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PARZ2 activation on human tubular
epithelial cells engages
converging signaling pathways to
induce an inflammatory and
fibrotic milieu
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Key features of chronic kidney disease (CKD) include tubulointerstitial
inflammation and fibrosis. Protease activated receptor-2 (PAR2), a G-protein
coupled receptor (GPCR) expressed by the kidney proximal tubular cells, induces
potent proinflammatory responses in these cells. The hypothesis tested here was
that PAR2 signalling can contribute to both inflammation and fibrosis in the
kidney by transactivating known disease associated pathways. Using a primary
cell culture model of human kidney tubular epithelial cells (HTEC),
PAR2 activation induced a concentration dependent, PAR2 antagonist
sensitive, secretion of TNF, CSF2, MMP-9, PAI-1 and CTGF. Transcription
factors activated by the PAR2 agonist 2F, including NFkB, AP1 and Smad2,
were critical for production of these cytokines. A TGF-p receptor-1 (TGF-BRI)
kinase inhibitor, SB431542, and an EGFR kinase inhibitor, AG1478, ameliorated 2F
induced secretion of TNF, CSF2, MMP-9, and PAI-1. Whilst an EGFR blocking
antibody, cetuximab, blocked PAR2 induced EGFR and ERK phosphorylation, a
TGF-BRII blocking antibody failed to influence PAR2 induced secretion of PAI-1.
Notably simultaneous activation of TGF-BRII (TGF-p1) and PAR2 (2F)
synergistically enhanced secretion of TNF (2.2-fold), CSF2 (4.4-fold), MMP-9
(15-fold), and PAI-1 (2.5-fold). In summary PAR2 activates critical inflammatory
and fibrotic signalling pathways in human kidney tubular epithelial cells. Biased
antagonists of PAR2 should be explored as a potential therapy for CKD.
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Introduction

Chronic kidney disease (CKD) is a growing public health
and 16% of the world’s
population (Bello et al., 2017). It is associated with excessive

concern that affects between 8%

healthcare costs and greatly increased risk of cardiovascular
disease, kidney failure and death (Al Saleh et al., 2018; Annual
Data Report, 2018; Carney, 2020). The incidence of CKD is
projected to increase in the years to come as the rates of its
major risk factors, diabetes, hypertension, and obesity, continue
to rise. Despite the huge social and community burden associated
with CKD, treatments are limited and only partially effective (Zou
etal., 2021). Developing new effective targeted therapies is therefore
a high priority.

All forms of progressive kidney disease, regardless of their
etiology, include the key pathological features of inflammation
and fibrosis (Lv et al, 2018). These are commonly found
together within tubulointerstitial (TI) lesions, and the extent of
TI scarring remains the best predictor of progression to kidney
failure (Nath, 1992). The proximal tubular epithelial cells are often
the first cells to detect insults such as infection, hypoxia, and toxins
and subsequently they play a key role in coordinating local host
inflammatory immune defenses, and repair mechanisms that allow
the reestablishment of tissue homeostasis. It is the excess production
of inflammatory cytokines in the setting of ongoing and unresolved
kidney injury that exacerbates tissue damage and promotes the
transformation of neighboring TI cells, including fibroblasts,
pericytes, fibrocytes, endothelial
extracellular matrix-protein secreting myofibroblasts that leads to
fibrosis (Black et al., 2019).

Serine proteases play important roles in many physiological

macrophages, cells, into

processes of which digestion and blood coagulation are well known.
Their hormone-like actions are less well appreciated and are
mediated in part by a unique family of G-protein coupled
receptors (GPCR) called protease-activated receptors (PARs).
These protease-sensing receptors are widely expressed on the
surfaces of cells throughout the body. The four members of this
family, PAR1-4, have been associated with epithelial barrier
homeostasis, inflammation, pain, fibrosis, and metabolism (Vesey
etal,,2007a; Adams et al., 2011). In this study we focus on the second
member of this family, PAR2, which is activated by trypsin-like
serine proteases including trypsin, matriptase, coagulation-
associated proteases, factors VIla, factor Xa and thrombin (Vesey
et al,, 2007b; Chung et al., 2013; Vesey et al., 2013). Cleavage of the
N-terminal extracellular domain exposes a new N-terminus,
SLIGKV in humans, which binds to the body of the receptor and
triggers its activation (Barry et al, 2006; Adams et al, 2011).
Synthetic peptides of six amino acids which correspond to the
new N-terminus, such as 2-furoyl-LIGRLO-NH, (2F), have been
widely used as exogenous agonists to investigate roles for PAR2 in
physiological and pathophysiological situations (Barry et al., 2007;
Barry et al., 2010).

Like with other class A GPCR, PAR2 activation is coupled to
intracellular signaling principally by the Ga-proteins, Gq/11, G12/
13 and Gi/o at the cytoplasmic/membrane interface. Signaling events
include elevations of intracellular Ca®", activation of protein kinase C
(PKC) and extracellular signal-regulated kinase (ERK)-1/2 which
induce production of inflammatory cytokines (Gq/11), inhibition
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of adenylyl cyclase activity (Gi/o) and activation of Rho associated
kinase, ROCK, which mediates cytoskeletal rearrangements (G12/13)
(Adams et al., 2011; Suen et al., 2012; Suen et al., 2014). In addition,
signaling independent of G proteins is mediated by the p-arrestin-
adaptor proteins which are critical for PAR2 endocytosis and, in some
types of cells, the formation of signaling scaffolds. This latter pathway
is not evaluated in this investigation although it may well be involved
in the regulation of the signaling pathways investigated such as
extracellular signal-regulated kinases (Eishingdrelo et al., 2015).

PAR?2, also known as F2R like trypsin receptor 1 (F2RL1), is
expressed by tubule epithelial cells of the kidney cortex, and
enhanced expression by these cells has been reported in various
inflammatory and fibrotic diseases (Grandaliano et al., 2003; Palygin
et al,, 2016; Ma et al,, 2019; Bagang et al.,, 2023). A role in kidney
hemodynamic and ion secretion has also been reported (Gui et al.,
2003). PAR2 deficiency or PAR2 inhibitors ameliorate diabetic
kidney disease, kidney fibrosis, glomerulonephritis, diet induced
kidney fibrosis and toxin induced kidney disease in various rodent
models (Han et al.,, 2011; Chung et al.,, 2013; Hayashi et al., 2017;
Wang et al.,, 2017; Ha et al,, 2022; Bagang et al., 2023).

Accumulating evidence points to a role for PAR2 in the
pathogenic processes that drive CKD prompting us to explore
if PAR2 activation in a primary human tubular epithelial cell
culture model induces molecules that promote inflammation
and fibrosis.

Materials and methods
Materials

The PAR2 antagonist, I-191, and PAR2 peptide agonist, 2f-
LIGRLO-NH, (2F), were synthesized and purified by the Institute
for Molecular Bioscience, The University of Queensland as
previously described (Yau et al, 2016; Jiang et al, 2018).
Primary antibodies were from R and D Systems (Minneapolis
MN, United States); TGF-p RII (Cat #AF-241-NA), BD
Transduction Laboratories (Macquarie Park, NSW, Australia);
plasminogen activator inhibitor-1 (PAI-1, Cat #612024), Cell
Signaling Technologies (Danvers, MA, United States); phospho-
C-Jun (Ser63) XP (#91952) 1/2000, IkBoc (#9242) 1/2000,
phospho-Smad 2 (Ser 245/250/255, Cat 3104) 1/2000, phospho-
Smad 2 (Ser465/467, #3108) 1/2000, beta tubulin (Cat # 2128),
Santa Cruz Biotechnology; connective tissue growth factor (Cat #
5c-365970)  1/2000. (HRP)-linked
secondary antibodies were from R and D Systems (HAF008,
HAF017, HAF007) were used at >1/25,000 dilution. ELISA Kkits
used where from R and D Systems (Minneapolis MN,
United States); MMP-9 Cat # DY 911, TNF-alpha Cat # DY410,
CSF2 Cat # DY215, PAI-1 Cat # DY1786 or BD Transduction
Laboratories, human OptEIA kits; TNF Cat # 555212, GMCSF.
Recombinant human TGF-f1 (#PHG9204, Gibco), base growth
medium, Gibco Dulbecco’s Modified Eagle’s Medium (DMEM)/
Ham’s F12 (Cat #11320) and Gibco DMEM (Cat #11995) were
from ThermoFisher Scientific (Mt Waverley, VIC, Australia).
Pathway specific inhibitors AG1478, SB431542, MLN120B and
CC-930 were purchased from Sigma-Aldrich (Merck Life Science
Pty Ltd., Bayswater, VIC, Australia).

Horseradish  peroxidase
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Tubule cell isolation and cell culture

Segments of macroscopically and histologically normal kidney
cortex (~10 g) were obtained aseptically from the noncancerous pole
of adult human kidneys removed surgically because of small kidney
tumors. Patients were otherwise healthy. Informed consent was
obtained prior to each operative procedure and the use of human
kidney tissue for primary cell culture was approved by the Princess
Alexandra Hospital Research Ethics Committee, Brisbane, Australia
(ethics number: HREC/12/QPAH/125). The method for isolation
and culture of human kidney tubular epithelial cells (HTEC) is
described in detail elsewhere (Vesey et al, 2009). Following
isolation, cells were cultured in a serum free, hormonally defined
DMEM/F12 medium containing epidermal growth factor (20 ng/
mL), insulin (5pg/mL), transferrin (5 ug/mL), hydrocortisone
(50nM), triiodothyronine (5pM), selenium (50nM), penicillin
(50 U/mL), and streptomycin (50 pg/mL). Cells were routinely
cultured in this medium until ready to use. At least 30 donor cell
isolates were used in this study.

Cell treatments

All experiments were performed on confluent passage 1 or
2 HTEC cultured in 48-, 12 or 6-well plates (Corning, NY).
Before experimentation, cells were made quiescent by two washes
followed by incubation for 24 h in basic media (DMEM medium
with antibiotics). On confluence there were approximately two
million cells per well of a 6-well plate. Two ml of medium were
used per well. There was no significant change in cell number per
well with any treatment over the 24 h experimental period. Effects of
the PAR2 activating peptide, 2F, on inflammatory/profibrotic
cytokine production were assessed by immunoassay and/or
Western blotting. Analysis was at 24 h or at times indicated in
the figure legends. Specific pathway inhibitors were used to
interrogate the signaling pathways involved in PAR2-mediated
fibrogenic and inflammatory molecule (TNF, CSF2, MMP9 and
PAI-1) induction. The inhibitors were added to cultures 30 min
prior to PAR2 activation. EGF receptor kinase AG1478 (0.3 uM),
TGF-B receptor I SB431542 (3 uM), JNK inhibitor CC-930
(1.25-10 uM) and inhibitor of nuclear factor kappa B kinase
subunit beta, ML120B (1.25-10 uM). The concentrations of these
inhibitors used in this study were non-toxic and were those that had
previously used in our laboratories or published before by other
(Inman et al, 2002; Saifeddine et al, 2015; Yang et al, 2021;
Mohamed et al., 2022). The cells and cell conditioned media
were harvested according to the various techniques used and, if
necessary, stored at —80°C prior to analysis. Harvested medium was
centrifuged at 900xg prior to storage. In some cases, the conditioned
medium from the cells was concentrated 10-fold using a Nanosep
Centrifugal Device with a 3 kDa (OD003C34) molecular weight cut
off (Pall, Melbourne, Australia) prior to analysis.

Quantitative RT-PCR

Cells were grown to confluence and total RNA isolated using a
RNeasy Mini Kit, (Qiagen, Hilden, Germany, Cat#: 74104),
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according to manufacturer’s instructions. cDNA was synthesized
using High-Capacity ¢DNA  Reverse Transcription Kit,
(Thermofisher Scientific, MA, United States Cat. #: 4368814). A
fully validated TagMan Gene Expression Assay for TNF
Hs00174128_m]1; CSF2 Hs00929873_ml and
MMP9  Hs00957562_ml, (Thermofisher Scientific, MA,
United States), was used with the SensiFAST™ Probe No-ROX
Kit (Bioline, London, United Kingdom, Cat# BIO-86020) and
LightCycler 480 (Roche Applied Science, Penzberg, Germany) to
determine relative gene expression by comparative Ct. The TATA
box binding protein, (TBP Hs00427620_m1l) was used as an
internal control.

Western blotting

Cells were washed twice with ice-cold phosphate buffered
(PBS) and with 150 uL of
radioimmunoprecipitation assay (RIPA) buffer (Sigma-Aldrich

saline lysed
Cat #R0278), containing a protease inhibitor cocktail (Sigma-
Aldrich, Cat. #P8340) with phosphatase inhibitor (Thermofisher
Scientific Cat # 78442). Cells were further disrupted by sonication,
cell debris pelleted by centrifugation (13,000xg, 20 min), and the
supernatant collected. The total protein concentrations were
measured using the BCA kit (ThermoFisher Scientific, Mt
Waverley, Australia). Equal amounts of conditioned medium,
(sometimes concentrated), or cell protein (30 pg) were diluted
in Bolt LDS sample buffer containing 50 mM dithiothreitol, heated
to 55°C (integral membrane proteins) or 70°C (cytosolic proteins)
for 10 min, separated on a 4%-12% NuPAGE gel (ThermoFisher
Scientific, Mt Waverley, Australia) and electro-transferred to a
0.4 pm polyvinylidene difluoride membrane (Thermo Fisher
Scientific, Mt Waverley, Australia). Membranes were blocked
with 5% non-fat dried milk in Tris buffered saline (TBS)
containing 0.05% Tween (TBST) for 1h before being incubated
overnight with the primary antibody diluted in 5% bovine serum
albumin (BSA) in TBST. After washing four times, 5 min each,
with wash buffer (TBST), the appropriate secondary HRP-
conjugated antibody (dilution >1/25,000, R&D Systems,
Minneapolis MN, United States), in blocking buffer was added
to the membranes for a 40 min incubation, at room temperature
(RT) with gentle agitation. Membranes were washed as above
before development with SuperSignal West Pico or SuperSignal
WestFemto (ThermoFisher Scientific, Mt Waverley, Australia). A
Bio Rad ChemiDoc MP Imaging System was used to capture
images. Arcsoft Photo studio 5 was used to create images for
this document. The image size, brightness and contrast were
adjusted using this software. Image] (NIH, United States) was
used to estimate band intensity on some images. Pictures are
representative images from at least three independent
experiments. To control for equal protein loading, membranes
were stained with Ponceau red and/or re-probed with a pan-actin
monoclonal antibody  (1:5,000, Cat No. ACTNO05C4,
ThermoFisher Scientific, Freemont, CA, United States) or beta-
tubulin rabbit monoclonal (1/5,000, Cat No. 2128, Cell Signaling
Technology) diluted in 5% BSA in TBST overnight. Following
washing, the secondary antibody was used at a dilution of >1:

25,000. The actin and tubulin bands were visualized as above.
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FIGURE 1

PAR2 activating peptide, 2f-LIGRLO-NH,, (2F), induces PAR2 specific secretion of pro-inflammatory and pro-fibrotic factors by HTEC. Cells were

grown to confluence in a defined medium and then switched to a basic medium for 24 h. Treatment was with or without 2f-LIGRLO-NH (2F, 0.01-4 uM)
for 24 h. (A—D) Concentration dependent secretion of TNF, CSF2, MMP-9 and PAI-1 as measured by specific ELISAs. (E, F) Secretion of PAI-1and CTGF as
detected by Western blotting. (G—J) PAR2 antagonist [-191 (10 uM) attenuates 2F-induced secretion of TNF, CSF2, MMP-9 and PAI-1as measured by

ELISA. Non-linear regression analysis was used to fit curves in A-D and estimate the ICsq for each analyte. Significant increases (*p < 0.05, **p < 0.01,
***p < 0.001) in TNF, CSF2, MMP-9 and PAI-1 were compared to the maximal response (A—D) or 2F response (G—J) by one-way ANOVA with Dunnett’s
multiple comparison test or paired t-tests where appropriate. Experiments were repeated three times with cells from different donors. Representative

western blots are presented.

Statistical analysis

All experiments were performed in at least triplicate from
HTEC cultures obtained from at least three separate human
donors unless otherwise indicated. Each experiment contained
internal controls originating from the same culture preparation.
In some cases, for the purposes of analysis, each experimental
result was expressed as a change from the control value, which was
regarded as 1, and analyzed independently. Results were expressed
as means * standard deviation (SD). Comparisons between two
groups were made using paired t-tests. Multiple group
comparisons were made by analysis of variance (one-way
ANOVA) with Dunnett’s multiple comparison test. GraphPad
Prism version 6 was used to construct graphs and for statistical
analysis. p values <0.05 were considered significant. To obtain
error bars for western blots the band density for each lane was
compared to the internal control lane. The mean fold changes in
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band density were then calculated. In most case 3 donor
experiments were run in parallel at the same time.

Results

PAR-2 activation induces secretion of
inflammatory and profibrotic cytokines by
primary human tubular epithelial cells

Inflammation and fibrosis are common to all forms of
progressive kidney disease irrespective of the initiating triggers
(Liu, 2011). Whilst they frequently appear together, inflammation
often predates fibrosis and is considered to be a major driver of the
fibrotic process (Yuan et al., 2022). To examine if PAR2 activation
could potentially contribute to these processes, secretion of
proinflammatory (TNF, CSF2) and profibrotic molecules
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Transcription factors, NFkB and AP-1, are activated by 2f-LIGRLO-NH,, (2F).
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240 min before harvesting. Twenty ug of cell protein from each treatment was subjected to Western blotting using a phospho-c-Jun (A) or IkBoc (B)
antibody. Representative blots are shown (A, B) and a graphical representation of data generated from the blots (C, D). A paired t-test was used to
determine the significance of differences between mean band densities. Bars represent the mean + SD. Significant differences of p < 0.05, p <

0.01 and p < 0.0001 are indicated by *, ** and ***, respectively. n = 3.

(MMP-9, PAI-1, CTGF) by primary cultures of HTEC were
measured following PAR2 activation. These molecules have
previously been identified to promote kidney inflammation and
fibrosis (Eddy, 2009; Al-Lamki and Mayadas, 2015; Becher et al.,
2016; Wozniak et al., 2021). A potent synthetic PAR2 activating
peptide 2{-LIGRLO-NH, (2F, 0.01-4 uM) induced secretion of
TNF, CSF2, MMP9 and PAI-1 in a concentration-dependent
fashion with maximal responses between 4-30-fold of control
levels at 24 h (Figures 1A-D). At the highest concentration of 2F,
the rates of secretion were TNF (~800 pg/mL/24h); CSF2
(~500 pg/mL/24 h); MMP-9 (~100 pg/mL/24h); and PAI-1
(~1 ng/mL/24 h). The calculated ECs, for 2F for each molecule
in A-D was calculated as 1.2 uM for TNF, 1.4 uM for CSF2, 0.3 uM
for MMP9 and 0.8 uM for PAI-1. Secretion of PAI-1 and CTGF
into the culture medium in response to 2F treatment are also
shown by Western blotting (Figures 1E, F). At lower
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concentrations of 2F, PAI-1 could be detected as two separated
bands of approximately 43 kDa-44 kDa (Figure 1E). At higher 2F
concentrations or longer exposures, these bands coalesced to form
a broad band between 40kDa and 50 kDa. Secreted CTGF
resolved as two bands of around 40kDa (Figure 1F). The
enhanced secretion of TNF, CSF2 and MMP9 in response to
2F treatment was also shown by quantitative PCR to be preceded
by increased synthesis of their respective mRNA transcripts
(Supplementary Figure S1). This suggests that there
increased synthesis of these molecules as well as secretion.

A PAR?2 antagonist, I-191, that effectively blocks downstream
signaling from this receptor was used to confirm that the responses
to 2F were specifically mediated by PAR2 activation and not by off
target interactions (Jiang et al.,, 2018). I-191 reduced 2F-induced
secretion of TNF, CSF2, MMP-9 and PAI-1 by at least 90%
(Figures 1G-J).

is
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by one-way ANOVA with Dunnett’'s multiple comparison test. n > 3.

PARZ2 activation induces key inflammatory
transcription factors NFkB & AP-1 in HTEC

Nuclear factor kappa-light-chain-enhancer of activated B cells
(NFxB) and activator protein-1 (AP-1) are transcription factors that
are activated in a wide range of inflammatory diseases including those of
the kidney (De et al,, 2007; Ye et al,, 2014; Zhang and Sun, 2015; Liu et al,,
2017; Wernig et al,, 2017). As they have previously been linked with
PAR2 activation, we were interested to determine whether they are
activated following PAR2 activation in HTEC and, subsequently, if they
were involved in secretion of TNF, CSF2, MMP-9 and PAI Western
blotting was used to determine if the levels of activated nuclear factor of
kappa light polypeptide gene enhancer in B-cells inhibitor, alpha (IkBox)
and phosphorylated c-Jun (p-c-Jun) were altered following
PAR2 activation. Prior to treatment there was a robust expression of
IkBox but no or low levels of p-c-Jun (Figures 2A-D). The reverse was the
case at 30 min after 2F treatment at which stage IkBoc was barely
detectable, and p-c-Jun was consistently present. The level of p-c-Jun
peaked at 60 min and persisted for at least 240 min. IxBa was again
present in the cells at 60 min. This suggests that both transcription factors
are activated following PAR2 activation in these cells. There was a
concentration dependent reduction in 2F induced secretion of TNF,
CSF2, MMP-9 and PAI by the JNK inhibitor, CC-930 which blocks
phosphorylation of the AP-1 subunit, c-Jun (Figures 3A-D). At 10uM,
CC-930 completely inhibited 2F induced secretion of CSF2, MMP-9 and
PAI but at this concentration only 70% of TNF secretion was inhibited. In
a similar manner MLN120B, which blocks NF«kB activation, induced a
concentration-dependent (1.25-10 uM), reduction in secretion of TNF,
CSF2, and MMP-9 (Figures 3E-G). At 1.25 uM, MLN120B inhibited
approximately 57% of 2F induced secretion of TNF, CSF and MMP
whereas 98% inhibition was observed at 10 uM MLN120B. Although
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there appeared to be some reduction in PAI-1 secretion in response to
MLN120B, this any concentration
tested (Figure 3H).

was not significant at

TGF-B synergistically enhances 2F induced
secretion of TNF, CSF2, MMP-9 and PAI-1

The role of TGF- in fibrotic diseases is well documented (Meng
et al, 2016; Frangogiannis, 2020). Therefore, we investigated
whether TGF-B modulates 2F induced TNF, CSF2, MMP-9 and
PAI-1. For this, cells were treated with 2F (2 uM) or TGF-p1 (5 ng/
mL) or with both together. Consistent with the above results,
stimulation with 2F alone significantly induced secretion of TNF,
CSF2, MMP-9 and PAI-1 (Figures 4A-D). When HTEC were
treated with TGF-B1 alone there was enhanced secretion of CSF2
(1.4-fold) and PAI-1 (12-fold) compared to control cells; however,
TGF-B1 did not significantly induce secretion of MMP-9 or TNF
(Figures 4A-D). When TGF-pl was added together with 2F,
secretion of TNF, CSF2, MMP9 and PAI-1 were enhanced 2.2,
4.4, 15 and 2.5-fold respectively, demonstrating a synergistic effect
(Figures 4A-D). These results were confirmed by Western blotting
for PAI-1 and CTGF (Figure 4E).

2F induced phosphorylation of Smad2 at the
C-terminal and linker region in a time
dependent fashion.

Activation of the TGF-B-Smad signaling pathway is central to
the pathogenesis of kidney fibrosis (Meng et al, 2016). The
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TGF-p1 synergistically enhances secretion of TNF, CSF2, MMP-9, and PAI-1 induced by 2f LIGRLO-NH, (2F) in HTEC. (A-D) Cells were treated with

2F (2 pg/mL) with or without TGF-p1 (5 ng/mL) and secretion of TNF, CSF2, MMP-9, and PAI-1 were measured by ELISAs. (E) PAI-1 and CTGF secretion as
detected by western blotting. All bar graphs represent the mean + SD. Significant (**p < 0.01, ***p < 0.001, ****p < 0.0001) increases in analytes were
compared to the maximal response achieved were determined by one-way ANOVA with Dunnett's multiple comparison test. n = 4.
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PAR2 activation promotes a time dependent phosphorylation of Smad2 at the C-terminal (A) and linker region (B) in HTEC. Cells were treated with 2F

(2 pM) for up to 420 min or TGF-B1 (5 ng/mL) for 60 min as shown. Total cell lysates (20 pug) were subjected to Western blotting using specific anti-
phospho-Smad2 (Ser 465/467) and (Ser245/250/255) rabbit monoclonal antibodies and an actin antibody for a loading control. Bar graphs represent
band density expressed as fold change from time zero for three independent experiments. Statistical significance was determined using one-way
ANOVA with Dunnett's multiple comparison test. *p < 0.05 or **p < 0.01 compared with untreated cells.

canonical TGF-p signaling pathway is initiated by binding of a TGF-
B family member to a TGF-B type II receptor (TGFBRII). A
conformational change activates its serine/threonine kinase which
then phosphorylates and activates a TGF-p type I receptor (TGFBRI/
ALKS5). The resulting active heterotetrametric kinase complex can
phosphorylate Smad2 and/or 3 which binds to Smad4 and facilitate
entry into the nucleus where target gene transcription is induced. By
contrast, the non-canonical TGF-B-Smad signaling pathway
involves phosphorylation of the linker region of Smad2 and
3 independently of TGFBRI (Meng et al., 2016). Therefore, we
examined how PAR2 activation affects Smad2 phosphorylation.
Robust Smad2 phosphorylation was observed in both the
C-terminal region (serine 465/467) and its linker region (serine
245/250/255) within 30 min of 2F stimulation. Peak levels of
phosphorylation were at 60 min for the linker region and
240 min for C-terminal region (Figures 5A, B). Phosphorylation
at both sites remained elevated at 420 min. For comparative
purposes cells were treated with TGF-Pl for a 60 min period.
This that the TGF-B/TGFBRII/TGFRR1/Smad
signaling pathway is intact. Cells treated with TGF-p1 alone

demonstrates

resulted a rapid phosphorylation of Smad2 at the C terminal, but
not at the linker region.

An inhibitor of TGF-f receptor 1/ALK 5,
SB431542, but not a TGF-p receptor Il
blocking antibody, antagonize PAR2-
induced TNF, CSF2, MMP-9 and PAI-1

The question of whether PAR2 activation induces secretion of
these factors via the canonical or the non-canonical TGF-p signaling
pathway was investigated using a TGFPRI/ALKS5 inhibitor,
SB431542. Treatment of HTEC with SB431542 blocked TGF-f1
induced C-terminal phosphorylation of Smad2, as expected but not

Frontiers in Pharmacology

the linker of Smad2 6A-C). Notably,
SB431542  treatment dramatically suppressed 2F-induced
secretion of TNF, CSF2, MMP-9 and PAI-1 (Figures 7A-D).
SB431542 induced a concentration dependent inhibition of 2F-
induced PAI-1 secretion (Figure 7E). We next considered
whether 2F-induced PAI-1 production involved paracrine
secretion of a ligand which activates TGF-BRII. Therefore, a
blocking TGF- receptor type II blocking antibody was added to
cultures along with 2F or TGF-B1. Whilst the antibody efficiently
blocked TGF-P1 induced PAI-1 secretion, it had no effect on 2F
induced PAI-1 secretion (Figure 7F).

region, (Figures

2F induced secretion of TNF, CSF2,
MMP9 and PAI-1 mediated in part be EGF
receptor transactivation

GPCRs are renowned for their ability to transactivate other
receptors. This expands the signaling pathways they trigger and
produces a  wider range of  biological  responses.
PAR2 transactivation of the EGF receptor (EGFR) is widely
reported (Wang, 2016; Palanisamy et al, 2021). We thus
examined if 2F could induce EGFR phosphorylation in our
HTEC cultures and if this could mechanistically be involved in
inducing secretion of these factors. 2F induced a rapid and
pronounced induction of EGFR phosphorylation on tyrosine (Y)
1068 (Figures 8A-C). In comparison EGF at 5ng/mL induced a
more pronounced phosphorylation of EGFR than 2F. By using an
EGEFR tyrosine kinase inhibitor AG1478 (0.3 uM) and an anti-EGFR
blocking antibody Cetuximab (50 ug/mL) we could block EGFR
phosphorylation induced by 2F and EGF. At the concentrations of
2F and EGF used there was a similar robust phosphorylation ERK
(Figures 8C, D). Interestingly AG1478 and Cetuximab were more
effective at blocking EGF induce ERK phosphorylation than induced
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compared with untreated cells.

by 2F. AGI1478, at this non-toxic concentration of 0.3uM,
significantly reduced secretion of TNF, CSF2, MMP-9 and PAI-1
by between 40% and 75% (Figures 9A-D).

dependent signaling pathways, EGFR-MAPK and TGFpRI-
Smad2, which converge to activate transcription factors, NFkB
and AP-1, and trigger expression and secretion of a panel of pro-
inflammatory and pro-fibrotic molecules. A PAR2 antagonist, and
inhibitors of these pathways or transcription factors, reduce

Discussion production of these factors. Furthermore, PAR2 activation in
combination with TGF-pl  stimulation was found to
PAR2 has been touted as a potential therapeutic target for CKD.  synergistically ~ enhance  secretion of each of these

Support for this has come from experimental models of kidney
disease which include a high-fat diet induced CKD (Ha et al., 2022),
UUO induced CKD (Chung et al., 2013), adenine-diet induced CKD
(Hayashi et al., 2017), immune-mediated glomerulonephritis (Han
et al,, 2019), glomerulosclerosis (Wang et al., 2017), and diabetic
kidney disease (DKD) (Bagang et al., 2023). However, the exact
molecular mechanisms by which PAR2 activation drives these
different pathologies are not clear. The present investigation
demonstrates that PAR2 signalling in human tubular epithelial
cells is a potential driver of both inflammation and fibrosis.
Using HTEC cultures, we found that activation of PAR2 leads to
transactivation and a complex interplay of at least two inter-
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proinflammatory and profibrotic factors.

Primary cultures of HTEC were used in this study as they have
previously been shown to express functional PAR2 and respond to both
PAR?2 activating proteases and peptides (Vesey et al., 2013). These are
the most metabolically active cells in the kidney. They possess a high-
density of mitochondria, that supply the necessary ATP for
reabsorption of approximately two-thirds of the glomerular filtrate
(Zhuo and Li, 2013). Their function is also important in kidney disease
progression as the extent of TI inflammation and fibrosis is the best
predictor of progressive functional decline, even when the predominant
disease is glomerular-centric (Nath, 1992). As the first cells of the kidney
tubule system to be exposed to the glomerular filtrate, they also have an
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2f-LIGRLO-NH; induced secretion of TNF, CSF2, MMP-9, and PAI-1 is attenuated by inhibition of TGFBRI/ALK 5 by SB431542 but not by a TGFpRII
blocking antibody. (A—E) Cells were treated with or without inhibitor SB431542 [3 ym (A-D), 0.25—-4 yME] for 30 min prior to addition of 2F for 24 h
Secretion of TNF, CSF2, MMP-9, and PAI-1were measured by specific ELISAs. (F) Cells were treated with or without a TGFBRII blocking antibody (10 ug/
mL) for 30 min prior to addition of 2F or TGF-p1 for 24 h. Secretion of PAI-1 was measured by a specific ELISA. All bar graphs represent the mean +

SD. Quantitative changes in analytes were compared to the maximal response achieved. Significant (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001)
responses were determined by one-way ANOVA with Dunnett's multiple comparison test, n < 4.

innate immune sensing function that allows rapid responses to
metabolic fluctuations and environmental stresses. This sensing
function is mediated by numerous receptors and ion channels and
involves altered gene transcription and protein synthesis. Acting in a
paracrine or autocrine fashion, secretion of cytokines and growth
factors initially instigate protective and reparative processes which
can maintained and restore homeostasis. With chronic insults,
the cells continue to levels of
inflammatory cytokines and
expansion of a normally small quiescent population of TI fibroblasts
and their transformation into matrix-secreting myofibroblasts (Liu
et al., 2018).

In an earlier study we used mRNA expression analysis to
investigate the genes induced by PAR2 in HTEC (Vesey et al,
2013). We reported that PAR2 induced a potent pro-inflammatory
response with the expression of multiple inflammatory cytokine
genes. Here, we show that the peptide 2F induces a concentration-
dependent secretion of TNF, CSF2, MMP9, PAI-1 and CTGF by
HTEC which was blocked by the selective PAR2 antagonist I-191.
Thus, we can conclude that the 2F peptide activates HTEC via
selective activation of PAR2.

however, secrete enhanced

chemokines which can trigger

Frontiers in Pharmacology

Secretion of TNF, CSF2, MMP9, CTGF and PAI-1 were
measured, as these molecules are known to modulate kidney
disease progression in various animal models of CKD. TNF is a
potent inflammatory cytokine elevated in the serum and kidney of
CKD patients and in experimental kidney disease (Vielhauer and
Mayadas, 2007). Blocking its production or antagonizing its
interaction with its receptor ameliorates inflammation and fibrosis.
CSF2 is a key cytokine known to enhance progression of autoimmune
inflammatory diseases such as rheumatoid arthritis and crescentic
glomerulonephritis (Lotfi et al., 2019). It has also been reported to be
involved in the transition of AKI to CKD (Xu et al., 2019). Expression
of MMP9 is enhanced in CKD including AKI and diabetic kidney
disease. Circulating levels of active MMP9 are increased in CKD and
this correlates with albuminuria (Cheng et al., 2017; Zhao et al., 2017).
PAI-1 is a key component of the fibrinolytic system with strong links
to kidney inflammation and fibrosis. Circulating levels of PAI-1 are
elevated in CKD and deficiency of PAI-1 attenuates interstitial fibrosis
and glomerular disease (Flevaris and Vaughan, 2017). Treatment of
HTEC with TGF-B1 induces PAI-1 production.

GPCRs are renowned for their ability to transactivate other
receptors, particularly those that possess intrinsic tyrosine kinase
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PAR2 activation by 2F induces EGFR and ERK phosphorylation, which is blocked by EGFR tyrosine kinases inhibitor, AG1478, and Cetuximab. (A, B)
Cells were treated with or without inhibitors AG1478 (0.3 pM) or Cetuximab (50 pg/mL) for 30 min before treatment with 2F (2 uM) or EGF (5 ng/mL) for
10 min. At this time total cell lysates were prepared and processed for Western blotting. Blots were probed with a phospho-EGFR (Y1068), phospho-ERK
p42/44 or tubulin antibody (for normalization). Bar graphs in (C, D) represent band density expressed as fold change from control treatment for four

to six independent experiments Significant changes vs. control (*p < 0.05, **p < 0.01, ****p < 0.0001) or 2F treatment (*p < 0.05) or EGF treatment (*p <
0.05, * p < 0.01) were determined using one-way ANOVA with Dunnett's multiple comparison test

activity. The GPCR-induced transactivation of the EGF and TGF-$
receptors are the most commonly reported (Luo, 2017). Classically, the
mechanism for GPCR transactivation of the EGFR involves activation
of a metalloproteinase such as ADAM17 which cleaves, and releases cell
bound EGFR ligands such as HBEGF, which then activate EGFR
(Wang, 2016). Additionally, EGFR can be transactivated by
intracellular kinases, including Src, and protein kinase C (PKC). We
found that ERK phosphorylation induced by PAR2 and subsequent
events leading to secretion of TNF, CSF2, MMP and PAI-1 were to
some extent dependent on EGFR transactivation. Both the EGFR kinase
inhibitor (AG1478) and cetuximab prevented PAR2 induced EGFR and
ERK phosphorylation and AG1478 reduced secretion of TNF, CSF2,
MMP and PAI-1. In addition, the TGF-PI kinase inhibitor
SB431542 essentially abrogated 2F induced secretion of TNF, CSF2,
MMP9 and PAI-1. Therefore, we postulate that PAR2 activation via the
2F peptide induces rapid activation of EGFR and ERK, which then
induce TGF-BRI activation and phosphorylation of Smad2; this then
leads to activation of the NFkB and AP-1 transcription factors. Of note,
a basal level of EGFR and ERK phosphorylation was often found in
unstimulated HTEC. We have previously found that a low
concentration of the ERK inhibitor, PD98059, significantly reduced
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the proliferative activity of HTEC (Vesey et al., 2005). This suggests that
a base level of EGFR/ERK signalling is necessary to maintain the
proliferative and metabolic activity of these cells. It is also worth
noting that EGFR activation is not always dependent on ectodomain
shedding as membrane bound pro-HB-EGF can activate EGFR by a
juxtracrine signaling mechanism (Iwamoto and Mekada, 2000).
TGF-B is upregulated in human and experimental kidney
disease and is a central player in development of kidney fibrosis;
therefore, we examined if signaling from PAR2 transactivates the
TPBRI-Smad pathway in our HTEC culture model. This could explain
how PAR2 induces PAI-1 and CTGF secretion; both of which are
profibrotic and are also induced by TGF-p (Meng et al., 2016).
In this investigation, PAR2 activation induced a time dependent
phosphorylation of Smad2 at both the C-terminal (ser465/467) and
linker region (ser245/250/255). The C-terminal phosphorylation was
dependent on the activity of TGF-BRI, as it was blocked by SB431542.
The linker region phosphorylation was not affected by SB431542,
which is consistent with the linker region phosphorylation being
dependent on other kinases such as the MAPKs (Figure 6). Atleast in
HTEC, 2F-induced phosphorylation of the linker region did not
contribute to the secretion of the factors investigated: this is based
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PAR2 induced secretion of TNF, CSF2, MMP-9 and PAI-1is reduced by the EGFR tyrosine kinase inhibitor, AG1478. Cells were treated with or without

the inhibitor AG1478 (0.3 uM or 0.03 pM) for 30 min prior to treatment with 2F (2 uM). Conditioned cell medium was harvested at 24 h and analyzed for
TNF (A), CSF2 (B), MMP-9 (C) and PAI-1 (D) by specific ELISAs. Quantitative changes in analytes were compared to the maximal response achieved (**p <
0.01, ***p < 0.001) using one-way ANOVA with Dunnett's multiple comparison test. *p < 0.05 or **p < 0.01 compared with untreated cells.

on the finding that inhibition of Smad2 phosphorylation at the
C-terminal, but not at the linker region, was sufficient to block 2F-
induced factor secretion. Notably, 2F-induced secretion of these
factors was independent of ligand activation of TGF-PRII as
shown by the lack of effect of a blocking TGF-PRII antibody.
Although enhanced extracellular levels of TGF-f have been
reported following PAR2 activation with peptide SLIGKV-NH,,
active TGF-B was not shown to be released (Vesey et al., 2007b).

A study by Chung et al. (2013), also using human primary
kidney tubular cells, reported that PAR2 activation induced
transactivation of both the TGF-p and EGF receptors. The
transactivation of the TGF-p receptor was indicated by
phosphorylation of Smad2/3 and EGFR transactivation by ERK
phosphorylation. The latter was inhibited by EGF receptor tyrosine
kinase inhibitor, AG1478. Both Smad2 and Smad3 were
phosphorylated by PAR2, presumably at the C-terminal, but this
was not specified. PAR2 was activated with 2F at 15 uM which is 7.5-
fold higher than that used in our studies.

Both NFkB and AP1 are important regulators of inflammation.
Previous studies have demonstrated PAR2 induced NF«B activation
in a number of other cell types (Macfarlane et al., 2005; Yan et al.,
2020). Our results show that activation of these transcription factors
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is necessary for induction and secretion of TNF, CSF2, MMP9 and
PAI-1; and that the EGFR-ERK and TGF-PRI-Smad signaling
pathways are involved. Inhibition at different points in this
pathway, including EGFR, TGF-BRI, NFkB, and AP-1 attenuates
the production of these factors. Crosstalk between the TGF-f
signaling pathway and pathways that activate the transcription
factors, AP1 and NFkB, has been reported (Luo, 2017). Also,
there is significant evidence showing that these transcription
factors are regulated by the same intracellular signal transduction
cascades and work in a cooperative manner (Oeckinghaus
et al., 2011).

Treatment of cells with TGF-P1 itself did not enhance basal
MMP9 secretion. On the other hand, 2F alone enhanced
MMP9 secretion by 2-fold. When cells were treated with both 2F
and TGF MMP?9 secretion was enhanced a further 15-fold above 2F-
induced secretion. The mechanism of this synergistic secretion is
unclear but clearly demonstrates the important role of PAR2 in
modifying the known function of TGF-p. Combined treatment of
cells with EGF and PAR2 did not synergistically enhance
MMP9 secretion in a similar way (data not shown).

Previous studies have demonstrated a synergy between
PAR2 and TGF-Bl. A report by Ungefroren et al. (2017)
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conducted using pancreatic cancer cell lines demonstrated crosstalk
between these two pathways was necessary for TGF-f induced cell
migration. PAR2 expression was found to be necessary but not
PAR2-stimulated Gg-calcium signaling. The study by Chung et al.
(2013) also highlighted the interaction between PAR2 and TGF-f in
kidney cells.

Recent studies have shown that the serine protease inhibitor,
camostat mesilate, which is currently in use to treat oral squamous
cell carcinoma and chronic pancreatitis, can limit fibrosis in
experimental kidney disease by a mechanism which includes
attenuating TGF-B expression and collagen IV deposition
(Hayata et al., 2012). Two other protease inhibitors, kallistatin
and ulinastatin, have also been shown to protect the kidney from
development of diabetic kidney disease and acute kidney injury
(Yiu et al., 2016; Wei et al., 2021). It is possible that these protease
inhibitors also modulate the activity of PAR2 activating proteases.
However, it is unclear which proteases are responsible for
activation of PAR2 in the kidney in vivo. This is despite the
identification of more than 25 proteases which activate this
receptor in vitro (Adams et al, 2011; and
Schuepbach, 2019).

In summary, PAR2 activation on HTEC induces the

Heuberger

production of proinflammatory (TNF, CSF2) and profibrotic
factors (MMP9, PAI-1) by transactivation of the EGF and
TGF-B receptor signalling pathways. The complex interaction
between these pathways leads to activation of the transcription
factors NFkB and AP-1 which are critical to this response. These
findings support the rationale for further studies to evaluate
PAR?2 antagonists as drugs to treat CKD.
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SUPPLEMENTARY FIGURE S1

Activation of PAR2 enhances synthesis of TNF, CSF2 and MMP9 mRNA. Cells
were grown to confluence in a defined medium and then switched to basic
medium for 24 h. Treatment was with 2F (2 uM) with or without TGF-p1
(5 ng/ml) for 5 h. The levels of TNF (A), CSF2 (B), and MMP-9 (C), mRNA were

References

Adams, M. N., Ramachandran, R., Yau, M. K,, Suen, J. Y., Fairlie, D. P., Hollenberg,
M. D,, et al. (2011). Structure, function and pathophysiology of protease activated
receptors. Pharmacol. Ther. 130 (3), 248-282. doi:10.1016/j.pharmthera.2011.01.003

Al-Lamki, R. S., and Mayadas, T. N. (2015). TNF receptors: signaling pathways and
contribution to renal dysfunction. Kidney Int. 87 (2), 281-296. doi:10.1038/ki.2014.285

Al Saleh, H. A., Haas-Neill, S., Al-Hashimi, A., Kapoor, A., Shayegan, B., Austin, R. C,,
et al. (2018). Thrombotic characteristics of extracellular vesicles derived from prostate
cancer cells. Prostate 78 (13), 953-961. doi:10.1002/pros.23653

Annual Data Report (2018) USRDS coordinating Centre AA. United States Renal Data
Systems.

Bagang, N., Gupta, K., Singh, G., Kanuri, S. H., and Mehan, S. (2023). Protease-
activated receptors in kidney diseases: a comprehensive review of pathological roles,
therapeutic outcomes and challenges. Chem. Biol. Interact. 377, 110470. doi:10.1016/j.
cbi.2023.110470

Barry, G. D, Le, G. T., and Fairlie, D. P. (2006). Agonists and antagonists of protease
activated receptors (PARs). Curr. Med. Chem. 13 (3), 243-265. doi:10.2174/
092986706775476070

Barry, G. D,, Suen, J. Y, Le, G. T, Cotterell, A, Reid, R. C., and Fairlie, D. P. (2010).
Novel agonists and antagonists for human protease activated receptor 2. J. Med. Chem.
53 (20), 7428-7440. doi:10.1021/jm100984y

Barry, G. D,, Suen, J. Y., Low, H. B, Pfeiffer, B., Flanagan, B., Halili, M., et al. (2007). A
refined agonist pharmacophore for protease activated receptor 2. Bioorg Med. Chem.
Lett. 17 (20), 5552-5557. doi:10.1016/j.bmcl.2007.08.026

Becher, B., Tugues, S., and Greter, M. (2016). GM-CSF: from growth factor to central
mediator of tissue inflammation. Immunity 45 (5), 963-973. doi:10.1016/j.immuni.
2016.10.026

Bello, A. K., Levin, A., Tonelli, M., Okpechi, I. G., Feehally, J., Harris, D., et al. (2017).
Assessment of global kidney health Care status. JAMA 317 (18), 1864-1881. doi:10.
1001/jama.2017.4046

Black, L. M., Lever, J. M., and Agarwal, A. (2019). Renal inflammation and fibrosis: a
double-edged sword. J. Histochem Cytochem 67 (9), 663-681. doi:10.1369/
0022155419852932

Carney, E. F. (2020). The impact of chronic kidney disease on global health. Nat. Rev.
Nephrol. 16 (5), 251. doi:10.1038/s41581-020-0268-7

Cheng, Z., Limbu, M. H., Wang, Z., Liu, J., Liu, L., Zhang, X,, et al. (2017). MMP-2 and
9 in chronic kidney disease. Int. J. Mol. Sci. 18 (4), 776. doi:10.3390/ijms18040776

Chung, H., Ramachandran, R,, Hollenberg, M. D., and Muruve, D. A. (2013).
Proteinase-activated receptor-2 transactivation of epidermal growth factor receptor
and transforming growth factor-p receptor signaling pathways contributes to renal
fibrosis. J. Biol. Chem. 288 (52), 37319-37331. doi:10.1074/jbc.M113.492793

De, B. M. H,, Prakash, J., Melenhorst, W. B., van den Heuvel, M. C., Kok, R. J., Navis,
G., et al. (2007). Glomerular and tubular induction of the transcription factor c-Jun in
human renal disease. J. Pathol. 213 (2), 219-228. doi:10.1002/path.2228

Eddy, A. A. (2009). Serine proteases, inhibitors and receptors in renal fibrosis.
Thromb. Haemost. 101 (4), 656-664. doi:10.1160/th08-12-0779

Eishingdrelo, H., Sun, W, Li, H., Wang, L., Eishingdrelo, A., Dai, S,, et al. (2015). ERK and
B-arrestin interaction: a converging point of signaling pathways for multiple types of cell
surface receptors. J. Biomol. Screen 20 (3), 341-349. doi:10.1177/1087057114557233

Flevaris, P., and Vaughan, D. (2017). The role of plasminogen activator inhibitor
type-1 in fibrosis. Semin. Thromb. Hemost. 43 (2), 169-177. doi:10.1055/s-0036-
1586228

Frangogiannis, N. (2020). Transforming growth factor-p in tissue fibrosis.
J. Exp. Med. 217 (3), €20190103. doi:10.1084/jem.20190103

Grandaliano, G., Pontrelli, P., Cerullo, G., Monno, R., Ranieri, E., Ursi, M., et al.
(2003). Protease-activated receptor-2 expression in IgA nephropathy: a potential role in
the pathogenesis of interstitial fibrosis. J. Am. Soc. Nephrol. 14 (8), 2072-2083. doi:10.
1097/01.asn.0000080315.37254.a1

Gui, Y., Loutzenhiser, R., and Hollenberg, M. D. (2003). Bidirectional regulation of
renal hemodynamics by activation of PARI and PAR?2 in isolated perfused rat kidney.
Am. J. Physiol. Ren. Physiol. 285 (1), F95-F104. doi:10.1152/ajprenal.00396.2002

Ha, S., Yang, Y., Kim, B. M., Kim, J,, Son, M., Kim, D., et al. (2022). Activation of
PAR2 promotes high-fat diet-induced renal injury by inducing oxidative stress and
inflammation. Biochim. Biophys. Acta Mol. Basis Dis. 1868 (10), 166474. doi:10.1016/j.
bbadis.2022.166474

Frontiers in Pharmacology

14

10.3389/fphar.2024.1382094

measured by quantitative PCR. Quantitative changes in mRNA levels relative
to were compared to response to control and 2F treatment. Statistically
significant changes relative to the control treatment (**p < 0.01 vs. control
***p < 0.001 vs. control, # vs. control) and 2F treatment were determined by
pair t-test.

Han, N, Jin, K., He, K,, Cao, J., and Teng, L. (2011). Protease-activated receptors in
cancer: a systematic review. Oncol. Lett. 2 (4), 599-608. doi:10.3892/01.2011.291

Han, Y., Tian, L, Ma, F,, Tesch, G., Vesey, D. A,, Gobe, G. C, et al. (2019).
Pharmacological inhibition of protease-activated receptor-2 reduces crescent
formation in rat nephrotoxic serum nephritis. Clin. Exp. Pharmacol. Physiol. 46 (5),
456-464. doi:10.1111/1440-1681.13077

Hayashi, S., Oe, Y., Fushima, T., Sato, E., Sato, H., Ito, S., et al. (2017). Protease-
activated receptor 2 exacerbates adenine-induced renal tubulointerstitial injury in mice.
Biochem. Biophys. Res. Commun. 483 (1), 547-552. doi:10.1016/j.bbrc.2016.12.108

Hayata, M., Kakizoe, Y., Uchimura, K., Morinaga, J., Yamazoe, R., Mizumoto, T., et al.
(2012). Effect of a serine protease inhibitor on the progression of chronic renal failure.
Am. ]. Physiol. Ren. Physiol. 303 (8), F1126-F1135. doi:10.1152/ajprenal.00706.2011

Heuberger, D. M., and Schuepbach, R. A. (2019). Protease-activated receptors
(PARs): mechanisms of action and potential therapeutic modulators in PAR-driven
inflammatory diseases. Thromb. J. 17, 4. d0i:10.1186/s12959-019-0194-8

Inman, G. J., Nicolds, F. J., Callahan, J. F., Harling, J. D., Gaster, L. M., Reith, A. D.,
etal. (2002). SB-431542 is a potent and specific inhibitor of transforming growth factor-
beta superfamily type I activin receptor-like kinase (ALK) receptors ALK4, ALK5, and
ALK?7. Mol. Pharmacol. 62 (1), 65-74. doi:10.1124/mol.62.1.65

Iwamoto, R., and Mekada, E. (2000). Heparin-binding EGF-like growth factor: a
juxtacrine growth factor. Cytokine Growth Factor Rev. 11 (4), 335-344. doi:10.1016/
$1359-6101(00)00013-7

Jiang, Y., Yau, M. K, Lim, J., Wu, K. C,, Xu, W., Suen, J. Y., et al. (2018). A potent
antagonist of protease-activated receptor 2 that inhibits multiple signaling functions in
human cancer cells. J. Pharmacol. Exp. Ther. 364 (2), 246-257. doi:10.1124/jpet.117.
245027

Liu, B. C, Tang, T. T, Lv, L. L., and Lan, H. Y. (2018). Renal tubule injury: a driving
force toward chronic kidney disease. Kidney Int. 93 (3), 568-579. doi:10.1016/j kint.
2017.09.033

Liu, T., Zhang, L., Joo, D., and Sun, S. C. (2017). NF-kB signaling in inflammation.
Signal Transduct. Target Ther. 2, 17023. doi:10.1038/sigtrans.2017.23

Liu, Y. (2011). Cellular and molecular mechanisms of renal fibrosis. Nat. Rev. Nephrol.
7 (12), 684-696. doi:10.1038/nrneph.2011.149

Lotfi, N,, Thome, R, Rezaei, N., Zhang, G. X, Rezaei, A., Rostami, A, et al. (2019).
Roles of GM-CSF in the pathogenesis of autoimmune diseases: an update. Front.
Immunol. 10, 1265. doi:10.3389/fimmu.2019.01265

Luo, K. (2017). Signaling cross talk between TGF-B/smad and other signaling pathways.
Cold Spring Harb. Perspect. Biol. 9 (1), a022137. doi:10.1101/cshperspect.a022137

Lv, W,, Booz, G. W., Wang, Y., Fan, F., and Roman, R. J. (2018). Inflammation and
renal fibrosis: recent developments on key signaling molecules as potential therapeutic
targets. Eur. J. Pharmacol. 820, 65-76. doi:10.1016/j.ejphar.2017.12.016

Ma, F. Y., Han, Y., Ozols, E., Chew, P., Vesey, D. A, Gobe, G. C,, et al. (2019).
Protease-activated receptor 2 does not contribute to renal inflammation or fibrosis in
the obstructed kidney. Nephrol. Carlt. Vic. 24 (9), 983-991. doi:10.1111/nep.13635

Macfarlane, S. R, Sloss, C. M., Cameron, P., Kanke, T., McKenzie, R. C., and Plevin, R.
(2005). The role of intracellular Ca2+ in the regulation of proteinase-activated receptor-
2 mediated nuclear factor kappa B signalling in keratinocytes. Br. J. Pharmacol. 145 (4),
535-544. doi:10.1038/s].bjp.0706204

Meng, X. M., Nikolic-Paterson, D. J., and Lan, H. Y. (2016). TGF-p: the master
regulator of fibrosis. Nat. Rev. Nephrol. 12 (6), 325-338. doi:10.1038/nrneph.2016.48

Mohamed, R., Shajimoon, A., Afroz, R, Gabr, M., Thomas, W. G, Little, P. J., et al.
(2022). Akt acts as a switch for GPCR transactivation of the TGF-f receptor type 1. Febs
J. 289 (9), 2642-2656. doi:10.1111/febs.16297

Nath, K. A. (1992). Tubulointerstitial changes as a major determinant in the
progression of renal damage. Am. J. Kidney Dis. 20 (1), 1-17. doi:10.1016/s0272-
6386(12)80312-x

Oeckinghaus, A., Hayden, M. S., and Ghosh, S. (2011). Crosstalk in NF-kB signaling
pathways. Nat. Immunol. 12 (8), 695-708. doi:10.1038/ni.2065

Palanisamy, S., Xue, C., Ishiyama, S., Naga Prasad, S. V., and Gabrielson, K. (2021).
GPCR-ErbB transactivation pathways and clinical implications. Cell Signal 86, 110092.
doi:10.1016/j.cellsig.2021.110092

Palygin, O., Ilatovskaya, D. V., and Staruschenko, A. (2016). Protease-activated
receptors in kidney disease progression. Am. J. Physiol. Ren. Physiol. 311 (6),
F1140-F1144. doi:10.1152/ajprenal.00460.2016

frontiersin.org


https://doi.org/10.1016/j.pharmthera.2011.01.003
https://doi.org/10.1038/ki.2014.285
https://doi.org/10.1002/pros.23653
https://doi.org/10.1016/j.cbi.2023.110470
https://doi.org/10.1016/j.cbi.2023.110470
https://doi.org/10.2174/092986706775476070
https://doi.org/10.2174/092986706775476070
https://doi.org/10.1021/jm100984y
https://doi.org/10.1016/j.bmcl.2007.08.026
https://doi.org/10.1016/j.immuni.2016.10.026
https://doi.org/10.1016/j.immuni.2016.10.026
https://doi.org/10.1001/jama.2017.4046
https://doi.org/10.1001/jama.2017.4046
https://doi.org/10.1369/0022155419852932
https://doi.org/10.1369/0022155419852932
https://doi.org/10.1038/s41581-020-0268-7
https://doi.org/10.3390/ijms18040776
https://doi.org/10.1074/jbc.M113.492793
https://doi.org/10.1002/path.2228
https://doi.org/10.1160/th08-12-0779
https://doi.org/10.1177/1087057114557233
https://doi.org/10.1055/s-0036-1586228
https://doi.org/10.1055/s-0036-1586228
https://doi.org/10.1084/jem.20190103
https://doi.org/10.1097/01.asn.0000080315.37254.a1
https://doi.org/10.1097/01.asn.0000080315.37254.a1
https://doi.org/10.1152/ajprenal.00396.2002
https://doi.org/10.1016/j.bbadis.2022.166474
https://doi.org/10.1016/j.bbadis.2022.166474
https://doi.org/10.3892/ol.2011.291
https://doi.org/10.1111/1440-1681.13077
https://doi.org/10.1016/j.bbrc.2016.12.108
https://doi.org/10.1152/ajprenal.00706.2011
https://doi.org/10.1186/s12959-019-0194-8
https://doi.org/10.1124/mol.62.1.65
https://doi.org/10.1016/s1359-6101(00)00013-7
https://doi.org/10.1016/s1359-6101(00)00013-7
https://doi.org/10.1124/jpet.117.245027
https://doi.org/10.1124/jpet.117.245027
https://doi.org/10.1016/j.kint.2017.09.033
https://doi.org/10.1016/j.kint.2017.09.033
https://doi.org/10.1038/sigtrans.2017.23
https://doi.org/10.1038/nrneph.2011.149
https://doi.org/10.3389/fimmu.2019.01265
https://doi.org/10.1101/cshperspect.a022137
https://doi.org/10.1016/j.ejphar.2017.12.016
https://doi.org/10.1111/nep.13635
https://doi.org/10.1038/sj.bjp.0706204
https://doi.org/10.1038/nrneph.2016.48
https://doi.org/10.1111/febs.16297
https://doi.org/10.1016/s0272-6386(12)80312-x
https://doi.org/10.1016/s0272-6386(12)80312-x
https://doi.org/10.1038/ni.2065
https://doi.org/10.1016/j.cellsig.2021.110092
https://doi.org/10.1152/ajprenal.00460.2016
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1382094

Vesey et al.

Saifeddine, M., El-Daly, M., Mihara, K., Bunnett, N. W., McIntyre, P., Altier, C,, et al.
(2015). GPCR-mediated EGF receptor transactivation regulates TRPV4 action in the
vasculature. Br. J. Pharmacol. 172 (10), 2493-2506. doi:10.1111/bph.13072

Suen, J. Y, Barry, G. D., Lohman, R. J., Halili, M. A,, Cotterell, A. ], Le, G. T., et al.
(2012). Modulating human proteinase activated receptor 2 with a novel antagonist
(GB88) and agonist (GB110). Br. . Pharmacol. 165 (5), 1413-1423. doi:10.1111/j.1476-
5381.2011.01610.x

Suen, J. Y., Cotterell, A., Lohman, R. J., Lim, J., Han, A, Yau, M. K,, et al. (2014).
Pathway-selective antagonism of proteinase activated receptor 2. Br. J. Pharmacol. 171
(17), 4112-4124. doi:10.1111/bph.12757

Ungefroren, H., Witte, D., Rauch, B. H,, Settmacher, U., Lehnert, H., Gieseler, F.,
et al. (2017). Proteinase-activated receptor 2 may drive cancer progression by
facilitating TGF-P signaling. Int. J. Mol. Sci. 18 (11), 2494. doi:10.3390/
ijms18112494

Vesey, D. A, Cheung, C. W., Kruger, W. A,, Poronnik, P., Gobe, G., and Johnson, D.
W. (2005). Thrombin stimulates proinflammatory and proliferative responses in
primary cultures of human proximal tubule cells. Kidney Int. 67 (4), 1315-1329.
doi:10.1111/4.1523-1755.2005.00209.x

Vesey, D. A., Hooper, J. D., Gobe, G. C., and Johnson, D. W. (2007a). Potential
physiological and pathophysiological roles for protease-activated receptor-2 in the
kidney. Nephrol. Carlt. 12 (1), 36-43. doi:10.1111/j.1440-1797.2006.00746.x

Vesey, D. A., Kruger, W. A,, Poronnik, P., Gobe, G. C., and Johnson, D. W. (2007b).
Proinflammatory and proliferative responses of human proximal tubule cells to PAR-2
activation. Am. J. Physiol. Ren. Physiol. 293 (5), F1441-F1449. doi:10.1152/ajprenal.
00088.2007

Vesey, D. A., Qi, W., Chen, X,, Pollock, C. A., and Johnson, D. W. (2009). Isolation
and primary culture of human proximal tubule cells. Methods Mol. Biol. Clift. NJ. 466,
19-24. doi:10.1007/978-1-59745-352-3_2

Vesey, D. A, Suen, J. Y., Seow, V., Lohman, R. J,, Liu, L., Gobe, G. C,, et al. (2013).
PAR2-induced inflammatory responses in human kidney tubular epithelial cells. Am.
J. Physiol. Ren. Physiol. 304 (6), F737-F750. doi:10.1152/ajprenal.00540.2012

Vielhauer, V., and Mayadas, T. N. (2007). Functions of TNF and its receptors in renal
disease: distinct roles in inflammatory tissue injury and immune regulation. Semin.
Nephrol. 27 (3), 286-308. doi:10.1016/j.semnephrol.2007.02.004

Wang, Y., He, Y., Wang, M., Lv, P,, Liu, J., and Wang, J. (2017). Role of protease-
activated receptor 2 in regulating focal segmental glomerulosclerosis. Cell Physiol.
Biochem. 41 (3), 1147-1155. doi:10.1159/000464121

Wang, Z. (2016). Transactivation of epidermal growth factor receptor by G protein-
coupled receptors: recent progress, challenges and future research. Int. J. Mol. Sci. 17 (1),
95. d0i:10.3390/ijms17010095

Frontiers in Pharmacology

15

10.3389/fphar.2024.1382094

Wei, X., Zhu, X,, Jiang, L., Long, M., and Du, Y. (2021). Recent research progress on
the role of ulinastatin in chronic kidney disease. Nephrol. Carlt. 26 (9), 708-714. doi:10.
1111/nep.13906

Wernig, G., Chen, S. Y., Cui, L., Van Neste, C., Tsai, J. M., Kambham, N, et al. (2017).
Unifying mechanism for different fibrotic diseases. Proc. Natl. Acad. Sci. U. S. A. 114
(18), 4757-4762. doi:10.1073/pnas.1621375114

Wozniak, J., Floege, J., Ostendorf, T., and Ludwig, A. (2021). Key metalloproteinase-
mediated pathways in the kidney. Nat. Rev. Nephrol. 17 (8), 513-527. doi:10.1038/
s41581-021-00415-5

Xu, L., Sharkey, D., and Cantley, L. G. (2019). Tubular GM-CSF promotes late MCP-
1/CCR2-mediated fibrosis and inflammation after ischemia/reperfusion injury. J. Am.
Soc. Nephrol. 30 (10), 1825-1840. doi:10.1681/ASN.2019010068

Yan, S, Ding, H,, Peng, J., Wang, X,, Pang, C,, Wei, J., et al. (2020). Down-regulation of
protease-activated receptor 2 ameliorated osteoarthritis in rats through regulation of MAPK/
NF-«B signaling pathway in vivo and in vitro. Biosci. Rep. 40 (3). doi:10.1042/BSR20192620

Yang, F,, Ozols, E., Ma, F. Y., Leong, K. G., Tesch, G. H,, Jiang, X,, et al. (2021). c-Jun
amino terminal kinase signaling promotes aristolochic acid-induced acute kidney
injury. Front. Physiol. 12, 599114. doi:10.3389/fphys.2021.599114

Yau, M. K,, Liu, L, Suen, J. Y, Lim, J., Lohman, R. J, Jiang, Y., et al. (2016).
PAR2 modulators derived from GB88. ACS Med. Chem. Lett. 7 (12), 1179-1184. doi:10.
1021/acsmedchemlett.6b00306

Ye, N, Ding, Y., Wild, C,, Shen, Q., and Zhou, J. (2014). Small molecule inhibitors targeting
activator protein 1 (AP-1). J. Med. Chem. 57 (16), 6930-6948. doi:10.1021/jm5004733

Yiu, W. H,, Wong, D. W.,, Wu, H. J,, Li, R. X,, Yam, L, Chan, L. Y, et al. (2016).
Kallistatin protects against diabetic nephropathy in db/db mice by suppressing AGE-
RAGE-induced oxidative stress. Kidney Int. 89 (2), 386-398. doi:10.1038/ki.2015.331

Yuan, Q,, Tang, B,, and Zhang, C. (2022). Signaling pathways of chronic kidney
diseases, implications for therapeutics. Signal Transduct. Target Ther. 7 (1), 182. doi:10.
1038/541392-022-01036-5

Zhang, H., and Sun, S. C. (2015). NF-kB in inflammation and renal diseases. Cell
Biosci. 5, 63. doi:10.1186/s13578-015-0056-4

Zhao, Y., Qiao, X,, Tan, T. K., Zhao, H., Zhang, Y., Liu, L., et al. (2017). Matrix
metalloproteinase 9-dependent Notch signaling contributes to kidney fibrosis through
peritubular endothelial-mesenchymal transition. Nephrol. Dial. Transpl. 32 (5),
781-791. doi:10.1093/ndt/gfw308

Zhuo, J. L., and Li, X. C. (2013). Proximal nephron. Compr. Physiol. 3 (3), 1079-1123.
doi:10.1002/cphy.c110061

Zou, Y., Liu, F., Cooper, M. E., and Chai, Z. (2021). Advances in clinical research in
chronic kidney disease. J. Transl. Int. Med. 9 (3), 146-149. doi:10.2478/jtim-2021-0041

frontiersin.org


https://doi.org/10.1111/bph.13072
https://doi.org/10.1111/j.1476-5381.2011.01610.x
https://doi.org/10.1111/j.1476-5381.2011.01610.x
https://doi.org/10.1111/bph.12757
https://doi.org/10.3390/ijms18112494
https://doi.org/10.3390/ijms18112494
https://doi.org/10.1111/j.1523-1755.2005.00209.x
https://doi.org/10.1111/j.1440-1797.2006.00746.x
https://doi.org/10.1152/ajprenal.00088.2007
https://doi.org/10.1152/ajprenal.00088.2007
https://doi.org/10.1007/978-1-59745-352-3_2
https://doi.org/10.1152/ajprenal.00540.2012
https://doi.org/10.1016/j.semnephrol.2007.02.004
https://doi.org/10.1159/000464121
https://doi.org/10.3390/ijms17010095
https://doi.org/10.1111/nep.13906
https://doi.org/10.1111/nep.13906
https://doi.org/10.1073/pnas.1621375114
https://doi.org/10.1038/s41581-021-00415-5
https://doi.org/10.1038/s41581-021-00415-5
https://doi.org/10.1681/ASN.2019010068
https://doi.org/10.1042/BSR20192620
https://doi.org/10.3389/fphys.2021.599114
https://doi.org/10.1021/acsmedchemlett.6b00306
https://doi.org/10.1021/acsmedchemlett.6b00306
https://doi.org/10.1021/jm5004733
https://doi.org/10.1038/ki.2015.331
https://doi.org/10.1038/s41392-022-01036-5
https://doi.org/10.1038/s41392-022-01036-5
https://doi.org/10.1186/s13578-015-0056-4
https://doi.org/10.1093/ndt/gfw308
https://doi.org/10.1002/cphy.c110061
https://doi.org/10.2478/jtim-2021-0041
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1382094

	PAR2 activation on human tubular epithelial cells engages converging signaling pathways to induce an inflammatory and fibro ...
	Introduction
	Materials and methods
	Materials
	Tubule cell isolation and cell culture
	Cell treatments
	Quantitative RT-PCR
	Western blotting
	Statistical analysis

	Results
	PAR-2 activation induces secretion of inflammatory and profibrotic cytokines by primary human tubular epithelial cells
	PAR2 activation induces key inflammatory transcription factors NFκB & AP-1 in HTEC
	TGF-β synergistically enhances 2F induced secretion of TNF, CSF2, MMP-9 and PAI-1
	2F induced phosphorylation of Smad2 at the C-terminal and linker region in a time dependent fashion.
	An inhibitor of TGF-β receptor 1/ALK 5, SB431542, but not a TGF-β receptor II blocking antibody, antagonize PAR2-induced TN ...
	2F induced secretion of TNF, CSF2, MMP9 and PAI-1 mediated in part be EGF receptor transactivation

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


