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ABSTRACT

Acute kidney injury (AKI) is a common clinical disorder linked to high rates of illness and
death. Ischemia is a leading cause of AKI, which can result in chronic kidney disease (CKD)
through maladaptive repair marked by impaired epithelial regeneration, inflammation, and
metabolic dysregulation. There are no targeted therapies for AKI or to prevent progression to
CKD and insight into human disease mechanisms remains limited. Here we show that human
kidney organoids recapitulate key molecular and metabolic signatures of AKI and maladaptive
repair in response to hypoxic injury. Transcriptional, proteomic, and metabolomic profiling
revealed tubular injury, cell death, cell cycle arrest and metabolic reprogramming in organoids
exposed to hypoxia. Following return to normoxic conditions, injured organoids had increased
signatures of TNF and NF-«B signalling pathways and S100A8/9, associated with maladaptive
repair. Single cell RNA sequencing localized AKI and maladaptive repair markers including
GDF15, MMP7, ICAM1, IL32, SPP1, C3 and CCN1 to injured tubules. Metabolic phenotypes
linked to CKD were also evident, including dysregulated gluconeogenesis, altered amino acid
metabolism and lipid peroxidation. iPSC-derived macrophages incorporated into organoids
displayed a robust activation and inflammatory response to hypoxia. Spatial transcriptomics
revealed a shift from a tissue resident-like to inflammatory macrophage states and localized
effects on tubular injury and inflammation. This multi-omic analysis defines conserved
mechanisms of human ischemic AKI and maladaptive repair, highlighting new opportunities

to test therapeutics and model immune-mediated interactions.

INTRODUCTION
AKI affects over 13 million people each year, resulting in high morbidity, high healthcare
costs, and over 1.7 million deaths (1, 2). Ischemia is a leading cause of AKI, which can arise

from cardiovascular events, urinary tract obstruction, sepsis, kidney transplantation and
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cardiopulmonary bypass surgery (3-5). While individuals with mild to moderate AKI can
recover kidney function, they face a 5-fold increased risk of developing CKD, or of existing
CKD progressing to kidney failure (6). Current management of AKI is limited to the control
of blood pressure and electrolyte levels, or hemodialysis in severe cases (3, 4). Specific

therapies to prevent or intervene in AKI remain an area of unmet clinical need.

During ischemia reduced blood flow limits the supply of oxygen and nutrients to the kidney
causing oxidative stress and inflammation, which has a disproportionate effect on the proximal
tubule (PT) (7). Injured tubules can undergo healthy (adaptive) repair via dedifferentiation and
proliferation (8-10). However, sustained or severe injury can induce maladaptive repair and
progression to CKD. Tubules undergoing maladaptive repair express increased levels of injury
markers HAVCRI1/KIM1 and GDF15, inflammatory mediators ICAM1 and CCL2, and
profibrotic factors including TGFB1, HIPK2 and CCN2 which attract immune cells to the site
of injury, promote fibrosis and progression to CKD (11, 12). Metabolic dysregulation is also a
feature of maladaptive PT cells, marked by impaired fatty acid oxidation, reduced ATP levels
and intracellular lipid accumulation (13-15). Tissue resident macrophages play an important
role in AKI, honing to sites of injury, engulfing damaged cells, and activating responses that

can either aid in tissue repair or promote disease progression (16, 17).

Knowledge of hypoxia-induced AKI and the transition to CKD has largely been derived from
rodent models. While single cell and spatial technologies are beginning to drive insight into
AKI biopsies (18), there remains a need for human experimental models to facilitate
mechanistic studies and test new therapeutic strategies. The emergence of kidney organoids as
a robust platform for modelling human kidney development, nephrotoxicity, cytokine stressors,

and inherited disease suggests a promising avenue (19-26). Hence, we hypothesized that human
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kidney organoids may serve to model the tissue-intrinsic mechanisms of ischemic AKI and

maladaptive repair.

METHODS

iPSC Culture and Organoid Generation

The following human iPSC lines were used: 522.3 (female donor; derived from GM04522
fibroblasts), 808.5 (male donor; derived from GM21808 foreskin fibroblasts). Both 522 and
808 derived by the NIGMS Human Genetic Cell Repository. D4C4 (female donor; derived
from gingival tissue). Cells were maintained in Essential 8§ (E8) medium (Thermo Fisher
Scientific) supplemented with 1% Penicillin/Streptomycin (Pen/Strep) (Thermo Fisher
Scientific) in 6-well plates coated with Matrigel (Corning, cat no. FAL35427). Cells were
passaged at 70-80% confluency at 1:3 ratio using 0.5 mM EDTA (Thermo Fisher Scientific).
Human iPSC were directed to differentiate into kidney organoids using the Takasato protocol
(27-29), in Essential 6 (E6) medium (Thermo Fisher Scientific) with minor modifications
(Supplemental Methods). Cell growth and organoid morphology was monitored by brightfield
microscopy during each differentiation. iPSC cultures or batches of organoids that had slower

rates of growth, unusual morphology, or poor nephron formation prior to d18 were discarded.

iPSC-derived Macrophage differentiation

Macrophages were differentiated from PB001.1 human iPSCs as previously described (30, 31)
(Supplemental Methods). Briefly, myeloid progenitors were produced from embryoid bodies
after 11 days of differentiation then cultured in RPMI-1640 media (Thermo Fisher Scientific,
cat. no. 11875093) with 10% FBS and 100ng/mL CSF-1 (PeproTech, cat. no. 300-25) in 6-
well plates for 4 days to induce a macrophage-like state. Macrophage identity was confirmed

by FACS for CD14, CD45/PTPRC and CD68 (Biolegend, cat. nos. 301830, 368512, 333816).
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iMacs were combined with dissociated cells from kidney monolayer differentiations at day 7
(5% iMacs, 95% kidney differentiation) and centrifuged in 1.5ml Eppendorf tubes to generate

iMac-containing organoids, which were subsequently cultured as per controls.

Hypoxic Injury

Hypoxic injury was modelled by culturing d18 organoids in 1% O for 48 h, repair was
evaluated in d25 injured organoids after a 5-day recovery in 19% O,. Comparisons were made
to stage-matched control organoids cultured in 19% Os. Four organoids were cultured per
transwell across all experiments to minimize potential variability in the diffusion and

metabolism of nutrients and oxygen.

Bulk and Single Cell RNAseq

For bulk RNAseq, RNA was extracted from 3 replicate samples for each experimental group
and sequenced using a 3’-Multiplexed method (32). Data was normalized using the counts per
million (CPM) method, differentially expressed (DE) genes were defined using voom and
limma R packages (33, 34) in Degust software (35) (BH adjusted p-value < 0.05 & absolute
LogFC > 0.5). Enrichment analysis was performed with DAVID (36) and GSEA (37). Cell
type enrichment was assessed by hypergeometric over-representation analysis comparing
differentially expressed genes (FDR < 0.05) against kidney cell type gene signatures (Pod, PT,
LoH, DT, Stroma, Endothelial; ~136 genes each) derived from a developing human kidney
scRNAseq reference (38), with Bonferroni correction for multiple testing. Further details on

data processing, quality control and analysis are provided in Supplemental Methods.

For Single cell RNAseq, 3 iPSC-derived kidney organoids were pooled per replicate, with a

total of 3 replicates per condition for d20n, d20h, d25h/n, d25n. Replicates were individually
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labelled with CellPlex reagents (10x Genomics) and processed on the day of collection. Gene
expression and feature barcode libraries were prepared using Chromium Single Cell 5' V3.1
chemistry (10x) and sequenced on MGITech MGISEQ2000RS hardware using MGIEasy V3
chemistry for 100 bp paired-end sequencing. Quality control and analysis was performed using
the R package Seurat (v. 4.3.0) (39) and related tools, detailed in supplemental materials. All
scRNAseq analysis and related code is available in a github repository

https://github.com/MonashBioinformaticsPlatform/sc-hyp-org.

Metabolomic and Proteomic Analysis

LC-MS proteomic analysis (n=4/group) was conducted on an Orbitrap Fusion Tribrid mass
spectrometer (Thermo Fisher Scientific) coupled to a Dionex Ultimate 3000 RSLCnano
system. Raw data were analyzed with the Fragpipe software suite (40), and LFQ-Analyst was
used for downstream statistical analysis (41). Significant changes were defined in pairwise
comparisons using adjusted p < 0.05 (Benjamini-Hochberg method) and log2 fold change >
0.5 or < -0.5 thresholds. 8 replicate samples per group were profiled for untargeted
metabolomic analysis to account for higher variability in this method, using a Dionex
RSLC3000 UHPLC coupled to a Q-Exactive Plus MS (Thermo Fisher Scientific). Sample

extraction and analysis details provided in Supplemental Methods.

Spatial Transcriptomics

Kidney organoids +/- integrated iMacs were generated and subjected to hypoxic injury as
described above. Smm paraffin sections of samples were profiled with the 380-gene Xenium
Human Immuno-Oncology panel, using the Xenium Cell Segmentation kit (10X Genomics),
as per the manufacturer’s protocols. Data were imported into R, loaded into a Seurat object,

and normalized with SCTransform (v. 4.3.0) (37). Principal Component Analysis was
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performed on the SCT-normalized data, and the top 100 components were used for UMAP
visualization. Cell type identities were assigned to Xenium clusters by integrating our organoid
scRNAseq reference using RCTD (42) and Seurat's anchor-based transfer, with results cross-
validated and refined by manual assessment of clusters and marker gene expression on tissue
images. Pseudobulk differential expression (DE) analysis was performed on log.-transformed,
quantile-normalized, and precision-weighted data with voom (limma) (43, 44). Linear models
with empirical Bayes moderation (45) were used to identify DE genes at FDR < 0.05 for
comparisons at the level of sample and cell lineage. Cluster-based DE was performed on the
single cell level with an FDR cutoff for DE < 0.2. Targeted DE analysis was performed on
twenty-four manually defined Regions of Interest (ROIs) containing injured nephrons +/-iMacs
in the d25h/n_iMacs organoid group, with cells selected by centroid location. The same
pseudo-bulk limma-voom pipeline (FDR < 0.05) was used to compare all cells, non-iMac cells,
and nephron cells only between +/-iMac ROIs. Further details are provided in Supplemental

Methods.

Statistical Analysis
Details on sample number, statistical analyses and cutoff thresholds for each experiment are
included in Results and Figures and/or in Methods and Supplemental Materials. All data points

were included in the statistical analysis and displayed in related graphs where possible.
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RESULTS

Hypoxia induces markers of injury and inflammation in human kidney organoids
Kidney organoids were generated from three independent human iPSC lines using established
protocols (27, 29, 46) (Figure 1A). Markers of stromal, proximal and distal nephron cell types
were expressed by day 18 of differentiation (d18) (Supplemental Figure 1A), which was used
as a starting timepoint for subsequent experiments. d18 kidney organoids were cultured in
hypoxic (1% O2) or ‘normoxic’ (19% O>) conditions for 48 hours then collected at day 20 to
assess injury, or after a 5-day recovery in normoxic conditions to assess repair (Figure 1B).
These experimental groups are referred to as: day 20 hypoxia (d20h), day 20 normoxic control
(d20n), day 25 hypoxic injury/normoxic recovery (d25h/n or ‘injured’), and day 25 normoxic

control (d25n).

Ischemic AKI is characterized by a HIF1 A-mediated hypoxic response (47, 48), tubular injury
and cell cycle arrest (49). A robust hypoxic response was evident in organoids cultured in 1%
O with stabilization of HIF1A protein (Supplemental Figure 1B) and increased expression of
HIF1A target genes VEGFA and the glycolytic enzyme hexokinase 1 (HK/), as measured by
quantitative PCR (qPCR) (Figure 1C). Mitochondrial biogenesis marker PPARCGIA, was
significantly reduced in d20h kidney organoids, mirroring similar findings in human AKI (50).
Signs of tubular damage were evident in d20h organoids with upregulation of cell cycle arrest
marker CDKNIA (also known as p2l1), injury markers HAVCRI (KIM1) and GDFI35,
accompanied by increased 7GFBI which can drive profibrotic and protective responses after
injury (Figure 1C) (49, 51, 52). Effective (adaptive) repair after AKI can result in a full
recovery of kidney function (53-55). In contrast, maladaptive repair involves persistent

expression of inflammatory cytokines such as CCL2 and increased deposition of extracellular
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matrix (ECM) components including COLIAI and FNI, all of which were significantly

increased in d25h/n organoids (Figure 1C).

b o
® Podocyte ¢ : U \[\f\ ///\q
Proximal tubule ° . AT

© Distal and medial

nephron iPSCs Organoid Nephron epithelium [
Endothelialcells 4 ¢4 3 5 7 10 .18 20 22 25
® Stroma . .. B _ )
Day of differentiation (d) ~ _ - --~"__ -~ ,
r— 2days ' 5 days i
Hypoxia (d20h Normoxia d25h/n
Normoxia Normoxia
Assess hypoxic Assess repair
response and injury
VEGFA HK1 CDKN*J’{-\ PPARGC1A ERTS
Say (L L 8 o sy T T 00 e T I — ] d20n
E I Pl
o 34 o
9 ? ° 1.01 1 d25h/n
zZ 21 iPSC lines
E |4 2 05| | 4 O 522 (Female)
£ 1' A 808 (Male)
g, | po .. O D4C4 (Female)
d20 d25 d20 d25 d20 d25
HAVCR1 COL1A1 FN1 CCL2
o *kk AFokk Akk Aokk A‘ Akk Aok
2" s Rl e L L T
173 60 =
g 6 o 40 44 (o] 64 Aok 8]
8 20 6 r1
<< al© 1 o 3 6. Oa
Z 4- o a7 . 4
S A 2+ o ) % N 4
224 5 2 é N ﬁ ﬁ N 0 2 %l % 24 ) s
ks
&, 0- ﬁ ﬁ 0 ﬁ 0- 0 ﬁ 0- 04
d20 d25 d20 d25 d20 d25 d20 d25 d20 d25 d20 d25

Figure 1. Evaluating hypoxic injury in kidney organoids from three iPSC lines. (a)
Distribution of podocyte (pink), proximal tubule (orange), distal/medial nephron (blue),
endothelial cells (green), and stroma (grey) in Xenium spatial data from a day 20 kidney
organoid (b) Overview of experiment illustrating differentiation and organoid generation from
d-1 to d18, hypoxic exposure (d18-20), normoxic recovery (d20-d25), and sample collection
points at d20 and d25. (¢) qPCR analysis of hypoxic response genes (HIFIA, VEGFA, HK1),
markers of cell cycle arrest (CDKNIA), mitochondrial function (PPARGCIA), kidney injury
(HAVCRI/KIMI1, GDF15, TGFBI), extracellular matrix (COL1A41, FNI) and inflammation
(CCL2). Data shown as mean with SD; n=7-10. Y axis shows mRNA expression normalised
to ACTB within each sample, relative to d20n mean. Analyses were performed by one-way
ANOVA with Tukey’s multiple comparison test: *p < 0.05, **p <0.01, ***p <0.001.
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To evaluate capacity for effective repair we reduced the duration of hypoxic exposure to 24
hours, which resulted in a hypoxic injury response (increased VEGFA, GDF15) without
increased COLIAI, FNI, or CCL2 expression at d25 (Supplemental Figure 1C). Thus, kidney
organoids exhibit a dose-dependent response to hypoxia, effectively recovering after mild

injury while prolonged exposure induces markers associated with maladaptive repair.

Transcriptional profiling identifies markers of AKI and maladaptive repair in organoids
cultured under hypoxic conditions

To gain a deeper understanding of the response to prolonged hypoxic exposure we performed
bulk RNA-sequencing (RNAseq), assessing differential expression between injured and
control groups on d20 and d25 (Figure 2A-C, Supplemental File 1). Top upregulated genes in
d20n control organoids were associated with cell proliferation, mitochondrial metabolism, or
predominantly expressed in nephron cell types in human kidney scRNAseq reference data
(Figure 2B). In contrast, top upregulated genes in the d20 hypoxic group were linked to the
hypoxic response, glycolysis, ER and oxidative stress (HMOX1), cell cycle arrest (CDKN1A4),
cell death (JUN, FOS, BNIP3) and inflammation (Figure 2B), with these signatures reinforced
by KEGG pathway analysis (Figure 2D). Increased mitophagy, glycolysis and central carbon
metabolism signatures suggest mitochondrial damage and dysfunction, alongside a shift
towards oxygen-independent metabolic pathways for energy production (Figure 2D). Analysis
of kidney cell type signatures among differentially expressed genes showed enrichment of
distal tubule/Loop of Henle, proximal tubule, and podocyte markers in control organoids. In
contrast, stromal signatures were elevated after hypoxic exposure, suggesting impaired

nephron identity and stromal expansion.
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Figure 2. Transcriptional analysis of hypoxic injury and repair in kidney organoids. (a)
Overview of bulk RNAseq experiment. 3 replicates were generated from a pool of 2 organoids
for each group. (b) Top up- and downregulated genes from differential expression analysis
between d20n and d20h organoids. The top 50 up and down genes (absolute LogFC>2, ranked
by FDR) grouped by broad biological function or expression in scRNAseq reference. (¢) Top
up- and downregulated genes between d25n and d25h/n organoids (absolute LogFC>2, ranked
by FDR), grouped by broad biological function for plotting. (d) KEGG enrichment analysis
between d20h and d20n. Number of DE genes shown for each term. (e) Enrichment analysis
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of human kidney cell type signatures in d20 DE genes (absolute LogFC>0.58, FDR<0.05).
Significance threshold (Bonferroni p<0.0083) indicated by dotted line. DT/LoH, distal
tubule/Loop of Henle; PT, proximal tubule; DT, Distal tubule; Pod, Podocyte; Endo,
endothelial. (f) Upregulated KEGG pathways in d25h/n compared to d25n organoids. (g)
Enriched kidney cell type signatures in d25h/n and d25n organoids. Abbreviations and dotted
line as per e.

Comparison of injured d25h/n organoids to stage-matched d25n controls revealed significant
upregulation of genes associated with inflammatory signalling and AKI-CKD transition
including CCL2/MCP-1, CCL4/20, CXCL1/2/5/6/8/16, IRF1, STAT1/3, IL32, NFKBIA/Z,
markers of tubular injury LCN2/NGAL, ICAMI1, VCAMI, SPP1, LGALS3, S10048/9 and
extracellular matrix remodelling/fibrosis associated genes MMP7/9, PCOLCE, and INHBA
(Figure 2C, Supplemental File 1). KEGG pathway analysis reinforced these findings,
identifying enrichment of inflammatory programs including the TLR, TNF and NF-xB
signalling pathways, interleukin and chemokine signalling, lipid-mediated inflammation, the
complement cascade and extracellular matrix interactions (Figure 2F). Proximal tubule and
podocyte cell type signatures were enriched in d25n control organoids, consistent with nephron
maturation over time, while increased stromal and endothelial signatures in injured d25h/n

organoids suggest progressive stromal expansion, early fibrotic remodelling and

neovascularization (Figure 2G).

Proteomic profiling affirms signatures of injury and maladaptive repair

To examine signatures of injury and repair at the protein level, we performed untargeted LC-
MS-based proteomics on 4 replicate samples from each experimental group (Figure 3A and
Supplemental Figure 2). 844 proteins were found to differ significantly across the conditions
out of a total of 3630 proteins quantified (Figure 3B and Supplemental File 2). GDF15 protein
was significantly increased in d20h organoids, mirroring increases observed during ischemia

and tubular damage in animal models and human kidney transplants (56). GDF15 protein
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remained elevated in the d25h/n organoid group, reflecting reports of circulating GDF15 levels

correlating with increased risk of CKD progression (57) (Figure 3C-E, Supplemental Figure

3). A hypoxic response was evident by upregulation of stress-responsive protein NDRGI (58),

the profibrotic HIF1 target CCN2 (59), and glycolytic enzymes HK1 and HK2; alongside a

decrease in PCNA and phospholipid phosphatase 3 (PLPP3) (Figure 3C-D).
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Figure 3. Proteomic analysis of hypoxic injury and repair. (a) Overview of MS-based
proteomics experiment (n=4 per group). (b) Pie chart of differentially regulated proteins across
all conditions. (¢) Volcano plot of significantly changed proteins at d20. Percentage values
indicate the extent of imputation during statistical analysis. (d) Intensity plots of proteins
related to injury (GDF15), hypoxic response (NDRG1), cell cycle (PCNA) and metabolism
(HK1, HK2, PLPP3) at d20. (e) Volcano plot of significantly changed proteins at d25.
Percentage values indicate imputation. (f) Intensity plots of key proteins related to
inflammatory and profibrotic processes (ICAM1, CXCL12, TGFB1, STAT3) and oxidative
stress (HSPAS, SOD2) at d25. (g) Immunofluorescence for pan-cytokeratin (pan-CK, tubules),
ICAMI (inflammatory marker) and DAPI. Bottom panels show magnified regions indicated
by white box in upper panels. Scale bars for all images shown in right hand panel = 100 pm.
Quantification of mean fluorescence intensity of [CAMI1 staining in tubules, n=4 replicates per
experiment. (h) Markers of maladaptive repair SI00A8 and S100A9 are upregulated in d25h/n
organoids. (i) Representative image of collagen type 4 (COL 4) staining in d25h/n and d25n
organoids. Scale bar = 200 um. Asterisks and annotations for bar charts: n.s. non-significant,
*p <0.05, **p < 0.01, ***p < 0.001.

Protein levels of inflammatory and profibrotic mediators were elevated in d25h/n injured
organoids, including ICAM1, KRT7/8/18/19, APOE, S100A8/9 and CCN1 (Figures 3E-F and
Supplemental Figure 4). A significant increase in ICAM1 levels and specificity to injured
tubular cells was validated by immunofluorescence (Figure 3G). Proteins involved in cell stress
and oxidative stress responses were also elevated - HSPAS in d20h and d25h/n, SOD2 in

d25h/n (Figure 3F), along with increased endoplasmic reticulum stress-related pathways in

injured d20h and d25h/n organoids (Supplemental Figure 2D).

Tissue disorganization and nephron loss are pathological features of AKI and maladaptive
repair. d25h/n organoids had a reduced number of tubular structures and disrupted tubular

architecture (Figure 31, Supplemental Figures 4,5).

Fewer differentially expressed proteins were detected by LC-MS proteomics than transcripts
by RNA-seq reflecting the lower sensitivity, narrower dynamic range, and post-transcriptional
regulation inherent to proteomics. Nevertheless, several changes were conserved across gene

and protein profiles, revealing shared signatures of HIF pathway activation, metabolic
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reprogramming, and ECM remodelling during the acute hypoxic phase (d20), and increased
inflammation, epithelial stress and ECM remodeling in injured organoids (d25) (Table 1). This
cross-platform validation establishes high-confidence markers of hypoxic injury (GDF15,
CCN1, NDRGI, SLC2A1/3, HK2, PAHA1/2; d20) and maladaptive repair (LCN2, SI00A8/9,
MMP7, KRT18; d25). Nephron injury is supported by a downregulation of genes expressed in

podocytes and proximal tubules in human kidney scRNAseq reference data at both timepoints.

Acute hypoxic response (d20n vs d20h)

Annotation Shared genes/proteins
Hypoxic response (T d20h) GDF15, SFN, NDRGI1, KDM3A, EIF1, ACBD3
Glycolysis (T d20h) SLC2A1, SLC2A3, HK2,

ECM remodelling (T d20h)

P4HA1, PAHA2, CCN1, IGFBP2, PLOD1

Nephron markers* (3 d20h)

CUBN, LRP2, ENPEP, GPD1 (expressed in PT); AIFI,

NPHS2, CLICS5, GOLM1, CRB2 (expressed in Pod)
Injury - recovery (d25n vs d25h/n)

Inflammation (T d25h/n) S100A8, S100A9,
PYCARD, ANXA3
KRT7, KRTS, KRT18, S1I00A6, MVP, GDF15, CD47

ICAMI1, HLA-B, LGALS3,

Tubular de-differentiation
and injury (T d25h/n)

ECM remodelling/fibrosis (1
d25h/n)

Nephron markers* (Y d25h/n)

GPNMB, LGALS3, VWA, PRG4

SLC27A2, SCRN2, GATM, MTI1H (expressed in PT);
PTPRO, AIF1, FOXC2 (expressed in Pod)
Table 1: RNA-protein correlation: Overlap was calculated by identifying genes and proteins

with FDR < 0.05 and absolute logFC > 0.58 in both differential datasets. *‘Nephron markers’

based on gene expression in developing human kidney scRNAseq reference data.

scRNAseq defines changes in organoid cellular composition after hypoxic injury

We next used single cell RNA sequencing (scRNAseq) to investigate changes in cell
proportions, AKI and maladaptive repair signatures. Replicate samples from each experimental
group were labelled with lipid-oligo barcodes and profiled on the 10x Chromium platform

(Figure 4A). Clusters reflecting expected nephron, endothelial, stromal, and off-target
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populations were identified by marker gene expression (38, 60) and a tool to identify human

kidney cell types in scRNAseq data (61) (Figure 4B-C, Supplemental File 3).
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Figure 4. ScCRNAseq analysis identifies changes in cell proportions and proliferation after
hypoxic injury. (a) overview of scRNAseq experiment. (b) UMAP plot of integrated d20n,
d20h, d25n and d25h/n organoid datasets coloured by cluster. Below, UMAP showing an even
distribution of data from three replicates for each condition. (¢) Dot plot of markers for each of
the 14 clusters: stroma (MEIS2, PDGFRA), DT (CLDN10, MAL), podocyte (NPHS2, MAFB),
early nephron (ITGAS, BMP4), PT (LRP2, APOE, CUBN), ‘proliferating’ (MKI67, TOP2A),
‘cellular stress’ (DIDO1, CYP51A1), muscle-like (ACTC1, MYLI) and neural (AP1S2, ANK?2)
and endothelial (CLDN5, ESAM). (d) Bar plot illustrating average proportions of clusters
across replicates and conditions. (e) Box plot illustrating the frequency of cells in G1, G2/M
and S phase of the cell cycle across all clusters (left), and within DT, PT, Pod and stromal
clusters (right), *p < 0.05, **p <0.01, ***p <0.001.

Cell proportion analysis (62) revealed a reduction in nephron progenitor and established

nephron cell types after hypoxic injury (30% d20h to 11% d25h/n) and expansion of stromal
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cluster 0, which is marked by fibrosis-associated genes SCRG1, SFRP2, KAZN and SCX, (8%
d25n control vs 18% d25h/n) (Figure 4D, Supplemental Tables 1-2). Analysis of cell cycle
phases revealed that d20 hypoxic organoids had more cells in G1- and less in S-phase,
consistent with G1 arrest, and a small but significant increase in G2/M-phase (Figure 4E). By
d25, injured organoids remained G1l-enriched but had an increased proportion of cells in S-

phase (Figure 4E), mirroring cell cycle arrest and proliferative responses in AKI (63, 64).

Divergent repair outcomes and shared inflammatory pathways following ischemic injury

scRNAseq analysis of hypoxic response and inflammatory signatures across all organoid
groups demonstrated specificity of hypoxia, glycolysis, and kidney injury-associated genes to
the hypoxic group (d20h), while inflammatory programs were enriched in the injury-recovery
group (d25h/n) (Figure 5A). These signatures were increased in the nephron lineage compared
to stromal or endothelial cells, reflecting the disproportionate effect of ischemic injury on the

tubular epithelium (Figure 5B).

We performed differential expression analysis within the proximal tubule, podocyte and distal
tubule scRNAseq clusters to gain insight into injury mechanisms within nephron cell types
(Supplemental File 3). Genes related to the hypoxic response, glycolysis and injury were
upregulated across all clusters, accompanied by a transient reduction in cell type and functional
markers. Podocyte and distal tubule markers recovered after injury, whereas several proximal
tubule markers did not (Figure 5C-E). All nephron cell types retained unresolved inflammatory
signatures, with common themes of complement activation, interferon and inflammatory
cytokine signalling (IL32, JAK-STAT, and TNFA-NFKB), and ECM remodelling (Figure 5C-

E, Supplemental Figure 6).
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Figure 5. Injury and inflammation signatures are enriched in the nephron, with
persistent effects in the proximal tubule. (a) Dot plot of hypoxia, injury, glycolysis, and
inflammation-related genes across all organoid groups shows that hypoxic responses are
specific to d20h, while inflammatory programs are restricted to d25h/n. (b) Dot plot of hypoxia,
injury and inflammation signatures show enrichment in the nephron, compared to stromal and
endothelial cell lineages, using expression data aggregated across all organoid groups. (c-e)
Heat maps of selected differentially expressed genes in proximal tubule, podocyte, and distal
tubule scRNA-seq clusters, including cell type markers and genes related to hypoxia, injury,
glycolysis, and inflammation. Normalised expression values were scaled by each gene’s mean
and standard deviation. Genes plotted have an absolute logFC > 1 and FDR < 0.05 in the d20
or d25 comparisons, except IRX1 and POU3F3, which meet an absolute logFC > 0.58 and FDR
<0.05.

Hypoxia drives metabolic dysregulation in kidney organoids
Our data suggest that hypoxic exposure triggers immediate (d20) and longer term (d25)
changes in metabolism. We interrogated these changes with untargeted LC-MS metabolomics

on 8 replicates per group (Figures 6A-B and Supplemental File 4). Profiles were highly
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conserved within groups, while substantial differences were observed between injured

organoids and controls (Figure 6B).

Pathway enrichment analysis of metabolites in d20 hypoxic and d20 control organoids
indicated dysregulation of arginine and proline metabolism, cysteine and methionine
metabolism, the pentose phosphate pathway, TCA cycle, tryptophan metabolism, and
glycolysis/gluconeogenesis (Figure 6C). Levels of ATP were decreased while lactate levels
were increased in d20h organoids, consistent with a switch to glycolysis (Figure 6D). TCA-
associated metabolites acetyl-CoA and oxalosuccinate were decreased in d20h organoids
(Figure 6D) consistent with reduced carbon flux into the TCA cycle during prolonged hypoxia
(65). Levels of tryptophan, serine, and putative hexose-phosphate, were significantly increased
in d20h organoids (Figure 6D), consistent with increased amino acid biosynthesis in hypoxia

(66). Levels of the antioxidant glutathione were significantly reduced (Figure 6D).

Unbiased enrichment analysis comparing d25h/n and d25n identified disruptions in multiple
metabolic pathways, including arginine and proline, glycerolipid and glycerophospholipid,
sphingolipid, steroid, tryptophan, and TCA metabolism, as well as glycolysis/gluconeogenesis
(Figure 6E). Consistent with these findings, Oil Red O staining revealed neutral lipid
accumulation, particularly in tubular structures of injured organoids (Figure 6F). Despite 5
days of recovery in normoxic conditions, d25h/n organoids failed to restore ATP levels and
instead showed increased AMP (Figure 6G), resulting in a reduced ATP/AMP ratio indicative
of an energy shortage (68). Reduced levels of TCA-associated metabolites (oxalosuccinate,

acetyl-CoA, and FAD) further support lasting mitochondrial dysfunction (Figures 6D, 6G).
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Figure 6. MS-based metabolomics supports metabolic dysregulation and mitochondrial
disfunction during and after hypoxic injury. (a) Overview of metabolomic experiment with
8 replicates per condition. (b) PCA analysis of metabolomic data, which were normalized by
the median, log10 transformed, and pareto scaled. (¢) Metabolic pathway enrichment analysis
of differences between d20h and d20n organoids. Circle size represents pathway impact score
(x-axis); y-axis indicates significance, with stronger p-values depicted in red. Select pathways
related to Ischaemic AKI are outlined and labelled. (d) Peak intensity of select metabolites
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dysregulated after hypoxia. *p < 0.05, **p < 0.01, ***p < 0.001. (e) Pathway enrichment
analysis between d25h and d25n organoids. Select pathways related to AKI-CKD transition
are outlined and labelled. (f) Oil Red O staining of control and injured organoids at d20 and
d25. Scale bars = 50 um. (g) Peak intensity of select CKD-associated metabolites in d25 injured
organoids. *p < 0.05, **p < 0.01, ***p < 0.001. (h) Heatmap showing five different
glucosylceramide (GlcCer) species increased in d25h/n organoids.

A dyslipidaemia-like phenotype was also evident, with increased oxysterol-related metabolites,
observed in oxidative stress and chronic kidney disease, and elevated sphingomyelins and
ceramides associated with kidney pathology (67, 68) (Figure 6G—H). Amino acid metabolism
was altered, with significant reductions in taurine, hypotaurine, tryptophan, creatine, and
serine- metabolites similarly reduced in CKD patients (69-72) (Figure 6G). Collectively,

hypoxia-injured human kidney organoids recapitulate metabolic features of human AKI and

maladaptive repair.

Hypoxic injury drives macrophage activation in human kidney organoids

Immune cell populations play central roles in determining kidney injury outcomes, with
macrophages acting as key mediators of repair or progression to chronic disease (16, 17, 73).
To begin to model immune—epithelial interactions during kidney injury, human iPSC-derived
macrophages (iMacs) were combined with day 7 kidney differentiations at the point of
organoid formation (5% iMac, 95% kidney), with survival of iMacs confirmed by CD68
staining on day 20 (Figure 7A-B). iMac-containing organoids and controls were then subjected
to hypoxic injury (Figure 7C). Bulk RNA-seq showed no major differences in kidney cell type
markers or hypoxic response genes between iMac-containing organoids and controls under

normoxia or hypoxia (Figure 7D, Supplemental Figure 7, Supplemental File 5).

Following hypoxic injury, d25h/n iMac-containing organoids showed significant upregulation

of macrophage activation markers (Figure 7E) without an apparent change in macrophage
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numbers (Supplemental Figure 7). Immunofluorescence revealed PAXS internalization in
CD68* iMacs, consistent with phagocytosis of injured epithelial cells (Figure 7F). Injury-
associated epithelial markers (SPP1, STAT3, SAA1, SPINKI, MMP?7) were elevated in injured
organoids whether they contained iMacs or not. However, iMac-containing organoids
expressed significantly higher levels of proteins linked to tissue remodeling (MMP9, MMP12,
GPNMB). Pro-inflammatory cytokines and chemokines (CCL2, CCL5, CCL20, CXCL1/2) and
ICAM1 were also upregulated, along with enrichment of innate immune and interleukin
signaling pathways (Figure 7G,H). Together, these data indicate that iMacs mount a pro-
inflammatory response in injured organoids, recapitulating key features of macrophage

activation during AKI.

a Macrophage = cD14* b c _
differentiation i CD45* Organoids J— )
. . CD68* Y Hyporia——(d20n) Normoxia——{d25hin)
- iMacs o S (d20n ) (d25n )
Il:l’jé.nCasn -iMacs
95%, G\ Hypoxia———{ d20h +iMacs)}—Normoxia——@2SNINHIMAcs)
Kidney— Kidney_d s N ia——{(d20n +iMacs) {d25n +iMacs
{ T organoi .
differentiation +iMacs +iMacs
d - iMacs +iMacs e d20n d20h d25n d25h/n
d20n d20h d20n d20h fowmean - iMacs |+ iMacs | - iMacs | + iMacs | - iMacs | + iMacs | - iMacs | + iMacs | row mean
VEGFA cD68
| LDHA CD14
ENO1 I I\‘;FécégP
Z%éH FCER1G
CcD163
| T HK2 MRC1
I CDKN1A VSIGs
CXCL1 cD36
| GDF15 c1Qc
HAVCR1
/i
| TGFB1 H 15 2
[} -2-101 2
l ] 5 10
-2-10 1 2
f Control Injured g d25n d25h/n h . )
“iMacs | +iMacs | -iMacs | +iMacs row mean d25h/n +iMacs vs d25h/n organoids

| SPP1 o ]

STAT3 Signaling by Interleukins .

| - . SAA1 Signaling by GPCR 1
SPINK1

N . MMP7 Peptide ligand-binding |

MMP12 receptors

MMP Interleukin=10 signaling 1

. GZNMB Innate Immune System {

CCL2 F ' v T
[CAMA -Log10 adj. p-value: 0 5 1 s
CXCL1

CXCL2

CCLS

| . L L ccL20
[ ) |

T T
-2-101 2

2468

Figure 7. Human macrophages mount a pro-inflammatory response in injured organoids.
(a) Overview of iMac and kidney organoid differentiation and co-culture. (b) Representative
images of d20 kidney organoids labelled with markers of the epithelium (PAXS), proximal
tubule (LTL), podocytes (MAFB), macrophages (CD68, arrowhead in right image) and nuclei
(DAPI). Scale bars = 500 pm (left image) and 50 pm (right image). (¢) Overview of hypoxic
injury experiment organoids +/- macrophages exposed to 48h of hypoxia or normoxia and
harvested at d20 and d25. (d) Heatmap of hypoxic response and injury markers in d20
organoids (Log2 CPM-normalised expression). (e¢) Heatmap of macrophage markers in d20
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and d25 organoids, illustrating iMac activation in d25h/n injured organoids (Log2 CPM-
normalised expression). (f) Representative images of d20 kidney organoids labelled with PAX8
and CD68 showing potential macrophage engulfment of a damaged epithelial cell (arrowhead);
scale bars = 50 um. (g) Heatmap comparing inflammatory markers in d25 organoids (Log2
CPM-normalised expression). (h) Upregulated pathways in d25h/n iMacs-containing injured
organoids compared to injured controls (FDR < 0.05).

Spatial transcriptomic analysis of macrophage influence on injury and repair

To further interrogate how macrophages respond to hypoxia and affect the injury response at a
cellular level, we profiled injured iMac-containing organoids and controls using the Xenium
Human Immuno-Oncology (I/O) panel. The combined dataset contained 835,557 cells from 25
samples and 6 experimental groups (d20n, n=2; d20h, n=3; d25n, n=6; d25h/n, n=5;
d25n+iMacs, n=4; d25h/n+iMacs, n=4; Figure 8A, Supplemental Figure 8). Clustering and
scRNAseq-guided annotation of the Xenium data defined expected nephron, stromal,
endothelial and macrophage cell types (Figure 8B,C, Supplemental File 6). Nephron clusters
with distal and connecting segment signatures were identified (C02, C13, C20, C21), alongside
proximal tubule (C11), podocyte (C04) and injured-nephron epithelium (C12), marked by

EPCAM, TGFBI, CDKNIA, ICAM1, and ACTA2 (Figure 8C).

To validate expected hypoxic response signatures in this dataset, we performed differential
expression analyses between sample groups at d20, which affirmed upregulation of genes
related to hypoxic injury (Figure 8D). Similarly, comparison of nephron clusters in d25 injured
and control organoids recovered expected signatures of tubular inflammation and ineffective
repair in organoids with and without iMacs (Figure 8E-F, Supplemental File 7). Next, we
focussed on how iMacs respond to hypoxia and their overall effect on nephron injury and repair
in this model. Differential expression analysis of iMac clusters in d25 control and injured
organoids supports a transition from a proliferative state engaged in tissue remodeling in
normoxic conditions, to an activated inflammatory state with high lysosomal activity after

hypoxia (Figure 8G, Table 3, Supplemental File 7).
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Figure 8. Spatial transcriptomic analysis of macrophage influence on injury and repair.
(a) Experimental overview. (b) UMAP of clusters from Xenium spatial data. (¢) Heatmap
showing key marker genes supporting cluster identity (left) and proportions of cells within a
cluster, coloured by sample group (right). (d) Heatmap of top 20 genes upregulated in d20h
organoid spatial data compared to d20n supporting a hypoxic injury signature. (e) Heatmap of
top 20 genes upregulated in the nephron lineage of d25h/n organoid spatial data compared to
d25n supporting persistent injury and inflammation. (f) Heatmap of top 20 genes upregulated
in the nephron lineage of d25h/n_iMacs organoid spatial data compared to d25n_iMacs,
supporting persistent injury and inflammation. (g) Left - Heatmap of top up and downregulated
genes in the macrophage cluster (C19) after hypoxic injury at d25, showing activation of
inflammatory and phagocytic markers after injury. Right- representative regions of interest
containing macrophages in d25n_iMacs and d25h_iMacs organoids showing tissue image
(iMacs outlined), ‘iMac signature’ (density map for macrophage markers CDI14, CDG6S,
PTPRC), ‘activation signature’ (density map of select genes upregulated in injured organoids
ANXAI, APOE, CCL13, CCL2, CCRI, CTSB, CTSD), cluster allocations and ‘activation
signature’ transcripts. (h) Heatmap of the top differentially expressed genes between injured
nephron clusters in organoids with or without iMacs. (i) Representative regions of interest
(ROIs) containing injured nephrons, that have macrophages in the area, and comparable
regions that lack macrophages. All ROIs are from d25h/n_imacs organoids. (j) Heatmap of
differentially expressed genes upregulated in injured nephron regions containing or lacking
macrophages. FDR and LogFC values available in Supplemental files 7 and 8. Columns show
replicate samples in heatmaps d-h, columns show average of ROIs within a sample for j.

Group Upregulated genes Inferred function
CLECI0A, IL4R Anti-inflammatory signaling
ADAM28, VCAN, | ECM remodeling, adhesion, tissue

. ITGA1 interactions
?rii:r—(:thz;:S in NOTCH1, NOTCH2, C.ell ffat‘e determination and
. CTNNBI1 differentiation
normoxic control : :
organoids) CCNDI1, BRAF Pro‘hfe‘ratlon and MAPK pathway
activation
ATM DNA damage response and cell cycle
regulation

CTSB, CTSD, CTSS, | Lysosomal proteases and membrane
CTSL, LAMPI, | proteins involved in ECM degradation
LAMP2 and inflammation

d25h/n iMacs CCRI1, CCL2,CCL13 | Chemokine signaling, immune cell

(macrophages in recruitment

hypoxia-exposed IL12B, IL7R Cytokine signaling; T cell activation

organoids) and pro-inflammatory response
PLA2G7, APOE, | Lipid metabolism, inflammatory
ANXAI, NCEHI mediators, resolution pathways
CPA3 Serine protease activity

Table 3: Gene expression changes and inferred functions in organoid-integrated
macrophages after hypoxic injury.
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Differential expression between nephron clusters in injured organoids +/- iMacs showed
distinct injury responses. Nephrons in iMac-containing organoids expressed a broader range of
ECM-remodelling (SDCI, MMP12), immune recruitment (CCLI15, CCL3L1, ICOSLG), and
immunomodulatory factors (SOCS1, ICOSLG, MXI), consistent with macrophage-mediated
tissue remodelling after injury (Figure 8H). In contrast, injured nephrons from organoids
lacking iMacs upregulated alternative immune recruitment signals (CXCL13, CD2, KLRBI),
de-differentiation (CTNNBI), trafficking (LAMP3), and endothelial (FLTI, PLVAP) genes,

suggesting an injury response involving intrinsic repair and vascular remodelling (Figure 8H).

To assess macrophage effects on the local environment, we compared injured nephron regions
+/-iMacs, within d25h/n_iMac organoids (Figure 8LJ; Supplemental File 8). Regions
containing injured nephrons and iMacs showed upregulation of macrophage activation,
phagocytic and immunomodulatory genes, indicating an activated macrophage niche engaged
in phagocytosis, cytokine signaling, and immune regulation. In contrast, injured regions
lacking iMacs expressed genes associated with proliferation, survival, and repair programs
(Supplemental File 8). Changes in the nephron epithelium within these regions identified a
mixed profile spanning proteolysis and injury responses (C7SB), matrix organization and
fibrotic regulation (DCN, LUM), immune inhibition and resolution (KLRC1, CLEC12A4), and
stress-related signalling (S7/00B, NELL?2) in regions with iMacs (Figure 8J). Injured nephron
regions lacking macrophages had similar, yet distinct signatures of fibrotic progression (FN/,
PDGFRA), differentiation and stress response genes (IDI, RNF43, FABP3, TOX), and

upregulation of injury markers (CXCL3, CXCL16, CCL15) (Figure 8J).

Limitations of this spatial analysis include the restricted scope of the targeted gene panel,

variability in the plane of section across organoids, and extent of nephron loss after hypoxic
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injury. Nonetheless, in this kidney organoid model, iMacs respond to hypoxic injury by
adopting an inflammatory, lysosome-active state. Gene expression signatures within these
macrophages suggest they drive phagocytosis, ECM remodelling, fibrotic regulation and

promote inflammation in the nephron epithelium.

DISCUSSION

Ischemic AKI affects millions globally and frequently progresses to CKD, yet targeted
therapies remain elusive due in part to limited human experimental models. Here we
demonstrate that human kidney organoids recapitulate key molecular, metabolic and
inflammatory signatures of ischemic AKI and maladaptive repair, establishing a scalable

platform for mechanistic studies and therapeutic testing.

Our multi-omic analysis revealed striking conservation of disease signatures between
organoids, animal models, and clinical AKI. Recent single cell and spatial profiling of over 18
human AKI biopsies identified injury and maladaptive repair signatures including elevated
CDKN14 and CCL?2 expression and TGFB1, EGF, MAPK (FOS/JUN), NF-xB and JAK/STAT
pathway signatures (18). We observed these same molecular programs in hypoxia-injured
organoids, validating that human iPSC-derived kidney models preserve critical disease
mechanisms. Validation of other established markers of injury and maladaptive repair
including GDF15, S100A8/9, ICAM1, MMP7 and more, positions organoids as a human
experimental model test new biomarkers, mechanisms and hypotheses emerging from clinical

studies.

A particularly novel finding is the comprehensive metabolic dysregulation in injured

organoids, mirroring CKD patient profiles. We observed dyslipidemia-like phenotypes with
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elevated oxysterols, sphingomyelins, and ceramides - lipid species associated with kidney
pathology and oxidative stress in CKD patients (68, 74). Amino acid perturbations included
reduced taurine, hypotaurine, tryptophan, and creatine, recapitulating similar deficiencies
documented in CKD cohorts (69-72). Importantly, these metabolic signatures persisted despite
five days of normoxic recovery, suggesting intrinsic metabolic memory that may drive
progression. While previous organoid studies have focused primarily on transcriptional injury
responses and select protein markers (21, 22, 75), our metabolomic profiling reveals a

complementary layer of pathology and potential therapeutic targets.

Integration of iPSC-derived macrophages represents a significant advance in organoid
complexity. Macrophages transitioned from a tissue-resident, remodeling phenotype in
normoxia to an inflammatory, lysosome-active state after hypoxic injury, consistent with
macrophage behaviour in murine AKI models and human biopsies (16, 17, 73). Spatial
transcriptomics revealed that macrophage-containing injury niches expressed distinct gene
programs compared to macrophage-depleted regions, highlighting localized immune-epithelial
crosstalk. This builds substantially on prior organoid work by modeling immune cell
contributions to injury outcomes - a critical gap given the central role of macrophages in

determining repair trajectories.

Our results also illuminate injury-specific versus universal AKI mechanisms. Comparing our
ischemic model with published cisplatin (21, 22) and hemolysis-induced (75) organoid studies
reveals shared features (oxidative stress, injury marker induction, early fibrotic changes)
alongside distinct signatures. Notably, we observed modest HAVCR1/KIM1 induction despite
scRNAseq supporting robust upregulation of injury markers within the proximal tubule

(GDF15, CCNI, ICAMI, IL32). Additionally, where ineffective homology-directed DNA
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repair was identified as a key driver of cisplatin-induced maladaptive repair (22), this did not
appear central to our ischemic model as RAD5] and FANCD?2 expression recovered post-
injury. Instead, hypoxia triggers initial injury and metabolic disruptions that evolve into
sustained metabolic and inflammatory dysregulation. These findings underscore both shared
and injury-specific mechanisms of AKI and highlight the importance of modelling distinct

injury drivers to capture the mechanistic heterogeneity of clinical AKI.

Despite the expression of profibrotic factors including TGFB1, CCN2 and MMP7, and
expansion of a stromal population expressing relevant markers, a strong fibrotic signature was
not observed in this study. Limitations in the maturity of cell types within iPSC-derived kidney
organoids along with their short lifespan and lack of functional vasculature, may affect the
extent to which the fibrogenic process can be replicated in vitro (46). Future studies with
alternative kidney organoid protocols enabling extended culture (22) or increased maturation

of specific cell types (76-78) may enhance fibrotic progression in this model.

Because iPSC-derived kidney organoids resemble the human fetal kidney (29), this model may
also inform links between intrauterine hypoxia and developmental programming of kidney
disease (79). Our data show that hypoxia depletes nephron progenitor cells and causes loss of
existing nephrons, offering a mechanistic explanation for reduced nephron endowment

following fetal hypoxia.

In summary, we have established a human organoid model that recapitulates key mechanisms
of ischemic AKI and early maladaptive repair through conserved inflammatory and metabolic
programs. The integration of macrophages and spatial profiling reveals immune-epithelial

interactions previously inaccessible in kidney organoid systems. This platform bridges the gap
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between animal models and clinical investigation, offering opportunities to validate patient-
derived biomarkers, test therapeutic interventions, and dissect human-specific disease
mechanisms. Future studies leveraging this model for drug screening, genetic perturbation, and
patient-specific susceptibility will likely advance our understanding of AKI-to-CKD

progression and accelerate therapeutic development.
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