
Supplementary Materials for
Differentiation of crescent-forming kidney progenitor cells into podocytes 

attenuates severe glomerulonephritis in mice

Maria Elena Melica et al.

Corresponding author: Paola Romagnani, paola.romagnani@unifi.it: Laura Lasagni, laura.lasagni@unifi.it

Sci. Transl. Med. 14, eabg3277 (2022)
DOI: 10.1126/scitranslmed.abg3277

The PDF file includes:

Materials and Methods
Figs. S1 to S13
Tables S1 to S3
References (68–79)

Other Supplementary Material for this manuscript includes the following:

Data file S1
Movie S1
MDAR Reproducibility Checklist 



Supplementary Materials  

 

Materials and Methods 

 

Mouse genotyping. Tail biopsies were incubated overnight at 55°C in lysis reagent (1 M TrisHCl pH 

8.5, 0.5 M EDTA, 20% SDS, 4 M NaCl, 0.1 mg/mL proteinase K neutralized with 40 mM TrisHCl, 

all from Sigma-Aldrich), centrifuged and DNA extracted using isopropanol (Sigma-Aldrich). Primers 

and PCR parameters were obtained from Jackson Laboratory online resources of the relative strain 

purchased or previously reported experimental procedure (6). 

 

Blood urea nitrogen measurement. Blood was collected from submandibular plexus at different 

time points and BUN measured in heparin anticoagulated plasma samples using the Reflotron System 

(Roche Diagnostics, Risch-Rotkreuz, Switzerland), according to the manufacturer’s protocols. The 

number of mice used and statistical values (where applicable) are provided in the figure legends. 

 

Albumin and Creatinine excretion measurement. Urine spot samples were collected for each 

mouse at different time points. Urine albumin (Mouse Albumin ELISA, Albuwell M, Exocell, 

Philadelphia, PA, USA) and urine creatinine (Creatinine urinary Colorimetric Assay kit, Cayman 

Chemical, Ann Arbor, MI, USA) concentrations were determined according to the manufacter’s 

protocol. The number of mice used and statistical values (where applicable) are provided in the figure 

legends. 

 

Transcutaneous measurement of glomerular filtration rate. Measurement of the glomerular 

filtration rate (GFR) was done as described elsewhere (11). In brief, distinct groups of mice were 

anesthetized with isoflurane and a miniaturized imager device built from two light-emitting diodes, a 

photodiode and a battery (Mannheim Pharma and Diagnostics GmbH, Mannheim, Germany) were 



mounted via a double-sided adhesive tape onto the shaved animals’ neck. For the duration of 

recording (~1.5 h) each animal was conscious and kept in a single cage. Prior to the intravenous 

injection of 150 mg/kg FITC-sinistrin (Mannheim Pharma and Diagnostics GmbH), the skin’s 

background signal was recorded for 5 min. After removing the imager device, the data were analyzed 

using MPD Studio software ver.RC12 (MediBeacon GmbH Cubex41, Mannheim, Germany) (67). 

The GFR [μl/min] was calculated from the decrease of fluorescence intensity over time (i.e., plasma 

half-life of FITC-sinistrin) using a two-compartment model, the animal’s body weight and an 

empirical conversion factor. The number of mice used, numbers of replicates, and statistical values 

(where applicable) are provided in the figure legends. 

 

Histological analysis. Kidney tissues were fixed in 10% neutral-buffered formalin overnight at room 

temperature, dehydrated in graded alcohols and embedded in paraffin. For histologic and 

morphometric analysis, 5 µm sections were stained with periodic acid–Schiff (PAS) reagents and 

analyzed under the optical microscope Leica DM750 (Leica Microsystems, Mannheim, Germany). 

Cellular crescents were assessed when more than a single layer was present around the inner 

circumference of Bowman capsule. 

Glomerular injury was scored by a blinded observer in at least 150 glomeruli per mouse sacrificed at 

different time points. The following criteria were assessed in each of the glomeruli: mesangial matrix 

expansion, mesangial proliferation, focal necrosis, cellular crescents and tuft retraction. These 

glomeruli were further classified as having no injury, mild injury (<25% of glomerulus), moderate 

injury (25%- 50% of glomerulus) or severe injury (>50% of glomerulus). The number of mice used 

and statistical values are provided in the figure legends. 

 

Immunofluorescence and confocal microscopy. Confocal microscopy was performed on 10 µm 

sections of renal tissues or on human renal progenitor cells cultured in multi-chamber slides by using 

a Leica SP5 AOBS confocal microscope (Leica Microsystems, RRID:SCR_020233) equipped with 



a Chameleon Ultra-II two-photon laser (Coherent, Santa Clara, CA, USA) or a Leica SP8 STED 3X 

confocal microscope (Leica Microsystems). To generate 3D images, we used the image processing 

software Leica Application Suite X (RRID:SCR_013673, Leica Microsystems). Z-series stacks were 

obtained from 30 μm kidney slices. Images were collected at 0.3 μm intervals. 

For the mice with mT/mG reporter, the acquisition was set in the green and red wavelengths using 

488 and 543 nm wavelength excitation, respectively. For the mice with Confetti reporter, the 

acquisition was set in the cyan, green, yellow, and red wavelengths using 405, 488, 514, and 543 nm 

wavelength excitation, respectively. Nuclei were counterstained with DAPI (Thermo Fisher 

Scientific, Waltham, MA, USA) excited with UV laser at 405 nm. 

For immunofluorescence, the following antibodies were used: anti-synaptopodin (Progen Biotechnik, 

Heidelberg, Germany Cat# 65194, clone G1D4, RRID:AB_2909601), anti-CD133/2 (Miltenyi Biotec 

S.r.l., Bergisch Gladbach, Germany, Cat# 130-090-851, clone 293C3, RRID:AB_244343), and anti-

SFN (Thermo Fisher Scientific, USA, Cat# MA5-11663, RRID:AB_10987350), anti-NPHS1 (Novus 

Biologicals, Centennial, CO, USA, Cat# NBP1-30130, RRID:AB_2155014), anti-NPHS2 (Abcam, 

Cambrige, UK, Cat# ab50339, RRID:AB_882097), anti-histone H3 (acetyl K9) (Abcam, Cat# 

ab32129, clone Y28, RRID:AB_732920), anti phospho-STAT3 (Tyr705) (Cell signaling, Danvers, 

Massachusetts, USA, Cat# 4113, clone M95C, RRID:AB_2198588) and anti-fibrinogen (FITC 

conjugate) (Agilent Santa Clara, CA, Cat# F0111, RRID:AB_2335705) primary antibodies. Alexa 

Fluor secondary antibodies were obtained from Molecular Probes (Thermo Fisher Scientific) and 

used at a dilution 1:1000 (Alexa Fluor 488- and 546-coniugated) or 1:400 (Alexa Fluor 647-

coniugated). Staining with Alexa Fluor546 Phalloidin (Thermo Fisher Scientific Cat# A-22283, 

RRID:AB_2632953) was performed following manufacturer's instructions. 

 

 

Optical tissue clearing and confocal 3D reconstruction. For the 3D reconstruction of the whole 

glomeruli and for quantification of filtration slit density, optical clearing of the kidneys was 



performed. Briefly, kidneys were dissected and immediately incubated at 4°C in hydrogel solution 

(4% v/v acrylamide, 40.025% v/v bisacrylamide, 0.25% w/v VA-044 initiator, 4% PFA, 1X 

phosphate buffered saline (PBS)) for 1 day. The gel was polymerized at 37°C for 3 h, and the presence 

of oxygen was minimized by filling tubes to the top with hydrogel solution. Samples were removed 

from the hydrogel solution, immersed in clearing solution (200 mmol/l boric acid, 4% SDS, pH 8.5) 

and incubated at 50°C for 1 day. Kidneys were cut in 300 m thick slices using a Vibratome and 

incubated at 50°C for 4 days with clearing solution changed every day. Before immunolabeling, 

samples were incubated in PBST (0.1% Triton-X in 1 × PBS) for 1 day. During immunolabeling, 

PBST was used as diluent in all steps. Samples were incubated in primary antibody for 24 h at 37°C 

and then washed in PBST for 4 h at 37°C followed by secondary antibody incubation for 24 h at 37°C 

and washed for 4 h at 37°C prior to mounting. Following primary antibodies were used: anti-NPHS2 

(Sigma-Aldrich, Cat# P0372, RRID:AB_261982), anti-GFP (Abcam, Cat# ab6556, 

RRID:AB_305564) and anti-synaptopodin (Progen Biotechnik, Heidelberg, Germany Cat# 65194, 

clone G1D4, RRID:AB_2909601). Secondary antibodies were obtained from Molecular Probes 

(Thermo Fisher Scientific). Samples were mounted in 80,2% fructose with 0.5% (v/v) 1-thioglycerol. 

To generate 3D reconstructions of glomeruli, Z-series stacks were obtained from 300 μm kidney 

slices. Images were collected at 1μm intervals by using a Leica SP8 confocal microscope and de-

convolved with Huygens Professional software (Scientific Volume Imaging B.V., Hilversum, The 

Netherlands). We used image processing software from Leica Microsystems “Leica Application Suite 

X” for 3D reconstruction. 

 

 

Calculating observed and theoretical distribution of crescent colors. To estimate Confetti reporter 

color distribution in affected glomeruli, the number of clones with different colors were counted for 

each 3D reconstructed glomerulus. Only clones with more than 5 cells were included in the analysis, 

as these were not observed in healthy animals. To compare the observed distribution of colors per 



glomerulus to what would be expected if lesions were generated from proliferation of 1, 2, 3 or 4 

cells, we calculated the theoretical distribution as follow. First, we calculated the recombination 

frequency of each color on healthy mouse glomeruli (78 glomeruli, n=9 mice). A total of 10 colors 

were expected from the combination of the fluorescent protein YFP, RFP, CFP and GFP (possible 

outcomes are reported in Fig.2I). Resulted frequency of each color is shown in Fig.2J.  

Since GFP cells occur at low frequency (frequency = 0.01), thus, to simplify the analysis, the green 

color and its combinations with the other colors were not considered, as they would have contributed 

only marginally and for the analysis a total of 6 colors were evaluated. All possible combinations of 

colored cells were considered (e.g. if 3 cells proliferate there are 63= 216 possible color combinations: 

red-red-red, red-red-yellow, red-yellow-red, red-yellow-blue,...). To calculate the probability of each 

color combination, we applied the known recombination frequency of each color (for example: red-

red-red= 0.24 x 0.24 x 0.24, red-red-yellow= 0.24 x 0.24 x 0.48, red-yellow-red = 0.24 x 0.48 x 0.24, 

red-yellow-blue = 0.24 x 0.48 x 0.12, …). The frequencies for color combinations of 1, 2, 3, and 4 

colors were summed; for example, out of 216 possible combinations of 3 cells there are 6 yielding 

one color (red-red-red etc.) with a summed frequency of 0.13, 90 x two color combinations (summed 

frequency=0.59), 120 x three color combinations (summed frequency=0.28) and 0 x four color 

combinations (Fig. 2H).  

We then compared the observed distribution of colors per crescent (n=30 glomeruli from 6 anti-GBM 

mice) to the expected distributions of colors in crescents derived from the hypothetical proliferation 

of 1, 2, 3 or 4 cells.  

 

Crescent quantification and podocyte regeneration. In the Pax2.rtTA;TetO.Cre; R26.mT/mG 

mice, the percentage of the glomeruli presenting crescents was assessed by confocal microscopy and 

results were expressed as percentage of glomeruli presenting a crescent derived from Pax2+ cells 

over the number of glomeruli presenting a Pax2+ PECs in the Bowman capsule.  



Quantification of glomeruli with Pax2+-derived podocytes in Pax2.rtTA;TetO.Cre; R26.mT/mG mice 

was performed on 30 µm sections of renal tissues. Pax2+-derived podocytes were detected as green 

cells within glomerular tuft in 3D reconstructed glomeruli. Results were expressed as percentage of 

glomeruli presenting Pax2+-derived podocyte over the number of Pax2+ glomeruli in the Bowman 

capsule. 

 

Analysis of glomerular damage in kidney sections upon optical tissue clearing. To evaluate the 

percentage of glomeruli with no sign of damage, 3D reconstructions of confocal microscopy images 

of entire glomeruli stained for NPHS2 were analyzed. For each section, 10 glomeruli were acquired, 

and the integrity of the slit diaphragm was evaluated by two independent blinded observers. 

Glomeruli without defects in coverage representing denuded areas with podocyte loss and without 

foot process effacement in podocytes surrounding these gaps were considered “glomeruli with an 

improved barrier integrity”. 

 

Tubular cells counting. To assess the effect of panobinostat on tubular cells, 

Pax8.rtTA;TetO.Cre;R26.FUCCI2aR mice were injected with anti-GBM serum and treated with 

vehicle (n=5), and panobinostat (n=6) starting from day 1 after injury and sacrificed at day 7. Kidneys 

were processed in order to obtain a single cell suspension and the total number of Pax8/FUCCI2aR 

cells counted by flow cytometry using a MacsQuant instrument (Miltenyi Biotec S.r.l.), as previously 

described (11). 

 

Bioinformatic Analysis on mouse samples. Raw sequencing data for kidney samples and for Pax2+ 

renal progenitors were processed using the 10x Genomics Cell Ranger pipeline (version 3.0.1). First, 

cellranger mkfastq demultiplexed libraries based on sample indices and converted the barcode and 

read data to FASTQ files. Next, cellranger count performed alignment to the mouse mm10 reference 

genome (STAR) (69), filtering and unique molecular identifier (UMI) counting.   



Next, we performed the quality control on both datasets to remove poor-quality cells and badly 

detected genes. For Pax2+ renal progenitors data we filtered out cells with a mitochondrial read rate 

> 10% and expressed < 1700 genes, for in vivo > 40% and < 100, respectively. Cell-specific biases 

were normalized by dividing the measured counts by the size factor obtained through the scran 

computeSumFactors method, which implements the deconvolution strategy for scaling normalization 

(70), and log-transformed after addition of a pseudocount of 1. 

Next, we mitigated the batch effect through the ComBat (71) and matching mutual nearest neighbors 

MNN methods for Pax2+ renal progenitors and kidney samples data respectively to later proceed 

with feature selection to keep “informative” genes only used for dimensional reduction through PCA. 

The first 50 principal components (PCs) were used to construct a neighborhood graph of observations 

through the pp.neighbors function, which relies on the (Uniform Manifold Approximation and 

Projection (UMAP) algorithm to estimate connectivity of data points. 

Once visualized data, for Pax2+ renal progenitors, we assessed the localization and the expression of 

interesting markers such as the GFP and the podocyte, progenitor and tubular cells markers, for 

kidney samples data we clustered data at different resolutions and obtained the marker genes for 

produced clusters. Based on results, we kept data at resolution 1 and relying on the expression of 

tissue specific markers we gathered clusters with similar signatures. Next, we isolated the immune 

line clusters in order to subset them in their subtypes to then proceed with the comparison between 

panobinostat treated and vehicle samples in order to define the most differential expressed genes 

between these two groups to study their trend in all treatments. Finally, we evaluated the expression 

of genes related to crescentic glomerulonephritis in mouse in each immune subtype. 

 

Bioinformatic Analysis on human samples. Raw sequencing data for human PEC and RPC samples 

were processed in the same way as those from mouse experiments except for alignment that was 

performed to the GRCh38 human reference genome. 



The resulting count matrices have undergone quality control to remove poor-quality cells by selecting 

those with a mitochondrial read percentage < 20% and a number of expressed genes > 350. Cell-

specific biases were normalized by dividing the measured counts by the size factor obtained through 

the scran computeSumFactors method, Looking for highly variable genes, through the scanpy (72) 

pp.highly_variable_genes function with default parameters, we noticed a high expression of renal 

progenitor cell markers, in particular CD44, CD9, CD24 and PROM1. In order to confirm the 

progenitor signature of our cells, we matched this dataset with a previous one containing renal 

progenitors, already used in (36). 

We took the union of highly variable genes whose expression was common across both datasets, thus 

resulting in 4000 genes that were used for the (MNN) batch correction (73), performed through the 

python mnnpy package (https://github.com/chriscainx/mnnpy).  

Then we used these genes to perform the dimension reduction on the MNN batch corrected data (7443 

cells) through PCA and the first 40 PCs were used to construct a neighborhood graph of observations 

through the pp.neighbors function, which relies on the UMAP algorithm  to estimate connectivity of 

data points. Lastly, we clustered data by tl.louvain function with a resolution of 0.3, obtaining 5 

clusters, identified the marker genes by the function tl.rank_genes_groups and plotted them as a 

hierarchically clustered  heatmap, focusing on the cluster 2 main markers, in the order CD9, EPCAM, 

SFN, PROM1, CD24. 

 

Differentiation of murine bone marrow-derived macrophages. Bone marrow was isolated from 

male C57BL/6J mice. Briefly, both hind limbs per mouse were removed. Under sterile conditions, 

the ends of the bones were snipped and the bone marrow flushed into a 50 ml FALCON tube using a 

25G needle and a 5 ml syringe containing DMEM with GlutaMAXTM I (Gibco, Thermo Fisher 

Scientific). The cells were centrifuged at 1500 rpm for 7 minutes, the supernatant discarded and the 

cell pellet resuspended in 8 ml fresh differentiation medium (DMEM with 10% FBS (Biochrom, 



Merck Millipore, Burlington, MA, USA), supplemented with 1% Pen/Strep (PAN-Biotech, 

Aidenbach, Germany), 50 µM β-Mercaptoethanol (Gibco, Thermo Fisher Scientific), 20% L929 

supernatant and 5% Horse Serum. Cell suspension was placed through a 70 µm filter and transferred 

into a non-treated 10 cm polystyrene petri dish. On day 4, 6 and 8, remove 50% old medium and add 

50% fresh differentiation medium. If macrophages were confluent on day 9, medium was removed 

and cold D-PBS added for 10 minutes at 4°C and pipette up and down to detach macrophages. This 

step was repeated if not all macrophages were detached. Cell suspension was centrifuged at 1500 rpm 

for 7 minutes, resuspended in fresh differentiation medium, cells counted and transferred into non-

treated 12-well plates (300.000 cells per well in 1 ml medium, Costar, US) or non-treated 6-well 

plates (1x106 cells per well in 3 ml medium, Thermo Scientific, Roskilde, Denmark), followed by 

priming with 50 pg/ml LPS (Sigma-Aldrich) for 16 or 24 hours.  

 

Generation of necrotic soups. The kidneys were harvested from C57BL/6J mice, cut into half 

(longitudinal) and the medulla and papilla removed using a scalpel. Only the cortex containing 

glomeruli was used and cut into small pieces using a scalpel and placed into 1 ml D-PBS (1 kidney 

in 1 ml D-PBS). Necrotic soups were generated by 4-5 freezing and thawing cycles (-80°C for 30 

minutes, then water bath (37°C, -80°C and so on). A 1 ml syringe was used to make a suspension and 

placed through a 70 µm filter to remove tissue. Afterwards, the necrotic soups were stored at -20°C 

until usage. 

 

Stimulation of bone marrow-derived macrophages. After LPS priming, macrophages were treated 

with or without 400 nM panobinostat, 800 nM givinostat or 800 nM ruxolitinib for 30 minutes prior 

to activation with 20% necrotic soups or 100 ng/ml LPS (Sigma-Aldrich) or vehicle (DMSO, Sigma-

Aldrich) for 24 hours (74-76). After stimulation, supernatants were collected for ELISA and 

macrophages detached for flow cytometry analysis. For RT-qPCR, macrophages were stimulated for 

16 hours. 



 

Flow cytometry analysis of macrophages. Macrophages were detached from the 12-well plates 

using cold D-PBS for 10 minutes at 4°C and by pipetting up and down. Cells were transferred into 

collecting tubes, centrifuged, and then washed with wash buffer (0.1% BSA, 0.01% sodium azide in 

D-PBS), and blocked with anti-mouse CD16/32 (2.4G2) for 5 minutes. After blocking, cells were 

stained with the surface antibodies FITC anti-mouse MHCII, FITC anti-mouse CD40, FITC anti-

mouse CD80, PerCP anti-mouse CD86, and APC anti-mouse F4/80 (all from BioLegend, San Dioego, 

CA, USA) for 30 minutes at 4°C in the dark. After incubation, cells were washed with wash buffer 

and reconstituted in 200 µl of fresh wash buffer. Flow cytometry analysis was performed on a 

FACSCalibur (Becton Dickinson) and the data analyzed with FlowJo 8.7 (Tree Star Inc., Ashland, 

OR, USA).  

 

ELISA. Concentrations of IL-6 in the cell culture supernatants were measured using the mouse IL-6 

ELISA Set (BD Biosciences) according to the manufacturer’s protocol. The absorbance was 

measured on a Multiskan Ex reader (Thermo Electron Corporation, Germany). 

 

Renal progenitor cell cultures. Human renal progenitor cells (RPCs) were obtained from the pole 

opposite to the tumor of 3 male patients who underwent nephrectomy for localized renal tumors in 

agreement with the Ethical Committee on Human Experimentation of the Careggi University 

Hospital, Florence, Italy. Written informed consent was received from participants prior to inclusion 

in the study. RPCs were cultured as previously described (30).  

 

MTT assay. 80,000 RPCs were seeded on 6-well plate (Corning Incorporated, Corning New York, 

USA) in EGM-MV medium (Lonza, Basel, Switzerland) supplemented with 20% FBS (Hyclone, GE 

Healthcare Life Sciences, Logan, UT, USA). Following 16 hours of starvation, cells were treated for 



48 hours with 0.2 µM panobinostat, 2 µM givinostat, 20 µM ruxolitinib or vehicle (DMSO, Sigma-

Aldrich). For cell proliferation experiments, after 48 hours, cells were detached with trypsin-EDTA 

solution 0,25% (Sigma-Aldrich) and counted. Cell viability and metabolism was assessed by MTT 

assay (Thermo Fisher Scientific) following manufacturer’s instructions. 

 

Annexin-V/ Propidium Iodide staining and cell cycle analysis. Following 48h stimuli with the 

different compounds, single cell suspensions were prepared and washed with cold D-PBS containing 

0.1% sodium azide. Apoptosis and/or necrosis were evaluated using Propidium Iodide (PI) (Miltenyi 

Biotec) and the Annexin V-APC (Thermo Fisher Scientific). For cell cycle analysis, cells were fixed 

in 2% paraformaldehyde, then incubated with DAPI (Thermo Fisher Scientific) to perform the DNA 

content analysis. 

Samples were acquired using MACS Quant Analyzer instrument and then analyzed with the 

Flowlogic software (both from Miltenyi Biotec). Annexin-APC was excited by a 635 nm laser line, 

Propidium Iodide was excited by a 488 nm laser line and DAPI was excited by a violet laser line at 

408 nm. 

 

In vitro differentiation. RPCs were plated in 6 well dishes at a density of 80,000 cells/well in EGM-

MV 20% FBS. Following 16 hours of starvation, cells were stimulated for 48 hours with 0.2 µM 

panobinostat, 2 µM givinostat, 20 µM ruxolitinib or 100 µM ATRA (R2625, Sigma-Aldrich) in 

DMEM-F12 medium (D2906, Sigma-Aldrich) containing 10% FBS (Hyclone, GE Healthcare Life 

Sciences). At the end of the differentiation period, cells were collected, counted, mRNA extracted 

using RNeasy Microkit (Qiagen, Hilden, Germany) and retrotranscribed using TaqMan Reverse 

Transcription Reagents (Thermo Fisher Scientific). TaqMan RT-PCR for GAPDH, NPHS1 and 

NPHS2 was performed using commercially available Assay on Demand kits (Thermo Fisher 

Scientific).  

 



 



Fig. S1. Induction of anti-GBM disease in the Pax2.rtTA;TetO.Cre;R26.mT/mG and 

Pax2.rtTA;TetO.Cre;R26.Confetti mice. (A) 3D reconstruction of a healthy glomerulus in the 

Pax2.rtTA;TetO.Cre;R26.mT/mG mouse model. Scale bar, 20 µm. (B) Experimental scheme of 

crescentic glomerulonephritis induction. (C) Representative images of sheep IgG 

immunofluorescence performed at day 7 in healthy and anti-GBM mouse respectively, demonstrating 

that mice mounted an immune response to sheep IgG. Scale bars, 75 µm. (D) Representative image 

of a glomerulus in the Pax2.rtTA;TetO.Cre;R26.Confetti mouse model. Scale bar, 20 µM. (E) 

Experimental schemes of drug administration. (F) Representative image of lysine 9-acetylated 

histone H3 staining pattern in vehicle and givinostat treated mice. (G) Representative image of 

phospho-STAT3 staining pattern in vehicle and ruxolitinib treated mice.  

DAPI, 4′,6-diamidino-2-phenylindole; GBM, glomerular basement membrane; pSTAT3, phospho-

STAT3.  

 

 



 

Fig. S2. Panobinostat, givinostat and ruxolitinib similarly modulate gene expression in immune 

system cells inside the kidney. 

Matrixplot showing expression of the first 50 genes mostly modulated by panobinostat treatment in 

immune system cell clusters. 



 



Fig. S3. Panobinostat, givinostat and ruxolitinib displayed similar anti-inflammatory 

properties. 

(A) Dot plot showing the expression of genes related to crescentic glomerulonephritis in mouse 

kidney immune cell clusters in vehicle (n=2) and panobinostat (n=2), givinostat (n=2) and ruxolitinib 

(n=2) treated mice. (B-G) Results obtained from murine bone marrow-derived macrophages treated 

for 24 h in vitro with panobinostat, givinostat or ruxolitinib prior to 24 h activation with necrotic 

soups obtained from the cortex of mouse kidneys or LPS (positive control, 100 ng/ml). MHCII (B), 

CD86 (C), CD80 (D), CD40 (E) expression was evaluated on F4/80+ macrophages by FACS analysis. 

Data were obtained from 6 different murine bone marrow-derived macrophage preparations. (F) IL-

6 production determined by ELISA. Data were obtained from at least 3 different murine bone 

marrow-derived macrophage preparations. (G) Phagocytosis rates determined by FACS. Data were 

obtained from 3 different murine bone marrow-derived macrophage preparations. 

In dot plots (B-G), bars indicate mean values. Individual scores are shown. Statistical significance 

was calculated by Mann-Whitney test; numbers on graph represent p-values. LPS, 

lipopolysaccharide. 

 



 



Fig. S4. Panobinostat, givinostat and ruxolitinib displayed similar effects on resident kidney 
cells. 

(A) Matrixplot showing expression of the first 50 genes mostly modulated by panobinostat treatment 

in mouse kidney cell clusters in vehicle (n=2), panobinostat (n=2), givinostat (n=2), and ruxolitinib 

(n=2) treated mice. (B) Dot plot showing the expression of genes related to crescentic 

glomerulonephritis in mouse kidney cell clusters.  

  



Fig. S5. Panobinostat does not exert any effect on tubular cells. 

(A) Representative image of Pax8.rtTA;TetO.Cre;FUCCI2aR mouse model. Scale bar, 50 µM. (B) 

Number of total FUCCI2aR cells in vehicle (n=5) and panobinostat (n=6) treated 

Pax8.rtTA;TetO.Cre;FUCCI2aR mice at day 7.   

In dot plots (B), bars indicate mean values. Individual scores are shown. Statistical significance was 

calculated by Mann-Whitney test; numbers on graph represent p-values. NS: not significant. 



Fig. S6. Panobinostat reduces glomerular injury only at day 7. 



(A) Representative images of fibrinogen staining patterns at different time points in vehicle and 

panobinostat treated mouse tissues. Phalloidin highlight the appearance of the surrounding tissues. 

Scale bars,  50 µm. (B) Dot plot showing the percentage of glomeruli with fibrinogen deposition in 

vehicle and panobinostat treated mice at day 1 (n=4), at day 3 (vehicle n=5, panobinostat n=4) and at 

day 7 (vehicle n=7, panobinostat n=5) following anti-GBM injection. (C) Representative images of 

PAS-stained kidney sections at day 1 (before treatment starting), at day 3 and at day 7 in vehicle and 

in panobinostat treated group. Scale bars, 50 µm. (D) Bar plot reporting percentage of glomerular 

injury quantified on PAS-stained renal sections in vehicle and panobinostat treated mice at day 1 (n= 

4), at day 3 (vehicle n=5, panobinostat n=4) and at day 7 (vehicle n=7, panobinostat n=5) following 

anti-GBM injection. 

In dot plots (B), bars indicate mean values. Individual scores are shown. Statistical significance was 

calculated by Mann-Whitney test; numbers on graph represent p-values. 

 

  



 

Fig. S7. Panobinostat reduces proliferation of Pax2+ cells within crescent and induces de novo 

podocyte generation. 



(A) Representative glomerulus showing Pax2+ cells and phospho-histone H3 (p-H3) staining in 

glomeruli of vehicle and panobinostat treated Pax2.rtTA;TetO.Cre;R26.mT/mG mice at day 7. DAPI 

(white) counterstains nuclei. Scale bars, 20 µM. (B) Dot plot showing the percentage of p-H3 positive 

cells among the Pax2+ cells forming the crescents in vehicle (n=6) and panobinostat (n=4) treated 

Pax2.rtTA;TetO.Cre;R26.mT/mG mice at day 7. (C-E) Representative glomerulus of crescentic 

glomerulonephritis showing Pax2+ cells and synaptopodin expression in glomeruli of 

Pax2.rtTA;TetO.Cre;R26.mT/mG panobinostat treated mice at day 3 (C) and day 7 (E and G). (D, F 

and H) Higher magnification of the Pax2+ cells showed in (C), (E) and (G) respectively. DAPI (white) 

counterstains nuclei. Scale bars,20 µM. (I) Dot plot showing the mean number of new podocytes 

generated from Pax2+ cells observed within glomeruli in healthy mice (n=4), in vehicle (n=6) and 

panobinostat treated mice (n=4) 7 day following anti-GBM injection.  

Signals for fluorescent mT/mG proteins are GFP, green, and tdTomato, red. In dot plots (B and F), 

bars indicate mean values. Individual scores are shown. Statistical significance was calculated by 

Mann-Whitney test; numbers on graph represent p-values. 

GFP, green fluorescent protein; p-H3, Phospho-Histone H3; DAPI, 4′,6-diamidino-2-phenylindole; 

SYNPO, synaptopodin. 

 

 



Fig. S8. Pax2+ cells isolated from Pax2.rtTA;TetO.Cre;R26.mT/mG mice express the progenitor 

marker Cdln1 in absence of tubular and endothelial cell markers. 

(A) Schematic representation of experimental setting used to perform single cell RNAseq on Pax2+ 

sorted cells. (B) UMAP visualization of expression of the progenitor marker Cldn1 and absence of 

expression of differentiated cells markers (Pdgfra for endothelial cells, Aqp1, Aqp2, Slc22a7 and 

Slc12a3 for tubular cells) in isolated Pax2+ cells (n=2).  

UMAP, uniform manifold approximation and projection; Aqp1, aquaporin1; Aqp2, aquaporin2; 

Cldn1, claudin1; Pdgfra, platelet derived growth factor receptor alpha; Slc22a7, solute carrier family 

22 member 7; Slc12a3, solute carrier family 12 member 3. 

 

 

 



Fig. S9. Delayed treatment with panobinostat ameliorates crescentic glomerulonephritis.  

(A) Experimental scheme of crescentic glomerulonephritis induction in mice with panobinostat 

treatment from day 4 to day 10 (Experiment 1) or from day 4 to day 30 (Experiment 2) after anti-

GBM serum injection. (B) Experimental schemes used to compare the effect of one week of 

panobinostat treatment started at day 1 vs. day 4. (C) Percentage of proteinuria reduction after 7 days 

in mice with crescentic GN that started panobinostat treatment at day 1 (n=10) in comparison to those 

that started treatment at day 4 (n=6). (D) Percentage of BUN reduction after 7 days in mice with 

crescentic GN that started panobinostat treatment at day 1 (n=10) in comparison to those that started 



treatment at day 4 (n=6). In dot plots (C and D), bars indicate mean values. Individual scores are 

shown. Statistical significance was calculated by Mann-Whitney test. N.S., not significant. 

  



 

Fig. S10. Correspondence between cluster 4 present in PECs and RPCs. 

(A) Barplot showing the cluster overlap between the PEC only analysis against the RPC/PEC 

analysis.  

 



 

 

Fig. S11. The flow chart illustrates the selection criteria for the biopsies included in the study. 

AAV, ANCA-associated vasculitis; LN, lupus nephritis. 



 

 

Fig. S12. Drugs influence RPC viability and proliferation. 

(A) Representative gating strategy of Annexin-V/Propidium Iodide FACS staining for assessment of 

apoptosis induction. (B) Flow cytometry cell cycle analysis. Representative curve fitting used in order 

to calculate the distribution of the different phases of cell cycle in RPCs measured by FlowLogic 

Software.  

 

 



 

Fig. S13. Similarities between the hematopoietic system and the pathogenesis of 

myeloproliferative disorders with renal progenitors and the pathogenesis of crescent. 

Similar to hematopoietic stem cells (58), renal progenitor hierarchy starts from a multipotent 

quiescent stem cell expressing CD133 and VCAM1 that can generate podocytes as well as tubular 

cells (41). VCAM1+ RPCs can generate tubular progenitors or podocyte progenitors that in turn 



generate mature tubular cells or podocytes through a series of intermediate steps characterized by 

progressive upregulation of differentiative markers and downregulation of CD133 and VCAM1 (41), 

similar to lymphoid or myeloid commitment within the bone marrow (77). Intermediate steps of 

podocyte differentiation consist of a podocyte progenitor that first starts to express podocalyxin 

remaining quiescent on the Bowman capsule (41) and then downregulates VCAM1 before 

upregulating podocyte markers and differentiating into podocytes (41), similar to the myeloid stem 

cell ultimately generating monocytes and neutrophils. The choice between proliferation and 

differentiation in the podocyte progenitor is determined by expression of the 14-3-3 protein stratifin, 

promoting clonal expansion, or by retinoic acid promoting differentiation (36), similar to 

hematopoietic progenitors (52, 78). Persistent activation of 14-3-3 proteins promotes crescent 

formation as well as myeloproliferative neoplasm development (52) from the CD133+ progenitor 

(79). Treatment with drugs (panobinostat) that inhibit clonal expansion of podocyte progenitor and 

promote differentiation into podocytes can reverse crescent formation, similar to drugs used for 

treatment of myeloproliferative disorders (17, 18). 

  



0_n 1_n 2_n 3_n 4_n 5_n 6_n 
TFPI2 CKS2 NEAT1 LDHA PDLIM4 IGFBP2 CCT6A 
HSPD1 CENPF S100A6 ENO1 GSTP1 SRGN GLRX3 
HSPE1 HMGB2 FTH1 SRGN CD24 SPARC CYCS 
HSP90AA1 TPX2 TUBA1A PGK1 KRT7 TPM2 PPA1 
NASP UBE2S RPS18 LGALS1 CAPG BGN PCBD1 
PTMA MKI67 S100A10 VIM TPM2 PDLIM4 GHITM 
HNRNPM PLK1 MALAT1 CKB HOXB9 SELENOM SSBP1 
MCM3 ASPM RPL34 TPI1 CDA TAGLN CHCHD2 
MCM4 AURKA PDZK1IP1 TMSB10 CRNDE THY1 GAL 
SLBP CENPE MXD4 TFPI UCHL1 CPA4 AK5 
SSRP1 HMMR SERF2 PLIN2 ACTG1 KRT19 NUDT5 
HNRNPA2B1 DEPDC1 RPL3 TIMP1 PMEPA1 COL8A1 EEF1A2 
MSH6 GTSE1 IL32 TINAGL1 LGALS3 IFITM2 PDAP1 
CDCA7 CCNA2 FN1 LTBP1 TMSB4X LYPD1 VDAC2 
HMGN2 ARL6IP1 ITGA3 CYGB IFITM2 EDIL3 AP1S1 
CCT6A NUSAP1 TGFBI SLC16A3 EVA1B A1BG RHEB 
H2AFZ KIF23 PRDX5 FAM162A FSTL1 CTGF ODC1 
RANBP1 SGO2 FBN1 ANGPTL4 DMKN INHBA RAC1 
DUT CKS1B S100A13 SELENOM PDXK DSTN CDC123 
HMGB1 CKAP2 WSB1 ITGA5 HOXB-AS3 CKAP4 RPA3 
PSMD2 CDC20 ABCC3 ANXA2 RHOBTB3 FKBP10 MT1M 
NOP56 TOP2A RPL39 CAVIN3 LAMC2 CTSC CBX3 
HNRNPF CCNB1 TPT1 LOX KRT19 HHIP ECHS1 
XRCC6 NUF2 TMSB10 CA9 COL4A1 UPK1B ATP5F1C 
MCM6 KPNA2 RRAS SLC20A1 HSPG2 MYL9 BUD31 
MCM7 KIF20B TPM1 CAV1 APOL1 GJA1 ATP5MD 
C1QBP CENPA OST4 SUB1 TAGLN ESAM MRPS16 
NCL TACC3 IGFBP7 COL6A2 HOXB3 ACTG1 RPS24 
ANP32B ANLN RPS27 PGAM1 COL8A1 TMSB4X CRNDE 
SRSF7 SMC4 TNS1 GAPDH FKBP10 PLOD2 ATP6V1F 
CCT5 DLGAP5 PLOD2 LY6E TCIM FGB GNG11 
GINS2 CDCA8 TRAM1 ABI3BP COL4A2 RGS4 GGCT 
FAM111B CDCA3 EEF1A1 EMP3 S100A11 IGFBP4 HNRNPF 
ODC1 KNSTRN RNASET2 ARHGAP22 CDKN2A CALU PRDX3 
HNRNPR KIF2C C4orf3 GYPC CD9 DPYSL3 FUOM 
PRELID1 NDC80 CST3 RRAGA TNFSF10 FHL1 GDI2 
PNN BIRC5 MT-CO1 RPL15 SFN TRAM1 SBDS 
PCNA CEP55 EEF2 RNASET2 CXCL1 COL4A1 PA2G4 
HELLS UBE2C RPL37 NR2F2 GSN COL5A1 TFPI2 
TYMS H2AFX FTL CYBA FAM84B NECTIN2 MCM7 
MCM5 KIF14 S100A11 EFHD2 BST2 MRPS6 CISD1 
RPL22L1 BUB1 PNRC1 YBX1 IGFBP7 SLC5A3 PPIA 
SIVA1 HJURP OPTN LOXL2 KITLG MLLT11 NOLC1 
SERBP1 CDCA2 RPS19 C4orf3 SPINT2 AMIGO2 VIM 
HNRNPD AURKB FLNA TRNP1 SOX4 LMO7 H2AFV 
HSP90AB1 CCNB2 RPL10 ANXA5 FARP1 DOK1 ARPC1B 
PA2G4 CKAP5 ZFP36L1 RBPJ IGFBP2 CXCL8 OAZ1 
SLC3A2 NEK2 DUSP1 BNIP3 FOXC1 SFRP1 CAPG 
MGST1 ARHGAP11A CRYAB VCAM1 NR2F6 CSRP1 HSPD1 
CLSPN PBK RPLP2 NPM1 BRI3 CD9 PLPP2 
       

Table S1. List of most differentially expressed genes in PEC clusters. 



Table shows the 50 most differentially expressed genes for each transcriptionally distinct population 

identified in the entire PEC dataset generated by unbiased clustering. 

  



Table S2. Comparison of demographic, laboratory and crescent characteristics of AAV patients 

divided based on outcome (ESKD) at two years post-renal biopsy. 

 ESKD 
(n=7) 

non-ESKD 
(n=6) 

P 

Demographic and clinical characteristics at biopsy  

Sex (F/M) 5/2 4/2  

Age at biopsy(years) 51.0 ± 20.7 54.2 ± 21.2 0.73 

Creatinine at biopsy (mg/dL) 3.5 ± 2.2 3.5 ± 2.2 0.95 

eGFR at biopsy (mL/min/1.73m2) 22.9 ± 17.1 30.9 ± 31.7 0.95 

Proteinuria at biopsy (grams/24h) 3.4 ± 3.2 1.4 ± 0.5 0.041 

Demographic and clinical characteristics two years after the biopsy 

Creatinine after 2 years (mg/dL) 8.5 ± 3.2 1.6 ± 0.8 0.002 

eGFR after 2 years 
(mL/min/1.73m2) 

5.4 ± 2.8 
54.2 ± 38.4 0.002 

    

Crescents’ characteristics and cell counts 

Glomeruli with crescents (%) 59.2 ± 26.5 59.0 ± 28.4 0.93 

Total cells per crescent (number) 37.9 ± 14.0 36.4 ± 17.9 1.0 

CD133+ cells (%) 83.9 ± 13.4 71.4 ± 16.2 0.035 

CD133+SFN+ cells (%) 79.3 ± 6.3 49.4 ± 20.1 0.008 

CD133+SFN- cells (%) 8.8 ± 6.5 22.0 ± 18.4 0.18 

CD133-SFN+ cells (%) 4.3 ± 3.3 7.4 ± 9.0 0.63 

CD133-SFN- cells (%) 7.6 ± 4.5 21.3 ± 8.1 0.005 

CD133+NPHS2+ cells (%) 19.6 ± 14.6 12.8 ± 11.8 0.63 

CD133+NPHS2- cells (%) 68.1 ± 15.2 66.5 ± 18.7 1.0 

CD133-NPHS2+ cells (%) 0.1 ± 0.3 4.7 ± 5.4 0.014 

CD133-NPHS2- cells (%) 12.1 ± 7.1 16.1 ± 11.5 0.63 



All values are presented as mean ± SD. Glomeruli with crescents and cell counts are expressed as 

percentage (over the total glomeruli and over total cells per crescent). Between-groups comparison 

using Mann-Whitney test for continuous variables is shown (p values ≤0.05 in bold). ESKD is defined 

as eGFR <15 ml/min/1.73m2 at two years post-renal biopsy.  

F, female; M, male; eGFR, estimated glomerular filtration rate; ESKD, end-stage kidney disease; 

SFN, stratiphin; NPHS2, podocin. 

 

  



Table S3. Comparison of demographic, laboratory and crescent characteristics of LES patients 

divided based on outcome (ESKD/CKD-IV) at two years post-renal biopsy. 

 

 
ESKD/CKD-IV 

(n=3) 
non-ESKD 

(n=6) P 

Demographic and clinical characteristics at biopsy 

Sex (F/M) 2/1 6/0  

Age at biopsy(years) 30.0 ± 18.4 35.6 ± 11.3 0.79 

Creatinine at biopsy (mg/dL) 1.8 ± 1.0 0.9 ± 0.35 0.048 

eGFR at biopsy (mL/min/1.73m2) 54.7 ± 48.2 90.9 ± 30.9 0.26 

Proteinuria at biopsy (grams/24h) 3.5 ± 0.28 2.4 ± 1.16 0.14 

Demographic and clinical characteristics two years after the biopsy 

Creatinine after 2 years (mg/dL) 6.0 ± 4.0 0.8 ± 0.1 0.024 

eGFR after 2 years 
(mL/min/1.73m2) 

13.3 ± 12.9 
97.9 ± 18.8 0.024 

    

Crescents’ characteristics and cell counts 

Glomeruli with crescents (%) 30.0 ± 1.0 22.0 ± 16.2 0.64 

Total cells per crescent (number) 31.4 ± 14.7 33.3 ± 20.7 0.91 

CD133+ cells (%) 85.6 ± 5.5 64.8 ± 19.6 0.024 

CD133+SFN+ cells (%) 81.3 ± 5.0 53.5 ± 11.2 0.024 

CD133+SFN- cells (%) 4.3 ± 0.6 11.2 ± 10.0 0.55 

CD133-SFN+ cells (%) 7.2 ± 3.2 12.4 ± 10.9 1.0 

CD133-SFN- cells (%) 7.2 ± 4.0 22.9 ± 8.9 0.024 

CD133+NPHS2+ cells (%) 9.4 ± 12.8 4.4 ± 4.6 0.55 

CD133+NPHS2- cells (%) 77.7 ± 19.4 74.2 ± 14.2 0.71 

CD133-NPHS2+ cells (%) 1.3 ± 2.3 6.1 ± 3.1 0.048 

CD133-NPHS2- cells (%) 7.4 ± 10.5 15.4 ± 13.2 0.43 



All values are presented as mean ± SD. Glomeruli with crescents and cell counts are expressed as 

percentage (over the total glomeruli and over total cells per crescent). Between-groups comparison 

using Mann-Whitney test for continuous variables is shown (p values ≤0.05 in bold). ESKD is defined 

as eGFR <15 ml/min/1.73m2 at two years post-renal biopsy. CKD-IV is defined as eGFR between 

15 and 30 ml/min/1.73m2 at two years post-renal biopsy. 

F, female; M, male; eGFR, estimated glomerular filtration rate; ESKD, end-stage kidney disease; 

CKD, Chronic Kidney Disease; SFN, stratiphin; NPHS2, podocin. 
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