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One Sentence Summary: Indian Hedgehog release from TNF-activated renal epithelia 

drives proliferation and activation of Gli1 expressing cells, linking inflammation to fibrosis. 
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Abstract:  

Progressive fibrosis is a feature of aging and chronic tissue injury in multiple organs including 

the kidney and heart.  Glioma associated oncogene 1 expressing (Gli1+) cells are a major 

source of activated fibroblasts in multiple organs but the links between injury, inflammation 

and Gli1+ cell expansion and tissue fibrosis remain incompletely understood.  We 

demonstrated that leukocyte-derived tumour necrosis factor (TNF) promoted Gli1+ 

pericyte/fibroblast proliferation and cardio-renal fibrosis through induction and release of 

Indian Hedgehog (IHH) from renal epithelial cells. Using single cell resolution transcriptomic 

analysis we identified an ‘inflammatory’ proximal tubular epithelia (iPT) population 

contributing to TNF and NF-kB induced IHH production in vivo. TNF-induced Ubiquitin D 

(Ubd) expression was observed in human proximal tubular cells in vitro and during murine and 

human renal disease and aging. Studies using pharmacological and conditional genetic ablation 

of TNF induced IHH signalling revealed that IHH activated canonical Hedgehog signalling in 

Gli1+ cells, which led to their activation, proliferation and  fibrosis within the injured and aging 

kidney and heart. These changes were inhibited in mice by Ihh deletion in Pax8 expressing 

cells or pharmacological blockade of TNF, NFkB or Gli1 signalling.   Increased amounts of 

circulating IHH were associated with  loss of renal function and higher rates of cardiovascular 

disease in patients with chronic kidney disease.  Thus, Indian Hedgehog connects leukocyte 

activation to Gli1+ cell expansion and represents a potential target for therapies designed to 

inhibit inflammation-induced fibrosis. 
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Main Text: 

 

Introduction 

Physiological aging is associated with increased amounts of baseline organ fibrosis and 

increased expression of inflammatory cytokines including IL-6 and tumour necrosis factor 

(TNF) (1, 2). Immune activation is also present in aging-related illnesses such as chronic 

kidney disease (CKD) (3-5). Of note, patients with CKD exhibit accelerated cardiovascular 

disease and fibrosis, with CKD implicated in premature cardiovascular aging (6). Furthermore, 

the persistence of leukocytes within the injured kidney has been shown to correlate with 

progressive fibrosis in animal disease models (7) and human CKD (8).  The association 

between leukocytes and fibrosis remains present in diseases without an auto-immune aetiology, 

and settings in which injury has apparently resolved, such as previous acute kidney injury 

(AKI) (4).  Recent prospective clinical studies and cohort analysis have demonstrated that AKI 

is associated with increased long-term risks of subsequent cardiac failure and death (9, 10).  It 

has been proposed that leukocytes contribute to maladaptive repair, kidney fibrosis and 

cardiovascular disease in both aging and CKD (11).  Whilst experimental evidence suggests a 

link between the prototypic inflammatory cytokine TNF and renal fibrosis (12-14) the 

underlying mechanism remains incompletely understood.    

 

Recent research has focused on identifying the cells primarily responsible for organ fibrosis.  

In both the kidney and heart, it has been shown that the majority of injury-induced fibrosis is 

produced by proliferation and activation of resident mesenchymal cells that express the Gli1 

transcription factor. These cells include pericytes and fibroblasts and are typically present at 

low numbers in healthy organs (15-18).  While the key role of proliferation of perivascular 

Gli1 labelled cells in organ fibrosis has been established(17), the upstream signalling pathways 
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responsible for the activation of the Gli1 and Gli2 transcription factors leading to their 

expansion remain incompletely characterised (19).  

 

Published work implicates renal epithelia as regulators of injury outcome via interactions with 

leukocytes, endothelia and myofibroblasts (20-22).  Examining the aftermath of renal injury, 

several groups have reported new epithelial subsets (23), including single cell resolution 

analysis of populations with evidence of NFkB activation (24, 25) which has been previously 

been implicated in kidney injury (26). However, the potential connections between TNF(12), 

epithelial NFkB (27) and organ fibrosis are unclear. 

 

In this study we hypothesized that signalling from epithelial cell subsets within the kidney 

activated Gli1+ pericytes/fibroblasts and induced fibrosis.  Using new and recently published 

single cell datasets of fibrotic and aged kidneys we identified a subset of Ubiquitin D (Ubd)-

expressing renal epithelial cells that produce Indian Hedgehog (IHH) in response to activation 

by TNF signalling from leukocytes.  We demonstrated that selective genetic and 

pharmacologic inhibition of this TNF, NFkB and IHH-dependent pathway led to reduced tissue 

fibrosis and reduced proliferation of Gli1+ pericytes/fibroblasts in the kidney and heart 

independent of kidney function or blood pressure.  We also found that UBD+IHH+ epithelial 

cells were present in human kidney disease and that increased circulating IHH correlated with 

cardiovascular disease and renal functional loss in patients.  Collectively these results suggest 

TNF release from activated leukocytes can lead to tissue fibrosis and provide novel targets for 

anti-fibrotic therapies. 
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Results 

 

Ubd+ renal epithelia are present in aged and fibrotic kidneys in mice 

First, we investigated whether distinct renal epithelial populations were responsible for fibrotic 

signalling after injury or during aging.  We performed single cell RNA sequencing (scRNAseq) 

on control and fibrotic kidneys from young (6-8 week old) mice 6 weeks after unilateral 

ischaemia-reperfusion injury (uIRI) (Fig. 1A, S1A-D). To characterize the impact of age on 

renal fibrosis, we also examined the Tabula Muris Senis (TMS) database (28) for aging-

associated renal epithelial clusters (Fig. 1B S2A-C). One distinct cluster of proximal tubule 

epithelial cells  was detected using Seurat’s FindClusters function in young fibrotic kidneys 

which we classified as “inflammatory” proximal tubule (iPT) based on its gene expression 

profile, including Differentially Expressed transcripts for chemokine (C-C motif) ligand 

2 (Ccl2), Transcription factor RelB and Intracellular Adhesion Molecule 1 (Icam1) (Fig. 1C,E, 

S1A-D).   

 

An epithelial cluster expressing multiple shared genes with post-injury iPTs was also detected 

in uninjured aging kidneys through analysis of 21,647 renal cells from the TMS dataset (Fig. 

1B, S2A-C). In 1-3 month old mice, this cluster comprised 1.4% of epithelia but had increased 

to 12% in 18-30 month-old mice, Fig. 1D,F Fig. S2C).  Whilst iPT cells expressed several 

markers indicating that they originated from proximal tubular epithelial cells, including LDL 

Receptor Related Protein 2 (Lrp2) and solute carrier family 27 member 2 (Slc27a2), additional  

transcriptional differences separated iPT clusters from other epithelia in fibrotic and aged 

kidneys (Fig. 1E-F, Fig. S2A-C, S3, S4).  3 notable transcript changes in iPT cells were 

increased expression of Ubiquitin D (Ubd), Prostaglandin D2 Synthase (Ptgds) and CCN 

Family Member 1 (CCN1/Cyr61 (29)).  iPT cells also expressed increased Vascular Cell 
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Adhesion molecule 1 (Vcam1), which in addition to its role in the vasculature has been 

proposed to identify proximal tubular epithelia with increased NF-kB activation (25).  

Colocalization of Ubd and Vcam1 in a subset of renal epithelial cells was also identified by in 

situ hybridization after uIRI (Fig S5A). 

 

Using UBD as a marker of iPT cells we also explored human datasets for evidence of altered 

UBD expression in the kidney with aging.  Work by Rodwell et al (30) showed a positive 

association between increasing age and renal UBD expression. In this study, we found UBD+ 

cells were increased in human kidneys with the highest amounts of interstitial fibrosis, 

glomerular and tubular atrophy (Fig S5B).   

 

TNF and NF-kB signalling pathways are activated in Ubd+ iPT cells in kidney injury and 

aging in mice 

The presence of iPT cells in uninjured aged murine kidneys indicated that this epithelial subset 

existed in the absence of tissue injury.  We examined expression of known TNF-responsive 

genes (31) in both datasets and found multiple  of these targets were increased in iPT cells with 

aging or injury (Fig. 1E,F).  Upregulated Ubd and Cxcl16 expression were both consistent with 

iPT cells responding to TNF stimulation (32, 33). Previous work has demonstrated that 

leukocytes are the major source of renal TNF (34). We found that Tnf transcript expression in 

control and fibrotic kidneys was confined to leukocytes in both young fibrotic and aged kidneys 

(Fig. S5C-D).  Over representation analysis demonstrated enrichment of TNF and  downstream 

NFkB signalling pathways in iPT clusters (Fig. 1G-H).  We therefore explored the potential 

role of TNF and Ubd+ iPT cells in aging and injury-induced renal fibrosis. 
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TNF/NF-kB signalling induces Ubd expression in renal epithelia in vitro and is profibrotic 

in vivo 

To determine whether TNF alone was sufficient to induce Ubd and clarify the role of NFkB 

signalling in this process, TNF was added to human renal proximal tubular cells (RPTECs) 

cultured in vitro ± the NFkB inhibitor BAY 11-7082 (Fig. S6A). TNF exposure led to increased  

Ubd expression in proximal tubular cells that was dependent on NFkB signalling (Fig. S6B).  

 

We then examined the role of TNF in fibrosis in vivo using the clinically licenced TNF inhibitor 

Infliximab. First, we tested the effects of Infliximab on renal ischaemia-reperfusion injury (Fig. 

2A).  Consistent with a profibrotic role for TNF, mice had less interstitial fibrosis, Collagen I 

deposition, alpha-smooth muscle actin (aSMA+) myofibroblast expansion and increased renal 

mass 3 weeks after uIRI with TNF antagonism (Fig. 2B,C).  In situ hybridisation (ISH) to Ubd 

and Col1a1 demonstrated upregulation of Ubd in proximal tubules after injury, often adjacent 

to Col1a1 expressing interstitial cells. Ubd+ cells were reduced five-fold compared to baseline 

with TNF antagonism, consistent with the hypothesis that TNF promoted Ubd expressing iPT 

cells in vivo (Fig. 2D).  We next tested Infliximab in another type of renal injury, unilateral 

ureteric obstruction (UUO), in aged mice (Fig. 2E).  TNF antagonism again reduced tissue 

fibrosis after UUO (Fig. 2F) and prevented the upregulation of Ubd seen after 7 days after 

injury by qPCR (Fig. S6C).   Collectively, these findings suggested iPT epithelial cells were 

responsive to TNF and NFkB signaling and contributed to renal fibrosis. To determine whether 

NFkB activation was necessary for TNF-induced fibrosis, uIRI mice were treated with 

Bortezomib, a proteasome inhibitor that stabilizes the endogenous NFkB inhibitor IκBα, thus 

inhibiting NFkB (in addition to widespread alteration in protein breakdown via its inhibition 

of the 26S proteasome(35)).  We found NFkB inhibition also reduced post-injury fibrosis, 

collagen I deposition and aSMA+ myofibroblast accumulation (Fig 3A-C). 
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TNF induced NFkB activation results in Ihh transcription by iPT cells in vitro, ex vivo  

and in vivo 

qPCR performed on kidneys from our murine uIRI and UUO disease models demonstrated that 

Icam1, Sox9 (36), Ihh  and Col1a1 transcripts were all reduced with Infliximab, whilst Tgfb1 

remained unchanged (Fig. 3D). Consistent with the necessity of NFkB activation for Ihh 

production and subsequent fibrosis, NFkB inhibition with Bortezomib also reduced the post-

injury upregulation in Icam1, Ihh and Col1a1 transcripts, despite maintained expression of 

Ubd, suggesting Ubd expression was regulated upstream or independently of NF-kB(Fig 3E). 

 

To determine the mechanism connecting TNF to tissue fibrosis we returned to our scRNAseq 

datasets to examine pathways known to be activated in renal disease (37). Although published 

work has implicated epithelial Sonic Hedgehog (Shh) induction as a key driver of kidney 

fibrosis in vivo (38), this was not differentially expressed in iPT cells in young fibrotic kidneys, 

or in the kidneys from aged mice in the TMS database (Table S1A,B and GEO online data).  

When exploring the entire TMS database, Shh expression was largely confined to bladder 

epithelia and did not increase with age in renal epithelia (Fig. S7).  Ihh was the sole Hedgehog 

transcript highly expressed by any renal cell, with Ihh and Tgfb2 differentially expressed in iPT 

cells (Fig. 1B, C, Table S1A-B and GEO online data).  We reviewed datasets from our recent 

published work (39) and found Ihh expression rose in the kidney at day 2 post-UUO (where 

profibrotic signalling is known to be induced and leukocyte Tnf production maximal) and fell 

alongside Acta2 and Col3a1 in our model of ‘Reversed UUO’ where the obstruction had been 

removed and leukocyte Tnf signalling and fibrosis are known to be reduced (Fig. S8A-B).  In 

contrast no elevation was seen in Shh expression after injury (Fig. S8C). These findings 

supported a role for Ihh but not Shh in renal fibrosis.  In situ hybridization on uninjured young 
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and aged murine kidneys also demonstrated Ubd and Ihh co-localisation could be found within 

aged proximal tubules (Fig. S8D).   

 

To explore any connection between TNF and IHH production in human kidneys, we examined 

precision cut kidney slices from cancer-free renal tissue obtained during cancer nephrectomy 

surgery (Fig S8E). We found ICAM1, UBD and IHH all rose more than 3-fold after 24h of TNF 

treatment compared to vehicle alone (Fig S8F). 

 

Given that Hh can promote collagen synthesis in fibroblasts similar to TGF-β in vitro (40) we 

tested the ability of Hh ligands to -activate TGF-β signalling.  Western blotting indicated that 

Hh ligands did not induce phosphorylation of SMAD3 and therefore promoted fibrosis 

independent of the canonical TGF-β pathway (Fig S8G,H).  

 

Renal epithelial Ihh production drives kidney fibrosis in two models of renal injury 

To determine the role of Ihh in post-injury fibrosis we generated transgenic mice to delete Ihh 

conditionally in renal epithelial  cells. The Pax8 transcription factor was highly expressed in 

iPT cells so Pax8-CreERT2;Ihhfl/fl were generated to allow inducible deletion of Ihh in Pax8 

expressing cells with tamoxifen administration (Fig. 4A, confirmed by ISH).  The expression 

of Pax8 has been documented to be restricted to renal epithelia with no expression in skin, fat, 

pancreas, stomach, small and large intestine, spleen, liver, bladder, genital tract, thymus, heart, 

lungs, muscle, salivary glands, thyroid, brain, and bone (41). We used a conditional approach 

since constitutive Ihh deletion is lethal (42).  Tamoxifen treated Pax8-CreERT2;Ihhfl/fl mice 

developed less fibrosis at d7 post UUO compared to vehicle treatment or tamoxifen treated 

transgenic and non-transgenic mice (Fig. 4B-C).   These data indicated Ihh in renal epithelial 

cells contributed to fibrosis.  
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Unilateral IRI was performed in Pax8-CreERT2;Ihhfl/fl mice and non-transgenic littermates.   

Both wild-type and Pax8-CreERT2;Ihhfl/fl mice received tamoxifen 2 weeks before and 1 week 

after uIRI while control animals received vehicle without  surgery (Fig. 4D).  Measurement of 

kidney weight and fibrosis demonstrated increased renal size and reduced fibrosis in kidneys 

with epithelial Ihh depletion compared to wild type kidneys receiving matched dose tamoxifen 

(Fig. 4E). Reductions in renal Ihh transcript expression were seen in injured kidneys from 

Tamoxifen treated transgenic mice (adj p<0.05 vs WT IRI+TAM). Over-representation 

analysis of bulk RNA-Seq data showed reductions in multiple pathways including Hedgehog 

signalling in epithelial Ihh depleted kidneys compared to wild-type, despite maintained Shh 

expression (Fig. 4F).  Comparison of post-uIRI kidneys with epithelial Ihh depletion to those 

with intact epithelial Ihh demonstrated no change in upstream TNF, TGF-b signalling, Shh or 

markers of iPT induction (Tnf, Tgfb1, Tgfb2, Ctgf, Ubd and Vcam1, all adj p=NS, Table S1C 

and GEO online data). In contrast, Ihh expression and downstream markers of myofibroblast 

proliferation and activation were significantly reduced (Ihh, Acta2, Pdgfra, Col1a1 and Col3a1 

all adj p<0.05, Table S1C and GEO online data). RNAseq analysis demonstrated no evidence 

of upregulated Ihh expression in either the contralateral kidney or heart in WT mice undergoing 

IRI vs Naïve mice (Log2FC -0.28 and Log2FC -0.39 respectively, Adj p>0.5 in both cases). 

 

IHH+UBD+ iPT cells are present in aged and diseased human kidneys  

We also performed ISH for IHH and UBD expression in human kidney tissue from young and 

aged kidneys pre-transplantation, and from a human kidney biopsy with progressive IgA 

nephropathy.  In both a ‘healthy’ aged kidney awaiting transplantation and a biopsy from a 

kidney with IgA nephropathy renal epithelia co-expressing IHH and UBD were identified 
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which were not present in young non-diseased control kidney (Fig. 5A, Fig. S8I). These 

preliminary data suggest IHH+UBD+ iPT cells exist in humans.  

 

Circulating IHH protein is increased in patients with progressive CKD 

We next tested whether patients with renal pathologies considered ‘high risk’ for progressive 

fibrosis in the kidney and heart (IgA and diabetic nephropathy) had higher amounts of 

circulating IHH protein compared to patients with ‘low risk’ renal diagnoses.  ‘Low risk’ 

diagnoses included those associated with proteinuria (Minimal Change glomerulonephritis) 

and functional loss not usually associated with progressive fibrosis (unilateral nephrectomy).  

Patients with ‘high risk’ CKD had serum IHH concentrations 3x higher than those with ‘low 

risk’ disease, and lost function 5 times more quickly over the next >2.5 years (Fig. 5B).  

Examining the entire dataset and patients confined to the ‘high risk’ subset only showed that 

patients with incident or prevalent cardiovascular disease had >3 fold higher circulating IHH 

in both cases (Fig. 5B). 

 

Induction of canonical Hedgehog signalling is profibrotic in the healthy young murine 

kidney 

To confirm whether activation of canonical Hedgehog signalling through Smoothened was 

sufficient to induce fibrosis in the absence of other profibrotic stimuli in vivo, young healthy 

mice were dosed for 7 days with Smoothened Agonist (SAG, Fig. 6A).  Treatment with SAG 

induced fibrosis in the kidney as well as perivascular regions of the heart (Fig. 6B), which are 

known to contain Gli1+ cells (17). Immunofluorescence staining showed increased Collagen I 

with SAG treatment in renal perivascular regions (Fig S9A, p<0.05) in the absence of leukocyte 

recruitment or aSMA+ myofibroblast accumulation (Fig S9B-C). Thus, canonical Hedgehog 

signalling appeared to be sufficient to drive fibrosis in the kidney as well as the heart, which 
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agrees with published work reporting the ability of a renal limited injury to induce fibrosis in 

remote organs (43). 

 

Pharmacological inhibition of Gli1/2 signalling inhibits renal fibrosis post injury 

Next, we explored the contribution of Gli1 signalling to kidney fibrosis after IRI using an 

inducible, Gli1-driven TdTomato reporter mouse and the Gli1/2 antagonist GANT61 (Fig 6C). 

Picrosirius Red (PSR) measurement of total fibrosis deposition (Fig 6D, p<0.05) and 

immunofluorescent staining for Collagen I (fig. S10A, p<0.001) at 6 weeks post IRI showed 

significant reductions in GANT61 treated mice. This coincided with a reduction in TdTomato 

labelled cells, which indicated reduced expansion of Gli1 expressing progenitors despite 

comparable numbers of aSMA+ myofibroblasts (Fig 6E, fig. S10B). qPCR assessment of renal 

tissue confirmed inhibition of Gli1/2 target genes (Snai1 and Cxcl4) and reduced expression of 

Col1a1 and Col3a1 transcripts despite unaltered Ubd, Tgf and Acta2 (Fig S10C). 

 

IHH is a non-redundant mediator of TNF signalling induced fibrosis post-injury 

We then tested the ability of TNF signalling inhibition to preserve kidney function and limit 

fibrosis after injury was established in a bilateral renal ischaemia reperfusion model (bIRI) (Fig 

6F).  Tamoxifen-treated WT or Pax8-CreERT2;Ihhfl/flmice were compared to mice with TNF 

inhibition (Infliximab) or canonical Hh inhibition (GANT61) starting 24h after injury.  TNF 

inhibition was also combined with genetic ablation of epithelial Ihh expression to examine 

potential additive effects.  Pharmacological inhibition of TNF signalling reduced kidney 

fibrosis and preserved kidney function comparably to epithelial Ihh knockdown (Fig. 6G-I).  

The addition of TNF blockade to animals already lacking epithelial Ihh elicited no additional 

protection, which suggested a non-redundant role for IHH in TNF mediated profibrotic 

signalling. 
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Renal injury induces transcriptional changes in remote organs in the absence of 

hypertension 

We wanted to determine if localized renal injury could negatively impact its contralateral 

partner remotely.  Bulk RNAseq analysis demonstrated that in mice injured 10 weeks 

previously by uIRI, the uninjured kidney also upregulated inflammatory signalling and 

collagen transcripts compared to a mouse with a single uninjured kidney 10 weeks after a 

contralateral nephrectomy (with equivalent or lower GFR). Thus, previous renal injury 

appeared to mediate systemic effects independent of renal functional loss (Fig. S11). 

 

Hypertension and reduced renal clearance of waste products have both been proposed to 

contribute to the increased incidence of cardiac fibrosis in experimental and human CKD (44-

46).  To explore this, we returned to our model of transgenic Ihh depletion in Pax8 expressing 

renal epithelial cells. There was no change in Ihh expression in hearts of tamoxifen treated 

transgenic mice as compared to tamoxifen treated wild type controls (Log2FC 0.009, adj p=1).  

No cardiac cells expressing Pax8 were seen in the TMS dataset (Fig S12A), consistent with Ihh 

deletion in our Pax8-Cre mice being specific to renal epithelia. Using this model we analysed 

whether uIRI to a single kidney induced perivascular cardiac fibrosis without advanced renal 

impairment (due to the presence of an uninjured contralateral kidney).  Blood pressure readings 

taken before, 1 week after and 10 weeks after injury showed that unilateral IRI did not induce 

hypertension in any group (Fig. 7A, B).    Despite this, measurement of the well validated heart 

weight to tibial length ratio (47) and perivascular fibrosis demonstrated cardiac fibrosis still 

occurred in the absence of hypertension or advanced renal impairment, but was reduced in the 

absence of Pax8+ epithelial Ihh production (Fig. 7B).  This finding was compatible with the 

published reports of increased Hedgehog signalling promoting fibroblast proliferation within 
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the heart independent of blood pressure changes (48, 49).  Echocardiography of a subset of 

each group demonstrated preserved cardiac function across all groups, with significant LV 

mass increase in Ihh WT mice post uIRI compared to unilateral nephrectomy only (p<0.05) 

that was not present in Pax8-CreERT2;Ihhfl/fl mice post uIRI (Table S2). We examined the data 

from the TMS database and found markers of Hh activation in cardiac fibroblasts from aged 

mice despite minimal Ihh and absent Shh transcript production in any cardiac cell type (Fig. 

S12A).  These findings supported the hypothesis that circulating hedgehog ligands can induce 

remote fibrosis, consistent with recent reports of raised systemic Hh signalling in human 

patients with renal failure (50).   

 

Renal injury results in long term leukocyte infiltration and activation in the kidney 

The prototypic T and B lymphocyte (Cd3g and Cd19) and macrophage transcriptional markers 

(Adgre1 and Cd68) all remained significantly upregulated at 10 weeks post injury in the injured 

kidney compared to naïve controls (adj p=0.012, 0.003, 2.64 x10-7 and 1.02 x10-5  respectively, 

Table S1D and in GEO online data).  In contrast, none of these markers were elevated in hearts 

from animals with injured kidneys vs uninjured controls or in contralateral kidneys vs uninjured 

controls (Table S1E-F and in GEO online data).  These findings were confirmed by flow 

cytometric analysis of post-uIRI, contralateral and naïve kidneys and hearts (Fig S12B).  These 

data suggested that the systemic fibrotic response in distant organs was not dependent on 

inflammation from local cellular infiltrates. Additional analysis of M1 and M2 macrophage 

activation markers in post-uIRI compared to naïve kidneys found the most significantly 

upregulated transcript was Mrc1 (CD206 – a prototypic marker of M2 macrophages, (Adj 

p=4.70x10-7).  However, markers of M1 macrophage polarisation were also significantly 

upregulated (Cxcl10, Nos2, Adj p=0.0001 & 0.009 respectively, Table S1D and in GEO online 
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data). Thus, transcriptomic evidence supported the accumulation and persistence of both M1 

and M2 macrophage subsets in injured kidney. 

 

Pharmacological inhibition of Hh signalling inhibits remote fibrosis after kidney injury 

We next examined the effect of  GANT61 inhibition on remote organ fibrosis in our uIRI 

model. By only injuring one kidney we could assess effects on both the uninjured contralateral 

kidneys and hearts (Fig. 7C).  At 6 weeks post-uIRI, fibrosis (PSR staining and Collagen I 

immunofluorescence) and expansion of Gli1+ pericytes/fibroblasts and ⍺SMA+ 

myofibroblasts were increased in the injured kidney (Fig 6C-F, S10A-B).  Similar changes 

were seen in contralateral kidneys and hearts of vehicle treated post-uIRI animals compared to 

animals undergoing unilateral nephrectomy, an effect lost with Gli1 inhibition (Fig. 7D-E).  Of 

note, mice undergoing unilateral nephrectomy did not develop subsequent contralateral kidney 

fibrosis despite the induction of an equal/larger functional decrease and increase in single 

kidney workload.  Post-uIRI animals had the highest perivascular fibrosis in hearts and 

uninjured kidneys, with GANT61 mediated inhibition of Hedgehog signalling blocking fibrosis 

in both organs (Fig. 7D-E).  Assessment of hearts was performed in the same Gli1-Ai14 mice 

where Gli1+ pericytes/fibroblasts were labelled before injury with Tamoxifen in all groups. 

We observed a major expansion of Gli1 derived cells in perivascular and interstitial regions at 

6 weeks post injury that were note seen in mice undergoing nephrectomy only or from uIRI 

mice treated with GANT61 (Fig 7F).   

 

To determine if the expansion of Gli1 derived cells was due to expansion of tissue resident 

precursors or recruitment of circulating bone marrow derived cells, murine bone marrow 

transplants were performed with strain matched WT and ROSA26-Cre;cCAG-Ai14 mice that 

constitutively express TdTomato (Fig S13A-B).  We saw increases in total Pdgfra+ activated 
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fibroblasts in both the kidney and heart after uIRI (Fig S13C-D). In the kidney >80% of CD45+ 

leukocytes and less than 4% of activated Pdgfra+ fibroblasts were TdTomato positive (Fig 

S13E), whilst less than 2% of cells in the heart were TdTomato+ (Fig S13F). These data 

demonstrated that >95% of fibroblasts in both organs derived from tissue resident cells.  

  



 18 

Discussion 

 
 
Chronic kidney disease affects hundreds of millions of people worldwide and is a major risk 

factor for accelerated cardiovascular disease and premature death (51, 52).  Chronic 

inflammation is a feature common to all advancing kidney disease, but the mechanism to 

explain their connection remains incompletely understood. Here we show evidence that 

changes in the renal epithelial phenotype may link aging and inflammation to fibrosis. 

 

We explored aging and injured kidneys from humans and mice at single cell resolution and 

identified a renal epithelial cell subset that produced Ihh in response to TNF.  This cluster 

upregulated Ubd, Vcam1, Sox9 and Dcdc2a and therefore may overlap with cells identified by 

other groups as ‘failed-repair’, ‘new-PT1’ or ‘pro-inflammatory’ epithelia after injury (24, 53-

55). Of importance, using human cell culture, murine experimental kidney disease and human 

kidney biopsies we demonstrated that IHH can promote fibrosis in the kidney and heart through 

TNF, NFkB and Hedgehog signalling through Gli1+ cells in both organs (summarised in 

Figure S14).  Collectively, these data link the immune activation present in aging, inflammation 

and organ injury (1-3) to progressive fibrosis  (6, 7).   

 

Published work supports the importance of Hedgehog signalling in renal fibroblasts in rodent 

models of CKD (38), which has been attributed to elevated Sonic Hedgehog protein in tubular 

epithelial cells after injury (38, 56).  Using our own scRNAseq datasets we did not see 

upregulation of Shh after experimental renal injury. Instead, the profound reduction in collagen 

deposition seen in animals lacking Ihh but preserved Shh gene function supported a previously 

underappreciated role of Ihh as a fibrotic mediator. The identification of Ihh rather than Shh as 

a mediator of Gli1+ associated fibrosis was of therapeutic as well as mechanistic interest. Given 
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the tissue restricted expression of Ihh, it may be possible to design targeted therapies to limit 

fibrosis without the side effects typically associated with systemic inhibition of TNF or NFkB 

signalling.   

 

Our data is consistent with studies performed in experimental rodent and human liver disease 

(57-59), showing that injury induced release of Hedgehog ligands from epithelia leads to 

hepatic myofibroblast activation.  Studies in other organs in humans, mice, zebrafish, and fruit 

flies also support the ability of Hedgehog signalling to drive local and remote tissue 

development, cancer and post-injury fibrosis (60-65).  The literature on cardiac Hedgehog 

signalling has focused mainly on the beneficial impact of Hedgehog signalling in cardiac 

development and on successful scar formation in the first 7 days after myocardial infarction 

(66).  This is consistent with reports of acute endogenous upregulation of Hedgehog signalling 

being an important mediator of recovery after acute, limited liver injury (67). Importantly, in 

the liver longer term upregulation of Hh ligand expression within hepatocytes is present in 

progressive fibrosis (59), and cirrhosis (68) –consistent with the longer term outcomes 

addressed in our study.  Reports have implicated even acute Hedgehog signalling in the heart 

as profibrotic, with  inhibition of Hedgehog signalling resulting in less cardiac fibrosis with no 

deleterious impact on ejection fraction (69).  It remains possible that the differences between 

our kidney studies and short- term studies in the heart reflect contrasting effects of early versus 

sustained Hedgehog signalling on the vasculature (where proliferation is beneficial) and the 

mesenchyme (where proliferation promotes fibrosis). Further studies are required to clarify the 

impact of timing, environment and injury on Hedgehog signalling in these settings. 

 
 
Our findings regarding cardiac perivascular fibrosis and TNF-dependent Hedgehog signalling 

are consistent with published work showing that TNF knockout mice are protected from end 
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organ damage in models of hypertension (70) and with clinical studies in bone disease 

identifying Ihh as a TNF target (71).  They are also compatible with the documented increases 

of perivascular fibrosis in the hearts of elderly patients and those with CKD, resulting in 

impaired coronary blood flow and susceptibility to myocardial hypoxia (72-74), although this 

has not been specifically linked to Hh or IHH.  Previous work has focused on the beneficial 

impact of Sonic Hedgehog administration on cardiomyocyte and endothelial proliferation in 

the immediate aftermath of ischaemic injury (49).  Our data raises concerns that prolonged 

agonism or elevated activity of circulating Hedgehog ligand may worsen cardiac fibrosis in 

Gli1+ cells – with fibrosis associated with reduced survival in patients with CKD (6). It is 

noteworthy that serum IHH was higher in patients with progressive CKD and cardiovascular 

disease in our study (Fig 3H).  Our results are consistent with the reported impact of Hedgehog 

signalling on cardiac fibroblast proliferation (49), where acute SHH administration led to 

expanded ⍺SMA positive fibroblast staining. 

 

The current study has limitations.  Ihh is minimally expressed in various epithelial cell subtypes 

in the healthy young kidney, and our single cell data demonstrates that iPT cells are the highest 

expressing, but not the only site of Ihh expression in the aftermath of injury. In addition to the 

pharmacological interventions on UUO in aged mice presented here it will be valuable to assess 

the long-term impact of IHH on renal homeostasis, physiological aging and injury responses.  

Additionally, while no murine model can fully replicate the multiple pathologies contributing 

to human kidney disease, our studies provide evidence that perivascular cardiac fibrosis could 

occur in the absence of cardiac dysfunction during the timeframes studied here. It is noteworthy 

that in mice with preserved renal epithelial IHH, cardiac perivascular fibrosis occurred despite 

equivalent renal function and blood pressure to mice undergoing contralateral nephrectomies 
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alone, suggesting that neither of these factors appear to be necessary for the initiation of this 

important disease process.   

 

Whilst our transgenic studies implicate Ihh release from injured epithelial cells as a key driver 

of multi-organ fibrosis – further studies are required to assess whether other factors contribute 

to extra-renal fibrotic outcomes. In human disease perivascular fibrosis is associated with 

myocardial ischaemia and worsened outcomes after cardiac events (75).  Further studies 

focusing on experimental cardiac injury and repair prior to larger, prospective studies in human 

disease will be required to validate and extend the work presented here.  CKD is associated 

with increased cellular exosome release (76).  IHH can be secreted within circulating exosomes 

(77) so it is possible that the increases in total circulating IHH in CKD were even larger than 

those detected by serum ELISA.  It would be of interest to evaluate this further in future work.  

 

It will be important to conduct further studies on individual ligand and pan-Hedgehog 

signalling to monitor their impact on cardiac and renal function.  Experimental models 

exploring acute and chronic myocardial injury and interrogation of existing clinical datasets 

will be of great value in determining optimal amounts of TNF and Hedgehog pathway 

modulation for either short and long term indications.  Encouragingly, in human patients with 

rheumatoid arthritis (RA), treatment with biologic agents (>90% of which were TNF 

antagonists) reduced the incidence of CKD with eGFR<45ml/min by 29% (78) whilst TNF 

antagonists stabilised renal function in patients with RA and CKD compared to other disease 

modifying drugs (79).  TNF antagonist treatment also reduced the incidence of total 

cardiovascular events compared to other agents in RA patients, with protection increasing with 

longer treatment duration (80).   
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In summary, we found IHH release from renal iPT cells linked TNF release to organ fibrosis. 

These results suggest that current clinical therapies that target TNF, NFkB and Hedgehog 

signalling warrant further investigation to assess their efficacy in patients with CKD and 

fibrosis. 
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Materials and Methods  

Study Design 

This study addressed the hypothesis that changes in the renal epithelial phenotype linked aging 

and inflammation to fibrosis.  To answer this a series of controlled laboratory experiments were 

performed with the primary objective of determining whether distinct subsets of renal epithelia 

could be identified from murine models of renal injury and aging in vivo, and their contribution 

to renal fibrosis defined using human cells studied in vitro, in murine models in vivo and by 

study of previously collected human kidney samples. All studies were conducted in accordance 

with ARRIVE guidelines (81). Based on previous work a two-sided two sample test was used 

to generate group sizes for all in vivo studies. All studies were performed at the Harvard 

Medical School, Boston, MA, USA or the University of Edinburgh, UK, with data collection 

performed at pre-specified endpoints unless limited by animal distress as identified by facility 

staff and/or veterinary surgeons. No available data was excluded from the analysis. Primary 

and secondary endpoints were pre-specified. Each mouse represented one experimental unit. 

Due to the marked protection against post-IRI fibrosis seen in female mice, male mice were 

used for all IRI experiments. In all experiments, there was randomised allocation to groups. 

Drug administration and surgical timing was rigorously rotated across all groups. Tissue was 

collected by two staff members blinded to the treatment groups, using a long established, 

validated coding system for each animal. Blinded staining and image analysis was undertaken 

with unblinding only being performed after all data analysis was complete. 

Human biopsies and serum analysis 

After appropriate ethical approval from Tissue Governance at NHS Lothian, and under the 

remit of the UK QUOD Consortium supported by NHS Blood and Transplant (REC reference 

number 20/SS/0105) sections were obtained from renal biopsies from patients tissue with 
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native renal disease, nephrectomies for renal carcinoma and pre-implantation renal transplants. 

Assessment for cardiovascular disease was performed based on coded diagnoses in the 

electronic patient record for at least one of the following conditions: coronary artery disease, 

ischaemic chest pain, heart attacks, stroke, congestive heart failure and heart rhythm problems 

as per NIH/NCI criteria (82).  Human serum samples were analysed using an anti-human IHH 

sandwich ELISA (LS-F6997, LSBio) according to the manufacturer’s instructions. 

 

Statistical Analysis 

Data were stored in Excel (Microsoft, USA) and analysed with Prism 9.0 (GraphPad, USA) or 

R version 4. Multivariable linear regression was performed on R using the finalfit package 

(1.0.2). All data is expressed as dot plots with bars representing median values. Published 

human microarray datasets from Rodwell et al.(30) were downloaded from the NephroSeq 

(www.nephroseq.org) online database  and linear regression analysis and Kruskal-Wallis tests 

performed. For all in vivo studies n numbers reflect biological replicates. Depending on the 

numbers of groups present and the results of normality testing using the Shapiro-Wilk test 

groups were compared using unpaired Student’s unpaired T-test, Mann-Whitney U-test, 

ANOVA (Tukey’s, Dunnett’s and Sidak’s post-hoc test for multiple comparisons) or Kruskal-

Wallis test (with Dunn’s multiple comparisons test). All data presented is uploaded and freely 

available online, or included as supplemental data, alongside normality testing and descriptive 

statistics including mean values and confidence intervals. P-values < 0.05 denote statistical 

significance, *p<0.05, **p<0.01, ***p<0.005, ****p<0.001.  
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Figure Captions: 

 

Figure 1. Identification of inflammatory proximal tubular cells in injured and aging 

mouse kidneys.  (A-B) Schema of single cell analyses of renal epithelia performed in young 

murine kidneys with fibrosis 42 days post ischemia reperfusion injury (A, n=3/group) and 

healthy young and aged kidneys from the Tabula Muris Senis (TMS) dataset (B, total n=14, 

n=2-4/timepoint). (C-D, PCT – proximal convoluted tubule, LoH – loop of Henle, CD – 

collecting duct, IC – intercalated cell, iPT – inflammatory proximal tubule). Analysis using 
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Seurat demonstrated additional clusters absent from healthy young epithelia but present in 

previously injured kidneys (C) and aged kidneys (D) indicated by black circles on each 

Uniform Manifold Approximation and Projection (UMAP) plot.  (E-F) A subset of cell identity, 

fibrosis and TNF signaling related genes are shown for injured kidneys (E), and aged kidneys 

(F). Over representation analysis (ORA) of the inflammatory proximal tubule cluster is shown 

in previously injured kidneys (G) and aged kidneys (H). Blue bars indicate analyses from 

KEGG enrichment, orange indicates Wikipathway enrichment and grey indicates Reactome 

enrichment.  False discovery rate <0.05. 
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Figure 2. Profibrotic inflammatory proximal tubular cells increase in response to TNF in 

mice in vivo.  (A) Schema of TNF inhibition studies using Infliximab (10mg/kg) after 
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unilateral IRI (n=8/group). (B) %Picrosirius Red (PSR) staining for renal fibrosis after 

ischaemic injury, including the ratio of weights of the injured kidney relative to the 

contralateral uninjured kidney (IRI:CLK weight ratio:n=8/group, unpaired t-test). (C) 

Immunofluorescence staining and quantification of Collagen I deposition (green) and ⍺SMA+ 

myofibroblast expansion (red) after uIRI (n=7-8/group, one way ANOVA with Tukey’s test) 

(D) ISH and quantification of Ubd+ iPT cells in uIRI kidney (Blue=DAPI, Red=Ubd, 

Green=Col1a1, n=8/group, Kruskal-Wallis test). I Schema of Infliximab studies with unilateral 

ureteric obstruction in aged mice (n=6-7/group). (F) PSR staining and quantification of fibrosis 

after UUO in aged mice (n=6-7/group, unpaired t-test). Scale bars: 100microns (B-C), 

50microns (E), 10microns (D). Each image is representative of image acquisition and analysis 

performed from all experimental subjects. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.  
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Figure 3. Profibrotic inflammatory proximal tubular activation is inhibited by blockade 

of NFkB signalling.  (G) Schematic of Bortezomib studies after uIRI in the murine kidney (H) 

PSR staining of kidney tissue after IRI ± Bortezomib treatment (n=6-8/group, unpaired t-test) 
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(I) Immunofluorescence staining and quantification of Collagen I deposition and ⍺SMA+ 

myofibroblast expansion after uIRI (n=6-8/group, unpaired t and Mann-Whitney tests). (J) 

mRNA expression of Icam1, Sox9, Ihh, Tgfb1 and Col1a1 after injury, normalized to 

housekeeping genes and expressed relative to naïve, vehicle treated kidneys (n=12-14/group, 

ANOVA with Tukey’s test or Kruskal-Wallis test). (K) mRNA expression of Icam1, Ihh, 

Col1a1 and Ubd after injury, normalized to housekeeping genes and expressed relative to 

naïve, vehicle treated kidneys (n=6-8/group, ANOVA, Kruskal-Wallis and unpaired t-tests). 

Scale bars: 100microns (A).  Each image is representative of image acquisition and analysis 

performed from all experimental subjects. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.  
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Figure 4. Indian Hedgehog is associated with renal fibrosis in mice and humans. (A) 

Schema of breeding strategy used to generate Pax8-creERT2; Ihhfl/fl mice and confocal images 

of Col1a1, Ubd and Ihh transcripts in healthy and injured kidneys from wild-type (WT) and 

Pax8-creERT2; Ihhfl/fl transgenic (TG) mice. White arrows: Ubd transcripts. Red arrows: Ihh 

transcripts. Blue staining represents nuclei (DAPI). (B) Schema of experiments testing the Ihh 

deletion in unilateral ureteric obstruction in mice. (C) Picrosirius Red staining and %PSR in 

Pax8-creERT2; Ihhfl/fl mice after UUO (n=8/group, ANOVA with Sidak’s test). (D) Schematic 

of experiments using Pax8-creERT2; Ihhfl/fl mice  to test the role of Ihh during renal uIRI. (E) 

Quantification of kidney mass and fibrosis (%PSR) in Pax8-creERT2; Ihhfl/fl mice with 

representative images (right) post uIRI (n=4-9/group, ANOVA with Tukey’s test, and Kruskal-

Wallis tests) (F) Over-representation analysis illustrates up and downregulated pathways in Ihh 

deleted kidneys post-uIRI. Orange = Wikipathway, Grey = Reactome, Pink = Panther. Scale 

bars: 100microns (C), 10 microns (A): Each image is representative of image acquisition and 

analysis performed from all experimental subjects. *p<0.05, **p<0.01, ***p<0.001, 

****p<0.0001.   
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Figure 5.  iPT cells and circulating IHH are increased in human chronic kidney disease 

(A) Schema of studies in human tissue looking for evidence of iPT cells in human ageing and 

CKD. ISH for UBD (red arrows to red dots) and IHH (grey arrows to green dots) mRNA in 

aged (>75 years old) and diseased (IgA nephropathy) human kidneys. (B) Serum IHH, renal 

functional loss and cardiovascular disease in patients with high and low risk CKD (n=7-

18/group, Mann-Whitney tests). Scale bars: 10 microns (A): Each image is representative of 

image acquisition and analysis performed from all experimental subjects. *p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001.  
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Figure 6. Pharmacological modulation of TNF and IHH signalling regulates renal fibrosis 

in mice.  (A) Schema of experiments for Smoothened Agonist (SAG) administration in healthy 

young mice.  (B) Images of Picrosirius Red staining and quantification of collagen (fibrosis) in 

the kidney and perivascular regions of the heart after SAG (n=8/group, unpaired t-test and 

Mann-Whitney tests). (C) Schema of experiments examining GANT61 treatment in Gli1-Cre 

TdTomato reporter mice with uIRI. (D) PSR staining and quantification of fibrosis after uIRI 

in the presence and absence of GANT61 (n=7-10/group, ANOVA with Tukey’s test). (E) 
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Fluorescent imaging and quantification of TdTomato+ labelled Gli1+ derived cells in mouse 

kidney after IRI and GANT61 treatment. (n=6-7/group, Kruskal-Wallis test). DAPI (blue) 

denotes nuclei. (F) Schematic of experiments testing renal epithelial Ihh deletion and GANT61 

or Infliximab treatment in mice with bilateral renal IRI. (G) Representative images of 

Picrosirius red staining of collagen in post-bIRI kidneys ± treatment. (H) Quantification of PSR 

fibrosis seen in panel H (n=7-8/group, Kruskal-Wallis test). Scale bars: 100microns. (I). 

Quantification of serum Cystatin C levels (n=7-8/group, ANOVA with Sidak’s test). Each 

image is representative of image acquisition and analysis performed from all experimental 

subjects.  *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
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Figure 7. Inhibition of Ihh signaling limits perivascular cardiac fibrosis and Gli1+ cell 

expansion after uIRI in mice.  (A) Schematic of experiments to examine cardiac fibrosis after 

conditional deletion of Ihh in Pax8-creERT2; Ihhfl/fl mice after renal uIRI. (B) Quantification of 

blood pressure, cardiac weight/tibia length and perivascular cardiac fibrosis after uIRI (n=4-

10/group, ANOVA with Tukey’s or Dunnett’s or Kruskal Wallis tests) Quantification of 
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fibrosis based on Picrosirius Red staining (representative images on right).  (C) Schematic of 

experiments with Gli1-Cre TdTomato reporter mice and GANT61 treatment to examine 

contralateral kidneys and hearts after nephrectomy or uIRI. (D) Images and quantification of 

Picrosirius Red in the contralateral kidney after uIRI or nephrectomy (n=6-10/group, Kruskal-

Wallis Test). (E) Images and quantification of Picrosirius Red in the heart after kidney injury 

(n=6-7/group, ANOVA with Dunnett’s test). (F) Imaging and quantification of Gli1+ derived 

cells using AF488-conjugated antibody labelling in the heart after renal uIRI compared to 

nephrectomy alone (n=4-7/group, ANOVA with Dunnett’s test, white arrows indicate cells 

derived from cells expressing Gli at the time of recombination). Scale bars: 100microns. n=6-

10/group with each image representative of image acquisition and analysis performed from all 

experimental subjects.  *p<0.05, **p<0.01.  
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