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Spatial Transcriptomics Reveals Injured Cells, Signature
Genes, and Communication Patterns in the Cyst
Microenvironment of Polycystic Kidney Disease

Sevtap A. Yasinoglu@®,' Claudio Novella-Rausell@®,’ Lisanne E. Wisse@®," Kyra L. Dijkstra@®,” Ahmed Mahfouz®,"”

Hans J. Baelde@®,” and Dorien J.M. Peters@®)’

Key Points

* Myofibroblasts and injury repair-related cell types were exclusively observed in polycystic kidney disease and enriched
within the cyst microenvironment.

 Cyst-associated gene signature of 45 genes with decreased expression further away from the cysts was largely related
to inflammation.

« Communication in low-inflamed cystic microdomains related to cellular signaling, morphogenesis, and inflammation in
polycystic kidney disease.

Abstract

Background Changes in the cyst microenvironment in polycystic kidney disease (PKD) may drive progressive cyst
formation. Bulk-cell and single-cell RNA sequencing have advanced our understanding of altered signaling; however, the
lack of spatial information has limited our insights into local gene expression and cellular communication near cysts.

Methods We used wild-type and Pkd1-deficient mouse kidneys to generate 10X Genomics Visium Spatial Gene
Expression datasets. Using our single-cell mouse kidney atlas and single-cell sequencing data for spot deconvolution, we
enhanced resolution and estimated enriched cell types. We analyzed spatial gene expression patterns and used a cyst-
centered analysis to identify cyst-associated gene signature. Cell communication near cysts was investigated, identifying
key ligand-receptors. Prioritized key factors were validated in tissues.

Results We observed enrichment of fibroblasts, injury repair-related cell types, and diverse immune populations in PKD.
Injury repair-related cells were exclusively observed in PKD, predominantly localized within immune cell-dense regions
near cysts. These cells collectively contributed to the altered gene expression profile in PKD, including cyst-associated
signature genes related to inflammatory processes. Analysis of cellular communication in less-inflamed regions around
cysts revealed the involvement of multiple cell types. Key ligand-receptor interactions were associated with cytokine
signaling, fibrosis, cellular development, and repair. These included Angpt2, C3, Csfl, Cxcl12, 1134, Gas6, 1116, Mdk, Mif,
Ptn, Sfrp2, Sppl, Sdcl, Tnc, Tnfsfl2, and Wntba. In addition, extracellular matrix (ECM) proteins implicated in immune
response, ECM remodeling, cell adhesion, and cell signaling were identified, such as Adam9, Adam10, Collal, Col3al,
Col4a2, Lamb2, Lamc1, Efnb1, Efnb2, Thbs1, Thbs2, and Vcam1. Immunohistochemistry confirmed expression of Syndecan-1-
Collagen IV, Midkine-Integrin 81, CSF-1, Pleiotrophin, and Tenascin-C in cystic kidneys.

Conclusions Spatial transcriptomics in PKD revealed enrichment of (myo)fibroblasts, immune, and injury repair-related
cells near cysts, creating a (pro)inflammatory and (pro)fibrotic niche. Key ligand-receptor and ECM interactions were
identified and validated.
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Introduction

Autosomal dominant polycystic kidney disease (ADPKD)
is a genetic disorder with a prevalence of one in 2500
individuals.!> Most patients carry a germ-line mutation
in the PKD1 (*78%) or PKD2 (£15%) gene, encoding
polycystin-1 or polycystin-2, respectively.3° These muta-
tions lead to progressive cyst formation and destruction
of kidney parenchyma, resulting in a gradual decline in
kidney function, and finally kidney failure.” Tolvaptan,
a vasopressin V2 receptor antagonist, is the only US
Food and Drug Administration-approved drug that
slows the decline in kidney function.® To develop new
therapies that preserve kidney parenchyma, a deeper un-
derstanding is needed of the molecular abnormalities in
the cyst (micro) environment that contribute to progres-
sive cyst formation.

In a slow-progressing mouse model of ADPKD, we
previously showed that cyst formation was accelerated
after the formation of initial cysts. These cysts were often
surrounded by smaller cysts and exhibited altered PKD-
related signaling in adjacent tissues.” RNA sequencing of
microdissected tissues confirmed dysregulated signaling
pathways in the cyst microenvironment, even before the
accumulation of immune cells near cysts. Dysregulated
pathways were related to injury repair processes, cell
growth, tissue remodeling, and metabolism.!'° These
data suggest that increased activity of paracrine factors in
the cyst microenvironment may drive progressive cyst
formation.®'% Accordingly, single-cell RNA sequencing of
Pkd1-mutant kidneys revealed elevated expression of cy-
tokines and their receptors in Pkdl-mutant cells, immune
cells, and fibroblasts, indicating a positive feedback loop
between Pkdl-mutant cells and surrounding cells that
promote disease progression.!! However, this study, as
well as bulk-RNA sequencing studies, lack spatial in-
formation.1%-1¢ Thus, it remains unclear which cell types
contribute to altered signaling near cysts and how cyst-
lining cells communicate with neighboring cells to drive
disease progression.

Here, we performed spatial transcriptome analysis in
wild-type (WT) and PKD kidneys. This enabled us to map
cell types and spatial gene expression patterns in both
healthy and PKD kidneys. Through spot deconvolution,
we refined the kidney cell-type composition and identified
a robust gene expression signature for the cyst microenvi-
ronment. Furthermore, we investigated cell-cell communica-
tion near cyst-lining cells and uncovered key ligand-receptor
pairs that may contribute to disease progression.

Methods

Animals

Animal experiment was approved by the Ethics Com-
mittee of Leiden University Medical Center and the
Dutch Ministry of Agriculture (AVD1160020197684),
following Directive 2010/63/EU. Tamoxifen-inducible
kidney-specific Pkd1-deletion mice (iKspPkdldel) were
described before.!” Scattered Pkd1-deletion was induced
in male mice using 12.5 mg/kg oral tamoxifen admin-
istration on PN18-19.1° PKD mice were sacrificed be-
tween PN264-297 and the WT mouse at PN284. Kidneys
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were collected, weighed, and either snap-frozen or fixed
in formaldehyde.

10X Genomics Visium Spatial Gene Expression
Experiment

Cryo sections of 10-um thickness were placed on a pre-
cooled Visium Spatial Gene Expression slide (PN:2000233;
SN:V10T17-045). Tissue fixation, hematoxylin & eosin
(H&E) staining, and imaging were performed according
to manufacturer’s instructions. Imaging was conducted
using ZEISS Axio Scan Z1. H&E stained sections were
permeabilized for 12 minutes. Reverse transcription,
cDNA synthesis, amplification (16-17 cycles), clean-up,
quantification, and library construction were conducted
according to manufacturer’s instructions. Libraries were
PCR amplified for 12 cycles and sequenced with 500 mil-
lion 150 bp paired-end reads using NovaSeq 6000 v1.5.

10X Genomics Visium Spatial Gene Expression Raw Data
Processing

Sequencing reads were mapped to the mm10 mouse ge-
nome (GRCm38) using Space Ranger v1.3.0 with manual
fiducial alignment files. Count matrices were preprocessed
with Scanpy'® v1.8.1, merging samples and removing spots
with >30% mitochondrial reads or <5000 counts, and
genes expressed in <10 spots. A total of 8171 spots
from capture areas were used for downstream analysis.
Counts were normalized per spot at a target depth of
10,000 reads and log-transformed. The top 2000 highly
variable genes were computed using seurat_v3 flavor
and the batch key set to the different samples. Normalized
counts were scaled before Principal Component Analysis.
The top 50 principal components were used to create
the neighborhood graph with Euclidean distance. For
visualization, a two-dimensional uniform manifold ap-
proximation was computed using default parameters.
Unsupervised clusters were identified using the Leiden
algorithm!® with a resolution of 0.7. Differential gene
expression between clusters was analyzed using the
Wilcoxon rank-sum test on the normalized counts.

Gene Set Enrichment Analysis

Differential expression results were used for gene set en-
richment analysis using fgsea v1.28.020 and gene sets from
MSigDB v2023.2.Mm.?! Ranked list of genes or ligand-
receptor pairs identified overrepresented and underrepre-
sented gene sets. Normalized enrichment scores allowed
comparisons across gene sets. To reduce redundancy,
rrvgo v1.2.0%2 was used with a semantic similarity thresh-
old of 0.25. An adjusted P value < 0.05 was consid-
ered significant.

Spatial Pattern Analysis

Log-normalized counts were used as input for Mefisto
(mofapy2 v0.7.0),2324 and 15 spatial patterns (i.e., factors)
per kidney were obtained using the highly variable genes
identified previously. We computed spatial covariance us-
ing 1000 inducing points.
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Figure 1. Spatial gene expression analysis and identification of major cell-type clusters in wild-type and PKD kidneys and their spatial
localization. (A) Schematic overview of the experimental design, 10X Visium library construction, and data acquisition. In brief, fresh
frozen kidney sections from male C57BL/6 mice were used with scattered Pkd1 deletion (iKspPkd1%®!, 12.5 mg/kg tamoxifen PN18-19,
n=3) and age-matched wild-type mouse (iKspPkd1%!, no tamoxifen, n=1). Frozen kidney sections were placed onto spatially barcoded
slides, fixated, stained with H&E, and imaged. Upon permeabilization, the polyadenylated mRNA was released from the overlying cells
and captured by the primers on the spots (typically from 1 to 20 cells). After second-strand synthesis and cDNA amplification, cDNA
libraries were generated and sequenced. Raw sequencing data were transformed into gene expression data and aligned with the H&E
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Figure 1. Continued. images of the kidney sections. (B) UMAP visualization colored by kidney-library (wild-type, pkd_1, pkd_2,
pkd_3). (C) UMAP visualization colored by unsupervised clusters (0-14). Each dot represents a sequenced Visium spot. (D) Dotplot
visualization of the top four DEGs per cluster. See Supplemental Table 1 for a complete DEGs list. (E) UMAP visualization colored by
cell-type annotation. Based on similar gene expression profiles, Clusters 7 and 11 and 12 and 13 from panel C were grouped into one
cell type each. Cluster 14 was annotated as adipocytes, derived from some fat tissue outside the medulla, and excluded from
downstream analysis. Cluster 10 was subclustered, improving separation of Fib cluster from proximal tubule and immune (Supplemental
Figure 1 and Supplemental Table 1). (F) Visium spots colored by annotation. (G) Stacked bar plot displaying the fraction of annotated
spots per kidney. Exact proportions are presented in Supplemental Table 2. ADI, adipocytes; CD-IC, collecting duct intercalated cells;
CD-PC, collecting duct principal cells; CNT, connecting tubule; DCT, distal convoluted tubule; DEG, differentially expressed genes; Fib,
fibroblast; FR-PT, failed repair PT; H&E, hematoxylin & eosin; immune, immune cells; Inj PT, injured PT; PKD, polycystic kidney
disease; Podo, podocyte; PT, proximal tubule; PTST, PT segment 1; PTS2, PT segment 2; PTS3, PT segment 3; PTS3T2, PT segment 3
type 2; TAL, thick ascending limb of the loop of Henle (LOH); UMAP, uniform manifold approximation.

Visium Spot Deconvolution

Spot deconvolution was performed using Tangram v1.0.2%
with modified mouse kidney atlas (MKA) as a reference.
The original MKA atlas (github.com/nrclaudio/MKA)?®
was enriched with immune?” injury-induced popula-
tions,?® as well as PKD!® transcriptomic profiles from ad-
ditional datasets (GSE190887, GSE193528, and GSE268494).
Batch correction between the original MKA data and the
three additional datasets was done using scVI (scvi-tools
v0.14.3%), followed by scANVL3 In each deconvolution
task, we accounted for differences in cell-type proportions
between our reference and the target slide using Seurat
v3.31 Details are presented in Supplemental Material.

Cyst Border Identification and Gene Expression Models
Cysts in each PKD kidney were manually segmented.
Cyst borders were identified using scikit-image v0.22.0,
and distances from segmented nuclei to nearest cyst were
computed using scipy.spatial.cKDTree. Generalized Ad-
ditive Models were fit for each gene using PyGAM v0.9.0.
A cyst-associated gene signature was derived by identi-
fying genes with rapid expression decline near cysts and
low expression far from cysts, intersected across PKD
kidneys. A cyst-associated gene score was calculated us-
ing Overrepresentation Analysis with the Fisher exact
test, based on the overlap between highly expressed genes
in each spot and the cyst-associated gene signature. De-
tails are presented in Supplemental Material.

Cell Communication

LIANA+ (lianapy v0.1.8)3? was used to compute cell—cell
communication scores between cell types in immune-low
contexts around cysts. Three layers around cysts were
manually defined to study communication events by dis-
tance. An expression threshold was applied, requiring at
least 85% of spots in a specific cell type to express the
ligand and receptor, with gene expression levels at least
twice as high as in noncystic areas. Details are presented in
Supplemental Material.

Immunohistochemistry

Sections of 4-um thickness underwent antigen retrieval
and blocking of endogenous peroxidases with 0.1%
H;O, and then incubated with primary and secondary
antibodies. Immune reactions were revealed using Fast
Red substrate kit (ab64254), 3,3’-diaminobenzidine
(ab64238) or 3,3'-diaminobenzidine+ (K3468), and
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counterstained with Mayer hematoxylin. Details are
presented in Supplemental Material.

Results

Spatial Transcriptomics of WT and PKD Kidneys and the
Identification of Unsupervised Major Cell-Type Clusters
To explore distinct cell types in the cyst microenvironment
in PKD, sections from one WT and three PKD kidneys with
scattered Pkd1-deletion!® were analyzed using 10X Geno-
mics Visium platform (Figure 1A). An overview of the
analyzed number of spots, mean reads per spot, median
genes per spot, the number of reads, and genes per kidney
is presented in Supplemental Methods. No batch effects
were observed between the libraries (Figure 1B). Unsuper-
vised clustering was performed at the spot level, with
clusters annotated using top differential genes and cell-
type markers from previous studies (Figure 1, C and D,
and Supplemental Table 1).262833 This resulted in 12 major
cell types, with some clusters merged based on shared
gene expression profiles (clusters 7 and 11; 12 and 13) and
removal of cluster 14 (adipocytes) (Figure 1E and
Supplemental Figure 1A). In addition, subclustering of
cluster 10 refined the separation of Fib, immune, and
proximal tubule (PT) clusters (Figure 1, D and E, and
Supplemental Figure 1B). These were projected onto the
tissue sections to visualize distribution in different kidney
segments (Figure 1F). Interestingly, PT-FR+Immune and
PT-Inj clusters were exclusively located near cysts in PKD
kidneys, while absent in the WT kidney (Figure 1, F and
G). Moreover, the fraction of proximal tubule clusters was
reduced in PKD kidneys (Figure 1G and Supplemental
Table 2). Previously, failed repair proximal tubule
(PT-FR) cells were identified as a cell state that failed to
repair after acute injury, exhibiting proinflammatory and
profibrotic features.>* Enrichment of PT-Inj and PT-
FR+Immune clusters, primarily within the cyst microen-
vironment, suggests the presence of proinflammatory and
profibrotic niches in PKD kidneys, while noncystic regions
resemble the WT kidney.

Deconvolution Defined Cell-Type Composition of the
Spots in WT and PKD Kidneys

To enhance cellular resolution, we performed cell-type decon-
volution and nuclei segmentation. We enriched our single-cell
MKA?6 with immune,® injured,?® and cystic'® cells, creating a
reference composed of 50% healthy cells and 50% injured,
fibrotic, cystic, and immune cells. A list of meta-markers used
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Figure 2. Cell-type deconvolution reliably defines cell-type composition of the spots identifying less abundant cell types. (A) Stacked
bar plot displaying the fraction of annotated nuclei after deconvolution. Major cell types are indicated in the bars. Exact proportions are
presented in Supplemental Table 2. (B) Segmented nuclei colored by their deconvoluted cell types: Fib/Myofib, PT injured cell states, or
immune cell populations in wild-type and PKD kidneys. Every dot is a single cell type (annotated segmented nucleus), identified in
barcoded spots. (C) Spatial expression pattern for murine macrophage/monocyte marker Adgrei. We only plot spots in which Adgrel
expression is detected (>0), in orange-red color scale. (D) IHC staining of F4/80 murine monocyte/macrophage marker in kidney
sections adjacent to the Visium dataset. (E) Magnification of a region near cyst with different cell populations, as well as expression of
the Adregl gene and F4/80 IHC in a section adjacent to the Visium dataset. B Lymph, B lymphocyte; B1 B lymph, B1 B lymphocyte;
CD-Trans, collecting duct transitional population; CD4™ Th17, CD4" T helper 17; CD4™ T regs, CD4" regulatory T; DC, dendritic
cells; Endo, endothelial; Gzma low NK, Gzma low natural killer; Gzma+NK, Gzma+natural killer; ICA, intercalated cell type A;
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Figure 2. Continued. ICB, intercalated cell type B; IHC, immunohistochemistry; Lyc6 high macro, Lyc6 high macrophage; Lyc6 low
macro, Lyc6 low macrophage; macro, macrophage; MD, macula densa; Mrc1+ resident macro, Mrc1+ resident macrophage; Myofib,
myofibroblast; Neutro, neutrophil; NK, natural killer; PC, principal cell; PEC, parietal epithelial cell; per, pericyte; PT-Aclnj, acute injury
PT; PT-FR, failed repair proximal tubule; PT-Inj, injured PT; PT-R, repairing PT; Spp1+ Resident Macro, Spp1+ resident macrophage;
T lymph, T lymphocyte; T1 B Lymp, T1 B lymphocyte; T3/follicular B lymph, T3/follicular B lymphocyte.

to characterize the cell types in this reference is presented in
Supplemental Table 2; however, these were not used for
annotation or any downstream analysis. This enriched ref-
erence enabled estimation of cell-type composition in WT
and PKD kidneys (Supplemental Figures 2-5). Compared
with the WT, PKD kidneys showed increased propor-
tions of myofibroblasts, immune populations, and injury
repair-related cell states (Figure 2A and Supplemental
Table 3). The increased proportion of injury repair-related
cell types aligns with the previously reported proportions
in PKD.3¢ Nuclei annotated as Fib and immune cell types
were sparse and randomly distributed throughout WT
kidney, while increased and concentrated near cysts in
PKD kidneys (Figure 2B, Supplemental Figures 6-9).
Among the deconvoluted immune cell populations, mac-
rophages constituted the majority (Figure 2), confirmed
by Adgrel gene expression and F4/80 staining (Figure 2,
B-E, and Supplemental Figure 10A). Myofibroblasts and
B/T lymphocytes were also enriched near cysts, although
less prevalent (Figure 2E). This was confirmed by aSMA
(activated fibroblasts), CD3 (T lymph), and CD19 (B lymph)
stainings in PKD kidneys (Supplemental Figure 10B). Tran-
sitional proximal tubule cells (Trans-PTC) were exclusive
to PKD kidneys (Figure 2A and Supplemental Table 2).
PT-Aclnj, PT-Inj, and PT-R cells were previously charac-
terized by downregulation of healthy proximal tubule
markers and upregulation of heat-shock proteins, tubule
injury, and cell proliferation markers, while Trans-PTCs
only downregulated proximal tubule markers, suggesting
a transitional phase.!628:34 These findings highlight cellu-
lar remodeling predominantly within the cyst microenvi-
ronment in PKD, including increased proportions of
immune cells, myofibroblasts, injured, and transitioning
cell types.

Identification of Spatial Gene Expression Patterns in WT
and PKD Kidneys

We applied MEFISTO?* to investigate spatial gene expres-
sion patterns using unsupervised factor analysis, identify-
ing up to 25 patterns (Supplemental Figures 11-14 and
Supplemental Table 4). Using the top 2000 variable genes,
we assessed factor correlation across kidneys (Figure 3A).
Several factors correlated among the kidneys, revealing
shared spatial expression profiles between the medullary
regions and noncystic cortical regions in PKD and WT
kidneys (Figure 3, A and B). Despite these similarities
and overlapping marker genes, an additional enrichment
pattern emerged around cysts, particularly in Factor
1 (Figure 3B).

We evaluated the top 50 variable genes for Factor 1 to
assess the most pronounced differences between WT and
PKD kidneys (Figure 3C and Supplemental Table 4). These
genes showed markedly altered gene expression in the cyst
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microenvironment. Among the top 50 lower-expressed
genes in PKD cyst microenvironment were Acaalb,
Chptl, Rida, Slc7a13, Acy3, and Cyp2a4, which are involved
in metabolism and transport (Figure 3C). By contrast, the
top 50 higher-expressed genes were associated with PT-
FR+Immune cell cluster (Figure 1D: Mgp, Cd74, and
Tmbs10), proximal tubule injury, macrophage-related
genes Lcn2,37 Apoe,?7-38 and Spp1,3839 and inflammatory
pathways (Figure 3C). Among PKD kidneys, Pkd_2
showed the strongest divergence from WT compared
with Pkd_1 and Pkd_3 kidneys, likely due to a higher
abundance of cystic clusters. Consistently, gene ontology
(GO) term analysis of Factor 1 showed significant enrich-
ment for immune response, response to wounding, cyto-
skeletal changes, cell migration, and reduced metabolism
in PKD (Figure 3D). Together, major transcriptomic
changes reflected by Factor 1 are primarily located near
cyst clusters, although gene expression profiles are highly
correlated across whole kidney sections in WT and PKD.
This suggests that in noncystic regions, scattered Pkdl
deletion and sparse immune/injured cells do not drive
broad transcriptomic shifts.

Characterization of Gene Expression and Cell-Type
Distribution within Cyst Microenvironment

Given both segment-specific and cyst microenvironment-
related changes in spatial gene expression (Figure 3), we
used a cyst-centered approach for further investigation. We
manually segmented the cysts and computed the distance
of each segmented nucleus (randomly distributed within a
spot) to its nearest cyst per kidney (Figure 4A). Using
deconvolved cell types and segmented nuclei, we esti-
mated cell populations closest to the cysts. Parietal epithe-
lial cell, PT-FR, and Trans-PTC were closest to the cysts,
followed by various immune cells, (myo)fib, and injury-
related cells (Figure 4B). Among the cell types closest to the
cysts, PT-FR and immune cells were relatively the most
abundant (Supplemental Figure 15). We modeled gene
expression per spot based on its distance to the nearest
cyst, identifying 45 signature genes with high expression
near cysts that decreased with distance (Figure 4C and
Supplemental Figures 22-23). We will refer to these genes
as cyst-associated signature genes. These include genes
already discussed above (e.g., Cd74, Mgp, Tmsb10, Lcn2,
Apoe), complement Clq regulation (C1ga, C1gb, Clqc, Serp-
ing1), antigen presentation (H2-Aa, H2-Abl, H2-Eb1, Ctss,
B2m, Fcerlg), or extracellular matrix (ECM) organization/
degradation (Collal, Colla2, Col3al, Fnl, Timp2, Bgn).
Furthermore, clusterin (Clu) has previously been identi-
fied in cyst-lining epithelial cells across various cystic
kidney diseases, as well as in immature nephrons and
injured tubules.* In addition, upregulation of Galectin-1
(Lgals1) and Vimentin (Vim) has been reported in renal
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Figure 3. Spatial gene expression pattern analysis reveals a distinct gene expression profile in the cyst microenvironment. (A) The top
2000 genes per factor per kidney were ranked based on gene loadings, and Pearson correlation was calculated between factors
identified per kidney. (B) Visium spots from the wild-type, pkd_1, pkd_2, and pkd_3 kidneys colored by highly correlating factors across
kidneys as highlighted in (A). Of note: factors have been created per individual kidney and are not identical across different kidneys.
The top five genes with the highest factor weight are shown per factor per kidney. See Supplemental Table 4 for a complete list of the
genes per factor per kidney. (C) Heatmap displaying the genes with the highest and lowest (top 50) weights for Factor 1 per kidney.
Blanks represent genes that were not among the top 50 (highest or lowest) in the given kidney. Dashed boxes indicate genes that are
consistently in the top 50 in PKD kidneys and not in wild-type. Genes are clustered by their gene weights. (D) Dot plot of the significant
(adjusted P value <0.05) gene set enrichment results for Factor 1 gene weights in PKD kidneys. The top redundancy-reduced GOBP
terms by both positive (top 20) and negative (top 20) with NES are visualized per kidney. Rows are clustered by NES. GOBP, gene
ontology biologic processes; NES, normalized enrichment score; SPARC, secreted protein acidic and rich in cysteine.

epithelial cells in autosomal recessive polycystic kidney
disease.*! In ADPKD, Clusterin, complement factor H
(Cfh), prostaglandin D2 synthase (Ptgds), and Serpingl
have been detected in cyst fluid.*?> Elevated levels of
secreted protein acidic and rich in cysteine have been
found in both the cyst fluid and urine of ADPKD patients,
with localization primarily in cyst-lining epithelial cells
and dilated tubules.*® Several additional factors identified
in our dataset, such as Anxa2,* Cxcl16,*5 and Timp2,4©
have previously been linked to CKD.

Notably, some genes also show elevated expression at
intermediate distances from cysts. These genes are also
expressed in the outer medulla and reflect spots that are at
a longer distance from the cysts. We correlated the cell-type
abundance with the cyst-associated gene signature score
per spot and found associations with Macro, Fib, T lymph,
and PT-FR cells (Figure 4D). These findings confirm the
(pro)inflammatory and (pro)fibrotic milieu within the cyst
microenvironment, highlighting a set of robustly enriched
genes and closely associated cell types adjacent to the cysts.

Unraveling Cell-Cell Communication Events in the Cyst
Microenvironment

To investigate cell-cell communication in the PKD cyst
microenvironment, we annotated spots around cysts into
three layers. The first layer consists of spots directly lining
the cysts, the second layer surrounds the first, and the third
layer surrounds the second (Figure 5A). We prioritized
ligand-receptor pairs with at least twice the expression in
these layers compared with spots in noncystic regions.
Using deconvolved immune cell composition and Adgrel
(F4/80) expression, we distinguished immune cell low and
high spots around cysts in every layer (Figure 5A, bottom
panel). We primarily focused on interactions within
immune-low spots, based on unsupervised cell-type anno-
tations (as shown in Figure 1F). Each predominant cell type
could act as both a sender and receiver, based on ligand
and receptor expression. Immune-low spots, while captur-
ing gene expression profiles from multiple cells, including
immune, injured, and failed repair proximal tubule cells,
contain a higher proportion of epithelial cells, as deter-
mined by segmented nuclei counts and deconvolution
analysis (Figure 5B). These epithelial cells have presumably
not (yet) adopted a cystic or failed repair phenotype and
may represent an earlier or pretransitional state. Therefore,
analyzing these spots may reveal signals more likely to be
perceived by epithelial cells in a putative precystic state,
potentially contributing to cyst initiation under prolonged
stimulation.

8 JASN

This analysis identified 11 factors capturing cell-cell
communication and ligand-receptor interactions across three
layers surrounding cysts in PKD kidneys (Supplemental
Figure 16 and Supplemental Table 5). We evaluated Factors
2 and 6, showing opposing enrichment patterns in the
analyzed layers: Factor 2 was enriched in the third layer
in all three kidneys, while Factor 6 was primarily enriched
in layers 1 and 2 (Figure 5, C and D). One PKD kidney
(Pkd_3) differed in layer 2 for both factors, likely due to the
smaller cysts. Figure 5, C-F, shows the contribution of
major cell types to cell-cell communication. Near cysts
(Factor 6), Fib and PT-FR+Immune cells predominantly
received signals, and to a lower extent Inj PT, PTS3T2, CD-
IC, and DCT-CNT. In the surrounding tissue (Factor 2), a
wider variety of cell types were stimulated at equal levels.

To evaluate the biologic processes associated with the
identified cell-cell communication factors, we analyzed
whether ligand-receptor pairs were enriched in specific
GO terms. Owing to the limited number of enriched
ligand-receptor pairs surrounding cysts (excluding genes
that were neither ligands nor receptors), the normalized P
values for the enriched GO terms were significant, but the
false discovery rate-adjusted g-values were >0.05. Nev-
ertheless, our enrichment data provide insights into the
linked biologic processes (Supplemental Table 6). Near
cysts (Factor 6), enriched processes were associated with
immune system development, regulation, and immune
cell migration, highlighting roles in immune responses,
and also involve cell activation and cellular signaling
(Figure 5G). More distant from cysts (Factor 2), enriched
processes involve cell morphogenesis, differentiation, im-
mune system regulation, and vesicle-mediated transport,
emphasizing roles in development, immune response, and
cellular transport (Figure 5G). These findings indicate
active immune-related processes within the cyst microen-
vironment, even in immune-low regions, and underscore
enhanced cellular signaling, differentiation, and morpho-
genetic activity.

Identification and Validation of Key Ligand-Receptor Pairs

We evaluated the top 20 ligand-receptor pairs contributing
to cell communication in immune-low spots, as captured
by Factors 2 and 6 (Supplemental Table 5). Identified
ligands include secreted paracrine factors that, in relation
to their receptors, are associated with cytokine signaling,
fibrosis, cell development, and repair, including Angpt2,4”
C3,48 Csf1,4 Cxcl12,%° 1134,%° Gas6,%” 1116,5' Mdk,52-55 Mif,5°
Ptn,57:58 Sfrp2,5° Spp1,3 Sdc1®, Tnfsf12,%1 and Wnt5a.6263 In
addition, several proteins involved in ECM remodeling,
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Figure 4. Characterization of gene expression and cell-type distribution near cysts identifies cystic microenvironment-specific gene
signature. (A) Manually segmented cysts in PKD kidneys used to calculate the distance of each segmented nuclei to its nearest cyst.
(B) Scatterplot of the average distance of each cell type to its nearest cyst. (C) Line plots of the predicted gene expression trends
(the pattern lines) over normalized distance to the cyst for the 45 common cyst-associated (signature) genes in each PKD kidney (left).
Spatial plots of the computed cyst-associated signature score in each PKD kidney (right). (D) Bar plots displaying the Pearson correlation
coefficients (r) between the abundance of each deconvolved cell type and the cyst-associated signature gene score for each of the
PKD kidneys. ATL, ascending thin limb; DTL, descending thin limb; Glom-Endo, glomerular endothelial cell.

cell adhesion, and cell signaling were identified, including
Adam9,°* Adam10,°> Colala, Col3al, Col4a2, Lamb2, Lamcl,
Efnb1,°¢ Efnb2,°6 Thbsl, Thbs2, and Vcam1.5” Increased ex-
pression of these ECM proteins and their interaction with
receptors (mainly integrins) could also activate proproli-
ferative and profibrotic pathways.®

Although not our primary focus, we additionally eval-
uated ligand-receptor pairs driving cell communication
in immune-high and immune-low spots (Supplemental
Figure 17 and Supplemental Table 7). Among the ten
newly generated factors, Factor 2 exhibits high activity
in immune-high spots and low activity in immune-low
spots. The top contributors to cell communication in
immune-high spots include ECM and cell adhesion mol-
ecules (Collal, Col5al, Col12al, Col14al, Coll18al, Fnl,
Icam1, and integrins), complement factors (C3, Cfh), and
Semaphorin 3, mostly associated with a stromal micro-
environment, aligning with the immune cell-high cyst
microenvironment.®’

In addition, we performed a differential gene expres-
sion analysis comparing ligand-receptor pairs in immune-
high and immune-low spots, including ligand-receptor
pairs for which both the ligand and receptor were dif-
ferentially expressed, as well as those in which only the
ligand or only the receptor showed differential expres-
sion. This yielded 317 ligand-receptor pairs with signif-
icantly higher expression in immune-high spots compared
with immune-low spots, along with 793 ligand-only and
508 receptor-only pairs. Comparing immune-low to
immune-high spots yielded only five ligand-receptor
pairs (Supplemental Table 8).

Further focusing on the immune-low layers, we ana-
lyzed the overlap between our top ligand-receptor pairs
(gene weight above 0.06, Supplemental Table 5) and dif-
ferentially expressed protein-coding genes from the cilia-
dependent cyst activation pattern identified in a recent
study.”® This pattern includes actively translated genes
(440 differentially expressed genes [DEG] in male and
526 DEGs in female mice) in precystic kidneys, regulated
by the polycystin complex in cilia that requires intact cilia
for its full function.”® We identified 14 overlapping genes,
including paracrine factors (Ccl5, Egf, Lgals1, and Tnfsf13)
and receptors (Csflr, Tnfrsf10b; Supplemental Figure 18, A
and B). Furthermore, Sdcl, Csflr, and Hfe were also
among the top 20 ligand-receptor pairs, suggesting a
higher contribution to the communication pattern iden-
tified by Factors 2 and 6 (Supplemental Figure 18C).

Based on spatial gene expression, pathogenic relevance,
and antibody availability, we validated SDC1-COL4A1l,
colony-stimulating factor 1 (CSF1), MDK-ITGB1, Pleiotro-
phin (PTN), and Tenascin-C (TNC) by immunohistochem-
istry in mouse and/or human tissues. Syndecan-1 (SDC1,
CD138), a transmembrane heparan sulfate proteoglycan, is

10 JASN

expressed on epithelial cells and can be shed, influencing
kidney injury, repair, and inflammation.®® In healthy hu-
man kidneys, it is localized to the cytoplasm and primary
cilia of tubular epithelial cells, with the strongest expres-
sion in proximal tubules and variable expression in distal
segments (Figure 6A and Supplemental Figure 19A).
Syndecan-1 is known to interact with several ECM com-
ponents and paracrine factors.”! Our factor analysis high-
lights its association with Collagen IV (Col4a2, Col4a4). In
ADPKD, Syndecan-1 expression is increased in dilated
tubules near cysts, although ciliary localization was lost.
Fibrotic regions adjacent to large cysts and atrophic tubules
showed minimal Syndecan-1 expression, while collagen IV
remained strongly expressed. This likely underlies the
heterogeneous costaining pattern of Syndecan-1 and Col-
lagen IV observed in dilated tubules (Figure 6A and
Supplemental Figure 19A). Overall, Collagen IV staining
was consistently high in both normal and dilated tubules of
control and ADPKD kidneys.

CSF1 and IL 34 signal through the CSF1 receptor
(CSFR) to regulate macrophage proliferation and differ-
entiation.*® Inhibition of CSFl-mediated resident macro-
phage proliferation was previously shown to reduce cyst
formation in the kidneys.”? In our analysis, CSF1 exhibited
predominantly cytoplasmic staining in tubular epithelial
cells. Its expression was broadly detectable throughout the
kidney, particularly in healthy mouse tissue, and to a lesser
extent in human controls (Figure 6B). However, both PKD
and ADPKD samples showed markedly elevated CSF1
expression, including cyst-lining epithelia and surround-
ing tubules, suggesting disease-associated upregula-
tion (Figure 6B).

Osteopontin (SPP1) is a highly expressed cytokine in
tubular and cystic epithelial cells in PKD. Although its
deletion suppresses cyst growth, it also promotes fibrosis.”
Our data suggest SPP1 interacts with Integrins a5 and S1.
Another top-ranked protein, Midkine (MDK), a heparin-
binding growth factor involved in cell survival, migration,
epithelial-mesenchymal transition, and oncogenesis,>74
also associates with Integrin B1. Extracellular MDK can
be internalized and translocated to the nucleus, where it
exerts its prosurvival”> or profibrotic>® effects. In both
normal and cystic kidneys (mouse and human), MDK
showed strong nuclear and weaker cytoplasmic expression
(Figure 6C and Supplemental Figure 19B). In cystic kid-
neys, its signal intensified in the cyst microenvironment,
including infiltrating and interstitial cells, and colocalized
with diffuse Integrin B1 expression (Figure 6B). While
MDK expression was comparable between species, Integrin
B1 expression was more prominently expressed in glomer-
uli and tubular basement membranes in ADPKD.

TNC (Factor 2, Top 33), a key mediator in fibrogenic
niche formation and loss of tubular integrity in CKD
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Figure 5. Cell-cell communication events near cysts in immune-low spots. (A) Left: Top: Visium spots colored according to their
manual layer annotation (layer 1, layer 2, and layer 3) and spots in noncystic regions. All spots have a fixed center-to-center distance of
100 um. Bottom: Visium spots colored according to their deconvolved immune content (immune-low and immune-high) and the lack of
Adgrel expression. Noncystic spots were used to establish a gene expression threshold twice as high in the spots near cysts compared
with those in noncystic regions. (B) Stacked bar plot displaying the fraction of annotated nuclei after deconvolution (as presented in
Figure 2) in the different annotated areas. For easier visualization, PTST, PTS2, PTS3, and PTS3T2 were grouped as PT. Immune
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Figure 5. Continued. populations were grouped as Immune. Endothelial populations were grouped into Endo. TAL, ATL, DTL-ATL, and
DTL were grouped as LOH. DCT and DCT-CNT were merged as DCT. (C and D) Context-dependent changes of cell communication
patterns, and associated sender and receiver cells captured by Factor 2 (C) and Factor 6 (D) in immune-low spots (based on cell types
presented in Figure 1). See Supplemental Figure 12 for a complete overview of the identified cell communication patterns. Context
comprises immune-low spots in three layers around cysts shown in (A). (E and F) Chord plots displaying the cell-cell communication
events between sender and receiver cell types for Factor 2 (C) and Factor 6 (D). Receiver cell types are displayed with an arrowhead at
the end of the arch, which starts from sender cell types. (G) Dot plot visualization of the significant (P value < 0.05) gene set
enrichment results for the ligand and receptor pairs with the highest weights for Factor 2 and Factor 6. Shown are the significant
redundancy-reduced GOBP terms, ranked on the P value. FDR g-values are >0.05. See Supplemental Table 6 for a complete overview
of the enriched GO terms and associated ligand-receptor pairs. FDR, false discovery rate.

patients,”>?” showed weak expression in most control tu-
bules with scattered strong clusters (Figure 6D). In
ADPKD, Tenascin-C is mildly upregulated near cysts
and strongly expressed in cyst-lining epithelium. Similarly,
PTN®878 shows weak-to-moderate expression in distal tu-
bules of control kidneys, while markedly upregulated in
dilated tubules adjacent to cysts (Figure 6E).

In addition to spatial gene expression patterns
(Supplemental Figure 20), evaluation of single-nucleus
RNA-seq data from human ADPKD' tissue provides fur-
ther validation of the expression patterns of these factors
(Supplemental Figure 21). Consistently, elevated expres-
sion of COL4A1, MDK, ITGB1, CSF1, and TNC was
observed in human ADPKD, particularly within renal
epithelial and interstitial cell populations.

Discussion

We present spatially resolved transcriptome data from
healthy and polycystic mouse kidneys, mapping the dis-
tribution of various cell types. We analyzed spatial gene
expression patterns and characterized the cyst microenvi-
ronment, revealing a specific cyst-associated gene signature
and corresponding cell types. In addition, we investigated
cell-cell communication near cysts and identified key li-
gand-receptor pairs related to immune system activation,
differentiation, and morphogenesis. Prolonged stimulation
of surrounding healthy epithelia by these factors could
potentially promote disease progression.

Spatial gene expression analysis in cystic kidneys re-
vealed an enrichment of genes involved in immune re-
sponse, alongside reduced metabolic activity, consistent
with our previous study from microdissected tissue micro-
domains adjacent to cysts.!? The Visium platform provided
an unbiased analysis of entire kidney sections, enhancing
our understanding of both cystic and noncystic regions in
PKD. We observed enrichment of PT-Aclnj, PT-FR, PT-Inj,
and PT-R cells in PKD, previously characterized in
AKIL3#+7980 Notably, trans-PT cells, proposed to precede
PT-FR cell state in PKD,'® were also enriched near cysts.
Trans-PT cells were usually located near PT-FR cells, sup-
porting this hypothesis.

In addition to failed repair and transitional proxi-
mal tubule cells, we observed accumulation of immune
and stromal cell types within the PKD cyst microen-
vironment. Both immune cell modulation3381-86 and
progressive kidney fibrosis®”-8° have been reported as
central features of PKD pathogenesis. Although the
roles of macrophages,35°6.72849 T lymphocytes,338¢ and
myofibroblasts®”-9! are well established, the contribution
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of failed repair!'>1¢ and transitional proximal tubule cells
remains less well understood. In end-stage ADPKD,
healthy proximal tubule cells appear to be replaced by
PT-FR cells, which seem to originate primarily from in-
jured tubules.!® Here, we localize these cell types in tissue
context and demonstrate their enrichment specifically
within the cyst microenvironment, despite the scattered
nature of Pkdl deletion. This finding suggests that the
local microenvironmental cues may promote the accumu-
lation, retention, or expansion of these cell populations,
promoting disease progression. Close proximity of these
cell types to cysts, along with the upregulation of genes
related to inflammation and ECM remodeling, underscores
the complex cellular interactions that shape the cystic ni-
che in PKD.

Our cell communication analysis identified several
ligands and receptors previously implicated in PKD/
ADPKD progression, including SPP1,16.732 macro-
phage migration inhibitory factor,5¢ tumor necrosis fac-
tor ligand superfamily member 12 (Tnfsf12),! CSF1,72
ITGB1,%%88 and Collagen IV, and several of the top-
ranked ligand-receptor pairs were factors known to
influence kidney cystic disease when modulated. For
example, treatment with the macrophage migration in-
hibitory factor inhibitor ISO1 or knock-out of the Mif
gene delayed cyst growth and ameliorated fibrosis in
various mouse models, involving the receptor CD74,
which also stood out in our cyst-associated gene sig-
nature analysis.5%%¢ Cordido et al. demonstrated that
administration of the cytokine TNF-related weak inducer
of apoptosis (encoded by the Tnfsfl2 gene) accelerated
cystogenesis in mice, whereas neutralizing anti-TNF-
related weak inducer of apoptosis antibodies slowed dis-
ease progression.®! Similarly, conditional inactivation of
Itgb1 in collecting ducts significantly inhibited cystogen-
esis and suppressed fibrosis. In addition, deletion of
complement C3,48 Itgal,%> or knockdown of the Notch3°°
gene has been shown to reduce cystogenesis.

Beyond these well-established modulators of cystic
disease, our analysis also revealed a broader set of
signaling factors involved in immune modulation and
inflammation (I134,4° Cxcl12,5° Ccl5,°7 and Vcam197), fi-
brosis and ECM remodeling (Tnc,”%77 Adam9/10,5455
Collagens,®>% and Thbs1/2°91%), development, repair,
and regeneration (Angpt2,*” Gas6,%” Ptn,378 Mdk,55101,102
Sfrp2,%° and Wnt5a'03104), and cell adhesion and signaling
(5dc1,1% Icam1,'% and Integrins®®88). Notably, several of
these factors (Ccl5, Sdcl, and Csflr) were also enriched in
precystic kidneys and reported to be regulated by the
polycystin complex in cilia,”® suggesting a role in early
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Figure 6. IHC confirmed the expression of SDC1-COL4A1, CSF1, ITGB1-MDK, TNC, and PTN in cystic and healthy control kidneys.
(A) Representative immunofluorescence images showing colocalization of SDCT and COL4AT in human ADPKD and control kidneys.
Scale bar: 0.200 mm (B) Representative immunohistochemistry images showing CSF1 expression in human ADPKD and mouse PKD
compared with healthy controls. Scale bar: 0.200 mm for human tissues and 0.100 mm for mouse tissues. (C) Representative im-
munohistochemistry images showing ITGB1 and MDK expression in human ADPKD and mouse PKD compared with healthy controls.
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Figure 6. Continued. Scale bar: 0.100 mm (D) Representative immunohistochemistry images showing TNC expression in human
ADPKD and control kidneys. Scale bar: 0.100 mm (E) Representative immunohistochemistry images showing PTN expression in human
ADPKD and control kidneys. Scale bar: 0.100 mm. ADPKD, autosomal dominant polycystic kidney disease; CSF1, colony-stimulating

factor 1; MDK, Midkine; PTN, Pleiotrophin; TNC, Tenascin-C.

disease processes. Although our primary focus was on
Factors 2 and 6 identified within immune-low spots, this
study also provides a wealth of additional information,
including interactions involving immune-high spots, offer-
ing valuable insights for future investigations.

To validate key interactions, we performed immunohis-
tochemistry for a selected set of ligands and receptors
(SDC1-COL4A1, CSF1, MDK-ITGB1, PTN, and TNC) pri-
marily on end-stage human ADPKD tissue, due to anti-
body compatibility constraints. Although this may not
fully reflect the spatial gene expression patterns observed
in our mouse model with scattered Pkdl deletion, con-
served expression of key factors supports the translational
relevance of the mouse data. These findings highlight the
presence of conserved signaling pathways across disease
stages and species and point to potential therapeutic tar-
gets within the cystic microenvironment.

Sustained activation of developmental, proinflamma-
tory, and profibrotic processes has been implicated in
fibrosis development and kidney function loss.197-109 The
identification of (conserved) ligand-receptor interactions
involved in these processes suggests that targeting such
pathways may offer novel therapeutic strategies to mitigate
fibrosis and preserve kidney function over time. Both
spatial transcriptomic data and immunohistochemical val-
idation indicate that, in some cases, elevated expression of
either the ligand or its receptor appears to be the primary
driver of signaling activity, while the corresponding in-
teraction partner remains more broadly expressed. Adding
to this complexity, many of these ligands and receptors
engage with multiple interaction partners that are also
enriched within the cystic microenvironment, potentially
complicating therapeutic targeting. Further mechanistic
studies will be essential to dissect these interactions and
evaluate their therapeutic potential.

Although our study provides valuable insights into the
spatial localization and ligand-receptor interactions within
the PKD cyst microenvironment, some limitations should
be acknowledged. First, the relatively low spatial resolu-
tion of the Visium platform may obscure finer cellular
details and interactions. Future studies using higher-
resolution spatial transcriptomics technologies, such as
multiplexed error-robust fluorescence in situ hybridization
or Slide-seq, could provide more precise mapping of cell
types and signaling events. Second, the integration of
paired single-cell RNA sequencing data would enhance
cell-type resolution and allow for more accurate deconvo-
lution of spatial transcriptomic signals. Third, although the
number of biologic replicates is limited, our study focuses
on the cystic microenvironment rather than direct compar-
isons between animals. Each of the three PKD kidneys
contains >10 distinct cystic regions, enabling the identifi-
cation of conserved cellular and molecular features across
multiple cysts. Fourth, immunohistochemical validation on
end-stage human tissue may not fully reflect early disease
processes observed in the mouse model. Finally, although
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our ligand-receptor analysis identified numerous candidate
interactions, functional validation remains necessary to
confirm their roles in disease progression. Future work
should focus on mechanistic studies of these pathways,
ideally using time-resolved and cell-type-specific ap-
proaches, to further elucidate their therapeutic potential.

Despite these limitations, our data reveal that significant
gene expression changes were predominantly observed
within the cyst microenvironment, even in the context of
scattered Pkdl inactivation. This niche is enriched with
injury-associated and repair-associated cell states, myofi-
broblasts, and immune cells. The presence of cysts appears
to establish an environment of chronic injury, characterized
by inflammatory signaling and secretion of paracrine fac-
tors. The progressive nature of the disease impairs effective
repair, leading to the accumulation of transforming and
maladaptive cell types that may further exacerbate tissue
damage and likely increase susceptibility to additional
cyst formation.

Altogether, our study offers important contributions to
the understanding of PKD by presenting a spatial tran-
scriptomics dataset of whole kidney sections, enabling
broad exploration of gene-specific spatial patterns in both
WT and PKD kidneys. In addition, we spatially localized
immune cells, injury repair-related cell types, and tran-
sitional proximal tubule cells, demonstrating their enrich-
ment near cysts despite scattered Pkd1 inactivation,
further supporting the cystic snowball hypothesis. We
also identified 45 cyst-associated signature genes, includ-
ing well-known markers and novel candidates, with ex-
pression levels highest near cysts and decreasing with
distance. Ligand-receptor interaction analysis revealed
both established and novel factors in immune-low and
immune-high regions, as well as their corresponding
sending and receiving cells. Immunohistochemical vali-
dation confirmed markedly elevated expression of SDC1-
COL4A1, CSF1, MDK-ITGB1, PTN, and TNC within the
cyst microenvironment.

Collectively, our results reveal the cellular and molec-
ular architecture of the cyst microenvironment and point to
signaling interactions that may be therapeutically targeted
to slow PKD progression.
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