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Abstract  

Recurrence of steroid-resistant nephrotic syndrome (SRNS) is thought to be due to an 

unknown “circulating factor”, the identity of which has so far remained elusive. Our previous 

work suggests a signaling role for protease-activated receptor-1 (PAR-1), leading to impaired 

podocyte function. Here, we show that relapse nephrotic plasma (NP), but not paired 

remission plasma, induced a pro-fibrotic response. This change was inhibited by PAR-1 

inhibitors, but not by TGF-β1 inhibition. Four PAR-1 inhibitors demonstrated distinct 

antagonistic properties. The phosphorylation of VASP and JNK in a 3D spheroid model 

(GlomSpheres) and kidney organoids corroborated the finding from a 2D ciPods model. 

Functionally, relapse NP induced podocyte motility, and podocyte loss from spheroids both 

of which were also selectively rescued by PAR-1 inhibitors. Also, it induced the loss of 
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podocyte-specific markers in kidney organoids. We propose that the circulating factor acts as 

a pro-fibrotic effector by activating PAR-1, leading to increased podocyte injury.  

Introduction 

Idiopathic nephrotic syndrome (INS) arises from structural and functional alterations 

in the glomerular filtration barrier.1 Currently, INS can be classified into two main groups; 

genetic, and immune-mediated, with a subset of the latter being circulating factor disease 

(CFD).2 The classification of INS is also based on the response to steroid treatment as Steroid 

Sensitive Nephrotic Syndrome (SSNS) defined as achieving complete remission within four 

weeks after corticosteroid treatment, and Steroid Resistant Nephrotic Syndrome (SRNS) 

characterized by failure to respond to 4 weeks of steroid therapy.3  Steroid Resistant 

Nephrotic Syndrome (SRNS) is a devastating disease which usually progresses to end-stage 

renal disease (ESRD) within ten years and requires transplantation.4 Notably, the recurrence 

of SRNS after transplantation is a common complication reported in up to 50% of patients.5 A 

circulating factor in plasma is thought to be key to the pathogenesis of post-transplantation  

disease recurrence, which is distinct from monogenic disease. CFD can be diminished by 

plasma exchange suggesting circulating factor(s) in plasma which directly target the podocyte 

and intersect with signalling pathways affected by single gene defects, thereby leading to 

changes in podocyte motility.2,6. To date, several candidates for this putative circulating 

factor(s) have been proposed. These include hemopexin, a plasma protease that has an active 

role in remodelling actin cytoskeleton in podocytes7 and soluble urokinase plasminogen 

activator receptor (suPAR), a circulating factor that is raised in patients with primary and 

recurrent SRNS causing downstream effects on podocyte motility via integrin β3 in 

podocytes.8 Podocyte signalling pathways directly activated in response to human disease 

plasma remain poorly defined. Previous work published by our group suggests that the 
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unknown circulating factor(s) in recurrent SRNS plasma signals to PAR-1, resulting in VASP 

phosphorylation and increased podocyte motility.9 PAR-1 is one of four family members of 

transmembrane G-coupled receptors (GPCRs) activated by enzymatic cleavage of the N-

terminus of the receptor that acts as a tethered ligand activation10.  PAR-1 activation can be 

stimulated in two different ways. These include 1) canonical pathway – the cleavage of PAR-

1 receptor at a canonical cleavage site (Arg41) by thrombin results in unmasking of the 

tethered ligand domain and initiates the signaling via Gq, Gi or G12/13 or β-arrestin; or 2) non-

canonical pathway – the cleavage of the receptor by proteases such as elastase, MMP1, and 

APC at distinct sites induces the activation of biased signaling pathways.11–13 Activation of 

PAR-1 induces various signaling effectors important for inducing cell shape changes, adhesion 

molecule expression, secretion of vasoactive factors, cellular growth and motility.10 We 

reported that human Th17 cells produce a soluble factor that activates the same signalling 

pathways as patient relapse plasma via the PAR-1 receptor and increases the motility of 

podocytes in vitro.14 For this study we planned to further explore the effects downstream of 

this signalling cascade in podocytes. We hypothesized that circulating factor(s) in recurrent 

SRNS plasma initiate signalling pathways via PAR-1 that stimulate pro-fibrotic activation of 

podocytes. We investigated a set of novel signalling pathways upregulated by exposure of 

ciPods to the plasma of patients with SRNS. Furthermore, we utilized two models of the 

human glomerulus, GlomSpheres15 and human kidney organoids16, to directly evaluate the 

effects of nephrotic plasma on the signalling of podocyte and podocyte injury.  

We found that relapse NP promotes the phosphorylation of proteins related to fibrotic 

processes via the PAR-1 receptor, which is selectively and effectively inhibited by PAR-1 

antagonists. Furthermore, treatment of relapse NP to GlomSpheres and kidney organoids 

significantly induced the signalling to VASP, JNK, and proteins in the fibrosis pathway, which 
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is completely consistent with the finding on a ciPods 2D model. Functionally, we show an 

increase in podocyte motility in ciPods and podocyte loss from GlomSpheres in response to 

relapse NP, both of which were also selectively rescued by PAR-1 inhibitors. Interestingly, we 

demonstrate the loss of podocyte specific markers in stem cell-derived kidney organoids after 

treatment with relapse NP. We suggest that a circulating factor in nephrotic plasma could act 

as a pro-fibrotic mediator via PAR-1, leading to podocyte injury in nephrotic syndrome.  

RESULTS  

Nephrotic plasma induces the phosphorylation of proteins involved in fibrotic processes 

The interaction of the JNK pathway with the TGF-β1/SMAD pathway can enhance the 

expression of pro-fibrotic and pro-inflammatory factors leading to fibrosis and inflammation 

in the kidney.17 Activation of JNK can promote the phosphorylation of proteins involved in the 

pro-fibrotic responses including c-Jun, ATF-2, and SMAD-dependent pathway; SMAD2, and 

SMAD3, leading to fibrosis.17,18  Therefore, the phosphorylation of proteins related to TGF-

β1/SMAD pathway were examined to elucidate the possible pathways associated with 

nephrotic plasma-induced podocyte injury. ciPods were treated with relapse and paired-

remission plasma from 11 patients.  Relapse NP significantly increased the phosphorylation 

of VASP, JNK, and proteins involved in pro-fibrotic pathways; ATF-2, SMAD2, SMAD3, and c-

Jun in podocytes compared to paired-remission plasma and untreated cells (Figure 1). 

PAR-1 agonism and TGF-β1 induce the same pro-fibrotic signalling in podocytes 

In order to align the observation of PAR-1 activation in response to nephrotic plasma 

with our current finding of pro-fibrotic pathway activation, we compared the effects of PAR-

1 agonism, TGF- β1 stimulation and nephrotic plasma. The activation of both TGF- β1 and 

PAR-1 signalling pathways is involved in kidney fibrosis.19 ciPods were treated with either 10 

ng/mL TGF-β1 or 15 uM PAR-1 agonist peptide at different time points (5, 15, 30, 45, and 60 
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minutes). As shown in Figure 2, treatment of ciPods with either PAR-1 agonist peptide or TGF-

β1 resulted in the rapid phosphorylation of VASP, JNK, ATF-2, c-Jun, SMAD2, and SMAD3 

compared to untreated control, which mimicked the response to nephrotic plasma treatment 

as shown above. These increases were time-dependent, maximal at 15-30 minutes and then 

gradually declining to the basal level. Interestingly, PAR-1 agonist peptide induced the 

phosphorylation of c-Jun, SMAD2, and SMAD3 more rapidly than TGF-β1 with the peaks at 15 

and 30 minutes, respectively (Figure 2). 

PAR-1 antagonists inhibit nephrotic plasma induced signaling to VASP and the pro-fibrotic 

pathway  

We then explored receptor agonism involved in this finding by inhibition of the PAR-1 

receptor. To date, several PAR-1 targeting modulators have been developed including 

proteases, small molecules (SCH79797, FR171113, Vorapaxar, Atopaxar, F16618),20 and 

peptidomimetic antagonists (RWJ-56110,21 and RWJ-5825922). We first tested the effect of 

four PAR-1 antagonists: SCH79797, FR171113, Vorapaxar, and RWJ-56110 in response to PAR-

1 agonist peptide activation in podocytes. Pre-treatment of ciPods with RWJ56110, and 

FR171113 prior to stimulation with PAR-1 agonist peptide significantly inhibited the signalling 

to JNK, VASP, ATF-2, c-Jun, SMAD2 and SMAD3. Interestingly, SCH79797 and Vorapaxar 

significantly inhibited JNK, ATF-2, c-Jun, SMAD2 and SMAD3, but failed to inhibit the 

phosphorylation of VASP (Supplementary Figure S1).  

Previously, we have shown that relapse plasma of patients with FSGS induced the 

phosphorylation of VASP via PAR-1 receptor9. Here, we have extended this finding by 

exposure of nephrotic plasma to ciPods along with inhibiting the PAR-1 receptor by a suite of 

PAR-1 antagonists; RWJ56110, SCH79797, Vorapaxar, and FR171113. The phosphorylation of 

VASP, JNK, and proteins involved in the fibrotic pathway was then evaluated. Relapse NP-
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induced JNK, VASP, ATF-2, c-Jun, SMAD2, and SMAD3 phosphorylation and this was 

significantly reduced when PAR-1 was inhibited by RWJ56110 and FR171113. As with PAR-1 

peptide stimulation, SCH79797 and Vorapaxar failed to inhibit the activation of VASP by 

relapse plasma. Also, the phosphorylation of c-Jun at Ser73 induced by relapse NP was not 

inhibited in the presence of SCH79797. These signaling data suggest a distinct mode of 

agonism of PAR-1 receptor by disease plasma similar to but not completely identical to PAR-

1 peptide agonism in podocytes (Figure 3). 

TGF-β1 receptor inhibition efficiently inhibits SMAD-dependent signalling pathway induced 

by TGF-β1, but not by nephrotic plasma. 

So far, we have shown that treatment of ciPods with either TGF-β1 or PAR-1 agonist 

or nephrotic plasma resulted in a significant increase in the phosphorylation of proteins 

involved in a SMAD signalling pathway, including phosphorylation of SMAD2 and SMAD3. To 

determine whether TGF-β1 receptor was involved in nephrotic plasma-induced activation of 

the signalling pathway mentioned above, SB-43152, a specific inhibitor of TGF-β1 receptor 

was used. SB-43152 is a selective and potent inhibitor of the TGF-β type I receptor.23 To 

determine whether SB-43152 could inhibit TGF-β1 receptor in podocytes, ciPods were pre-

treated for 30 minutes with 5uM and 10uM of SB-43152 and then induced with 10 ng/mL 

TGF-β1 for 15 minutes. High levels of phosphorylated Smad2 and Smad3 were detected in 

response to 15 and 30 minute-treatment with TGF-β1. These were entirely inhibited by 5uM 

and 10uM SB-43152 (Supplementary Figure S2). To further elucidate the role of TGF-β1 

receptor in SMAD2 and SMAD3 activation by nephrotic plasma, cells were pre-incubated for 

30 minutes with 5uM and 10uM SB-43152 following by 15 minutes treatment with SRNS 

relapse and paired-remission plasma. Compared to paired remission and untreated control, 

the phosphorylation of SMAD2 and SMAD3 were significantly increased in response to relapse 
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plasma. These effects were not blocked by the inhibition by SB-43152, suggesting that relapse 

plasma is not directly stimulating the TGF-β1 receptor (Figure 4). Also, the TGF-β1 receptor 

inhibitor failed to block the PAR-1 induced SMAD-signalling pathway (Supplementary Figure 

S3).  

Nephrotic plasma stimulates signaling to VASP and JNK in GlomSpheres which is selectively 

blocked by PAR-1 antagonists 

To better mimic an in vivo glomerulus, we utilized a novel 3D co-culture model 

(GlomSpheres) generated via the aggregation of conditionally immortalized human 

podocytes (ciPods) and glomerular endothelial cells (ciGEnCs) to form a glomerulus-like 

sphere. GlomSpheres associate such that the podocytes are on the outside and display a 

mature basement membrane with the expression of Nephrin, Podocin and COL4A3 

upregulated. A branching endothelial domain is present on the inside.15  15% relapse and 

remission plasma were applied to the sequential spheroids at day 10 at different time-points, 

from 5 to 60 minutes. The treated GlomSpheres were then stained with phospho-VASP S157 

and phospho-JNK antibodies.  Increased phosphorylation of JNK and VASP were mainly seen 

in the podocyte compartment of GlomSpheres (Supplementary Figure S4). The fluorescence 

intensity of phospho-VASP and phospho-JNK was significantly increased in response to 

relapse plasma compared to paired-remission plasma and untreated control in a time-

dependent change, reaching a maximal expression level at 15 to 45 minutes. The mean 

fluorescence intensity of the phosphorylation of JNK began to increase at 15 minutes and 

peaked at 45 minutes (Figure 5a and 5c), while the phosphorylation of VASP reached a 

maximum at 15 minutes (Figure 5b and 5d) after relapse plasma incubation. These responses 

did not occur with remission plasma treatment. These responses were significantly inhibited 

by the same PAR-1 antagonists as found in the 2D ciPods model (Figure 5e-5h). As seen 
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previously, VASP phosphorylation was not inhibited by Vorapaxar or SCH79797, unlike JNK 

signaling.  

These data closely support the previous findings in a new disease model that more 

closely resembles human glomerular morphology and physiology. 

Nephrotic plasma disrupts podocyte cytoskeleton and causes enhanced podocyte migration 

and podocyte loss 

Foot process effacement and podocyte loss are major events in podocyte injury 

responses and the development of proteinuria. To determine if nephrotic plasma stimulates 

the podocytes to be more motile as a surrogate of effacement24, a scratch assay was 

performed. CiPods treated with relapse plasma from seven patients had closed the scratch 

area significantly more compared to control or their paired remission plasma (Figure 6a and 

6b). We also applied plasma from three patients to our spheroid model to explore podocyte 

injury in response to circulating factors in relapse plasma.  Relapse and remission plasma were 

applied to Glomspheres at day 10 for 72 hours. The treated Glomspheres were then stained 

with podocin and PECAM-1 antibodies for podocyte and endothelial markers, respectively. 

Podocin fluorescence intensity was significantly decreased in response to relapse plasma 

compared to paired-remission plasma. Relapse plasma does not induce a change in PECAM-

1 fluorescence, suggesting podocyte target specificity (Figure 6c and 6d). To further examine 

the effect of relapse plasma on podocyte injury, we then utilized Glomspheres containing 

GFP-tagged podocytes and ciGEnC to evaluate loss of podocytes. We found that relapse 

plasma significantly reduced the intensity of GFP fluorescence suggesting podocyte loss on 

GlomSpheres relative to paired remission and untreated control (Figure 6e and 6f). We then 

stained treated spheroids with phalloidin to determine intracellular actin distribution of 

podocyte injury induced by relapse plasma. There was a weaker fluorescence intensity and 
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subjectively disruption of intracellular filamentous actin after relapse plasma treatment 

compared to paired remission plasma and untreated control (Figure 6g and 6h). 

PAR-1 inhibition inhibits nephrotic plasma-induced podocyte migration and podocyte loss 

As we observed nephrotic plasma stimulation enhanced podocyte motility and 

podocyte loss, we next assessed if PAR-1 antagonists could prevent the nephrotic plasma-

driven podocyte motility or rescue the podocyte loss. ciPods were treated with relapse 

plasma in the absence or presence of PAR-1 antagonists and a wound scratch assay was 

analyzed. As shown in Figure 7a and 7c, our data convincingly showed that PAR-1 antagonists, 

RWJ56110, Vorapaxar and FR17113 significantly blocked the relapse plasma-induced 

podocyte motility. SCH79797 did not reduce the enhanced podocyte motility in ciPods. 

Furthermore, we used GFP-tagged podocyte GlomSpheres treated with nephrotic plasma 

along with PAR-1 antagonists to quantify whether PAR-1 antagonists could rescue the 

podocyte loss in GlomSpheres. Consistently, relapse plasma-induced podocyte loss was 

significantly inhibited in the presence of PAR-1 antagonists, RWJ56110, Vorapaxar and 

FR17113, but not SCH79797 (Figure 7b and 7d).  

Nephrotic plasma stimulates signaling to VASP and proteins involved in fibrotic processes 

in kidney organoids  

A more complex and representative model of the human kidney is the pluripotent 

stem cell derived kidney organoid, which contains patterning and segmenting nephrons 

surrounded by a renal stroma17. We have previously described the accuracy of human kidney 

organoid glomeruli at the level of cellular complexity and protein and transcriptional 

congruence,25 and have used organoids and organoid glomeruli to model glomerular 

disease.25,26  Here, we generated kidney organoids from human iPSCs, treated whole 

organoids with 15% nephrotic plasma at Day 25 for 15 minutes and evaluated the 
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phosphorylation of VASP and JNK. Differences in staining for phospho-JNK and phospho-VASP 

were observed within the glomeruli of organoids treated with relapse plasma, paired-

remission plasma, and untreated. Relapse plasma increased the phosphorylation of JNK 

(Figure 8a and 8b) and VASP (Figure 8c and 8d) compared with paired-remission plasma and 

untreated. The co-localization of pVASP and nephrin and pJNK and nephrin was observed 

within the podocytes of relapse plasma-treated organoids (Supplementary Video S1). This co-

localization did not occur in the podocytes from untreated or remission plasma-treated 

organoids. The increased phosphorylation of VASP and JNK in organoids treated with relapse 

plasma was confirmed by Western blot analysis of whole organoids. Furthermore, the 

activation of the signaling to ATF-2, c-Jun, SMAD2, and SMAD3 in response to relapse plasma 

was detected in kidney organoids, as had been identified in ciPods (Figure 8e). 

Nephrotic plasma induces loss of podocyte markers in kidney organoids 

There is evidence to suggest that kidney organoids can be used for renal disease 

modelling or nephrotoxic drug screening.25 We, therefore, utilized the kidney organoids to 

investigate the effect of nephrotic plasma on podocyte injury in kidney organoids, and 

observe if podocyte loss or dedifferentiation is seen alongside the described pro-fibrotic 

signalling changes. The organoids were treated with relapse and paired-remission plasma for 

24 hours, and podocyte-specific markers were examined. The organoids treated with relapse 

plasma significantly reduced the expression of podocyte markers including nephrin, podocin, 

and WT1 (Figure 9). This could be due to either fewer glomeruli or less expression of these 

markers in individual glomeruli. 

A summary of the key findings is presented in Table 1. 
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Table 1: A summary table of the results in this study 

 

 

 

Experimental 

Conditions 

 

 

Results 

 

Cell-based models 

ciPods GlomSpheres Kidney 

Organoids 

 Signaling Pathways 

 

 

PAR-1 agonist 

VASP ↑ N/A N/A 

JNK ↑ N/A N/A 

ATF-2 ↑ N/A N/A 

c-jun ↑ N/A N/A 

SMAD-2 ↑ N/A N/A 

SMAD-3 ↑ N/A N/A 

 

 

Relapse plasma 

VASP ↑ ↑ ↑ 

JNK ↑ ↑ ↑ 

ATF-2 ↑ N/A ↑ 

c-jun ↑ N/A ↑ 

SMAD-2 ↑ N/A ↑ 

SMAD-3 ↑ N/A ↑ 

 

 

PAR-1 agonist + 
SCH79797 

VASP ↔ N/A N/A 

JNK ↓ N/A N/A 

ATF-2 ↓ N/A N/A 

c-jun ↓ N/A N/A 

SMAD-2 ↓ N/A N/A 

SMAD-3 ↓ N/A N/A 

 

PAR-1 agonist + 
FR171113 

VASP ↓ N/A N/A 

JNK ↓ N/A N/A 

ATF-2 ↓ N/A N/A 

c-jun ↓ N/A N/A 

SMAD-2 ↓ N/A N/A 

SMAD-3 ↓ N/A N/A 

 

PAR-1 agonist + 
Vorapaxar 

VASP ↔ N/A N/A 

JNK ↓ N/A N/A 

ATF-2 ↓ N/A N/A 

c-jun ↓ N/A N/A 

SMAD-2 ↓ N/A N/A 

SMAD-3 ↓ N/A N/A 

 

PAR-1 agonist + RWJ-

56110 

VASP ↓ N/A N/A 

JNK ↓ N/A N/A 

ATF-2 ↓ N/A N/A 

c-jun ↓ N/A N/A 

SMAD-2 ↓ N/A N/A 

SMAD-3 ↓ N/A N/A 

 

Relapse plasma + 
SCH79797 

VASP ↔ ↔ N/A 

JNK ↓ ↓ N/A 

ATF-2 ↓ N/A N/A 

c-jun ↔ N/A N/A 

SMAD-2 ↓ N/A N/A 

SMAD-3 ↓ N/A N/A 
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Relapse plasma + 
FR171113 

VASP ↓ ↓ N/A 

JNK ↓ ↓ N/A 

ATF-2 ↓ N/A N/A 

c-jun ↓ N/A N/A 

SMAD-2 ↓ N/A N/A 

SMAD-3 ↓ N/A N/A 

 

Relapse plasma + 
Vorapaxar 

VASP ↔ ↓ N/A 

JNK ↓ ↓ N/A 

ATF-2 ↓ N/A N/A 

c-jun ↓ N/A N/A 

SMAD-2 ↓ N/A N/A 

SMAD-3 ↓ N/A N/A 

 

 

Relapse plasma + 
RWJ-56110 

VASP ↓ ↓ N/A 

JNK ↓ ↓ N/A 

ATF-2 ↓ N/A N/A 

c-jun ↓ N/A N/A 

SMAD-2 ↓ N/A N/A 

SMAD-3 ↓ N/A N/A 

TGF-β1 SMAD-2 ↑ N/A N/A 

SMAD-3 ↑ N/A N/A 

TGF-β1 + SB-43152 SMAD-2 ↑ N/A N/A 

SMAD-3 ↑ N/A N/A 

PAR-1 agonist + SB-

43152 

SMAD-2 ↓ N/A N/A 

SMAD-3 ↓ N/A N/A 

 Podocyte motility 

Relapse plasma  ↑ ↑ N/A 

Relapse plasma + 
SCH79797 

 ↔ ↔ N/A 

Relapse plasma + 
FR171113 

 ↓ ↓ N/A 

Relapse plasma + 
Vorapaxar 

 ↓ ↓ N/A 

Relapse plasma + 
RWJ-56110 

 ↓ ↓ N/A 

 Podocyte Loss 

Relapse plasma  N/A ↑ ↑ 

Relapse plasma + 
SCH79797 

 N/A ↔ N/A 

Relapse plasma + 
FR171113 

 N/A ↓ N/A 

Relapse plasma + 
Vorapaxar 

 N/A ↓ N/A 

Relapse plasma + 
RWJ-56110 

 N/A ↓ N/A 

 

↑ = increase, ↓ = decrease, ↔ = no change  
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Discussion  

It is known that a circulating factor targets podocytes leading to podocyte injury and 

proteinuria.6 However, the mechanism whereby a circulating factor affects podocytes has not 

been thoroughly explored. This study was designed to further elucidate the signalling 

pathways mediated by a circulating factor in podocytes by exposure of ciPods and 

GlomSpheres to nephrotic plasma and the contribution of PAR-1 to nephrotic plasma-induced 

podocyte injury. We demonstrate that pro-fibrotic signalling is induced downstream of the 

PAR-1 signalling cascade, which corresponds with functional effects of podocyte motility, 

detachment, and loss of differentiation.  

There is evidence suggesting that TGF-β1 plays a significant role as a pro-fibrotic 

mediator and is associated with PAR regulation in fibrotic diseases.27 Activation of PAR-1 has 

been reported to play a major role in inducing pro-inflammatory and pro-fibrotic effects in 

bleomycin-induced lung injury.28 We, therefore, assessed the effects of nephrotic plasma in 

the activation of fibrotic mechanisms in podocytes. In the current study, we firstly 

demonstrated that plasma from 11 patients with post-transplant recurrence of SRNS induces 

VASP, JNK, and SMAD signalling in podocytes (Figure 1). Activation of the signalling pathways 

induced by TGF-β and PAR-1 and PAR-2 agonists have been associated with tissue fibrosis and 

cancer. This crosstalk interacts via several mechanisms, including mutual regulation of ligand–

ligand, ligand-receptor, and receptor–receptor at the transcriptional, post-transcriptional, 

and receptor transactivation levels.19 However, a direct interaction between PAR-1 and TGF-

β1 in kidney disease has not been fully understood. We examined if PAR-1 agonist peptide 

and TGF-β1 initiate the same response as the nephrotic plasma in podocytes. We found that 

treatment of ciPods with PAR-1 agonist peptide and TGF-β1 resulted in rapid phosphorylation 

of VASP, JNK, ATF-2, c-Jun, SMAD2, and SMAD3 compared to untreated control which is 
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consistent with the response of SRNS relapse plasma (Figure 2). It is interesting to note that 

PAR-1 agonist peptide induced the phosphorylation of c-Jun, SMAD2, and SMAD3 earlier than 

TGF-β1, suggesting the activation occurs through different pathways, and TGF-β1 receptor 

inhibition did not inhibit PAR-1 peptide stimulation (Supplementary Figure S3). Together, 

these results suggest activation of pathways downstream of TGF-β1 that are initiated at the 

PAR-1 receptor. We also determined the effect of nephrotic plasma on a new glomerular 

spheroid model (GlomSpheres) and kidney organoids which demonstrate much improved 

molecular and morphological features of an in vivo glomerulus. Applying relapse plasma to 

GlomSpheres significantly induced the signalling to VASP and JNK in a time-dependent 

manner (Figure 5). Interestingly, the stimulation of signaling to VASP, JNK, and proteins in the 

fibrosis pathway was also detected in kidney organoids (Figure 8). These data are completely 

consistent with the finding on a ciPods 2D model.  

Prior studies have noted the role of PAR-1 receptor in response to relapse plasma.9 

PAR-1 receptors adopt a spectrum of distinct structural conformations upon receptor 

proteolysis that defines the extent and direction of their signaling activity. PAR signaling 

outputs are generated by receptor proteolysis at different receptor sites by distinct proteases, 

in turn allowing individual PARs to mediate pleiotropic cellular signaling events.29 Canonical 

signalling is defined by thrombin‐mediated PAR1 activation, which involves the generation of 

a tethered ligand upon cleavage of the peptide bond between Arg‐41 and Ser‐42. Here, we 

selected four PAR-1 antagonists, RWJ56110, SCH79797, Vorapaxar, and FR171113 to inhibit 

the PAR-1 receptor before treatment with PAR-1 agonist peptide. RWJ56110 is a potent 

peptide-mimetic antagonist which directly inhibits PAR-1 activation and internalization by 

interrupting the binding of the tethered ligand to PAR-1 receptor.21,30 Similarly, SCH79797, 

Vorapaxar, and FR171113 are identified as small molecules which act as competitive 
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inhibitors targeting the tethered ligand site and competing with serine proteases.20 The exact 

site of action of these inhibitors is not known, so limiting our ability to fine map PAR-1 

activation using these tools. We found that, following stimulation of PAR-1 by PAR-1 

antagonists, RWJ56110 and FR171113 significantly reduced the signalling to JNK, VASP, ATF-

2, c-Jun, SMAD2 and SMAD3. Surprisingly, SCH79797 and Vorapaxar significantly inhibited 

JNK, ATF-2, c-Jun, SMAD2 and SMAD3, but failed to inhibit the phosphorylation of VASP 

(Supplementary Figure S1). A recent phosphoproteomic study shows that VASP is activated 

by thrombin in endothelial cells, but not by activated protein C (APC).31 The latter cleaves 

PAR-1 at a distinct extracellular site, resulting in non-canonical signalling pathways. 

Therefore, VASP phosphorylation is likely a consequence of PAR-1 canonical signalling 

pathways. 

Next, we examined the role of PAR-1 in the mechanism of action of relapse plasma in 

podocytes. We first show that RWJ56110 and FR171113 significantly block relapse plasma-

induced JNK, VASP, ATF-2, c-Jun, SMAD2, and SMAD3 phosphorylation. As before, SCH79797 

and Vorapaxar did not reduce the signaling to VASP by relapse plasma. Additionally, this time 

the signaling to c-Jun by relapse plasma was not inhibited by SCH79797 (Figure 3). The effects 

of PAR-1 inhibition on phosphorylation of VASP and JNK in response to relapse plasma in 

GlomSpheres were explored. The observed effects of PAR-1 antagonists in GlomSpheres are 

comparable to those noticed in the ciPod model, with selective inhibition of VASP as before 

(Figure 5). Overall, these inhibitor data suggest a consistent and discrete consequence of PAR-

1 receptor activation by disease plasma in its signaling to VASP. Although all four PAR-1 

antagonists used in our study are ligand-binding site competitors, we find they differentially 

antagonize downstream signaling pathways with VASP phosphorylation not inhibited by 

either vorapaxar or SCH79797.  The reasons for this difference are currently unclear but may 
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be due to the mode of antagonist-receptor binding.   A vorapaxar-inhibited conformation of 

PAR1 is the only structure solved by X-ray crystallography32 with more recent dynamic single-

molecule force spectroscopy further revealing how this drug stabilizes the inactive state of 

the receptor33. Whether RWJ56110 and FR171113 binding induce a different receptor 

conformation that allows them to more effectively antagonize all downstream PAR-1 receptor 

signaling, including VASP phosphorylation, is well beyond the scope of this current paper. 

There is a report that TGF- β1 is elevated in children with SRNS compared with healthy 

controls.34  Thus a high level of TGF- β1 could be involved in the pathogenesis of idiopathic 

nephrotic syndrome and could be associated with failed response to corticosteroids. We 

hypothesized that the circulating factor in relapse plasma of SRNS patients is not TGF- β1. 

Hence, we examined this assumption by inhibiting the TGF- β1 receptor by SB-43152, an 

effective specific inhibitor. SB-43152 completely inhibited SMAD2 and SMAD3 signalling 

induced by TGF- β1 in podocytes (Supplemental Figure 2). Importantly, we found that there 

was no statistically significant difference in SMAD2 and SMAD3 phosphorylation induced by 

nephrotic plasma (Figure 4). We, therefore, assumed that the unknown circulating factor in 

SRNS relapse plasma is not TGF- β1.  

Mechanistically, we show an increase in podocyte motility in ciPods in response to 

relapse plasma (Figure 6) supporting our previous study that a circulating factor has a direct 

effect on podocyte migration via the phosphorylation of VASP.9 PAR-1 inhibitors; RWJ56110, 

Vorapaxar, and FR17113 effectively reduced the enhanced podocyte migration-induced by 

relapse plasma but not SCH79797, confirming the differential signalling discussed above has 

functional consequences. (Figure 7).  

We also evaluated the effects of nephrotic plasma on podocyte loss in GlomSpheres 

and kidney organoids. We show the first time here that relapse plasma significantly enhanced 
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podocyte loss in GlomSpheres (Figure 6) and loss of podocyte markers suggestive of podocyte 

loss or dedifferentiation in kidney organoids (Figure 9), and the derangement of actin (Figure 

6). Relapse plasma induced-podocyte loss was rescued by PAR-1 antagonists suggesting the 

involvement of PAR-1 in mediating podocyte injury (Figure 7). The present findings are 

consistent with previous reports that demonstrated the contribution of PAR-1 to 

development of podocyte and glomerular injury and diabetic nephropathy.35–37  

Taken together, our data suggest that the circulating factor in relapse plasma from 

patients with SRNS can activate PAR-1, leading to the phosphorylation of VASP, JNK, and 

proteins associated with fibrotic responses in podocytes. Activation of JNK by circulating 

factor might phosphorylate SMAD2 and SMAD3 via the phosphorylation of ATF-2 and c-Jun 

or directly activate SMAD2 and SMAD3, leading to kidney fibrosis or podocyte injury. We 

propose that these signalling responses may lead to enhanced podocyte motility, and 

podocyte loss leading to podocyte injury (Figure 10). Importantly, they suggest a potential 

use of antifibrotic agents, that can be tested utilizing the enhanced models we have 

established and demonstrated here. However, the precise mechanism of these findings needs 

to be further developed. 

METHODS  

Cell culture  

Conditionally immortalized wild-type human podocyte (ciPods) and conditionally 

immortalized human glomerular endothelial cells (ciGEnCs) developed by Saleem et al.,38 and 

Satchell et al.,39 respectively were used in this study. ciPods were cultured in RPMI 1640 

supplemented with 10% foetal bovine serum and 1% penicillin/streptomycin. ciGEnCs were 

cultured in EBM-2 media (Lonza, CC-3156) supplemented with EGM-2 Endothelial Cell Growth 

Medium-2 BulletKit). Both cells were cultured at the permissive temperature (33°C) for 3-4 
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days or until 70-80% confluency and subsequently moved to non-permissive temperature 

(37°C) for 10-14 days to allow differentiation before being used experimentally. All cells were 

tested negative for mycoplasma infection.  

Podocyte cell treatments 

Nephrotic plasma samples (Supplementary Table S1) were processed and carried out as 

previously described.9 ciPods were treated with 15% nephrotic plasma for 15 minutes, 15 uM 

of PAR-1 selective agonist peptide (Thr-Phe-Leu-Leu-Arg-NH2 (TFLLR-NH2))  and 10 ng/mL of 

TGF-β1 at different time points at 37°C. To inhibit PAR-1 receptor, ciPods were pre-treated 

with four PAR-1 antagonists, 10 uM RWJ56110, 150 nM SCH79797, 100 nM Vorapaxar, and 

15 uM FR171113 for 30 minutes and subsequently stimulated by PAR-1 agonist peptide (PAR-

1 AP) or nephrotic plasma for 15 minutes. For inhibition of TGF-β1 receptor, the cells were 

pre-treated with 5 and 10 nM of SB431542, a specific inhibitor of TGF-βRI for 30 minutes 

before induction with 10 ng/mL of TGF-β1 or nephrotic plasma for 15 minutes. Additional 

details of treatment are provided in the Supplementary Materials and Methods. 

Generation of GlomSpheres and treatments 

Our group has developed a 3D glomerulus-like structure spheroid model (GlomSpheres) 

which is a co-culture of human ciPods and ciGEnCs using magnetic nanoparticles to induce 

self-organization.15 Detailed protocols are described in the Supplementary Materials and 

Methods. GlomSpheres were treated with 15% of nephrotic plasma at different time points 

(5, 15, 30, 45, and 60 minutes) at 37°C to investigate whether the circulating factor could 

stimulate the same signalling pathways as in ciPods. Additionally, the 3D co-culture of GFP-

tagged podocytes7 and ciGEnCs spheroids was used for the investigation of the effect of 

circulating factor on podocyte loss. The GFP-tagged spheroids were treated with 15% of 
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nephrotic plasma for 7 days at 37°C and imaged on the Leica DM IRB microscope and images 

captured using Zeiss Axiocam ERc 5S camera for fluorescence intensity analysis.  

Immunofluorescence staining of GlomSpheres 

Immunofluorescence techniques are provided in the Supplementary Materials and Methods. 

 

Generation and treatment of human induced pluripotent stem cell (iPSC)-derived kidney 

organoids  

Kidney organoids were differentiated from a human episomally-reporgrammed iPSC Line 

(A18945, ThermoFisher Scientific) using a previously described stepwise differentiation 

protocol from the works of Takasako et al.16 and Howden and Little40  with slight 

modifications. Detailed protocols are described in the Supplementary Materials and 

Methods. 

Whole-mount kidney organoids immunofluorescence 

Immunofluorescence techniques for whole-mount kidney organoids are provided in the 

Supplementary Materials and Methods. 

Western blot analysis  

Western blotting was carried out following standard protocols. Additional details are 

provided in the Supplementary Materials and Methods. 

Scratch assay 

A scratch injury was performed using a sterile 200uL pipette tip and images of the scratch  

were taken after 15 hours, as previously described.9 

Statistical analysis 

Each experiment was carried out in triplicate. Graphs illustrating mean and standard deviation 

(mean ± SD) dot plots were generated by GraphPad Prism 8.4.2 (GraphPad Software, Inc, CA, 

USA). The one-way ANOVA followed by Tukey’s Multiple Comparison Test was used to 
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evaluate the statistical significance where there were more than two groups to compare. T-

test was used to determine the significance between the means of two groups. A P-value < 

0.05 was indicated to be significant. 
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Figure 6 
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Figure 7 
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Figure 8 
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Figure 9 

Figure 10 
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FIGURE LEGENDS 

Figure 1: Treatment of podocytes with relapse plasma increases the phosphorylation of 
JNK, VASP, ATF-2, SMAD3, SMAD2, and c-Jun 

Representative blots and semi‐quantitative densitometry graphs show the increase 
phosphorylation of (a) JNK, (b) pVASP S157, (c) ATF‐2, (d) SMAD3, (e) SMAD2, and (f) c‐Jun in 
response to SRNS relapse plasma compared to paired remission and untreated control, n=11. 
* statistically significant with p<0.05, ** statistically significant with p<0.01, *** statistically 
significant with p<0.001, **** statistically significant with p<0.0001; one‐way ANOVA, 
Tukey’s Multiple Comparison Test; n=11 different plasma pairs, each experiment performed 
in triplicate. Results were represented as means ± SD. 
 

 

Figure 2: Activation of JNK, VASP, ATF-2, c-Jun, SMAD3, and SMAD2 phosphorylation by 
PAR-1 agonist and TGF-β1 in podocytes 

PAR‐1 agonist peptide and TGF‐β1 stimulate the phosphorylation of JNK, VASP, ATF‐2, c‐Jun, 
SMAD3, and SMAD2 in a time‐dependent manner. Western blot analysis of phosphorylation 
of VASP, JNK, ATF‐2, c‐Jun, SMAD3, and SMAD2 after treatment with 15 μM of PAR‐1 agonist 
(a and b) and TGF‐β1 (c and d) for 5, 15, 30, 45, and 60 minutes. * statistically significant with 
p<0.05, ** statistically significant with p<0.01, *** statistically significant with p<0.001, **** 
statistically significant with p<0.0001 compared with control (untreated); one‐way ANOVA, 
Tukey’s Multiple Comparison Test; n=6 different plasma pairs, each experiment performed in 
triplicate. Data are represented as means ± SD. 
 

Figure 3: Inhibition of nephrotic plasma induced VASP and fibrotic signaling by PAR-1 
antagonists 

Representative blots (a) and densitometry graphs (b) show that VASP S157, JNK, ATF‐2, c‐Jun 
S73, SMAD3, and SMAD2 phosphorylation were significantly increased in response to relapse 
plasma compared to paired remission and untreated control. These changes were 
significantly inhibited by PAR‐1 antagonists, RWJ56110 and FR171113. SCH79797 and 
Vorapaxar failed to reduce the phosphorylation of VASP in response to relapse plasma. Also, 
the phosphorylation of c‐Jun at Ser73 was not inhibited in the presence of SCH79797. ‐ = 
untreated, RL = relapse plasma, RM = remission plasma. #### statistically significant with 
p<0.001 compared with paired-remission plasma treatment * statistically significant with 
p<0.05, ** statistically significant with p<0.01, *** statistically significant with p<0.001; one‐
way ANOVA, Tukey’s Multiple Comparison Test; n=6 different plasma pairs, each condition 
performed in triplicate. Results were represented as means ± SD. 
 

Figure 4: SB-43152 does not inhibit SMAD phosphorylation induced by SRNS relapse and 

remission plasma in podocytes. 

ciPods were pre-treated for 30 minutes with 10 and 5 nM of SB-431542 and then induced 

with relapse and remission plasma for 15 minutes. Western blot (a) and densitometry (b) 

analysis of the phosphorylation of SMAD3 (pSMAD3/SMAD3), and SMAD2 (pSMAD2/SMAD2). 

The immunoblots shown are representative blots. RL = Relapse, RM = Remission. * statistically 

significant with p<0.05, ** statistically significant with p<0.01, *** statistically significant with 

p<0.001, **** statistically significant with p<0.0001; one-way ANOVA, Tukey’s Multiple 
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Comparison Test; n=6 different plasma pairs, each experiment performed in triplicate. Data 

are represented as means ± SD. 

 

Figure 5: Activation of VASP and JNK on glomerular spheroids by nephrotic plasma 

GlomSpheres were treated with relapse and paired-remission plasma at different time points, 

5, 15, 30, 45, and 60 minutes.  Immunofluorescence stained for phosphor-JNK (a) and 

phospho-VASP S157 (b) antibodies was performed. Scale bar 100 um. The mean fluorescence 

intensity of the phosphorylation of JNK (c) began to increase at 15 minutes and peaked at 45 

minutes while the phosphorylation of VASP (d) reached the maximum at 15 minutes followed 

by 30 and 45 minutes after relapse plasma incubation. The signaling to JNK (e and f) was 

significantly blocked by all four PAR-1 antagonists, while the signaling to VASP (g and h) was 

significantly inhibited only by RWJ56110 and FR171113. These responses did not occur in 

remission plasma treatment. Scale bar 100 um. * statistically significant with p<0.05, ** 

statistically significant with p<0.01, *** statistically significant with p<0.001, **** statistically 

significant with p<0.0001; one-way ANOVA, Tukey’s Multiple Comparison Test; t-test for 

comparing relapse and remission plasma, n=5 different plasma pairs, each experiment 

performed in triplicate. Data are represented as means ± SD. 

 

Figure 6: Effects of nephrotic plasma on podocyte motility and podocyte loss 

(a) Representative images from scratch assay at time 0 h and 15 h. Podocytes treated with 

relapse plasma were significantly more motile than those treated with paired remission 

plasma and control (untreated), (n = 7 different plasma pairs); C = control (untreated), RL = 

relapse plasma, RM = remission plasma. (b) Quantification of the scratch assay. Three 

independent experiments were performed. (c) Mean fluorescence intensity of glomerular 

spheroids treated with relapse plasma and remission plasma. (d) Quantification of podocin 

and PECAM-1 staining for glomerular spheroids across treatment conditions., Treatment of 

spheroids with relapse plasma significantly reduced podocin fluorescence compared to paired 

remission * statistically significant with p=0.0384, ns=no significance; T-test, n=3 different 

plasma pairs. (e) Mean fluorescence intensity of GFP podocyte spheroids treated with relapse 

and paired remission plasma. (f) Quantification of mean GFP fluorescence intensity of 

podocyte of the spheroids treated with relapse and paired remission plasma. Relapse plasma 

significantly induced the podocyte loss on spheroids. This effect did not occur to treatment 

with paired remission plasma. (g) Mean fluorescence intensity of phalloidin and GFP podocyte 

spheroids treated with relapse and remission plasma. (h) Quantification of mean phalloidin 

and GFP podocyte fluorescence intensity of the spheroids treated with relapse and paired 

remission plasma. Results were represented as means ± SD. Scale bar 100 um. ** statistically 

significant with p<0.01, *** statistically significant with p<0.001; one-way ANOVA, Tukey’s 

Multiple Comparison Test. 

 

Figure 7: Effects of PAR-1 antagonists on the nephrotic plasma-induced podocyte motility 

and podocyte loss 

PAR-1 antagonists; RWJ56110, Vorapaxar, and FR171113 inhibit relapse plasma-induced 

podocyte migration in ciPods and podocyte loss in GlomSpheres. (a) Wound size of ciPods 

after treatment with either relapse plasma or relapse plasma and PAR-1 antagonists for 15 h. 

(b) Representative images of GFP-tagged podocyte GlomSpheres treated with either relapse 

plasma, relapse plasma and PAR-1 antagonists, remission plasma, or remission plasma and 

PAR-1 antagonists. Scale bar 100 um. (c) Quantification of the scratch assay. (d) Quantification 
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of mean GFP fluorescence intensity of GFP-tagged podocyte in GlomSpheres, n=6 different 

plasma pairs. Three independent experiments were performed. * statistically significant with 

p<0.05, ** statistically significant with p<0.01, *** statistically significant with p<0.001, **** 

statistically significant with p<0.0001; one-way ANOVA, Tukey’s Multiple Comparison Test. 

Data are represented as means ± SD. 

 
Figure 8: Activation within kidney organoids of VASP, JNK, and proteins involved in fibrotic 

processes by nephrotic plasma 

Kidney organoids treated with relapse plasma show the increase in phosphorylation of JNK 

(a) and VASP (c), specifically in the glomeruli of organoids. Scale bar 100 um. Higher 

magnification images of the glomeruli of organoids show the co-localization of pJNK and 

Nephrin (b) and pVASP and Nephrin (d) only in the glomeruli of organoids treated with relapse 

plasma. Scale bar 25 um. (e) Western blot analysis shows the increase of pVASP, pJNK, pATF-

2, pc-Jun, pSMAD2, and pSMAD3 protein levels in organoids in response to relapse plasma. * 

statistically significant with p<0.05, ** statistically significant with p<0.01, *** statistically 

significant with p<0.001, **** statistically significant with p<0.0001; one-way ANOVA, 

Tukey’s Multiple Comparison Test. Data are represented as means ± SD. 

 

Figure 9: Effects of nephrotic plasma on podocyte loss in kidney organoids 

(a) Immunostaining of kidney organoids show reduced Nephrin, Podocin, and WT1 protein 

levels in kidney organoids treated with relapse plasma compared to remission and untreated. 

Scale bar 100 um. (b) Western blot analysis of NEPHRIN and WT1 protein levels confirms the 

significant decrease of these proteins in organoids treated with relapse plasma. * statistically 

significant with p<0.05, ** statistically significant with p<0.01, *** statistically significant with 

p<0.001, **** statistically significant with p<0.0001; one-way ANOVA, Tukey’s Multiple 

Comparison Test. Data are represented as means ± SD. 

 

Figure 10: Proposed mechanism of PAR-1 signaling induced by circulating factor in SRNS 

Activation of PAR-1 by circulating factor leads to phosphorylation of JNK in combination with 

TGF-ß1/SMAD pathway. Activated JNK phosphorylates SMAD2 and SMAD3 via the activation 

of ATF-2 and c-Jun. Also, the circulating factor could directly activate SMAD2 and SMAD3 

which may lead to podocyte injury (fibrosis, podocyte loss, enhanced migration). 

Alternatively, it may activate VASP leading to actin cytoskeleton reorganization and podocyte 

motility.  
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