005). PAR2 f-
arrestin-tagged receptors are targeted for early receptor endosomal internalisation,
which does not appear to be recycled (Stalheim et al., 2005), and consequent
differential sorting for lysosomal degradation in a process involving deubiquination of
the receptor (Déry et al., 1999, Hasdemir et al., 2009b).

The mechanisms that regulate termination of PAR3 and PAR4 signalling remain
largely unclear. Nevertheless, studies demonstrated that PAR4 internalisation is [3-
arrestin-independent and is a slower process, in comparison to PAR1 (Shapiro et al.,
2000), that is mediated by clathrin- and dynamin-dependent pathways (Smith et al.,
2016). In addition, evidence showed the involvement of PAR2-heterodimerization as
a key regulator of PAR4 trafficking and signalling (Cunningham et al., 2012) which

may imply co-termination mechanisms.
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1.8 An overview of PARSs biological roles

PARs regulate a vast range of cellular responses in different tissue types. PAR1 was
initially identified as a mediator of thrombin-induced cellular effects independent of
the coagulation cascade (Vu et al., 1991). Later, it was confirmed that PAR family is
expressed across multiple cell types in the vasculature to mediate protease functions
modulating coagulation, vascular tissue inflammation and repair (Borissoff et al.,

2011) (see the overview in

Figure 1.8). In general, PARs are largely involved in regulation of platelet aggregation,
vascular permeability, nitric oxide (NO) liberation and leukocyte adhesion. Thrombin
activates PAR1 and PAR4 on platelets, with species-specific differences, leading to
platelet aggregation, granular secretions and procoagulant activity (Coughlin, 2005).
Proteases can activate PARs on vascular endothelial and smooth muscle cells affecting
vascular resistance, blood flow, permeability and angiogenesis (Thiyagarajan et al.,
2008, Zhang et al., 2023). Typically, PAR activation causes dilation of pre-contracted
blood vessels in an endothelial-released nitric oxide-mediated mechanism (Coughlin,
2001). Although, NO-independent mechanisms were identified that mediate PAR-
induced vasodilation (Hamilton and Cocks, 2000, Hamilton et al., 2001), under
specific conditions, proteases were also reported to induce PAR-mediated vascular

constriction (Tay-Uyboco et al., 1995, Roy et al., 1998, Habibi et al., 2025).

In the CNS, PARs are expressed in neuronal cells and astrocytes. Since PARs can
increase [Ca”'];, they play a role in controlling excitability, neurotransmitter release
and cell survival. Moreover, thrombin and PAR activators affect the morphology of

neurons and astrocytes (Beecher et al., 1994, Sweeney et al., 2017) and show inhibitory
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effects on neuronal outgrowth formation (Kim et al., 2021). Thrombin effects on
neuron and astrocyte survival were concentration- and exposure time-dependent. In
general, low levels of thrombin or PAR1 activator are protective (Striggow et al., 2000,
Rajput et al., 2020) while prolonged exposure to a high concentration induces
neurodegeneration and apoptosis (Striggow et al., 2000, Citron et al., 2016). PAR1 and
PAR?2 are involved in synaptic plasticity and neurotransmitter release (Price et al.,
2021). PAR2 is expressed in microglia, astrocytes and neurons, mainly mediating
neuroinflammatory responses and pro-inflammatory cytokines release (Steinhoff et
al., 2000b, Noorbakhsh et al., 2006, Eftekhari et al., 2024). PAR4 has been shown to
contribute to neuroinflammatory processes, and its selective inhibitors demonstrated
neuroprotective effects in a traumatic brain injury model (Luo et al., 2021, Zhuo et al.,

2022, Fleischer et al., 2024).

In the gastrointestinal (GI) tract, PARs, particularly PAR1 and PAR2, are distributed
throughout the tract, contributing to various GI functions (Ossovskaya and Bunnett,
2004, Ceuleers et al., 2016, Pontarollo et al., 2020). GI tissue is highly exposed to
proteases that are secreted into the lumen as digestive enzymes or extrinsically
liberated from pathogens or inflammatory cells. Under physiological conditions,
PARI1, PAR2 and PAR4 are capable of modulating GI motility, exocrine secretions,
cellular signalling and local neurotransmission (Kawabata, 2003, Sung et al., 2018,
Mirakhur and Diener, 2022). Under stress or inflammation, PARs, especially PAR1
and PAR2, appear to significantly contribute to mucosal and pancreatic injury,

inflammation and pain (Kawabata et al., 2008, Mirakhur and Diener, 2022).

In the respiratory system, PARs (PAR1-PAR4) are expressed in several cell types,

including airway epithelial cells (bronchial and alveolar), airway smooth muscle cells,

35



fibroblasts, and resident immune cells, such as mast cells and macrophages (Lan et al.,
2002). These receptors are activated by endogenous cleaving proteases, such as airway
trypsin (Kawano et al., 1997, Danahay et al., 2001) and mast cell tryptase (Louis et al.,
2000), or exogenous proteases, like inhaled dust mite allergens (Li et al., 2019). Under
normal conditions, PAR1, PAR2 and PAR4 are capable of modulating airway smooth
muscle tone and pulmonary resistance (Lan et al., 2000, Hagras and Kamel, 2020).
Moreover, stimulation of airway PARs induces tissue repair, regeneration and
remodelling (Panettieri Jr et al., 1995, Akers et al., 2000, Chambers et al., 2001). PARs
showed increased expression in inflammatory airway conditions, besides elevated
levels of proteases, suggesting a key role in airway inflammatory responses.
Specifically, PAR2 has been implicated in allergic airway inflammation, mediating
eosinophil infiltration and airway hyperreactivity (Lin et al., 2015, Asaduzzaman et
al., 2018). Additionally, PARI1 contributes to pulmonary fibrosis, suggesting that
different PAR subtypes may induce distinct inflammatory responses in the airways
(Reed and Kita, 2004, Shea et al., 2017). Based on these observations, PARs play a
modulatory role in airway homeostasis and participate in the pathophysiology of
airway inflammatory conditions like asthma, chronic obstructive pulmonary disease
(COPD) and other respiratory diseases, reviewed in (Reed and Kita, 2004, Sokolova

and Reiser, 2007, Menou et al., 2017, Zhuo et al., 2022).

36



Platelet aggregation

Permeability & Degranulation and histamine release

Cytokine & chemokine release

inflammation ‘Adhesi -
Angiogenesis and esion Airway
proliferation Morphology changes inflammation
Barrier regulation
i LBy foy
2
PAR2 &) PAR3 PAR4 \\1/ Contraction
S Eosinophils Neutrophils
Endothelial cells PAR1 PART " Monocyte/ PARZ
PAR4 PAR2 ( / U
- . macrophage
PART =7 - PAR3 ‘\EAR']
PAR2 - . PAR2 ”;' == i
Smooth muscle cells Mast cells Airway smooth muscle cells
Immung
) (=) , Proteases £
1) ﬁ Platelet °f 2
Y P S Y PAR2
%
=< Airway epithelial cells
~
.
PAR ©
Cutaneus PAR1
K\ PAR2
A jj% PARZ Myenteric
Neuron / ] neuron
Keratinocyte PAR1
PAR2
PAR1 Enterocyte o
Fibroblast n smooth muscle
Neurotransmission
Pain signaling Barrier function & secretion
Neuroinflammation L. . Inflammation
Ca? signaling Skin pigmentation Induce contraction,
Survival/apoptosis Keratinocyte activation motility changes
balance Wound healing and angiogenesis Neurotransmission

Figure 1.8: An overview of the main biological roles of PARs in different cell types.

This figure provides a comprehensive overview of the biological roles of PARs across various organ
systems and cell types. For each system, the relevant cell types mainly expressing specific PAR subtypes
(indicated next to each cell illustration in dark green) are shown, along with a summary of the main
PAR-mediated functions of that system described in labelled boxes. Abbreviations: PAR: protease-
activated receptor, CVS: cardiovascular system, GIT: gastrointestinal tract. Figure prepared using
Biorender.com, inspired from (Peach et al., 2023).

Cutaneous biology and pathophysiology are another area where proteases display a
crucial role (Guenther and Melzig, 2015, Xu et al., 2024). PARs, especially PAR1 and
PAR2, are expressed in several cutaneous cell types like keratinocytes, several layers
in epidermis, inner root sheath or hair follicle and myoepithelial cells of sweat glands

(Santulli et al., 1995, Steinhoff et al., 1999). There is considerable interest in the role

of PAR2 in skin pigmentation (Hashimoto et al., 2023). Although melanocytes do not
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express PAR2, the activation of PAR2-expressing keratinocytes by trypsin has been
shown to induce skin darkening through a mechanism that involves interaction with
neighbouring melanocytes (Seiberg et al., 2000, Moreiras et al., 2022). PAR2 was
found to be overexpressed in keratinocytes upon exposure to ultraviolet irradiation,
leading to skin pigmentation (Scott et al., 2001, Enomoto et al., 2011). In contrast, the
topical application of serine protease inhibitor was found to cause skin lightening
(Paine et al., 2001). As PARI1 activation stimulates the proliferation of fibroblasts,
keratinocytes, and induces angiogenesis, several investigations have demonstrated the
essential contribution of PAR1 in cutaneous wound healing (Xue et al., 2005, Kiseleva

etal., 2015, Turner et al., 2019).

1.9 PARs in inflammation

Inflammation serves as the body’s primary defence mechanism, involving a series of
events including vascular dilation, oedema formation and inflammatory cell
infiltration. A growing body of evidence suggests the significant role of PARs in
multiple inflammatory diseases, as discussed in several reviews (Bunnett, 2006,
Vergnolle, 2009, Ma and Dorling, 2012, Heuberger and Schuepbach, 2019, Zhuo et
al., 2022). Following PAR1 and PAR2 activation in vivo using their respective
activating peptides, key features of inflammation were found to be evident, including
redness, oedema, inflammatory cell recruitment, heat and pain (Vergnolle et al., 1999,
Chen et al., 2008, Sevigny et al., 2011). However, numerous studies have
demonstrated anti-inflammatory effects of PARs activation or even dual effects in
specific conditions (Bae et al., 2009, Zhuo et al., 2022). Specific examples of these

anti-inflammatory and dual effects will be discussed at the end of this section.
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The activation and desensitisation of PARs suggest that these receptors function as
emergency sensors activated once and then rapidly degraded or recycled. The
discovery of PARs provided a molecular explanation of the proinflammatory effects
of thrombin and other proteases (Cirino et al., 1996). Early evidence of thrombin’s
inflammatory role came from the studies showing that pretreatment with hirulog, a
thrombin inhibitor, reduced carrageenan-induced rat paw oedema (Cirino et al., 1996).
Beyond its well-established role in platelet aggregation and coagulation, thrombin
exerts several pro-inflammatory effects, including vasodilation, increased vascular
permeability and chemotaxis, primarily mediated through PAR1 (Cirino et al., 2000).
PART1 activation has been linked to the release of key inflammatory mediators such as
histamine and cytokines (Déry et al., 1998). Moreover, thrombin-mediated PAR1
signalling was essential for inflammatory tissue chemokine gradients and leukocyte

recruitment (Chen et al., 2008).

For PAR?2, its activation has been linked to increased vascular permeability (Kawabata
et al., 1998, Vergnolle et al., 1999), bronchoconstriction (Ricciardolo et al., 2000),
leukocyte migration and infiltration (Vergnolle, 1999, Vergnolle et al., 1999) and other
pro-inflammatory events. PAR2 is highly expressed in inflammatory cells such as mast
cells, macrophages, monocytes, fibroblasts and neutrophils, demonstrating key roles
in activation and degranulation of these cells (Howells et al., 1997, Shpacovitch et al.,
2004). Notably, PAR2-mediated oedema is driven by a neurogenic mechanism,
involving the release of substance P (SP) and CGRP by local sensory neurons,
stimulating corresponding receptors on endothelial cells (Steinhoff et al., 2000a).
However, PAR2 inhibitor, GB83 4uM, partially attenuated neutrophil elastase (NE)-

induced human endothelial permeability, indicating direct involvement of endothelial
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PAR2 in oedema (Liu et al., 2019). Furthermore, it was found that PAR2 signalling
involves transcription factors, for example, CUX1, a homeodomain protein which is
a downstream effector of PAR2, and induces the expression of inflammatory
mediators including interleukin-lalpha (IL-la), cyclo-oxygenase-2 (COX-2) and
matrix metalloprotease-10 (MMP-10) in fibroblasts and endothelial cells (Wilson et
al., 2009). Also, PAR2 contributes to cell proliferation and tissue remodelling during
inflammation. For example, in theumatoid arthritis, fibroblast proliferation has been
shown to be driven by PAR2 rather than PAR1 (Xue et al., 2012). Notably,
environmental factors such as smoking can amplify PAR2 activity. A study
demonstrated that pre-exposure to cigarette smoke extract upregulates PAR2 in normal
human bronchial epithelial cells, thereby enhancing inflammatory response to

neutrophil elastase (Lee et al., 2018).

Several studies have also demonstrated the role of PAR4 in inflammatory events.
Activation of PAR4 by its specific activating peptides induced local inflammatory
reactions, including swelling and granulocyte recruitment (Vergnolle et al., 2002) that
were inhibited upon pretreatment with a PAR4 antagonist, pepducin P4pal-10 (0.5
mg/Kg, 1.p.) in local carrageenan-induced rodent paw oedema (Houle et al., 2005). In
this study, further investigations into the mechanisms underlying PAR4-induced
oedema demonstrated the involvement of neutrophils and key components of the
kallikrein-kinin system. A series of in vivo studies assessing the role of PAR4 in joint
pain and inflammation showed its pro-inflammatory effects, suggesting PAR4
blockage as a potential therapeutic strategy for joint inflammatory diseases
(McDougall et al., 2009, Russell et al., 2010, Russell et al., 2011). Likewise, studies

using pleural inflammation models have reinforced the role of PAR4 in driving
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inflammatory responses. Activation of PAR4 has been shown to promote neutrophil
recruitment, resulting in increased vascular permeability and local tissue
inflammation. These effects were significantly reduced by PAR4 antagonist, trans-
cinnamoyl-YPGKF-NH2 or tcY-NH2 (Braga et al.,, 2010, Gomides et al., 2012,

Gomides et al., 2014).

PARs also modulate immune responses, exerting protective effects in various tissues.
In the cardiovascular system, PAR2 activation has been shown to mitigate myocardial
reperfusion injury. Infusion of PAR2-AP caused significantly improved myocardial
function, reduced oxidative stress, reduced the ischemic risk zone, and upregulated
PAR2 expression (Napoli et al., 2000). In the respiratory system, activation of PAR1
and PAR2 in murine and human airway preparations induced bronchodilatation
through prostaglandin E2 (PGE2) release (Cocks et al., 1999). Similarly, in vivo PAR2
activation led to prolonged inhibition of bronchoconstriction. Given the widespread
expression of PARs in epithelial and endothelial cells, similar protective functions
have been proposed in other organs such as the GI tract and kidneys. In line with this,
low thrombin concentrations and activated protein C were found to enhance
endothelial cell integrity via PAR1 signalling (Feistritzer et al., 2005). Moreover, a
recent study demonstrated that PAR2 contributed to reno-protection in glomerular
endothelial injury induced by vascular endothelial growth factor (VEGF) inhibition,

which is commonly used as an adjuvant in cancer chemotherapy (Oe et al., 2019).

Beyond its roles in vascular and epithelial protection, PAR2 has also been implicated
in neuroprotection and immune modulation. For example, an in vitro study using
cortical neural cultures demonstrated PAR2-dependent neuroprotective effects of

trypsin against glutamate excitotoxicity (Nikolakopoulou et al., 2016). Similarly,
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cotreatment of primary murine macrophages with lipopolysaccharide (LPS) and
increasing concentrations of PAR2-AP resulted in a reduction of proinflammatory
mediators, including TNF-a and IL-6, while enhancing the release of anti-

inflammatory cytokines IL-10 (Nhu et al., 2012).

These findings underscore the complex role of PARs, which not only contribute to
inflammation but also exhibit protective and anti-inflammatory effects in various

physiological and pathological contexts (

Figure 1.9).
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Figure 1.9: PARs activation-mediated inflammatory or protective effects.

The left panel summarises pro-inflammatory actions of PAR1, PAR2, PAR3, and PAR4 across various
cell types, including immune, neural, endothelial, epithelial, fibroblast, and platelet populations. The
right panel highlights protective and anti-inflammatory effects of the PAR subtypes, emphasising roles
in neuroprotection, cytokine regulation, tissue repair, and barrier maintenance. Labelled boxes include
PAR functions, and specific PARs involved in each function are indicated above. Figure prepared using
Biorender.com, referring to (Vergnolle et al., 2001b, Zhuo et al., 2022).
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1.10 Protease-activated receptor 2 (PAR2)

Due to its central role in inflammation, whether driving pro-inflammatory or anti-
inflammatory responses, PAR2 has been a major focus of research in various
inflammatory conditions compared to other PAR family members. Unlike PAR1 and
PAR4, PAR?2 is uniquely activated by trypsin (Nystedt et al., 1994) and a range of
trypsin-like proteases such as mast cell tryptase, acrosin, cathepsin G, and tissue factor
Vlla/factor Xa complex (Vesey et al., 2007). Notably, even at high concentrations,
thrombin does not activate PAR2 (Ossovskaya and Bunnett, 2004). PAR2 was first
cloned in 1995 and found to be widely expressed in human tissues, including the
pancreas, kidneys, colon, small intestine, liver, prostate, lung, heart, trachea, central
and peripheral neurons and astrocytes (Nystedt et al., 1995a, Bohm et al., 1996b, Peach
et al., 2023). In general, PAR2 is widely expressed in epithelial cells, including
vascular endothelial cells, airway epithelial cells, keratinocytes, T cells, neutrophils,
synoviocytes and chondrocytes (Macfarlane et al., 2001, Peach et al., 2023). In normal
prostate tissue, PAR2 is expressed strictly on epithelial cells, while in pathological
tissue as cancer or benign prostate hyperplasia, PAR2 is located mainly in stromal
prostate cells (Mannowetz et al., 2010). Several studies have shown upregulation of
PAR2 under inflammatory conditions like arthritis, GI inflammatory conditions and
prostatitis; these findings, in addition to the fact that many PAR2-activating proteases
are actually produced during inflammation, support a key role for this receptor in
inflammation (Cenac et al., 2002, Cederqvist et al., 2005, Kelso et al., 2007, Liu et al.,

2014a, Roman et al., 2014, Kim et al., 2016).
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1.10.1 Structural features:

Screening of the murine genomic library led to the identification of a PAR2 clone
encoding a 397-residue protein with typical GPCR characteristics. This murine PAR2
shares 36% sequence identity with human PAR1 (Cheng et al., 2017) and is encoded
by the human gene F2RLI, which is located within a gene cluster on human
chromosome 5q13 (Nystedt et al., 1995b, Schmidt et al., 1997). Cleavage-activation
site resides in the extracellular N-terminal domain, which consists of 46 residues
(Ossovskaya and Bunnett, 2004). The trypsin cleavage site has been identified in
human PAR2 as SKGR?*® | S*’LIGKYV (see Figure 1.10). Structurally, PAR2 follows
the classical GPCRs architecture (refer to the subsection 1.6.1), comprising seven
transmembrane (TM) helices, three intracellular loops (ICL1-3), three extracellular
loops (ECL1-3), an intracellular C-terminal domain (50 residues in length) and an
extracellular N-terminal domain including a signal peptide and a propeptide region
(Cheng et al., 2017). Among these structural features, ECL2 connects TM4 and TMS5,
and forms a GPCR-conserved disulfide bond between Cys148 in ECL2 and Cys226 in
TM3, essential for proper receptor folding and confers structural stability to the
receptor (Hamm, 2001, Cheng et al., 2017). Additionally, PAR2 undergoes post-
translational modifications that regulate receptor desensitisation, with specific residues

involved in these modifications illustrated in Figure 1.10.
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Figure 1.10: Structural representation of PAR2 with key interaction sites.

Schematic illustration of the structure of PAR2, showing the basic structural domains of GPCRs
including the transmembrane domains (TM1-TM?7), extracellular loops (ECL1-3) and intracellular
loops (ICL1-3), with detailed amino acid sequence of N-terminal, ECL2 and C-terminal. The canonical
tethered ligand (TL) sequence, shown in blue, is cleaved by specific proteases such as trypsin, while
cathepsin S and neutrophil elastase act as non-canonical activating proteases, cleaving the N-terminal
at distinct sites. Key post-translational modifications are highlighted, including N-glycosylation sites
(yellow), palmitoylation sites (purple), phosphorylation sites (orange), and ubiquitination sites (grey).
Disulfide bonds (pink dashed lines) between ECL2 and TM3 and the AZ8838 interaction site (red circle)
are shown. AZ8838 is the tested PAR2 antagonist in this thesis, see section 3.1 for details on AZ8838
pharmacology. Figure prepared using Biorender.com with reference to (Adams et al., 2011,

Chandrabalan and Ramachandran, 2021).

1.10.2 PAR?2 activation and signalling:

As a GPCR, PAR2 mediates intracellular signalling primarily through the activation
of the heterotrimeric G-proteins. Upon activation by proteolytic cleavage, unmasking

its tethered ligand or activation by other agonists, PAR2 predominantly couples to Gay,
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Go; and Gaiz13 (Soh et al., 2010), activating the downstream signalling cascades
(Oldham and Hamm, 2007, Oldham and Hamm, 2008). Afterwards, the type of
signalling pathway engaged is largely dependent on cell type and the activating
protease or agonist. Studies reported that PAR2, similar to PAR1, can activate Gay,
stimulating phospholipase Cp (PLCP), promoting the production of IP3 and DAG,
which trigger Ca2+ mobilisation and, consequently, activation of PKC (Steinhoff et
al., 2005). This pathway has been confirmed in multiple cell types, including human
kidney, intestinal epithelial cells (Bohm et al., 1996a, Bohm et al., 1996b), rat
hippocampal neurons and astrocytes (Bushell et al., 2006), as well as myocytes and
fibroblasts (Ossovskaya and Bunnett, 2004). Other than Ca?" response, PAR2
activation has been linked to the production of prostaglandins and interleukins,
suggesting activation of phospholipase A> (Kong et al., 1997, Shpacovitch et al., 2004,
Lee et al., 2010). Downstream effectors that respond to PAR?2 activation include MAP
kinases, ERK1/2 in particular, besides RhoA (Ras homology A), nuclear factor kappa-
B (NF-«xB) and activator protein-1 (AP-1) (Steinhoff et al., 2005). PAR2 has also been
shown to interact with toll-like receptor-4 (TLR4) in immune responses. Co-
immunoprecipitation studies demonstrated that PAR2 physically associates with
TLR4 upon exposure to a PAR2-AP, resulting in NF-kB activation (Nhu et al., 2010).
Functional synergism between PAR2 and TLR4 was confirmed using macrophages
deficient in either PAR2 or TLR4. In PAR2” or TLR4~’~ macrophages, IL1pB
expression was significantly diminished upon exposure to PAR2-AP or LPS,
respectively (Rallabhandi et al., 2008). Similar cooperativity between PAR2 and
TLR2 and TLR3 was evident in mucosal epithelial cells (Nhu et al., 2010).

Additionally, in specific cell types, PAR2 activation trans-activates epidermal growth
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factor (EGF) receptors, linking it to cellular proliferation (Darmoul et al., 2004, Li et
al., 2022). In respiratory and umbilical endothelial cells (Klarenbach et al., 2003, Yagi
et al., 2006), as well as prostate cancer cells (Greenberg et al., 2003), PAR2-AP leads
to Rho activation and induction of focal adhesion kinase (FAK) phosphorylation,
promoting actin cytoskeleton remodelling, cell adhesion and migration. This
demonstrates the crucial role of PAR2 in cellular dynamics, including endothelial
barrier regulation, wound healing and cancer progression (Rahman et al., 2018, Jiang
et al., 2021, Bandara and MacNaughton, 2022). Notably, studies demonstrated that
PAR2 activation using PAR2-AP reduced transepithelial resistance, increased
paracellular permeability, and disrupted E-cadherin-mediated adhesion in primary
human airway epithelial cells, indicating a direct role in epithelial barrier dysfunction

in airway inflammation (Winter et al., 2006).

Interestingly, PAR2 is capable of eliciting G-protein-independent signalling through
B-arrestin-mediated ERK1/2 activation (Wang and DeFea, 2006, Zoudilova et al.,
2007). Upon PAR2 activation, PKC isoforms (Bohm et al., 1996a) mediate PAR2
cytosolic C-terminal phosphorylation (Ricks and Trejo, 2009b) and consequent [3-
arrestin binding. This interaction assembles a MAP kinase large signalling complex
composed of PAR2, B-arrestin, Raf-1, and activated ERK1/2, which is retained at the
plasma membrane or the early endosome. This sustained ERK1/2 activation regulates
cytosolic targets, distinguishing it from classical GPCR-mediated ERK1/2 signalling,
which is transient (DeFea et al., 2000a). The effect on the time course of PAR2-
induced ERK1/2 activation was evident in studies employing C-terminal mutant PAR2

(preventing B-arrestin binding), resulting in detectable but short-lived PAR2-mediated
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ERK1/2 signalling compared to the prolonged response in wild-type PAR2 (DeFea et

al., 2000a, Stalheim et al., 2005).

. W :
G protein dependent | Sl —l Internalization
l l l l Non-G

protein
Gai Gai Gai2/13 dependent

(Piak/akt) (cAmp ) ( PLC ) (Rho kinase) l
(P)

b\
ERK
/ Sustained ERK

l phosphorylation
Q @ cg o
“
Transient ERK <
phosphorylation NF-kB

Cellular responses:

Cytokine production,

proliferation, adhesion, m

migration, and inflammation SOV

Figure 1.11: Overview of PAR2 activation and signal transduction.

Schematic representation of PAR2 activation and downstream signalling. Upon proteolytic cleavage or
synthetic agonist stimulation, PAR2 couples to Gag, Gai, or Gai2/13, activating intracellular pathways
depending on the Ga subtype, including PLCB-IP3/DAG-Ca?*-PKC, cAMP or PI3K/Akt/MAPKs, or
Rho kinase, respectively. These intracellular signals activate transcription factors NF-kB pathway. In
parallel, PKC-mediated phosphorylation of PAR2 facilitates B-arrestin recruitment, promoting G-
protein-independent sustained ERK1/2 activation. Visual created by Biorender.com.
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In addition to mediating GPCR-independent signalling, B-arrestin uncouples PAR2
from GPCR signalling, mediating receptor desensitisation and internalisation
machinery via a dynamin- and clathrin-dependent mechanism (Déry et al., 1999, Ricks
and Trejo, 2009b) (Figure 1.6). Since PAR2 activation is irreversible due to proteolytic
cleavage, B-arrestins promote the lysosomal degradation of used receptors rather than
their recycling. Unlike other GPCRs, which display abundant cell surface expression
and low intracellular levels, PAR2s are highly detectable in many cells, predominantly
intracellularly compared to the cell surface, requiring intracellular receptor pools for
trafficking or de novo synthesis for resensitisation (Déry et al., 1999). B-arrestins thus
play a dual role in PAR2 regulation; as a molecular scaffold permitting sustained
ERK1/2 activation, and as a key regulator of PAR2 desensitisation and degradation.
An additional deactivation mechanism involves the ubiquitination of activated PAR2,
which prevents cell surface recycling through a ubiquitin-protein ligase, c-Cbl (Jacob
et al., 2005). Also, trafficking of internalised PAR2 from endosomes to lysosomes for
degradation is another termination machinery that is reliant on deubiquination of
endosomal PAR2 (Hasdemir et al., 2007, Hasdemir et al., 2009a). Ultimately, the
equilibrium between desensitisation and resensitisation is crucial for effective PAR2

signalling across both physiological and pathological conditions.

1.10.3 Modulation of PAR2 signalling:

Various complex mechanisms regulate PAR2 signalling, influencing both G protein-
dependent and independent pathways and ultimately shaping the downstream effects

of PAR2. These regulatory mechanisms are discussed in the following sections.

49



1.10.3.1 Post-transitional receptor modifications.

Post-transitional modifications of PAR2 receptors play a critical role in regulating
PAR?2 signalling, influencing activation, desensitisation, trafficking and downstream
signalling outcomes. As discussed in the previous section (section 1.10.2),
phosphorylation and ubiquitination primarily function to drive receptor deactivation
and trafficking. In addition, N-glycosylation and palmitoylation are modulatory
mechanisms that fine-tune PAR?2 activity. N-glycosylation at the N-terminal site (N>°)
negatively affects PAR2 activity in response to cleavage by mast cell tryptase (refer to
Figure 1.10). Studies using mutant rat PAR2 receptor devoid of this N-glycosylation
site, while retaining another PAR2 N-glycosylation site within ECL2 (N???), showed
that PAR2 responded to tryptase with more selectivity and potency (> 30 folds)
compared to wild type (Compton et al., 2001). However, the effect of N-glycosylation
differs depending on the activating protease. When activated by trypsin or synthetic
peptide SLIGRL-NH;, mutation of PAR2 at N-glycosylation sites resulted in loss of
sensitivity to these activators. Further investigations revealed this loss of activity was
due to a significant reduction of cell surface expression rather than direct functional
modulation (Compton et al.,, 2002). Using glycosylation inhibitor, tunicamycin,
significantly reduces PAR2-induced tissue factor (TF) synthesis and secretion in
human kidney tubular epithelial cells, indicating that glycosylation is essential for

optimal PAR2-mediated procoagulant activity in these cells (Humphries et al., 2021).

Unlike N-glycosylation, palmitoylation enhances receptor expression and modulates
its signalling. Palmitoylation is a thioesterification process that typically occurs at
cysteine residues located 10—14 amino acids downstream of the last transmembrane

domain (TM7). Autoradiographic assays confirmed that PAR2 undergoes
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palmitoylation at cysteine residue (C*¢!) within the intracellular C-tail (Botham et al.,
2011). Interestingly, a mutant human PAR2 with replacement of alanine at C3®!
exhibited greater cell surface expression compared to wild type. However, this
mutation led to decreased sensitivity and efficacy towards both trypsin and SLIGKV
with differential effect of internalization kinetics and decreased both Gog/11 coupling
and B-arrestin-1/2 recruitment to PAR2 (Thibeault and Ramachandran, 2020). This
demonstrated the relevance of palmitoylation's modulatory role on the PAR2 receptor,

regulating its availability, signal sensitivity, and desensitisation dynamics.

1.10.3.2 Heterodimerisation:

Like other GPCRs, PARs undergo heterodimerisation, forming physical pairs of
receptor units that expand their signalling capabilities and functionality. There is
strong evidence that PAR1 can transactivate PAR2 in vivo, as demonstrated in a sepsis
mouse model (Kaneider et al., 2007). In this study, PAR1 switched from an endothelial
barrier-disruptive to a protective role via a PAR2-dependent mechanism involving the
Goi-Rac signalling pathway. The protective effects of PAR1 were lost upon silencing
PAR2 receptors using small interfering RNA (Kaneider et al., 2007), underscoring the

functional interplay between these receptors.

Similarly, PARI-PAR?2 interactions have been implicated in vascular remodelling. In
a study using arterial injury-induced hyperplasia, the administration of a PARI1
agonist, pepducin, led to a hyperplastic response in vascular smooth muscle cells
(Sevigny et al., 2011). However, a histological analysis revealed that hyperplasia was
completely absent in PAR2™ mice, like the effect in the PARI™"~ group, suggesting

that PAR1-driven hyperplasia requires functional PAR2 signalling. In addition to the

51



vasculature, PAR1-PAR2 dimerisation has been observed in carcinogenesis (Shi et al.,
2004). Thrombin-activated PAR1 was found to induce the formation of PAR1-PAR2
heterodimer, which exhibited distinct regulation compared to the individual receptor.
Moreover, these heterodimers triggered a B-arrestin-mediated activation of ERK1/2 in
the cytoplasm (Lin and Trejo, 2013). Similarly, PAR2-PAR4 heterodimerization has
been shown to play a role in the membrane trafficking of PAR4. This interaction
disrupted PAR4 binding to the endoplasmic reticulum protein, COP1 B-subunit (-
COP1), instead facilitating its interaction with the chaperone protein 14-3-3(, which
affects receptor stability and function. FRET imaging and co-immunoprecipitation
confirmed the physical association of PAR2-PAR4 dimers (Cunningham et al., 2012).
Collectively, these studies provide evidence that PARs undergo dimerisation, which

modulates signalling, trafficking, and function.

1.10.3.3 Biased signalling:

Also referred to as ‘agonist-directed trafficking’, functional selectivity’ or ‘agonist-
selective signalling’, biased signalling is the ability of a single receptor to elicit distinct
signalling responses depending on the activating ligand. This occurs because different
ligands stabilise unique receptor conformations, leading to selective engagement of
specific intracellular pathways, a phenomenon well-established with GPCRs
signalling (Urban et al., 2007, Zheng et al., 2010). This phenomenon allows different
agonists to fine-tune receptor signalling, potentially influencing physiological or
pathological responses. Studies have demonstrated that different PAR2-AP can
selectively engage distinct signalling pathways. In KNRK cells stably expressing
PAR2, SLIGRL-NH: peptide, which matches the rat PAR2 tethered ligand sequence,

induced both calcium and MAPK pathways, while the synthetic SLAAAA-NH:
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peptide triggered MAPK but not calcium signalling (Ramachandran et al., 2009).
Additionally, mutations in the initial two amino acids of the tethered ligand sequence
of the rPAR2 uncoupled the receptor from Gag-mediated calcium signalling, while still
activating the MAPK pathway in a B-arrestin-independent and Rho-kinase-dependent

manner (Ramachandran et al., 2009).

Beyond synthetic ligands, endogenous proteases can induce PAR2-biased signalling.
Human neutrophil elastase (NE) unmasked a ‘non-canonical’ PAR2 tethered ligand,
selectively activating Gi2/13-MAPK pathway while bypassing calcium signalling and
B-arrestin recruitment (see Figure 1.10). However, a synthetic peptide mimicking this
‘non-canonical’ TL sequence (VLTGKLTTVFL-NH,) failed to activate PAR2 via

either calcium signalling or the MAPK pathway (Ramachandran et al., 2011).

PAR?2 antagonists can selectively inhibit specific PAR2 signalling pathways, while
allowing others to remain active. GB88 is a PAR2 antagonist that blocks agonist-
stimulated calcium signalling yet paradoxically activates the MAPK pathway and
promoting PAR2- B-arrestin interactions at levels parallel to that induced by trypsin or
PAR2-AP (Lohman et al., 2012, Suen et al., 2012). Thus, GB88 functions as a ‘biased
partial agonist-antagonist’ simultaneously activating MAPK signalling and blocking
trypsin-induced PAR2 calcium signalling. Recently, matrix metalloproteases (MMPs)
were found to cleave PAR2 at a novel N-terminal site in SW1353 chondrocytes
overexpressing PAR2. A synthetic peptide corresponding to this neo-tethered ligand
sequence failed to induce calcium mobilisation and other canonical activation
responses, yet conserved MAPK phosphorylation further supports biased signalling

mechanisms in PAR2 activation (Falconer et al., 2019).
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1.10.4 Agonists and antagonists for PAR2:
1.10.4.1 Activating and disarming proteases:

As with all PARs, proteolytic cleavage at the extracellular N-domain of PAR2 leads
to irreversible removal of the terminal propeptide sequence (Figure 1.10) and exposure
of the tethered ligand sequence, -S*’LIGKV- for most of the activating proteases for
PAR2 (Nystedt et al., 1995a), which interacts with the ECL2 leading to conformational
changes and trigger intracellular signalling. Beyond trypsin, human PAR2 can be
proteolytically activated by several endogenous or exogenous proteases (listed in
Table 1.4). However, proteolytic cleavage at sites distinct from the activation site
within the N-terminus can inactivate PAR2, effectively disarming the receptor and
inhibiting downstream signalling. This is either due to cleavage at a site distinct from
the activation site within the N-terminal of the receptor, leading to the removal of the
tethered ligand, or cleavage at other domains, disrupting the receptor integrity and
signalling (Ramachandran et al., 2012). A list of PAR2-disarming proteases is
provided in Table 1.4. It is important to note that activating proteases are not true
ligands of PAR2. Many of these proteases have broad substrate specificity and can
activate multiple receptors, including other members of the PAR family. This lack of
specificity has created a critical need for the development of specific agonists to enable
precise investigations of PAR2-specific activity and function. For example, trypsin,

the primary activating protease of PAR2, can also activate PAR4 (Xu et al., 1998)
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Table 1.4: List of activating and disarming proteases of PAR2.

Activating proteases Disarming proteases

Trypsin (Nystedt et al., 1994) Plasmin (Loew et al., 2000)
Mast cell tryptase (Molino et al., 1997) Protease 3 (Loew et al., 2000)
TF:Factor Xa: Factor VIla (Camerer et al., 2000) Calpain (Loew et al., 2000)
Acrosin (Smith et al., 2000) Cathepsin G (Dulon et al., 2003)
Matriptase/MT-SP1 (Takeuchi et al., 2000) Elastase (Dulon et al., 2005)
human airway trypsin-like protease (HAT) (Miki et al.,

2003)

Trypsin IV (Cottrell et al., 2004a)

Granzyme A (Hansen et al., 2005)

TMPRSS2 (Wilson et al., 2005)

Chitinase (Hong et al., 2008)

KLK2,4,5, 6, 14 (Oikonomopoulou et al., 2006, Mize et
al., 2008)

Bacterial gingipains (Uehara et al., 2005)

House dust mite cysteine protease Der P1 (Adam et al.,
2006), mite serine proteases Der P2, Der P3 (Sun et al.,
2001)

Mold allergen serine protease (Pen C 13) (Chiu et al., 2007)

1.10.4.2 PAR? activating peptides (PAR2-AP):

In its inactive state, the PAR2 tethered ligand remains masked, requiring proteolytic
cleavage for its activation. However, synthetic peptides that mimic the tethered ligand
sequence can activate PAR2 without undergoing proteolysis. Many PAR2-AP have
been designed to match or resemble the original sequence of the human PAR?2 tethered
ligand (SLIGKYV) (Macfarlane et al., 2001). Structure-activity relationship studies
comparing synthetic activating peptides have led to key structural determinants of
potency and selectivity. A minimum of five amino acid peptides is required to achieve
micromolar agonist potency via PAR2 (Hollenberg et al., 1996). Substitution of serine
at the N-terminal with acidic, basic or large hydrophobic residues significantly reduces
agonist activity. The terminal amino group is critical for activity, as its acetylation
reduces agonist activity by more than 25-fold compared to the parent peptide, whereas

removal of the amino group reduces activity only by fourfold. Glycine at position 4
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can be replaced by alanine or Cha (beta-cyclohexyl-L-alanine), despite that Cha-
substituted peptides also activated PAR1. Moreover, the Addition of a 2-furoyl moiety
in substitution for serine at the N-terminal enhances potency by approximately 10-
fold (Kawabata et al., 2004). Extending the peptide to seven residues may or may not
improve potency, depending on the N-terminal residue (Barry et al., 2006). While
these peptides serve as direct and specific activators of PAR2 (McGuire et al., 2004),
they are prone to degradation, particularly in in vivo studies, and have limited potency,
requiring the use of relatively high concentrations to induce PAR2 activity that could

affect selectivity and may lead to cross-reactivity (Gardell et al., 2008).

1.10.4.3 Non-peptidic agonists:

Despite the availability of potent PAR2-APs, their poor bioavailability remains a
significant limitation for in vivo PAR2 investigations. This challenge has driven the
development of non-peptidic PAR2 agonists, which offer improved stability and
pharmacokinetics. Notable examples include AC-55541 (full agonist), AC-98170
(partial agonist) and AC-264613 (full potent agonist) (Gardell et al., 2008, Seitzberg
etal., 2008). Comparative studies evaluating the potency and efficacy of these agonists
against classical PAR2-APs revealed that AC-264613 and 2-furoyl-LIGRLO-NH:
were the most potent, with a similar EC50 value of 0.1 uM for Ca** mobilisation in
KNRK cells transiently transfected with human PAR2 receptors. AC-55541 showed
slightly lower potency at 0.25 uM yet remained ~40 times more potent than SLIGRL-
NH: (ECso 10 uM) (Gardell et al., 2008). Further research led to the development of
the new non-peptidic PAR2 agonist molecule, GB110, which was developed from a
basic hexapeptide with additional non-peptidic moieties. GB110 selectively triggers

PAR2-mediated intracellular Ca’>’ release in human colorectal carcinoma cells,
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exhibiting an ECso of 0.28 uM, a potency comparable to synthetic PAR2-APs.
Additionally, GB110 demonstrates superior serum stability, making it a valuable

research tool in human-based studies (Barry et al., 2010).

1.10.4.4 Peptide-based antagonists:

Given its critical role in regulating many cellular responses under both physiological
and pathological conditions, the development of selective PAR2 antagonists holds
significant potential for research and therapeutic applications. However, progress in
identifying potent, specific PAR2 antagonists has been slower compared to that of
PARI1-specific antagonists. Early studies identified peptide-based inhibitors, like
FSLLRY-NH; and LSIGRL-NH>, which blocked trypsin-induced PAR2 activation
seemingly indirectly, but were ineffective against PAR2-AP-mediated activation (Al-
Ani et al.,, 2002). Later, K-12940 and K-14585 were reported as competitive
antagonists capable of inhibiting both protease- and PAR2-AP-mediated cellular and
biological responses in vitro and in vivo (Kanke et al., 2009), with the latter showing
dual effect on PAR2 signalling (Goh et al., 2009). Further research has led to the
identification of C391, a low-molecular-weight, dose-dependent antagonist of trypsin-
and peptidomimetic agonist-induced PAR2 activation. C391 was derived from the
modification of 2-furoyl-LIGRLO-NHa, resulting in a structurally distinct molecule
with potent inhibitory properties. This compound blocked PAR2-mediated
intracellular Ca?" mobilisation (ICso = 1.3 uM) and MAPK signalling (ICso = 14.3 uM)
(Boitano et al., 2015). Further research identified C781, a B-arrestin-biased PAR2
antagonist that selectively inhibits B-arrestin/MAPK signalling, while Gaq/Ca**
signalling remained unaffected. Moreover, C781 significantly reduced NE- and PAR2-

AP-induced pain responses, reducing mechanical hypersensitivity (Schiff et al., 2023).
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C781 attenuated hypersensitivity in mast cell-mediated pain models using compound
48/80, but showed no effect on A-carrageenan-induced hyperalgesia, suggesting a

specific role in protease-driven signalling (Kume et al., 2023b).

1.10.4.5 Pepducins: intracellular allosteric PAR2 Antagonists:

A distinct class of PAR2 antagonists is the pepducins, which are short peptides derived
from the ICLs of the GPCR and are linked to hydrophobic moieties, such as palmitate
(Kuliopulos and Covic, 2003). This lipopeptide structure enables reversible
incorporation of the molecule into the lipid bilayer and interaction with the GPCR-G
protein interface in an intracellular allosteric modulatory mode (O'Callaghan et al.,
2012, Zhang et al., 2015). Using rodent inflammatory models, P2pal-18S and PZ235
showed inhibitory effects on cellular and biological responses of PAR2 activation by
several specific and non-specific agonists (Shearer et al., 2016). PZ-235 significantly
inhibited PAR2-mediated activation of NF-kB and TNF-a in human keratinocytes and
reduced IL-4 and IL-13 levels in mast cells. In the animal dermatitis model, PZ-235
significantly reduced skin thickening, leukocyte infiltration, and itching behaviours
(Barr et al., 2019). Recently, P2pal-18S was found to attenuate neuroinflammation in
the experimental autoimmune encephalomyelitis (EAE) model of multiple sclerosis
(MS), reducing T-cell and macrophage infiltration into the CNS as well as
demyelination (Eftekhari et al., 2024). Although the study did not measure blood-brain
barrier (BBB) permeability, the effects of P2pal-18S suggest its ability to reach the

CNS in vivo.
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1.10.4.6 Non-peptidic small molecule antagonists:

The first non-peptidic reversible PAR2 antagonist, GB83, inhibited PAR2 activation
by multiple agonists at micromolar concentrations (Barry et al., 2010). Although
recently, GB83 was shown to function as a “bona fide” PAR2 agonist in HT-29 cells,
inducing intracellular calcium signalling, ERK1/2 phosphorylation, and receptor
internalisation in a delayed and sustained manner compared to trypsin and PAR2-AP
(Heo et al., 2022). A more potent derivative, GB88, was later developed from the
agonist GB110, which was capable of blocking PAR2-induced Ca*" mobilisation by
endogenous proteases, synthetic peptides, and non-peptidic agonists at an ICso of
approximately 2 puM. Interestingly, GB88 selectively inhibited PAR2-mediated
pathways, leaving ERK phosphorylation unaffected. Furthermore, it was found to be
orally bioactive; therefore, it has been employed for PAR2 in vivo investigations using
a range of animal models of human inflammatory and proliferative diseases (Suen et
al., 2012), like PAR2-induced paw oedema (Lieu et al., 2016), chronic collagen-
induced model of arthritis (Lohman et al., 2012), nephrotoxic serum nephritis (Han et
al., 2019), and periodontal disease (Francis et al., 2023). Additional antagonists and
their effects are shown in Table 1.5. Meanwhile, Astra-Zeneca and Heptares reported
an imidazole-based competitive antagonist (AZ8838, IC50 2.3 uM vs SLIGRL) and a
benzimidazole-based negative allosteric modulator (AZ3451, IC50 5.4 nM vs
SLIGRL) that bind to PAR2, leading to inhibition of PAR2-activation induced cellular
responses (Cheng et al., 2017). It was defined that AZ8838 binds to PAR2 in an
occluded pocket formed by TM 1-3, 7, and ECL2, enabling competitive inhibition of
tethered ligand binding. For AZ3451, it binds to PAR2, which binds to a site facing

the lipid bilayer within TM2, TM3, and TM4, stabilising a receptor conformation that
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inhibits PAR2-AP binding (Kennedy et al., 2020). Later, a research group identified
an imidazopyridazine compound (I-191) as a non-competitive PAR2 antagonist,
capable of inhibiting multiple PAR2 agonists in a concentration-dependent manner in
human cancer cell lines. Additionally, I-191 acts as a negative allosteric modulator of
the agonist 2f-LIGRL-NH2 (Jiang et al., 2018). More recently, 1-287, a negative
allosteric modulator (NAM) of PAR2, demonstrated functional selectivity by
inhibition of Gog- and Gai2/13-mediated signalling while sparing Gaio and B-arrestin
recruitment. [-287 significantly reduced IL-8 secretion in human epithelial and
endothelial cells and demonstrated in vivo anti-inflammatory effects in a mouse model
of Complete Freund’s Adjuvant (CFA)-induced inflammation (Avet et al., 2020). The
continuous research for novel PAR2 antagonists remains a potential interest for the

pharmaceutical industry as well as the academic field.
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Table 1.5: PAR2 agonists and antagonists

Class Agonist/ Name Receptor/Cell/Tissue Cellular response
Antagonist type
Peptide Agonist SLIGRL/~NH2 Rat: vascular and Induces calcium release (Al-Ani et al., 1995)
gastric smooth muscle
SLIGKV/-NH2 Human: Human PAR2 | Induces calcium release (Blackhart et al., 1996)
expressed in Xenopus
oocytes
2f-LIGRLO/~NH2 | Human: KNRK cells Induces calcium release (McGuire et al., 2004)
expressing PAR2,
HEK293 cells; Rat:
KNRK cells expressing
rat PAR2
Antagonist FSLLRY-NH2 Rat Inhibits neuropathic pain (Wei et al., 2016)
LSIGRL-NH2 Human: KNRK cells Blocks trypsin, not SLIGRL-induced calcium release (Al-Ani et
al., 2002)
Peptide-based Antagonist K14585, Human: NCTC2544 Reduces SLIGKV-induced calcium release (Goh et al., 2009)
K12940 cells expressing PAR2
Human: NCTC2544 Inhibits SLIGRL-induced NF-«B activation (Kanke et al., 2009)
cells expressing PAR2
C391 Human: 16HBE14o- Blocks calcium release and MAPK activation, and reduces
cells compound 48/80-induced thermal hyperalgesia. (Boitano et al.,
Mouse 2015)
[B-arrestin- C781 Human: 16HBE14o0- Inhibits B-arrestin/MAPK signalling without significant effect on
biased cells Gq/Ca?" signalling (Schiff et al., 2023)
antagonist Mouse Attenuates airway hyperresponsiveness and inflammation in an

acute Alternaria alternata-challenged model (Schiff et al., 2023)
Prevented and reversed mechanical and spontaneous nociceptive
behaviours induced by PAR2-AP, mast cell activators, and NE,
but had no effect on carrageenan-induced pain (Kume et al.,
2023b).

61



Non-peptide
small molecule

Agonist GBI110 Human: six cell types: | Induces calcium release and paw oedema in rats (Suen et al.,
A549, Panc-1, MKNI1, | 2012)
MKN45, MDA-
MB231, HUVEC
; Rat
GBS83 Human: HT-29 Induces calcium mobilisation, ERK and p38 MAPK
phosphorylation, and PAR2 internalisation in a delayed kinetics
compared to trypsin and SLIGRL (Heo et al., 2022)
AC-5541, Human: HEK293T, Induces PI hydrolysis, calcium release, cellular proliferation,
AC-264613 KNRK cells, NIH3T3 besides intrapaw or systemic administration, produced
cells hyperalgesia and inflammation (Gardell et al., 2008)
Rat
Human: HEK293T, Induces PI hydrolysis, calcium release, cellular proliferation,
KNRK cells, NIH3T3 beside intrapaw or systemic administration produced hyperalgesia
cells and inflammation (Gardell et al., 2008)
Rat Reduced locomotor activity and sucrose preference, increased
Mouse serum IL-6 and altered cytokine mRNA expression in the brain
(Moudio et al., 2022)
AZ2429 Human: 1321N1- Stimulated calcium release, inositol phosphate (IP1) production,
hPAR2, U20S-hPAR2 | phosphorylation of ERK1/2, and B-arrestin-2 recruitment
(Kennedy et al., 2020)
Antagonist ENMD-1068 Human: primary Inhibit PAR2-mediated release of INFa and IL1 in RA
cultures of rheumatoid | synovium (Kelso et al., 2007)
arthritis (RA) synovial
tissue
Mouse Reduces joint inflammation (Kelso et al., 2006)
Mouse HSC Blocks calcium release and reduces liver fibrosis (Sun et al.,
2017)
GBS83 Human: HT29 Inhibits trypsin and PAR2-AP calcium release (Barry et al., 2010)
GB88 Human: six cell types: | Blocks PAR2-induced calcium release (Suen et al., 2012)

A549, Panc-1, MKN1,
MKN45, MDA-
MB231, HUVEC

Rat

Reduces acute paw oedema, inhibits PAR2-AP induced
inflammation (Suen et al., 2012)
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AZ8838

Human: 1321N1-

Blocks PAR2-AP-induced calcium release and B-arrestin

AZ3451 hPAR2, U20S-hPAR2 | recruitment (Cheng et al., 2017)

Rat inhibited calcium release, inositol phosphate (IP1) production,
phosphorylation of ERK1/2, and B-arrestin-2 recruitment; reduced
paw swelling, mast cell degranulation and neutrophil activation
(Kennedy et al., 2018)

I-191 Human: HT29 and Inhibit multiple cellular and pro-inflammatory responses of PAR2

MDA-MB-231 cells in cancer cell lines (Jiang et al., 2018)

1-287 Human: HEK293, HCT | Negative allosteric regulator on Gaq and Gai2/13, while sparing

116, and CMT-93 cells | Gy, and B-arrestin2 recruitment (Avet et al., 2020)

Primary epithelial and | Blocks PAR2-mediated IL-8 secretion (Avet et al., 2020)

endothelial cells Reduce paw oedema and inflammation in Freund’s adjuvant

Mouse (CFA)-induced model (Avet et al., 2020).

Pepducin Antagonist P2pal-18S Mouse: in vivo and Inhibits PAR2-induced calcium transients in acinar cells and
isolated mouse decreases the severity of biliary pancreatitis (Michael et al., 2013)
pancreatic acini

PZ-235 Mouse Suppress fibrosis, hepatocellular necrosis, reactive oxygen species
production, steatosis, and inflammation (Shearer et al., 2016)

Human: LX-2 human Inhibits PAR2 Ca?" signalling (Shearer et al., 2016)

hepatic stellate cell

Antibiotic Antagonist Tetracyclines Human: NHEK cells Inhibits SLIGRL-induced IL-8 release (Ishikawa et al., 2009)

(Tetracycline, Mouse Topical application of tetracycline decreases PAR2-induced skin

Doxycycline, inflammation (Liu et al., 2016)

Minocycline) Rat Subantimicrobial doses of doxycycline inhibit PAR2-induced
inflammation (Castro et al., 2016)

Antibody Antagonist SAMI11 Mouse Attenuated carrageenan/kaolin-induced inflammation (Kelso et

al., 2006)
Reduced joint damage in the collagen-induced arthritis model
(Crilly et al., 2012)
inhibited OVA- and CE-induced airway hyperresponsiveness and
inflammation (Asaduzzaman et al., 2015, Asaduzzaman et al.,
2018)

MAB3949 Human: A549 human Blocks PAR2- induced calcium mobilisation (Cheng et al., 2017)

epithelial cells
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Human

MEDIO618

Human: 1321N1-
hPAR2, Primary
human dural fibroblasts
and microvascular
endothelial cells
Mouse: brain
endothelial cells

Blocks matriptase-induced calcium signalling (Kopruszinski et
al., 2025).

inhibited PAR2-induced calcium influx and prevented periorbital
and hindpaw allodynia in all migraine-like models (Kopruszinski
et al., 2025)
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1.10.5 PAR2 role in inflammation:

Since early studies focusing on PAR2, it was reported that stimulation of cultured
human umbilical vein endothelial cells (HUVEC) with inflammatory cytokines,
including tumour necrosis factor a (TNF-a), interleukin la (IL-1a) and bacterial
lipopolysaccharide (LPS), elevated the expression of PAR2 messenger RNA (mRNA)
dose-dependently (Nystedt et al., 1996, Ritchie et al., 2007). Most studies have
confirmed that the activation of PAR2 contributes to the increased production of
cytokines in an inflammatory context. Nevertheless, different experimental conditions
showed variable outcomes upon PAR2 stimulation, whether induced by a PAR2-
activating peptide (PAR2-AP), agonists or activating proteases, resulting in either a
significant elevation or no noticeable impact on the baseline levels of inflammatory
mediators. PAR2 stimulation with PAR2-AP in vitro was found to increase levels of
TNFa (Vesey et al., 2013, Nishimoto et al., 2023), IL-6 (Jairaman et al., 2015, Daines
et al., 2020), IL-8 (Yoshida et al., 2007, Jairaman et al., 2015, Heuberger et al., 2019),
IL-4 (Garcia-Gonzélez et al., 2019), and granulocyte-macrophage colony-stimulating
factor (GM-CSF) (Jairaman et al., 2015) compared to baseline in multiple cell types.
A study has reported that stimulation of PAR2 (PAR2-AP: SLIGRL-NH2, 30 uM)
enhanced the release of inflammatory cytokines, including IL-18, IL-6, and monocyte
chemoattractant protein-1 (MCP-1/CCL2), in cultured macrophages when pre-
incubated with LPS. However, this activation did not exert any change from the
baseline levels of these cytokines in the absence of LPS pretreatment (Barra et al.,
2022). A similar earlier study has shown a concentration-dependent reduction in

TNFa, IL-6, IL-12 p40 release in murine cultured macrophage and an opposite effect
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upon the anti-inflammatory IL-10 with increasing doses of PAR2-AP, SLIGKV-NH2
(Nhu et al., 2012), suggesting a protective anti-inflammatory role of PAR2 activity in
a specific context. Genetic deletion of the receptor in vivo has demonstrated a similar
protective “anti-inflammatory” profile of PAR2. In the gastrointestinal tract (GIT),
levels of mRNA encoding pro-inflammatory cytokines, including IL-8, IL-1 and IL-
6, as well as their protein levels in colonic lysates of a murine colitis model, were
significantly increased in PAR2-KO mice compared to the wild type littermates (Her
etal., 2021). Although an earlier study applying the same collitits model demonstrated
an opposite finding with regard to the inflammatory cytokines, despite
pathohistological damage being more evident in PAR2KO mice (He et al., 2018). In
line with these findings, PAR2 antagonist peptide (FSLLRY-NH2) induced a
significant increase of mRNA levels of TNFo and monocyte chemoattractant protein-
1 (MCP-1) in kidney tissue in a systemic lupus erythematosus murine model (Itto et
al., 2019). These studies suggest that PAR2 activity could ameliorate or exacerbate
inflammation depending on the experimental settings in some inflammatory
conditions. Aside from changes in the levels of inflammatory mediators, it has been
revealed that PAR2 is a major player in other forms of inflammatory tissue
pathologies. Examining bone and cartilage inflammatory changes, genetic deletion of
PAR?2 in mice greatly reduced osteoarthritic-related pathological damage and changes
(Huesa et al., 2016), joint swelling and synovial infiltration (Ferrell et al., 2003) when
compared to wild-type animals. In the respiratory system, PAR2 antagonist
pretreatment significantly ameliorated neutrophil infiltration, adhesion, and other lung
inflammatory indicators (Silva et al., 2023). Numerous studies have emphasised the

critical function of PAR2 in inflammatory disease-related pain nociception. Generally,
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multiple studies have reported enhanced mechanical allodynia (Zhao et al., 2015) and
thermal hyperalgesia (Lieu et al., 2016) upon peripheral PAR2-activating proteases or
PAR2-AP administration in rodents. Moreover, a recent study has confirmed enhanced
thermal hyperalgesia when central PAR2 (intrathecal injection of PAR2-AP) was
stimulated in a peripheral cutaneous inflammation model (Mrozkova et al., 2021).
These studies provided evidence in support of PAR2’s immunological role in
inflammatory disease, pinpointing an increase in key inflammatory-associated
cytokines and linking a role for PAR2 to the induction of hyperalgesic responses. In
the upcoming subsection, the data from the literature investigating the role of PAR2 in

prostate inflammation, which is the subject of this study, will be discussed.

1.10.6 PAR?2 in prostate inflammation:

Despite being widely studied in a variety of specific tissue inflammatory conditions,
few researchers have investigated the involvement of PAR2 in prostate inflammation.
It is confirmed that PAR2 is expressed in human prostate epithelial cells and is
responsive to PAR2-AP and trypsin in terms of increased intracellular Ca** levels
(Cottrell et al., 2004b). Implicating a murine experimental autoimmune prostatitis
(EAP) model, Roman et al have provided evidence of PAR2 involvement in several
features of this form of prostate inflammation (Roman et al., 2014). Increased
expression of PAR2 was evident in EAP mice, suggesting a potential role of PAR2 in
inflammatory processes within prostate tissue. Immunofluorescence staining revealed
a noticeable increase in PAR2 expression in the prostate of mice subjected to EAP
compared to naive mice, which was confirmed by immunoblotting of prostate tissue
lysate for PAR2 protein. Notably, real-time PCR analysis of microdissected prostate

specimens, aimed at separating epithelial and stromal cells, demonstrated a greater
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than threefold increase in PAR2 mRNA levels in the prostate epithelium and a nearly
4.5-fold increase in the prostate stroma of the EAP group compared to the naive group.
Histopathology assessment of prostate sections did not show a significant effect of
PAR2 genetic deletion in terms of inflammation score and mast cell infiltration.
Nevertheless, PAR2 knock-out (PAR2-KO) mice lost the enhanced intracellular Ca**
levels induced by 1 nM capsaicin delivered to dorsal root ganglia (DRG) isolated from
EAP mice and compared to naive cohorts, indicating the possibility that PAR2 is more
linked to a hyperalgesia state (chronic pelvic pain) rather than prostate inflammation
per se. In line with these results, behavioural assessment of mice at day 20 post-EAP
showed that the inhibition of PAR2 using neutralising antibody (SAM11) significantly
reduced pelvic pain compared to an isotope control group at days 7 and 10 after
treatment, supporting the involvement of PAR2 in visceral nociception from prostate
inflammation. Apart from pain, the same research group demonstrated that the absence
of PAR2 and inhibition of the receptor using its specific SAMI11 antibodies
consistently retained normal bladder function (voiding pressure, void rate, bladder
capacity and bladder compliance) using the murine EAP model (Roman et al., 2016).
This could provide therapeutic relevance for PAR2 functional inhibition for the
management of chronic prostatitis/ chronic pelvic pain syndrome (CP/CPPS) patients,
as pelvic pain is one of the most common complaints in this condition besides lower

urinary dysfunction (Marszalek et al., 2007).

1.10.7 PAR2 and pain
Several studies indicated a significant role of PAR2 in inflammatory, neuropathic, and
cancer-evoked pain. The receptor, identified on primary sensory afferent nerves and

dorsal root ganglia (DRG), has been associated with prolonged thermal and
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mechanical hyperalgesia in both peripheral and visceral organs (Steinhoft et al., 2000b,
Kawabata et al., 2001, Vergnolle et al., 2001a, Coelho et al., 2002, Kirkup et al., 2003,
Nguyen et al., 2003). Interestingly, the selective activation of PAR2 induced
hyperalgesic priming, a form of neuronal plasticity that transforms a nociceptor’s
response to pain into a long-lasting, intensified response. This phenomenon was
confirmed through behavioural assessments in mice, where a single intraplantar
injection of PAR2-AP induced prolonged mechanical hyperalgesia. After ensuring
complete resolution (after 14 days post-PAR2-AP injection), a subthreshold dose of
PGE2 (100 ng) elicited an enhanced pain response lasting for 24 hours (Tillu et al.,
2015). This may indicate a direct contribution of PAR2 activation to chronic pain
conditions. In 2007, Kayssi et at were the first to describe the sensitisation of visceral
nociceptive neurons by PAR2 agonists, showing PAR2 activation induced sustained
hyperalgesia. This finding was supported by immunohistochemical and
electrophysiological assessments in murine colonic tissue (Kayssi et al., 2007).
Consistent results were obtained in human colonic biopsies from irritable bowel
disease (IBS) patients, confirming the release of proteases in IBS patients and the
PAR2-dependent hypersensitisation of visceral neurons, leading to persistent
hyperalgesia and allodynia (Cenac et al., 2007). Later, several studies continued to
highlight the significant involvement of PAR2 in persistent pain associated with IBS
and possible therapeutic relevance (Bueno, 2008, Wang et al., 2015, Jimenez-Vargas

et al., 2018).

Investigations of PAR2-mediated hyperalgesia and neural regulation provided early
evidence that PAR2 sensitises the transient receptor potential vanilloid 1 (TRPV1),

activated by capsaicin, protons or heat, at molecular, functional, as well as behavioural
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levels (Amadesi et al., 2004, Dai et al., 2004). This PAR2-mediated potentiation of
TRPV1 was found to be dependent on protein kinase Ce (PKCe) and PKA in both cell
culture and in vivo models (Amadesi et al., 2006). Consistent with these findings,
PAR2-mediated TRPV1 sensitisation has been implicated in joint pain (Helyes et al.,
2010) and oesophageal hypersensitivity (Wu et al., 2015). TRPV1 inhibition or
deletion significantly reduced intraarticular SLIGRL-NH:-induced mechanical
allodynia (Helyes et al., 2010). Likewise, a TRPV1 antagonist partially reduced PAR2-
induced oesophageal hypersensitivity in human oesophageal epithelial cells (Wu et al.,
2017). Additionally, PAR2 activation sensitised the altered tonicity-gated cation
channel TRPV4, a mediator of mechanical hyperalgesia, demonstrated by increased
Ca?" signalling and current intensity in cell cultures, besides murine mechanical
hyperalgesia. This effect was found to be dependent on PLCp, PKA, PKD and selected
PKC isozymes (Grant et al., 2007). Further studies showed that PAR2 activation
stimulated a transient increase in [Ca**]i, which was significantly sustained in cells co-
expressing TRPV4 and blocked by treatment with a TRPV4 antagonist (Poole et al.,
2013). Moreover, PAR2 functionally interacts with P2X3 receptor, an ATP-gated
ionotropic receptor expressed by sensory neurons, potentiating P2X3 responses by

functional membrane translocation rather than phosphorylation (Wang et al., 2012).

Evidence shows that PAR2 contributes to nerve injury-induced hyperexcitability. In
models of chronic compression (CCD) or dissociation of DRG in rats, PAR2 inhibition
or knockdown via siRNA significantly suppressed hyperexcitability and hyperalgesia,
providing evidence of PAR2 involvement in neuropathic pain (Huang et al., 2012).
Chemotherapy-induced neuropathic pain was found to be PAR2-dependent as well,

and it was linked to sensitisation of TRPV1, TRPV4 and TRPAI (ankyrin) in a
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paclitaxel-induced neuropathic pain in mice (Chen et al., 2011). Recently, PAR2
knockout mice showed a significant reduction of paclitaxel (PTX)-induced mechanical
allodynia, spontaneous pain, satellite glial cell activation, and intra-epidermal fibre
loss compared to wild-type. In addition, treatment with the peptidomimetic PAR2

antagonist, C781, significantly reduced mechanical allodynia (Kume et al., 2023a).

Pain is one of the main symptoms of specific types of cancer, and PAR?2 activation has
been identified as a major mechanism of cancer-related pain. Lam and Schmidt first
demonstrated that PAR2 activation induces cancer-dependent allodynia via proteolytic
activity in the tumour microenvironment (Lam and Schmidt, 2010). Injecting
supernatant from human head and neck, but not from normal keratinocytes, induced
prolonged mechanical allodynia in the hind paw of mice. This enhanced nociceptive
effect was completely absent when supernatants were incubated with serine protease
inhibitor before injection and in PAR2-KO mice, indicating the direct involvement of
PAR?2 in mediating cancer pain. Follow-up studies have led to the confirmation of the
direct role of PAR2 in acute and chronic cancer pain, possibly by PAR2 upregulation
using novel murine cancer pain models (Lam et al., 2012). Additional studies showed
the significant involvement of PAR2 in nociceptive signalling in rat models of bone
cancer pain (Bao et al., 2014, Liu et al., 2014b, Bao et al., 2015c). Furthermore, using
the same bone cancer-evoked pain in rats, PAR2 antagonist peptide (FSLLRY-NH>)
potentiated antinociceptive effects of systemic morphine by sensitisation of p-opioid
receptors (Bao et al., 2015a, Bao et al., 2015b). Similarly, in pancreatic cancer pain,
human pancreatic cancer biopsies showed significantly higher trypsin and protease
activities compared to healthy tissue samples, and administration of the PAR2

antagonist peptide (FSLLRY-NH2) also induced a significant reduction of pain
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behaviour in mice injected with human pancreatic cancer cell supernatants (Zhu et al.,
2017). These observations suggest PAR2-mediated signalling contributes to
hypersensitisation of nociceptors, leading to cancer-evoked pain triggered by trypsin-
like serine proteases secreted by cancer cells. Collectively, these studies strongly
suggest that targeting PAR2 could offer therapeutic value for the management of pain

associated with chronic inflammation, neuropathy or cancer.
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1.11 Hypothesis and Aim:

Project overview:

Prostate inflammation is one of the main causes of chronic pelvic pain conditions,
including chronic prostatitis/chronic pelvic pain syndrome (CP/CPPS). PAR2, a
GPCR uniquely activated by N-terminal proteolytic cleavage, has been widely shown
to be involved in inflammatory and pain signalling pathways. AZ8838 is a small
molecule PAR2 antagonist that has been shown for its inhibition potential of
intracellular PAR2-induced responses. Although its mechanism and inhibitory effects
have been studied, its comprehensive PAR2 inhibition profile has not been fully

explored, particularly in the context of prostate inflammation.

Hypothesis:

The central hypothesis is that AZ8838 effectively inhibits PAR2-induced pro-
inflammatory signalling pathways and cellular responses. Utilising in vitro
characterisation of AZ8838, it is hypothesised that examining the antagonist in vivo
may demonstrate its potential therapeutic relevance in carrageenan-induced prostatitis

(CIP), attenuating inflammatory responses and pain sensitisation.

Research questions:

This research project is guided by the following overarching questions:

1. How does AZ8838 modulate key intracellular pathways downstream of PAR2
activation?
This will be addressed through in vitro assays measuring the effects on NF-xB

and MAPK signalling, PAR2 internalisation, calcium mobilisation, and the
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release of the pro-inflammatory chemokine IL-8 in PAR2-expressing cell
systems.

Does pharmacological inhibition of PAR2 attenuate inflammation and pain in
vivo?

This will be evaluated using the CIP model, assessing localised inflammatory
responses, PAR2 expression in prostate and sensory neurons, and pain-related
behaviours (mechanical allodynia and thermal hyperalgesia).

Can the in vitro mechanisms of PAR2 inhibition be correlated with in vivo
outcomes to explain pain modulation and local inflammatory responses in the
prostate?

Findings from in vitro analyses of AZ8838-mediated PAR2 inhibition will be
compared with in vivo observations from the CIP model, focusing on changes
in pain-related behaviours and histological evidence of inflammation in the

prostate.
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Chapter 2

Materials and Methods
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2.1 Materials and reagents

2.1.1 General reagents

All materials and reagents used were of the highest commercial grade available and
purchased from Sigma-Aldrich Chemical Company Ltd. (Pool, Dorset, U.K.) or other
companies as stated below. The list of used materials and reagents is sorted according

to the company in Table 2.1.

Table 2.1: List of materials and reagents used for in vitro studies

Experiment Name Company Cat no.
. Promega
lfitssagly-sitzﬁal‘;;mferase Corporation E2520
(Madison, USA)
Fisher
Luciferase reporter | Dithiothreitol (DTT) I?::li :asggéfggé BP172-5
Inc
Adenosine-5'-triphosphate | Thermo Scientific
(ATP) disodium salt Chemicals, J61125.06
hydrate
Pre-stained SDS-PAGE Bio-Rad
molecular weight marker, Laboratories 1610374
Precision Plus Protein™ (Hertfordshire,
Dual Colour Standards UK)
VWR
Methanol International Ltd. | gy 135
(Leicestershire,
UK)
Carl Roth GmbH
ROTIPHORESE® Gel 30 + CO. KG 3029 1
(37.5:1) (Karlsruhe, ’
. Germany)
Western blotting .
(Ss‘)]gls“)m dodecyl sulphate i Aldrich | 15750
Tris-base, Trizma® base Sigma-Aldrich T1503
Ammonium persulfate Sigma-Aldrich A3678
Glycine Sigma-Aldrich G7126
N, N, N, N’- Carl Roth GmbH
. + CO. KG
tetramethylethylenediamine 2372
(TEMED) (Karlsruhe,
Germany)
. Amersham™
Western Blottin
Membranes, Nit%ocellulose Prqtran® by 1060001
cytiva
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Calcium assay

Immunofluorescence

ELISA

Gel blotting sheets 3MM

Bovine Serum Albumin
(BSA)

Ultra Cruz®
Autoradiography film blue

B-Mercaptoethanol
Tween 20

FLUO-4 AM

Hank’s Balanced Salt
Solution (HBSS) 1X (no
Ca’" and no Mg?>")

Calcium Chloride, IM
solution

Magnesium Chloride, 1M
solution

Pluronic® F-127

4' 6-diamidino-2-
phenylindole (DAPI)

MOWIOL® 4-88 Reagent

96-well ELISA plate

Human IL-8 Uncoated
ELISA kit

GB005,
Whatman™ by
VWR
International Ltd.
(Leicestershire,
UK)

Fisher
BioReagents™
Thermo Fisher
Scientific UK Ltd
(Leicestershire,
UK)

Santa Cruz
Biotechnology
Inc.
Sigma-Aldrich
Sigma-Aldrich
Invitrogen™ by
Fisher Scientific
Ltd
(Leicestershire,
UK)

Gibco ™, life
technologies
Ltd.
(Leicestershire,
UK)
Sigma-Aldrich,
life Science
Sigma-Aldrich,
life Science
Sigma-Aldrich,
life Science
Fisher Scientific
Ltd
(Leicestershire,
UK)

Merck-
Calbiochem
(Nottingham,
UK)

Corning™
Costar™

Invitrogen

732-4094

BP9706100

201696
M3148
P6585

F14201

14175-095

21115

63069

P2443

PIEN62248

475904

9018

88-8086
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Table 2.2: List of pharmacological agonists or antagonists for in vitro studies

Name Company Cat no.
2-furoyl-LIGRL-Orn-NH2 | Peptide Synthetics, Peptide Protein 64604
(2fLIG) Research, PPR Ltd., (Fareham, UK).
Trypsin (Slljir;lsi t?[l}irll(c? Chemical Company Ltd. T4799
Human Tumour Necrosis Insight Biotechnology Ltd. TP723983
Factor-o (TNF-a) (Wembley, UK)
Apex Molecular Limited, formerly
(R)-AZ8838 YProTech -
(Cheshire, UK)
Dim.ethyl sulfoxide DMSO Sigma-Aldrich D8418
(vehicle)
Table 2.3: List of materials and reagents used for in vivo studies.
Experiment Name Company Cat no.
A Carrageenan Sigma Aldrich 22049
Ketamine: Ketamil
(100 mg/mL [lium -
ketamine)
Xylazine: Xylazil-20: .
20 mg/mL Xylazine Hlium )
Antibiotic ointment:
Inflammation Fusidin ointment (2% | Leo pharma -
induction sodium fusidate)
Betad.lne Ant1§ eptic Atlantis Consumer
Solution: Povidone- Healthcare -
lodine 10% w/v
Lidocaine cream:
Emla 5 7o Cream: 5% Aspen healthcare -
lidocaine and
prilocaine
Sevoflurane Baxter -
Perfusion fixation Paraformaldehyde Sigma Aldrich 158127
Stereo microscope Leica Microsystems | EZ4
Superfrost® Plus
Microscope Charged | Thermoscientific 6776214
Slides
Tissue embedding
Tissue sections medium: Optimal Leica biosystems | 14020108926
Immunofluorescence | cutting temperature
compound (OCT)
Mounting Medium
with DAPI - Aqueous, | Abcam ab104139
Fluoroshield
RIPA Lysis and Thermo 89900
Extraction Buffer Scientific™
Western blotting PMSF
(Phenylmethylsulfonyl | Sigma-Aldrich P7626

fluoride)

78



Halt™ Protease

Inhibitor Cocktail g?;ﬁ%cm 87786

(100X)

Phosphatase Inhibitor | Thermo

Cocktail IT Scientific™ J61022.AA

Thermo Scientific™ Therm

Pierce™ BCA Protein | o oo 23227

. Scientific™

Assay Kits

30% Acrylamide/Bis | Bio-Rad Laboratories,

Solution, 29:1 Inc 1610136

TEMED Ellé)-Rad Laboratories, 1610800

Immun-Blot PVDF Bio-Rad Laboratories,

Membrane, Roll, 26 Inc 1620177

cmx33m

IRIS11 Prestained

Protein Ladder BIO-HELIX PMI11-0500

Thermo Scientific™

Pierce™ ECL Thermo 32106

Western Blotting Scientific™

Substrate

RNeasy PowerLyser Qiagen, Hilden, 15055-50

Kit Germany

QuantiTect Reverse Qiagen, Hilden,

L . 205311

Transcription kit Germany

TagMan™ Fast Applied

Advanced Master Mix | Biosystems™, 4444557
qRT-PCR for qPQR Foster City, USA

pre-designed Tagman

Gene Expression

Assays with FAM dye | Applied

labelled PAR2 gene Biosystems™, 4331182

probe (ID: Foster City, USA

Rn00588089 ml,

gene: F2rll)

Table 2.4: List of pharmacological agonists or antagonists for in vivo studies

Name Company Cat no.
(R) AZ8838 é(S)EIOUS, Massachusetts, AOB: 37172
Celecoxib Celebrex® capsules, Pfizer -
Dimethyl sulfoxide DMSO Sigma-Aldrich D3418

(vehicle)
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2.1.2 Reagents for cell culture

Table 2.5: List of reagents used for cell culture

Name Company Cat no.

All Cell Culture plasticware,

including flasks, Falcon tubes, and

graduated pipettes.

Thermo Fisher Scientific UK Ltd

(Leicestershire, UK)

96-well Black with Clear Flat . e

Bottom, and 12-well plates Corning®, Costar 3603

Serological pipettes 5, 10, 25 ml Sarstedt AG & Co LTD
(Leicester, UK)

Minimum Essential Medium (1X) | Gibco (Life Technologies,

Paisley, UK)

Gibco (Life Technologies,

Paisley, UK)

Gibco (Life Technologies,

Paisley, UK)

Gibco (Life Technologies,

Paisley, UK)

Gibco (Life Technologies,

Paisley, UK)

Gibco ™, Fisher Scientific Ltd

Corning B.V
(Buckinghamshire, UK)

L-glutamine
Penicillin-Streptomycin
Geneticin (G148)

Blasticidin

Foetal Bovine Serum (FBS) (Leicestershire, UK) A5256701
Medium 199 Sigma-Aldrich Life Science M4530
RPMI Medium 1640 Gibco™, Fisher Scientific Ltd | 11534446

Modified Eagle’s Medium (MEM)

Ix Sigma-Aldrich Life Science 2091291

2.1.3 Compound preparation

Table 2.6: List of prepared solutions

Solution Recipe

In vivo experiments solutions

154 mM sodium chloride, 5.36 mM potassium chloride, 1.46
mM potassium hydrogen orthophosphate, 8 mM di-sodium
hydrogen orthophosphate anhydrous, pH 7.4

Potassium phosphate monobasic anhydrous (KH2PO4, Mol wt
0.1M PB (for perfusion 136.09) 2.7 gm, sodium phosphate dibasic anhydrous

Phosphate-buffered saline
(PBS)

fixation) (Na;HPOs, Mol wt. 141.96) 11.4 gm in 1 L distilled water.
pH 7.4 and filtered

4% paraformaldehyde Paraformaldehyde powder 40 g in 1L 0.1 PB, NaOH added

(for perfusion fixation) until dissolved with continuous stirring, then filtered.

Tris base 1.5M; 181.7 g in about 800 mL distilled water,

Tris buffer (8.8 pH) adjust pH to 8.8, then complete volume to 1L.
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Tris buffer (6.8 pH)

Tawbin’s 10x transfer
buffer

PBST 0.1% wash buffer

Tris base 0.5M; 60.5 g in about 800 mL distilled water, adjust
pH to 6.8, then complete volume to 1L.

30 g Tris base, 144 g glycine, 10 g SDS, dissolve in 1 L of
distilled water. Before use: 20% methanol in 1x buffer

For 1L PBS, dissolve 1 mL of Tween 20

In vitro experiments solutions

Versene
Freeze mix
Lysis buffer

Laemmli SDS sample
buffer

Buffer 1

Buffer 2
Running buffer
Transfer buffer
Stripping Buffer

NATT (wash buffer)

Enhanced
Chemiluminescence-1
(ECL-1)

Enhanced
Chemiluminescence-2
(ECL-2)

ELISA wash buffer
ELISA stop solution

2.1.4 Equipment

Table 2.7: List of Equipment

(0.2% EDTA/PBS) (0.53 mM) EDTA in phosphate-buffered
saline

0.08% DMSO (v/v) in FBS

25 mM Tris Base (pH 7.8), 8 mM MgCl,, 1% Triton X 100,
15% (v/v) Glycerol

63 mM Tris-HCl (pH 6.8), 2 mM NasP,07, 5 mM

EDTA, 50 mM DTT, 10% v/v Glycerol, 2% w/v SDS,
0.007% bromophenol blue

1.5 M Tris-base, 0.4% SDS, pH 8.4

0.5 M Tris base, 0.4% SDS, pH 6.8

25 mM Tris base, 192 mM glycine, 0.1% SDS

25 mM Tris base, 192 mM glycine, 20% (v/v) methanol

31 mM Tris-HCl, 2% SDS, pH 6.7

150 mM NacCl, 20 mM Tris base, 0.03 % (v/v) Tween 20, pH
7.4

2.5 mM luminol (diluted from a stock of 250 mM in DMSO),
1.15mM p-coumaric acid (diluted from a stock of 250 mM in
DMSO), 100 mM Tris base (pH 8.5), stored at 4°C

0.00064% H>0,, 100 mM tris base (pH 8.5), stored at 4°C

1X PBS, 0.05% Tween 20
2 N H,SOq41n distilled water

Experiment Equipment Company
Tissue sectioning Cryostat microtome Leica, CM1860
Mini-PROTEAN® Bio-Rad Laboratories, Inc 1658035

Tetra Cell, Mini Trans-

Blot® Module, and

PowerPac™ HC Power

Supply

Trans-Blot Turbo Bio-Rad Laboratories, Inc 1704150
Transfer System

Azure Imaging Systems | Azure biosystems Azure 600

Calcium mobilisation

FlexStation III Multi-Mode

Molecular Devices

assay Microplate Reader
ELISA POLARSstar® Omega microplate BMG Labtech
reader
Immunofluorescence Epifluorescent Upright Nikon Instruments Inc.

Microscope, Nikon Eclipse E600
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BX63, Automated Fluorescence Olympus
Microscope

gRT-PCR QuantStudio 5 Applied Thermofisher Scientific
Biosystems 7500 Fast Real-Time
PCR System

Behavioural studies Aesthesio®, Precise Tactile Danmic Global, USA
Sensory Evaluator 20-piece Kit
Mesh Stands IITC Life Science Inc.
Plantar Test (Hargreaves Method) | IITC Life Science Inc.

2.1.5 Antibodies

The following antibodies were used at the denoted dilution.

Table 2.8: List of antibodies

Antibody Company Ref/Cat. | Species Dilution | Experiment
number

p-ERK (E-4) Santa Cruz Sc-7383 Mouse 1:3000 WB

200 pg/ml Biotechnology

ERK 1 (K-23) Santa Cruz Sc-94 Rabbit 1:4000 WB

200 pg/ml Biotechnology

Anti-Mouse IgG Millipore F0257 Goat 1:7500 WB

(whole molecule)— Sigma

FITC antibody

Anti-Rabbit IgG Millipore F0382 Goat 1:7500 WB

(whole molecule)- Sigma

FITC antibody

NF-«B p65 (F-6) Santa Cruz Sc-8008 Mouse 1:100 IF

200 pg/ml Biotechnology

FITC-conjugated Millipore F0257 Goat 1:100 IF

anti-Mouse IgG Sigma

Recombinant Abcam ab180953 | Rabbit 1:200 IF

Monoclonal Anti-

PAR2

Donkey Anti-Rabbit | Abcam ab150075 | Donkey 1:800 IF

IgG H&L (Alexa

Fluor® 647)

Anti-NeuN antibody | Abcam ab104224 | Mouse 1:800 IF

[1B7] - Neuronal

Marker

2.2 Cell culture

All cell culture work was performed using Class II biological safety cabinets, which
are specifically designed for cell culturing, under aseptic conditions. The three cell

lines used in this thesis include: NCTC2544-hPAR2/NF-xB-L, DU145 and Human
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Embryonic Kidney cells (HEK293). Details of maintenance conditions and passaging

of each cell line are described in the following subsections.

Table 2.9: Cell lines used with resources

Cell line Resource
Human skin epithelial cells (NCTC2544) cells clone locally
developed in the laboratory stably expressing human PAR2
NCTC2544- (clone G) and NF-kB-Luciferase promoter construct as described
hPAR2/NF-kB-L earlier (Kanke et al., 2001). The primary keratinocytes were
cultured from neonatal foreskins obtained from the Royal
Hospital for Sick Children (Edinburgh, UK)
Human prostate carcinoma epithelial cell line (HTB-81 ™)
derived from a brain metastasis of prostate adenocarcinoma. This

DU145 cell line is androgen receptor-negative (source: ATCC: American
Type Culture Collection, USA).
Human embryonic kidney cells (CRL-1573 ™) derived from
HEK293 embryonic kidney tissue and display epithelial-like morphology.

These cells are highly transfectable and widely used in
biomedical research (source: ATCC, USA).

2.2.1 NCTC2544-hPAR2/NF-kB-L cells

Human keratinocytes stably expressing human PAR2 and NF-kB-Luciferase promoter
construct (NCTC2544-hPAR2/NF-kB-L) were cultured in Medium 199 supplemented
with  10% foetal bovine serum (FBS), 1% L-glutamine, and 1%
penicillin/streptomycin. Cells were incubated at 37°C in a humidified environment
with 5 % COzin a T75 culture flask. Upon reaching 80-90% confluency, cells were
passaged using Versene (0.2% in EDTA/PBS) to avoid PAR2 activation by trypsin.
The medium was aspirated, and the cells were washed with 1.5 mL Versene before
incubation with fresh 2 mL Versene for 2-3 minutes at 37°C. Once cells began
detaching, as observed under an inverted microscope, the flask was tapped to facilitate
complete detachment. Versene was neutralised by adding 8 mL of Medium 199 and
mixed by pipetting. The cell suspension was diluted as needed in Medium 199 and

seeded into new sterile T75 cell culture flasks to maintain the cell or experimental
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plates assays. The medium for the cultured cells was refreshed every 2-3 days, after
being warmed to 37°C for about 20 minutes before use. For experimental purposes,

cells were quiesced in serum-free media for 18 hours prior to stimulation.

2.2.2 DUI14S cells

Human epithelial prostate cancer cells (DU145) that was originally isolated from the
brain of a 69-year-old, white, male with prostate cancer. DU145 were cultured in
Roswell Park Memorial Institute (RPMI) Medium 1640, supplemented with 10% FBS,
1% L-glutamine, and 1% penicillin/streptomycin. Cells were maintained at 37°C in a
humidified incubator with 5 % CO; in a T75 culture flask. When the cells reached 80-
90% confluency, they were passaged using Versene, following the procedure outlined
earlier in the subsection 0. The cell suspension was diluted as required in RPMI 1640
medium and seeded into new sterile T75 cell culture flasks to maintain the cells or
experimental plates for assays. For experimental purposes, cells were serum-starved

in serum-free media for 18 hours prior to stimulation.

2.2.3 Human embryonic kidney (HEK 293) cells

HEK293 cells were maintained in Modified Eagle’s Medium (MEM) supplemented
with 10% FBS, 1% penicillin/streptomycin, 1% L-glutamine, 0.375% sodium
bicarbonate and sodium pyruvate. Cells were then incubated at 37°C in a humidified
environment with 5% CO», and the medium was refreshed every 2-3 days. Cells were
passaged using Versene as described earlier in the subsection 0, keeping the cells in a
37°C incubator for detachment for about one minute only. The cell suspension was
then diluted as needed in MEM medium before being seeded into 96-well clear plates

for calcium assays or into a fresh T75 flask to maintain cell stocks. Before stimulation,
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HEK?293 cells were maintained in full MEM medium prior to stimulation without

being starved.

2.2.4 Cell cryopreservation and thawing (cell recovery)

For preserving cell passages, cells were cultured until reaching 80-90% confluency.
The same procedure outlined earlier (section, 0) for cell detachment was applied to
each cell type, and the detached cells were resuspended in 8mL of their respective
media. The cell suspension was transferred to a sterile 15-mL centrifuge tube and
centrifuged at 1200 rotations per minute (rpm) for 3 minutes. After carefully aspirating
the media without disturbing the cell pellet at the base of the tube, and cells were
resuspended in 3 mL of freeze mix (refer to Table 2.6). About 0.7 to 1 mL of cell
suspension in freeze mix was transferred to a 1 mL cryotube for storage at -80°C or in
liquid nitrogen. For recovery, the cells were thawed at room temperature and
transferred to a T75 flask with 10 mL warmed media. The following day, the media

was refreshed to remove any residuals of DMSO from the culture.

2.3 Animals

2.3.1 Ethics and animal care

Ethical approval was obtained from the Dubai Pharmacy College Research Ethics
Committee (REC/PhD/2020/01), which is currently part of the College of Pharmacy
under Dubai Medical University (DMU). All animal procedures adhered to the
international guidelines for the care and use of laboratory animals (National Research
and Institute for Laboratory Animal, 2011). Healthy male Wistar rats weighing
between 200 and 250 grams were sourced from the Animal Facility of DMU, Dubai,

UAE. The animals were housed in standard ventilated cages under controlled

85



conditions with a 12-hour light/dark cycle at 23°C + 2°C. Animals had free access to
standard rat feed and water ad libitum. Prior to the commencement of experiments, the
animals were acclimatised for 14 days before the start of the experiment. All
experiments were conducted in accordance with the guidelines for the use and care of
animals, and protocols were approved by the Research Ethics Committee at DPCG,

which is currently the Institutional Review Board (IRB).

2.3.2 Drugs and reagents

A sterile 3% (w/v) suspension of A-carrageenan (type IV; Sigma Aldrich, 22049) was
prepared by dissolving heat-sterilised carrageenan powder in sterile saline. For oral
drug treatment, animal groups received AZ8838 (AOB; 37172; dissolved in 20%
DMSO/80% olive oil) at doses of either 10 mg per kg or 5 mg per kg administered
orally (p.o.) 30 minutes before inflammation induction surgery. For the positive
control cohort, animals received celecoxib (100 mg/kg, a selective cyclooxygenase-2
(COX2) inhibitor with established anti-inflammatory and analgesic effects), prepared
from Celebrex® capsules (Pfizer), suspended in 20% DMSO/80% olive oil,
administered orally 30 minutes before surgery. The control group were given the

vehicle (20% DMSO/80% olive oil) orally 30 minutes before the surgical procedure.

2.3.3 Induction of inflammation

An animal model of pelvic pain induced by prostate inflammation was employed
according to Radhakrishnan & Nallu (Radhakrishnan and Nallu, 2009). To induce
inflammation, rats received an injection of a sterile suspension of 3% A-carrageenan in
saline. Rats were anaesthetised using a mixture of ketamine 50mg/kg and xylazine 10

mg/kg injected intraperitoneally, keeping the animals on a heating pad (approximately
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37°C) to prevent hypothermia. Anaesthesia depth was confirmed by toe pinch or
observation of shallow, regular breathing. The surgical area (lower abdomen above the
penis, see Figure 2.1) and the scrotal skin were shaved, and the dermis in the surgical
area was sterilised using three applications of 70 % v/v ethanol followed by 10 %
povidone-iodine solution. To reduce post-surgical pain and minimise sensitisation of
the areas adjacent to the surgical wound, 2% lidocaine was applied to the cleaned skin.
After 10 minutes of lidocaine application, a 1-inch lower midline incision (laparotomy)
was made in the skin and abdominal wall to expose visceral organs, including ventral

lobes of the prostate gland (Jesik et al., 1982).

Surgical cut
location

Bladder location ) -

Prostate ventral \9
lobes location

Figure 2.1: Schematic representation of the surgical cut location for the murine prostate
inflammation induction model.

The illustration shows the anatomical locations used for the surgical procedure to induce prostate
inflammation in male Wistar rats. A midline incision (dotted red line) is made in the lower abdomen to
access the ventral lobes of the prostate (outlined in brown). The bladder is located superior to the
prostate, with the scrotum and the anus inferior to it. Sterile suspension (3% A-carrageenan or saline for
the control group) is injected bilaterally into the ventral lobes of the prostate to induce inflammation.
Care is taken to avoid contamination and infection, and the incision is closed using sutures and clips.
This approach follows standard procedures. The illustration was created in BioRender.com
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A sterile suspension of 3 % carrageenan (50 pL per lobe) was injected into both right
and left ventral lobes of the prostate gland of the inflammation group (n = 6) using a
30-gauge disposable needle and a sterilised Hamilton syringe. The muscle layer wound
was closed using #4.0 sterile absorbable suture material, and the skin wound was
closed using sterile stainless steel wound clips with the aid of a clip applicator. The
surgical procedure was carried out in a clean room, and every precaution was taken to
avoid microbial infection of the prostate and the wound. Topical neomycin (an
antibiotic) cream was applied to the clipped wound to promote healing. No systemic
analgesics were administered before or after surgery, to avoid interference with the
expected acute/chronic pain behaviours, a decision approved by the IRB. In the sham
group (n = 6), the same surgical procedures were followed, with the exception that 50
pl of sterile normal saline was injected into both the right and left ventral prostate lobes
instead of carrageenan. All animals were housed individually in clean cages for a 72-
hour recovery period. After this period, animals were acclimatised in the laboratory
for about 1 hour before perfusion. The time point adopted in this investigation (72
hours) was selected based on pilot testing across multiple post-induction time intervals
and supported by previous findings by Radhakrishnan and Nallu, as it demonstrated

the peak inflammatory pain response in rats (Radhakrishnan and Nallu, 2009).

2.3.4 Perfusion fixation and sample collection

Seventy-two hours after surgery, rats were deeply anesthetized using sevoflurane and

transcardially perfused, by inserting a blunt needle connected to the perfusion system

from left ventricle until visualized through the ascending aorta with ice-cold 0.1M

phosphate buffered saline (PBS, pH 7.4) for a duration of 3 to 5 minutes, followed by
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4% freshly prepared and cold paraformaldehyde (PFA) in 0.1M PBS for 15-20 minutes
(see Figure 2.2). The right and left ventral prostate lobes, along with the lumbar and
sacral (L5, L6 and S1) dorsal root ganglia (DRG) were carefully dissected. For
immunofluorescence studies, the DRG were then post-fixed in 4% PFA for 4 hours
and subsequently cryoprotected in 30% sucrose overnight at 4°C. The prostate lobes
were fixed in 4% PFA directly for not less than 48 hours at room temperature. The
body weight, prostatic wet weight, and prostatic index, calculated as the prostatic wet

weight (mg) divided by the body weight (g), were recorded for each group.

0.IMPB  4%PFA 0.1IMPB  4%PFA
(/\} 2| &\

Figure 2.2: Steps of transcardial perfusion fixation in a rat.

A: the rat is anesthetized, and a 4-5 cm lateral incision is made just below the last ribs. B: the diaphragm
is cut to expose the heart and lateral sides of ribs is cut to lift the sternum and expose the pleural cavity.
C: an 18-gauge blunt perfusion needle is inserted through the left ventricle into the ascending aorta.
The needle tip needs to be visible through the aorta without reaching the aortic arch. This needle is
connected to a double perfusion system to allow initial perfusion with 0.1M Phosphate buffer (PB), pH
7.4 followed by 4% paraformaldehyde (PFA) in 0.1 PB. D: a small incision is made in the right atrium
and perfusion started with ice-cold 0.1 M PB for 4-5 minutes followed by a 20-minutes perfusion of 4%
PFA. This illustration was made using BioRender.com.
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24 NF-kB-Luciferase reporter activity assay

NCTC2544-hPAR2/NF-kB-L cells were seeded in 96-well black plates, with 100 puL
of cell suspension (prepared at the desired dilution) added per well and incubated until
they reached 90-100% confluency. Cells were then rendered quiescent by incubating
them in 90 pL of serum-free medium per well for 18 hours. Cells were treated with the
PAR?2 agonists, trypsin and 2fLIG, at varying concentrations in quadruplets for 4 hours
at 37°C. To test the effect of AZ8838, cells were pre-incubated with variable
concentrations of the antagonist for 1 hour, followed by a 4-hour co-treatment with
PAR?2 agonists. DMSO effects and its co-treatment with the agonists were tested as
vehicle controls. Near the end of the stimulation period, fresh lysis buffer was
prepared, containing luciferin substrate (0.2 mM luciferin, | mM DTT, 1 mM ATP,
and 1% BSA). To terminate the reactions, the media was aspirated, and the cells were
washed quickly with 100 pL of ice-cold PBS per well. Immediately, 100 pL of lysis
buffer prepared with luciferin substrate was added, and cells were incubated for 5
minutes at 37°C. Luminescence intensity was measured using a Wallac MicroBeta
TriLux 1450 luminometer (Wallac Oy, Finland), with a bottom-read measurement at

450 nm for 1 second per well.

2.5  Waestern Blotting

For the detection and analysis of specific intracellular protein changes, the following

protocol was applied:

2.5.1 Preparation of whole cell lysates or tissue homogenates

Cells were grown to 90-100% confluency in 12-well plates and allowed to quiesce for

18 hours prior to stimulation. Following the planned stimulations, the culture plates
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were placed on ice to halt the reactions, and the media were promptly aspirated. The
wells were washed twice with ice-cold PBS, 500 uL per well, followed by the addition
of 150 puL of hot (~85°C) Laemmli SDS sample buffer containing DTT (see Table 2.6)
to each well. Cells were scraped on ice, and the cell lysates were passed repeatedly
through a 23G x 1Y syringe to shear chromosomal DNA. Samples were transferred
to Eppendorf tubes, boiled at 95°C for 5 min to denature proteins, and stored at -20°C
until used. For tissue homogenization and protein extraction, 60 pL of lysis buffer mix
(RIPA, 0.1 PMSF, 0.5 EDTA, proteinase and phosphatase inhibitor cocktail) per
pooled DRG sample and 100uL per ~30mg prostate tissue specimen. Tissue samples
were homogenised by sonication (3-5 cycles of 3 seconds mixing followed by 30
seconds stop at 100% amplitude). All homogenates were centrifuged at 4°C for 15
minutes at 15,000 rpm. Protein concentrations were estimated using the BCA kit

protocol, and ~60 pg of protein was used per well for electrophoresis.

2.5.2 Sodium Dodecyl Sulphate Polyacrylamide Gel Electrophoresis (SDS-

PAGE)

The gel glass plates (Imm thickness) were cleaned with 70% (v/v) ethanol and
assembled using a casting set. To check for leakage, distilled water was filled between
the assembled plates and left for ~30 minutes before being discarded. The resolving
gel was prepared with a sufficient volume to make a 10% polyacrylamide
(ROTIPHORESE® Gel 30) in buffer 1 (0.375 M Tris-base, 0.1% (w/v) SDS, adjusted
at pH 8.4) and 0.05% (w/v) ammonium persulphate (APS). Polymerisation was
initiated by adding 0.05% N, N, N’, N’-tetramethylethylenediamine (TEMED) (v/v).
The gel mixture was poured between the glass plates and allowed to polymerise.

Approximately 200 uL of 0.1% SDS solution was layered on top to prevent drying and
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eliminate air bubbles. Once the gel was set, the SDS was discarded and the stacking
gel was prepared to make 1% acrylamide and an appropriate volume of buffer 2 (0.124
M Tris-base, 0.1% SDS at pH 6.8), 0.1% (w/v) APS and 0.1% (v/v) TEMED. The
stacking gel was quickly poured over the resolving gel, a Teflon comb was inserted,
and the gel was allowed to polymerise for 15 minutes before the comb was carefully
removed. The gels were assembled in a Bio-Rad Mini-PROTEAN II™ electrophoresis
tank topped up with running buffer (Table 2.6). Aliquots of samples (25 pl) were
loaded into the wells using a micro-syringe, and a pre-stained SDS-PAGE molecular
weight marker was run alongside to identify the molecular weights of the target
polypeptides. Protein separation was carried out using SDS-PAGE at a constant

voltage of 130 V for approximately 110 minutes.

2.5.3 Electrophoretic transfer of protein samples

Separated proteins in acrylamide gels were transferred onto a nitrocellulose membrane
as described earlier by Paul A ef al (Paul et al., 1997). The gels were carefully
positioned against a sheet of nitrocellulose (0.45 um pore size) and assembled in a
transfer cassette, sandwiched between two 0.92mm cellulose chromatography filter
papers (Whatman® 3MM) and two sponges. The cassette was placed in a Bio-Rad
mini-mini-Trans-Blot™ tank filled with transfer buffer (Table 2.6) and run at a
constant current of 300mA for 110 minutes. An ice pack was used to cool the tank
during the transfer process. For tissue homogenate samples, PVDF membranes were
used after activation (30 seconds in methanol, followed by 2 minutes in distilled water,
then for 20 minutes in freshly prepared Towbin’s transfer buffer). Nitrocellulose
membranes were used for protein transfer from cell lysates to ensure low background

and high signal clarity, while PVDF membranes were selected for tissue homogenates

92



due to their higher protein-binding capacity and chemical durability, which facilitate
effective transfer and detection of complex proteins. Protein transfer was performed

using the semi-dry Trans-Blot Turbo Transfer System for 30 minutes at 1A and 25 V.

2.5.4 Membrane blocking and immunological detection of proteins

Following protein transfer to nitrocellulose membrane, the membranes were blocked
by incubating them in a 2 % bovine serum albumin (BSA) solution in NATT wash
buffer (see, Table 2.6) for ~2 hours at room temperature on an orbital shaker set at 35
rpm. After blocking, the membranes were briefly rinsed and then incubated overnight
at 4°C with the specific primary antibody for target proteins. Antibodies were prepared
at the dilutions listed in Table 2.8, in 0.2% BSA in NATT buffer. The next day,
membranes were washed 4 times for 20 minutes each with NATT buffer using gentle
shaking. Membranes were then incubated for one hour at room temperature with the
appropriate horseradish peroxidase (HRP)-conjugated polyclonal secondary antibody
diluted as specified in Table 2.8 in 0.2% BSA in NATT, followed by another set of
four 20-minute washes with NATT buffer. Protein bands were visualised by incubating
the membranes with equal volumes of enhanced chemiluminescence (ECL) reagents
1 and 2 (refer to Table 2.6) for 2 minutes with gentle shaking. Membranes were then
placed in a photographic cassette, covered with clingfilm to prevent drying, and
exposed to X-ray film (Ultra Cruz® Autoradiography film blue) in the dark for the
appropriate duration. The films were developed using a JPI Automatic X-ray Film

Processor (Model JP-33).

For tissue homogenate samples, membranes were blocked for 45-60 minutes in 5%

skimmed milk prepared in 0.1% PBST (PBS + 0.1% Tween-20). Skimmed milk was
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used for tissue homogenates because it provides efficient and cost-effective blocking
for proteins, and the target protein (PAR2) is not phosphorylation-dependent, a
condition in which BSA would typically be preferred. After two 5-minute washes, the
membranes were incubated overnight with the primary antibody at the indicated
dilutions in Table 2.8 at 4 °C. The next day, the membranes were washed 4 times (each
10 minutes) at a rocking shaker with 0.1% PBST, then incubated with the secondary
antibody at room temperature for one hour. Afterwards, the membranes were washed
4 times (each 10 minutes) with 0.1% PBST. Detection was carried out using an ECL
Western Blotting Substrate, and membrane images were captured using the Azure

Imaging System.

2.5.5 Membrane stripping and re-probing

To detect additional proteins, previously probed nitrocellulose membranes were
stripped to remove bound antibodies. The same protocol was applied for PVDF
membranes, with the exception that PBST 0.1% was used for all washing steps. For
stripping, membranes were incubated in 15 mL of stripping buffer per membrane (see
Table 2.6) after adding 0.1 M B-mercaptoethanol, for one hour at 60 “C on an orbital
shaker set to 70 rpm. After stripping, membranes were washed three times for 5
minutes each with NATT buffer to remove the residual stripping buffer. The
membranes were then re-incubated overnight at 4°C with the specific primary antibody
for the next target protein, typically, a loading control. The following day, the
membranes were processed according to the same procedure of washes, secondary

antibody incubation and visualisation as described in the subsection 2.5.4.
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2.5.6 Densitometric analysis of Western blots

The X-ray films obtained from the Western blot analyses were scanned and saved in
TIF format. Band intensities were quantified using ImagelJ software (version 1.54j).
Each image was first inverted using the “Invert” function, and the region of interest
(ROI) was selected using the “Rectangle” tool. The mean intensity of the ROI was
then measured using the “Measure” function, which calculates the average intensity of
all pixels within the selected area. Background signal was measured using a rectangle
of identical size placed in an adjacent blank area of the band and subtracted from the
band of interest. The same procedure was conducted for the loading control protein
(e.g. total ERK). Band intensities were then normalised to the corresponding control

(untreated) values to calculate the fold change.

2.6 FLUO-4 intracellular Calcium mobilisation assay

HEK293 cells were seeded into clear 96-well plates and incubated at 37°C until they
became confluent. Prior to the experiment, the culture media were aspirated, and cells
were washed once with 50 uL per well of Hank’s balanced salt solution (HBSS)
containing 1 mM calcium chloride and 1 mM magnesium chloride. Cells were then
loaded with 3 pM FLUO-4 AM, dissolved in 0.03% pluronic acid in HBSS (containing
1 mM CaCl2 and 1 mM MgCl2), by adding 50 pL per well and incubating for 45
minutes at 37°C in the dark. Following incubation, cells were washed once with the
same HBSS buffer without Fluo-4 AM. The plate was then placed in the FlexStation
IIT (Molecular Devices) set at 37 °C, along with a “compound plate” containing the
prepared agonist concentrations in HBSS. For antagonist experiments, the cell plate

was incubated for an additional hour at 37 °C in the dark with the test antagonist
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concentrations prior to measurement. Fluorescence was measured at an
excitation/emission wavelength of 485/525 nm, with an auto-off wavelength set at 515
nm. The background signal was recorded for 20 s before the addition of agonists, using
the instrument’s built-in automated pipetting system. Kinetic changes in intracellular
calcium mobilisation were measured every 3 seconds over a total period of
120 seconds. The experiment protocol and data acquisition were conducted using
SoftMax® Pro 5 Software. Results, reported as relative fluorescent units (RFU), were
exported to Microsoft Excel for analysis. All measurements were performed in
triplicate, and mean values were calculated for each data point in an independent
experiment. Baseline RFU was averaged between 10-20 second recordings, and peak
RFU was determined by averaging the three highest mean RFU values. Data were

normalised as peak-to baseline RFU (Fmax/Fo) for further comparison and analysis.

2.7  PAR2-YFP transfection and internalisation assay

DU145 cells were seeded onto 13-mm coverslips in a 12-well plate and cultured until
they reached 60-70% confluency. The PAR2-yellow fluorescent protein (YFP)
construct used in this study was developed by Advantagen Ltd. (Dundee, UK), as
described in (Cunningham, 2010) and (Cunningham et al., 2012). Briefly, the human
PAR2 gene was amplified by polymerase chain reaction (PCR) from a pPRSV-PAR2
plasmid (provided by Dr T. Bushell) and subcloned into the pEYFP-N1 expression
vector (Clonetech). The vector was digested at defined restriction sites using HindIIl
and BamHI restriction enzymes. The PCR primers used for PAR2 cloning include the
forward primer adg425 (5'-TCAAGCTTACCATGCGGAGCCCCAGCGC) and

reverse primer adg426 (5'-CTGGATCCATAGGAGGTCTTAACAGTGGTTG). The

96



final construct contained an antibiotic resistance gene (Kanamycin/Neomycin) for

selection in mammalian cells, as shown in Figure 2.3.

Origin of
replication

- Restriction site

649.pPAR2-YFP

5882 bp PAR2
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Figure 2.3: Illustrative PAR2-YFP plasmid map.

PAR2-YFP plasmid map showing the region of origin with arbitrary insertion sites of the PAR2 gene
and enhanced yellow fluorescent protein (EYFP) with the kanamycin/neomycin (Kan/Neo) antibiotic
resistance gene. Short black lines represent selected restriction sites within the construct. The total size
of the PAR2-YFP plasmid is 5883 base pairs (bp) and 649 represent the PAR2 gene insertion location.
Ilustration created by BioRender.com

Cells were transfected with 1.5 pg of the pPAR2-YFP DNA vector per well (~1.5
ng/uL) using polyethylenimine (PEI), see Figure 2.4, at a PEI-to-DNA ratio of 5.7:1
(ul: pg). The plasmid DNA was diluted in full RPMI medium. For the mock control
well, an equivalent volume of PEI was mixed with RPMI medium in a separate tube.
Both suspensions were gently mixed by flicking the tubes and incubated on ice for 10-
15 minutes. After refreshing the media in the culture plate, 100 puL of each suspension
was added to the respective wells, and the plate was returned to the incubator. After

approximately a 16-hour incubation period, the medium was replaced.
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Figure 2.4: Polyehtyleneimine (PEI) transfection.
Developed based on a PEI transfection template created by Martina Maritan in Biorender.com. Lozon,
Y. (2024) BioRender.com/h77k122.

Experimental stimulations with PAR2 agonists were either carried out directly or
following a one-hour preincubation with the antagonist to assess the effects of
AZ8838. At the end of the stimulation period, cells on coverslips were washed twice
with ice-cold PBS on ice, fixed with ice-cold methanol (1 mL/well), and incubated for
10 minutes on ice. Methanol was then removed, and cells were washed twice with PBS
before being incubated with 4',6-diamidino-2-phenylindole (DAPI) diluted 1:10,000
in PBS for 30 minutes on ice. Following three additional PBS washes, the coverslips
were mounted on glass slides using 20 uL. Mowiol mounting medium and left to dry
overnight at 4°C. The prepared slides were stored at 4°C until imaging. Fluorescence
images were acquired using a Nikon Eclipse E600 epifluorescent upright microscope,

with image capture performed using WinFluor V3.8.5 software, saved in TIFF format.
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Post-processing and further image analysis were conducted using ImagelJ version 1.54j

and final figures were prepared using Microsoft PowerPoint.

2.8 ELISA for human IL-8

NCTC2544-hPAR2/NF-kB-L and DU145 cells were seeded in 6-well plates and
incubated at 37 °C until reaching confluency. According to the experimental design,
cells were treated either with PAR2 agonists for 24 hours or pretreated with the tested
AZ8838 concentrations for one hour prior to agonist treatment. Cell-free supernatants
were collected and centrifuged to determine the concentration of IL-8 using a sandwich
ELISA kit (Human IL-8 Uncoated ELISA, Invitrogen, 88-8086), following the
manufacturer’s protocol. Briefly, ELISA 96-well plates were coated with the capture
antibody specific to human IL-8 by incubating the recommended dilution overnight at
4 °C with gentle agitation. The next day, the plate was washed three times using the
ELISA wash buffer (see Table 2.6) to remove unbound antibodies. To prevent non-
specific binding, the wells were treated with the blocking buffer for one hour at room
temperature, followed by a washing step. The standard dilutions of IL-8 (recombinant
human IL-8 provided in the kit), along with the diluted samples (based on pilot
experiments), were added to the appropriate wells in duplicate, sealed and incubated
at room temperature for 2 hours. After 3-5 washes with the ELISA wash buffer, the
appropriate dilution of a biotinylated detection antibody was added and incubated for
one hour at room temperature. Following another wash step, HRP-conjugated avidin
was added to the wells and incubated for 30 minutes. Finally, plates were washed to
remove all excess reagents before the addition of HRP substrate (TMB: 3,3',5,5'-
Tetramethylbenzidine). The reaction was allowed to proceed for 15 minutes in the

dark, resulting in the development of a blue colour. This enzymatic reaction was
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stopped by adding ELISA stop solution (see Table 2.6), which turns the colour from
blue to yellow. Optical density (OD) was measured at 450 nm using the POLARstar®
Omega microplate reader, and data were processed using Omega MARS 2.41
software. A four-parameter logistic fit was applied to generate a standard curve, from

which IL-8 concentrations were calculated and reported in pg/mL.

2.9 Immunofluorescence studies on cells and tissues

2.9.1 Immunofluorescence on cells

NCTC2544-hPAR2/NF-kB-L cells were seeded onto 13-mm coverslips in a 12-well
plate and cultured until they reached 70-80% confluency. Experimental stimulations
with PAR2 agonists were either conducted directly or preceded by a one-hour
preincubation with the antagonist to evaluate the effects of AZ8838. At the end of the
stimulation, cells on coverslips were fixed in 3.6% (v/v) paraformaldehyde (PFA) in
PBS for 15 minutes at room temperature. Residual PFA was washed with ice-cold
PBS, and cells were permeabilised using 0.25% (v/v) Triton-X-100 in PBS for 10
minutes. Afterwards, the coverslips were blocked in 1% (w/v) BSA in PBS for 30-60
minutes and incubated overnight with the specific primary antibody for p65 (NF-xB
p65. Cat. No. sc-8008, 1:100) in a dark, humidity chamber at room temperature.
Excess antibody was washed off by two ice-cold PBS washes, and cells were
subsequently incubated with mouse secondary antibody (FITC-conjugated anti-
mouse, Cat. No. F0257, 1:100) for one hour in the dark in a dark humidity chamber at
room temperature. Cells were washed three times with PBS to remove excess antibody,
then stained with 4’,6-diamidino-2-phenylindole (DAPI) at a 1:1000 dilution for 10

minutes at room temperature in the dark, followed by two PBS washes. The coverslips
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were then mounted onto glass slides using 20 puL. Mowiol mounting medium and
allowed to dry overnight in the dark at 4°C. The slides were stored at 4°C until they
were imaged. Fluorescence images were acquired using a Nikon Eclipse E600
epifluorescence upright microscope. Image capture was performed using WinFluor
V3.8.5 software, with files saved in TIFF format. Post-processing and further image
analysis were conducted using ImagelJ version 1.54j and Microsoft PowerPoint for
figure preparation. To ensure accessibility for colour-blind readers, green was

converted to magenta and blue to cyan according to Wong’s guidelines (Wong, 2011).

2.9.2 Quantitative nuclear colocalization analysis

Colocalization analysis was performed as described by Bolte & Cordelieres (Bolte and
Cordelieres, 2006) with minor modifications. ImageJ 1.54j was used, equipped with
the "JACoP" plugin, used to assess colocalization between the p65 (FITC channel) and
nuclear (DAPI channel) signals. The images for both FITC and DAPI channels were
opened in grayscale, and from JACoP, the Pearson’s coefficient (PC), M1 & M2
coefficients and Costes’s automatic threshold were selected. Pearson’s coefficient
provides a measure of the linear correlation between pixel intensities in the two
channels, with values closer to 1 indicating strong colocalization. Mander’s coefficient
calculates the fraction of p65 overlapping with DAPI-stained nuclei. Colocalisation
was considered significant when PCC values exceeded 0.5, and further validation of
the results was achieved through visual inspection of the merged images and
calculation of the fraction of FITC-positive nuclei. From each slide, 4 to 7 images were

analysed and mean values calculated for statistical reporting.
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2.9.3 Immunofluorescence on tissue sections

Tissue specimens, including DRG and prostate, isolated from all animal treatment
groups, were fixed as described earlier, refer to subsection 2.3.4, and utilised for
immunofluorescence analysis. Tissue samples were sectioned at a thickness of 10 um
using a cryostat microtome, after embedding in cryo-embedding matrix (OCT), and
mounted onto Superfrost ™ Plus charged slides. For immunofluorescence staining,
tissue sections were air-dried at room temperature for 1 hour, then incubated in 100%
acetone for 30 minutes. After acetone treatment, slides were washed with PBS (0.01M;
pH 7.4) and blocked with 1% BSA in PBS containing 0.3% Tween 20 for 1 hour.
Subsequently, sections were incubated overnight in a humidified dark chamber with
primary PAR2 antibody (1:200, ab180953), diluted in the blocking solution. The next
day, sections were washed and incubated in the dark at room temperature with the
corresponding secondary antibody (1:800; ab150075) for 1 hour. After the final
washes, slides were cover-slipped using Fluoroshield mounting medium with DAPI
(Abcam; ab104139) and left to dry overnight. Fluorescence imaging was performed
using an Olympus microscope BX63 upright microscope, and images were acquired
using Olympus cellSens imaging software (Olympus Life Science, Waltham, MA,
USA) and saved in TIFF format. Five randomly selected sections from each specimen,
obtained at varying tissue depth, were analysed using Image] software (Schneider,
Rasband and Eliceiri, 2012). For each section, the percentage of fluorescent cells (for
DRG) and the intensity of fluorescence per unit area (for prostate sections) were

quantified and compared across treatment groups.
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2.9.4 Fluorescence quantitative analysis

For each DRG, 4-5 sections were imaged at varying depths to ensure representation of
the sampling. Each image was assigned a unique code for blinded analysis, and two
trained and independent assessors quantitatively analysed the coded images. The
assessors quantified the number of PAR2-positive neurons (indicated by FITC) and
the total number of neurons (marked by DAPI) in each coded image. Neurons were
manually counted using ImageJ from X 10 magnification photomicrographs across
tissue sections. Neuron somas were distinguished based on their morphological and
size differences compared to the surrounding glial cells and confirmed through a pilot
double-staining experiment using the neuronal marker NeuN. These data were used to
calculate the percentage of PAR2-positive neurons for each image. The average of the
two assessors’ quantifications was taken for each image for further comparative

analysis.

For prostate specimens, a total of five prostate sections were stained for each rat.
Prostate images were analysed using ImagelJ version 1.54j. Grey-scale fluorescence
intensity (pixel intensities) was measured within a consistent area of interest (ROI)
across the sample image. Minimum, maximum, and mean pixel intensity (Mean
Fluorescence Intensity-MFI) values were calculated. For each image, three ROIs were
selected, and their average fluorescence intensity was calculated as a representative

value for that image and employed for further comparative analysis.

2.10 Histologic examination

The prostate lobes were fixed in 10% formaldehyde solution for a minimum of 48

hours to ensure complete fixation. Tissue samples were then processed using standard
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histological methods, embedded in paraffin, sectioned at a thickness of 5 um, and
stained with haematoxylin and eosin (H&E) according to the conventional staining
protocol. Prostate sections were examined with an Olympus BX63 automated
fluorescence microscope under the brightfield setting, and images were captured by
Olympus cellSens imaging software (Olympus Life Science, Waltham, MA, USA) and
saved in TIFF format. All slides were anonymised and handed to Dr C Dagher, a
consultant anatomical pathologist, for blinded assessment of inflammation and
estimation of inflammatory score. The level of prostate inflammation was graded using
a previously described grading system (Breser et al., 2017), with scores ranging from

0 (no inflammation) to 3 (severe inflammatory cell infiltration).

2.11 RNA isolation and quantitative real-time polymerase chain reaction

(qQRT-PCR).

For RT-PCR, animals were perfused only with ice-cold PBS 72 hours post-surgery.
The L5, L6 & S1 dorsal root ganglia, along with prostate tissue, were collected from
both sides. Total RNA was extracted using RNeasy PowerLyser Kit (Qiagen)
following the manufacturer’s instructions and subsequently reverse-transcribed into
cDNA using QuantiTect Reverse Transcription kit (Qiagen). PAR2 expression was
assessed using TagMan Gene expression assay (Applied Biosystems). Real-time RT-
PCR reactions were carried out on a QuantStudio 5 Applied Biosystems 7500 Fast
Real-Time PCR System (Thermofisher Scientific) using Tagman Fast Advanced
Master Mix (4444964, Life Technologies) and pre-designed Tagman Gene Expression
Assays with FAM dye labelled PAR2 gene probe (ID: Rn00588089 ml, gene: F2r/1).
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as the endogenous

control. Each sample was analysed in triplicate, and fold change in mRNA expression

104



was calculated using the threshold cycle comparison method (224¢T) according to

Livak and Schmittgen (Livak and Schmittgen, 2001).

2.12 Behavioural studies:

Pain behavioural assessments, including mechanical and thermal hyperalgesia
assessments, were conducted on a cohort of male Wistar rats (n =5 per group). Prostate
inflammation was surgically induced using carrageenan, while sterile saline was used
in control animals. Rats in the inflammation groups were pretreated orally (p.o.) with
either vehicle (20%DMSO/80% olive oil), AZ8838 at doses of 5 mg per kg or 10 mg
per kg; or celecoxib at a dose of 200 mg/kg, administered 30 minutes before
inflammation induction surgery (see subsection 2.3.2). Behavioural tests were
performed at several time points (baseline: 1 hour before treatment and surgical
induction, and post-surgery at one, two, three, seven and 14 days, see Figure 2.5). A
rest period of 15-20 minutes between mechanical and heat sensitivity testing to prevent

potential overlap in response or sensitisation.

Behavioral tests
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Figure 2.5: Timeline of behavioural studies.

Mechanical and thermal stimuli were applied to the scrotal skin (see Figure 2.6)
according to Radhakrishnan and Nallu (Radhakrishnan and Nallu, 2009). This was

confirmed in a pilot test prior to the main experiments (data not shown).
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Figure 2.6: Application site for mechanical and thermal stimuli

2.12.1 Mechanical allodynia assessment (Von frey filaments)

Mechanical allodynia was assessed by measuring withdrawal thresholds to von Frey
filament stimulation (Aesthesio®, Danmic Global, USA). A range of von Frey
filaments (0.006 g to 10 g) was applied to the scrotal skin surface. Each filament was
applied gently until a slight arching of the filament occurred. Following a 30-minute
acclimatisation period in clear Plexiglas cubicles (20cmL x 10cm W x 15 cm H),
placed on a wire mesh platform at 40.64 cm height. Mechanical stimulation began with
the lowest force filament (0.002g), with each filament tested at least 4 times with
approximately 30-second intervals between applications. The nociceptive threshold (in
grams) was determined by the “ascending stimulus” method as described earlier
(Minett et al., 2011, Deuis et al., 2017). In brief, the threshold was defined as the
minimum force at which the animal exhibited a nocifensive response (i.e., withdrawal,
licking, or jerking or shaking the area) in at least 60% of the repeated applications.
Care was taken to distinguish nocifensive responses from casual movements.
Measurements were taken once daily on designated days, including baseline (before

oral treatments) and at subsequent days following surgical induction (Figure 2.5).
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Mechanical testing was performed three to four times for each rat, and the average of

these values was used for data analysis.

2.12.2 Thermal hyperalgesia assessment (Hangreaves’ test)

To assess thermal hyperalgesia, the Hargreaves method (Hargreaves et al., 1988) was
applied as detailed by Radhakrishnan and Nallu (2009), utilising the plantar test device
(Model 390; series 8; IITC Life Science Instruments, Woodland Hills, CA). Rats were
acclimatised for 30 minutes in Plexiglas cubicles (20cmL x10cm W % 15 cm H)
positioned on a glass platform elevated 25 cm above a light source. Based on
preliminary tests, the light intensity was set to 35% to obtain consistent latency
measurements. Radiant heat was directed at the scrotal skin, and the latency (escape
latency) was recorded in seconds, defined as the time taken by the animal to respond
to the heat stimulus. To ensure reliability, thermal testing was repeated three times per
rat, with a 5-minute interval between each application. The mean of these readings was
used for later analysis. A 20-second cut-off was employed to prevent tissue damage in
non-responsive subjects. Measurements were taken once daily on designated days,
both before the oral treatments (baseline) and on subsequent days following surgical
induction (Figure 2.5). Careful attention was given to distinguish nocifensive

behaviours from spontaneous or casual movements.

2.12.3 Behavioural quantification

Data obtained from the behavioural tests were quantified using the average of the
repeated measurements. For mechanical allodynia, the mean nociceptive threshold was

presented as the absolute nociceptive threshold (in grams) and as normalised to

baseline threshold measurements. Further comparisons were made using the area

107



under the curve (AUC) value to analyse the time course of changes in nociceptive
threshold. For thermal hyperalgesia, the latency to escape latency to radiant heat (in
seconds) was expressed both as absolute latency and as normalized values relative to

maximum cut-off latency.

2.13 Data Analysis

Data were represented as the mean =+ standard error of the mean (S.E.M.) for at least
three independent experiments unless stated otherwise. Statistical analyses were
performed using GraphPad Prism version 10.3.1 (GraphPad Software LLC, USA). For
comparison between groups of control/baseline and treatments, statistical differences
between mean values were determined by one-way analysis of variance (ANOVA)
followed by Dunnett’s post-hoc test for multiple comparisons. For calculating the half-
maximal effective concentration (ECso) for agonists and the half-maximal inhibitory
concentration (ICso) for the AZ8838 compound, non-linear regression analysis was
performed using the Hill equation to generate the concentration-response curve and

estimate the ECso and ICso. The level of statistical significance was set as P < 0.05.
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Chapter 3

Characterisation of the PAR2 antagonist, AZ8838
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3.1 Introduction

Inflammatory disorders are a major global health concern, affecting millions of people
and putting a significant strain on healthcare systems around the world
(GBD2019IMIDCollaborators, 2023). In the middle of the molecular landscape that
governs inflammation, the Protease-Activated Receptor 2 (PAR2) has emerged as a
pivotal player, mediating a cascade of events that contribute to the initiation and
persistence of inflammatory responses. Research has indicated that the activation of
PAR2 in response to inflammation triggers a variety of signalling pathways, and
attempts are currently underway to thoroughly define those associated with

inflammatory reactions (Rothmeier and Ruf, 2012, Bang et al., 2021).

3.1.1 Identification of AZ8838 small molecule PAR2 antagonist

AZ8838 (Figure 3.1), an imidazole small molecule antagonist of PAR2, represents one
of the potent antagonists identified through optimisation of molecules isolated by high-
throughput screening led by AstraZeneca and Heptares Therapeutics (Cheng et al.,
2017, Brown et al., 2018). Crystallographic studies revealed that AZ8838 was entirely
buried within an allosteric pocket formed by transmembrane (TM) domains 1-3, 7,
and ECL2 (Figure 3.1: AZ8838 structure and binding to PAR2.. It interacts through
multiple bonds with several structural residues, rendering PAR2-specificity and stable
binding kinetics. The orientation of the hydroxyl group is essential for hydrogen
bonding formation, making the (R)-AZ8838 isomer a completely inactive inhibitor of
PAR?2 activity. Simulation studies elucidated that AZ8838's binding involves unique
interactions with the ECL2 of PAR2, particularly with His227 (Figure 1.10), which

plays a crucial role as a gate-keeper, through a binding-triggered rotation, in
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facilitating ligand entry, prolonged residence time and later release (Cheng et al.,
2017). The characterised PAR2 crystal structure with AZ8838 and AZ3451 has guided
multiple efforts for further development of chemical moieties that can modulate PAR2
activity (Brown et al., 2018, Kennedy et al., 2018, Kawatkar et al., 2019, Kennedy et

al., 2020, Chinellato et al., 2023).

B

.

Figure 3.1: AZ8838 structure and binding to PAR2.
(A) Chemical structure of AZ8838 (4-fluoro-2-propylphenyl)(1H-imidazol-2-yl) methanol. Formula:
Ci3 His F N, O. molecular weight: 234.269 (PBD, 2024) (B) AZ8838 orthosteric binding pocket
(magnified in yellow square) in cartoon representation of PAR2. Visual created using Mol* (Sehnal et
al., 2018) with PDB ID for SNDD (Cheng et al., 2017).

3.1.2 Overview of AZ8838 PAR?2 functional investigations

Besides the initial pharmacological assessment by the Cheng group, where AZ8838
was found to inhibit multiple PAR2-mediated cellular responses, including
intracellular calcium flux, phosphorylation of ERK, and B-arrestin recruitment in
human brain astrocytoma cell (glial) line (Cheng et al., 2017), few other studies looked

into the effects of this inhibitor in other cell types. According to Kennedy et al,
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AZ8838 was found to significantly inhibit PAR2-induced phosphorylation of ERK1/2
and B-arrestin-2 recruitment in human osteosarcoma epithelial cells stably expressing
human PAR2 (U20S-hPAR2) and inhibit calcium flux in Chinese hamster ovary cells
(CHO-hPAR2) stably expressing human PAR2 and human colon adenocarcinoma
cells (HT-29) endogenously expressing PAR2 (Kennedy et al., 2020). Additionally,
AZ8838 was found to inhibit human dust mites (HDM)-induced Ca*' signalling
(Ouyang et al., 2024) and PAR2-AP (2fLIG)-induced interleukin 8 (IL-8) and
interleukin 6 (IL-6) release (Bailo et al., 2020). In vivo, a single oral dose of AZ8838
significantly reduced paw oedema in a rodent model of acute inflammation,

accompanied by reduced mast cell and neutrophil activity (Kennedy et al., 2020).

The aim of this chapter was to further characterise the pharmacological profile of
AZ8838 by screening its effects on key PAR2-mediated cellular signalling events in
various cell types, thereby formulating a comprehensive understanding of its

effectiveness for later in vivo studies.

3.2 The effect of AZ8838 on PAR2 mediated NF-kB reporter activation

Nuclear factor-kappa B (NF-«xB)-luciferase reporter assays were utilised to measure
NF-kB-mediated gene transcription activated via PAR2 agonists (Macfarlane et al.,
2005). An in-house previously generated human skin epithelial-like cell line
(NCTC2544) stably co-expressing human PAR2 (hPAR2) and NF-kB-Luciferase

(NCTC2544-hPAR2/NF-kB-L) was used (see Chapter 2, section 2.4).

3.2.1 The effect of 2fLIG and trypsin on basal NF-kB reporter activity

Prior to investigating the effects of AZ8838, responses to the PAR2 agonists, 2fLIG

and trypsin were assessed. Initially the kinetics of activation were established in the
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cells expressing PAR-2 and the NF-kB reporter gene (NCTC2544-hPAR2/NF-kB-L)
as shown in Figure 3.2. Following a delay of 1-2 hours, there was a time-dependent
increase in NF-kB reporter activity in response to both 2fLIG and trypsin observed
over a 6-hour period, reaching a peak of 20-25-fold (20.39 + 1.65 and 26.62 + 1.55, p
<0.001) of control, respectively, at five hours of incubation time (see Figure 3.2). This
surge was significantly increased compared to baseline activity, starting from three
hours of incubation for both agonists (2fLIG 10.71 + 1.65, and trypsin 10.74 + 1.55-
mean fold increase/baseline, p < 0.0001). At 6 hours, 2fLIG-induced activity slightly
decreased, suggesting possible signalling attenuation over prolonged stimulation
(Figure 3.2A). A four-hour incubation period was used for later experiments, during
which sub-maximal induction of NF-kB reporter activity was observed; 2fLIG induced
a 14.71 £ 1.65 fold increase, and trypsin induced a 16.29 £ 1.55 fold increase relative

to control.
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Figure 3.2: Time-dependent activation of NF-kB reporter activity induced by 2fLIG and trypsin
in NCTC2544-hPAR2/NF-kB-L cells.Time course of PAR2-induced NF-«xB reporter activity by (A)
2fLIG (1 uM) and (B) trypsin (0.1 pM), measured as a fold change in luminescence intensity relative
to the control over 6 hours. Luciferase activity was measured as outlined in Chapter 2, section 2.4. Data
are presented as mean + SEM of 4-5 experiments. Statistical analysis was performed by one-way
ANOVA. Significant differences from baseline (control) are indicated: ****P < 0.0001.
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Having established the optimum time course for stimulation, the concentration-
response for each agonist was assessed. Both 2fLIG and trypsin exhibited
concentration-dependent enhanced NF-kB luciferase reporter activity compared to
baseline in NCTC2544-hPAR2/NF-kB-L cells (see Figure 3.3). Incubating the cells
for four hours with increasing concentrations of 2fLLIG caused a statistically significant
increase in NF-kB activity starting from 0.3 uM (mean of 5.11 £ 0.103 folds of
baseline, p < 0.0001) to 10 uM (20.6 + 0.572 mean folds of baseline), indicating a
strong concentration-response relationship (Figure 3.3A). This trend shows that 2fLIG
is a potent activator of PAR2, capable of inducing substantial receptor activation at
micromolar concentrations. A steep rise in activation was observed between 1 uM and
10 uM, suggesting a highly responsive receptor-ligand interaction, with the potential
for receptor saturation at higher ligand concentrations. Unlike 2fLIG, trypsin, as the
endogenous activator of PAR2, stimulated significant activation at much lower
concentrations. Notably, a 10-fold lower concentration (0.03 pM) of trypsin showed a
similar significant activity enhancement (5.14 + 0.32 mean fold of baseline, p <
0.0001). Similar to 2fLIG, trypsin also produced a concentration-dependent increase
in luminescence intensity, indicative of PAR2-induced NF-kB reporter activity, with
a maximum concentration tested at 1 pM, causing ~ 16-fold (15.96 + 0.33) increase of
NF-«kB reporter activity relative to control levels (see Figure 3.3B). It is noteworthy
that trypsin-induced PAR2-activity at nanomolar concentrations, compared to the
micromolar range required for 2fLIG, suggesting that trypsin is a more potent activator
of PAR2 in this context. However, the maximum response elicited by both agonists is
almost similar at higher concentrations, indicating that both can achieve similar levels

of maximal PAR2 activation in the context of eventual NF-kB reporter activity
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Figure 3.3: Concentration-dependent increase in NF-kB reporter activity induced by 2fLIG and
trypsin in NCTC2544-hPAR2/NF-kB-L cells.Cells were stimulated with (A) 2fLIG or (B) trypsin
over the indicated concentration ranges for 4 hours of exposure. Concentration dependency is shown
as a fold change in luminescence intensity relative to control levels. Data are presented as mean + SEM
of 4-5 experiments. Statistical analysis was performed by one-way ANOVA. Significant differences
from baseline (control) are indicated: ****P < 0.0001.

The agonist concentration-response (presented as % of maximum NF-kB activation)
was fitted using the Hill equation to estimate half-maximal effective concentrations
(ECso0) of both agonists. As depicted in Figure 3.4The trypsin (green) curve was to the
left of the 2fL1G curve, demonstrating that lower concentrations of trypsin are required
to achieve a similar level of NF-«B reporter activation. As seen earlier, trypsin showed
about 16-fold higher potency with an ECs¢ value estimated in the nanomolar range,
ECso = 65.05 nM (95% CI: 40.28 to 102.6 nM), in contrast to 2fLIG, which showed
an ECso value estimated in the micromolar range, ECso = 1.04 uM (95% CI: 0.5809 to
1.798 uM). Concentrations slightly below the ECgo for both agonists were used for

later experiments to investigate the inhibitor effects on NF-«xB reporter activity.
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Figure 3.4: Concentration response curves of NF-kB reporter activation by 2fLIG and trypsin in
NCTC2544-hPAR2/NF-kB-L cells.

Concentration-response curves depicting the percentage of maximal NF-kB reporter activity induced
by 2fLIG (blue) and trypsin (green). Data were fitted using the Hill equation in GraphPad prism 10.3.1.
The ECsp values for 2fLLIG and trypsin were estimated to be 1.04 uM (95% CI: 0.5809 to 1.798 uM)
and 65.05 nM (95% CI: 40.28 to 102.6 nM), respectively. The graph shows representative data of 4-5
experiments, presented as mean = SEM.

3.2.2 AZ8838 effects on trypsin- and 2fLIG -induced NF-kB reporter activity.

To test the effect of AZ8838 on previously profiled 2fL.IG and trypsin PAR?2 activity,
NCTC2544-hPAR2/NF-kB-L cells were pre-incubated with increasing concentrations
of the inhibitor (at least triplicate for each concentration) for one hour before
stimulation with PAR?2 agonists for four hours. Concentrations of 1uM 2fLIG and 100
nM trypsin were used, towards the upper quartile of the concentration curve for each

agonist.

As demonstrated earlier, 1uM 2fLIG induced a significant increase in NF-kB reporter
activity, approximately 10 times the control values, which was not significantly altered
by the presence of DMSO (2fLIG = 10.05 £ 0.897, DMSO plus 2fLIG=11.56 + 1.17,

p =0.5897, n=5) (see Figure 3.5A). Similarly, 100 nM trypsin stimulated a significant
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increase in NF-kB reporter activity, approximately 19 times the control values, which
also was not significantly affected by the presence of DMSO (trypsin = 19.9 + 2.23,
DMSO plus trypsin =26.9 + 3.13, p = 0.0942, n=5) (see Figure 3.5B). Pre-incubation
with AZ8838 alone did not affect NF-kB reporter activity, even at the highest

concentration tested.

As illustrated in Figure 3.5, there was a concentration-dependent inhibition of PAR2-
mediated NF-xB activation by AZ8838 stimulated with either 2fLIG or trypsin.
Against both agonists, AZ8838 showed significant reductions in luminescence
intensity observed at concentrations as low as 0.1 uM (p = 0.0004). The maximal
inhibition was achieved at 50 uM AZ8838, where the luminescence intensity is
reduced to levels comparable to the control. The concentration-response curves for the
inhibition of NF-«xB activation by AZ8838 in the presence of 1 uM 2fLIG (blue) and
0.1 uM trypsin (green) are demonstrated in Figure 3.6. The ICso values for AZ8838
were 0.379 uM (95% CI: 0.26 to 0.517 puM) in 2fLIG-stimulated cells and 60.03 nM

(95% CI: 2.21 to 136.1 nM) in trypsin-stimulated cells.
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Figure 3.5: Inhibition of PAR2-mediated NF-kB reporter activity by AZ8838 in NCTC2544-
hPAR2/NF-kB-L cells.

Concentration-dependent inhibition of NF-kB activation stimulated by (A) 1 uM 2fLIG and (B) 0.1 uM
trypsin by variable concentrations of AZ8838. Graphs show representative data of 4-5 experiments,
presented as mean + SEM. Statistical analysis was performed using one-way ANOVA. Significant
differences are indicated: *** P<0.001, ****P < 0.0001.
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Figure 3.6: AZ8838 concentration-dependent inhibition of PAR2-induced NF-kB reporter
activity.

Concentration-response curves showing the percentage of maximal NF-kB reporter activity versus
varying concentrations of AZ8838 in the presence of 1 uM 2fLIG (blue) and 0.1 pM trypsin (green).
Data were fitted using the Hill equation in GraphPad Prism 10.3.1. The ICso value for AZ8838 was
estimated to be 0.379 uM versus 2fLIG (95% CI: 0.26 to 0.517 uM) and 60.03 nM versus trypsin (95%
CI: 2.21 to 136.1 nM), n=5.

3.2.3 The effect of AZ8838 on TNFa-induced NF-kB reporter activity

To confirm the selectivity of the inhibitory effect of AZ8838 on PAR2-mediated NF-
kB transcriptional activity, it was tested against the TNFa response. TNFa is well-
known to activate NF-«xB via TNF receptor (TNFR1 and TNFR2)-mediated signalling,
independent of PAR2, driving transcription of many inflammatory genes (Atretkhany
et al., 2020). Moreover, elevated TNFa levels have been documented in CP/CPPS
patients and experimental models (Chen et al., 2021). Cellular responses to TNFa-
induced were established by examining the time-dependent effect on NF-«xB reporter

activity in NCTC2544-hPAR2/NF-kB-L over a period of 6 hours (see Figure 3.7A).
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TNFa stimulated a strong and sustained NF-«kB activation that was time-dependent,
rising significantly from 2 hours to about 4-fold of control (3.9 £ 0.13, p <0.0001) and
progressively reaching a peak at 6 hours of 18-fold (18.6 = 0.57, p < 0.0001). Four
hours were used for later experiments that induced slightly submaximal activation.
Like previously tested agonists, TNFa activated NF-kB reporter activity was
concentration-dependent. A significant difference from control induced by TNFa
started at concentrations as low as 0.3 ng/mL (mean fold increase: 3.3 £0.21, p =
0.001), reaching maximum activation at 10 ng/mL (mean fold increase: 14.23 = 0.61,
p <0.0001) as shown in Figure 3.7B. However, a slight reduction in NF-kB reporter
activity was observed at the highest concentration of 20 ng/mL, indicating a possible
saturation of activity or cellular cytotoxicity at high concentrations. The estimated

ECso for TNFa was 0.818 ng/mL (95% CI: 0.661 to 1) (Figure 3.8, Figure 3.7C).
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Figure 3.7: Time- and concentration-dependent activation of NF-kB reporter activity by TNFa in
NCTC2544-hPAR2/NF-kB-L cells.

(A) Time-course of NF-kB reporter activation induced with 10 ng/mL TNFa, measured as fold change
in luminescence intensity relative to baseline over 6 hours. (B) Concentration-response curve showing
fold change in luminescence intensity triggered by increasing concentrations of TNFa (0.3 - 20 ng/mL).
Graph shows representative data of 3-4 experiments, presented as mean + SEM. Statistical analysis was
performed by one-way ANOVA. Significant differences from baseline (control) are indicated: *** P<
0.001, ****p < 0.0001.
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Figure 3.8: Concentration-response curve of TNFa induced NF-kB reporter activity in
NCTC2544-hPAR2/NF-kB-L cells.

The curve illustrates NF-«B reporter activity as a % of maximal response versus concentration of TNFa
(same data displayed in 3.7B). The ECso value for TNFa is 0.818 ng/mL (95% CI: 0.661 to 1). Data
were fitted using the Hill equation model in GraphPad Prism 10.3.1, n=4.

The effects of pre-treatment with increasing concentrations of AZ8838 (ranging from
0.1 to 30 puM) on TNFa-mediated NF-kB reporter activation in NCTC2544-
hPAR2/NF«kB-L cells are depicted in Figure 3.9. As observed previously, AZ8838
alone did not alter baseline activity (1.03 + 0.03), and DMSO did not change the
magnitude of NF-xB activation mediated by TNFa (TNFa 16.39 + 0.99; TNFa plus
DMSO 17.86 £ 1.2, n=4). The luminescence intensity, which indicates NF-kB reporter
activity, remains relatively consistent across all tested concentrations of AZ8838 (even
at highest tested concentration: 15.45 + 0.74), suggesting no effects of AZ8838 on
TNFa-induced NF-kB activation. In fact, the luminescence intensities are almost like
those observed in the presence of TNFa alone, indicating that AZ8838 does not affect
the TNFa signalling pathway in this context. This is also evident in the concentration-

response curve (Figure 3.9B), which is relatively flat, further confirming that AZ8838
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does not inhibit TNFa-induced NF-kB activation. In contrast, AZ8838 effectively
inhibited 2fLIG and trypsin-stimulated NF-kB activity, as shown before (refer to
subsection 3.2.2, Figure 3.5). This suggests a level of specific effect of AZ8838 for

PAR2-mediated NF-kB activation.
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Figure 3.9: AZ8838 has no effect on TNFa-induced NF-kB activation in NCTC2544-hPAR2/NF-
KB-L cells.

(A) Normalised luminescence intensity (normalised to control mean value) indicating NF-kB activation
induced by 4 hours exposure with 10 ng/mL TNFa following 1 hour pre-treatment with increasing
concentrations of AZ8838 (0.1 to 30 uM). (B) Concentration-response curve showing the percentage of
maximal NF-kB reporter activity stimulated with 10 ng/mL. TNFa and varying concentrations of
AZ8838. Data were fitted using the Hill equation in GraphPad Prism 10.3.1. Graphs show
representative data of four independent experiments, presented as mean + SEM. Statistical analysis was
performed using one-way ANOVA.

33 Effect of AZ8838 on PAR2-mediated p65 translocation in NCTC2544-

hPAR2/NF-kB-L cells

Understanding the inhibitory effects of AZ8838 on PAR2-mediated NF-«B signalling
pathways is essential for evaluating its selectivity as a targeted therapy for
inflammatory diseases. One vital component of the NF-kB pathway is the p65 subunit,
also known as RelA. This subunit is one component of the NF-kB family of

transcription factors (normally activated as dimers), which, in its inactive state,
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remains sequestered in the cytoplasm by inhibitor proteins known as IkBs. Upon
activation by various stimuli or upstream receptors, IkBs get phosphorylated,
ubiquitinated and eventually degraded. This allows the release of NF-kB dimers,
predominantly p65/p50, facilitating their shuttling into the nucleus. In the nucleus, p65
binds to specific DNA sequences in promoter regions of target genes, turning on the
transcriptional activity that directs later cellular processes (Liu et al., 2017, Guo et al.,
2024). Since the activation of NF-kB pathway is associated with the intracellular
localisation of NF-kB dimer, nuclear localisation is frequently utilised as an indicator
of activation (Meier-Soelch et al., 2021). Therefore, inhibiting the nuclear
translocation of p65 can serve as a measure of inhibition of NF-kB-mediated

transcription and its downstream cellular responses.

To further elucidate the mechanism of AZ8838 inhibitory effect, immunofluorescence
labelling was employed to track the localisation of p65 subunit (refer to Chapter 2,
subsections 2.9.1 and 2.9.2). Visualising the nuclear translocation of p65 confirms the
inhibitory effect of AZ8838 at the cellular level, one step ahead of the genetic activity,

and correlates the reporter assay findings with direct observations of p65 dynamics.

3.3.1 The effect of 2fLIG on nuclear translocation of p65 in NCTC2544-

hPAR2/NF-kB-L cells.

Initially, the specificity and accuracy of the immunofluorescence staining protocol
were examined by testing any potential sources of background or non-specific signal.
When cells are not incubated with antibodies, no background fluorescence was
detectable in FITC channel (see Control, Figure 3.10), confirming that any signal seen

later would be specific to the antibodies binding to the target protein. In the absence

124



of primary or secondary antibodies, there was no signal in the FITC channel. A distinct
fluorescence signal in the FITC channel for p65 was observed only when cells were
treated with both primary and secondary antibodies. In unstimulated cells, this signal
was predominantly localised in the cytoplasm, with only small amounts detectable in

the nucleus (1° Ab + 2° Ab, Figure 3.10).

DAPI

Control

1°Ab

2°Ab

1°Ab +
2°Ab

Figure 3.10: Control for immunofluorescence labelling of p65 in NCTC2544-hPAR2/NF-kB-L
cells.

The first row (Control) shows the cells without any antibodies. The next rows, in order, display the
result of incubating the cells with the primary antibody alone (1° Ab), with the secondary antibody
alone (2° Ab), and with both primary and secondary antibodies (1° Ab + 2° Ab) showing the specific
p65 labeling represented in FITC channel. n= 3, Scale bar =20 pm.

Next, the kinetics of nuclear translocation of p65 following PAR2-activation with
2fLIG (10 pM) was examined. Figure 3.11 shows representative images of
immunofluorescence studies. In control (untreated cells), p65 subunits were primarily

located in the cytoplasm as indicated by the low FITC signal overlapping with DAPI.
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This observation was supported by the colocalization analysis, where the mean
Pearson’s coefficient (PC) of FITC (p65) and DAPI signals was a low positive value
(PC =0.16 = 0.03) and Mander’s coefficient (MC), indicative of the fraction of p65
signal overlapping nuclear signal, was also low positive (MC = 0.23 + 0.017). Upon
2fLIG treatment, a marked increase in the nuclear localisation of p65 was observed as
early as 15 minutes of exposure, confirmed by the significant FITC signal overlapping
with DAPI in representative images (Figure 3.11), indicating early activation of the
NF-kB pathway. Between 15 and 30 minutes of stimulation, the p65 nuclear
translocation continued to increase, reaching a peak around 30 minutes as visualised
by the FITC signal (Figure 3.11) and confirmed by the colocalization analysis (Figure
3.12). Colocalization parameters, including PC and MC values, were significantly
increased at 30 minutes post-stimulation (PC = 0.53 + 0.07, p <0.0001, MC = 0.38 =
0.04, p = 0.0011) compared to baseline (PC = 0.16 = 0.03, MC = 0.23 £ 0.01).
Similarly, the percentage of FITC-positive nuclei from the cell population at 30
minutes post stimulation reached about 40% compared to none in the control (% 40.5
+ 6.15, p = 0.003). After 45 minutes, immunofluorescence (IF) representative images
reveal a gradual decline in p65 FITC signal within the nucleus, with the majority
relocating back to the cytoplasm. Colocalization parameters, including PC and MC
values, dropped after 45 minutes post stimulation (at 120 minutes: PC = 0.33 + 0.02,
MC = 0.29 £+ 0.01), approaching control values. Similarly, the percentage of FITC-
positive nuclei from the cell population after 2 hours post-stimulation reached about
10% compared to 40% at 30 minutes (9 £ 5.2%). For investigating the effect of
AZ8838, 30 minutes of stimulation with 10 uM 2fLIG was employed to ensure

maximum p65 nuclear translocation.
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DAPI FITC MERGE

Control

2fLIG
(15 mins)

2fLIG
(30 mins)

2fLIG
(60 mins)

2fLIG
(90 mins)

2fLIG
(120 mins)

Figure 3.11: Time-course analysis of p65 nuclear translocation in NCTC2544-hPAR2/NF-kB-L
cells following stimulation with 2fLIG.

Representative immunofluorescence micrographs showing the distribution of p65 at the indicated time
points post-stimulation with 10 uM 2fLIG, with p65 indicated by FITC (magenta) and nuclei stained
with DAPI (cyan) and overlap in merged images (blue intensity). n= 3, Scale bar = 20 um.
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Figure 3.12: Quantitative colocalization analysis of nuclear localization of p65 in 2fLIG
stimulated NCTC2544-hPAR2/NF-kB-L cells.

(A) Pearson's correlation coefficient (PC) indicates the degree of colocalization between DAPI and
FITC channels, representing p65 nuclear translocation over time. (B) Mander's overlap coefficient (MC)
quantifies the FITC signal overlapping DAPI at each time point. (C) The percentage of FITC-positive
cells (nuclei) over the total cell population in each captured immunofluorescence image. Graphs show
representative data of three independent experiments, presented as mean = SEM. For each n, 4-7 images
were analysed using ImageJ v1.54J equipped with the JACoP plugin, applying Costes’s automatic
threshold. Statistical analysis was performed using one-way ANOVA. Significant differences are
indicated: *p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001 compared to control (baseline) values.

3.3.2 Effect of AZ8838 on PAR2-induced p65 nuclear translocation in

NCTC2544-hPAR2/NF-kB-L cells.

Confirming significant nuclear translocation of the p65 NF-«B subunit following
2fLIG stimulation for 30 minutes, the effect of AZ8838 pre-treatment was
investigated. Figure 3.13 illustrates representative IF images of AZ8838 effects tested.
Treating the cells with AZ8838 alone, without 2fLIG stimulation, did not influence
the predominant p65 cytoplasmic localisation, similar to the control condition. This
was confirmed with the colocalization quantitative analysis, as PC and MC values of
AZ8838 treatment alone (PC =0.12 £0.02, MC =0.27 = 0.01) were not different from
those of control (PC =0.19 = 0.02, MC = 0.3 £ 0.01, p > 0.999). As observed before,
stimulation of the cells with 10 uM 2fLIG for 30 minutes induced robust nuclear
translocation (% FITC positive nuclei 74.2 + 6.3) of p65 that was not significantly
altered when cells were co-treated with DMSO (as a vehicle control, % FITC positive
nuclei 58.8 £ 8, p = 0.16), confirming that DMSO does not interfere with the
translocation process (Figure 3.13, Figure 3.14). The co-localisation analysis
supported this observation (see Figure 3.14), where PC and MC values remained
significantly different (p < 0.0001) from baseline values upon DMSO co-treatment
(2fLIG: PC = 0.63 + 0.02, MC = 0.54 + 0.02; 2fLIG + DMSO: PC = 0.6 + 0.03, MC

=0.54 £ 0.03). In contrast, when cells were pre-treated with AZ8838 at concentrations
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of 10, 20, and 30 uM prior to 2fLIG stimulation, a concentration-dependent inhibition
of p65 nuclear translocation was observed (Figure 3.14C). At 10 uM, p65 translocation
was significantly reduced, reaching ~36% reduction of FITC positive nuclei (% FITC
positive nuclei 21.9 = 7.3, p < 0.0001) compared with the vehicle control. Further
reduction was observed at higher AZ8838 concentrations (20 and 30 uM), where the
FITC signal remains largely cytoplasmic (Figure 3.13), resembling the control
condition. The colocalization analysis provided additional evidence of these findings,
as indicators of p65 nuclear localisation exhibited a significant reduction to values
close to control (at 30 pM AZ8838: PC=0.23 £ 0.02, MC =0.29 £ 0.01, p < 0.0001).
However, it is important to note that the colocalisation parameter values did not exhibit
a clear concentration-dependent pattern, as the trends observed in IF imaging and
percent of FITC-positive nuclei. This suggests that the relationship between
concentration and colocalization metrics may not be as straightforward, indicating the
possible involvement of other regulatory mechanisms or variability in the cellular
response. Nevertheless, these findings show that AZ8838 effectively inhibited 2fLIG-

induced activation of NF-xB nuclear translocation.
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Control

AZ8838
30 puMm

2fLIG
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2fLIG +
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Figure 3.13: AZ8838 inhibits 2fLIG-induced p65 nuclear translocation in NCTC2544-hPAR2/NF-
kB-L cells.

Representative micrographs showing the effect of pretreatment with increasing concentrations of
AZ8838 (10 uM, 20 uM, 30 pM) 1 hour prior to stimulation of the cells with 10 uM 2fLIG for 30
minutes. The effects of AZ8838 (30 uM) incubation for one hour alone and the effect of vehicle
(DMSO) on 2fLIG response were tested as controls. FITC channel represents p65 (magenta), and DAPI
represents nuclei (cyan). The overlap level is shown in the merged images (blue intensity). n= 3, scale
bar = 20 pm.
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Figure 3.14: Quantitative colocalization analysis of nuclear localization of p65 in NCTC2544-
hPAR2/NF-kB-L cells in response to 2fLIG alone and AZ8838 co-treatment.

(A) Pearson's coefficient showing colocalization between p65 and DAPI. (B) Mander's coefficient for
FITC signal overlapping DAPI. (C) The percentage of FITC-positive cells (nuclei) relative to the total
cell count in captured IF images. Data represent 3 independent experiments as mean = SEM. For each
experiment, 4-7 images were analysed with ImageJ v1.54], equipped with the JACoP plugin, and
Costes’s automatic threshold was applied. Statistical analysis was done using one-way ANOVA.
Significant differences are indicated: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < (0.0001, ns = not
significant.

3.4  The effect of AZ8838 on PAR2-induced phosphorylation of ERK1/2.

Having established the profile of AZ8838 inhibition of PAR2-mediated NF-kB
activity in NCTC2544-hPAR2/NF-kB-L cells, the effects of AZ8838 on extracellular
signal-regulated kinases (ERK) phosphorylation were examined in the same cell line.
As described earlier (see Chapter 1, section1.10.2), since the early characterisation of
PAR?2, it is well-established that activation of the receptor triggers mitogen-activated
protein kinase (MAPK) signalling downstream of PAR2, leading to a rapid transient
ERK1/2 phosphorylation (Belham et al., 1996, Déry et al., 1998, DeFea et al., 2000b).
Initially, the kinetics and the concentration effects of the PAR2 agonists, 2fLIG and
trypsin, on the phosphorylation of ERK1/2 were characterised using Western blotting
(refer to chapter 2, section 2.5). Phosphorylated ERK1/2 was normalised against the

total ERK1/2 in whole cell lysates of each sample.

3.4.1 Effects of 2fLIG and trypsin on ERK phosphorylation in NCTC2544-

hPAR2/NF-kB-L cells.

The next set of experiments examined the kinetics of PAR2-mediated ERK1/2
phosphorylation in response to 2fLIG and trypsin. Understanding these dynamics is
essential for subsequent inhibitor studies. As shown in Figure 3.15, 10 pM 2{LIG

triggered a significant 5-fold increase of ERK1/2 phosphorylation at 2 minutes
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exposure (mean fold 5.59 + 0.93, p = 0.024) and reached a peak at 5 minutes, at ~7-
fold of control values (mean fold 6.88 + 1.44, p = 0.046). Phosphorylation levels then
decreased rapidly, returning to near control levels by 60 minutes. Following similar
kinetics (Figure 3.16), 0.1 uM trypsin induced a significant ~3.5-fold increase in
pERK1/2 levels at 2 minutes (mean fold 3.29 + 0.54, p = 0.04) and again reached a
peak of about 4.5-fold of baseline at 5 minutes mean fold 4.57 + 0.25, p = 0.0005).
However, the decline in pERK levels was found to be slower compared to 2fLIG, with
pERK1/2 levels remaining slightly above control levels at 60 minutes. This indicates
arapid transient effect of 2fLIG compared to a slightly more sustained phosphorylation
of ERK1/2 by Trypsin, as depicted in Figure 3.17. For later experiments, five-minute

exposure was employed for both agonists.
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Figure 3.15: Time course of 2fLIG-induced ERK1/2 phosphorylation in NCTC2544-hPAR2/NF-
kB-L cells.

(A) Representative immunoblots showing pERK1/2 and tERK1/2 in whole cell lysate treated with 10
pM 2fLIG over the indicated time points. (B) Band density semi-quantification of ERK1/2
phosphorylation time-course stimulated by 10 uM 2fLIG measured as the ratio of phosphorylated
ERK1/2 (pERK1/2) to total ERK1/2 (tERK1/2) over 60 minutes. Graphs show representative data of 5-
6 independent experiments, presented as mean + SEM. Statistical analysis was performed by one-way
ANOVA. Significant differences from control are indicated: *P< 0.05.
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Figure 3.16: Time course of ERK1/2 of trypsin-induced phosphorylation in NCTC2544-
hPAR2/NF-kB-L cells.

(A) Representative immunoblots showing pERK1/2 and tERK1/2 in whole cell lysate treated with 0.1
uM Trypsin over the indicated time points. (B) Band density semi-quantification of ERK1/2
phosphorylation time-course stimulated by 0.1 pM Trypsin measured as the ratio of phosphorylated
ERK1/2 (pERK1/2) to total ERK1/2 (tERK1/2) over 60 minutes. Graphs show representative data of 5-
6 independent experiments, presented as mean + SEM. Statistical analysis was performed by one-way
ANOVA. Significant differences from control are indicated: *P< 0.05, **P < 0.01, ***P < 0.001.
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Figure 3.17: Kinetic analysis of PAR2-mediated ERK1/2 phosphorylation in NCTC2544-
hPAR2/NF-kB-L cells.

Comparative time-course analysis of ERK1/2 phosphorylation between 2fLIG (blue) and trypsin
(green) treatments. Each data point represents the mean of 5-6 independent experiments, presented as
mean + SEM. Statistical analysis was performed by one-way ANOVA. Significant differences from
control are indicated: *P< 0.05, **P < 0.01, ***P < 0.001.

The next set of experiments assessed the concentration dependency of ERK
phosphorylation following 5-minute stimulation by both agonists. As shown in Figure
3.18, 2fLIG induced a significant increase of pERK, starting from a concentration of
1 uM (3.8-fold increase + 0.58, p = 0.02), with the highest activation observed at 30
uM (5-fold £ 0.89, p = 0.0003). Also, trypsin induced significant activation at
concentrations as low as 10 nM (3.9-fold increase + 0.55, p = 0.01), reaching a
maximum activation of almost 30 nM (4.41-fold increase + 0.65, p = 0.0023). Higher

concentrations of trypsin did not further increase the response, suggesting saturation

at nanomolar concentrations compared to 2fLI1G (Figure 3.19).
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Figure 3.18: Concentration-dependent phosphorylation of ERK1/2 by 2fLIG in NCTC2544-
hPAR2/NF-kB-L cells.

(A) Representative immunoblots showing pERK1/2 and tERK1/2 upon 5 minutes incubation with
2fLIG at the indicated concentrations. (B) Band density semi-quantification of ERK1/2 phosphorylation
activated by increasing concentrations of 2fLIG (0.01 to 30 pM), measured as the ratio of
phosphorylated ERK1/2 (pERK1/2) to total ERK1/2 (tERK1/2). Graphs show representative data of
five independent experiments, presented as mean + SEM. Statistical analysis was performed by one-
way ANOVA. Significant differences from basal values are: *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 3.19: Concentration dependent phosphorylation of ERK1/2 by trypsin in NCTC2544-
hPAR2/NF-kB-L cells.

(A) Representative immunoblots showing pERK1/2 and tERK1/2 upon 5 minutes incubation with
trypsin at the indicated concentrations. (B) Band density semi-quantification of ERKI1/2
phosphorylation activated by increasing concentrations of trypsin (0.3 to 300 nM), measured as the ratio
of phosphorylated ERK1/2 (pERK1/2) to total ERK1/2 (tERK1/2). Graphs show representative data of
five independent experiments, presented as mean + SEM. Statistical analysis was performed by one-
way ANOVA. Significant differences from basal values: *P < 0.05, **P < 0.01, ***P < (.001.
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Figure 3.20: Concentration-response curves for PAR2-induced ERK1/2 phosphorylation in
NCTC2544-hPAR2/NFkB-L cells.

Comparative concentration-response curves showing normalised pERK1/2 levels as a percentage of
maximum response for 2fLIG (blue) and trypsin (green). The ECsy values for 2fLIG and trypsin are
0.1735 uM (95% CI 0.09 to 0.3) and 1.735 nM (95% CI 0.84 to 3.28), respectively. Data were fitted
using the Hill equation in GraphPad Prism 10.3.1. Each data point represents the mean of five
independent experiments, presented as mean + SEM.

Comparative concentration-response curves for 2fLIG and trypsin, normalised to the
maximum ERK1/2 activation are shown in Figure 3.20. The estimated ECso for trypsin
(1.735 nM, 50%CI: 0.84 to 3.28) is substantially lower than that for 2fLIG (0.173 uM:
50% CI: 0.09 to 0.3). For testing the AZ8838 effects on PAR2-induced
phosphorylation of ERK, a concentration corresponding to the ECgo for both agonists

were used for later experiments.
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3.4.2 Effect of AZ8838 on PAR2-induced ERK phosphorylation in

NCTC2544-hPAR2/NF-kB-L cells.

The effect of AZ8838 on 2fLIG- and trypsin-stimulated ERK1/2 phosphorylation in
NCTC2544-hPAR2/NF-kB-L cells is shown in Figure 3.21. AZ8838 did not affect
control pERK/ERK levels (Figure 3.21: fold change 0.83 + 0.05, Figure 3.22: 1.01 +
0.17). As examined earlier, both 0.1 pM 2fLIG and 30 nM trypsin induced a significant
increase in phosphorylation of ERK (fold increase by 2fLIG: 5.6 £+ 1.5; trypsin: 3.53
+ 0.6), which was not influenced significantly by the presence of the solvent, DMSO
(fold increase by 2fLIG: 5.47 + 1.25, p > 0.99; trypsin: 4 + 0.8, p = 0.98). However,
one-hour incubation of the cells with increasing concentrations of AZ8838 before
stimulation with the agonists led to a concentration-dependent reduction of pERK
levels. For 2fLIG, a significant inhibition was observed at AZ8838 concentrations of
10 uM ( ~2-fold + 0.18, p = 0.0147) and 30 uM (1-fold = 0.22, p = 0.001), almost to
levels comparable to basal pERK levels (refer to Figure 3.21). With far less potency,
AZ8838 significantly inhibited trypsin-stimulated phosphorylation of ERK only at the
maximum tested concentration, that is, 30 uM (~ 1.8-fold of baseline + 0.73, p =
0.0161, Figure 3.22). The concentration-response curves for the inhibition of ERK
phosphorylation by AZ8838 induced by 0.1 uM 2fLIG (blue) and 30 nM trypsin
(green) are shown in Figure 3.23. The ICso values for AZ8838 were 9.83 uM (95% CI
6.82 to 14.6 uM) in 2fLIG-stimulated cells. The Hill curve did not fit in the case of
trypsin (1> = 0.48). In contrast to 2fLIG, which produced reproducible inhibitory
effects, the extent of inhibition achieved with the maximum concentration of AZ8838
varied across the four independent experiments. This could be attributed to the distinct

mechanisms of PAR2 activation between these agonists.
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Figure 3.21: AZ8838 inhibits 2fLIG-induced ERK1/2 phosphorylation in NCTC2544-hPAR2/NF-
KB-L cells.

(A) Representative immunoblots showing pERK1/2 and tERK1/2 bands upon 5-minute stimulation with
0.1uM 2fLIG in the presence of increasing concentrations of AZ8838. (B) Band density semi-
quantification measured as the ratio of phosphorylated ERK1/2 (pERK1/2) to total ERK1/2 (tERK1/2),
showing the effect of 0.1 pM 2fLIG with increasing concentrations of AZ8838 (0.3 to 30 uM)
preincubated for 1hour. Graphs show representative data of four independent experiments, presented as
mean + SEM. Statistical analysis was performed using one-way ANOVA. Significant differences are
indicated: *P < 0.05, **P < 0.01, ***P < (0.001. "ns" indicates no significant difference between the
denoted compared data groups.
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Figure 3.22: AZ8838 weakly inhibits trypsin-induced ERK1/2 phosphorylation in NCTC2544-
hPAR2/NF-kB-L cells.

(A) Representative immunoblots showing pERK1/2 and tERK 1/2 bands upon 5-minute stimulation with
30 nM trypsin in the presence of increasing concentrations of AZ8838. (B) Band density semi-
quantification measured as the ratio of phosphorylated ERK1/2 (pERK1/2) to total ERK1/2 (tERK1/2)
showing the effect of 30 nM trypsin with increasing concentrations of AZ8838 (0.3 to 30 uM)
preincubated for 1hour. Graphs show representative data of four independent experiments, presented as
mean = SEM. Statistical analysis has been performed by one-way ANOVA. Significant differences are
indicated: *P < 0.05, **P < 0.01, ***P < 0.001. "ns" indicates no significant difference between the
denoted compared data groups.
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Figure 3.23: Concentration-response curves of AZ8838 against 2fLIG- and trypsin-induced
ERK1/2 phosphorylation in NCTC2544-hPAR2/NF-kB-L cells.

Concentration-response curves showing normalised pERK1/2 levels as a percentage of maximum
response for 2fLIG (blue) and trypsin (green) in the presence of varying concentrations of AZ8838. The
estimated 1Cso value for AZ8838 was 9.83 uM (95% CI 6.82 to 14.6) for 2fLIG. Data were fitted using
the Hill equation in GraphPad Prism 10.3.1. Each data point represents the mean of four independent
experiments, presented as mean = SEM.

3.4.3 Effects of trypsin and 2fLIG on ERK phosphorylation in DU14S5 cells.

To determine if the variable effects of AZ8838 were a feature linked to ERK activation,
the same experiments were conducted to test the effects of AZ8838 in a different cell
type, DU145. This cell line is a prostate cancer cell line with epithelial morphology
(Gingrich et al., 1991). It was selected to correlate with a later in vivo experimental

prostate inflammatory model (see chapter 2, section 2.5).

Examining the dynamics of PAR2-mediated ERK1/2 phosphorylation in response to

2fLIG and trypsin in DU145, results are shown in Figure 3.24, Figure 3.25 and Figure
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3.26. Similar to NCTC2544-hPAR2/NF-kB-L cells, 10 uM 2fLIG induced a rapid
transient phosphorylation of ERK that reached maximum following 2-minute exposure
to the agonist (4.8-fold increase over baseline = 0.31, p = 0.0009, Figure 3.24).
Phosphorylation levels rapidly declined to ~2-fold by 15 minutes, then to near-baseline
levels by 60 minutes (fold increase 0.88 + 0.16). Similarly, 0.1 uM trypsin (Figure
3.25) stimulated phosphorylation of ERK significantly, which reached a maximum of
~7-fold of basal values (mean value of 6.72 = 1, p = 0.015) at 5 minutes exposure.
Relatively, the decline in levels of ERK phosphorylation following trypsin stimulation
was more gradual, compared to 2fLIG, and remained higher than basal values at 60
minutes (mean fold 1.77 £ 0.26). For subsequent experiments, 3 minutes was

employed for 2fLIG, and 5 minutes for trypsin to capture the maximal pERK response.
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Figure 3.24: Time course of 2fLIG-stimulated ERK1/2 phosphorylation in DU145 cells

(A) Representative immunoblots showing pERK1/2 and tERK1/2 bands in whole cell lysate treated
with 10 uM 2fLIG over the indicated time points. (B) Band semi-density quantification measured as
the ratio of phosphorylated ERK1/2 (pERK1/2) to total ERK1/2 (tERK1/2). Graphs show representative
data of 5 independent experiments, presented as mean + SEM. Statistical analysis was performed using
one-way ANOVA. Significant differences from baseline are indicated: *P< 0.05, **P < 0.01, ***P <
0.001.
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Figure 3.25: Time course of trypsin-stimulated ERK1/2 phosphorylation in DU145 cells
(A) Representative immunoblots showing pERK1/2 and tERK1/2 bands in whole cell lysate
treated with 0.1 puM trypsin over the indicated time points. (B) Band density semi-
quantification measured as the ratio of phosphorylated ERK1/2 (pERK1/2) to total ERK1/2
(tERK1/2). Graphs show representative data of 5 independent experiments, presented as mean
+ SEM. Statistical analysis was performed using one-way ANOVA. Significant differences
from baseline are indicated: *P< 0.05.
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Figure 3.26: Kinetics of 2fLIG- and trypsin-stimulated ERK1/2 phosphorylation in DU145 cells
Comparative time-course analysis of ERK1/2 phosphorylation between 2fLIG (blue) and trypsin
(green) treatments. Each data point represents the mean of 5 independent experiments, presented as
mean = SEM. Statistical analysis was performed using a two-way ANOVA. Significant differences
from basal values are indicated: (¥*P< 0.05, **P < 0.01, ***P < 0.001).

Testing the concentration effect, both agonists displayed a concentration-dependent
increase in pERK levels at the selected exposure times. Representative Western blots
for pERK1/2 and tERK1/2 levels in DU145 cells treated with different concentrations
(as indicated) of 2fLIG and trypsin are presented in Figure 3.27A and Figure 3.28A.
Treatment with increasing concentrations of 2fLIG gradually stimulated a significant
increase in pERK1/2 levels, normalised to tERK1/2, starting at a concentration of 1
uM (mean fold increase 6.85 + 2, p = 0.031) and continuing to increase until the
maximum tested concentration of 100 uM (mean fold increase 8.22 + 3.1, p = 0.0054).
This indicates a robust concentration-dependent stimulation of ERK1/2 by 2{LIG, with
saturation occurring almost at 10 uM (Figure 3.27). Likewise, trypsin induced a
concentration-dependent increase in pERK levels, showing a significant rise at 30 nM

(4.17 £ 0.52, p = 0.0009) and reaching a peak at the maximum tested concentration of

148



300 nM (10.12 £ 2.52, p <0.0001), as shown in Figure 3.28. Comparatively, trypsin
stimulated a more potent activation of ERK, with an estimated ECso value of 13.8 nM
(95% CI 11.4 to 16.8), compared to 0.167 uM (95% CI 0.09 to 0.28) for 2fLIG. For
testing the effects of AZ8838 on PAR2-mediated phosphorylation of ERK in these cell

lines, a concentration around the EC7s for both agonists was used in later experiments.
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Figure 3.27: Concentration-dependent 2fLIG-stimulated ERK1/2 phosphorylation in DU145
cells.

(A) Representative immunoblots showing pERK1/2 and tERK1/2 bands upon 3 minutes stimulation
with 2fLIG at the indicated concentrations. (B) Band density semi-quantification measured as the ratio
of phosphorylated ERK1/2 (pERK1/2) to total ERK1/2 (tERK1/2). Graphs show representative data of
5 independent experiments, presented as mean + SEM. Statistical analysis was performed using a two-
way ANOVA. Significant differences from baseline are indicated: *P < 0.05, **P < 0.01.
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Figure 3.28: Concentration-dependent trypsin-stimulated ERK1/2 phosphorylation in DU145
cells.
(A) Representative immunoblots showing pERK 1/2 and tERK1/2 levels upon 5 minutes incubation with
trypsin at the indicated concentrations. (B) Band density quantification measured as the ratio of
phosphorylated ERK1/2 (pERK1/2) to total ERK1/2 (tERK1/2). Graphs show representative data of 5
independent experiments, presented as mean £ SEM. Statistical analysis was performed using a two-
way ANOVA. Significant differences from baseline are indicated: ***P < 0.001, ****P < (0.0001.
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Figure 3.29: Comparative concentration-response curves for ERK1/2 phosphorylation by PAR2
agonists in DU145 cells.

Comparative concentration-response curves showing normalised pERK1/2 levels as a percentage of
maximum response for 2fLIG (blue) and trypsin (green). The ECso values for 2fLIG and trypsin were
0.167 uM (95% CI 0.09 to 0.28) and 13.8 nM (95% CI 11.4 to 16.8), respectively. Data were fitted
using the Hill equation in GraphPad Prism 10.3.1. Graphs show the mean of 5 independent experiments,
presented as mean + SEM.

3.4.4 Effect of AZ8838 trypsin- and 2fLIG-induced ERK phosphorylation in

DU145 cells.

As with NCTC2544-hPAR2/NF-kB-L cells, the effect of increasing concentrations of
AZ8838 in the presence of 2fLIG and trypsin was tested in DU145. As observed
previously, AZ8838 did not significantly impact control (baseline) pERK/ERK levels
(Figure 3.30: fold change 1.37 + 0.46, p > 0.99; Figure 3.31: 0.8 = 0.14, p > 0.99). In
addition, both 0.3 uM 2fLIG and 30 nM trypsin activated a significant increase in ERK
phosphorylation (2fLIG: 3.64 £+ 1, p = 0.0006; trypsin: 15 £ 3, p = 0.0004), which was
not affected by DMSO (mean fold-increase 2fL1G: 4.07 £ 1.4, p > 0.99; trypsin: 15.13

+4,p>0.99).
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Figure 3.30: AZ8838 inhibits 2fLIG-induced ERK1/2 phosphorylation in DU14S5 cells.

(A) Representative immunoblots showing pERK1/2 and tERK1/2 bands following 3-minute stimulation
with 0.3 uM 2fLIG in the presence of increasing concentrations of AZ8838. (B) Band density semi-
quantification of ERK1/2 phosphorylation under the same conditions. Graphs show representative data
of four independent experiments, presented as mean + SEM. Statistical analysis was performed using a
two-way ANOVA. Significant differences are indicated: *P < 0.05, **P < 0.01, ***P < 0.001. "ns"
indicates no significant difference between the denoted compared data groups.
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Figure 3.31: AZ8838 does not alter trypsin-induced ERK1/2 phosphorylation in DU145 cells.

(A) Representative immunoblots showing pERK1/2 and tERK 1/2 bands upon 5-minute stimulation with
30 nM trypsin in the presence of increasing concentrations of AZ8838. (B) Band density semi-
quantification of ERK1/2 phosphorylation under the same conditions. Graphs show representative data
of five independent experiments, presented as mean + SEM. Statistical analysis was performed using a
two-way ANOVA. Significant differences from baseline are indicated: ***P < 0.001. "ns" indicates no
significant difference between the denoted compared data groups.
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Figure 3.32: AZ8838 selectively inhibits 2fLLIG-induced ERK1/2 phosphorylation in DU14S5 cells.
Concentration-response curves showing normalised pERK1/2 levels as a percentage of maximum
response for 2fLIG (blue) and trypsin (green) in the presence of varying concentrations of AZ8838. The
estimated ICso value for AZ8838 was 15.54 uM (95% CI 9.8 to 29.74) for 2fLIG. Data were fitted using
the Hill equation in GraphPad Prism 10.3.1. Each data point represents the mean of 4-5 independent
experiments, presented as mean = SEM.

Pretreatment of DU145 cells for one hour with AZ8838 significantly inhibits 2fLIG-
induced phosphorylation of ERK at concentrations of 10 uM (mean fold 2 +0.74, p =
0.0456) and 30 uM (mean fold 1.7 + 0.7, p = 0.0132) by approximately 50% and 60%
of maximal stimulation, respectively (Figure 3.30). Interestingly, AZ8838 did not
inhibit trypsin-induced phosphorylation at all tested concentrations (Figure 3.31).
Even at the maximum concentration, 30 uM, the fold increase in pERK levels was not
affected by AZ8838 (mean fold, 14.42 + 4). This is confirmed in the concentration-
response curves for both agonists in the presence of AZ8838 (Figure 3.32). Trypsin
data generated almost a flat curve, 2fLIG data could be fitted into a sigmoid
concentration response curve (r>= 0.7). The estimated ICso value for AZ8838 in 2fLIG-

treated DU145 cells was 15.54 uM (95% CI1 9.8 to 29.74).
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3.5 Effect of AZ8838 on PAR2-induced intracellular calcium mobilisation.

Like most of protease-activated receptors, stimulation of PAR2 is well-established to
induce a surge in intracellular calcium levels. This is mediated through the coupling
of PAR2 to Gagi1 proteins, which subsequently activate PLC, leading to the
production of IP3 and the release of calcium from intracellular endoplasmic stores
(Bohm et al., 1996a, Macfarlane et al., 2001, Chandrabalan and Ramachandran, 2021).
In the upcoming section, the effects of AZ8838 (McGuire et al., 2004) on 2fLIG- and
trypsin-stimulated intracellular calcium mobilisation (section2.6, Chapter 2) was
examined. Human embryonic kidney cells (HEK293) were utilised, which naturally

express PAR2.

3.5.1 Effects of 2fLIG and trypsin on intracellular calcium mobilisation.

Initially, the real-time dynamic changes of increasing concentrations of 2fLIG and
trypsin on the levels of intracellular calcium were examined. According to the
protocol, agonists are introduced at the 20-second mark from the start of recording. As
shown in Figure 3.33A and Figure 3.34A, the peak relative fluorescence units (RFU)
were reached within 30-40 seconds for both agonists. This indicated a sharp increase
in intracellular calcium levels, peaking within 10 to 20 seconds after initial exposure
to the agonists. Following peak response, 2fLIG and trypsin exhibited a gradual and
slow decline in calcium levels, without returning to baseline RFU levels within the
120-second recording duration. Regarding the concentration effect, all panels in Figure
3.33 and Figure 3.34 display a concentration-dependent enhancement of intracellular
calcium levels induced by 2fLIG and trypsin. As shown in Figure 3.33B, normalised

peak RFU values to baseline (Fmax/Fo) start to significantly differ from control (HBSS
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treated wells) at 1 uM 2fLIG concentration (Fmax/Fo: 2.12 £ 0.33, p = 0.0144) and
continue to rise until the maximum concentration tested, 20 uM (Fmax/Fo: 2.82 £ 0.34,
p <0.0001). Similarly, trypsin begins to display a significant increase in Fmax/Fo values
at InM (2.03 £0.18, p = 0.0116), continuing up to the highest tested concentration of
100 nM (2.95 £ 0.25, p < 0.0001) (Figure 3.34B). Figure 3.35 illustrates the
concentration-response curves for calcium response induced by 2fLIG and trypsin,
normalised to the maximum response of each agonist. Using the Hill equation, the
estimated ECs¢ value for trypsin, 1.22 nM (95% CI: 0.95 to 1.54), is significantly lower
than that for 2fLIG, 0.54 uM (95% CI: 0.38 to 0.75). For testing the effect of AZ8838
on PAR2-mediated calcium flux, 2fLIG was used at a concentration slightly more than

the estimated ECgo value.
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Figure 3.33: Concentration-dependent 2fLIG-stimulated intracellular Ca?' mobilisation in
HEK?293 cells.

(A) Representative temporal profile of calcium flux in HEK293 cells treated with increasing
concentrations of 2fLIG (0.1 to 20 uM), measured every three seconds over a period of 120 seconds.
Agonists were added at 20 seconds. (B) Normalised peak RFU value to baseline (Fimax/Fo) for calcium
response induced by the tested concentrations of 2fLIG. The graph shows representative data of three
independent experiments, presented as mean = SEM. Statistical analysis was performed using a two-
way ANOVA. Significant differences from baseline are indicated: *P < 0.05, **P <0.01, ***P <0.001,
**E*P <0.0001.
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Figure 3.34: Concentration-dependent trypsin-stimulated intracellular Ca?** mobilisation in
HEK293 cells.

(A) Representative temporal profile of calcium flux in HEK293 cells treated with increasing
concentrations of trypsin (0.3 nM to 100 nM), measured every three seconds over a period of 120
seconds. Agonists were added at 20 seconds. (B) Normalised peak RFU value to baseline (Fmax/F0)
for calcium response induced by the tested concentrations of trypsin. The graph shows representative
data of three independent experiments, presented as mean + SEM. Statistical analysis was performed
using a two-way ANOVA. Significant differences from baseline are indicated: *P < 0.05, **P < 0.01,
%P <0.001, ****P < 0.0001.
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Figure 3.35: Comparative concentration-response curves for 2fLIG- and trypsin-stimulated
intracellular Ca?* mobilisation in HEK293.
Concentration-response curves showing the percentage of maximum calcium response for 2fLIG (blue)
and trypsin (green). The ECso values for 2fLIG and trypsin were 0.54 uM (95% CI: 0.38 to 0.75) and
1.22 nM (95%CI: 0.95 to 1.54), respectively. Data were fitted using the Hill equation in GraphPad Prism

10.3.1. Each data point represents the mean of three independent experiments, presented as mean +
SEM.

3.5.2 Effect of AZ8838 on 2fLIG-induced intracellular Ca2* mobilisation.

In this experiment, the effect of one-hour pre-incubation of HEK293 with increasing
concentrations of AZ8838 on the 2fLIG-triggered calcium response was examined

(see, Figure 3.36).
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Figure 3.36: Inhibition of 2fLIG-stimulated intracellular Ca** mobilisation by AZ.8838 in HEK293
cells.

Representative temporal profile of Ca?" flux in HEK293 cells incubated for one hour with increasing
concentrations of (A) (0.3 to 30 uM) AZ8838 only and DMSO or (B) co-treated later with 10 pM 2fLIG,
measured every three seconds over a period of 120 seconds. 2fLIG was added at 20 seconds. HBSS:
Hank’s Balanced Salt Solution represents the control. (C) Peak Ca”* responses (ARFU) to 2fLIG alone
and in combination with AZ8838, normalised to the DMSO control. Graphs show representative data
of three independent experiments, presented as mean + SEM. Statistical analysis has been performed
by one-way ANOVA. Significant differences are indicated: *P < 0.05, **P <0.01, ***P <0.001, ****p
<0.0001.
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Figure 3.37: AZ8838 inhibits of 2fLIG-induced intracellular Ca?* mobilisation in HEK293 cells.
Concentration-response curve showing the percentage of the maximum 2fLIG-induced Ca*" response
in the presence of AZ8838. The ICs value for AZ8838 is 0.78 uM (95% CI 0.38 to 1.32). Data were
fitted using the Hill equation in GraphPad Prism 10.3.1. Each data point represents the mean of three
independent experiments, presented as mean + SEM.

A one-hour incubation with AZ8838 did not significantly alter basal intracellular Ca®*
levels (Figure 3.36A). Consistent with the previous experiment, 10 uM 2fLIG induced
a rapid increase of intracellular Ca** mobilisation (ARFU 38.14 + 4.8), which was
slightly, though insignificantly, reduced by DMSO (ARFU 31 + 2.6, p = 0.586) (see
Figure 3.36, B and C panels). AZ8838 exhibited a concentration-dependent inhibition

of the maximum 2fLIG-induced Ca*" response starting at 1 pM (ARFU 17.8 £2.9, p =
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0.0406) and reaching 30 uM (ARFU 8 £ 1.8, p < 0.0001). Using Hill regression
analysis, the estimated 1Cso value for AZ8838 was 0.78 uM (95% CI 0.38 to 1.32)
against the selective PAR2-agonist peptide 2fLIG (Figure 3.37), which is lower than
the previously reported values against the maximum SLIGRL calcium response (2.3 +

0.02 uM) (Cheng et al., 2017) and ~1.99 uM (Kennedy et al., 2020).

3.6 Effect of AZ8838 on PAR2 internalisation in DU145 cells.

To further explore the mechanisms underlying the inhibitory effect of AZ8838, we
aimed to examine its effect on the PAR2 internalisation, a process typically mediated
through B-arrestin recruitment (DeFea et al., 2000a, Chandrabalan and Ramachandran,
2021). This constitutes part of the non-G-protein-dependent activation pathway of
PAR2, like other GPCRs, turning on other intracellular signalling elements (refer to
Chapter 1, section 1.7.1). Previous studies reported the inhibitory effect of AZ8838 on
B-arrestin recruitment, employing enzyme fragment complementation assays. The
estimated pICso against SLIGRL-induced response was 6.1 = 0.1, n=3 (ICso ~0.8 uM)
in U20S-hPAR2 cells (Kennedy et al., 2020) and 0.63 uM ICso, n=1 in 1321N1-
hPAR?2 cells (Cheng et al., 2017). The current investigation aimed to examine the
effect of preincubation of the cells with AZ8838 on the visualised PAR2 cellular
localisation stimulated by the selective agonist, 2fLIG, using transient transfection of

the cells with PAR2-yellow fluorescent protein (YFP) (refer to Chapter 2, section 2.7).

3.6.1 Time and concentration effect on 2fLIG-mediated PAR2 internalisation.

To validate the transfection efficiency of PAR2-YFP in DU145 cells using
polyethyleneimine (PEI) and to assess the response of transfected cells to 2fLIG

stimulation, an initial control experiment was conducted. As illustrated in Figure 3.38,
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control images show the DAPI staining clearly the nuclei (cyan), without any
fluorescence observed in the FITC channel, indicating no background signal. Similar

images were obtained for PEI-treated cells.

DAPI FITC MERGE

Control
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o - - -
10 uM
2fLIG
30 min

Figure 3.38: Validation of PAR2-YFP transfection in PAR2-YFP-transfected DU14S5 cells.
Representative fluorescence microscopic images of DU145 cells (60x), from top row, showing Control
cells without treatment (vehicle), cells treated with PEI only, cells transfected with PAR2-YFP using
PEI, displaying successful expression of PAR2-YFP on the cell membrane and PAR2-YFP-transfected
cells treated with 10 pM 2fLIG for 30 minutes, showing 2fLIG-induced internalisation of PAR2-YFP.
DAPI staining marks the nuclei (cyan), FITC channel shows PAR2-YFP (magenta), and the merge
combines both channels. n=3, scale bar =20 um.
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The PAR2-YFP images, cells were incubated with PEI plus PAR2-YFP, show clear
YFP fluorescence (magenta), indicating successful expression of PAR2-YFP on the
cell membrane. The merged image confirms the membrane localisation of PAR2-YFP
in transfected cells. Testing the cells' responsiveness to agonist, treating the cells with
10 uM 2fLIG for 30 minutes induced redistribution of the detected fluorescence from
the membrane to intracellular locations. This 2fLIG-induced internalisation is
consistent with PAR2 activation, confirming the functionality of the transfected
PAR2-YFP (see Figure 3.38, 3™ and 4™ panels).

To understand the time-course and dynamics of PAR2 localisation upon agonist
stimulation, the internalisation of PAR2 in PAR2-YFP-transfected DU145 cells over
a 90-minute period following stimulation with 10 uM 2fLIG was investigated. A
detailed visualisation of the time-dependent dynamics is shown in

Figure 3.39. The control panel shows membrane-associated PAR2-YFP fluorescence
(magenta) in untreated cells. Upon 2fLIG stimulation, initial signs of PAR2
internalisation are detectable at 5 minutes of incubation. This continues to increase,
reaching almost a maximum at 30 minutes, seen as fluorescence accumulating in
intracellular compartments, and concurrent reduced membrane fluorescence. At 90
minutes, it appears that PAR2 started to be relocated again on the cell membrane, and
intracellular localisation becomes relatively reduced, suggesting receptor recycling to
the cell membrane. For later experiments, 30 minutes of stimulation was employed as
it showed substantial PAR2-internalisation. The effect of 30 minutes of treatment of
PAR2-YFP-transfected DU145 with various concentrations of 2fLIG on the PAR2

internalisation was tested. As demonstrated in
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Figure 3.40The control panel represent untreated cells showing PAR2 membrane
localisation. Starting from 0.3 uM 2fLIG stimulation, a small extent of intercellular
PAR2 localisation increases in intensity with increased agonist concentrations. At both
10 uM and 30 uM, 2fLIG induced a substantial degree of internalisation of PAR2, as
shown in

Figure 3.40. Subsequent experiments utilised 10uM 2fLIG as it was sufficient to
induce a notable and consistent level of PAR2 internalisation in the majority of cells

after 30 minutes of incubation.
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Figure 3.39: Time course of PAR?2 internalization in PAR2-YFP-transfected DU14S5 cells upon 10
pM 2fLIG stimulation.

Representative fluorescence microscopic images showing the PAR2 internalisation over time in PAR2-
YFP-transfected DU145 cells treated with 10 uM 2fLIG. Control cells without 2fLIG treatment. The
following image rows represent cells treated with 10 pM 2fLIG for 5, 10, 15, 30, 60, and 90 minutes.

2fLIG
(60 mins)

2fLIG
(90 mins)
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DAPI staining marks the nuclei (cyan), FITC channel shows PAR2-YFP (magenta), and the merge
combines both channels. n=3, scale bar =20 um.

DAPI FITC MERGE
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Figure 3.40: Concentration effect on PAR2 internalisation in PAR2-YFP-transfected DU145 cells
following 30-minute 2fLIG treatment.

Representative fluorescence microscopic images showing the internalisation of PAR2 in PAR2-YFP-
DU145 cells treated with increasing concentrations of 2fLIG (0.3 uM to 30 uM) for 30 minutes. The
rows of the image below represent PAR2-YFP-transfected cells treated with the indicated
concentrations of 2fLIG. DAPI staining marks the nuclei (cyan), FITC channel shows PAR2-YFP
(magenta), and the merged image combines both channels. n=3, scale bar =20 pm.
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3.6.2 Effect of AZ8838 on 2fLIG-stimulated PAR2 internalization in PAR2-

YFP-transfected DU145 cells.

Figure 3.41 illustrates representative micrographs of the impact of AZ8838 pre-
treatment on the 2fLIG-mediated PAR2 internalisation in PAR2-YFP-DU145 cells.
Baseline cell membrane localisation of PAR2 is shown in control images of
unstimulated cells. Similarly, neither DMSO alone nor AZ8838 at maximum tested
concentration (30uM) seem to affect baseline PAR2 cell membrane distribution. As
seen before, 30-minute exposure to 10uM 2fLIG effectively translocated PAR2 to
intracellular locations rather than the cell membrane, evidenced by redistribution of
fluorescence from the membrane to the cytoplasm. DMSO 1-hour preincubation did
not influence this 2fLIG-induced PAR?2 internalisation. Interestingly, AZ8838 (30uM)
pretreatment markedly limited 2fLIG-induced PAR2 internalisation at 10uM
concentration and almost completely retained baseline PAR2 cellular distribution at
30uM as seen with the higher degree of membrane-associated fluorescence in the
respective micrographs. These results further indicate that AZ8838 effectively inhibit
2fLIG-stimulated PAR2 internalisation, which is more pronounced at the higher

concentration (30 uM).
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Control
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2LIG 10uM
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Figure 3.41: AZ8838 effects on 2fLIG-induced PAR2-internalisation in PAR2-YFP-DU14S5 cells.
Representative fluorescence microscopic images showing the internalisation of PAR2-YFP under
different conditions. From top to bottom rows: Control cells, cells treated with DMSO, 2fLIG only,
2fLIG plus DMSO, 30 uM AZ8838 only, 2fLIG plus 10 uM AZ8838 and 2fLIG plus 30 uM AZ8838.
In the case of DMSO or AZ8838, cells were pretreated for one hour prior to each stimulation. For 2fLIG,
cells were stimulated with 10uM for 30 min. DAPI staining marks the nuclei (cyan), FITC channel
shows PAR2-YFP (magenta), and the merge combines both channels. n=4, scale bar = 20 um.
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3.7 Effects of AZ8838 on PAR2-mediated release of IL-8.

In the context of inflammatory processes across various tissues, PAR2 promotes
inflammation by different mechanisms, including the release of pro-inflammatory
cytokines. Interleukin-8 (IL-8) or C-X-C motif chemokine ligand 8 (CXCLS8) is one of
the chemotactic cytokines (chemokines) reported to be enhanced by PAR2 activation
(refer to Chapter 1, section 1.10.5). It is the most potent human neutrophil-attracting
and -activating chemokine, which also contributes to endothelial adhesion,
chemotaxis, activation of other immune cells, as well as angiogenesis (Matsushima et
al., 2022, Cambier et al., 2023). As demonstrated in earlier results, PAR2 stimulation
induced NF-kB pathway and ERK1/2 phosphorylation (refer to subsections 3.2.1,
3.3.1 and 3.4.1), its effects on the expression of IL-8, one of the downstream
chemokines responsive to these signalling pathways (Tanaka et al., 2008, Guo et al.,
2024)AZ8388 was investigated, and AZ8388 effects on the release of this chemokine
were assessed. All experiments were conducted using Enzyme-Linked Immunosorbent
Assay (ELISA), with the cultured NCTC2544-hPAR2/NF-«kB-L or DU145 cells

incubated with treatments for 24 hours (refer to Chapter 2, section 2.8)

3.7.1 PAR?2 activators’ effect on IL-8 release in NCTC2544-hPAR2/NF-kB-L

and DU145 cells.

Initially, the effects of several PAR2 agonists and proinflammatory mediators on levels
of IL-8 in both NCTC2544-hPAR2/NF-kB-L and DU145 cells were screened. Figure
3.42 illustrates the changes in IL-8 levels induced by 24 hours of stimulation with
2fLIG (10 uM), TNFa (10 ng/mL), IL1B (10 ng/mL), and trypsin (100 nM). In

NCTC2544-hPAR2/NF-kB-L cells, 10 uM 2fLIG significantly increased expression
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levels of IL-8 to ~4.5 fold of baseline levels (untreated cells). TNFa also significantly
enhanced IL-8 expression to almost three times the basal levels. Nevertheless, neither

IL1p nor trypsin altered IL-8 levels in this cell type.
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Figure 3.42: Effect of PAR2 agonists on IL-8 levels.

IL-8 levels in (A) NCTC2544-hPAR2/NF-kB-L cells and (B) DU145 cells were measured after 24
hours- treatment with 2fLIG (10 uM), TNFa (10 ng/ml), IL1B (10 ng/ml), and trypsin (100 nM). Data
represent 3 independent experiments as mean + SEM. Statistical analysis was done using one-way
ANOVA, with significance levels indicated as: **p<0.01, ***p<0.001, ****p<0.0001.
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In DU145 cells (Figure 3.42B), basal IL-8 levels were significantly greater (2.76 +
0.38 ng/mL) than those observed in NCTC2544-hPAR2/NF-kB-L cells, more than
seven-fold (0.37 £ 0.027 ng/mL, p < 0.0001). Despite that elevated baseline, IL13 (10
ng/mL) induced an approximate threefold enhancement in DUI145 (p < 0.0001).
Similarly, TNFa induced an approximate two-fold statistically significant increase in
basal IL-8 levels (p = 0.0049). While both 2fLIG and trypsin also increased IL-8 levels,

these changes were insignificant (2fLIG: p = 0.73, trypsin: p = 0.93).

Exploring further the concentration effect of 2fLIG on IL-8 levels in NCTC2544-
hPAR2/NF-kB-L cells, an evident concentration-dependent enhancement was
observed (see Figure 3.43). As the concentration of 2fLIG increases from 0.01 uM to
10 uM, an increase in IL-8 expression levels was observed that was significantly
higher than baseline levels (0.47 = 0.22 ng/mL) starting from 0.1 uM (2.41 = 0.35
ng/mL, p =0.0017). The peak IL-8 levels were observed at 10 uM 2fLIG stimulation
(3.88 = 0.44 ng/mL, p < 0.0001). As shown in Figure 3.43, Panel B presents the
concentration-response curve for IL-8 levels induced by 2fLIG, normalised to the
maximum response. Using the Hill equation, the estimated ECso value for 2fLIG was
0.1 uM (95%CI: 0.08 to 0.12). A concentration close to ECgy was used for later

experiments to investigate the inhibitor effects on levels of IL-8 in this cell type.
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Figure 3.43: Concentration-dependent 2fL.IG-induced IL-8 release in NCTC2544-hPAR2/NF-kB-
L.

(A) Concentration-dependent effect of 24-hour stimulation with increasing concentrations of 2fLIG
(0.01 uM to 10 uM) on IL-8 levels. IL-8 was measured by ELISA. (B) Concentration-response curve
of IL-8 induction levels as % maximum against log molar concentration of 2fLIG. The ECsy was
calculated to be 0.1 pM (95%CI: 0.08 to 0.12). Data were fitted using Hill equation in GraphPad prism
10.3.1. Data were presented as mean £ SEM n=5. Statistical analysis has been performed by one-way
ANOVA. Significant differences from baseline are indicated: **P < 0.01, ***P < 0.001, ****P <
0.0001.
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3.7.2 Effect of AZ8838 on PAR2-stimulated release of IL-8 NCT(C2544-

hPAR2/NF-kB-L cells.

The effect of AZ8838 on 2fLIG-stimulated release of IL-8 in NCTC2544-hPAR2/NF-
kB-L cells over a 24-hour period is shown in Figure 3.44. As depicted in Panel A,
treating the cells with AZ8838 alone did not alter baseline levels of IL-8. As seen
before, 0.3 uM 2fLIG significantly increased IL-8 levels, exceeding an 11-fold
increase from baseline. Notably, the maximum concentration of DMSO (equivalent to
the maximum concentration of AZ8838) co-treatment with 0.3 uM 2fLIG caused a
significant drop of IL-8 levels (~47% inhibition of 2fLIG response alone).
Nevertheless, adding different concentrations of AZ8838 significantly further reduced
the 2fL.IG-induced IL-8 expression in a concentration-dependent manner. Starting at a
concentration of 3 uM, AZ8838 pretreatment reduced IL-8 levels almost to baseline.
The estimated ICso value for AZ8838 was 0.63 uM (95% CI 0.15 to 1) against 2fLIG,

underscoring its potency in this context.

These results are consistent with the previous observations, indicating that AZ8838
interferes with the PAR2 signalling pathway, namely, NF-xB pathway activation and
ERK1/2 phosphorylation, which is known to be involved in the release of IL-8,
contributing to the regulation of inflammatory responses. This indicates the potential
of AZ8838 as a therapeutic candidate for conditions where excessive IL-8 production

is implicated.
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Figure 3.44: AZ8838 inhibits 2fLIG-induced IL-8 release in NCTC2544-hPAR2/NF-kB-L cells.
(A) Effect of increasing concentrations of AZ8838 (1, 3, 10, and 30 pM) on 0.3 uM 2fLIG-induced IL-
8 expression levels measured using ELISA. (B) Concentration-response curve showing % of 0.3 uM
2fLIG-induced IL-8 expression in the presence of DMSO (vehicle control) against log [AZ8838] M.
The ICso value for AZ8838 is 0.63 uM (95% CI 0.15 to 1). Data were fitted using the Hill equation in
GraphPad Prism 10.3.1. Data presented as mean + SEM, n = 3. Statistical analysis has been performed
by one-way ANOVA. Significant differences are indicated: *P <0.05, **P <0.01, ***P <0.001, ****P
<0.0001.
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Table 3.1: in vitro pharmacology of AZ8838

Assay 1Cs0 (uM) Agonist (uM) n
NF-«xB-luciferase reporter 0.38 (0.26 - 0.52) 21L1G (1.0) 5

0.06 (0.002-0.136) Trypsin (0.1) 4
pERK Western blotting 9.83 (6.82 - 14.6) 2fLIG (0.1) 5

15.54 (9.8 - 29.74)* 2fLIG (0.3)* 5
Ca®" mobilization assay 0.78 (0.38 to 1.32)** 2fLIG (10)** 3
IL-8 expression ELISA 0.63 (0.15t0 1) 2fLIG (0.3) 3

In all assays, NCTC2544-hPAR2/NF-kB-L cells were used except results with asterisk. ICsy is presented as mean
(95% confidence interval) based on n independent experiments. *DU145 cells and **HEK392

3.8 Discussion

This chapter explored the effects of AZ8838 (the active (S)-enantiomer) on PAR2-
mediated intracellular signalling pathways, specifically focusing on its ability to
modulate NF-kB activation, Ca** mobilisation, ERK1/2 phosphorylation (Mitogen-
activated protein kinases (MAPKSs) pathway), and IL-8 expression. Overall, the results
consistently demonstrate that AZ8838 exerts significant inhibitory effects on PAR2
signalling, though the extent of inhibition for certain signalling responses depends on
the mode of receptor activation. In the following sections, the results related to
AZB838 effects of the PAR2-mediated activation of the NF-kB pathway, ERK1/2

phosphorylation, and their downstream product, IL-8 levels, are discussed.

3.8.1 Modulation of PAR2-induced NF-kB pathway activation and Ca?*
mobilisation.

The NF-kB pathway can be activated downstream of PAR2 stimulation. In this study,
the effects of AZ8838 on NF-kB reporter activity were investigated utilising the
NCTC2544-hPAR2/NF-kB-L cells using luciferase-reporter assays, as well as its
effects on the nuclear translocation of a key NF-«xB subunit, p65, using
immunofluorescence staining. In luciferase reporter assays, AZ8838 demonstrated

significant concentration-dependent inhibition with an estimated ICso value of 0.38
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uM in 2fLIG-stimulated cells and 60.03 nM against trypsin (Figure 3.6). The more
than 6-fold greater potency of AZ8838 against trypsin-induced NF-kB activation
compared to 2fLIG suggests that AZ8838 may interact with the PAR2 receptor more
effectively in the context of proteolytic activation of the receptor. This indicates that
the inhibitor exerts a strong inhibitory effect in biological systems, as trypsin-induced
activation serves as a model of endogenous PAR2 stimulation. This difference in
potency could be attributed to differences in the receptor conformational states when
activated by different agonists (Kennedy et al., 2018). Upstream of the eventual NF-
kB genetic response inside the nucleus, the assessment of AZ8838's effect on nuclear
translocation of NF-xB demonstrated consistent results. AZ8838 treatment diminished
the p65 nuclear translocation, evident by the significantly reduced Pearson’s and
Mander’s coefficients and representative immunofluorescence micrographs (Figure
3.13 and Figure 3.14). Previous research demonstrated that other PAR2 inhibitors also
reduce NF-kB transcriptional activity (Goh et al., 2009, Kanke et al., 2009). For
example, pretreatment with K-14585 (30 uM) inhibited PAR2-mediated p65 NF-kB
phosphorylation and NF-kB-DNA binding, yet alone it stimulated NF-kB reporter
activity to a level comparable to that induced by PAR2-AP (Goh et al., 2009). Also,
Kanke et al showed that both K-12940 and K-14585 significantly inhibited PAR2-AP-
and trypsin-induced NF-«kB reporter activity in a concentration-dependent manner
(Kanke et al., 2009). Compared to these PAR2 antagonists, AZ8838 exhibited superior
potency in terms of inhibiting PAR2-mediated NF-«B activation, which is particularly
relevant to the context of inflammation. Moreover, this potency was tested using
2fLIG, a highly potent selective PAR2 agonist peptide compared to other studies that

used SLIGKV-NH2, which demonstrated less selectivity (McGuire et al., 2004).
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Interestingly, AZ8838 was completely inactive against the TNF-a induced NF-xB
transcriptional activity, which suggests a level of selectivity for PAR2 responsive
elements, without any direct interference with downstream signalling pathways

stimulated by other than the PAR2 receptor.

Earlier research has demonstrated that the PAR2-induced activation of NF-kB is
dependent on the initial transient Ca®" increase intracellularly (Macfarlane et al., 2005).
Using the intracellularly permeable Ca** chelating agent, BAPTA-AM, it was evident
that the PAR2-mediated activation of IKKa and IKKf3, NF-kB-DNA binding and NF-
kB reporter activity are all dependent on PAR2-initiated enhanced cytoplasmic [Ca®']
levels, in a way comparable to the direct activator of protein kinase C, Phorbol 12-
myristate 13-acetate (PMA) (Macfarlane et al., 2005, Rallabhandi et al., 2008). PAR2
coupling to MAP kinase and TNF-a induced NF-xB activation was found to be Ca**-
independent, further proposing selectivity of the AZ8838 effects. In this study, the
effects of AZ8838 on PAR2-induced Ca?* response were examined (see section 3.5.2).
AZ8838 showed a concentration-dependent inhibition of the 2fLIG-induced
intracellular Ca** mobilisation consistent with previous research. Using the Hill
equation, the estimated ICso value for AZ8838 was 0.78 uM (95% CI 0.38 to 1.32)
against 2fLIG, which is less than the earlier estimations against the maximum
SLIGRL-induced calcium response of Cheng et al (2.3 £0.02 uM) (Cheng et al., 2017)
and Kennedy ef al ~1.99 uM (Kennedy et al., 2020). This could be attributed to the
potency and selectivity of 2fLIG stimulation of PAR2, which helps to generate
sensitive and specific measurements of AZ8838 inhibition. Other possible factors are
the exact assay methodology and experimental variations like the cell type, receptor

expression levels and agonist concentration used. The benzimidazole PAR2
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antagonist, AZ3451, showed higher potency in the same study against SLIGRL-
induced Ca2+ mobilisation. This could be linked to the competitive binding assay
results, which identified AZ8838 as an orthosteric competitive antagonist of PAR2,
meaning it binds to the same site as the receptor’s tethered ligand. In contrast, AZ3451
was characterised as an allosteric non-competitive antagonist of PAR2 interacting with
the receptor at a site distinct from the tethered ligand binding site (Kennedy et al.,
2020). Using Ca®" mobilisation assays in that study, the concentration-response curves
of 2fLIG and trypsin displayed the classical right shift in the presence of AZ8838,
maximum response was reproducible with greater agonist concentrations, and the
estimated Schild slope was 1.1 for 2fLIG and 0.9 for trypsin. All these data fit well
with the molecular docking simulations. Collectively, these findings underscore the
effectiveness and potency of AZ8838 as a selective PAR2 antagonist, inhibiting the
early Ca2+ mobilisation and consequent NF-kB signalling activation. These data
reinforce the therapeutic potential of AZ8838 in targeting PAR2-mediated

inflammatory responses.

3.8.2 Modulation of MAP Kinase cascade (ERK1/2 phosphorylation) & PAR2
internalisation.

In addition to stimulation of the canonical Gq pathway, triggering Ca2+ mobilisation
and the NF-xB pathway, PAR2 stimulation is known to activate signalling cascades
resulting in phosphorylation of Extracellular signal-regulated kinase 1/2 (ERK1/2) and
B-arrestin-mediated PAR2 internalisation (Chandrabalan and Ramachandran, 2021).
ERK1/2 are members of MAP kinases that are mainly involved in cell proliferation,
differentiation, growth, migration, metabolism and survival (Lavoie et al., 2020).

PAR2-induced ERK1/2 phosphorylation was found to be mediated by B-arrestin
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recruitment, which causes the internalisation of PAR2 and acts as a scaffold for MAPK

activation (Déry et al., 1999, DeFea et al., 2000a).

Results of this study showed that AZ8838, at high concentrations (10 and 30 uM),
effectively inhibits PAR2-induced ERK1/2 phosphorylation stimulated by 2fLIG, as
assessed through Western blotting in two cell types: NCTC2544 stably expressing
hPAR2 and DU145 endogenously expressing PAR2. The ICso values were estimated
to be 9.83 uM and 15.54 uM, respectively (see sections 3.4.2, 3.4.2 and 3.4.4). These
values were notably higher compared to the reported ICso by Kennedy et al, about 2
puM, possibly explained by differences in experimental factors like cell type and
receptor expression levels used in the studies. In addition, the traditional Western
blotting protocol was employed (Chapter 2, section 2.5) to assess phosphorylation of
ERK1/2, while Kennedy et al used a phospho-ERK1/2 assay kit that measures pERK
levels in cell lysate based on fluorescence emitted from tagged antibodies interacting
with the pERK. In 2fLIG-induced pERK blots, preincubation with higher
concentrations of AZ8838 displayed clear inhibition of pERK1/2 across both cell types
(see Figure 3.21 and Figure 3.30). However, the AZ8838 inhibition was less consistent
and showed more variation in the case of trypsin-induced ERK phosphorylation. This
could be attributed to the difference in activation machinery by 2fLIG and trypsin.
2fLIG is a synthetic activating peptide that directly stimulates PAR2, while trypsin
activates the receptor by proteolytic cleavage. This suggests that AZ8838 inhibition of
PAR2-mediated pERK response is less efficient in the context of proteolytic activation
of the receptor. It is worth noting that trypsin can also activate PAR4 in addition to
PAR2. Although DU145 cells are not reported to endogenously express PAR4, a study

by Mclntosh et al demonstrated that NCT(C2444 cells respond to the PAR4-specific
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activating peptide, suggesting functional PAR4 expression in this cell line (McIntosh
et al., 2010). Furthermore, PAR4 activation has been reported to stimulate ERK
phosphorylation (Thibeault et al., 2020), raising the possibility that in trypsin-
stimulated cells, the observed pERK response may be partially mediated by PAR4. As
AZ8838 is a selective PAR2 antagonist, its weak inhibitory effect in NCTC2544 or
lack of effect in DU145 cells on trypsin-induced ERK phosphorylation could be
attributed to the contribution of PAR4 signalling. In contrast, in the case of trypsin-
induced NF-kB activation, AZ8838 demonstrated efficient and potent inhibition,

proposing possible pathway-selective effects of this inhibitor.

The trafficking of PAR2 in DU145 cells upon selective stimulation by 2fLIG was
further investigated by transfecting the cells with human PAR?2 tagged with Yellow
Fluorescent protein (YFP). This approach allowed for the visual tracking of the
receptor's localisation and movement within the cells in response to agonist
stimulation, providing insights into the dynamic behaviour of PAR2 and further
investigating the pERK inhibitory effects of AZ8838. Fluorescent microscopic images

illustrated clear cell membrane localisation of PAR2-YFP in unstimulated cells (

Figure 3.39). While 2fLIG alone induces distinct internalisation of PAR2-YFP,
treatment with AZ8838 reduces this internalisation, maintaining a higher proportion

of the receptor at the membrane (see

Figure 3.41). This inhibitory effect highlights the ability of AZ8838 to modulate
receptor internalisation, mostly mediated by B-arrestin recruitment (Déry et al., 1999,
Stalheim et al., 2005, Heo et al., 2022), and subsequent signalling pathways. Results

of'this study are consistent with prior investigations examining SLIGRL-NH2-induced
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B-arrestin recruitment employing chemiluminescence detection-based assays
quantifying PAR2 interaction with B-arrestin. AZ8838 showed concentration-
dependent inhibition of B-arrestin recruitment with the reported ICso value between

0.63 - 0.8 uM (Cheng et al., 2017, Kennedy et al., 2020).

Several other PAR2 antagonists demonstrated similar inhibitory effects on MAPK
signalling. In human hepatic stellate cells, 30 uM pepducin, PZ-235, efficiently
inhibited SLIGRL- and trypsin-induced ERK phosphorylation relative to basal levels
(Shearer et al., 2016). Similarly, the PAR2 peptidomimetic antagonist, C391, showed
weak inhibition of ERK phosphorylation with an ICso of 14.3 uM (Boitano et al.,
2015), close to the estimated AZ8838 value of 15.5 uM in DU145 cells, while another
report showed a potent inhibitory effect of 2fL1G-induced B-arrestin recruitment at a
nanomolar level (Rivas et al., 2022). Recently, the same research group identified a
novel MAPK/B-arrestin biased PAR2 antagonist, C781, that significantly reduced
PAR2-mediated phosphorylation of ERK and B-arrestin binding, but did not alter Ca**
mobilisation response (Kume et al., 2023b, Schiff et al., 2023). A different
investigation employing pERK1/2 detection assay showed that the imidazopyridazine
derivative, 1-191, is capable of potently inhibiting 2fLIG- and trypsin-induced
phosphorylation of ERK at nanomolar concentrations (Jiang et al., 2018). A recent
study analysed I-287, a functionally selective PAR2 antagonist, and showed its
effective anti-inflammatory effects in vivo. This inhibitor was capable of blocking Ca**
mobilisation and PAR2-induced ERK phosphorylation without altering B-arrestin
recruitment and PAR?2 internalisation (Avet et al., 2020). The researchers showed that
PAR2-induced pERK activation is not completely dependent on B-arrestin recruitment

but could be mediated by Gq/11 and Gi, proteins, proposing that I-287 could inhibit
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phosphorylation of ERK1/2 through the inhibition of G¢/DAG/Ca*/PKC cascade. In
contrast, current results demonstrated that AZ8838 inhibited pERK generation and
PAR?2 internalisation, suggesting more comprehensive inhibitory effects of multiple
downstream effects of PAR2 activation. These findings are consistent with this notion,
potentially through AZ8838 interference with key upstream signalling events common
to DAG/PKC, NF-kB, and ERK1/2 pathways and highlight its potential as a broad-

spectrum anti-inflammatory agent.

3.8.3 Modulation of IL-8 levels.

Interleukin 8 (IL-8) is a key chemokine involved in the recruitment of neutrophils to
sites of inflammation. NF-xB and MAPK pathways are one of the principal regulators
of IL-8, acting through transcription factors NF-«B and activator protein -1 (AP-1)
binding on the IL-8 promoter, making IL-8 a critical downstream target in the context
of PAR2 signalling (Wang et al., 2006, Tanaka et al., 2008, Vesey et al., 2013). Robust
increase in the release of IL-8 induced by 2fLIG in both NCTC2544 (ECso = 0.1 uM)
and DU145 cells, consistent with the activation of its upstream pathways. AZ8838
significantly reduced 2fLIG-stimulated IL-8 levels in a concentration-dependent
manner, further confirming the compound's potential to mitigate PAR2-induced
inflammatory responses. Studies investigating the effects of PAR2 antagonists have
confirmed their inhibitory effects on IL-8 expression levels, including FSLLRY-NH2
(Lee et al., 2017), K-14585 (Goh et al., 2009), PZ-235 (Shearer et al., 2016), 1-287
(Avet et al., 2020), GB88 (Wang et al., 2021) and AZ3451 (Sun et al., 2021).
Consistently, current study findings demonstrated similar effects of AZ8838, with an
estimated ICso value of 0.63 uM (Figure 3.44). AZ8838 was examined in a bronchial

epithelial cell line and showed significant inhibition of IL-8 at nanomolar
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concentration ranges (Bailo et al., 2020). Moreover, the capacity of AZ8838 to reduce
IL-8 levels to near-baseline at higher concentrations underscores its potential utility in
therapeutic settings for pathologies associated with excessive IL-8 production ,
including prostate chronic inflammation and cancer, which is the focus of the current
investigation (Khadra et al., 2006, McClelland et al., 2024).

3.9 Conclusion

Taken together, this chapter characterised the inhibitory effects of the small molecule
PAR?2 antagonist, AZ8838, providing compelling evidence of its effective inhibition
and potency, focusing on multiple PAR2-mediated signalling pathways. The current
study demonstrated that AZ8838 effectively inhibit PAR2-mediated NF-xB reporter
activity as well as its nuclear translocation, ERK1/2 phosphorylation, PAR2
internalisation and IL-8 production. To ensure specific effects of AZ8838 to PAR2,
the potent selective PAR2-activating peptide 2-furoyl-LIGRLO-NH2 (2fLIG) was
employed in all investigations. Concentration-dependent effects of AZ8838 inhibition
were observed in all studies, which highlights the potential for fine-tuning its
therapeutic implications to achieve optimal outcomes in different disease settings.
Furthermore, the broader inhibitory effects targeting multiple signalling pathways
downstream of PAR2 strongly suggest that this compound would be a promising
candidate for the treatment of chronic inflammatory conditions where PAR2 plays a
pivotal role, and possibly oncological conditions. To our knowledge, limited research
has investigated AZ8838 using in vivo disease models (Kennedy et al., 2020). As our
understanding of PAR2 signalling under disease contexts continues to evolve,

antagonists like AZ8838 could form a new treatment strategy that is effective and
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selective for specific pathologies, minimising the incidence of side effects associated

with traditional anti-inflammatory treatment.

Chapter 4

Investigation of AZ8838 in vivo effects in prostate
inflammation model
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4.1 Introduction

The aim of this chapter was to investigate PAR2 roles in mediating pain and
inflammation in a rodent model of chronic prostatitis/ chronic pelvic pain syndrome
(CP/CPPS). As discussed earlier (subsection 1.10.6), limited studies investigated the
PAR2 involvement in prostate inflammatory conditions. In an experimental
autoimmune prostatitis (EAP), researchers examined the role of PAR2 and observed
significant inhibitory effects of pain elements, including intracellular Ca** levels in
DRG and pain behaviour, resulting from PAR2 genetic deletion or treatment with the
PAR?2 neutralising antibody (SAM11) (Roman et al., 2014). The carrageenan-induced
prostatitis (CIP) model was adopted, as reported to be a cost-effective, reproducible
approach that induces a localised inflammatory response without significant tissue
damage (He et al., 2023). This model has also been shown to exhibit early onset (after
24 hours) and extended hyperalgesic characteristics, including diminished heat and
mechanical threshold in the pelvic region, along with the key inflammatory features,
including inflammatory cell infiltration and tissue hyperplasia lasting up to 14 days
post-induction (Zeng et al., 2014), resembling the main components of CP/CPPS. This
allowed precise control over the onset of pain and inflammation, as well as facilitating

investigations into behavioural and tissue-level molecular responses.

In light of the discussed evidence, it was hypothesised that PAR2 contributes to the
development of prostatic inflammation and pain in the carrageenan-induced prostatitis
model, and that pharmacological inhibition of PAR2 with AZ8838 would attenuate

these responses.
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4.2 Carrageenan-induced prostatitis (CIP) causes significant weight loss,
prostate enlargement, and histological changes.

Carrageenan (CAR) treatment resulted in overall general and localised effects,
presented as significant reductions in body weight and an increase in prostate size,
besides local inflammatory features. The body weights recorded at 72 hours post-
induction surgery of CIP rats were significantly reduced (mean change in body weight:
-17.63 £ 6 grams) compared to controls (mean change: -0.81 & 1.6 grams; Table 4.1), that
may indicate systemic stress and inflammation. In contrast, treatment with Celecoxib
(as a positive control) and AZ8838 partially mitigated this effect, showing less body
weight reduction (-4.17 + 0.3 g and -4.80 = 0.91 g, respectively). The prostatic wet
weight of the CAR/Vehicle group (360.3 + 40 mg) was significantly increased in
comparison to the control group (211.7 = 19 mg, P < 0.05), representing over a 70%
increase. Treatment with Celecoxib (307.5 + 20.2 mg) and AZ8838 (298 + 22.3 mg)
reduced prostate weights relative to the untreated CAR/Vehicle group, suggesting
attenuation of tissue swelling. Similarly, the prostatic index, normalised prostate
weight to body weight, was significantly elevated in the CAR/ Vehicle group (1.47 +
0.13 mg/g) relative to the control group (0.99 + 0.07 mg/g, P <0.05). Both Celecoxib
and AZ8838 treatment groups showed slightly lower prostatic index values (1.35 +

0.09 mg/g and 1.34 £ 0.10 mg/g, respectively).
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Table 4.1: Effects of AZ8838 on carrageenan-intraprostatic injection-induced changes on body
weight, prostatic wet weight, and the prostatic index.

Group Body Bc(;l(il);l,vgveel(ggl)lt vsil;ovsvt;glclt . Prostatic
weight (g) (mg) index (mg/g)
Control 233.6+7.6 -0.81+1.6 211.7£ 19 0.99 +0.07
CAR/Vehicle 222.1+9.5 | -19.43+6.7" | 360.3 +40" 1.47 £0.13"
CAR/Celecoxib 228.0£3.9 | -4.17+0.3" 307.5+£20.2 | 1.35+0.09
CAR/AZ8838 2220+ 1.8 | -4.80+0.91 298.0£22.3 | 1.34+0.1

Data are expressed as the mean = SEM, n = 5-7 rats. Statistically significant differences compared to
the control group or to carrageenan treated group are indicated as * if P< 0.05 and ** if P< 0.01.
To determine the optimal study endpoint, prostate tissue sections were evaluated after
24, 48 and 72 hours, as well as 7 days after CIP induction, to assess progression and
severity of inflammation and to identify the approximate peak inflammatory response

within the tissue. As shown in

Figure 4.1, visible peak inflammatory changes were observed at 72 hours post-

induction and were used for subsequent treatment studies.

48 hours

72 hour

Figure 4.1: Histological evaluation of prostate tissue at different time points following CIP
induction.

Representative H&E-stained prostate sections imaged at 20x magnification, isolated at different time
points post-induction. Control (A—D) and CAR CIP model (E-H) groups were examined at the indicated
time points. Scale bars = 50 pm.
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Gross morphological evaluation of the excised prostate tissue revealed that CAR-
injected prostate were visibly enlarged, and exhibited areas of hyperaemia, in contrast

to the pale, healthy appearance in control prostates (

Figure 4.2, A&D). Results of Haematoxylin and Eosin (H&E) staining indicated that
the control group presented with acini and typical histological characteristics of the
gland, displaying the normal glandular architecture with absence of inflammation in

the interstitial tissue. There was no stromal oedema nor abscess formation (

Figure 4.2B). The CAR group exhibited marked pathological alterations in the prostate
consistent with acute and chronic inflammation. Acute inflammation was evident by
the infiltration of neutrophils into interstitial spaces, with severity varying from mild
to moderate and, in some cases, severe. Neutrophil infiltration was also observed in
the glandular lumen, where in several instances, the accumulation of neutrophil

cellular debris resulted in micro-abscess formation (

Figure 4.2E and Figure 4.3; B & F; yellow arrow heads). Additionally, interstitial
oedema was present, as clear spaces between stromal cells (Figure 4.3; asterisk), and
was scored across a spectrum of mild to severe. Evidence of chronic inflammation was
noted by the marked presence of lymphoplasmacytic infiltrate and macrophage (Figure
4.3; B & F; black arrow heads) within the interstitium and, in some instances, inside
the glandular lumen (Figure 4.3; B & F). Celecoxib/CAR prostates demonstrated
preservation of glandular structure and a noticeable reduction in cellular infiltration

and oedema (
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Figure 4.2C, Figure 4.3 C&GQG), whereas AZ8838/CAR prostates showed a moderate
reduction in inflammation, although the improvement was less marked compared to

Celecoxib (

Figure 4.2G). High magnification images further confirm these observations (Figure

4.3 D&H).

L3

-

- s R

Figure 4.2: Gross morphologic and histologic changes in rat prostate (H&E stain, x10).
Representative gross images of prostate specimens from the control (A) and CAR group (D).
Representative H&E-stained histology images from (B) Control, (E) Carrageenan (CAR)/Vehicle (C)
Celecoxib/CAR and (F) AZ8838/CAR groups. Scale bars: gross images = 5 mm; histology images =
100 pm.
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Figure 4.3: High-magnification histological images of prostate tlssues from dlfferent treatment
groups.

Representative H&E-stained images captured at (A-D) 20x magnification and (E-H) 40x magnification
for (A, E) Control (Saline/Vehicle); (B, F) Carrageenan (CAR)-treated; (C, G) Celecoxib-treated; (D,
H) AZ8838-treated groups. Yellow arrow heads indicate infiltrating neutrophils (acute inflammation),
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black arrow heads indicate infiltrating lymphocyte/macrophages (chronic inflammation and an asterisk
indicates oedema sites within the tissue section. Scale bars = 50 pm.

Semi-quantitative scoring (refer to Chapter 2, section 2.102.10) of individual
inflammatory parameters confirmed a significant increase in neutrophil infiltration,
abscess formation, oedema and lymphocyte/macrophage infiltration in CAR group
relative to the control, in addition to the total inflammatory score (CAR: 7.57 £ 0.5,
Control: 0.28 + 0.3; see Figure 4.4). Both Celecoxib and AZ8838 pretreatment
demonstrated a non-significant reduction of all inflammatory parameters and
collectively the total inflammatory scores (CAR/Celecoxib: 5.83 =+ 0.83,
CAR/AZ8838: 6.6 = 0.7; see Figure 4.4). Collectively, these findings confirm the

inflammatory state of the CIP model and demonstrate that the weak anti-inflammatory
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effects of AZ8838 were statistically insignificant.

A

4
B Saline/Vehicle
mm CAR/Vehicle
=3 CAR/Celecoxib
*kok *kokk *ok *kk Kk
4 M — mm CAR/AZ8838 (10mg/kg)

Inflammatory score
T

Neutrophils Abscess Edema Lymphocytes/macrophages

10+
B3 Saline/Vehicle

9+ %%k mm CAR/Vehicle
B3 CAR/Celecoxib
mm CAR/AZ8838 (10mg/kg)

Inflammatory score
w
L

Figure 4.4: Histological evaluation of prostate inflammation reveals limited anti-inflammatory
effect of AZ8838 pretreatment.

(A) Semi-quantification of individual inflammatory parameters (Neutrophil infiltration, presence of
abscess, oedema, and lymphocyte/macrophage infiltration) based on histopathological scoring of
prostate sections stained with H&E. Prior to induction, a single oral dose of Celecoxib (200 mg/kg),
AZ8838 (10mg/kg) or vehicle were administered. (B) Total inflammatory score compiled from
individual histological parameters in A. Data are presented as mean £ SEM. Statistical significance
compared to Saline/Vehicle or CAR/Vehicle is indicated: **P < 0.01, ***P < 0.001, ****P < (.0001.
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4.3 Expression levels of PAR2 in prostate and lumbar/sacral DRGs:

4.3.1 Immunofluorescence reveals PAR2 upregulation in the prostate but not

the DRG of CIP rats.

Initially, to confirm the identification of sensory neuron cell bodies within the DRG
sections, the neuronal marker NeuN was used. NeuN is a well-established nuclear
protein expressed in mature neurons and commonly used to distinguish neuronal from
non-neuronal cell types in tissue sections. As shown in Figure 4.5, PAR2-positive cells

were colocalised specifically to neuronal populations within DRG.
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Figure 4.5: Confirmation of PAR2 expression in sensory neurons using NeuN in DRG sections.
Representative immunofluorescence images showing PAR2 (magenta), NeuN (yellow), and DAPI
(cyan) in DRG sections. Yellow arrowheads show the sample colocalised PAR2 with NeuN confirmed
in the merged image. Scale bars = 100 pm.
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To assess the expression of PAR2 in the lumbar (L5, L6) and sacral (S1) dorsal root
ganglia (DRG) as well as in the prostate gland, immunofluorescence assays were
employed. In DRG, PAR2 immunoreactivity was detectable predominantly at the
plasma membrane and inside intracellular locations in the soma and axons of many

DRG neurons (

Figure 4.6). A control experiment using only secondary antibodies verified the
specificity of the antibodies in this study (image not shown). Quantitative analysis
revealed no statistically significant difference between the groups (Figure 4.8);
However, a non-significant trend towards increased PAR2 expression is noted in the

model group (CAR-treated), especially in the L6 DRG (p= 0.3954). (

Figure 4.7). Despite having a smaller neuronal population (with an average of 29.5 +
3 neurons per section, compared to 58.18 = 6.7 for L5 and 66.2 + 5.5 for L6), the S1
DRG displayed a higher proportion of PAR2 expression. The percentage of PAR2-
positive neurons in S1 DRG was 34.8 + 5.35 and 35.3 £ 5.7 for the sham (SAL) group
and the CAR-treated group, respectively, surpassing both L5 (SAL: 18.67 £2.8; CAR:
23.41 £2.5)and L6 DRG (SAL: 17.8 £ 2.7; CAR: 25.8 + 2.4). Generally, this finding
may indicate that PAR2 expression in DRG neurons is relatively stable in response to
prostate inflammation, or possible changes in PAR2 downstream signalling occur at
post-receptor levels, not at the protein level. For that, further investigations may be
required to assess functional changes of PAR2 activity or possibly sensitivity in

response to local prostate inflammation.
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Figure 4.6: Localisation of PAR2 in the neurons of the dorsal root ganglia (DRG).

Representative immunofluorescence images displaying PAR2 localisation (FITC-top panel). PAR2
(magenta) was detectable at the plasma membrane and in intracellular locations (arrow heads) in the
soma and in nerve fibres in the DRG cross-section (arrows). The DAPI staining (cyan) marks the nuclei
(central panel). Scale bar = 100 pm.
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DAPI FITC MERGE

Figure 4.7: Carrageenan do not alter neuronal PAR2 expression compared to sham (SAL) group.
Representative immunofluorescence images showing immunoreactive PAR2 in lumbar L5, L6 and
sacral S1 DRG from both CAR and sham (SAL) groups. FITC (magenta) indicates PAR2 localisation,
while DAPI (cyan) indicates the nuclei. Scale bar = 100 um.
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Figure 4.8: Semi-quantitative analysis of IF images showing no change in PAR2 expression in
DRGs between the CAR-treated group and the sham (SAL) group.

Data displayed mean + SEM of the % PAR2 positive cells relative to total neuron (DAPI), analysed via
immunolabeling (n = 6, 5 DRG sections from each rat, sections were taken at varying depth). Statistical
analysis has been performed by one-way ANOVA. No significant differences (ns) were indicated
between the groups.

In prostate sections, PAR2 was localised predominantly at the apical plasma
membrane or epithelial cells toward the secretory lumen (Figure 4.9). In contrast to
DRG, quantitative analysis of PAR2 expression, measured as mean fluorescence
intensity (MFI; refer to chapter 2, subsection 2.9.4), revealed a significant increase in
PAR?2 expression in the prostate tissue of the CAR-treated group compared to the sham
(SAL) group, with approximately two-fold higher MFI values (SAL: 9.622 + 1.6;

CAR: 18.97 £ 2.6, p = 0.0137) (

Figure 4.10 and Figure 4.11).
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Figure 4.9: Localisation of PAR2 in rat prostate tissue sections.

Representative IF images displaying PAR2 localisation (FITC-top panel). PAR2 was detectable along
the epithelial lining of the prostate gland (arrow heads). The DAPI staining (cyan) marks the nuclei
(central panel). Scale bar = 50 um.
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Figure 4.10: CAR-treatment enhanced PAR?2 expression in prostate tissue compared to the sham
(SAL) group.

Representative images showing IF staining for PAR2 (FITC) in prostate tissue from sham (SAL) &
CAR-treated groups. Nuclei were counterstained with DAPI (cyan). Scale bar = 50 um.
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Figure 4.11: PAR2 expression increased in prostate tissue of the CAR-treated group compared to
the sham (SAL) group, as investigated by immunofluorescence.

The graph shows mean fluorescence intensity (MFI) representing PAR2 expression in the saline-treated
(SAL) and carrageenan-treated (CAR) groups. Data represent mean + SEM measured from 5 sections/
specimen taken from each rat (n=6). Statistical analysis was performed using one-way ANOVA.
Significant differences are indicated: *P < 0.05.

4.3.2 Significant changes in the expression of PAR2 in the prostate, not DRG,

of CAR-treated rats using qRT-PCR and Western blotting.

To further investigate the potential effects of carrageenan-induced inflammation
model on PAR2 expression levels, PAR2 gene (F2rl]) expression was analysed using
a TagMan probe detecting full-length F2r/] mRNA (Figure 4.12). CAR-induced
inflammation did not significantly alter PAR2 expression in DRG compared to the
sham (SAL) group. However, in the prostate, CAR treatment significantly decreased
PAR2 gene expression relative to the SAL group (2-AACT for CAR 0.33 + 0.67
compared to 1.2 + 1.7 for the SAL group, p = 0.0062). This may indicate a localised

regulatory response in the prostate because of an inflammatory response.
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Figure 4.12: Carrageenan-induced inflammation decreases PAR2 mRNA expression, with no
significant alterations in DRG.

The graph shows PAR2 gene expression quantified in DRG and prostate tissues as measured by
quantitative RT-PCR in the saline (SAL)- and carrageenan (CAR)-treated groups. Gene expression is
presented as relative PAR2 gene expression normalised to GAPDH in each sample expressed as 2744,
Data represent mean £ SEM measured from 3 replicates/specimen taken from each rat (n=6). Statistical
analysis was performed using one-way ANOVA. Significant differences are indicated: *P < 0.05, **P
<0.001

Detected by immunoblotting, CAR treatment does not significantly alter PAR2 protein
expression in DRG. In contrast to gene expression studies, CAR-induced inflammation
caused a significant increase in PAR2 protein expression in prostate tissue, as shown
in Figure 4.13, to reach about 2.75-fold of prostatic expression in the sham (SAL)
group (B-actin normalised densitometry for CAR 1.36 + 0.27 compared to 0.5 + 0.08
for the SAL group. P =0.0312). These results support the previously obtained findings
from immunofluorescence studies, confirming enhanced PAR2 protein expression
locally in the prostate but not in the lumbar/sacral DRG (Figure 4.11). Thus, these
observations suggest that the PAR2 receptor may contribute to the inflammatory

processes in the prostate of the carrageenan inflammation model.
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Figure 4.13: Carrageenan-treatment increases PAR2 protein expression in prostate, with no
significant alterations in DRG.

(A) Representative immunoblots showing PAR2 levels and B-actin (as loading control) in DRG and
prostate tissue lysates at 72 hours post-induction. (B) Band density semi-quantification of PAR2 relative
to B-actin measured by ImageJ v1.54J. Data presented as mean + SEM (8-10 rats per group). Statistical
analysis has been performed by one-way ANOVA. Significant differences are indicated: (*P< 0.05).

4.4 Behavioural assessment of PAR2 antagonist, AZ8838.

Having established PAR2 expression in the prostate and related lumbar/sacral DRG,
and the effect of carrageenan-induced prostate inflammation model on its expression
levels, this study aimed to investigate the effects of PAR2 pharmacological inhibition.

As discussed in Chapter 3, several in vitro assays demonstrated effective inhibition by
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AZ8838 of multiple intracellular PAR2-specific responses. Based on these findings,
the effects of AZ8838 were investigated in vivo using behavioural assessments to
evaluate the potential in modulating pain responses associated with inflammatory
conditions. Mechanical allodynia and thermal hyperalgesia were assessed in the rodent
CAR-induced prostate inflammation model. Mechanical allodynia was tested using the
von Frey filament test 2.12.1), and thermal hyperalgesia was measured through the
Hargreaves (Plantar) test (Chapter 2, subsection 2.12.2). These tests allow a
quantifiable evaluation of the possible analgesic effects of AZ8838 on pain behaviour

associated with inflammation.

4.4.1 Mechanical allodynia assessment using von Frey filaments.

As described earlier, the mechanical nociceptive threshold was recorded for each rat
at one, two, three, seven and 14 days after model induction surgery. As depicted in
Figure 4.14A, nociceptive threshold (g) over time showed a significant reduction in
mechanical sensitivity in CAR-treated groups compared to the saline control group
(SAL/Vehicle). CAR-treated groups without AZ8838 pre-treatment showed a sharp
decrease in nociceptive threshold by day 1, which persisted until day 14, indicating
sustained mechanical allodynia. On days 1, 2, 3 and 7, the CAR treatment resulted in
a significant decline of nociceptive threshold as shown in Figure 4.14. The decline
reached its peak on day 3, with the CAR-vehicle-treated group showing a reduction to
7.8 £2.7 % of baseline and the CAR-none (untreated) group exhibiting a reduction to
11.28 £ 1.5 % of baseline in comparison to the sham (SAL) group (62.38 = 19 % of
baseline). AZ8838 at both 5 and 10 mg/kg doses mitigated CAR-induced reduction of
nociceptive threshold, with statistically significant differences observed on Days 1, 2,

3, and 7 compared to untreated CAR groups (Figure 4.14 C). Animals treated with
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AZ8838 exhibited a dose-dependent improvement of mechanical threshold. The
higher dose, 10 mg/kg, mostly restored nociceptive threshold to levels comparable to
the sham group (SAL/Vehicle) across all time points tested. Notably, on day 3, the 5
mg/kg dose of AZ8838 resulted in a mean relative mechanical threshold that is 48.7 +
14 % of baseline, while the AZ8838 10 mg/kg dose recovered 79 + 10.3% of baseline.
These findings suggest that AZ8838 effectively alleviates CAR-induced mechanical

allodynia in a dose-dependent manner in the murine prostate inflammation model.
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Figure 4.14: AZ8838 treatment alleviates carrageenan (CAR)-induced mechanical allodynia in
the prostate inflammation model.

(A) Nociceptive threshold (g) assessed using von Frey filaments over 14 days post-induction
(mean+ SEM, n=15). AZ8838 (5 mg/kg and 10 mg/kg) was administered orally one hour before
induction. (B) Mechanical threshold relative to baseline (%), quantified over the test period. (C)
Relative threshold differences at the tested time points post-induction, illustrating significant
improvements in AZ8838-treated groups compared to untreated CAR groups. Data are presented as
mean + SEM, n = 5. Statistical analysis was performed using two-way ANOVA (*p <0.05, **p <0.01,
**%p < 0.001).

4.4.2 Thermal hyperalgesia assessment using Hargreave’s (Plantar) test.

In parallel with the mechanical allodynia assessment, the rat groups underwent thermal
hyperalgesia assessment using Hargreave’s test, ensuring a 15-minute interval
between the two tests for each rat. As shown in Figure 4.15A, latency measurements
(in seconds) over time showed an overall reduction in thermal sensitivity in CAR-
treated groups compared to the saline control group (SAL/Vehicle). CAR-treated
groups that are AZ8838 untreated (CAR/None and CAR/Vehicle) exhibited a marked
reduction in latency values, indicative of thermal hyperalgesia. Significant reductions
were observed on day 3 and continued through day 14 compared to the saline-treated
control group (SAL/Vehicle). On day 3, the CAR-vehicle treated group showed a
reduction to 86.8 = 10 % of baseline latency and CAR-none (untreated) group
exhibited a reduction to 64.5 + 7.3 % of baseline in comparison to the sham group
(124.7 £ 20 % of baseline). AZ8838 effectively alleviated thermal hyperalgesia in a
dose-dependent manner. Notably, on both day 3 and 14, the 10 mg/kg dose restored
latency values close to those observed in the SAL/Vehicle group, reaching 135.3 + 21
% and 133 + 22.8% of baseline, respectively, Figure 4.15C. These findings confirm
that AZ8838 effectively alleviates CAR-induced thermal hyperalgesia in a dose-
dependent manner in the murine prostate inflammation model, supporting its potential

role as a therapeutic agent targeting PAR2-mediated inflammatory pain. The reduction
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in allodynia and hyperalgesia by AZ8838 suggests its effectiveness in modulating pain

pathways activated during inflammation.
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Figure 4.15: AZ8838 reduces carrageenan (CAR)-induced thermal hyperalgesia assessed by the
Hargreaves test.

(A) Latency to heat stimuli over 14 days post-induction across treatment groups. (B) Relative latency
difference from baseline in the CAR-treated and SAL-treated groups, showing persistent hyperalgesia,
particularly in the CAR/None (vehicle untreated) group. (C) Comparison of relative latency differences
at days 3 and 14, demonstrating dose-dependent effects of AZ8838. Data are presented as mean + SEM,
n = 5. Statistical analysis was performed using two-way ANOVA (*P < 0.05, **P <0.01).

4.5 Discussion.

CP/CPPS is a complex condition characterised by inflammation and pain, with a
limited understanding of its underlying mechanisms and effective treatments. PAR2 is
a receptor known for its pivotal roles in mediating inflammation, and CP/CPPS is not
an exception. Aiming to investigate the involvement of PAR2 in a murine model of
this condition, initially, the inflammatory features in prostate tissue of carrageenan-
induced prostatitis (CIP) were established. Additionally, this study aimed to
investigate the changes in PAR2 expression level both locally in prostatic tissue and
within the nociceptive afferents in lumbar/sacral dorsal root ganglia (L5, L6 and S1)

in relation to the confirmed inflammatory state.

4.5.1 Carrageenan-induced prostatitis (CIP): inflammatory and pain

components

Carrageenan-induced prostatitis (CIP) represents an established model to simulate the
chronic inflammatory and pain characteristics of CP/CPPS, where inflammation is
thought to be the main cause of the persistent pelvic pain (Radhakrishnan and Nallu,
2009). Several murine models were developed to study prostatitis, including
spontaneous, infectious, immune-induced, hormone-associated and chemical-induced
models, reviewed in (Vykhovanets et al., 2007, Wang et al., 2018). The CIP model

was adopted in this study, being a well-validated representative model of chronic non-
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infectious prostatitis associated with chronic pelvic pain, resembling category II1A
prostatitis according to NIH classification (see Chapter 1: section 1.5). A single
intraprostatic injection of 3% A carrageenan has been shown to induce prostate
inflammation, without major tissue damage, associated with sustained pelvic pain for
at least one week (Radhakrishnan and Nallu, 2009), with Zeng et al confirming this
response for up to 14 days (Zeng et al., 2014). Carrageenan, a linear sulfated
polysaccharide extracted from red seaweed (De Ruiter and Rudolph, 1997), is widely
employed as an inflammogen in various in vivo animal models of localised tissue
inflammation, including paw oedema, pleurisy, peritonitis, and muscle inflammation
(Thomson and Fowler, 1981, Kehl et al., 2000, Morris, 2003, Necas and Bartosikova,
2013). Carrageenan is known to induce reproducible non-immunogenic inflammation,
without systemic or severe organ pathology. In this study, the 72-hour post-surgical
induction time point was found to display significant inflammatory morphologic and
histological features in the initial pilot experiments and was followed for all later

experiments (see Table 4.1 &

Figure 4.1).

Several in vitro studies suggested that carrageenan triggers inflammation through
activation of Toll-like receptors (TLRs) and downstream NF-«B signalling pathways,
leading to the release of inflammatory mediators such as prostaglandins, cytokines,
and chemokines (Borthakur et al., 2007, Bhattacharyya et al., 2008). On the contrary,
other studies, using HEK293-TLR4 reporter systems, reported that carrageenan, in all
its forms, does not directly bind or activate TLR4 in this specific in vitro model
(McKim, 2014, McKim et al., 2015). These findings suggest that carrageenans' in vitro

effects might be cell type-specific or require cofactors. Supporting the role of TLR4 in
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carrageenan-induced activation of NF-kB, a recent report demonstrated that TLR4
genetic deletion, CD14, besides intracellular adapter proteins MyD88 and TRIF,
abolished carrageenan-induced IL-1p release through the NF-xB pathway in peritoneal
(Lopes et al., 2020). Despite the ongoing debate over its direct interaction with TLR4,
carrageenan consistently induces hallmark inflammatory features in vivo, including
immune cell infiltration, oedema, NF-kB activation and elevated cytokine levels,
across various animal models. These models have been widely utilised to screen anti-
inflammatory properties of synthetic compounds and phytochemicals (Patil et al.,
2019). Although carrageenan's direct binding to TLR4 might be cell-type-dependent
or involve secondary pathways, its ability to induce robust induction of
cyclooxygenase-2 (COX2), NF-«kB and cell infiltration, has been has been consistently
reported across multiple studies (Guo et al., 2023, Interdonato et al., 2023, Javed et al.,

2024).

The CIP model shares these features and has been validated for persistent hyperalgesia
and inflammation for up to 14 days post-induction (Zeng et al., 2014). Additional
studies have revealed that carrageenan intraprostatic injection caused upregulation of
mitochondrial integrity markers, including dynamin-related protein 1 (Drp-1),
mitofusin-2 (MFN-2), NOD-like receptor family pyrin domain containing 3 (NLRP3),
as well as neurogenic peptides, including substance P, and CGRP-receptor component
protein (CGRP-RCP), potentially contributing to pain persistence (Wu et al., 2023).
Even after 35 days post-induction, rat prostate tissue displayed increased expression
of TLR4 and phosphorylation of p65 and p38, mirroring the LPS-induced
inflammatory response in the human prostate epithelial cell line, suggesting the

involvement of TLR4/MAPK p38/NF-kB signalling axis (Li et al., 2021). This
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subsection will analyse inflammatory features within the prostate tissue in the CIP
model. Special emphasis will be placed on the histological changes, PAR2 expression

dynamics, and inflammatory pain that defines this model.

4.5.1.1 Inflammatory features in the CIP model

In the current study, the CIP model was successfully established by surgical
intraprostatic injection of 3% carrageenan. At 72 hours post-induction, rats exhibited
significant body weight loss, increased prostatic wet weight, and elevated prostatic
index compared to sham controls (Table 4.1). These outcomes may reflect systemic
stress and local prostate enlargement associated with inflammation. Histopathological
analysis of prostate tissue sections revealed characteristic features of acute and chronic
inflammation. Acute inflammation was evident by substantial neutrophil infiltration
into the interstitial tissue and glandular lumens, occasionally progressing to abscess
formation. Chronic inflammation was evident by the presence of lymphocytes and
macrophages, suggesting sustained immune activation. Zeng et al confirmed the
sustained inflammatory cell infiltration in this model, which was evident even at 14
days after induction (Zeng et al., 2014). Interestingly, a recent immunohistochemistry
investigation demonstrated neurogenic inflammatory features within prostate tissue in
the CIP model through the enhanced expression of substance P and CGRP-receptor
component protein, a protein whose expression correlates with the biological efficacy
of CGRP in vivo, that was evident for one to two weeks after induction (Wu et al.,

2023).

4.5.1.2 Differential expression of PAR2 in DRG and prostate tissue
In this study, the expression of PAR2 in DRGs and the prostate was investigated within

the CIP model. Study findings revealed a significant upregulation of PAR2 in the
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prostate tissue of carrageenan-treated rats, as confirmed by immunofluorescence and
Western blot analysis. No notable changes were observed in PAR2 expression within
the lumbar and sacral DRGs (section 4.3). Interestingly, qRT-PCR demonstrated a
significant reduction of PAR2 mRNA levels in the prostate (Figure 4.12), contrasting
with the observed protein upregulation. Although mRNA and protein levels generally
correlate, discrepancies have been documented and may result from post-
transcriptional receptor modifications, alterations in protein stability, or translational
regulation (Koussounadis et al., 2015, Buccitelli and Selbach, 2020). While most
studies investigating PAR2 expression have reported consistent changes between
mRNA and protein levels (Lee et al., 2018, Liu et al., 2022b, Quarta et al., 2024),
mismatches have been reported. For instance, in macrophages, PAR2 activation led to
elevated PAR2 mRNA expression, yet, unpredictably, reduced PAR2 protein
expression was observed (Silva et al.,, 2023). This discrepancy suggests the
involvement of complex regulatory mechanisms that may include irreversible receptor
activation, B-arrestin-mediated endocytosis, and proteolytic degradation pathways,
particularly in inflammatory settings. Moreover, methodological factors, like the semi-
quantitative nature of Western blotting and the antibody-dependent specificity of
immunofluorescence, can influence apparent expression levels. This emphasises the
necessity of integrating data using various experimental approaches to provide a

comprehensive insight into PAR2 dynamics under study conditions.

The findings of this study regarding elevated PAR2 protein expression in the prostate
are consistent with previous studies using localised inflammatory models. For
example, intra-articular carrageenan injection in rodents induced increased local

expression of PAR2 in joints and associated nociceptors (Kelso et al., 2006, Denadai-
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Souza et al., 2012). PAR2 antagonists have also been shown to attenuate inflammatory
features of carrageenan-induced paw oedema, reducing both swelling and
inflammatory markers (Lohman et al., 2012). These studies, along with the current
results, suggest a key role of PAR2 in mediating inflammatory responses within

carrageenan-induced preclinical models.

In humans, studies demonstrated functional expression of PAR2 in primary prostate
cell cultures and prostate cell lines (Cottrell et al., 2004a, Myatt and Hill, 2005,
Mannowetz et al., 2010, Paul et al., 2019, Noh et al., 2021). Mannowetz et al. showed
PAR2 expression in both normal and pathological human prostate tissues using
immunofluorescence staining. In normal human prostate samples, PAR2 expression
was localised specifically to the apical margins of epithelial cells. In contrast, this
pattern was shifted to the entire cell in cases of atypical prostatic hyperplasia and
prostate cancer. Interestingly, benign prostatic hyperplasia specimens exhibited PAR2
expression exclusively within the stroma rather than the epithelia (Mannowetz et al.,

2010).

In rodents, research investigating endogenous expression of PAR2 in the prostate is
limited. Roman et al reported increased PAR2 expression in prostate tissue from NOD
mice with experimental autoimmune prostatitis (EAP), which was induced by
subcutaneous injection of rat prostate antigen (Roman et al., 2014). Notably, micro-
dissection revealed that both epithelial and stromal compartments showed upregulated
PAR2, with higher expression in stromal cells. Using immunofluorescence staining
and co-localisation, Paul ef a/ identified that prostate smooth muscle cells of stroma

are the stromal cell type expressing PAR2, not fibroblasts (Paul et al., 2019).
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In this study, Wistar rats’ normal prostate tissue showed PAR2 expression restricted
to epithelial cells, rather than stroma, which was significantly increased following
carrageenan-induced inflammation (Figure 4.9). This displays a common endogenous
expression of PAR2 within normal prostate among species, with potential variations

in cell-type localisation and functional roles during inflammation.

In the neural compartment, PAR2 expression in DRG has been investigated in several
rat pain models. Early studies identified PAR2 localisation on the plasma membrane
and intracellular compartments of rat DRG neuronal soma and nerve fibre, linking
PAR2 neural expression and neurogenic pain and inflammation (Steinhoff et al.,
2000a). PAR2 mRNA has been detected in rat lumbar L4- L6 DRG but not in
corresponding spinal cord segments, and confirmed direct involvement of peripheral
PAR?2 specifically in thermal, but not mechanical hyperalgesia (Kawabata et al., 2001,
Zhu et al., 2005). Current findings confirmed basal endogenous expression of PAR2

in lumbosacral neurons of DRG, primarily on the plasma membrane and intracellularly

(

Figure 4.6), but remained unchanged following prostate inflammation.

Few studies have explored changes in PAR2 expression level in pain and inflammation
models within DRG neurons. Liu et al reported a time-dependent increase in PAR2
expression in DRG sections and tissue lysate within a cancer bone pain model induced
in mice by tumour cell implantation (Liu et al., 2014b). Similarly, a neuropathic pain
model induced by chronic constriction of a major nerve in rats resulted in PAR2
overexpression within the DRG neurons, confirmed through Western blot and
immunostaining (Zhang et al., 2018). Increased PAR2 expression was also reported in

rodent DRG tissue of limbs affected in a femoral artery ligation model (Xing and Li,
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2017). Few studies have explored whether peripheral inflammation alters PAR2 in
associated DRGs. Interestingly, a study specifically investigated the role of neural
PAR2 in pain behaviours by employing conditional PAR2 knockout in DRG sensory
neurons only within a paw-inflammation model induced by PAR2-AP and neutrophil
elastase (Hassler et al., 2020). The study revealed that mechanical hyperalgesia and
facial grimacing were dependent on neural PAR2, whereas thermal hyperalgesia

remained unaffected.

The results of the current study showed that PAR2 levels in DRG neurons remained
unchanged despite prostate inflammation, suggesting that inflammatory tissue injury

does not necessarily alter PAR2 expression within associated neural tissue.

4.5.2 AZ8838 ameliorates carrageenan-induced pain, with insignificant anti-

inflammatory effects

This study showed that AZ8838 significantly reduced pain-related behaviours
associated with the CIP model. However, its impact on prostatic inflammation was

minimal, as evidenced by histological assessments (

Figure 4.2 and Figure 4.4). A similar dosing approach was applied in the PAR2-
induced paw oedema model, where AZ8838 demonstrated a significant anti-
inflammatory profile, including reduced oedema, neutrophil activation, mast cell
degranulation, and myeloperoxidase (MPO) activity (Kennedy et al., 2020). In the
current study, similar to AZ8838, mild anti-inflammatory effects were observed for
Celecoxib, which despite its well-documented anti-inflammatory properties (Pinheiro
and Calixto, 2002, Choi et al., 2020), also showed modest histological protection in

this model, indicating potential limitations in tissue penetration and model-specific
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responsiveness. Importantly, prostate tissue penetration is a known pharmacokinetic
challenge. Celecoxib has shown the highest prostate tissue penetration and retention
among four other NSAIDs (naproxen, ibuprofen, and diclofenac) following single oral
treatment in healthy rats (Yellepeddi et al., 2018). Despite this, celecoxib’s mild anti-
inflammatory effect in the current study might reflect differences in model-specific
factors like inflammation severity, differential penetration under inflammatory
conditions or insufficient dosing relative to tissue accumulation under disease
conditions. Despite AZ8838’s analgesic effect in this model, its weak anti-
inflammatory effects may be linked to dosing limitations or dynamic tissue-specific

pharmacokinetics that need to be addressed.

Regarding in vivo pain behavioural studies, AZ8838 demonstrated significant
mitigation of carrageenan-induced mechanical allodynia and thermal hyperalgesia in
a dose-dependent manner, as assessed through von Frey filaments and Hargreaves tests
(Figure 4.14 and Figure 4.15). The observed results with AZ8838 treatment are
consistent with the established role of PAR2 in modulating pain pathways, as
evidenced by numerous studies demonstrating effective inhibition of pain behaviour
by other PAR2 antagonists. Carrageenan-evoked pain has been shown to be associated
with PAR2 activity, as demonstrated in multiple in vivo studies. Using PAR2-knockout
mice, a significant reduction of carrageenan-induced inflammatory pain was evident,
highlighting PAR2's role in mediating pain (Vergnolle et al., 2001a). This involvement
was consistently reported with several studies specifically investigating the role of
spinal PAR2, via intrathecal administration of PAR2-AP, and showed that it causes
exacerbation of carrageenan-induced thermal hyperalgesia (Mrozkova et al., 2021),

indicating the pain-potentiating effects of PAR2 within the CNS. Notably, the same
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study reported that PAR2 peptide antagonist intrathecal treatment alleviated
carrageenan-induced thermal hyperalgesia, reducing pain sensitivity by over 30 %
compared to untreated controls. Similarly, spinal PAR2 blocking (GB83), or the use
of PAR2 knockout mice, significantly diminished pain sensitivity in chronic arthritis
models (Muley et al., 2016, Muley et al., 2017, Lucena and McDougall, 2020).
Moreover, disarming proteases (e.g. calpain I) demonstrated a significant increase in
withdrawal thresholds in both carrageenan- and tryptase-induced joint inflammation
models (McDougall et al., 2021). Comparable outcomes have been reported across
other inflammatory pain models, including those stimulating visceral pain (Cattaruzza
etal., 2011, Shah et al., 2020, Manoj, 2023), bladder pain (Chen et al., 2016, Tsubota

et al., 2018) and pelvic pain (Roman et al., 2014).

To our knowledge, this is the first in vivo investigation of AZ8838 effects employing
an inflammatory pain model. Earlier work demonstrated its anti-inflammatory
potential in a rodent paw oedema model. AZ8838 reduced paw swelling by 60%,
neutrophil and mast cell activity by 50% and normalised myeloperoxidase (MPO)
activity in 2fLIG-induced paw oedema (Kennedy et al., 2020). The observed pain-
alleviating effect of AZ8838 in the current study could be attributed to disrupting the
role of PAR2 to sensitise several reported ion channels in sensory nociceptors like
transient receptor potential vanilloid 1 (TRPV1). PAR2 activation by endogenous
proteases such as trypsin and mast cell tryptase triggers downstream signalling
cascades involving PKC and PKA, ultimately leading to enhancing nociceptor
excitability (Mrozkova et al., 2016). In the context of inflammatory pain, PAR2 has
been shown to sensitise TRPV4 channels through adenylyl cyclase- and PKA-

dependent mechanisms, causing neuronal hyperexcitability and sustained mechanical
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hyperalgesia (Poole et al., 2013, Zhao et al., 2015). Other studies reported similar
PAR2-sensitising effects of other pain-sensing ion channels, including TRPV1
(Mrozkova et al., 2021, Scheff et al., 2022), TRPA1 (Chen et al., 2016, Ceuleers et al.,
2018), acid-sensing ion channel 3 (ASIC3) (Wu et al., 2017) and ATP receptors P2X3
(Wang et al., 2012). Furthermore, PAR2 activation during chronic inflammation has
been linked to neurogenic inflammation through the release of pro-inflammatory
neuropeptides such as substance P and CGRP, further amplifying inflammatory and
pain responses (Shah et al., 2020). In prostate inflammation models, one study
demonstrated that PAR2 sensitises TRPV1 channels, evidenced by the enhanced
capsaicin-induced TRPV1 activation and elevated intracellular Ca2+ levels in DRG
neurons from EAP mice, which was abolished in PAR2 KO mice, highlighting PAR2's

role in sensitising TRPV1in a pelvic pain model (Roman et al., 2014).

Interestingly, a recent study using a B-arrestin biased PAR2 antagonist, C781, showed
that carrageenan-induced nociceptive effects were not altered in male and female mice
pre-treated with C781 (Kume et al., 2023b). C781was shown to effectively reduce [3-
arrestin recruitment and MAPK phosphorylation, while having no effects on the
Gq/Ca*" signalling pathway induced by various concentrations of selective PAR2-AP
(Schiff et al., 2023). Results of the current study demonstrated effective Gq/Ca**
mobilisation inhibition by AZ8838 (Figure 3.36 and Figure 3.37), potentially
contributing to the observed significant inhibition of pain behaviour in the in vivo
study. By antagonising PAR2, AZ8838 likely inhibits these signalling pathways,

thereby reducing peripheral and spinal sensitisation to inflammatory stimuli.
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4.5.3 Implications, study limitations and future directions

The present findings underscore PAR2’s role in inflammatory pain responses within
the context of carrageenan-induced prostatitis (CIP). The unique mechanism of PAR2
activation, involving protease-mediated tethered ligand exposure, along with
conformational diversity and potential dimerisation or crosstalk with other receptors,
presents significant challenges in the development of effective PAR2 modulators.
These complexities, besides the difficulty in isolating condition-specific endogenous
protease activators and the consequent receptor states, complicate pharmacological
targeting strategies and have slowed the translation of PAR2 antagonists into clinical
applications (Mclntosh et al., 2020). The ability of AZ8838 to attenuate nociceptive
behaviours identify its therapeutic potential for managing chronic pelvic pain in
CP/CPPS. The significant inhibition of both mechanical allodynia and thermal
hyperalgesia in the current study aligns with prior research showing the effectiveness
of PAR2 antagonists in various inflammatory pain models, including carrageenan-
induced paw oedema, arthritis, and visceral pain. The discrepancy between PAR2
mRNA and protein expression levels in the prostate tissue and insignificant changes
in the associated DRG require further investigation of post-transcriptional and
translational mechanisms regulating PAR2 expression during inflammation. While
AZ8838’s analgesic effects in the CIP model were evident, its weak anti-inflammatory
effects present certain limitations in this study design. The effect of a single pre-
induction dose was investigated, which may not have provided a sustained effect
throughout the inflammatory process. Moreover, tissue-specific pharmacokinetics and
possible limited drug penetration into the prostate could have constrained its anti-

inflammatory impact in this model. Additionally, while AZ8838 effectively inhibited
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PAR2 activity in the prostate inflammation, its broader impact on local and systemic
inflammatory mediators, pain and inflammatory effects in other organ inflammatory
pain models remains unclear. Carrageenan-induced prostate inflammation is one of the
multiple preclinical prostate inflammation models that could be investigated to provide

further insights into PAR2’s role in the aetiology of pelvic pain (He et al., 2023).

Future research could focus on optimising the dosing regimen of AZ8838, including
repeated or post-induction administration, to address the possibility of insufficient
tissue-level concentrations. Additionally, a detailed evaluation of AZ8838’s tissue
distribution and retention within the prostate is necessary to confirm its local
bioavailability and support its anti-inflammatory potential. Also, Future research is
required to understand the molecular mechanisms by which PAR2 antagonism
modulates nociceptive pathways, possible interactions with pain-sensing ion channels
such as TRPV1 and TRPA1 and the involvement of neuropeptides like CGRP. High-
resolution imaging, cellular transcriptomics, and proteomics could help to visualise the
spatial and time-based dynamics of PAR2 expression/signalling in inflamed tissues.
Clinical translation necessitates pharmacokinetic and safety profiling of AZ8838,
along with investigations into its effects in advanced humanised models of

inflammation and pain (Lebonvallet et al., 2021).

4.6  Conclusion

This study provides compelling evidence that PAR2 plays a pivotal role in the
pathophysiology of CIP, driving nociceptive responses. AZ8838 effectively mitigated
pain responses, supporting its potential as a therapeutic candidate for chronic pelvic
pain and inflammation. By targeting PAR2, AZ8838 not only offers symptom relief

but also highlights the potential of PAR2 antagonism as a broader therapeutic strategy.
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These findings may support future studies on the continued development of PAR2
antagonists as therapeutic agents and highlight the need for further investigations

aiming to understand PAR?2 signalling in chronic inflammatory diseases.

Chapter 5

General Discussion
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5.1 Introduction

Chronic pain and inflammation are hallmark features of chronic prostatitis/chronic
pelvic pain syndrome (CP/CPPS), a condition with poorly understood
pathophysiology and limited effective treatment options. Among the key molecular
players implicated in pain sensitisation in the context of inflammation, PAR2 has
emerged as a critical mediator across multiple preclinical models of inflammatory pain
involving the prostate, skin, GI tract, and other peripheral tissues (Roman et al., 2014,
Kido et al., 2021, Mrozkova et al., 2021, Barra et al., 2022, Mason et al., 2023).
Endogenous stimulation of PAR2 by proteases, such as trypsin, mast cell tryptase, and
neutrophil elastase, has been shown to drive pro-inflammatory signalling cascades (de
Almeida et al., 2020), increase nociceptor sensitivity (Mrozkova et al., 2021), and
modulate pain perception via neuroimmune interactions (Zhao et al., 2015, Fan et al.,
2024). Understanding the role of PAR2 in the context of prostate inflammation and
pain signalling is therefore essential for identifying new therapeutic targets for

CP/CPPS and related conditions.

Despite the extensive in vitro evidence demonstrating the contribution of PAR2 to
inflammatory signalling, its specific role in the context of in vivo prostate
inflammatory models remains largely unexplored. Previous studies have reported that
PAR?2 enhances neurogenic inflammation, promotes cytokine and chemokine release,
and sensitises nociceptive ion channels such as TRPV1, TRPV4, and ASIC3, leading
to enhanced pain perception (refer to subsections 1.10.5 and 1.10.5). However, the
extent to which PAR2 inhibition can ameliorate prostate-associated pain and

inflammation has not been systematically investigated (1.10.6). This thesis aimed to
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bridge this gap by integrating cellular and preclinical models to examine the role of

PAR?2 in CP/CPPS.

The key findings of this work demonstrated significant upregulation of PAR2 in

prostate tissue following carrageenan-induced inflammation (CIP model) (

Figure 4.10), accompanied by pain hypersensitivity. Surprisingly, despite the critical
role of PAR2 in nociceptive signalling, its expression remained unchanged in sensory
neurons of DRG. However, pharmacological inhibition of PAR2 using AZ8838
significantly alleviated mechanical allodynia and thermal hyperalgesia (Figure 4.14,
Figure 4.15), underscoring PAR2’s involvement in inflammatory pain processing in
this model. AZ8838 in vitro studies conducted in this work showed significant
potential of this molecule to inhibit PAR2-mediated signalling pathways, including
NF-«B activation, its nuclear translocation, ERK1/2 phosphorylation, PAR2
internalisation and IL-8 production. These findings underscore the complex interplay
between peripheral inflammation, neuronal sensitisation, and receptor signalling,
providing novel insights into the potential therapeutic benefits of targeting PAR2 in

CP/CPPS.

This chapter will discuss the correlation between in vitro and in vivo studies, compare
them to other inflammatory pain models used to examine PAR2 roles, explore the
biological and clinical relevance of PAR2 signalling, examine study limitations and
future challenges, and investigate the therapeutic implications of PAR2 antagonism in

inflammatory pain conditions.
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5.2 Mechanistic insights from in vitro and in vivo findings

In vitro studies investigating the molecular mechanisms of PAR2 activation in DU145
prostate epithelial cells confirmed functional receptor responsiveness. These studies
demonstrated that DU145 endogenously express PAR2 and responds to its activation,
leading to ERK phosphorylation (Figure 3.29) and receptor internalisation in PAR2-

YFP-transfected cells (

Figure 3.40). Both effects are key downstream responses of inflammation. Notably,
AZ8838, a potent PAR2 antagonist, effectively blocked these responses (Figure 3.30

and

Figure 3.41), reinforcing the pro-inflammatory role of PAR2 in prostate cells. These
results correlated with the enhanced PAR2 expression in prostate tissue following

carrageenan-induced inflammation in the in vivo studies (

Figure 4.10, Figure 4.11 and Figure 4.13). It is noteworthy that, despite robust
inhibition of PAR2 signalling in vitro, AZ8838 did not reduce total inflammatory cell
infiltrate in CIP. This may reflect PAR2-independent drivers of carrageenan
inflammation, agonist heterogeneity in vivo, limited prostatic exposure, or limited

sensitivity of H&E counts for detecting changes in the inflammatory state.

To gain deeper insights into PAR2 involvement in this prostate inflammation model,
future studies could utilise PAR2 knockout (KO) animals to assess the inflammatory
and behavioural consequences of PAR2 deficiency and correlate with specific PAR2
roles. This approach has been previously applied in an autoimmune prostatitis (EAP)
model of CP/CPPS, where wild-type (WT) mice exhibited a significant increase in

ERK phosphorylation in sacral DRGs 30 days post-induction, while PAR2 KO mice
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showed a response equivalent to baseline (Roman et al., 2014). Additionally, the same
study reported that capsaicin (TRPV1 agonist)-induced calcium mobilisation in DRG
neurons was abolished in naive and PARK2 KO-EAP mice, suggesting that EAP-
induced neuronal hypersensitivity is dependent on PAR2. However, histological
analysis of the prostate revealed no significant difference in inflammatory cell
infiltration or mast cell activation between wild-type and the PAR2 KO-EAP mice,

indicating that PAR2 mainly contribute to pain rather than prostatic inflammation.

Beyond the ERK1/2 pathway, PAR2 activation has also demonstrated significant
activation of NF-kB signalling, a critical pathway in inflammation and immune
responses. The in vitro findings of this study demonstrated that stimulation of PAR2
with 2fLIG and trypsin significantly enhanced NF-«B transcriptional activity (Figure
3.4), which was effectively inhibited by AZ8838 (Figure 3.6). Previous studies
examining PAR2 antagonists have demonstrated their ability to inhibit NF-xB
signalling and suppress pro-inflammatory IL-8 expression (Goh et al., 2009). NF-xB
inhibitory capability of these PAR2 antagonists has been linked to their in vivo anti-
inflammatory effects, including the reduction of PAR2-induced vascular permeability,
further supporting the potential implication of PAR2 antagonists in inflammatory
conditions (Kanke et al., 2009). These findings have strong implications for the in vivo
CIP model, as chronic inflammation is often driven by NF-xB signalling in prostate
tissues, which regulates the expression of pro-inflammatory cytokines such as IL-8.
Studies employing the autoimmune prostatitis model in vivo have shown elevated
phosphorylated p65 (p-p65) levels in prostate tissue of EAP animals compared to
controls, indicating enhanced NF-«B activation in the inflamed prostate (Zhang et al.,

2020b, Liu et al., 2022a). Additionally, a report identified a cooperative interaction
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between platelet-activating factor (PAF) and PAR2 in the context of inflammation and
demonstrated that PAR2 antagonism exhibited inhibition of PAF-mediated pro-
inflammatory effects through inhibition of NF-kB activity (Silva et al., 2023). This
effect was examined in vivo, showing a significant inhibition in neutrophil recruitment,
leukocyte rolling and adhesion, local tissue inflammation and chemokine release, all
induced by a PAF analogue. This evidence highlights the potential of PAR2 inhibition
to exert broader anti-inflammatory effects by interfering with other synergistic

pathways in inflammation.

5.3 AZ8838 as a PAR2 antagonist: mechanism of action in pain and

inflammation

As discussed earlier (section 3.8), data from the current study present AZ8838 as a
potent small molecule PAR2 antagonist effectively inhibiting key cellular response
elements induced by endogenous protease (trypsin) or selective PAR2-AP (2fLIG).
AZ8838 in vivo study also demonstrated effective inhibition of pain behaviour in the
CIP model. In a similar pattern, several previous studies have examined the effects of
PAR?2 antagonists on inflammatory signalling and pain modulation. C391, a partial
PAR2 agonist, effectively antagonised PAR2-mediated MAP kinase signalling
(14.3 uM) and intracellular calcium mobilisation (ICso 1.3 pM). In the in vivo model
of mast cell degranulation-induced paw inflammation, C391 significantly reduced
thermal hyperalgesia, indicating that PAR2 antagonists capable of inhibiting cellular
Ca?" mobilisation and MAPK can potentially modulate inflammation-associated pain
(Boitano et al., 2015). Another selective PAR2 antagonist, ENMD-1068, that has been
shown to inhibit PAR2-induced calcium mobilisation in vitro (Kelso et al., 2006), was

found recently to briefly minimise post-operative incisional pain in a murine model,
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particularly during the early post-surgical period (Kido et al., 2021). In line with these
investigations of PAR2 antagonists, C781 was identified as a biased PAR2 antagonist
that selectively inhibits B-arrestin/MAPK pathway without significantly affecting
Gg/Ca*" signalling (Schiff et al., 2023). In preclinical models, C781 effectively
prevented and reversed mechanical and spontaneous nociceptive behaviours in
response to PAR2-AP (2-aminothiazole-LIGR-NH2), mast cell activators, and
neutrophil elastase (Kume et al., 2023b). Current findings on AZ8838’s inhibition of
PAR2-specific cellular responses and its pain-minimising effects in the in vivo CIP
prostate inflammation model align with these studies, suggesting the therapeutic

potential of this compound in mitigating PAR2-driven inflammation and pain.

Studies have explored the mechanisms of PAR2-mediated pain responses and
demonstrated its ability to sensitise transient receptor potential (TRP) channels, such
as TRPV1 and TRPV4. As discussed earlier (subsection 4.5.2) this interaction has been
shown to be dependent on the activity of PKC, PKA, and Rho kinase downstream of
PAR2 activation. These studies have confirmed that the intracellular calcium
mobilisation induced by PAR2 activation in sensory neurons occurs via these kinases,
ultimately resulting in enhanced pain sensitivity. It is worth mentioning that a study
by Linley et al. (2008) indicated that the activation of PAR2 in nociceptive neurons
strongly inhibits M-type potassium currents (Kv7 channels), leading to neuronal
depolarisation and increased excitability. This effect was also dependent on PLC
activation, which triggered intracellular calcium mobilisation and PIP2 depletion
(Linley et al., 2008). The study assessed the cellular effects in an in vivo paw-
inflammation model and reported that pharmacological blockade of Kv7 channels

using XE991 mimicked the effects of PAR2 activation. Future studies may confirm
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PAR2-mediated inhibition of these channels utilized a specific Kv7 channel activator,
such as flupirtine, to counteract this effect, thereby verifying the role of PAR2 in

modulating Kv7 channel activity in inflammatory pain.

In the following sections, the limitations of this study will be critically evaluated,
addressing methodological constraints, potential confounding factors, and challenges
encountered during the experimental process. Additionally, future research directions
will be explored, emphasising key areas for further investigation that could enhance
our understanding of PAR2-mediated inflammation and pain, as well as the therapeutic

potential of AZ8838 in CP/CPPS and other inflammatory conditions.

5.4 Study limitations, challenges and future directions

5.4.1 Study limitations and challenges in targeting PAR2 as a therapeutic

strategy

Since its initial discovery of the receptor (Nystedt et al., 1994), and despite its well-
established role in inflammation and pain signalling, over 30 years of investigations
have yet to yield a clinically approved drug targeting this receptor. This is largely
attributed to the several challenges associated with developing PAR2-targeted therapy
(MclIntosh et al., 2020). One of the primary challenges is the receptor’s unique
activation mechanism, involving proteolytic cleavage of the receptor itself, exposing
a specific amino acid sequence (tethered ligand) capable of interacting with the rest of
the receptor and turning on its intracellular signalling cascades. Unlike classical
GPCRs (1.6.2), competitive agonists or antagonists could specifically target that at
their orthosteric binding sites, PAR2 lacks a freely circulating endogenous ligand,

making its pharmacological modulation particularly complex.
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Another major challenge is the ability of multiple proteases to activate PAR2 at
different cleavage sites, leading to diverse and context-dependent signalling outcomes.
This presents a challenging design of a single antagonist that can effectively inhibit all
modes of endogenous PAR2 activation. Additionally, receptor capability of
dimerisation and crosstalk with other GPCRs contributes to the complexity of its
signalling. For instance, studies have demonstrated that PAR1 and PAR2 form
functional heterodimers in vascular and inflammatory contexts, making selective

inhibition of PAR?2 a significant pharmacological challenge (Lee-Rivera et al., 2022).

Bioavailability, metabolic stability, and receptor selectivity offered an initial challenge
in the process of developing small-molecule PAR2 inhibitors. /n vivo investigations of
peptide-based inhibitors such as FSLLRY-NH2 and ENMD-1068 demonstrated issues
related to their stability and potency despite their capacity to inhibit PAR2 signalling
in vitro (Mclntosh et al., 2020). Non-peptide inhibitors, such as AZ8838 and AZ3451,
have the advantage of improved pharmacokinetic properties, but further in vivo
investigations and optimisation are needed for clinical translation. It is worth
mentioning that PAR2 is exerting both pro-inflammatory and tissue-protective
responses that may add a layer of complexity; complete inhibition of PAR2 signalling

might not be desirable in certain contexts (Piran et al., 2016).

Despite these challenges, advancements in structural biology have provided valuable
insights into the ligand-binding sites of PAR2, enabling the rational design of
antagonists. The development of monoclonal antibodies targeting PAR2, such as
MEDIO618, is currently in phase II clinical trials (ClinicalTrials.gov, 2024) after
completing two pharmacokinetics, safety and tolerability clinical trials in healthy

volunteers (ClinicalTrials.gov, 2019, ClinicalTrials.gov, 2022), highlights the
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potential of biologic therapies to overcome some of these pharmacological hurdles.
Nevertheless, further research is required to determine the long-term safety and
efficacy of small-molecule PAR2 inhibitors in relevant chronic inflammatory diseases,

including CP/CPPS.

5.4.2 Implications for CP/CPPS and future directions

The findings from this study underscore the critical role of PAR2 in prostate
inflammatory pain, reinforcing the potential of PAR2 antagonism as a therapeutic
strategy for CP/CPPS. Future research could focus on specifically understanding the
role of PAR2 in the CIP model, utilising genetic approaches, such as PAR KO rats.
Emerging techniques, including CRISPR-based genome editing, have been proposed
to modulate PAR2 expression in inflammatory conditions. A recent study
demonstrated that delivering CRISPR-Cas9 systems via nanosized albumin carriers
effectively downregulated PAR2 expression, reducing inflammation through
modulation of the TLR4/NF-xB axis (Li et al., 2025). Specifically, Li et al (2025)
reported that these albumin-based CRISPR-Cas9-PAR2 nanoparticles achieved up to
an 80-90% reduction in pro-inflammatory cytokines, including IL-6, IL-1p and CCLS5,
by suppressing TLR4/NF-«B/ERK/(stimulator of interferon genes) STING signalling
cascade, beside alleviation of systemic inflammation and improving survival in
cytokine-storm and sepsis models, showing the therapeutic promise of PAR2 gene
silencing in inflammatory conditions. Applying this approach to prostate inflammation
models could offer a convenient tool to isolate PAR2-driven inflammatory effects in
CP/CPPS. Furthermore, looking at specific PAR2-specific downstream signalling

elements within the CIP model could provide deeper mechanistic insight into PAR2
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involvement in the disease. Detailed profiling of the anti-inflammatory effects of

AZ8838 could reveal its therapeutic potential for this disease.

One interesting avenue for future research is the exploration of nanomedicine-based
delivery systems for PAR2 antagonists. Recent studies have demonstrated the
feasibility of utilising receptor-mediated endocytosis of PAR2 to facilitate targeted
drug delivery to inflamed tissues. For instance, a recent study demonstrated the use of
PAR?2 as a probe, utilising PAR2 activation-triggered receptor endocytosis, to direct
targeted delivery systems to the relevant PAR2-expressing cells (Chen et al., 2024). In
the context of CP/CPPS, designing nanoparticles loaded with PAR2 inhibitors like
AZ8838 could provide a means of achieving sustained inhibition of PAR2-mediated
inflammation within the prostate tissue. Nanomedicine-based delivery of PAR2
antagonist, AZ3451, to internalised PAR2 inside organelles provides sustained pain

relief in the colon inflammation model (Teng et al., 2024).

Finally, additional research is needed to assess the broader systemic effects of PAR2
inhibition. While AZ8838 has shown efficacy in mitigating prostate pain in vivo, it
remains unclear whether long-term PAR2 inhibition might impact other physiological
processes, such as immune homeostasis, tissue repair, or vascular function.
Comprehensive pharmacokinetic and toxicological studies will be essential for

advancing AZ8838 and other PAR2-targeted therapeutics to clinical application.

5.5 General conclusion

This study provides evidence supporting the role of PAR2 in mediating prostate
inflammatory pain responses in CP/CPPS. The study's in vitro findings confirmed the

existing evidence that PAR2 activation leads to NF-«xB signalling, intracellular Ca2+
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mobilisation, ERK phosphorylation and receptor internalisation at the molecular level.
The in vivo data further confirmed that PAR2 is upregulated in inflamed prostate
tissues, and its inhibition using AZ8838 effectively mitigates pain behaviours and
inflammatory features within affected tissue. These findings establish a foundation for
further research into PAR2-targeted therapies for chronic prostate inflammatory
conditions.

Despite the progress made, several challenges remain in translating these findings into
clinical applications. The unique activation mechanism of PAR2, its crosstalk with
other inflammatory and pain pathways, and the complexities of protease-mediated
signalling necessitate further exploration of selective and potent PAR2 antagonists.
Future research should focus on investigating the possible crosstalk between PAR2
and other key inflammatory and pain mediators involved in the studied condition,
optimising drug delivery methods, exploring pharmacokinetic characteristics, and
conducting long-term studies to evaluate the safety and therapeutic potential of PAR2
inhibition in CP/CPPS and other inflammatory diseases.

In conclusion, targeting PAR2 represents a promising approach for managing chronic
prostate inflammatory pain syndromes. The findings from this study contribute to a
growing body of evidence supporting the therapeutic potential of PAR2 antagonists
and provide valuable insights for developing novel strategies to manage pain and
inflammation. Further investigations will be crucial in translating these discoveries

into effective clinical treatments for CP/CPPS and related conditions.
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