
 
 

 
 

Cyst-type epithelial heterogeneity shapes therapeutic responsiveness in ADPKD 1 
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Abstract: 1 

Autosomal dominant polycystic kidney disease (ADPKD) exhibits substantial interpatient 2 

variability in disease course and therapeutic response, but the cellular basis for this variability 3 

remains poorly understood. Here, we combine single-nucleus RNA sequencing of human cyst 4 

epithelia with machine learning–based histological analysis of >1,800 cysts to resolve three 5 

epithelial cyst types—proximal tubule–like, collecting duct–like, and mixed. These cyst types 6 

display distinct injury states, metabolic programs, and stromal microenvironments, including a 7 

mixed-cyst niche enriched for CCL2-associated inflammatory signaling. Expression of key 8 

therapeutic targets was highly cell-type specific with CFTR enriched in proximal-like epithelia, 9 

whereas AVPR2 expression was confined to AQP2-positive collecting duct–like cells. Cyst-10 

type composition varied widely across patients and in an orthologous mouse model (Pkd1RC/RC) 11 

in which the burden of AQP2-positive cysts correlated with responsiveness to tolvaptan. These 12 

findings identify cyst-type heterogeneity as a major determinant of molecular pathway 13 

activation and predictability of therapeutic response in ADPKD.   14 
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Main Text: 1 

Introduction: 2 

Autosomal dominant polycystic kidney disease (ADPKD) is the most common inherited kidney 3 

disease, affecting at least 1 in 1,000 individuals (1, 2). It is characterized by progressive cystic 4 

remodeling of the kidney that culminates in end-stage kidney disease and renal replacement 5 

therapy (3). More than 90% of cases are due to mutations to PKD1 or PKD2, which encode 6 

polycystin 1 and polycystin 2, transmembrane proteins that form heterooligomeric complexes 7 

in the primary cilium and other compartments (3). Although the polycystin complex is thought 8 

to help regulate tubule caliber and resist cystic dilation (4), the mechanisms of disease initiation 9 

and progression remain incompletely defined. Moreover, clinical heterogeneity is pronounced: 10 

patients with PKD1 mutations typically progress faster than those with PKD2, yet severity 11 

varies widely even among relatives with the same primary mutation (5). Tolvaptan, an arginine 12 

vasopressin receptor 2 (AVPR2) antagonist and the only approved therapy for ADPKD, shows 13 

variable effectiveness across patients and can cause polyuria and liver toxicity (6), limiting 14 

broad applicability and long-term tolerance. In view of the urgent need for novel treatment 15 

options, numerous therapeutic strategies are under preclinical and clinical evaluation, including 16 

agents targeting metabolic reprogramming, epithelial proliferation, immune-mediated injury, 17 

oxidative stress, and abnormal solute-water transport (7). However, translation to consistent 18 

patient benefit remains challenging. One barrier to translation is limited understanding of 19 

molecular heterogeneity within human ADPKD cysts. To address this, we combined single-20 

nucleus RNA sequencing (snRNA-seq) with machine learning-aided image analysis to 21 

characterize intra- and interpatient cyst-type diversity. SnRNA-seq resolved three cyst types 22 

with different epithelial layers – proximal tubule-like, collecting duct-like, and mixed cysts – 23 

each characterized by distinct injury states, metabolic programs, and stromal 24 

microenvironments. Distinct expression of molecular drug targets indicated differential 25 

molecular targetability across cyst types and machine-learning–guided tissue profiling 26 

uncovered substantial interpatient variability in cyst-type composition, with CD-like to PT-like 27 

ratios ranging from 1:3.5 to 8:1 across kidneys. Finally, in the Pkd1RC/RC mouse model, 28 

tolvaptan treatment response tracked with the burden of AQP2+ cysts, supporting a mechanistic 29 

link between cyst-type composition and responsiveness to AVPR2 antagonism. Together, these 30 

findings delineate previously underappreciated cyst-type heterogeneity in human ADPKD and 31 

suggest that epithelial lineage and cyst-type composition may contribute to interpatient 32 

variability in disease progression and treatment response.  33 
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Results: 1 

Human ADPKD cyst epithelia exhibit pure or mixed cellular identities  2 

We collected 15 superficial cyst wall samples from five late-stage ADPKD nephrectomies and 3 

tumor-adjacent normal kidney tissue from three patients undergoing nephrectomy for renal 4 

tumors (Fig. 1A; Suppl. Table 1). All cysts were profiled by single-nucleus RNA sequencing 5 

(snRNA-seq; Chromium Next GEM Single Cell 3′ v3.1) and microscopy, and cyst fluid was 6 

sampled from each sequenced cyst. Quality control and downstream analyses were performed 7 

in Seurat (8) with dataset integration and batch correction using Harmony (9); cell types were 8 

annotated prior to integration to avoid batch-driven misassignment. Three cyst samples did not 9 

meet sequencing quality thresholds due to low epithelial cell recovery and were excluded from 10 

quantitative analyses. The integrated dataset of ADPKD and control tissue recovered all major 11 

kidney cell types (Fig. 1B; Suppl. Fig. 3). Consistent with prior reports, cyst samples contained 12 

a higher fraction of fibroblasts and immune cells than normal tissue (Fig. 1C; Suppl. Fig. 4). 13 

Among tubular epithelial cells, cyst walls were lined by two lineages: proximal tubule–like cyst 14 

epithelial cells (PT-like CECs) with PT-associated gene signatures, including the conserved 15 

marker low-density lipoprotein receptor-related protein 2 (LRP2; megalin) and collecting duct-16 

like CECs (CD-like CECs) with principal cell (CD-PC)-like signatures, including the conserved 17 

marker aquaporin-2 (AQP2). (Fig. 1C, Suppl. Fig. 3). Epithelial populations from other 18 

segments (e.g., thick ascending limb; TAL), which constitute a substantial fraction in healthy 19 

tissue, were not detected in our ADPKD cyst walls (Fig. 1C), consistent with reports that LRP2 20 

and AQP2 are the most commonly detectable cyst markers in the Pkd1RC/RC mouse model, 21 

which produces progressive, adult-onset polycystic kidney disease and is widely used for 22 

chronic intervention studies because it recapitulates key features of human ADPKD (10–12). 23 

In a subset of cysts, PT-like and CD-like CECs coexisted within the same wall (Fig. 1D–E). 24 

Immunofluorescence revealed arrangements ranging from cell-type patches to cell-by-cell 25 

mosaic patterns and single interposed cells (Suppl. Fig. 5), with occasional LRP2/AQP2 26 

double-positive cells. Based on these features, we defined three human ADPKD cyst types in 27 

the snRNA-seq dataset: PT-like cysts containing PT-like CECs, CD-like cysts containing CD-28 

like CECs, and mixed cysts containing both lineages (Fig. 1F). 29 

Cyst fluid composition tracked with epithelial identity (Fig. 1G). PT-like and mixed cyst fluids 30 

contained sodium, chloride, magnesium, calcium, and potassium concentrations similar to 31 

serum levels, whereas CD-like cysts exhibited markedly low sodium concentrations – nearly 32 

.CC-BY-NC-ND 4.0 International licensemade available under a 
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted May 12, 2026. ; https://doi.org/10.64898/2026.05.08.723838doi: bioRxiv preprint 

https://doi.org/10.64898/2026.05.08.723838
http://creativecommons.org/licenses/by-nc-nd/4.0/


 
 

 
 

20-fold lower than in PT-like or mixed cysts – with variable potassium levels. These patterns 1 

concord with early cyst puncture studies reporting distinct populations of high-sodium and low-2 

sodium cysts (13) and support a model in which cyst-lining cell identity shapes fluid chemistry. 3 

 4 

Figure 1. ADPKD cyst epithelia exhibit pure or mixed cellular identities. (A) Schematic of the study design. 5 
(B) Uniform manifold approximation and projection (UMAP) of the integrated Seurat object. Left, major kidney 6 
cell types; right, tissue of origin (ADPKD vs control). (C) Fraction of major kidney cell types relative to total 7 
sequenced cells in ADPKD and control samples. (D) Representative immunofluorescence images showing LRP2 8 
(magenta) and AQP2 (green) in different cysts. Nuclei are stained with DAPI (yellow). Scale bars, 50 µm. (E) 9 
Representative feature plots showing LRP2 and AQP2 expression in snRNA-seq datasets of three individual cysts. 10 
(F) Schematic of tissue and cell types defined in the study. (G) Mean concentrations of sodium (Na), potassium 11 
(K), chloride (Cl), magnesium (Mg), and calcium (Ca) by cyst type. Adipo, adipocytes; CNT, connecting tubule; 12 
DCT, distal convoluted tubule; Endo, endothelial cells; FFPE, formalin-fixed paraffin-embedded; Fibro, 13 
fibroblasts; IC-A, intercalated cells type A; IC-B, intercalated cells type B; Leuko, leukocytes; Lymph, lymphatic 14 
endothelial cells; PEC, parietal epithelial cells; Podo, podocytes; tL, thin limb. *, P ≤ 0.05; **, P ≤ 0.01; ***, P ≤ 15 
0.001; ****, P ≤ 0.0001; no asterisk, P > 0.05. 16 
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Cyst epithelial cells exhibit cellular injury and metabolic alteration  1 

To assess cyst type–specific epithelial states, we stratified CECs by lineage (PT-like vs. CD-2 

like) and by cyst-type of origin (PT-like, CD-like, mixed), yielding four categories: PT-like 3 

CECs from PT-like cysts, PT-like CECs from mixed cysts, CD-like CECs from CD-like cysts, 4 

and CD-like CECs from mixed cysts (Fig. 1F). Subclustering with control PT and CD-PC cells 5 

revealed that PT-like CECs formed two clusters (Clust1, Clust2) distinct from healthy PT and 6 

vascular cell adhesion molecule 1 (VCAM1)-positive failed-repair (14) PT cells (Fig. 2A; Suppl. 7 

Fig. 6). Clust2 was enriched for PT-like CECs from PT-like cysts, whereas Clust1 comprised 8 

predominantly PT-like CECs from mixed cysts (Fig. 2B). 9 

Across PT-like CECs, injury and epithelial–mesenchymal transition (EMT) markers, such as 10 

VCAM1 and insulin-like growth factor-binding protein 7 (IGFBP7), were elevated, with the 11 

strongest signals in cells from mixed cysts (Fig. 2C). PT-like CECs from mixed cysts also 12 

showed upregulation of nuclear factor kappa B (NF-κB) pathway genes (e.g., NF-κB inhibitor 13 

alpha, NFKBIA) and tumor necrosis factor alpha (TNF-α) signaling components (e.g., tumor 14 

necrosis factor receptor superfamily member 12A, TNFRSF12A), consistent with reports that 15 

TNFRSF12A axis promotes inflammatory responses in the cyst epithelium and 16 

microenvironment (15). Expression of growth arrest and DNA-damage-inducible beta 17 

(GADD45B) and C-X-C motif chemokine ligand 1 (CXCL1) was also increased. Gene-level 18 

changes were corroborated by pathway scoring, with increased EMT and TNF-α activity in PT-19 

like CECs from mixed cysts (Suppl. Fig. 6C). These injury programs coincided with reduced 20 

expression of canonical PT markers such as LRP2 and and cubilin (CUBN), indicating 21 

progressive dedifferentiation of PT-like CECs (Fig. 2C).  22 

The common kidney injury marker hepatitis A virus cellular receptor 1 (HAVCR1) was not 23 

expressed PT-like CECs, indicating a state of cell injury in cyst epithelial cells that is distinct 24 

from non-cystic tubular epithelial cells (Suppl. Fig 6B). 25 

Along with dedifferentiation and injury, core metabolic programs were altered. Key glycolysis 26 

genes were upregulated in PT-like CECs relative to control PT cells, including hexokinase 1 27 

(HK1), phosphofructokinase, muscle (PFKM), pyruvate kinase M1/2 (PKM), and lactate 28 

dehydrogenase A (LDHA) (Fig. 2D). Conversely, genes involved in fatty acid metabolism – the 29 

primary energy source in healthy proximal tubules – were reduced in PT-like CECs (Suppl. 30 

Fig. 7), consistent with a glycolytic shift in LRP2+ cyst epithelia previously reported in ADPKD 31 

(16, 17). Pathways mediating gluconeogenesis and transcellular reabsorption of glucose and 32 

amino acids were markedly diminished in PT-like CECs, especially those from mixed cysts 33 

(Suppl. Fig. 8). This included reduced expression of sodium/glucose cotransporter 2 (SLC5A2; 34 
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SGLT2) and glucose transporter type 2 (SLC2A2; GLUT2), which in healthy PT facilitate apical 1 

uptake of filtered glucose and basolateral release, respectively (18). Instead, glucose transporter 2 

type 3 (SLC2A3; GLUT3) was expressed, which is primarily expressed in neurons and warrants 3 

intracellular glucose supply for energy production even at low blood glucose concentrations 4 

(19). 5 

Subclustering of collecting duct lineage cells yielded four distinct clusters. Control CD-PC were 6 

almost exclusively found in Clust2 while Clust1 comprised CD-like CECs from, both, CD-like 7 

and mixed cysts. Clust3 and an inflammatory cluster (Inflam) were predominated by mixed cyst 8 

cells. CD-like CECs from pure vs. mixed cysts exhibited a related pattern of injury as PT-like 9 

CECs while genes involved in glucose metabolism were not markedly changed (Fig. 2E–H; 10 

Suppl. Fig. 6). Collecting duct injury markers such as clusterin (CLU) and tumor-associated 11 

calcium signal transducer 2 (TACSTD2) were upregulated, along with components of tumor 12 

necrosis factor alpha (TNF-α) signaling (TNFRSF12A) and chemotaxis pathways (C-X-C motif 13 

chemokine ligand 2, CXCL2). The kidney injury marker lipocalin-2 (LCN2) was detected only 14 

in CD-like CECs from CD-like cysts, but not from mixed cysts. 15 

To quantify metabolic differences across cyst types, we computed single-cell gene expression 16 

scores for core glucose and fatty acid metabolism. The glucose score summarized genes 17 

involved in glucose uptake and glycolysis; the fat score captured genes driving fatty acid 18 

uptake, mitochondrial import, and beta-oxidation. Genes involved in oxidative phosphorylation 19 

were included in both scores (Methods). Energetic bias was defined as the ratio of the glucose 20 

to fat scores. In PT-like CECs, metabolism shifted toward glucose dependency in a cyst type–21 

dependent manner: PT-like CECs from mixed cysts displayed higher glucose scores and greater 22 

energetic bias towards glucose metabolism than PT-like CECs from PT-like cysts (Fig. 2I, K). 23 

In contrast, CD-like CECs showed stable global substrate preference, reflected by a constant 24 

energetic bias (Fig. 2J, K). However, the total energy metabolism score – combining glucose 25 

and fatty acid pathways – was significantly higher in CD-like CECs than in PT-like CECs (Fig. 26 

2L). 27 

Together, these data indicate that cyst-lining epithelia adopt distinct injury states and metabolic 28 

programs in ADPKD. Injury and metabolic reprogramming increase glucose dependency, 29 

especially in PT-like CECs from mixed cysts, while CD-like CECs exhibit the highest inferred 30 

energy demand by gene expression scoring. 31 
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 1 

Figure 2. Cyst epithelial cell types display injury and metabolic alterations. (A) UMAP of proximal epithelial 2 
cells (PT-like CECs and control PT cells). (B) Tissue-type representation across proximal epithelial clusters. (C) 3 
Dot plot showing expression of injury-associated genes in proximal epithelial cells by tissue type. (D) Dot plot 4 
showing expression of key genes involved in glucose transport and glycolysis in proximal epithelial cells by tissue 5 
type. (E) UMAP of collecting duct epithelial cells (CD-like CECs and control CD-PCs). (F) Tissue-type 6 
representation across collecting duct epithelial clusters. (G) Dot plot showing expression of injury- and ECM-7 
associated genes in collecting duct epithelial cells by tissue type. (H) Dot plot showing expression of key genes 8 
involved in glucose transport and glycolysis in collecting duct epithelial cells by tissue type. (I–J) Scatter plots 9 
with adjacent box plots showing expression scores of energy metabolism-associated genes by cell type and tissue 10 
type. The dashed blue line indicates equal glucose and fat scores. (K) Scatter plot with adjacent box plot showing 11 
energetic bias (glucose-to-fat score ratio) by cell type and tissue type. (L) Scatter plot with adjacent box plots 12 
showing combined energy metabolism score by cell type and tissue type. FR, failed-repair proximal tubule cells; 13 
Healthy, healthy proximal tubule cells; Prolif, proliferating cells; SLC2A1, solute carrier family 2 member 1 14 
(GLUT1). *, P ≤ 0.05; **, P ≤ 0.01; ***, P ≤ 0.001; ****, P ≤ 0.0001; no asterisk, P > 0.05. 15 
 16 

 17 
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ADPKD cyst epithelia are embedded in distinct cellular microenvironments 1 

Multiple cellular compartments contribute to chronic kidney disease progression, including 2 

immune cells, fibroblasts, and endothelial cells (EC) (20–22). To examine how these cells may 3 

influence epithelial injury and cyst growth in human ADPKD, we analyzed single-cyst 4 

microenvironments enabled by the sampling of superficial cyst cups (Fig. 1A), which 5 

minimized confounding effects from adjacent cysts (Fig. 3; Suppl. Fig. 9). 6 

In the immune compartment of control kidney tissue, T lymphocytes and natural killer (T/NK) 7 

cells predominated, whereas cyst-associated immune populations were mainly myeloid cells 8 

(Fig. 3A–C). Myeloid cell composition varied by cyst type, with marked expansion of the 9 

clusters myeloid 2 and myeloid 3 around mixed cysts (Fig. 3C), and myeloid 5 around PT-like 10 

and CD-like cysts. All three clusters expressed cluster of differentiation 14 (CD14) but not 11 

integrin subunit alpha X (ITGAX), consistent with macrophage identity (Suppl. Fig. 9A). 12 

Myeloid 3 comprised immune-active macrophages with strong expression of major 13 

histocompatibility complex (MHC) class II molecules and interleukin-1 beta (IL1B) (Suppl. 14 

Fig. 9). Myeloid 2 and myeloid 5 showed an M2-like macrophage phenotype akin to tumor-15 

associated macrophages (TAMs) (23), marked by expression of hyaluronan mediated motility 16 

receptor (CD168), mannose receptor c-type 1 (MRC1) and folate receptor beta (FOLR2) (Suppl. 17 

Fig. 9B). TAMs promote tubular proliferation after injury (24) and have been implicated in 18 

ADPKD cyst expansion (25, 26). Myeloid 2 also expressed high levels of C-C motif chemokine 19 

ligand 2 (CCL2) (Fig. 3D), a chemotactic factor that recruits monocytes and other immune cells 20 

to sites of injury (27) and promotes disease progression in ADPKD models (25, 28).  21 

We next profiled fibroblasts, which formed a thick layer around cysts and accounted for 22 

approximately one third of sequenced cells in ADPKD samples, irrespective of cyst type 23 

(Suppl. Fig. 10). Subclustering yielded ten fibroblast subpopulations with diverging injury-24 

marker expression (Fig. 3E-H). Control cells were enriched in the pericyte cluster and in the 25 

collagen IV–expressing clusters Fib-3 Fibroblasts from CD-like and PT-like cysts were 26 

enriched in less-injured clusters Fib-5 and Fib-6 whereas those from mixed cysts primarily 27 

congregated in injured clusters Fib-1, Fib-2, in a distinct cluster of proinflammatory fibroblasts 28 

(Inflam), and in the myofibroblast cluster (Myo). Analysis of extracellular matrix (ECM) 29 

programs using a recent fibrosis-related gene set (29) showed highest ECM-associated 30 

expression in Fib-2, Fib-5, and the myofibroblast cluster (Fig. 3I–J) – consistent with the central 31 

role of myofibroblasts in ECM deposition (29). The cluster of proinflammatory fibroblasts was 32 
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composed almost exclusively of cells from mixed cysts and characterized by high interleukin-1 

6 (IL6) and CCL2 expression (Fig. 3F, H).  2 

Damaged EC clusters (Dmg1/2) mirrored this pattern showing elevated IL6 and CCL2 together 3 

with upregulation of EC activation markers, such as VCAM1, intercellular adhesion molecule 1 4 

(ICAM1), P-selectin (SELP), and E-selectin (SELE) (Fig. 3K–N). In acute kidney injury, 5 

fibroblasts and ECs recruit leukocytes via CCL2 signaling, and failed-repair proximal tubule 6 

cells later sustain CCL2-mediated chemoattraction (14). Consistent with this paradigm, PT-like 7 

CECs from mixed cysts exhibited highly elevated CCL2 expression, whereas CD-like CECs 8 

showed minimal engagement in CCL2 signaling (Fig. 3O). 9 

Together, these analyses indicate that PT-like CECs from mixed cysts interact with specific 10 

immune, fibroblast, and endothelial subpopulations to establish a distinct inflammatory 11 

microenvironment around mixed cysts. A unifying feature of this mixed-cyst niche is high 12 

CCL2 expression across epithelial and stromal compartments. 13 
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 1 
Figure 3. Different cyst types are embedded within distinct inflammatory microenvironments. Subclustering 2 
analyses of immune cells (A-D), fibroblasts (E-J), and endothelial cells (K-O). (A) UMAP of immune cell clusters. 3 
(B) Fraction of immune cells among all sequenced cells by tissue type. (C) Representation of immune cell clusters 4 
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by tissue type. (D) Dot plot showing CCL2 expression across immune clusters. (E) UMAP of fibroblast clusters. 1 
(F) Tissue-type representation across fibroblast clusters. (G) Violin plots showing expression of selected genes in 2 
fibroblast subclusters. Horizontal lines indicate mean expression. (H) Feature plots showing expression of selected 3 
injury markers in fibroblasts. (I) Feature plot showing expression of ECM genes. (J) Heat map of expression scores 4 
for total ECM, collagens, proteoglycans, and glycoproteins. Gene sets for (I–J) were obtained from Kuppe et al. 5 
(29). Scores were calculated using UCell (30). (K) UMAP of EC clusters. (L) Tissue-type representation across 6 
EC clusters. (M-N) Feature and dot plots showing expression of selected EC activation genes. (O) Dot plots 7 
showing CCL2 expression by cell type and tissue type. ACTA2, actin alpha 2; B, B cells; Baso/Mast, basophil 8 
granulocytes/mast cells; COL1A1, collagen type I alpha 1 chain; COL4A3, collagen type IV alpha 3 chain; 9 
COL4A4, collagen type IV alpha 4 chain; DVR, descending vasa recta; Fib, fibroblasts; Glom, glomerular 10 
endothelial cells; NOTCH3, notch receptor 3; Peri, pericytes; Plasma, plasma cells. *, P ≤ 0.05; **, P ≤ 0.01; ***, 11 
P ≤ 0.001; ****, P ≤ 0.0001; no asterisk, P > 0.05. 12 
 13 
Expression of molecular drug targets in CECs differs by cell type and cyst type 14 

Given the pronounced transcriptomic differences across CECs, including metabolic programs, 15 

chemoattraction, and injury, we next asked how cell type and cyst type influence molecular 16 

amenability to therapy. We focused on pathways targeted by agents in preclinical or clinical 17 

development, including oxidative stress responses, cyclic AMP (cAMP) signaling, and solute–18 

water transport (Fig. 4A). 19 

Oxidative stress is implicated in ADPKD progression (31) and arises from imbalances between 20 

mitochondrial reactive oxygen species (ROS) production and detoxification. Expression of core 21 

subunits of the five mitochondrial respiratory chain complexes – major cellular sources of ROS 22 

(32) – was markedly increased in CD-like CECs, particularly those from mixed cysts (Fig. 4B; 23 

Suppl. Fig. 11). The antioxidant regulator nuclear factor erythroid 2–related factor 2 (NRF2) 24 

and downstream targets, including superoxide dismutase 1 (SOD1) and NAD(P)H quinone 25 

dehydrogenase 1 (NQO1), were also upregulated in CD-like CECs (Fig. 4C). These patterns 26 

indicate a high oxidative stress burden in CD-like CECs and suggest greater susceptibility to 27 

ROS-reduction strategies. 28 

To evaluate cAMP homeostasis, we examined expression of adenylyl cyclases (ADCYs), 29 

phosphodiesterases (PDEs), and cAMP efflux transporters, which together govern intracellular 30 

cAMP levels (33). ADCY2 and ADCY8 were upregulated in PT-like CECs but not in CD-like 31 

CECs, and ADCY6 was elevated predominantly in CECs from pure cysts (Fig. 4D). Because 32 

ADCY6 mediates arginine vasopressin receptor 2 (AVPR2)-stimulated cAMP production (34), 33 

its expression may modulate responsiveness to AVPR2 antagonism. PDE isoforms also showed 34 

cell type-specific expression patterns, including differences in PDE1A, as did cAMP efflux 35 
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transporters, such as multidrug resistance-associated protein 4 (ABCC4; MRP4) (Fig. 4E–F). 1 

Collectively, these data indicate that cAMP regulation is differentially perturbed across cyst 2 

epithelia, offering cell type–specific opportunities to modulate cAMP. Notably, selective PDE 3 

inhibitors have been reported to prevent cyst formation in vitro (35). 4 

We next assessed cAMP-linked effectors implicated in ADPKD. The cystic fibrosis 5 

transmembrane conductance regulator (CFTR) chloride channel was strongly upregulated in 6 

PT-like CECs (Fig. 4G), whereas CD-like CECs showed minimal CFTR expression, with mean 7 

levels approximately sixfold lower than in PT-like CECs. The expression of AVPR2, which is 8 

an upstream activator of cAMP and encodes the direct molecular target of tolvaptan, was 9 

restricted to CD-like CECs (Fig. 4G). Immunofluorescence confirmed AVPR2 protein 10 

selectively in CD-like CECs and AQP2/LRP2 double-positive cells, which were not 11 

represented in our snRNA-seq dataset (Fig. 4H). 12 

In summary, PT-like and CD-like CECs display distinct expression of molecular targets, 13 

suggesting differential amenability to interventions modulating redox balance, cAMP 14 

regulation, and solute-water transport. CFTR is enriched in PT-like CECs, whereas AVPR2 is 15 

restricted to CD-like CECs. Thus, the therapeutic impact of AVPR2 antagonism (tolvaptan) 16 

may depend on the burden of CD-like CECs within a patient’s cysts. 17 

 18 

 19 

 20 

 21 

 22 

 23 

 24 

 25 

 26 

 27 
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Figure 4. Expression of molecular drug targets varies among cyst epithelial cell types. (A) Schematic of 1 
selected therapeutic approaches under preclinical and clinical evaluation. (B-F) Violin plots showing expression 2 
of core subunits of the five mitochondrial respiratory chain complexes (B), core antioxidant response genes (C), 3 
selected adenylyl cyclases (D), phosphodiesterases (E), and cAMP efflux transporters (F) by cell type and cyst 4 
type; bar plots are overlaid to indicate mean expression. (G) Violin and feature plots showing expression of LRP2, 5 
CFTR, AQP2, and AVPR2; bars are overlaid to indicate mean expression. (H) Representative immunofluorescence 6 
images showing AVPR2 protein in epithelium of CD-like, PT-like, and mixed cysts. Asterisks mark cells cells 7 
expressing AVPR2 in mixed cysts. Scale bars, 30 µm. ABCC5, ATP-binding cassette subfamily C member 5; 8 
ATP5F1B, ATP synthase F1 subunit beta; COX4I1, cytochrome c oxidase subunit 4I1; NDUFA6, 9 
NADH:ubiquinone oxidoreductase subunit A6; NQO1, NAD(P)H quinone dehydrogenase 1; PDE1C, 10 
phosphodiesterase 1C; PDE3A, phosphodiesterase 3A; SDHC, succinate dehydrogenase complex subunit C; 11 
SOD1, superoxide dismutase 1; UQCRB, ubiquinol-cytochrome c reductase binding protein. *, P ≤ 0.05; **, P ≤ 12 
0.01; ***, P ≤ 0.001; ****, P ≤ 0.0001; no asterisk, P > 0.05. 13 

 14 

Individual cyst type composition varies between patients  15 

Because differential activation of molecular pathways in CECs may imply distinct therapeutic 16 

responsiveness, we assessed interpatient variability in cyst-type composition. We performed 17 

multicolor immunofluorescence for LRP2 and AQP2 on cystic tissue from 11 additional 18 

ADPKD patients (P1–P11) and analyzed 1,815 cysts to quantify PT-like, CD-like, and mixed 19 

cysts (Fig. 5A). To detect low-intensity marker expression without forcing assignments, we 20 

developed a machine-learning pipeline using the ilastik image-segmentation toolkit (36). 21 

Classifiers were trained via interactive annotation to recognize bright and dim epithelial 22 

fluorescence in three representative images per channel and then applied to all images. This 23 

approach unmasked LRP2 and AQP2 expression in many cysts with severely flattened epithelia 24 

(Suppl. Fig. 12). Final labels – PT-like, CD-like, mixed, or unclassified (LRP2−/AQP2−) – were 25 

assigned using both the model output and the original images (Suppl. Fig. 13). 26 

Across patients, cyst-type composition varied substantially: some kidneys were dominated by 27 

CD-like cysts, whereas others were enriched for PT-like cysts (Fig. 5B–E; Suppl. Fig. 15). The 28 

ratio of CD-like to PT-like cysts ranged from 1:3.5 (P10) to 8:1 (P4), consistent with prior 29 

puncture studies reporting variability in low- versus high-sodium cyst fluids across kidneys 30 

(37). 31 

To evaluate potential spatial bias within large nephrectomy specimens, we generated whole-32 

kidney center slices from patients P3–P5 and sampled spatially defined tissue blocks. We did 33 
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not observe systematic differences in cyst-type composition between peripheral regions (near 1 

the renal capsule) and central regions (near the renal pelvis) (Suppl. Fig. 16). 2 

Mixed cysts were detected in all patients (11/11) and accounted for 23% of total cyst number 3 

and 36% of total cyst area, indicating that they are a common feature of human ADPKD (Suppl. 4 

Fig. 17). On average, mixed cysts were also larger than PT-like or CD-like cysts (Suppl. Fig. 5 

18). Overall, 24% of cysts were LRP2−/AQP2− and therefore unclassified. 6 

 7 

 8 
 9 
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Figure 5. Individual cyst-type composition varies among ADPKD patients. (A) Analysis pipeline for cystic 1 
tissue using machine learning-aided image segmentation with ilastik. Scale bars, 5 mm. (B) Relative representation 2 
of cyst types per patient by cyst count. (C) Box plot of the log2-transformed ratio of CD-like to PT-like cysts 3 
within each analyzed kidney sample (paraffin section) by cyst count. (D) Relative representation of cyst types per 4 
patient by cumulative cyst area. (E) Box plot of the log2-transformed ratio of CD-like to PT-like cysts within each 5 
analyzed kidney sample by cyst area. Each dot represents one sample. A log2(ratio) < 0 indicates a bias toward 6 
PT-like cysts; a log2(ratio) > 1 indicates a bias toward CD-like cysts. Dot size reflects sample weight, i.e., the 7 
fraction of a patient’s total cyst count or area represented by the sample. Box plots show medians (center lines), 8 
25th/75th percentiles (hinges), and whiskers extending 1.5× the interquartile range. nCysts indicates the sum of CD-9 
like and PT-like cysts per patient. For patients P3–P5, sampling location is indicated (peripheral, p1–p3; central, 10 
c1–c3). P-values were calculated using the likelihood-ratio tests between linear mixed-effects models (Methods). 11 
Mixed and unclassified cysts were not included in CD-like/PT-like ratio analyses. 12 
 13 

Tolvaptan response is correlated with AQP2+ cyst burden in Pkd1RC/RC mice  14 

Because AVPR2 is exclusively expressed in AQP2+ CECs at both RNA and protein levels (Fig. 15 

4G–H; Suppl. Fig. 14), differences in cyst-type composition may influence response to AVPR2 16 

antagonism. However, tolvaptan has only been used in recent years so that long-term follow-17 

up data and kidney nephrectomy samples are very scarce. Moreover, stratifying tolvaptan 18 

response in real-world cohorts is challenging due to a multitude of confounders, including 19 

comorbidities, therapy adherence, and lifestyle factors. We therefore leveraged a prior 20 

intervention study in which Pkd1RC/RC mice received tolvaptan for 5 months and exhibited 21 

variable treatment responses by kidney weight to body weight ratio, cystic index, and cystic 22 

volume (38). Kidney sections from the three top responders and three top nonresponders (based 23 

on cystic volume) were stained for LRP2 and AQP2. Blinded quantification using our machine-24 

learning-aided pipeline yielded per-animal cystic indices and cyst-type composition (Fig. 6A). 25 

All cyst types observed in human tissue – including LRP2+/AQP2+ mixed cysts – were present 26 

in Pkd1RC/RC mice and the cystic index reliably recapitulated the response status of each animal 27 

(34) (Fig. 6B). Cyst classification showed that the abundance of CD-like cysts with high AQP2 28 

expression (AQP2-high) was significantly associated with tolvaptan response, reflected by 29 

lower cystic indices. Because mixed cysts also contain AQP2+ CD-like CECs expressing 30 

AVPR2 (Fig. 4H; Suppl. Fig. 14), we next considered the total burden of AQP2+ cysts (CD-31 

like plus mixed). Again, AQP2+ cyst abundance significantly correlated with treatment 32 

response. Taken together, these data support a model in which individual cyst type 33 

compositions modulate the responsiveness to tolvaptan. 34 

 35 
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 1 
 2 
Figure 6. Abundance of AQP2+ cysts correlates with tolvaptan response in Pkd1RC/RC mice. (A) Analysis 3 
pipeline for Pkd1RC/RC kidney samples using machine-learning (ML)-aided image analysis. Kidney sections are 4 
from Hopp et al. (38). (B) Cystic index in tolvaptan responders and nonresponders based on ML-aided image 5 
analysis. (C) Relative representation of cysts expressing AQP2 (green/turquoise), LRP2 (magenta/pink), both 6 
markers (beige/brown), or neither marker (gray) in mice with good versus poor tolvaptan response. *, P ≤ 0.05; 7 
**, P ≤ 0.01; ***, P ≤ 0.001; ****, P ≤ 0.0001; no asterisk, P > 0.05. 8 
 9 

10 
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Discussion: 1 

We combined snRNA-seq with machine learning-guided image analysis of human ADPKD 2 

kidneys to resolve molecular cyst-type heterogeneity and its translational implications. Most 3 

cysts segregated into PT-like and CD-like classes based on epithelial lineage and cyst fluid 4 

composition. We further identified mixed cysts harboring LRP2+ and AQP2+ CECs as a 5 

common feature in ADPKD kidneys (Figs. 1, 5). These findings extend prior observations from 6 

a single-patient study that cells from adjacent nephron segments can co-occur within a cyst wall 7 

(39), showing that in mixed cysts, epithelial populations representing opposite ends of the 8 

nephron lie side-by-side as patches, mosaics, or even single interposed cells (Suppl. Fig. 5). 9 

This challenges the prevailing view that proximal and collecting duct markers are mutually 10 

exclusive in ADPKD cysts (40). Single nucleus transcriptomes stratified by epithelial lineage 11 

and cyst type further revealed that injury programs and glycolytic gene signatures are 12 

specifically amplified in mixed cyst epithelia. The origin of mixed cysts remains unresolved. 13 

Fusion of neighboring cysts seems unlikely, as we occasionally detected mononucleated 14 

double-positive cells during imaging (Fig. 4H, Suppl. Fig. 5). One possibility is aberrant LRP2 15 

expression in subsets of differentiated collecting duct cells, for example due to somatic 16 

mutations. However, PT-like and CD-like CECs from mixed cysts clustered near control PT 17 

and CD principal cells, respectively, indicating broad transcriptomic similarity beyond 18 

individual markers (Suppl. Fig. 19). We therefore favor a model in which neighboring cells 19 

within a single tubular segment diverge along distinct differentiation trajectories. Consistent 20 

with this, dual LRP2/AQP2 staining was sometimes detectable in only mildly dilated tubules. 21 

Mixed cysts have not been widely reported in in vivo models, which remain the gold standard 22 

for investigating disease mechanisms (41). In the Pkd1RC/RC mouse, we observed LRP2+/AQP2+ 23 

mixed cysts but at lower frequency than in human tissue. Systematic evaluation of mixed cyst 24 

prevalence across models and dissection of the mechanisms that generate them will be 25 

important for better understanding ADPKD pathophysiology. 26 

Pathway analyses highlighted differential molecular targetability across cyst types (Fig. 4). 27 

Mixed cysts reside in a distinct microenvironment enriched for CCL2 signaling, consistent with 28 

macrophage-mediated epithelial injury and accelerated cyst growth in ADPKD models, and 29 

with reports that CCL2 inhibition reduces inflammation and renal dysfunction in vivo (25, 28, 30 

42). These data nominate CCL2 blockade as a strategy to curb growth of mixed cysts. Oxidative 31 

stress signatures were most pronounced in CD-like CECs, aligning with ROS accumulation in 32 

collecting ducts of Pkd1−/− mice and with partial rescue via NRF2 activation (31). Restoring 33 
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redox balance may therefore preferentially benefit CD-like cysts, a consideration for 1 

interpreting the negative phase 3 FALCON trial of the NRF2 activator bardoxolone 2 

(NCT03918447). 3 

Prior work indicates that energy metabolism is rewired in cyst epithelia, with a shift toward 4 

glycolysis (16). Our snRNA-seq–based metabolic modeling suggests that this shift occurs 5 

predominantly in PT-like CECs, whereas energy demand and mitochondrial dysfunction are 6 

most pronounced in CD-like CECs (Fig. 2I-L). Together with repeated preclinical support for 7 

glycolysis inhibition (e.g., 2-deoxyglucose) and ketosis in ADPKD (43–46), these data 8 

highlight the need for cyst type–stratified evaluation of metabolic interventions, including 9 

dietary strategies. 10 

Dysregulated cAMP signaling promotes cyst expansion (3). We delineate cyst type–specific 11 

differences in the expression of adenylyl cyclases, phosphodiesterases, and cAMP efflux 12 

transporters, and show unequal CFTR expression between PT-like and CD-like CECs. This 13 

heterogeneity may reconcile conflicting results on CFTR as a therapeutic target (46–48) and 14 

has implications for ongoing trials of CFTR inhibition (e.g., GLPG2737; NCT04578548). To 15 

date, AVPR2 inhibition remains the only approved therapy for ADPKD. Expression of AVPR2 16 

was highly selective for CD-like CECs at both mRNA and protein levels, indicating that 17 

AVPR2-targeted agents act primarily on CD-like cysts, and partially on mixed cysts. In 18 

Pkd1RC/RC mice, the magnitude of tolvaptan treatment response tracked with the abundance of 19 

AQP2+ cysts, supporting a link between cyst-type composition and AVPR2 pathway 20 

responsiveness and consistent with a mechanistic basis for interpatient variability in tolvaptan 21 

response.  22 

The high burden of PT-like cysts we observed in some patients contrasts with the prevalent 23 

view that most cysts arise from the collecting duct. However, the predominance of high-sodium 24 

cyst fluids in puncture studies (13, 37) is consistent with a substantial PT-like contribution. In 25 

Pkd1RC/RC mice, LRP2+ cysts reportedly predominate in early disease but decline over time, 26 

whereas AQP2+ cysts remain constant and LRP2/AQP2-negative cysts increase (10). We 27 

interpret this as progressive dedifferentiation reducing LRP2 detectability. Our image-analysis 28 

pipeline improved detection of low-intensity markers, enabling confident classification of more 29 

than 75% of cysts, including those with low LRP2 expression. Although some low-LRP2 cysts 30 

may originate from transition zones (e.g., PT–Bowman’s capsule or PT–descending thin limb), 31 

these findings argue that PT-like cysts merit explicit consideration in drug development, which 32 

often relies on collecting duct–focused models (47).  33 
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In this cohort, approximately 25% of cysts were LRP2−/AQP2− by staining and likely derive 1 

from other nephron segments (e.g., thick ascending limb), which were underrepresented in the 2 

snRNA-seq dataset. Moreover, because tissue was obtained at nephrectomy from late-stage 3 

kidneys, early disease trajectories cannot be assessed directly. Access to early-stage human 4 

ADPKD tissue is inherently limited as patients are not nephrectomized and renal biopsy is 5 

rarely indicated, making molecular analysis of early-stage disease largely infeasible. 6 

Nevertheless, the analyzed patients were rapid progressors who typically meet criteria for 7 

disease-modifying therapy (48), underscoring clinical relevance. Larger cohorts and expanded 8 

marker panels will help to further refine cyst-type maps in ADPKD.  9 

Noninvasive approaches to estimate global cyst-type composition in patients would facilitate 10 

stratified therapy. Sodium MRI (23Na-MRI) could quantify the burden of low-sodium, CD-like 11 

cysts across kidneys and inform the risk–benefit evaluation for AVPR2 antagonists, which can 12 

cause liver toxicity and polyuria. Because MRI is already used to track total kidney volume, 13 

adding 23Na-MRI may be feasible within current workflows. 14 

In summary, we uncover previously underappreciated heterogeneity in cyst epithelial lineage, 15 

microenvironment, and pathway activation in human ADPKD, with direct relevance to 16 

therapeutic targeting. Accounting for cyst-type composition – especially the prevalence of 17 

mixed and PT-like cysts – may be essential for prioritizing targets, selecting models, and 18 

designing biomarker-guided trials aimed at improving outcomes in this heterogeneous disease. 19 

  20 
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Materials and Methods: 1 

Ethics statement 2 

The use of kidney biopsies and nephrectomies in this study has been approved by the ethics 3 

committee of Charité Universitätsmedizin Berlin under the registration number EA4/026/18. 4 

The use of archived cystic kidney sections in of the validation cohort has been approved by the 5 

ethics committee of Hannover Medical School under the registration number 6 

10183_BO_K_2022. All patients provided informed consent after oral and written elucidation 7 

on all aspects of the scientific project and their legal rights, including the right to withdraw the 8 

consent at any time without negative consequences. Patients were not offered any reward for 9 

tissue donation. 10 

Study cohort and collection of cysts and control tissues 11 

We recovered a total of 15 superficial cysts from five end-stage ADPKD patients (3 cysts per 12 

patient) and three control samples of tumor adjacent normal kidney tissue from three control 13 

patients. All five ADPKD patients were on renal replacement therapy and undergoing total 14 

nephrectomy to create abdominal space prior to kidney transplantation. Control patients 15 

received total nephrectomy as part of their oncologic treatment. Kidney tissue and cyst 16 

specimens were stored in pre-cooled RNAlater at 4 °C for 24 h and then transferred to − 80 °C 17 

for further storage and snRNA-seq. None of the ADPKD patients received specific ADPKD 18 

treatment (tolvaptan) at the time of sample collection. Three of the five patients from the 19 

sequencing cohort had a mutation in the PKD1 gene. For the other two patients the primary 20 

mutation was not known. The independent validation cohort comprised 67 archived samples 21 

(paraffin sections) from 11 additional ADPKD patients that underwent nephrectomy between 22 

February 2022 and Juli 2023 at Hannover Medical School. For 3 patients (P3-P5) the exact 23 

location of sample origin was known. Samples were archived in the Institute for Pathology at 24 

Hannover Medical School. Clinical patient data are summarized in Supplementary Table 1. 25 

Single nucleus dissociation and library preparation 26 

Kidney tissue and ADPKD cyst specimens were processed for single-nuclei RNA sequencing 27 

as previously described (49, 50). In brief, samples were minced in nuclear lysis buffer 1 (nuclear 28 

lysis buffer (Sigma) + Ribolock (1U/µl) + VRC (10 mM)) and subsequently homogenized with 29 

a dounce homogenizer using pestle A (Sigma D8938-1SET). Samples were then filtered (100 30 

µm strainer), re-homogenized (douncer with pestle B), and re-filtered (35-µm strainer). After 31 

centrifuging (5 min, 500 g), the pellet was resuspended in nuclear lysis buffer 2 (nuclear lysis 32 

buffer + Ribolock (1U/µl)). An underlay of 10% sucrose and 1U/µl of Ribolock in lysis buffer 33 
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was used to remove debris in a second round of centrifugation (5 min, 500 g). Subsequently. 1 

supernatant and debris were carefully removed and pelleted nuclei resuspended in PBS / 0.04% 2 

BSA + Ribolock (1U/µl). Following a final filtration step (20-µm strainer) nuclei were stained 3 

with DAPI. All Specimens were kept at 4 °C throughout the procedure. Single-nuclei 4 

sequencing was performed according to the 10 × genomics protocol for Chromium Next GEM 5 

Single Cell 3’ v3.1 chemistry with a target count of 10,000 nuclei. Single nucleus RNA libraries 6 

were sequenced on Illumina HiSeq 4000 sequencers (paired end). Expression matrices were 7 

created using CellRanger (version 3.0.2) with --expect-cells 10,000 against the human HG38 8 

genome (GRCh38 3.0.0). Background RNA was removed using CellBender.  9 

Bioinformatic data analysis  10 

All integration and analysis steps were performed using the Seurat package in R (8). Sequenced 11 

nuclei with < 500 detected genes were removed during initial filtering. Before integration, the 12 

dataset of each sample was analyzed individually, including dimensionality reduction, 13 

unsupervised clustering, and projection in UMAP space following the Seurat standard 14 

workflow (https://satijalab.org/seurat/). Emerging clusters were then annotated for cell types 15 

the using expression of canonical marker genes using the FindAllMarkers function in Seurat 16 

(min.pct = 0.1, logfc.threshold = 1.5). 17 

Individual datasets were then combined into an integrated dataset using the IntegrateLayers() 18 

function in Seurat version 5 (https://satijalab.org/seurat/) with the implemented harmony 19 

algorithm for batch correction (9). Subsequently, dimensionality reduction and unsupervised 20 

clustering were applied to the combined dataset. Cells with equal cell type labels from the 21 

individual dataset analysis clustered together in the integrated dataset, confirming successful 22 

integration and batch correction. Three of the 15 cyst samples were included in the integrated 23 

UMAP but removed from further downstream analyses and subclustering due to low recovery 24 

of cyst-lining epithelial cells (< 100 cells) in these samples. Destroyed nuclei and doublets were 25 

removed during initial clustering and subclustering, where they clustered away from the major 26 

cell types and/or showed expression of canonical markers from more than one major kidney 27 

cell type. 28 

Gene set enrichment analysis 29 

The MSigDB hallmark gene sets (category H, https://www.gsea-msigdb.org) were used to 30 

identify overrepresented pathways in cell types and cyst types. Expression scores for each gene 31 

set were calculated per cell using UCell (30). Gene set expression heatmaps were created using 32 

the pheatmap tool in R.  33 
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Calculation of energetic bias scores 1 

The energy energetic bias score psi	(	𝜳𝑬) was calculated as follows: 2 

 3 

Genes summarized in the glucose score include core genes involved in glucose uptake 4 

(SLC2A1, SLC2A2, SLC2A3, SLC2A4), glycolysis (HK1, PFKM, PKM), and oxidative 5 

phosphorylation (NDUFA6, SDHC, UQCRB, COX4I1, ATP5F1B). Genes summarized in the 6 

fat score include core genes involved in fatty acid uptake (CD36, FABP1, SLC27A2), rate-7 

limiting mitochondrial import (CPT1A, CPT2), b-oxidation (ACADL, ACADM, ACADS, ECH1, 8 

ECHS1, EHHADH, HADH, HADHA, HADHB, ECI1, and oxidative phosphorylation 9 

(NDUFA6, SDHC, UQCRB, COX4I1, ATP5F1B). The glucose and fat expression scores were 10 

calculated per cell using UCell in R (30).  The total energy metabolism score was calculated as 11 

the sum of glucose and fat scores. 12 

Fluorescence microscopy and image data analysis of human samples 13 

Samples were usually fixed in 4% formaldehyde at 4°C overnight and subsequently embedded 14 

in paraffin. Depending on the antibody used, formalin-fixed paraffin-embedded tissue slices 15 

were incubated with primary antibodies for 1h at room temperature or 4°C overnight. 16 

Incubation with secondary antibodies was performed at room temperature for 30min - 1h at 17 

room temperature. Cyst-lining epithelia of the sequencing cohort were stained using the anti-18 

LRP2 monoclonal antibody [1:100, abcam, ab76969], the rabbit anti-AQP2 antibody [1:00; 19 

Thermo Fisher Scientifc, PA5-38004], or the goat anti-AQP2 antibody [1:100; Novus 20 

Biologicals, NBP1-70378]. For AVPR2 staining we used a rabbit anti-V2R antibody [1:100, 21 

Abcam, EPR24555-59]. For quantitative assessment of cyst type abundances in the validation 22 

cohort, we used the rabbit anti-aquaporin-2 [1:400, Sigma-Aldrich, 7310] and the mouse anti-23 

LRP2 clone 10D5.1 [1:1000, Sigma-Aldrich, MABS489] as primary antibodies. As secondary 24 

antibodies we used donkey anti-mouse Alexa Fluor 555 [1:100, Invitrogen, A31570], donkey 25 

anti-rabbit Alexa Fluor 488 [1:100, Jackson Immunoresearch, 711-545-152], donkey anti-rabbit 26 

Alexa Fluor 488 [1:200, Invitrogen A21206], donkey anti-goat Alexa Fluor 488 [1:200, Life 27 

Technologies, A11055], and goat anti-rabbit Alexa Fluor 647 [1:200, Life Technologies, 28 

A21245]. Antibodies were diluted in PBS containing 5% BSA [Sigma A4503]. DNA was 29 

stained with mounting medium containing DAPI [Biozol, DNA-SCR-038448]. Slides were 30 

imaged using the Metafer Scanning Platform [MetaSystems Hard & Software, Altlussheim, 31 

		𝜳𝑬	 = 	
𝐺𝑙𝑢𝑐𝑜𝑠𝑒	𝑆𝑐𝑜𝑟𝑒	 − 𝐹𝑎𝑡	𝑆𝑐𝑜𝑟𝑒
𝐺𝑙𝑢𝑐𝑜𝑠𝑒	𝑆𝑐𝑜𝑟𝑒 + 	𝐹𝑎𝑡	𝑆𝑐𝑜𝑟𝑒 	 = 	

△ 𝑮𝒍𝒖𝒄𝒐𝒔𝒆	𝑺𝒄𝒐𝒓𝒆
𝑴𝒆𝒕𝒂𝒃𝒐𝒍𝒊𝒔𝒎	𝑺𝒄𝒐𝒓𝒆				 ; 			𝜳𝑬 ∈ 	ℝ	: {−1 ≤ 𝜳𝑬 ≤ 1}	
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Germany] at 40x or a Leica TCS SP8 confocal microscope equipped with a 63x PL APO CS 1 

1.4 NA oil immersion objective lens [Leica, Wetzlar].  2 

Fluorescence microscopy and image data analysis of mouse samples 3 

Formalin-fixed paraffin embedded kidney cross sections of C57BL/6J Pkd1RC/RC mice treated 4 

with tolvaptan were chosen from the Hopp et al., J Am Soc Nephrol,  2015 study (38), based 5 

on treatment efficacy. Treatment efficacy was defined based on the reported cystic volume; the 6 

three animals with the highest (non-responders) and lowest (responders) cystic volume were 7 

evaluated independent of sex. For immunofluorescent staining kidneys underwent 8 

deparaffinization, antigen retrieval, and autofluorescence quenching as described previously 9 

(51). Proximal tubules/cysts were visualized with LRP2 (1:100, abcam, ab76969; 1:500, anti-10 

mouse IgG1 Alexa Fluor-595, Invitrogen, A-21125) and collecting ducts/cyst were visualized 11 

with Aqp2 (1:100, Santa Cruz Biotechnology, sc-515770; 1:500, anti-rabbit IgG Alexa Fluor 12 

488, Invitrogen, A-11034). Both, primary and secondary staining were performed for 1h at 13 

room temperature. All images were acquired using the Keyence BZ-X710. 14 

Cyst classification 15 

Sequenced ADPKD cyst samples were classified as PT-like cysts or CD-like cysts, when 16 

snRNA-seq datasets contained only epithelial cells reflecting proximal or collecting duct 17 

segments, respectively. Cells were identified as proximal-like cyst epithelial cells (PT-like 18 

CECs) and collecting duct-like cyst epithelial cells (CD-like CECs) by expression of the PT 19 

marker LDL receptor-related protein 2 (LRP2) and the collecting duct marker aquaporin-2 20 

(AQP2), respectively. Cysts that contained both LRP2+ and AQP2+ cells were classified as 21 

mixed cysts. Transcriptome-level cyst classification was confirmed using immunofluorescence 22 

staining for LRP2/megalin and AQP2 in formalin-fixed, paraffin-embedded sections of the 23 

sequenced cysts. Human samples of the validation cohort samples were classified based on 24 

immunofluorescence staining (LRP2, AQP2). Dilated tubule structures were defined as cysts 25 

based on the following criteria: (i) transverse diameter > 500µm and (ii) presence of epithelial 26 

cell lining. Dilated tubular structures with a pronouncedly mixed phenotype were also 27 

considered cysts. For mouse samples, were kidney samples and mean cyst size were 28 

considerably lower than in human ESRD kidneys, dilated tubule structures > 707µm2 29 

(equivalent to a diameter > 30µm given a perfect circular shape) with an oblate ellipticity of > 30 

0.15 were defined as cysts. Machine learning-base image segmentation samples was performed 31 

by training the image segmentation tool ilastik (36) through manual annotation of three different 32 

cystic tissue images per channel. The classifier was then applied to the rest of the images and 33 
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signal probability map was exported. Because fully automated classification is sensitive to 1 

imaging artifacts, final cyst classes were assigned by evaluating, both, expression probability 2 

and original immunofluorescence signal. Cystic index calculations and cyst classification of 3 

mouse samples were performed blinded to disease severity and response to tolvaptan. 4 

Statistics 5 

The significance of gene expression differences was evaluated using the Wilcoxon rank sum 6 

test within the stat_compare_means() function of the ggpubr package in R. The differences in 7 

cyst ratios between patients was evaluated by modelling log2 ratios with a linear mixed model 8 

using the lme4 package. The “patient” was used as a random factor to account for dependencies 9 

between each patient’s samples. Samples were weighted according to the proportion of a total 10 

patient’s cyst count or area represented in the respective sample. We compared the full model 11 

to a reduced model without patient as random factor: full.model = lmer(ratio.transformed ~ 1 + 12 

(1 | Patient), weights = weights, data = data, REML = F). reduced.model = lm(ratio.transformed 13 

~ 1, weights = weights, data = data). The p-value was calculated using a Likelihood-Ratio-14 

Tests: anova(reduced.model, full.model). 15 

  16 
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