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            Abstract
Adult stem cell-derived organoids are three-dimensional epithelial structures that recapitulate fundamental aspects of their organ of origin. We describe conditions for the long-term growth of primary kidney tubular epithelial organoids, or â€˜tubuloidsâ€™. The cultures are established from human and mouse kidney tissue and can be expanded for at least 20 passages (>6â€‰months) while retaining a normal number of chromosomes. In addition, cultures can be established from human urine. Human tubuloids represent proximal as well as distal nephron segments, as evidenced by gene expression, immunofluorescence and tubular functional analyses. We apply tubuloids to model infectious, malignant and hereditary kidney diseases in a personalized fashion. BK virus infection of tubuloids recapitulates in vivo phenomena. Tubuloids are established from Wilms tumors. Kidney tubuloids derived from the urine of a subject with cystic fibrosis allow ex vivo assessment of treatment efficacy. Finally, tubuloids cultured on microfluidic organ-on-a-chip plates adopt a tubular conformation and display active (trans-)epithelial transport function.
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                    Fig. 1: Human kidney tubuloid culture.[image: ]


Fig. 2: Kidney tubuloids represent tubular epithelium.[image: ]


Fig. 3: Modeling BK virus infection with human kidney tubuloids.[image: ]


Fig. 4: Tumoroid lines can be established from Wilms tumor tissue.[image: ]


Fig. 5: Tubuloid lines from urine allow CF response assessment.[image: ]


Fig. 6: Tubuloid cells form tubes on organ-on-a-chip plates.[image: ]
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Integrated supplementary information

Supplementary Figure 1 Quantification of human metaphase spreads.
> 40 spreads were quantified, from tubuloids in P11, P14 and P18 in 3 independent experiments, from 3 independent tubuloid cultures.


Supplementary Figure 2 Set-up and mutation list of the whole-genome sequencing (WGS) analysis of short-term and long-term tubuloid culture.
A tubuloid line was established from cortical kidney tissue after nephrectomy and tubuloids in passage 2 (P2) and passage 8 (P8) were, along with the matched tissue sample, harvested for WGS. A pie chart with types of mutations and a list of the observed missense mutations in coding regions are included. None of the reported mutations is reported in the COSMIC database or associated with kidney (dys)function. Green boxes indicate the part of the tubuloids that are used for establishing the next passage. Red boxes indicate the samples that were harvested for WGS.


Supplementary Figure 3 Adult mouse kidney tubuloid culture.
Scheme of the experimental protocol (a). The development of mouse kidney epithelial cells into folded / branching structures after seeding; image of passage 6 (representative image of at least nâ€‰=â€‰3 lines) (b). H&E stain at passage 7 (representative image of an H&E stain that was performed for at least nâ€‰=â€‰3 lines) (c). An example of a typical metaphase spread, from a tubuloid culture of passage number > 11 (d). Quantification of > 40 spreads in 3 independent experiments, from tubuloids at P11, P15 and P16 (e). Scale bars 100 Âµm (b, c) and 10 Âµm (d).


Supplementary Figure 4 Kidney tubuloids are more proliferative than primary kidney epithelial cells.
EPCAM+ kidney epithelial cells and tubuloid cells were analysed. 67% of the primary kidney epithelial cells were in GO/G1, compared to 40% of the tubuloid cells (see Methods).


Supplementary Figure 5 Human kidney tubuloids are derived from kidney epithelium.
Normalized log2 transcript counts show expression of the pan-kidney epithelium marker PAX8 across different clusters (192 kidney and 192 tubuloid cells were sequenced in one run and after quality checks (see Methods), 51 kidney cells and 149 tubuloid cells were used for clustering analysis. Cluster 1: nâ€‰=â€‰8; Cluster 2: nâ€‰=â€‰45; Cluster 3: nâ€‰=â€‰33; Cluster 4: nâ€‰=â€‰19; Cluster 5: nâ€‰=â€‰39; Cluster 6: nâ€‰=â€‰28; Cluster 7: nâ€‰=â€‰28. Tukey box plots are used to visualize the distributions. All points of the populations are shown as jittered dots.) (a). The expression of PAX8 is confirmed by staining (n = 4 tubuloid lines) (b). Scale bar: 100 Âµm.


Supplementary Figure 6 Expression of marker genes in specific single-cell RNA-seq clusters.
Cluster 3â€“7 contains only tubuloid-derived cells; cluster 2 contains only primary kidney epithelial cells and cluster 1 is a mix between tubuloid and primary kidney epithelial cells. Normalized log2 transcript counts show expression of (kidney) epithelium markers PAX8, EPCAM, KRT18 and KRT19 across different clusters, showing that all cells are epithelial in nature (a). Normalized log2 transcript counts of typical intercalated genes SLC26A7, SLC4A1, ATP6V1B1, that are expressed in cluster 1, a combination of primary kidney epithelial cells and tubuloid-derived cells (b). Normalized log2 transcript counts show expression of collecting duct principal cell genes SLC14A1 and CLDN8 in cluster 4 (c). Normalized log2 transcript counts show expression of glucose handling genes SLC2A1, ALDOC as well as VEGFA, suggestive of proximal tubule cells in cluster 5 (d). Cluster 6 does not express many segment-specific genes, except SLC22A5, which may suggest a (proximal tubule) progenitor cell phenotype (e) Normalized log2 transcript counts how higher expression of COL4A3 and COL4A4 and lower expression of KRT18 and KRT19 in cluster 7, suggesting a pro-fibrotic phenotype (f). In a-f, 192 kidney and 192 tubuloid cells were sequenced in one run and after quality checks (see methods), 51 kidney cells and 149 tubuloid cells were used for clustering analysis. Cluster 1: nâ€‰=â€‰8; Cluster 2: nâ€‰=â€‰45; Cluster 3: nâ€‰=â€‰33; Cluster 4: nâ€‰=â€‰19; Cluster 5: nâ€‰=â€‰39; Cluster 6: nâ€‰=â€‰28; Cluster 7: nâ€‰=â€‰28. Tukey box plots are used to visualize the distributions. All points of the populations are shown as jittered dots.


Supplementary Figure 7 Expression of distal tubule marker CALB1 and loop of Henle marker UMOD can be induced by growth factor withdrawal.
CALB1 expression is absent in kidney tubuloids on the protein level (a). By withdrawal of growth factors from the culture medium, CALB1 can be induced, as visualized with immunofluorescence (b). UMOD expression is absent in kidney tubuloids on the protein level (c). By withdrawal of growth factors from the culture medium, UMOD can be induced, as visualized with immunofluorescence (d). Representative images of nâ€‰=â€‰2 independent experiments. Scale bars: 75â€‰Âµm.


Supplementary Figure 8 Schematic representation of the proximal tubule functional assay.
When tubuloids are exposed to calcein-AM, a substrate of P-gp (the xenobiotics efflux pump, located at the apical membrane) that diffuses freely into cells and that becomes fluorescent inside cells after cleaving the acetomethoxy group resulting in calcein, in the presence of an inhibitor (PSC-833) of P-gp, calcein accumulates (a). In absence of the inhibitor, P-gp pumps calcein from the cells, thereby preventing accumulation of fluorescent signal (b).


Supplementary Figure 9 P-gp is functional in human kidney tubuloids.
In the presence of specific P-gp-inhibitor PSC-833, calcein accumulates in tubuloids, as measured by fluorescent plate reader. Normalized quantification of nâ€‰=â€‰3 independent experiments, with each experiment nâ€‰â‰¥â€‰5 plate reader measurements. Lines indicate means per experiment. * Pâ€‰=â€‰0.0016 with an unpaired two-tailed t test, after pooling the individual measurements from nâ€‰=â€‰3 experiments.


Supplementary Figure 10 Expression analysis of a clonal tubuloid line indicates multi-lineage potential of tubuloid cells.
Gene expression of marker genes of the proximal tubule (ANPEP, ABCC4, SLC4A4), Loop of Henle (SLC12A1, CLDN10), distal tubule (SLC12A3, SLC41A3, PCBD1) and collecting duct (AQP3, NR3C2) was determined in the clonal tubuloid line and compared with the bulk tubuloid line that was used for establishing the clonal line. The clonal line preserves expression of markers of multiple segments: the proximal tubule genes ABCC4 and SLC4A4 are similar to the bulk tubuloid line, whereas expression of the typical Loop of Henle gene SLC12A1 is increased and the typical distal tubule marker SLC12A3 is decreased. These data indicate multi-lineage potential of a single tubuloid cell (proximal tubule and Loop of Henle). Expression levels were normalized to RPLP0, and expressed as fold change to expression levels of a colon organoid line.


Supplementary Figure 11 WT1 targeted sequencing analysis for patient 1.
Sanger sequencing shows a heterozygous 8 base pair deletion in the healthy kidney tissue (H tissue); tubuloids derived from the healthy tissue (H tubuloid); tumor tissue (T tissue) and the tubuloids derived from the tumor tissue (T tumoroid) (a). Sanger sequencing of WT1 shows a frameshift mutation in exon 10: it is a heterozygous 4 base pair insertion in the tumor tissue (T tissue) and the tumoroids derived from the tumor tissue (T tumoroid). This insertion is absent in the healthy kidney tissue (H tissue) and tubuloids derived from the healthy tissue (H tubuloid) (b). In both a and b: representative sequences of at least nâ€‰=â€‰3 independent experiments.


Supplementary Figure 12 Urine-derived tubuloids from a subject with CF are kidney tubuloids.
Assessed with a PAX8 staining (PAX8 staining performed once on this tubuloid line and on nâ€‰=â€‰3 other lines). Scale bar 100â€‰Âµm.


Supplementary Figure 13 The effect of VX-770 on FSK-induced swelling in intestinal organoids and urine-derived tubuloids.
In urine-derived tubuloids and intestinal organoids from the same patient, VX-770 increased FSK-induced swelling. Average is plotted of nâ€‰=â€‰3 independent experiments that were performed in duplicate, error bars represent standard deviation.


Supplementary Figure 14 Overview of the trans-epithelial transporter assay.
Rhodamine 123 is transported into cells on the basal side by OCT-transporters and removed on the apical side by efflux pump P-gp (a). In the presence of P-gp inhibitor PSC-833, rhodamine 123 fluorescence in the lumen on the apical side, is expected to be reduced (b).


Supplementary Figure 15 Filtering out severely stressed cells from the single-cell sequencing analysis.
Dissociation-induced stress was quantified using a scoring strategy (see methods) based on the expression of heat shock genes. A score over 0.4 was used to filter out cells that were severely stressed. 192 kidney and 192 tubuloid cells were sequenced in one run and after quality checks (see methods), cells were analyzed for dissociation-induced stress (Kidney 1: nâ€‰=â€‰41; Kidney 2: nâ€‰=â€‰43; Tubloid 1: nâ€‰=â€‰76; Tubloid 2: nâ€‰=â€‰73). Tukey box plots are used to visualize the distributions. All points of the populations are shown as jittered dots.





Supplementary information
Supplementary Text, Figures and Tables
Supplementary Figures 1â€“15 and Supplementary Tables 1 and 2.


Reporting Summary

Supplementary Video 1
Tubuloids are epithelial in nature and cells are polarized.


Supplementary Video 2
Wilms tumorâ€“derived tumoroids (from patient 1) have a different morphology than matched normal tubuloids. This 6-day time-lapse video shows the matched normal tubuloids.


Supplementary Video 3
Wilms tumorâ€“derived tumoroids (from patient 1) have a different morphology than matched normal tubuloids. This 6-day time-lapse video shows the tumoroids.


Supplementary Video 4
Wilms tumorâ€“derived tumoroids (from patient 1) have a different morphology than matched normal tubuloids. This 6-day time-lapse video shows a detail of the tumoroids.


Supplementary Video 5
Forskolin-induced swelling assay of CF urine-derived tubuloids without VX-770.


Supplementary Video 6
Forskolin-induced swelling assay of CF urine-derived tubuloids with VX-770.


Supplementary Video 7
Forskolin-induced swelling assay of CF intestinal organoids without VX-770.


Supplementary Video 8
Forskolin-induced swelling assay of CF intestinal organoids with VX-770.


Supplementary Dataset 1
Bulk RNA sequencing data. CSV file of n = 3 (1, 2, 3) tissue samples (FS1) and matched tubuloid lines (FS2).


Supplementary Dataset 2
Single-cell sequencing data.


Supplementary Dataset 3
DNA sequencing data at day 1 of infection and day 30 of infection.
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