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Initial cysts that are formed upon Pkd1 loss in mice impose persistent stress on surrounding tissue and trigger a
cystic snowball effect, in which local aberrant PKD-related signaling increases the likelihood of new cyst for-
mation, ultimately leading to accelerated disease progression. Although many pathways have been associated
with PKD progression, the knowledge of early changes near initial cysts is limited. To perform an unbiased
analysis of transcriptomic alterations in the cyst microenvironment, microdomains were collected from kidney
sections of iKsp—Pkdldel mice with scattered PkdI-deletion using Laser Capture Microdissection. These micro-
domains were defined as F4/80-low cystic, representing early alterations in the cyst microenvironment, F4,/80-
high cystic, with more advanced alterations, or non-cystic. RNA sequencing and differential gene expression
analysis revealed 953 and 8088 dysregulated genes in the F4/80-low and F4/80-high cyst microenvironment,
respectively, when compared to non-cystic microdomains. In the early cyst microenvironment, several injury-
repair, growth, and tissue remodeling-related pathways were activated, accompanied by mild metabolic
changes. In the more advanced F4/80-high microdomains, these pathways were potentiated and the metabolism
was highly dysregulated. Upstream regulator analysis revealed a series of paracrine factors with increased ac-
tivity in the early cyst microenvironment, including TNFSF12 and OSM. In line with the upstream regulator
analysis, TWEAK and Oncostatin-M promoted cell proliferation and inflammatory gene expression in renal
epithelial cells and fibroblasts in vitro. Collectively, our data provide an overview of molecular alterations that
specifically occur in the cyst microenvironment and identify paracrine factors that may mediate early and
advanced alterations in the cyst microenvironment.

1. Introduction metabolism, ultimately leading to the formation of fluid-filled renal

cysts [10-12]. These cysts initially arise from 1 to 5 % of the nephrons,

Autosomal dominant polycystic kidney disease (ADPKD) is a genet-
ically heterogeneous disorder with an autosomal dominant pattern of
inheritance, affecting 1 in 2500 individuals [1,2]. The main cause of
disease is mutations in the genes PKD1 (£+78 %) and PKD2 (+15 %),
encoding the proteins polycystin-1 (PC1) and polycystin-2 (PC2),
respectively [3-5]. Recent studies suggest that PC1 and PC2 can form a
heterotetramer in a 1:3 ratio [6], while PC2 also can form homotetra-
meric channels [6-9]. Although the exact role of these proteins in tissue
homeostasis and disease remains unclear, inadequate levels of poly-
cystins have been shown to dysregulate cellular signaling and

and expand in number and size throughout life, resulting in end-stage
renal disease by the age of 60 in 50 % of the patients [13,14]. Treat-
ment with the vasopressin V2 receptor antagonist Tolvaptan has been
shown to slow cyst growth and kidney function loss in patients, how-
ever, adverse effects of the drug (e.g. polyuria and hepatotoxicity) limit
its wide application [15].

In the past decades, two models of cystogenesis have been proposed
to drive initial cyst formation in ADPKD: the two-hit and the gene-
dosage models [16-21]. These models describe that cyst formation
may be triggered either by the loss of the wild-type PKD1 or PKD2 allele,
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or by haploinsufficiency. However, it remains unclear which subsequent
events lead to the progressive increase in the number of renal cysts in
ADPKD patients. Our previous study in a slow-progressing mouse model
for ADPKD has shown that, in the context of scattered Pkdl-gene
disruption, cyst formation is accelerated upon formation of the initial
cysts [22]. When disease progression was monitored over time, both an
increase in cyst size and the number of new cysts were observed around
initial cysts, resembling human ADPKD. In addition, several PKD-related
molecular alterations were observed in the cyst microenvironment, both
in cyst-lining epithelial cells and healthy-looking adjacent tubules.
Based on these findings, we hypothesize that the initial cysts trigger a
cystic snowball effect by induction of (mechanical) stress on the sur-
rounding tissue, accompanied by hypoxia and injury-related mecha-
nisms including the secretion of cytokines and growth factors, which
subsequently alter signaling in the cyst microenvironment and give rise
to additional cyst formation [22-24].

Previously, several studies have been conducted by us and others to
profile PKD transcriptome using patient-derived material or whole kidneys
from rats or mice to elucidate pathways associated with disease progres-
sion [25-27]. Although these studies provided valuable insights into PKD
biology and pathology, a downside of bulk-RNA sequencing is that it
represents average gene expression per kidney and the spatial information
is lost. Therefore, changes that specifically occur in the cyst microenvi-
ronment may be masked and remain undetected. Also, the presence of
immune infiltrates and their transcriptome in renal tissue could hinder the
exploration of changes occurring in adjacent nephrons. In the present
study, we addressed these issues through the use of Laser Capture
Microdissection (LCM) to collect microdomains from the cyst microenvi-
ronment, preserving the spatial context. In addition, microdomain
collection was guided by the expression of a monocyte/macrophage
marker in the cyst microenvironment, as macrophages often accumulate in
the vicinity of cysts and have been reported to contribute to epithelial cell
proliferation and dedifferentiation, ultimately resulting in the progression
of cystic kidney disease [28]. By focusing on the macrophage-low cyst
microenvironment, we sought to find basal transcriptomic changes in
epithelial cells and surrounding stroma near initial cysts that precede
immune cell infiltration. Through the application of LCM in combination
with ultra-low input RNA sequencing, we obtained a comprehensive
overview of transcriptome alterations in the cyst microenvironment in
iKsp-Pkd1 el mice and identified potential candidate paracrine factors that
may drive altered signaling in the cyst microenvironment, ultimately
leading to accelerated cyst formation and disease progression.

2. Methods
2.1. Mouse experiment

Tamoxifen-inducible kidney-specific Pkd1 deletion mice (tam-Ksp-
CreER"2,Pkd1'9x211:10x2-11y i short iKsp-Pkd1%! were generated on a full
C57BL/6 genetic background as described before [29]. Scattered Pkd1
deletion was induced via oral gavage of 12.5 mg/kg tamoxifen (T5648,
Sigma Aldrich, dissolved in absolute ethanol) diluted in sunflower oil on
PN18 and 19. Only male mice were included in the experiment since
disease progression is slower in female mice [12,29]. Cyst formation was
monitored monthly using MRI with a 7 T Bruker Pharmascan Biospin
(Burker, Ettingen, Germany) as described previously, from PN105 until
sacrifice [22]. Blood urea (BU) levels were measured using the Reflo-
tron® Sprint (Roche Diagnostics, Mannheim, Germany) at PN139-141
and before sacrifice. After sacrifice, kidneys were taken out and
weighed for calculation of the 2 kidney weight to body weight (2KW/
BW) ratio. Following, bisected kidneys were either snap-frozen in iso-
pentane pre-chilled with dry ice or fixed in 4 % buffered formaldehyde.
Snap-frozen kidneys were stored at —80 °C until further use. All the
animal experiments were approved by the Animal Experiment Ethics
Committee of Leiden University Medical Center and the Commission of
Biotechnology in Animals of the Dutch Ministry of Agriculture
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(AVD1160020197684), and performed in accordance to Directive
2010/63/ EU for animal experiments.

2.2. Immunohistochemistry

Fresh kidneys, fixed overnight in 4 % buffered formaldehyde, were
embedded in paraffin and sectioned at 4 pm thickness. Sections were sub-
jected to antigen retrieval (Suppl. Table 1), blocked with 0.1 % HyO5 for 20
min to inhibit endogenous peroxidase activity, and pre-incubated with 5 %
normal goat serum in 1 % BSA in PBS for 1 h. Next, the sections were
incubated with the primary and secondary antibodies listed in Supple-
mentary Table 1. Inmune reactions were revealed using diaminobenzidine
as a chromogen (ab64238). Following, the sections were counterstained
with Mayer's hematoxylin for 10 s, dehydrated, and mounted.

2.3. Laser capture microdissection (LCM)

PEN membrane glass slides (Carl Zeiss™ Membrane Slides; 415190-
9041-000) were irradiated with UV light for 30 min before use. Snap-
frozen kidneys were sectioned sequentially at 10 pm thickness, moun-
ted onto room temperature PEN membrane glass slides, and immedi-
ately stored in 50 ml Falcon tubes at —80 °C until microdissection.
Stored sections were allowed to equilibrate to room temperature before
microdissection, rehydrated, and stained with Mayer's hematoxylin in
the following order: 70 % ethanol 30 s, dip in water 10 times, hema-
toxylin 10 s, dip in water 10 times, dip in water 10 times, 70 % ethanol 1
min, 90 % ethanol 1 min, 100 % ethanol 1 min, 100 % ethanol 1 min, air
dry, xylene 1 min, xylene 1 min, and air dry. Microdissection was per-
formed using Zeiss PALM Microbeam Laser Microdissection Microscope
and the catapulted tissue was captured into adhesive caps (Carl Zeiss™
Adhesive Caps; 10138374). Collected samples were placed on dry ice
until TRI Reagent® (Sigma-Aldrich) was added. RNase-free conditions
were ensured during all steps of the experiment.

To guide microdissection, snap-frozen kidneys were sectioned
(sequential to the tissue collection sections of 10 pm thick) at 4 pm
thickness and air-dried. The sections were fixed with 1 % neutral buffered
formalin for 20 min and blocked with 5 % normal goat serum in 1 % BSA
for 30 min. Subsequently, slides were incubated with anti-F4,/80 antibody,
followed by Anti-rat Immpress HRP. Based on this staining, the following
microdomains were collected from PKD kidney sections: F4/80-low non-
cystic (LNC), F4/80-low cystic (LC), and F4/80-high cystic (HC). Collected
microdomains were from the cortex in all experiments.

For gPCR analysis experiments, 3 sequential sections (10 pm thick)
were used for tissue collection and the selected microdomains from
these 3 sections were pooled (£100.000 pm? tissue in total after pool-
ing). For the RNA-sequencing experiment, 6 sequential sections (10 pm
thick) were used for tissue collection (4300.000 pmz in total after
pooling). To ensure that all pooled microdomains were from either F4/
80-low or F4/80-high regions, 2 adjacent sections (4 pm thick, 1 section
before and 1 section after the 6 sections used for microdissection) were
used for the F4/80 IHC staining. For RNA sequencing, 2 microdomains
were collected per group (LNC, LC, or HC) per mice (age 269 and 297),
from 3 different male mice (n = 6 per group). An overview of the
experimental set-up is shown in Supplementary Fig. 1.

2.4. RNA isolation and quantitative PCR

Microdissected regions captured in adhesive caps were incubated
upside down for 15 min with 300 pl TRI Reagent® (Sigma-Aldrich)
supplemented with 5 pl p-Mercaptoethanol (Sigma-Aldrich) and trans-
ferred to a fresh 1.5 ml tube. To isolate total RNA, 60 pl chloroform was
added per 300 pl TRI Reagent® and the aqueous phase was transferred
to a fresh tube. RNA was precipitated using 150 pl isopropanol and 5 pl
20 mg/ml glycogen (Roche Life Science). RNA pellets were dissolved in
5.5 pl water and reverse transcribed to cDNA with the Transcriptor First
Strand c¢DNA Synthesis Kit (Roche Life Science) according to the
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manufacturer's instructions. cDNA was diluted (1:12.5) and qPCR was
performed using the FastStart Universal SYBR Green Master (Rox)
(Sigma-Aldrich), according to the manufacturer's protocol.

Before qPCR experiments, we evaluated the suitability of commonly
used housekeeping genes as a reference control for our qPCR normali-
zation, since inflammation could modulate housekeeping gene expres-
sion in tissues [30-32]. Among the evaluated housekeeping genes (Hprt,
Rpli13a, Actb, 18s rRNA, and Gapdh) Actb and Gapdh appeared to be least
stable, as increased Actb and decreased Gapdh mRNA levels were found
in HC microdomains (Supplementary Fig. 2A). In contrast, Hprt and
Rpl13a showed stable expression across collected microdomains and
correlated well (Pearson r = 0.94) (Suppl. Fig. 2A-C). Accordingly, Hprt
and Rpl13a were used to normalize qPCR data using the AACT method.
The primer sequences are listed in Supplementary Table 2.

2.5. RNA quality assessment

Quality and reliability of mRNA (obtained from microdomains) were
evaluated, by testing different RNA isolation protocols: cell lysis only [33],
Nucleospin RNA XS micro kit (according to the manufacturer's in-
structions), RNeasy micro kit (according to the manufacturer's in-
structions), and TRI reagent (as described above). Accordingly, cDNA
fragment length was assessed following an oligo(dT)-primed cDNA syn-
thesis and cDNA amplification step, and cDNA was loaded on a High
sensitivity DNA LabChip (Suppl. Fig. 3A and 3B). Briefly, lysis of the tissue
using only lysis buffer (0.2 % Triton X-100 and 2 U/pl of RNase inhibitor)
was not sufficient to yield enough cDNA. cDNA of comparable fragment
size were obtained using RNA isolation kits and the TRI reagent. Since
RNA isolation using TRI reagent followed by oligo(dT)-primed cDNA
synthesis yielded good quality (>1 kb fragment length) and high con-
centration cDNA, our RNA isolation protocol was not further adjusted.

2.6. Ultra-low input RNA sequencing

Sequencing libraries were prepared from 4 pl total RNA (<250 pi-
cograms) per microdomain using the NEBNext® Single Cell/Low Input
RNA Library Prep Kit from Illumina® (E6420) according to the manu-
facturer's instructions by GenomeScan (Leiden, The Netherlands).
Briefly, Unique molecular identifiers (UMIs) were included to ensure the
identification of PCR artifacts. cDNA was PCR amplified for 21 cycles
and the libraries were PCR amplified for 8 cycles. AMPure XP beads
were used for the clean-up steps. High sensitivity NGS Fragment analysis
kit (Agilent) was used to assess library quality and all samples passed the
quality control. The average library fragment size was 550 bp. The
samples were sequenced by GenomeScan (Leiden, The Netherlands)
with 30 M read depth per sample on Illumina NovaSeq 6000 to obtain
150 bp paired-end reads.

2.7. RNA sequencing data processing

RNA sequencing raw data processing was performed by GenomeScan
(Leiden, The Netherlands). Sequence reads were trimmed to remove
possible adapter sequences using fastp v0.20.1. For each sample, trim-
med reads were mapped to the mouse genome mm10 2020-A using
STAR2 v2.5.4. Gene count tables were generated using HTSeq v0.11.0
with gene annotation Ensembl GRCm38 (version m23), release 98.

2.8. Differential gene expression analysis

Differential gene expression analysis was performed for the com-
parisons between F4/80-low or F4/80-high cystic microdomains and
F4/80-low non-cystic microdomains using DESeq2 v1.14.1. Genes were
considered as differentially expressed if the adjusted p-value was <0.05.
Volcano plots were generated in GraphPad Prism 8 (GraphPad Software,
La Jolla California USA).
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2.9. Gene set enrichment analysis

Gene set enrichment analysis was used to infer the functions of the
genes by ranking all measured genes on fold change expression, without
the application of a p-value threshold. All measured genes were included
in the analysis with a BaseMean >20. Subsequently, enriched Gene
Ontology terms (biological processes (BP), cellular components (CC),
and molecular functions (MF)) were determined using clusterProfiler
package v4.2.0, org.Mm.eg.db package v3.14.0, and gseGO() function
using default settings.

2.10. Pathway analysis

The canonical pathway analysis was generated through the use of
Ingenuity Pathway Analysis (IPA) software (Qiagen). Only differentially
expressed genes (DEGs) (adjusted p-value <0.05) were included in the
analysis, while the complete gene list was used as a reference set. Ca-
nonical pathways with an adjusted p-value <0.05 were considered sig-
nificant. In addition to pathway analysis, the activity of canonical
pathways was predicted using z-score statistics [34]. Z-scores of <—2
and >2 were taken as the threshold for significant inhibition and acti-
vation, respectively.

2.11. Upstream regulator analysis

Upstream regulator analysis was performed using IPA software (Qia-
gen). In this analysis, IPA identifies upstream regulators based on expected
causal effects between upstream molecules and target genes, and predicts
the activity of the protein encoded by the upstream regulator gene [34].
Bias-corrected z-scores of <—2 and >2 were taken as the threshold for
significant inhibition and activation, respectively. Bias-corrected z-scores
were shown in Tables 1 and 2, which account for the dataset bias when
more up-than-down-regulated genes are present in the dataset.

2.12. Microenvironment cell population counter analysis

To estimate the tissue infiltrating immune cell and stromal cell
composition in different microdomains, mMCP counter R package
v1.1.0 was used as described previously [35]. Briefly, log2(1 + TPM)
count matrix was used as input for the analysis. Based on pre-defined
distinct cell populations and their specific gene expression signature,
cell populations in the microdomains were scored to examine their
abundance in the microdomains. The scores are proportional to the
amount of estimated cell populations in the sample and are expressed in
arbitrary units. These scores allow comparison of the abundance of one
cell population between samples.

2.13. Cell culture

Pkd1™ and Pkdl™/~ murine proximal tubular epithelial cells
(mPTECs) were derived from a Pkdl ' mouse and immortalized
using SV40 large T antigen. Pkd1 /" cells were obtained from Pkd1'®®1°*
cells upon transfection with a Cre plasmid as described before [36].
Human renal fibroblast cell line TK173 (derived from a healthy human
kidney) was a kind gift provided by Prof. Gerhard A. Miiller, Department
of Nephrology and Rheumatology, Georg August University, Gottingen,
Germany [37]. Cells were maintained at 37 °C and 5 % CO2 in DMEM/F-
12 with GlutaMAX (Gibco, Life Technologies; 31331-093) supplemented
with 100 U/ml Penicillin-Streptomycin (Gibco, Life Technologies;
15140-122) and 9 % Fetal Bovine Serum (Biowest; S1810). RNA and
c¢DNA from cultured cells were obtained using TRI Reagent® (Sigma-
Aldrich) and the Transcriptor First Strand cDNA Synthesis Kit (Roche
Life Science) according to the manufacturer's instructions.
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Table 1
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Cytokines with increased activity in F4/80-low cystic microdomains vs F4/80-low non-cystic microdomains. Upstream regulator analysis (URA) was performed in IPA
software and the cytokines with predicted increased activity (z-score >2) were shown and ordered by the highest bias-corrected z-score (left panel). Fold change
expression of the cytokines and cytokine receptors were also presented (middle and right panel: differential gene expression analysis (DGEA)). For the complete list of

the URA including downstream target genes, see Suppl. Table 7.

Cytokine URA DGEA LC vs LNC Receptor DGEA LC vs LNC
Bias-corrected z-score B-H corrected p-value Fold change Adjusted p-value Fold change Adjusted p-value
IFNG 6,08 3,04E-51 1,17 1,00E+00 IFNGR1 1,57 2,43E-03
IFNGR2 2,17 1,85E-06
TNF 5,51 9,45E-50 1,19 1,00E+00 TNFRSF1A 1,90 1,81E-03
TNFRSF1B 1,99 6,69E-02
IL1B 5,48 1,19E-29 1,52 3,54E-01 IL1R1 1,23 7,00E-01
ILIRAP 0,81 6,14E-01
OSM 4,35 9,42E-16 1,03 1,00E+00 OSMR 1,90 8,99E-03
L6 3,95 3,90E-35 1,09 1,00E+00 IL6RA 1,43 4,41E-01
IL1A 3,70 8,85E-18 0,69 4,71E-01 IL1R1 1,23 7,00E-01
IL1IRAP 0,81 6,14E-01
CNTF 3,47 2,69E-09 1,54 3,67E-01 CNTFR 0,60 2,67E-01
L2 3,46 3,17E-18 1,19 1,00E+00 IL2RA 1,05 1,00E+00
IL2RB 1,23 7,56E-01
TNFSF12 3,43 9,13E-11 1,48 8,85E-02 TNFRSF12A 2,22 6,12E-03
127 2,96 2,46E-14 0,97 1,00E+00 IL27RA 1,92 9,95E-02
CSF1 2,89 9,12E-21 2,20 4,43E-03 CSF1R 1,67 1,18E-04
L33 2,80 2,70E-26 1,82 1,46E-02 IL1IRL1 1,83 1,55E-01
PRL 2,78 7,36E-18 1,03 1,00E+00 PRLR 1,68 1,00E+00
TNFSF11 2,60 8,93E-17 1,01 1,00E+00 TNFRSF11B 1,25 1,00E4-00
TNFSF13B 2,45 1,27E-07 2,23 6,36E-03 TNFRSF13B 1,19 8,17E-01
C5 2,42 8,05E-10 1,05 1,00E+00 C5AR1 2,52 7,62E-03
EBI3 2,29 1,14E-07 1,20 7,93E-01 IL27RA 1,92 9,95E-02
CSF2 2,27 1,38E-30 1,04 1,00E+00 CSF2RA 2,08 2,70E-03
CXCL12 2,22 5,78E-12 1,19 6,34E-01 CXCR4 1,67 1,00E+00
IL18 2,19 1,14E-09 1,05 9,28E-01 IL18R1 1,12 8,83E-01
CD40LG 2,15 1,33E-13 1,05 1,00E+00 CD40 2,33 8,04E-03
IL12A 2,10 2,42E-04 1,03 1,00E+00 IL12RB1 1,13 1,00E+00
Table 2

Growth factors with increased activity in F4/80-low cystic microdomains vs F4/80-low non-cystic microdomains. Upstream regulator analysis (URA) was performed in
IPA software and the growth factors with predicted increased activity (z-score >2) were shown and ordered by the highest bias-corrected z-score (left panel). Fold
change expression of the growth factors and growth factor receptors were also presented (middle and right panel: differential gene expression analysis (DGEA)). For the

complete list of the URA including downstream target genes, see Suppl. Table 7.

Growth factor URA DGEA LC vs LNC Receptor DGEA LC vs LNC
Bias-corrected z-score B-H corrected p-value Fold change Adjusted p-value Fold change Adjusted p-value
TGFB1 6,11 2,01E-52 1,30 6,63E-01 TGFBR1 1,10 7,92E-01
TGFBR2 1,86 1,11E-06
TGFBR3 1,24 5,60E-01
AGT 57 1,24E-43 3,27 6,14E-05 AGTR1A 0,97 9,52E-01
PDGFB 2,37 1,55E-05 2,06 1,83E-04 PDGFRB 2,24 5,17E-07
FGF8 2,30 8,20E-03 0,96 1,00E+00 FGFR1 1,31 2,29E-01
NRG1 2,25 5,33E-04 1,40 2,77E-01 ERBB3 1,05 9,10E-01
ERBB4 1,66 1,75E-01
AREG 2,19 3,02E-03 1,40 1,00E4-00 EGFR 1,07 8,28E-01
FGF2 2,13 1,40E-20 0,84 6,74E-01 FGFR1 1,31 2,29E-01
FGF7 2,06 4,09E-03 1,11 1,00E+00 FGFR2 0,92 9,21E-01
EGF 2,06 1,26E-11 0,81 7,03E-01 EGFR 1,07 8,28E-01

2.14. PrestoBlue cell viability assay

PrestoBlue cell viability reagent (Invitrogen, A13261) was used to
quantitatively measure the proliferation of cells, according to the
manufacturer's instructions. On day 1, Pkd1"' mPTEC, Pkd1 ~/~ mPTEC,
and TK173 cells were seeded in a 96-well plate and allowed to attach
and acclimate for 24 h. On day 2, cells were washed with PBS and serum
starved overnight. On day 3, 60-70 % confluent cells were stimulated
with either recombinant human TWEAK (Peprotech; 310-06) or re-
combinant human Oncostatin M (Peprotech; 300-10H) at 100 ng/ml
concentration for 24 h. 5 wells were stimulated per group per inde-
pendent experiment. On day 4, cells were incubated in 10 % PrestoBlue
reagent in serum free medium for 2 h. Following, the fluorescence was
measured using a multi-mode microplate reader (iD3-4109) with exci-
tation and emission wavelengths 555 nm and 595 nm, respectively.

2.15. Statistical analysis

Statistical analyses were performed with GraphPad Prism 8 (GraphPad
Software, La Jolla California USA) or R packages. All qPCR results were
expressed as mean + SD. Comparisons between 2 groups were done using
the two-tailed unpaired Student's t-test and the comparisons between more
groups were done using one-way ANOVA, followed by either Tukey's or
Dunn's multiple comparisons tests. Right-tailed Fisher's Exact test was used
to calculate the significance of the canonical pathways and the Benjamini-
Hochberg corrected p-values <0.05 were considered significant.
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3. Results
3.1. The cystic snowball mouse model

Pkdl inactivation at PN18 using standard dose (150 mg/kg)
tamoxifen typically leads to the formation of cysts in the cortex and
outer medulla, which are more equally distributed over different
nephron segments compared to the PN40 model [22,23]. To generate
mice with scattered Pkd1 deletion, we treated iKsp-Pkd1 del mice (PN18-
19) with a low dose (12.5 mg/kg) of tamoxifen to induce Cre activation
in a low percentage of cells, essentially as done before for the PN40
model [22]. Accordingly, PKD progression was followed by MRI to allow
sacrificing at a mild cystic phase of the disease (Fig. 1A, B, and E). This
phase was reached between 8 and 9 months after tamoxifen as observed
by MRI and histology. In these mice, the 2KW/BW ratio was increased
when compared to the age-matched control mice (Fig. 1C). In line with
this, blood urea (BU) levels at sacrifice were also increased when
compared to BU levels at 4 months after tamoxifen. Only 3 mice reached
the onset of end-stage renal disease (BU >20 mmol/L) (Fig. 1D). Overall,
the majority of mice had mild to moderate cystic disease with multiple
cyst clusters formed predominantly in the cortex and outer medulla.

3.2. Isolation of different microdomains from the cyst microenvironment
using laser capture microdissection (LCM)

To analyze alterations in the cyst microenvironment we first defined
microdomains to discriminate early alterations (before inflammation)
from more advanced alterations (during inflammation) based on the
protein expression of kidney injury marker LCN2 and murine monocyte/
macrophage marker F4/80. These markers are frequently co-expressed
in the cystic microenvironment, suggesting that monocytes/macro-
phages accumulate around injured tubules (Fig. 2A). In addition, we
show that the broad myeloid marker CD11b was also enriched in F4/80-
high regions around cysts, while the expression was lower in F4/80-low
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regions (Suppl. Fig. 4). Next, we used laser capture microdissection
(LCM) to collect microdomains based on F4/80 protein expression in
tissue near cysts, distant non-cystic regions and wild type kidneys.
Subsequently, mRNA expression of F4/80 (Adgrel) and alternative
myeloid/lymphoid cell marker genes Mrc1 and Cd74 were validated
(Fig. 2B and D). As expected, gene expression levels of these markers
were increased in cystic microdomains with high F4/80 protein
expression (F4/80-high cystic (HC)) when compared with F4/80-low
cystic (LC), F4/80-low non-cystic (LNC), and wild-type (WT) micro-
domains, where the F4/80 positive cells were scarce. Similarly, Lcn2
mRNA expression was highly increased in HC microdomains when
compared with LC, LNC, and WT microdomains (Fig. 2C). Accordingly,
F4/80 was selected as a guidance marker for microdomain selection,
since F4/80 gene expression was consistent with the observed protein
expression, the gene expression was less variable between isolated
microdomains, and the anti-F4/80 antibody performance was optimal
on frozen tissue sections.

3.3. Microdomain-specific alterations in gene expression in the cyst
microenvironment

To explore further whether there is a difference in signaling in the
different microdomains, we analyzed gene expression of the pregnancy-
associated plasma protein A (PAPP-A) and insulin-like growth factor 1
(IGF-1) signaling pathway members. Recently, PAPP-A/IGF-1 signaling
has been suggested to play a key role in the regulation of cyst growth and
expansion [38]. We found increased Igfl expression in cystic regions
with high Adgrel expression, while the expression of Pappa, Igfbp4,
Igfbp5, Igf1r, Irs1, and Irs2 were significantly decreased compared to the
WT and LNC microdomains (Fig. 2E). None of these genes were signif-
icantly altered in LC microdomains when compared to WT and LNC
microdomains. These findings suggest altered IGF-1 signaling particu-
larly in regions with high monocyte/macrophage infiltration. However,
because of the complexity of the IGF-1R signaling, it is difficult to draw
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Fig. 1. Generation of cystic snowball mice. (A) Timeline of mice treated with tamoxifen at PN18 and 19. Mice were followed by MRI analysis in time from PN105
until sacrifice. A total of 4 animals were sacrificed between PN142 and 207 to confirm cystic phenotype and remaining animals (n = 20) were sacrificed between
PN264 and 297. (B) Representative images of PAS-stained kidney sections of mice at the indicated time points. Scale bar; 1 mm. (C) 2KW/BW% at sacrifice. (D) Blood
urea (BU) levels at PN140 (pre-cystic phase) and sacrifice. (C and D) Each data point represents a single mouse. Orange-filled data points represent mice shown in
panel B and purple-filled data points represent the mouse shown in panel E. Data represent the mean + SD. Significance was measured by Student's t-test. * P value
<0.05; ** P value <0.01; *** P value 0.001; **** P value 0.0001. (E) 2D reconstruction of a mild mouse kidney imaged at PN274. PN: postnatal, MRI: Magnetic

Resonance Imaging.
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Fig. 2. Classification of microdomains within the cyst microenvironment and PAPP-A/IGF signaling in different microdomains. (A) Serial paraffin sections were
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firm conclusions from these data [39].
3.4. RNA sequencing analysis of the cyst microenvironment

To acquire a comprehensive and unbiased profile of dysregulated
gene expression in the cyst microenvironment, we performed ultra-low
input RNA sequencing. We found 953 and 8088 genes differentially
expressed in LC and HC microdomains, respectively, when compared to
the non-cystic regions. In addition, 5929 genes were altered when HC
microdomains were compared to LC microdomains (Fig. 3A and Suppl.
Table 3). Among the 899 differentially expressed genes (DEGs) that were
shared between LC vs LNC and HC vs LNC comparisons, 621 genes were
also in overlap with the HC vs LC comparison, while only 278 genes
were shared between LC vs LNC and HC vs LNC (Fig. 3B and Suppl. Table
4). In addition, in both LC and HC microdomains (compared to LNC),
more genes were upregulated than downregulated, while the genes were
more significantly dysregulated in HC microdomains (Fig. 3C and Suppl.
Table 3). In line with this, the heatmap of the top 500 differentially
expressed genes (LC vs LNC) shows altered gene expression in LC
microdomains compared to LNC, while these genes were more strongly
dysregulated in HC microdomains (Fig. 3D). Together, these data indi-
cate that gene expression profiles of the cyst microenvironment are
highly altered compared to non-cystic regions. In addition, alterations
that already occur before macrophage accumulation appear to be
stronger in macrophage-dense regions, and accompanied by more dys-
regulated genes. However, identified differentially expressed genes in
HC microdomains can also be attributed to the immune cells that are
present in the cyst microenvironment, rather than being solely epithelial
cell and stroma-specific alterations.

To get a better understanding in the immune cell composition in
LNC, LC, and HC microdomains, we performed cell type deconvolution
using murine Microenvironment Cell Population counter (mMCP-
counter) [35]. Using a set of signatures genes, mMCP-counter estimated
the relative abundance of tissue-infiltrating immune cell and stromal
cell populations in each sample, allowing comparison of specific im-
mune cell abundance between different microdomains (Suppl. Fig. 5A
and B). In addition to macrophages, we also found T cell and fibroblast
enrichment in HC microdomains compared to LC and LNC micro-
domains (Suppl. Fig. 5A). Inmunohistochemical staining for T cell and
myofibroblast markers showed that CD3-positive T cells were often
present at much lower numbers in the cyst microenvironment compared
to macrophages, while a-smooth muscle actin-positive myofibroblasts
were highly enriched in macrophage-dense cyst microenvironment
(Suppl. Fig. 6). These findings confirm that LC microdomains were low
in macrophages and other immune cells, suggesting that transcriptomic
alterations found in LC microdomains can largely be attributed to the
cyst surrounding epithelial cells and stroma. Therefore, it is likely that
alterations found in these regions are the earlier, initial alterations in the
cyst microenvironment.

3.5. Enriched biological functions in the cyst microenvironment

To get insight into the biological processes altered in the cyst
microenvironment, Gene Set Enrichment Analysis (GSEA) was per-
formed. Top 25 most significantly enriched GO terms in LC micro-
domains were related to extra cellular matrix, angiogenesis, cell
adhesion, cell migration, tube morphogenesis and immune responses
(Fig. 4A and Suppl. Table 5 (complete list)). In HC microdomains,
mitochondrial protein complex, mitochondrial matrix, and a variety of
catabolic and metabolic processes were highly enriched in addition to
extra cellular matrix and immune response related processes (Fig. 4B
and Suppl. Table 5). Overall, these data indicate that tissue remodeling,
immune response and metabolism-related processes were enriched in
the cyst microenvironment, where LC microdomains were characterized
by tissue remodeling-related processes, while metabolism and
inflammation-related processes were more pronounced in HC
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microdomains.
3.6. Dysregulated canonical pathways in the cyst microenvironment

Ingenuity Pathways Analysis (IPA) was used to confirm GSEA and to
examine canonical pathways associated with the DEGs in the cyst
microenvironment.

3.6.1. Early alterations in F4/80-low cyst microenvironment

Similar to the enriched GO terms, most prominent activated canon-
ical pathways in LC microdomains (compared to LNC) were largely
linked to tissue remodeling (e.g. Fibrosis, Wound Healing, GP6, Rho
Family GTPases, Integrin, and Actin Cytoskeleton Signaling), initiation
of immune responses (e.g. Phagosome Formation, Dendritic Cell Matu-
ration, Acute Phase Response, Interleukin Signaling, and Chemokine
Signaling), hypoxia (e.g. HIFla signaling), and cellular growth and
proliferation (e.g. ERK/MAPK signaling) (Fig. 5 and Suppl. Table 6
(complete IPA list)). Mechanical stress-related pathways were also
activated, including Integrin Signaling, Signaling by Rho Family GTPa-
ses, Actin cytoskeleton signaling, and RAC signaling [40,41]. Elevated
activity of these pathways suggests that injury-repair processes were
already activated in LC microdomains [25]. Only limited number of
pathways were suppressed, including Oxidative Phosphorylation, PTEN,
RHOGDI, and PPAR signaling (Fig. 5 and Suppl. Table 6). Together,
these results suggest that several injury-related processes and mild
metabolic alterations occur in the cyst microenvironment, even when
the tissue surrounding cysts appears normal and lacks massive macro-
phage infiltration.

3.6.2. More advanced alterations in F4/80-high cyst microenvironment

Most of the canonical pathways that were activated or inhibited in LC
microdomains were more strongly dysregulated in HC microdomains
(compared to LNC) as indicated by higher (absolute) z-scores (Fig. 5A
and Suppl. Table 6). However, pathways involved in innate immunity (e.
g. Phagosome Formation, Dendritic Cell Maturation, IL-15 Production,
MIF Regulation of Innate Immunity, and Coagulation system) were more
significantly dysregulated in LC microdomains. Furthermore, we iden-
tified a substantial number of pathways that were only significantly
dysregulated in HC microdomains (Fig. 5B). Among these, p70S6K
(mTORC1 effector), P2Y Purinergic receptor signaling, PI3K/AKT,
CXCR4, TGF-f, Renin-Angiotensin, HGF, STAT3, JAK/STAT, TNFR, and
IGF-1 signaling have been associated with ADPKD progression previ-
ously, based on in vitro experiments, analysis of whole kidney lysates,
and/or mouse studies (Fig. 5B) [38,42-50]. Activated IGF signaling
particularly in HC microdomains confirms and complements our gPCR
data (Fig. 2E). However, several other pathways related to PKD pro-
gression, such as cAMP signaling or programmed cell death (e.g.
apoptosis and ferroptosis) were either not significantly dysregulated or
not significantly activated according to IPA, although a subset of genes
show differential expression (Suppl. Table 6). Furthermore, several
signaling pathways previously linked to cancer were activated in these
regions (e.g. PAK, Telomerase, FAT10 Cancer Signaling) [49,51-53].
Importantly, a considerable number of metabolic processes showed
reduced activation, including multiple metabolite breakdown and
biosynthesis pathways, Ketogenesis, Fatty Acid p-oxidation, and TCA
cycle (Fig. 5B).

Pathways with significantly dysregulated activity in HC micro-
domains compared to LC were mainly associated with tissue remodeling
(e.g. Fibrosis, Wound Healing, GP6, Rho Family GTPases, and Integrin
Signaling), Acute Phase Response Signaling, and inflammatory re-
sponses (e.g. Leukocyte Extravasation, Crosstalk Between Dendritic
Cells and Natural Killer Cells, Fcy Receptor-mediated Phagocytosis in
Macrophages and Monocytes, and PI3K signaling in B Lymphocytes)
(Suppl. Fig. 7 and Suppl. Table 6). Similar to the HC vs LNC comparison,
several metabolic processes were suppressed, with some additional
metabolic pathways uniquely dysregulated in HC vs LC comparison,
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Fig. 3. RNA sequencing analysis of the cyst microenvironment. (A) Gene expression in LC and HC microdomains collected from the cyst microenvironment were
compared to the distant LNC microdomains in the same kidneys. Differentially expressed genes (DEGs) per comparison were shown; HC vs LNC 8088 DEGs, LC vs
LNC 953 DEGs, and HC vs LC 5929 DEGs. See Suppl. Table 3 for a complete list of DEGs. (B) Venn diagram showing the number of unique and shared DEGs between
LC vs LNC, HC vs LNC, and HC vs LC comparisons. Please see Suppl. Table 4 for a list of unique and shared DEGs. (C) Volcano plots of the DEGs in the compared
groups. All the genes were plotted and each data point represents a gene. The log2 fold change of each gene is represented on the x-axis and the log10 of its adjusted
p-value is on the y-axis. Genes with an adjusted p-value <0.05 are indicated by red dots. (D) Heatmap of the top 500 DEGs in LC vs LNC comparison. Normalized
Expression of these genes were shown for all samples (6 microdomains per group (LNC, LC, or HC) collected from 3 male PKD mice with age 269 (2x) and 297 days).
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Fig. 4. Gene set enrichment analysis of the F4/80-low cyst microenvironment. Gene set enrichment analysis was performed using the gseGO() function and fold
change ranked gene list using ClusterProfiler [91]. (A and B) Top 25 most significant enriched GO terms in LC (A) and HC (B) microdomains were ranked by
GeneRatio and visualized using ggplot2. GeneRatio represents the ratio of number of enriched genes in the dataset associated with a GO term and the set size of that

GO term. P.adjust represents adjusted p-value. See Suppl. Table 5 for a complete list of GO terms.

including NRF2-mediated Oxidative Stress Response pathway, which
has been linked to ADPKD progression previously [54].

Collectively, these findings suggest that the tissue surrounding initial
cysts already has activated injury-related signaling involving tissue
remodeling, immune cell activation and mild metabolic dysfunction
before macrophages accumulate in tissue. In macrophage-dense areas,
these processes become more potentiated and are accompanied by the
enrichment of several PKD-related signaling pathways and strongly
altered metabolism. Dysregulated metabolic processes in HC micro-
domains compared to both LNC and LC microdomains suggests that
these processes are more likely to be related to the immune cells.

3.7. Identification of early upstream regulators that may alter signaling in
the cyst microenvironment

Since secreted factors are the most upstream molecules that can
interact with their receptors and activate a certain signaling pathway in
neighboring cells, we particularly focused on cytokines and growth

factors using Upstream Regulator Analysis (URA) in IPA. We identified
22 cytokines and 9 growth factors that are predicted to have increased
activity in LC microdomains based on differential expression of their
target genes (Tables 1, 2, and Suppl. Table 7 ((complete list)). These
cytokines were mainly inflammatory cytokines, including IFNy, CSFs,
interleukins, and TNF superfamily members (Table 1, URA panel).
Among these cytokines, CSF1, IL33, and TNFSF13B also have signifi-
cantly increased gene expression in LC microdomains compared to non-
cystic regions, while for some other cytokines, the receptors were
upregulated through which these cytokines exert their autocrine or
paracrine signaling (e.g. IFNGR, TNFRSF1A, OSMR, TNFSRF12A,
C5AR1, CSF2RA, and CD40) (Table 1, DGEA panels).

Among the predicted active growth factors, TGFB1, PDGFB, and FGF
are multifunctional growth factors, that can promote cell growth,
fibrosis, and EMT (Table 2, URA panel) [55-57]. Similarly, NRG1,
AREG, and EGF are ligands of the ERBB family of receptor tyrosine ki-
nases, which activate growth promoting pathways and regulate tissue
regeneration [58]. Further, increased AGT/AGT-receptor activity could
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Fig. 5. Ingenuity pathway analysis of the cystic microenvironment. The heatmaps show significantly dysregulated canonical pathways with predicted significant
activation (z-score > 2) in orange and significant inactivation (z-score <—2) in blue. Significant canonical pathways that were not predicted to be activated or
inhibited were not shown in the figure. Please see Suppl. Table 6 for a complete overview of IPA. (A) Canonical pathways were ranked based on the z-score of the LC
vs LNC comparison and include all significantly activated or inhibited canonical pathways for the LC vs LNC comparison. (B) Canonical pathways that were spe-

cifically activated or inhibited in HC microdomains compared to LNC.

directly be induced by mechanical stretch, promoting inflammatory,
hypertrophic, and fibrotic responses [59-62]. In line with this, previous
studies have shown improved kidney function, decreased cell prolifer-
ation, fibrosis, and inflammatory gene expression in PKD mice upon
AGT mRNA suppression [45,63,64]. In addition to the increased pre-
dicted activity, gene expression of AGT and PDGFB was also increased,
together with the TGFBR2 and PDGFRB expression (Table 2, DGEA
panels). Together, these data suggest that several inflammatory

10

cytokines and growth factors already have increased activity in
macrophage-low regions near cysts, reflecting the secretory phenotype
of injured tubular epithelial cells, which likely play a key role in
epithelial cell proliferation, initiation of immune responses, and acti-
vation of tissue-repair/remodeling pathways in LC microdomains
[61,65].

As expected, activity and expression of these cytokines and growth
factors were increased in HC microdomains (higher z-score and fold
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change), and additional cytokines and growth factors were identified
that may contribute to the altered gene expression in HC microdomains
(Suppl. Table 7 (complete list) and Suppl. Tables 8 and 9). Elevated
expression and/or activity of secreted factors in HC microdomains is
likely the result of increased release of these factors by accumulated
immune cells, inflamed epithelial cells, and/or activated fibroblasts.
Among these cytokines and growth factors, CCL2 (MCP-1), MIF, IGF1,
TGFA, and CCN2 have been associated with ADPKD earlier
[38,44,66-69]. These factors likely drive sustained activation of in-
flammatory and PKD-associated pathways in HC microdomains.

3.8. The effect of TWEAK and Oncostatin-M on cell proliferation and
inflammatory response

It is well-known that the release of cytokines and growth factors
recruits and activates immune cells and contributes to the regulation of
injury responses [24]. Our upstream regulator analysis suggested
several cytokines and growth factors as potential drivers of altered gene
expression in the cyst microenvironment, including LC microdomains
lacking immune cell infiltrates. Most of these factors were common pro-
inflammatory cytokines (e.g. IFNG, TNF, and IL1B) and growth factors
(e.g. TGFB1, AGT, and PDGFB), among which some have been studied in
PKD as well [44,48,63,64,70]. To provide a proof-of-principle that these
identified cytokines could also alter signaling in tubular epithelial cells
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and/or interstitial fibroblasts, in addition to their proposed effect on
immune cells, we selected one known and one relatively unknown up-
stream regulator from the top 10 most active cytokines to evaluate their
potential effect: TWEAK (TNFSF12, TNF-related weak inducer of
apoptosis) and Oncostatin-M (OSM). The role of TWEAK in cystogenesis,
cell proliferation, and inflammation has previously been studied in PKD
mice, however, no in vitro experiments have been performed demon-
strating a direct effect of TWEAK on epithelial cell proliferation [71].
Further, Oncostatin-M has not been linked to ADPKD pathogenesis
previously, while it has been extensively studied in various types of
cancer [72]. Therefore, TK173 (healthy human renal fibroblasts),
Pkd1™ and Pkd1 ™/~ mouse proximal tubular epithelial cells (mPTECs)
were stimulated with either TWEAK or Oncostatin-M. Both cytokines
caused increased cell proliferation in TK173, Pkd1"' and Pkdl ™/~
mPTECs (Fig. 6A-C). Also, a strong inflammatory response was induced
in TK173, Pkd1"™" and Pkd1~/~ mPTECs upon stimulation with TWEAK
as assessed by increased CSF1, IL6, or CCL2 gene expression after 24 h
(Fig. 6D-F). Similarly, Oncostatin-M induced a robust CSF1, IL6, and
CCL2 expression in TK173 cells, while a subtle increase in CCL2
expression was found in mPTECs (Fig. G-I). However, due to potential
clonal variation that could be introduced during the generation of
Pkd1~/~ mPTECs, direct comparisons cannot be made between PkdI™
and Pkd1~/~ cells, but both cell lines appear to respond to the stimuli.
Collectively, our data show that the early upstream regulators TWEAK
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Fig. 6. The effect of TWEAK and Oncostatin-M on cell proliferation and inflammatory response in fibroblasts and epithelial cells in vitro. (A-C) TK173 cells (A),
Pkd1“* mPTECs (B), and Pkd1~/~ mPTECs (C) were either unstimulated or stimulated with 100 ng/ml recombinant TWEAK or recombinant Oncostatin-M. After 24 h,
cell proliferation was assessed using PrestoBlue reagent. 5 wells were treated per group per independent experiment and the average of 5 wells were shown as 1 data
point in the graphs A-C. (D-F) TK173 cells (D), Pkd1 Wt mPTECs (E), and Pkd1~/~ mPTECs (F) were either unstimulated or stimulated with 100 ng/ml recombinant
TWEAK. After 24 h, RNA was extracted from cells and gene expression of CSF1, IL6, and CCL2 were analyzed using qPCR. (G-I) TK173 cells (G), Pkd1 Wt mPTECs (H),
and Pkd1~/~ mPTECs (I) were either unstimulated or stimulated with 100 ng/ml recombinant Oncostatin-M. After 24 h, RNA was extracted from cells and gene
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<0.01; *** P value 0.001; **** P value 0.0001.
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and Oncostatin-M promote cell proliferation and inflammatory gene
expression in fibroblasts and both wild type and Pkd1-deficient tubular
epithelial cells.

4. Discussion

By combining LCM and ultra-low input RNA sequencing, we have
obtained a comprehensive overview of transcriptome alterations in the
cyst microenvironment in iKsp-Pkd1%! mice. We compared gene
expression profiles of both F4/80-low and F4/80-high cyst microenvi-
ronment with distant non-cystic regions and showed that the expression
level of 953 and 8088 genes were altered, respectively. Our pathway
analysis data indicates that the tissue surrounding initial cysts has
activation of mechanical stress-, immune response-, fibrosis-, and cell
growth-related pathways, and mild metabolic dysfunction before mac-
rophages accumulate in tissue. Upon macrophage accumulation, these
processes were more strongly dysregulated and were accompanied by
alterations in various additional pathways, including various metabolic
processes and ADPKD-related signaling pathways that have been re-
ported previously [12,25,26,38,43-45,48-50,73,74]. In addition, we
have investigated potential paracrine signaling-mediated alterations in
the cyst microenvironment using upstream regulator analysis. By
focusing on the secreted upstream molecules, we identified series of
cytokines and growth factors that may drive early transcriptomic
changes in F4/80-low cyst microenvironment and additional changes
during inflammation in F4/80-high regions near cysts. Finally, we
validated prioritized early upstream regulators TWEAK and Oncostatin-
M and showed increased proliferation and inflammatory gene expres-
sion in epithelial cells and interstitial fibroblasts upon stimulation.

In the past decades, several studies have demonstrated that tissue
resident macrophages could promote cyst growth and disease progres-
sion in PKD mouse models, leading to the identification of cytokines
such as CSF1, MIF, and MCP1 as factors potentiating macrophage-
dependent disease progression [66,67,71,75-77]. In the present study,
we sought to profile alterations that occur in the cyst microenvironment
that precede macrophage accumulation, which we referred to as the
early alterations in the cyst microenvironment. For this purpose, F4/80-
low regions near cysts were collected which also lacked T cells, B cells,
and myofibroblasts. These regions also showed lower CD11b signal
compared to F4/80-high microdomains, but we could not distinguish
between resident and infiltrating macrophages by immunohistochem-
istry. Yet, these regions were characterized by activated injury-repair
and tissue remodeling-related pathways. It is plausible that cyst
expansion induces mechanical stress in the cyst microenvironment,
leading to the activation of mechanical stress-related pathways such as
Integrin Signaling, Signaling by Rho Family of GTPases, RAC Signaling,
and Actin Cytoskeleton Signaling, which together regulate cellular re-
sponses to mechanical stress [40,41]. It is also possible that mechanical
stretch near cysts induces epithelial cell injury, leading to the secretion
of cytokines and growth factors that induce epithelial cell proliferation,
activation of tissue repair and tissue remodeling-related pathways in LC
microdomains. Therefore, we mainly focused on upstream cytokines and
growth factors to examine which factors could induce paracrine-
mediated altered signaling in the cyst microenvironment and identi-
fied: (1) series of cytokines and growth factors that may play an
important role in epithelial cell-induced early injury-repair responses
and cell proliferation in the cyst microenvironment before macrophage
accumulation; (2) a wider variety of secreted factors in macrophage-
dense regions that may contribute to sustained and uncontrolled in-
flammatory and profibrotic processes leading to maladaptive tissue
repair, fibrosis and disease progression.

Among the identified early cytokines, we selected TWEAK and
Oncostatin-M for validation, because of the increased activation score
and increased expression of their receptors in LC microdomains. Both
cytokines promoted cell proliferation and increased inflammatory gene
expression in TK173 cells and mPTECs, suggesting that these cytokines
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not only target immune cells, but also affect interstitial fibroblasts and
epithelial cells in the cyst microenvironment, likely causing a pro-
proliferative and pro-inflammatory milieu before accumulation of
macrophages and other immune cells. Thereby, these cytokines
contribute to the dysregulation of signaling pathways in both PkdI-
deficient and wild type cells, and possibly also to the initiation of cyst
formation and/or expansion. Previously, it was shown that TWEAK
administration could induce and promote cystogenesis in Pkd1-dificient
mice via activation of pro-proliferative pathways and the canonical NF-
kB signaling, which could be restored with anti-TWEAK treatment [71].
Here we introduce Oncostatin-M as a novel potential candidate cytokine
with a pro-proliferative and pro-inflammatory role in renal fibroblasts
and renal epithelial cells.

Our data suggests that metabolic alterations mainly occur in HC
microdomains and to a lesser extent in LC microdomains. It has been
reported that regenerating epithelial cells could alter their metabolism,
by switching from fatty acid oxidation (FAO) to glucose utilization, to
adapt to the injury and to heal [61,78,79]. This may explain reduced
oxidative phosphorylation and PPAR signaling in LC microdomains.
Prolonged activation of cellular stress and injury-repair pathways in the
cyst microenvironment probably cause accumulation of immune cells in
the cyst microenvironment (HC microdomains), elevated levels of
released cytokines and growth factors, enhanced injury-repair responses,
tissue-remodeling, and sustained inflammation. In addition, increased
secretion and activity of growth factors in HC microdomains (e.g. TGFB1
and CCN2) probably also result in the activation of fibroblasts, which in
turn promote fibrosis and cystic epithelial cell proliferation [80,81].

Reduced FAO in tubular epithelial cells has also been associated with
ATP depletion, cell death, epithelial cell dedifferentiation and lipid
accumulation previously [82]. Also, excess of fatty acids have been re-
ported to alter mitochondrial function, enhance tubular inflammation
and promote endoplasmic reticulum stress, contributing to epithelial
injury, fibrosis, and inflammation [83]. It is also possible that the
metabolic switch that occurs in injured cells in order to allow tissue
repair, causes excess fatty acid accumulation in and around cells during
prolonged injury in the cyst microenvironment, inducing more meta-
bolic defects in epithelial cells, inflammation and fibrosis. However,
epithelial cells in the cyst microenvironment could also switch to
glycolysis because of mitochondrial defects caused by the lack of PC1, or
due to increased ROS production caused by chronic inflammation
[84-86]. Further, increased metabolic alterations in HC microdomains
may be a reflection of macrophage accumulation as well, since activated
macrophages also show increased aerobic glycolysis and other meta-
bolic changes dependent on the stimuli and their polarization [87].
Therefore, increased metabolic alterations in HC microdomains are
likely (partially) a reflection of macrophage accumulation.

Furthermore, pathways frequently associated with ADPKD progres-
sion were mainly dysregulated in HC microdomains, including activated
p70S6K, PI3K/AKT, CXCR4, TGF-B, Renin-Angiotensin, HGF, STAT3,
JAK/STAT, TNFR, IGF-1 signaling, and reduced Oxidative Phosphory-
lation, Fatty Acid p-oxidation, PPARa/RXRa activation, and TCA cycle
[25,38,42-48,50,74,88-90]. These data suggest that many processes
associated with advanced PKD are primarily concentrated in macro-
phage- and myofibroblast-dense cyst microenvironment, although lower
levels of activity might still occur in the LC microdomains.

The use of microdomains rather than single cells has limited our
understanding of altered signaling in different cell types in the cyst
microenvironment. Therefore, it remains to be elucidated which cells
have altered metabolism, which cells secrete and respond to the iden-
tified secreted factors and how different cell types interact in the cyst
microenvironment and contribute to the cystic snowball effect. How-
ever, the use of microdomains has the advantage that it contains spatial
information which would be lost with single cell sequencing. So far, this
is the first comprehensive analysis of the cyst microenvironment in PKD
to unravel altered transcriptome, while preserving the spatial context of
the tissue.
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Collectively, it is clear that the cyst microenvironment has a highly
altered transcriptome when compared to the non-cystic parts in the
same kidney, even before the infiltration of macrophages. Macrophage
accumulation seems to occur upon a wide variety of transcriptomic
changes in the cyst microenvironment, such as altered metabolism,
activation of injury-repair pathways and tissue remodeling. Sustained
mechanical stress, unresolved injury, and prolonged secretion of various
cytokines and growth factors potentially lead to immune cell and
myofibroblast accumulation in designated areas in the cyst microenvi-
ronment, leading to the dysregulation of wider variety of pathways. Our
upstream regulator analysis identifies and prioritizes paracrine factors
that may drive early alterations in the cyst microenvironment and
potentially give rise to the formation of more cysts.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.bbadis.2023.166987.
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